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Abstract 

The literature concerning the fast electrodeposition of metals has been 
reviewed with particular attention to the electrodeposition of nickel. 
A study of the electrodeposition of nickel has been carried out in con
centrated Ni sulphamate solutions at 50-70·C in parallel plate cells 
at Reynolds numbers of up to 15,000. The cell design was substimtiated by 
a·preliminary study of the electrodeposition of copper. Additional 
studies have been made of current distribution in both the nic!cel and acid 
copper systems using segmented electrodes. Additional studies of mass 
transport have been made in the nickel system, as have polarisation studies. 

It has been shown that in the case of acid copper the system performs under 
mass transport control and that the current distribution is as expected 
under these conditions. In the case of nickel it has not been possible to 

~ separate the nickel and hydrogen deposition processes electrochemically and 
an i max has been defined as the maximum current density attainable for the 
formation of foils 2~m thick with sound fine grained structures and with
out addition agents. In Ni sulphamate solutions maximum current densities 
of 1.3 Acm-' and> 2.0 Acm-', can be attained at 60·C and 70·C respectively. 
At 60·C, i max increases with increasing flow rate and in turbulent flow the 
following proportionalities are observed: 

L/de ~ 4.5, i max is proportional to ReO.06 

d f /d 11 7 ·, . 1 0.8 an or Le" ., 1max 1S proport1ona to Re 

At 70·C, the relationship between these quantities is much less clear. 
Sound fine-grained electroforms are obtained under all flow and temperature 
conditions at current densities up to i~ax and current efficiencies are 
always >95%. The grain size of the foils decreases with increasing current 
density and the micro-hardness and brightness increases under conditions 
where the grain size is small. A uniform current distribution is achieved 
using.a 10cm cathode and a 9cm anode and this is necessary to produce foils 
with uniform structure at high current densities and to avoid entry and 
exit effects. Detailed current distribution experiments indicated that the 
current distribution measured is typical of primary/secondary distribution 
and does not follow that expected for a true mass transport controlled 
process. Experimental evidence indicates that Ni is not deposited under 
simple mass transport control at current densities ~ i max , which is not a 
mass transport controlled limiting current density. Nickel hydroxide is 
precipitated at the cathode when the pH at the interface exceeds 6.6 and 
this results from the reduction of water by the reaction 

2H.0 + 2e .... 20H- + H. 

It is the transport processes at the interface which control the inter
facial pH, nickel hydroxide precipitation, and hence i max ' The Ni 
deposition reaction is believed to be complex. There is experimental and 
modelling evidence that the effects of gas codeposition on mass transport 
can be explained if the gas bubbles are < O.l~m in diameter. 
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1. INTRODUCTION 

From the earliest days of co~ercial electroplating;.considerable 

effort has been applied to developing electrolytes which would allow 

faster deposition rates. However, acceptable deposit appearance and 

properties must be maintained at the higher current densities. This 

. is of particular importance in electroforming,where the metal· 

(commonly nickel or copper) is deposited on a conductingmandrel,which . 

. is later removed leaving the electrodeposited metal in the form of .a· 

foil or hollow article. The electroform may be several hundred microns 

thick. In this case, a rapid deposition rate is particularly advan

tageous in reducing processing time and costs. A very low-stressed 

deposit is essential to avoid distortion of the·electroform. 

The introduction of the 'low concentration'. nickel sulphamate 

bath in the 1950's represented a significant advance in nickel electro

forming solutions. This culminated in the development of the Ni-Speed 

or 'concentrated' nickel sulphamate bathe!) from which nickel may be 
.. . .. -2 

electroformed at deposition rates of up to - 0.3A cm '.. The solution 

produces deposits of inherently low internal stress. 

At high current densities. the maximum current density for a 

good deposit may be dependent on the rate at which the reactant is 

supplied to the electrode (mass· transfer control) •. For most commercial 

electrodeposition processes, agitation of the 'electrolyte (and/or move

ment of the electrode) is considered necessary to ensure a continued 

supply of metal ions to the workpiece. 

In conventional nickel plating baths, agitation is often achieved 

by pumping air through the ·solution. However this type of agitation. is 

inefficient and difficult to quantify and relate to the deposit morphology. 

Several other agitation methods, which produce well-defined hydro

dynamic conditions, are available e.g. flowing solutions, rotating 

systems etc. Metal deposition reactions have been investigated using 

several of these systems. However relatively few·studies have used 

concentrated commercial-type electrolytes to assess the effect of solution 
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agitation on'the deposition rate and the nature of the deposit. 

No detailed attempt has been made to relate the precise mass transfer 

conditions to the growth morphology of electroformed nickel foils. 

Similarly no attempt has been made to define the practical maximum 

current density. 

'In the present work a flowing e lectro lyte was chosen to provide 

, a reproducible hydrodynamic environment, since this avoids the limited 

commercial applicability of rotating electrode systems. 

The use of flow cells for high speed electrodeposition studies 

has been reported by industrial research o~ganisations but few details 

have been given., There is a complete'lack of precise experimental and 

design information. No detailed fundamental information is available 

and few, if any, such studies have been made. High speed deposition 

from'a flowing concentrated nickel sulphamate bath has not been investi

gated previously. 

The work to be ,described here involves detailed studies of nickel 

deposition from flowing concentrated nickel sulphamate solutions. Two 

parallel plate flow cells and the supporting systems were designed and 

constructed. The cell designs were based on sound hydrodynamic and 

mass transfer principles. Cell 1 was used for the 'initial investigation. 

'As will be seen, from the experience gained using Cell I, it was 

necessary to design and construct a ,second cell (Cell 2) for the main 

investigations. The mass transfer characteristics of Cell 2 were 

verified by the study of copper deposition, from dilute'acid solution, 

where more background information is available. 

Nickel was electroformed from the concentrated nickel sulphamate 

bath over the temperature range 50· - 70·C. The, main objectives of this 

work were as follows: 

i) 'The maximum practical current density was to be 

defined and correlated with the solution hydrodynamics 

ii) A detailed study of the morphology of electroformed nickel 

foils as a function of flow rate and current density was 

to be carried out at 60 and 70·C. 
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'As will be seen, a further series of diagnostic experiments 

was also necessary. ThiS included studies of polarisation and 

current distribution and some additional mass transfer measurements., 

The relevant literature is reviewed in depth in Chapter 2 and this 

is followed by a detailed account of the design of the cells and 

,other experimental details.' For clarity the, results are presented 

with full interpretation. Finally the results are, discussed in 

relation to current knowledge in the field. 
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2. REVIEW OF THE RELEVANT LITERATURE AND INTRODUCTION TO THE 
PRESENT WORK 

.This review is divided into three main sections. The first 

of these deals with the fundamental aspects of the electrodeposition 

of metals and the factors which control the rates of the electro

deposition processes. As will. be seen fast rates of depositio·n· are 

favoured by high metal ion concentration in solution, high deposition 

temperatures and intense agitation. This leads to.a review. of the 

various cell and electrode geometries which have been used to establish 

wen. defined and reproducible hydrodynamic regimes for the investigation 

of electrode·processes and fast electrodeposition. The review covers 

flow cell systems, rotating electrodes,· particle bed; ultrasonics, 

and other techniques such as jet plating. From this it will·become 

clear that flowing electrolytes in parallel plate .cells have much to 

offer for conjoint studies of mass transport and·electrodeposited foil 

morphology • 

The second part of the review deals, in detail, with the fundamental 

aspects of mass transfer and hydrodynamics in flowing electrolytes and 

mass. transfer in parallel plate cells. As will be seen later there is 

always som~ gas codeposition during the electrodeposition of nickel 

foils at high current densities, and, for completeness the formation of 

gas ·bubbles at electrodes and mass transport at gas evolving electrodes 

are discussed here •. 

The final section is concerned with the electrodeposition of 

nickel. This includes the chemistry and electrochemistry of nickel 

plating solutions, arid. the structure of nickel electrodeposits. From 

this is will become clear that concentrated nickel sulphamate solutions 

. have considerable promise for the fast electrodeposition of nickel 

although there is no information concerning the .use of flowing electro

lytes or the nature of foils electrolormed under these conditions. 

Finally there is an introduction to the present experimental 

programme and its objectives. 



... 

5 

2.1 'Fundamental aspects of electrode position and factors 
which control deposition rates 

The first part deals with electrochemical aspects and briefly 

with deposit growth. Because of the particular interest in fast 

electrodeposition the factors affecting deposition rates are discussed .

separately. 

a) 'Electrodeposition processes 

'The fundamental, aspects of electrodeposi tion have been, covered.- in ' 

detail in many standard texts (e.g. 2-6). The following, section 

summarises some of the basic background theory of electrodeposition. 

Electrochemical aspects of electrode position 

When a metal is immersed in an aqueous,electrolyte, the metal M 
z+ 

dissolves to form aquo ions M 'xH.O in solution. At the electrode 

electrolyte interface there occurs an increasing separation of electric 

,charge as shown schematically in Fig.2.l. Any such system is termed an 

'electrode'. ,Tbecharges tend to line up opposite one another, like 

a capacitor. However, the structure may be very complex. The system 

of charges is termed the Helmholtz double layer. 

Metal dissolution continues until the adverse'electric field 

strength results in the number of ions dissolving is exactly'balanced 

by the number of metal atoms depositing and a dynosmic equilibrium has 

been set up. 

When a metal (M) is immersed in ari aqueous'solution of its own 

ions (Mz
+) it attains a specific electrical potential which is character

istic of that particular metal and the concentration (or more specifically 

the activity,az
+) of,metal ions. If the system is at a dynamic 

equilibrium and reversible (e.g. cu/cu 2 +), the potential (E) is given 

by the Nernst equation: 

where 

RT 
zF 

R = the gas constant = 8.315 JoC- 1 mol-I 

F = the Faraday constant = 96,486 C 

••••• (2.1) 

and EO is the standard reversible electrode potential for 
,the system 

" 

I 

I 
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However, metals such as nickel, iron, chromium etc. when 
, , 

immersed in solutions. of their ions do not give reversible systems. 

The potentials of these systems may b~ governed by other processes' 

such as other, electrode reactio~s, corrosion, etc. 

It should be noted that the Nernst equation is only applicable 

to reactions' at equilibrium, since it is based upon thermodynamic 

considerations (since AG ;'-EzF). Catalytic effects, kinetic processes, 

overvoltages, reaction inhibitions etc. can greatly alter the behaviour 

of an electrode from that, expected on the basis of the Nernst equation. 

The processes permitted by the Nernst equation mayor may not take place, 

but processes forbidden by the Nernst equation certainly. cannot occur •. 

When two electrodes' are immersed in an electrolyte (a conducting 

solution ofa salt, an acid or a base) and one connected to a d.c. 

source, a,current flows through the solution, at a certain minimum 

voltage, and reactions occur at the electrodes. 

In the case of metal deposition the electrodes are '(usually) both 

metallic,and the electrolyte is a solution containing metal ions. The 
, , ' 

solvent is usually water, although some conducting non-aqueous solvents 

or molten salts may be used. At the cathode (-tive pole), the metal 

ions are reduced and the metal is deposited. However, other reactions 

. may also take place (e.g. the reduction of hydrogen ions to gaseous, 

hydrogen) at the cathode. The anodes may be"active' and of the same 

metal as that deposited, in which case· metal dissolution is the principal 

reaction and the metal ion concentration of the electrolyte tends to be 

maintained. However other oxidation reactions may also occur, 

resulting in a decrease in the dissolution efficiency. When 'inert' 

anodes are used other oxidation processes occur e.g. oxygen or chlorine 

evolution. 

The metal ions may be present either as cations, simple or complex, 

or as anionic complexes (e.g. [Cu (CN)3P-).' Under the influence of 

the electric field, the ions in the electrolyte migrate towards the 

electrodes. However it should be noted that the ions responsible for 

electrolytic current conduction may not necessarily be those which take 

part in the electrode reactions. 
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The relationship between the current and the quantities of 

substances converte'd in electrolysis is given by the Faraday laws. 

These are of fundamental importance for electroplating technology. 

Faradays first law: The quantity G of any substance converted when 

a current 1 passes in time t through an electrolyte is 'proportional 

to the quantity of e lectrici ty It = Q: 

G = EelQ ••••• (2.2)' 

The constant Eel is termed the electrochemical equivalent and is ,the 

quantity of a substance'converted by 1 A~ (= 1 coulomb). 

Faradays second law: The e1ectrochemical equivalents Eel are proportioniil 

to the chemical equivalent,weights Echem: 

EelF = E h . c em 
;. ' .. .. (2.3) 

The constant F is termed the Faraday constant and F = 96,494.5 ± 

1.5C. One Faraday is the quantity of electricity required for the con

"version of'1 gram-equivalent of any substance. 

In electrodeposition, the Faraday laws are used to calculate the 

current efficiency, coating thickness, deposition time and current 

density as will be shown later (p.128). 

In electrodeposition,the current efficiency is defined as the 

percentage of the,total current usefully used for the cathodic deposition 

or anodic dissolution of the metal: 

C.E. = 
G practical' 

G theoretical 
x" 100 .. . " .. (2.4)' 

It is 100% when 'as much metat'is deposited or dissolved, respectively 

as would be expected on the basis of Faraday's law. At a current 

efficiency under 100% the remainder of the current is used in secondary 

reactions e.g. the co-deposition of hydrogen at the,cathode. 

When a metal electrode is in dynamic equilibrium (at the reversible 

electrode potential), the partial currents '1 (anodic dissolution) and 
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r (cathodic deposition) are precisely equal and opposite and no net 

, ,reaction 'occurs. The" currents produced are termed exchange currents 

When an electrode process occurs at an electrode, its potential 
" . ' 

departs from its equilibrium value and the electrode is said to be 

polarised. The cathode becomes 'more negative and the anode becomes 

more positive. The potential difference between the equilibrium 

potential and the potential of a polarised electrode is termed the 

overpotential (n). 

For'electrodeposition to occur, the cathode potential must be 

',negative to the reversible electrode potential of the depositing metal 

in the ~lectrolyte as predicted by th~ Nernst,equatio~. 

In practice, the potential at which a metal iondlscharges may 

vary greatly from the standard electrode potential, depending upon the 

concentration of metal ions, their degree of complex at ion and kinetic 

limitations. This potential difference is termed the overvoltage. 
. '. . 2~ 

For a reversible electrode system (e.g. Cu/Cu ), deposition occurs when 

the potential is made slightly less,negative than the equilibrium value, 

'while hydrogen is discharged irreversibly on copper at considerably more 

negative potentials. The existence of an appreciable overvoltage for 

the discharge of hydrogen on a nickel electrode enables 'nickel to be 

deposited from nickel sulphate solution at high efficiencies', even though 

the reduction of nickel ions to metal,is also an irreversible process. 

There are three components in the overall reaction polarisation. 

These are the activation overpotential, concentration overpotential and 

ohmic, overpotential. The general form of the overpotential/current 

density relationship is shown iri Fig.2.2. 

Activation Overpotential The activation overpotential is the potential 

required for the reacting ion to overcome the energy barrier at the 

double layer, before that ion is discharged from solution. The activa": 

tion overpotential associated with the deposition of transition metals 

,such as iron and nickel, is large but is much smaller for other,metals 

such as silver and copper. 
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Current-potential relationships as the cathode is 
polarised to increasingly negative potentials. 

. ~' 

(a) At low overpotentials, electrode subject only 
to activation polarisation and Tafelbehaviour is 
observed. (b) At high overpotentials, current 
reaches a limiting value due to concentration 
polarisation with current density for a given over
potential being reduced by resistance effects in 
solution, that is resistance polarisation is found 
in poorly conducting electrolytes • 
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The variation of current density with potential for cathodic 

activation polarisation, maY,be described by the Butler-Volmer 

equation: 

,i = io {exp ( -etzFn ) - exp ( (l-et)zFI1)) ••••• (2.5) 
RT RT 

where et is a transfer'coefficient. 

The above 'equation can be simplified in two cases. For over

potentials much less,than 0.03V, the current density is a linear 

function of current density and for a cathodic reaction 

i = -i zFI1 o 
RT 

· .. .. (2.6) 

For a given overpotential therefore a greater current flows when 

a reaction, has a higher exchange current density. Hence a reversible 

electrode process 'can sustain, a, large current ,in either direction with 

little deviation of the potential from the equilibrium value. 

,For appreciable cathodic polarisation (11 > 0.03V) the reverse 

reaction is almost entirely suppressed and the second exponential term 

is very nearly zero. Consequently equation (2.5) reduces to: 

i = io exp (~etzFn) 
RT 

which may be expressed in the form 

a RT 
11 = etzF Rn io RT 1 n i 

etzF 

· .. .. (2.7) 

• •••• (2.8) 

Similar equations were first obtained experimentally by Tafel 

and take the form: 

l1a = a + b log i 

where the 'Tafel constants' a and b are given by 

a = _(RTI ) 1n io 
etzF 

• • • • • (2.9) 

b = -2.303 RTI for a cathodic reaction, and etzF 

, , 
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b = 2.303 RT/(l_cxl zF for an anodic reaction 

Metal deposition reactions rarely occur in a' single step as 

,may be indicated by the stochiometric reaction scheme ego MZ+ + Ze;:: M 

but electrons may be transferred in several steps: 

e.g. 

In addition other processes, not inVOlving electr~n (charge') 

transfers, e. g. hydration ordehydration of the ion, diffusion 'processes, 

crystal building processes etc. may be taking place. Therefore for a 

given overall reaction a sequence of mechanistic steps (a reaction path) 

are involved in the deposition process.' At, a given potential, one of 

these steps will be the slowest (the rate determining step) and will ' 

control the overall rate of the reaction. As a result, the number of, 

unit charges transferred through the double layer each time the rate 

determining step occurs once may well be different from that (z)expected 

from, the simple stochiometric equation. Hence analysis, of polarisation 

curves (overpotential/current density relationships) may be used to 

, determine mechanistic information about an electrode process. 

Concentration overpotential When the potential is made more negative, 

the potential/log current density relationship departs from the linear 
, 

Tafel behaviour and the current density increases until it reaches a 

limiting value - the limiting 'current density (Fig.2.2). At the 

limi ting current density (iL) the rate of metal deposition is so rapid, 

that the metal ion concentration at the electrode/electrolyte interface 

is reduced ,to zero. A diffusion layer is built up where the concentra

tion of metal ions varies from zero on the metal side of this layer to 

the bulk value on the solution side and the reaction is said to be 

diffusion or mass transport controlled. 

'I' 

I 

I 
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The concentration differences across the diffusion layer give 

rise to,the concentration overpotential (nc) which is given by: 

nC = RT j,n 2. = RT 
zF' cb zF 

j,n (1- 1....) 
i ' 
L 

where Cs and cb are respectively the surface and bulk concentration, 

of metal ions. This equation applies when the potenti.il determining" 

ions are the' diffusing ions and the absence of significant migration of 

the reacting species in'the 'electric field. The equation indicates 

that as i approaches iL' theoretically the o~erpotential becomes infinite. 

However, in a real p~ocess i never equals the theoretical value of iL 

and the potential reaches a value ,at which a secondary reaction occurs. 

In the case of metal deposition this is normally hydrogen evolution. 

The rate at which ions are transported' through a diffusion layer 

of thickness 0 is given by 

i 
zF 

••••• (2.10) 

The value of 0 is a function of the degree of ' stirring' of the solution. 

At the limiting current density when C -+·0 S ' 

••••• (2.11) 

The above equations and their derivation are dealt with more rigourously 

in Section 2.3 ,"" At this point :it is important to note that this 

represents a simplified approach to mass transport. 

Ohmic Overpotential Ohmic overpotential (nO) arises mainly from 

two' sources.' In the first case, the presence of ionically-conducting 

films on the electrode levels to additional polarisation effects due to 

their higher electrical resistivity. 

The'second case arises from the comparatively low conductivity 

of the electrolyte affecting the measurement of the electrode potential. 

The potential of the electrode is normally measured versus a reversible 

half-cell (such as the Hg/Hg.Cl./KCl or calomel electrode) using a 
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potential probe k~own as a Luggin -capillary positioned close to the 

electrode. However the probe must always measure the potential in 

the' solution at a finite distance from the electrode surface. 

Therefore, particularly at high current densities and low conductivity 

electrolytes,' Some component of the measured potential will include 

a contribution from the iRdrop in , the main bulk of ,the solution due 

to the passage of the electrolysis current. 

The total measured'overpotential at a metal electrode is 

the,refore the sum of ,all the components: 

Total rj = + 

'In electrodeposi tion reactions, the concentration overpotential 

is considered of some importance~and as will be seen in the following 

sections, plating baths are usually agitated to reduce or eliminate the 

effects associated with it.' 

The electrodeposition process 

As previously stated, an energy barrier exists at the electrode! 

ele~trolyte interface, which must be overcome prior to charge transfer; 

It can,be shown (7) that there is a very small rate of classical emission 

over the energy barrier for electrons at an electrode. There must there

fore,'be tunnel transfers of the electrons from metal to solution.. A 

fundamental condition for'radiat:i.onless transfer of an electron through 

the energy barrier is that the energy of the electron in the metal is 

equal to the energy of,the receptor state at the solution side of the 

barrier. Detailed, calculation (7) has shown that it is the frequency of 

occurrence of the receptor states which determines the rate of transfer 

of the electron through the barrier to the solvated ion in solution. 

In simple salt solutions, cations are present in the bulk solution 

as hydrated ions having the same oxidation state as the free ion. 

Consequently, before the cation is discharged there must be a preliminary 

dehydration. This process occurs in the double layer, where the high, 

field strength results in alignment of the hydrating water molecules with 

the field and distortion of the electron orbitals. 
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The main energetic parameters which determine the probability 

of arrival of a solvated ion in the double layer to a'configuration 

sufficiently stretched so that, it has a sui table energy to' act' as a 

'receptor state for electron tunnelling are; 

a) the ionisation energy of the atom concerne,d,,' 

b) the repulsion energy between the atom on'the 
surface and the water molecules, in the double 
layer, 

c) the heat of sublimation of the metal, and 

, d)' the solvation energy of the gaseous ion. 

In the case of metal deposition, it is apparent'that the center 

of the positi~e ion is several angstroms out into the solution when the 

,interfacial charge transfer process occurs. However, inside the'metal 

(for metals such as s,ilver, where an electron gas model is applicable 

for the bulk structure), it is still an ion and only an extra electron, 

not directly associated with it is 'i~side the metal'. Atthis'point 

the metal ion is only partially neutr~lised and still retains all or 

part of its hydration sheath which tends to stabilise the ion. The 

metal ion is adsorbed on the cathode surface' (an ad-ion) at the original 

point of contact. (The ad-ion model is favoured over the ad-atom model, 

since less energy is required to form an ad-ion). 

Initial transfer of the ion occurs at a planar site, where 

distortion of the hydration sheath is at a minimum (8). The ad-ion is 

incorporated into the crystal lattice before being finally neutralised. 

Incorporation occurs preferentially at edge sites and the ad-ions tend 

to diffuse across the metal surface to such sites. 

The mechanism of electrocrystallisation may be influenced by 

the presence of, impurities or specific additives to the solution. These 

may tend to adsorb or be preferentially incorporated at 'active' sites 

and hence sites of a lower co-ordination number may be energetically 

favoured. 
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Growth of electrodeposits 

Crystal growth on. a single crystal ·cathode surface occurs by 

way of growth layers (microsteps). As a result of impurity in

corporation at active .sites, microsteps·tend to bunch together to 

form macrosteps. The other common growth forms are pyramids, which 

probably result from deposition on a complex aggregate of emergent 

. screw dislocations" 

Many other·structures can be related to the basic pyramid and 

layer structures. Blocks can be regarded as truncated pyramids and 

ridges as a special kind of layer growth. Whiskers and dendrites 

arise under limiting current density conditions due to spherical 

diffusion. 

Pyramid formation is favoured at low overpotentials while layer 

formation occurs at intermediate overpotentials (9) •. These growth 

forms apply to 'the growth of single crystals. At higher overpotentials 

many nucleation sites are equally favoured and the growth'is poly

crystalline. In.commercial practice, the substrate metal is usually 

polycrystalline and hence the electrodeposited metal. is polycrystalline. 

The growth type of a polycrystalline electrodeposit is determined by 

the metal, the electrolyte, the overpotential and various other deposi

tion conditions. Five main types of electrodeposit have been categorised 

on. the basis of microscopic examination (10): 

a) Field-oriented deposits when single crystals are formed, 

b) Basis-oriented type in which the deposit crystallites are 

. parallel with those on the substrate surface, 

c) Field-oriented textured deposit, in which the electrodeposit 

exhibits preferential growth in the direction of the 

. electric field. This results in growth of all the deposit 

crystallites in certain preferred directions and the 

deposit will have a fibrous texture, 

d) Twinning intermediate or transitional growth between basis

oriented and field-oriented growth types, and 



- -- ---- ----------~~~-----------------

15 

e) Unoriented or dispersed crystal growth type which is 

characterised by a random arrangement of the crystallites 

such that there is no preferred orientation within the 

electrodeposit. This type of crystal growth is very 

common and such deposits have a very fine crystal structure. ' 

Bright deposits are often found to have a fine crystalline' 

grain structure although bright deposits, that have coarse structure 

or fibrous textures or a random orientation are kn'own.' Brightness 

is generally associated with surface roughness, i.e. smoother' surfaces 

tend to be brighter. A,surface will be effectively smooth from the 

point of view of reflectivity when the order of magnitude of the 

irregularities ,becomes less than' the wavelength of the light being used. 

Bright deposits' are, however, characterised by their large number of' 

lattice defects due to the incorporation of impurities such as foreign 

metal ions or organic species, into the electrodeposit. The impurities 

or brighteners which are co-deposited with the metal cations are thought 

to function by inhibiting crystal growth parallel to the substrate 

surface. , Very often bright deposits have a lamellar structure, the 

amount of this varying with the type of additive and its concentration 

in solution. 

b) Factors affecting the deposition rate 

,The various factors affecting the electrodepositiori rate from 

cationic species,may be illustrated with reference to the following 

equation referred toeatlier in Section (2.1a): 

i = 
L 

DzFcb ••••• (2.11) 

The above equation represents an over-simplified approach to 

mass transfer in complex systems, but is adequate fora brief analysis 

of the subject. 

The limiting current density' is affected by,' four factors: 

i) The degree of agitation 

ii) The temperature of the electrolyte 
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iii) The metal in concentration in solution. 

iv) Migration effects. 

These factors will be examined in further detail •. 

i) Agitation effects 

. As a direct implication of equation (2.11) it is evident. that 

. iL will be increased by decreasing the thickness of the diffusion 

layer o. 

The value of ois related to the degree of agitation decreasing 

with faster stirring rates. The degree of agitation may be defined 

by the Reyno1ds number for the system: 

Ucr dc~ . Re = -=c:....-=.:.. 
v 

••••• (2.12) 

where U
cr 

and d
cr 

represent critical velocities and lengths respectively, 

for a given system. v is the kinematic viscosity of the electrolyte. 

Hence highly agitated solutions favour increased current densities. 

ii) Temperature effects 

The deposition rate will increase with increasing diffusion 

coefficient (from equation (2.11). 

The diffusion coefficient and therefore the limiting current 

density will be increased by increasing the temperature. The diffusion 

coefficient (D) is related to temperature (T) and the dynamic viscosity 

of the .electrolyte (n) by the equation. (r"L350, see also Appendix 2£). 

·D = CONSTANT x T 

n 
.••••. (2.13) 

The viscosity of the. solution will also tend to decrease and 

hence contribute to a greater diffusion·· coefficient. In addition the 

lower viscosity would result in a lower energy requirement. (i.e. a 

lower critical velocity) for the same degree of agitation (Reyno1ds 

number> • 
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The solution temperature will be limited by the boiling point,' 

of the electrolyte and then~ed to minimisee~apor~tion losses. 'In 

some cases the chemical stability of the'electrolyte may be a 

critical factor. 

iii) The metal ion concentration in solution 
, . 

The limiting current density will, be directly proportional, to, 

the bulk concentration (or more specifically the activity) of metal ions 

as a consequence of equation' (2.11). 

However the viscosity of the electrolyte will, tend to ,increase 

with increasing metal ion concentration. 'Hence the 'diffusion coefficient 

may decrease with increasing, concentration (equation 2. il~, and' the energy 

requirement (flow rate) for a given degree of agitation (Re) increase 

(equation ,2.12). These effects tend to be less pronounced at higher 

metal ion concentrations and are compensated by the advantage of high 

metal ion activity. The concentration of metal ions will be limited by 

the solubility of the salt (this will increase with increasing temperature). 

The metal ion concentration will also effect the conductivity of 

the solution, which in turn will decide the electrical power requirements. 

This may be of particular importance when using organic solvents. The 

conductivity will tend to increase with increasing metal ion concentra

tion. In addition other conducting salts may be added to the solution 

to increase the conductivity. 

It should also be noted that the current efficiency may also be , 

a function of metal ion concentration, decreasing at very low and very 

high metal ion concentrations. 

iv) Migration effects 

In practice the limiting current may exceed that due to con

vective diffusion alone. 'The increased rate of mass transfer is caused 

by migration of the reacting ion in the electric field. 

To estimate the contribution of migration to the limiting current, 

early investigators used the transport number (ct> of the reacting ion to 
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modify ,equation (2.11) as .. follows: 

= ••••• (2.11a) 

However, there is no.theoretical basis for a simple manipulation 

of transport numbers to estimate migration currents in'multi-component 

solutions and/or solutions with concentration gradients' (11). 

The migration current will be decreased by the presence of an 

excess inert electrolyte' (supporting. electrolyte). For many metal 

. deposition reactions, with transport numbers of about 0.5, the migration 

current may increase the limiting current by a factor of2 or 3 when 

a supporting electrolyte is absent (12,13). Therefore, a high concentra

tion of ,the reacting metal ion and'a low concentration of other ionic 

species (e.g. H+) will favour high deposition rates. 

However, in designing a high-speed plating process, other 

. factors must be taken into account. 

In particular these will include, the nature of the anode and 

the resistance of the electrolyte since these will affect the power 

requirements. At very high current densities, in order to limit the 

temperature rise due to ohmic heating, short experimental times would 

be necessary or the residence time must be reduced by high flow rates. 

A faster rate of electrodeposition will be favoured byconcentra

ted solutions, high temperatures and intense agitation. The necessity 

to maintain optimum plating conditions may finally decide the practical 

concentration and temperature ranges. As will be seen in this investi

gation, a high concentration, high temperature commercial type plating 

solution (the Ni-Speed bath(l) has been used. Since all other 

variables have been optimised, the rate of deposition will be· dependent 

on the method and degree of agitation. 
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2.2,' Fast e1ectrodepositionprocesses ' 

The background to fast e1ectrodeposition by controlled agitation 

The subject of high-speed plating has been reviewed previously 

(14-19). Hart (20) has examined many of the problems involved in fast 

electrodeposition and some of the contemporary processes. Gabe (21) 

has also discussed the role of agitation in electro-chemical reactions. 

Many electrochemical cell geometries have been devised to 

establish well-defined and reproducible hydrodynamic regimes for the, 

investigation 'of electrode processes. Two common forms have been 

used in this context. The electrolyte may be pumped through pipes (22), 

rectangular channels (23-28)orannu1i (29) of which 'the electrodes form 

part of the wall 'area. Alternatively the electrodes or the cell may 

be rotated (30-34). Some novel cells have beeri designed primarily, for 

electrosynthesis or electrowinning applications (32,25,35-48). 

A lar'ge number of these investigations are primarily concerned 

with establishing mass transfer correlations for electrochemical cells. 

Although metal 

(25-28,48-50) , 

deposition reactions, in particular copper deposition 

have been studied for 

properties of the deposits have been 

this purpose, the morphologies and 

largely ignored. One exception is 

the production of metal powders obtained at the limiting current in 

electrowinning cells (35,51-53). 

The flow of solutions in pipes etc. has also been used exten

sively in the study of high rate electromachining operations (54-59), 

anodic passivation phenomena (60-61), corrosion processes (62-64) and 

electrolytic purification of plating solutions (65). 

The following review is primarily concerned with work involving 

the deposition of metals from commercial type plating solutions in 

conditions of controlled'agitation. The object of these studies has 

been to investigate the effect of hydrodynamics on deposit morphology 

and properties and in some cases to achieve fast rate electro

deposition. 
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Controlled agitation methods previously used in studying 

metal deposition have included the following: .. 

a) ·Rotating systems 

b) Particulate bed systems 

c)· Ultrasonics· 

d) Other systems e.g. vibrating· electrodes 

jet plating 

e) Flowing.systems 

Rotating systems etc. will he dealt with briefly whilst flowing systems, 

which are of particular interest ·in the context of the present study, 

will be discussed in some detail. It should be noted that many of 

the previous investigations of high-speed plating were concerned with .. 

the development of suitable electrolytes for use with conventional 

agitation techniques e.g.·· the Ni-Speed process (1). 

. ' . , , , ' , 

The deposition of metals in conditions of well-:-defined hydro- . 

dynamics has. been studied for -80 years. However most of the early 

investigations were at low current densities and empirical in nature. 

For example, ·in the case of deposition in flow cells (Table 2.1), the 

work of Dimon (66) on tin deposition over 40 years ago, used a maximum -. current density of only 0.1 Acm ,comparable with deposition rates 

using conventional agitation techniques •. 

The use of controlled agitation to significantly increase plating 

rates .was initiated in 1948 by Wesley et al(67) (Table 2.1). These 

authors used a flowing. system to give well defined hydrodynamics and 

deposit nickel (from sulphate and chloride solutions) at very high 

. deposition rates. Few papers· have since been published on high speed·· 

deposition in flow cells. As may be· seen from Table 2.1,the high 

speed deposition of nickel from the sulphamate electrolyte in flowing' 

systems has not been investigated. This is of particular interest, 

. considering the value of the high concentration nickel sulphamate 

solutions, with inherently low internally stressed deposits, in electro

forming, .where an increased deposition rate would be of significance. 



AUTHOR(S) 

DIMON (66) 

I 

I MILLS and 
THI,AITE (134) 

HESLEY. SELLERS 
and ROEHL (67) 

SAFRANEK and 
LAYER (71) 

~ 

OBJECTIVES 

SIMULATE STRIP PLATING LINE 
EFFECT OF FLOH. TIN CONC. 
TEMPERATURE AND GLUE 
CONTENT ON REFLECTIVITY 
OF HELT BRIGHTENED PLATED 
STRIP. _ 

SIMULATE STRIP PLATING 
LINE AS ABOVE 

HIGH SPEED DEPOSITION 
OF NICKEL. FIND MAXIMUM 
CURRENT DENSITY FOR A 
SOUND DEPOSIT 

HIGH SPEED DEPOSITION 
OF METALS 

Table 2.1 Deposition of metals using flow systems 



AUTHOR(S) OBJECTIVES CELL TYPE(S) MAX. FLOW ELECTROLYTE(S) MAX.CURRENT 
/DIMENSIONS RATE/Re No. DENSITY 

SAFRANEK and 
LAYER (72) SYSTEM MODIFIED TO IN- MODIFIED -1 

360 Ni ~SO ~/NiCR.~ -2 CORPORATE A SLOWLY ROTATING PARALLEL PLATE ems 2.5 A cm 
DRUM, 2.5 cm HIDE IN THE CELL GAP: 0.25 Re 36,000 

(1. 75M/1. OM 
FLOW CELL to 0.62 1M Sn(BF~)2 3.0 A cm- 2 

cm 
CELL HIDTH: 111 Cd(BF~)2 

_2 

-2.5 
3.0 A cm 

cm . 
2M Zn SO~ 3.0 A cm- 2 

CHIN (11,2) 460 ems 
-1 . -2 

HIGH SPEED DEPOSITION PARALLEL PLATE CHROMIC ACID 1 to 70 A cm . 
OF CHROMIUM 0.635 x 0.114 cm (40 - 70·C) 

RECTANGULAR Re <9,000 
SECTION 

LA BODA, HODEN HIGH SPEED DEPOSITION ANNULUS 615 
-I CHROmC ACID 7.9 A cm -. ems 

and HOARE (59 ;70 OF CHROMIUM 0.38 cm GAP . (41 - 91 ·C) 
143) INNER TUBE Re 47,000 

LA BODA ( 11,1, , 11,5 CATHODE 

POLL (11,6) ELECTROPLATING CON~'ORMlNG 762 ems 
-I COPPER STRIKE 

AUTOMOBILE BUMPERS ANODE SEMI-BRIGHT 
1.2 cm GAP Re >105 UP TO 1.4 A cm -. 

NICKEL 

CHROMIUM 

NAYBOUR (1 I, 7) EFFECT OF FLOW ON PARALLEL PLATE 170 ems 
-I -2 , 

ALKALINE 1.6 A cm (?) 
MORPHOLOGY OF ZINC 5 x 1 cm 

~e 22,000 ZINCATE (see p. 37 ) 
DEPOSITS RECTANGULAR (20-25·C) 

SECTION 
60em LONG 

Table 2.1 continued 



AUTHOR(S) OBJECTIVES CELL TYPE(S) 
/DIMENSIONS 

e 

IBL and EFFECT OF FLOW ON MORPHOLOGY PARALLEL PLATE 
ANGERER (63 ) AND COMPOSITION OF GOLD - 2 x 0.5 cm 

COBALT ALLOY DEPOSITION RECTANGULAR 
SECTION 
40 cm ENTRANCE 
LENGTH 

Table 2.1 continued 

MAX. FLOW ELECTROLYTE(S) 
RATE/Re No. 

150 cms- 1 15g dm 
-3 

Re 13,400 K Au(CN). 

0.07g dm- 3 Co 
(citrate) 

(27°C) 

MAX.CURRENT 
DENSITY 

0.15 A cm-· 

'" - '" 
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Since the commencement of the' present study, significant 

published work on flow cell deposition has been sparse although" 

the detailed study by Ib1 et a1(68) of the effect of flow during' 

gold alloy deposition and the investigations of La Boda et a1 (69,70) 

into high speed chromium deposition (see Table 2.1) are of interest. 

However, ,most of the previous investigations of high-speed 

plating systems have been, carried out by industrial research groups, 

notably International Nickel (67) and the Batelle Laboratories (71,72) 

and the information contained within pub1ished'work is often incomplete 

and semi-empirical., Few workers have attempted to carry out a detailed 

study of,deposit morphology as a function of the rate of mass transfer. 

In the past 10-15 years electrochemica1 engineering has advanced 

,'considerably and mass transfer ,correlations are now available for most 

electrode geometries. It is hoped that these advances may be used to 

design flow cells more analytically and interpret the results of 

previous studies. 

a) Rotating systems 

Rotating cathodes have been used for electroplating studies for 

many years (73). A decrease in the current efficiency of nickel 

deposition on rotating the electrodes was noted 76 years ago (74-75). 

Narasimham and Udupa have reviewed the literature concerning the 

effects of cathode rotation in electrodeposition (76). The use of a 

rotating cathode has not found widespread application in commercial 

electroplating since odd-shaped articles are required to be handled 

for plating. Two main forms have been used for laboratory investigations, 

the rotating disc and the rotating cylinder systems. 

The use of the rotating-disk electrode is widespread for' the 

study of electrochemical kinetics (77). Analytical' solutions have 

been formulated for the relevant transport equations (78). However 

for electroplating studies it has several limitations. The current 

distribution at sub-limiting current densities is uneven (79,80). This 

effect is accentuated with disks of large diameter and with concentrated 
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electrolytes. The occurrence of spiral patterns on electrodeposits 

is another feature of the rotating disk system (81,82). 

The'rotating disc has several disadvantages for metallurgical 

studies'. It is difficult to measure metallurgical properties on a 

surface,of small area, over which the value ofthEl current density' 

may have varied considerably. However'the distribution of metal over 

the disk surface has been measured and discussed for the copper~copper 

sulpha'te system (83,84)., In addition; the hydrodynamics of the 

, rotating disk system are very stable and as a consequence of this, 

turbulence is induced only at very high r.p.m. The disk is unsuitable 

for fast rate deposition which requires highly turbulent solutions. 

The, other common rotating electrode geometry is the rotating 

cylinder electrode (31,32). Turbulence is induced at ,low angular 

velocity and low Reynolds numbers (-200). At lower Reynolds numbers 

the flow is complex and may be laminar or exhibit Taylor vortices. 

The highly turbulent flow regimes that may be created can provide very 

high rates of mass transfer. The current distribution is relatively 

uniform at all currElnt densities. The mass transfer correlation has 

been determined empirically (51,85). The cell is highly suitable for 

electrowinning applications (52) and has the advantage of requiring 

relatively small electrolyte volumes. However the electrode shape 

may bea disadvantage for metallurgical 'examinations and property 

evaluation. The geometry is not directly applicable to most commercial 

situations. The complex nature of the rotational equipment ,and the 

brush gear or mercury cup arrangement which carry the current may 

increase the energy consumption. For high current density operations 

IR drop and resistance heatinginay be critical factors. 

However Swalheim (86) has used 89;7 cm diameter cylindrical 

former-around which'a sheet substrate could be wrapped and fixed, 

providing a large surface area for subsequent examination. The rotating 

cathode was exposed to three shaped concentric anodes in half the 

cylindrical cell. The other half section was baffled to retard electro

lyte rotation and shaped to expose equal·areas of ' anode and cathode at 

an interelectrode distance of 2.5 cm. The apparatus (Fig.2.3) was 
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Fig.2.3.· Swalheim rotating cylinder cell (86). 

I 
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designed to simulate the conditions existing on an electrolytic tin 
, -1 

strip line 

-3 X 105 ). 

and operated at surface speeds of up to 305 cms '. (Re-

Good quality tin was deposited from acid tin solutions 

at current densities of up to 1.1 A cm~2 at the highest cathode 

velocity. Similar'work was also carried out by Beard et'al (87). 

Swalheim also deposited lead from sulphamate solutions at 

current densities up to 0.8 A cm-2• The plating rate was 'correlated' 

with surface velocity using the onset of deposit 'burning' as criterion 

for maximum c~rrent density. The maximum current density was propor

tional to [surface velocity] 0.6 (82). 

This relationship is 'in good agreement with semi-empirical 

analyses which predict a relationship of the form: i a [surface 

1 . ]0.67 ve oC1ty 

Graham and Pinkerton (88) used a conical anode to produce a range 

of current densities over a rotating cylinder 

in diameter. Surface velocities of up to 152 

cathode 0.635 cm or,3.8l cm 
-1 ~ , 

cms (Re -5.8 x 10 ) 

were attainable. The cells were calibrated with a lead fluoroborate 

solution and used to evaluate addition agents for high~speed lead 

plating. Lead was deposited from the fluoroborate electrolyte without 

addition agents at current densities up to 1.9 A cm- 2• In the presence 

of selected addition agents a smooth sound deposit was produced at 

3.2 A cm- 2 • 

The Xerox corporation (89) has used the rotating cylinder 

electrode to electroform continuous and seamless nickelfoil as a sub

strate for the photo-conductive materials used in electrophotographic 

applications. The 'solution was introduced into the -4.4 cm gap 

between the'rotating mandrel and the conforming anode basket containing 

sulphur depolarised nickel anode material. An annular manifold and 

vertical sponger risers distributed the solution uniformly over 

the cathode, surface. The cathode of undisclosed dimensions, was' 

rotated at 60 r.p.m. The nature of the hydrodynamics was. not .disclosed. 

A series of nickel sulphamate based electrolytes were examined, 

to assess the effect of solution chemistry on the electroform 

A solution of the following composition was formulated: 101g 

properties. 
-1 " 

" N· 2 + x- 1 , 
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13 g )I.-I Ni C)I.,· 6H,O, 37 g )I.-I H,BO, adjusted to pH 4.0 and 

operated at 66·C. Nickel'electrodeposits of low internal stress 

and high tensile strength were deposited at current densities of 0.32 

to 0.65 A cm"'. Several unusual morphologica.l features were found, 

at these plating rates. The features included rounded mound structures, 

elongated ridge like structures and small'pitsextending through the 

deposit to the substrate. The author postulated that these effects 

were caused' by small particles of nickel hydroxide adhering to the 

electrode surface. The property response to certain levelling agents 

was also investiga.ted. 

Safranek (71) has deposited chromium at high current densities 

on rotating rods 2.5 to 7.5 cm in diameter. ,The rod rotation,rate 

was adjusted to provide a surface velocity of 125 ems-I (Re 3.1 ,x 10' 

to Re 9.4 x 10'). In another facility, 7 to 15 cm rings were stacked 
, " .' 

verticallY'and rotated at speeds corresponding to surface velocities 
-I 5 of 200 ems ,(Re3 x 10 ). 

More recently,nickel has, been deposited at very high plating 

rates from sulphamate based solutions (350g'r l nickelsulphamate) on 

to a rotating cylinder electrode (Fig.2.4) (90). The cylinder was 

5 cm in diameter and operated at surface speeds of 125 ems-I (Re 6.3 x 

10~) to 375 ems-I (Re 1.9 x 10 5 ). At an electrolyte temperature of 

30·C" the current efficiency was found to decrease rapidly at current 

densities >0.8 A cm-2,from a maximum value of -90%. At lower 

current efficiencies green nickel hydroxide was co-deposited. When 

the electrolyte temperature was ,increased to 55·C, high current 

efficiendes (-85%) were maintained up to -2A cm-', at which point 

the deposit cracked. The current'efficiency was independent of the 

cathode surface'velocity at 55·C (Fig.2.5). In some experiments the 

rotating cathode was simultaneously abraded with an A)I.,O, 'hone' at 

pressure of 5 kg cm-'. Using this technique maximum current densities 

were greatly increa'sed to 1.6 A cm-' at 30·C and 3.2A cm-' at 55·C. 

However a marked decrease in current efficiency was found ( 50% at 30·C 

and -65% at 55·C). The authors explained the decrease by the wear of' 

the deposit. A similar industrial system for plating piston rings has 

been described (91,92). 

I 
I 

I 

I 

i 
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Fig.2.4 Abraded rotating cylinder cell of Suzuki et a1 (90). 
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b) Particulatebed systems 

In particulate bed systems, the cell is filled with small 

particles which may be 'active' (conducting) or 'inert' (non-conducting) 

beads. In general two systems are commonly used: packed (or fixed) 

bed or, fluidized bed systems. In the packed bed system,the beads are 

not free to move whereas in a'fluidized bed the particles are in 

suspension. Fluidization is usually achieved by the flow:of electro

lyte. In both types of ,cell the beads act as turbulence promoters. 

The mass transport characteristics of both types of cell have 

been extensively studied (96-98). The use of these cells has beim con

fined to mainlyelectrosynthesis and electrowinning (96,98) applications, 

where the high electrode surface area of an 'active' bed is, an added' 

advantage. However the 'inert' fludized bed principle in one form or 

another has been,used for electroplating applications. 

Eisener et al (lOl),have described a system (NET 11) consisting of 

a vibratory tub filled with an electrolyte containing suspended abrasive 

particles (Fig.2.6). The electrodes were fixtures, within the tub. 

The tub was vibrated with a 0.315 to 0.4 cm amplitude and a 25 to 35 Hz 

frequency range. The method has the advantage of few restrictions on 

the shape and size of the article to be plated. 

It has been claimed that these processes can be used to deposit 

a range of metals at rates which are a hundred 'to a thousand times faster' 

than those which can be employed with conventional processes (Table 2.2). 

For' example, nickel was electrodeposited from nickel sulphate, Watts 

type and proprietary nickel sUlphamate based electrolytes operating at 

temperatures between 50 to 70·C at maximum current densities of 2.15 to 
-2 ' 

5.4 A cm , depending upon the solution and temperature. 

The abrasive action processes described by Eisner'are thought to 

increase rates of mass transfer by the intimate contact between the 

abrasive particles and the working electrode. The resulting contact , 

penetrates the mass transfer boundary layer and allows, electrolyte of the 

bulk concentration to reach the electrode surface. The mechanism may be 

comparable to the penetration theories of mass transfer in turbulent flow 

(99) and at gas evolving electrodes'OOO). In addition the abrasive 
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Schematic diagram of N·E·TlI. The anode and the 
cathode (a doorknoh) are fixturcd in the vibratory tub. The'· 
grain is depicted -by the small particles. The, grey area at the 

, lop of the tu~ is the supematant electrolyte. . . 

Fig. 2.6 Vibratory tub electroplating cell of Eisener (l01) 
, 

, MtlxCD 
" 

" 

T~mp. "sed 
Meta/" Balll ·C A 1ft' i (A!dm"!) 

" 

, 

Cadmium Cadmium ·s!Jlp~atetH2S0 .. 25 1000 " 

(l08) 
Chromium CrO,+H,SO, 100:1 60 220110 

(2370) , 
Copper Copper sulphate+H,SO. 2S 46(XI , ' (495) 

, Copper pyrophosphat~ 54, 10ROO 
(11('5) 

, 

Iron Iron chloride-iron s,:,lphate 2S 4600, 
, (500) 

Nickel WallS (chloride fr •• ) I 60 2150 
\ mOl' 

Watts' ,60 2000 I 
" "I , 

(216) I 
Sulphamate 60 5000 ; 

, ~ 
Silver Used photographic fixer 

, 

25 200 
(21·6) 

Tin Tin sulp~ale+sulphuiic acid 25 56000 
, - , (6050) , 

Zinc Various zinc sulph.ntc systems 2~ 3200 
(345) 

Zinc oxide+KOH 25, 1000 
, (lOR) 

, Zinc pyrophosphate SO 1000 
(IOR), , '" 

Alloy, " , , 

Brass Cyanide 50 600 
(65) , 

P)'roph()sphate 25 ~l~) 

(54) 
M ixturc or acid zinc and acid 25 " 2301) 

CI')prer sulphate " (250) , 

, 

Cu·Ph Fluorohuratc 2S lOot' 
(tn~) ". 

Cu·Ni Amnlolli~(,,:ll nickel ~nd 2S ' 211no 
coprcr sulrh.H~s (216) " 

" 

Table 2.2 Maximum current densities claimed for the deposition 
of metals i.n the Eisener vibratory tub electroplating 
facili ty (101) 
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may also mechanically clean the electrode surface of other, impurities 

and dendritic or,nodular growth forms. However few experimental 

results were reported so it is difficult to assess the effectiveness' 

of'the process. 

The suspended particle process has certain similarities with 

some types of fluidised bed electrochemical cells (93) and,othersystems 

containing suspended particles (102). A particularly suitable comparison 

is provided by the Chemelec cell (103":105). The process, involves a 

vertical cell containing glass beads, fluidised,by the electrolyte flow. 

The cathodes are of titanium mesh, suspended within the fluidised bed~ 

Sound and coherent bright nickel has been deposited from sulphate based 

electrolytes of low nickel concentration at low current efficiency and 

high rates of mass'transfer'(38). The apparent absence of powdery and 

burnt deposits is unusual. In some cases bright nickel electrodeposits 

were produced without addition agents (96,105). 

c) Ultrasonics 

Ultrasonic vibrations are sound waves at a,frequency generally 

greater than 16 Hz. The sound waves, when generated in a fluid media, 

produce rapidly alternating high and low pressure regions. Bubbles are 

formed inside the liquid which then grow with pressures of up to 1,000 

atmospheres just before collapsing. The effect ,of cavitation is'to 

'cause intense agitation of the liquid which"in the case of electrode

position, may result in increased rates of mass transfer. However, the 

input of energy may be so great that the deposition process is effected 

in more complex ways than simple agitation methods. 

The power required to give such cavitation inside the liquid 

depends on the'frequencies used. For example, it requires ten times as 

much power to make water cavitate at 400 Hz as at 20 Hz. Frequencies' 

lower than 16 Hz,generate audible noise. Therefore frequencies of the 

order 17 to 40 Hz are employed in the cleaning pickling and plating 

operations. The subject of ultrasonics in metal finishing processes has 

been comprehensively reviewed (106-108). 

I 
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The literature contains conflicting reports on the influence of 

ultrasonics on'electroplating and electrodeposits.' In the case of 

nickel deposition from acid baths, increases in the deposition rate 

of between 3 and 25 fold have been reported (109-110). Significant 

'changes in deposit properties have been claimed (111-113), including' 

increased microhardness and brightness, decreased porosity'and internal 

stress and grain refinement. These effects are thought,to be due to 

cavitation shock waves resulting in work hardening and ~hanges'in the 

growth mechanism of the deposit (114-116). The effect of ultrasonics 

on niCkel e1ectrodeposited from sulphamate solution has not been, 

reported. 

,In general, the production of'fast rate nickel electrodeposits 

using ultrasonics has not been fu'l1Y investigated. ,However, in the 

case of nickel, the high capital cost of the generating equipment would 

,limit the use of the technique to special cases. The expenditure may, 

be justified in the case cif precious metal plating (e.g. gold (137» 

where the high cost of the raw materials is offset by the higher 

deposition rates and improved physical properties of the deposit. 

d) Other systems 

The effect of abrasion on the rate of metal deposition was also 

studied by Eisner et al (cf p. 28' ). The authors developed a series of 

techniques for continuously abrading the cathode surface (118-'120). 

'Two processes involved abrasive pads (or activators) in the form of 

moving belts or discs impinging on the electrode (Fig. 2. 7). The abrasive 

pads were of synthetic non-woven fabric impregnated with resin con

taining silica, aluminium oxide or silicon carbide particles (500-600 

mesh). The electrolyte was pumped onto the abraded surface by the 

action of , the rotating disc or belt. The surface speeds of the activators 
-1 

were varied between 25 and 50a'cms, at pressures up to 253 g cm-·. The 

maximum current density attainable was dependent upon the surface speed 

and pressure. At low speeds and/or low pressures the deposit was powdery 

and burnt at high current densities. The electrodeposits were found to 

be brittle with poor adhesion and increased wear at high speeds and

pressures., With optimised deposition parameters, bright, ductile and 
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Fig.2.7 Abrasive rotating disc (a) and abrasive belt (b) 
electroplating apparatus of Eisener et al (l18,119,120). 

Approx, 
Appa"" Mu. 

CD Rot. rlltul 
Met.1 lath A/dm' ",U/mltt lI.ed Remark, 

CII Pyrophosphate 1080 I Disc 
CII Acid Sulfate 460 4 Disc 

Belt 
~. • I CI-Frt>e 460 '4 . Disc 

Belt I 
Ni Watts 215 I Disc 

I 
I 

Ni Proprietary 215 I Disc 
\ Sulfnmate 

Cr Chromate 100; 1 2350 3 Disc , 
(SO. Catal)~t) i 

Plate wao; brit .. 
I 

So SuHate 6000 94 Dh:c ! 
Belt tIe, contained .. i 

8.7Z SnO .• I 
So Sullate ~OO I Disc Plate ductile I 

I 
99.4% tin 

Zn Zn, Na & Mg 320 3 Disc Semibright de. 
Sulfates Belt posit 

Fe Chloric1e-Su1fate 460 Est!· Belt Plating on a 
mated moving con of 

4 brnsH shim stock 
NI.eu Ammonla-S\llCate 200 1.4 Plsc PInto composl· 

lion 53$ NI, 
4n CII 
25 mm pi(\meter 

r.:tI-Zn Sullnte 2.10 2 Belt PInto composl .. 
CIIIZn= 3:1 tlon 791. Cu & 

21~ ZI1 

Table 2.3 Maximum current densities claimed for the deposition 
'of metals using the Eisener. abrasive plating technique 
(118,119,120) 
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coherent plate was produced with high current efficiency at very 

fast deposition rates. 

It was claimed that technique could be used to deposit a range. 

of metals at very high current densities (Table 2.3). For example, 

a maximum current density of 2.16 A cm- z was reported .for nickel 

deposition· from a proprietry sulphamate solution (118). However, 

once again (cf p. 28) few experimental results were reported in the 

Eisener paper making assessment of the process difficult. For·example, 

it would be of considerable interest to see how the current efficiency 

varied with the ·experimental conditions used. 

Other high 

method' (121-123). 

speed deposition prpcesses of.note. are the jet flo\'1 

Copper and nickel have been electroplated by using a 

jet flow device in which the electrolyte is forced through a nozzle 

forming a high speed jet impinging upon the cathode specimen. Current 

densities of up to 1 A cm- z were achieved with jet. flow rates of 200 ems-I. 

Mass transfer correlations have been determined in experimental studies 

of this type of system (124). More recently interest has been shown in 

the effect of laser beams on the rate of metal deposition (125). At 

the point at which the laser beams impinge, the equilibrium potential. 

of the system M .. fMn+ was shifted, ~harge penetration was accelerated 

and material transport was increased up to 1000 X. This effect may be 

associated with the localised heating of the electrolyte close to the 

cathode surface. 

e) Electrodeposition in flow cells 

Advantages and construction· 

The flow cell geometry has several advantages for electroplating 

as compared.to other cell designs. The laminar flow regime is maintained 

up to moderate Reynolds numbers (.<Re 2,200)· enabling correlations to be 

made in both laminar and turbulent flow •. The system is relatively 

simple to construct and operate •• ihis typ·e of cell is more appropriate 
. . . 

·for application to practical plating problems. In addition, the tempera-

ture increase due to ohmic heating is more readily controlled using 

this type of cell. 
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Many designs have incorpor~ted a rectangular cell within 

circular section ancillary pipework,for ease of: construction and 

operation purposes. 'In such'cells,:theanode and cathode are often 

,parallel and opposite to each other. These designs (parallel plate 

cells) are particularly suitableforelectrodeposition purposes ,when 

morphology and deposit properties are to be studied. Th~ hydrodynamics 

and mass, transfer ,characteristics of,this type of cell, are examined in 
, , 

. section2.3b. However pipe o'r annulus' systems have also been used for 

e1ectrodeposition studies., 

A comparison between different, designs of flow cells is often 

complicated' by the authors of published 'work stating the linear flow. 

velocity rather than the Reynolds number. The latter term is more 

significant since it defines the degree of agitation for the system. 

Where sufficient information may be obtained from published work the 

maximum Reynolds number (Rede ) for each system has been calculated 

(section ,2.lb ).' It should be noted that the cathode length may also 

be a significant factor from a mass transport point of view. A summary 

of the cell dimensions, Reynolds numbers, electrolytes, objectives and 

current densities achieved for some of the more relevant work are shown 

in Table 2.1. 

Initial .developments 

The initial use of parallel plate cells 'for evaluating electro

. plating processes was inspired by the assumed analogy with the electro

plating of moving sheet and wire{126~133) with tin. 

Dimon (66) pumped a stannous sulphate solution through al.9 cm" 

square circulation cell, -24 cm in length (Fig.2.8). The maximum 

Reyno1ds number was Re 6 x 10~, giving a highly turbulent solution. 

Tin was deposited at a maximum current density of 0 • .1 A cm-". The 

effects of flow, temperature, tin concentration and glue content on the 
, . 

reflectivity of melt brightened plated strips was evaluated. A 'circula-

ting Hull cell' was also constructed. 
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Fig.2.8 The square section parallel plate cell·(a) and flow· 
circuit (b) of Dimon (66) for the electroplating of tin. 
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Similar work was carried out by Mills and .Thwaites (134) •. They 

used the same maximum flow velocity as Dimon (-305 cms- I
). However 

since the cell dimensions were larger the Reynolds number was increased 

to Re·l x 10 5; Tin was deposited at current densities of up to 

0.3 A"cm- 2 

" . . . 

However, it should be noted that the hydrodynainics and.therefore 

the mass transfer· characteristics of rectangular flow cells are not 

directly comparable with a moving strip or wire plating process (135, 

136) • 

. High speed plating studies 

The first published account of high-speed nickelelectrodeposition 

in a parallel plate cell was a patent by Wesley, Sellers and Roehl (67). 

These investigators were specifically interested in achieving very high 

current densities in conditions of controlled agitation. They calcula-

ted a limiting current density for the deposition of nickel from 

chloride and sulphate electrolytes usin·g a modified Nernst equation: 

DZ F c.b' . . . . . • (2; 11a) 
I') (I-a) 

,The calculations carried out are subject to several criticisms. 

The values of the·diffusion coefficients at 20°C were said to be 

taken from the work of Oholm (137). The diffusion·coefficients at 

70°C were then calculated using literature values of temperature 

coefficients. However the values of the diffusion coefficients used 

were not. those given by Oholm 

temperature coefficients stated! 

further calculations were: 

and 

.. ~, and ·the' authors did not use the 

The diffusion coefficients used in 

D{Ni Cl.) = 2.18 X 10~5 cm' s-1 

The transport no, a , was taken as 0.4. However, the use of transport 

numbe'rs to calculate the contribution of migration current to the total 

limiting current has no theoretical justification (Section 2.1 b ). 
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'The thickness· of the diffusion layer was estimated to be: 

o unagitated solution = 0.03 cm 

o violently agitated = 0.001 cm 

Using the above data, and a metal ion concentration, cb' of 

1.3 x 10-' mol cm-' with z = 2, then iL was,calculated,as follows: 

For an unagitated solution: 

= 
1.04 X 10-' x 2 x 96.500 x 1.3 x'10-' 

0.03 (1-0.4) 

- 0.14 A cm-@ , 

and with violent agitation iL (NiSO~) - 4.3' A cm- 2 The corresponding 

figures for nickel, chloride solution of similar concentration were much 

higher: in an unagitated solution, i
L

(NiC1 2 ) -0.3 A cm- 2
, and with 

violent agitation, i L(NiC1 2 ) -9.0 A cm- 2
• 

It should be noted' that the Nernst equation only applies to 

,stagnant solutions and is not strictly applicable to agitated solutions. 

The simple calculations carried out by Wesley et al could only give 

values of iL correct to within an order of magnitude and would appear 

to contain several arithmetical errors. A more accurate theoretical 

value of the limiting current may be derived from the application of 

mass transfer theory (Appendix 2 ). 

The'authors subsequently used a parallel plate cell to, achieve 

highly turbulent flow conditions up to Re 3x 10~. They concluded that 

the 'limiting' current density for sound nickel deposited from chloride 

solutions increased linearly wi th the, flow rate (Fig.2. 9). From mass 

transfer theory a relationship of the form [flow rate]O.8 would be 

expected. The results were ,therefore in reasonable agreement with the 

theoretical predictions. 

Burned, spongy or streaked areas were considered evidence of un

soundness., At the highest flow rate, sound deposits were obtained at 
-2 

-4.6 A cm " The anode and cathode efficiencies were both 100%. 
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Fig.2.9 Relationship between the maximum current density for 
a sound deposit and flow rate, for the deposition of 
nickel from chloride solutions in a parallel plate 
cell (after Wesley et al (67.). 
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. . '..' " 

were 

. Using a nickel sulphate (watts· type) bath the current densities 

lower « O. 86Acm- 2
) and deposits exhibited roughness at high 

current densities. The roughness was believed to be caused; at least 

being depesited on partly, by fines frem the roughlycorreding anedes 

the cathode. However this was not cenfirmed by examinatien .of depesit 

cross-sections. 

Safranek and Layer (71:, .53) (Battelle's Celembus Laborateries) 

later developed a similar system and extended its use to other metal 

plating systems (Table 2.1). Exact experimental details were not 

given, but the cell was of the parallel plate·typewith a very narrow 

240 cms:,l: would cell gap of 0.16 to 0.32 cm. Flow velocities of up te 

cerrespend to a maximum Reynolds number .of about Re 1.3x 10~ for the 

largest interelectrode gap. The anodedimensiens.were adjusted to 

avoid excessively high ·current density areas on the cathode. 

A later modification to the .original cell design included a slowly 

rotating drum facility for preduction. ·ef continuously electroformed 

foil, 2.5 cm wide (72). Metals deposited included nickel feil electro-

formed frem 2.5 M nickel chloride, 1. 75 H nickel sulphate and 2.75 M 

nickel chloride/sulphate solutions .operating at 60 te 70·C and current 

densities up te 2.5 A cm- 2 with cell voltages ~f 6 te 10V.· (It weuld 

appear that temperatures .of 60 te 70·C are essential for a reasonably 

fast nickel deposition rate). Fast nickel depesits tended to have a 

higher tensile strength, a similar hardness and a lower density and 

resitivity than conventional deposits. 

Brooman (138) ·of Battelle's Colombus Laberatory, has recently 

claimed stainless steel deposition rates of up to 50 times conventienal· 

plating rates, using these developments. 

Other systems designed for the high speed electreplating .of iron 

and nickel using forced circulation have also been described (139-141). 

The metals were deposited at current densities up·to 5 A cm- 2 at flow 
-I 

rates .of up to 350 cms .' 
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Several investigations into high-speed chromium plating in 

flowing systems have been undertaken recently. Chin (142) devised a 

very. narrow (0.114 x 0.635 cm) parallel plate type flow cell. The 

maximum flow rate corresponded to Re 9,000. although a very fast· flow 

velocity (460 ems -I) was used. Chromium was deposited from chromic 

acid solutions, operating at 40 to· 70·C, at current densities of 1 to -. . 70 A cm At very high current·densities the current. efficiency 

decreased from a very high maximum of about 50% and the deposit structure 

deteriorated. This is not surprising, since at 70 A cm-', the limiting 

current· density would be exceeded by about one order of magnitude. 

The very high current efficiencies for chromium deposition are 

surprising, since, using conventional plating techniques, efficiencies' 

of 15 to 20% would be the maximum values expected from this bath. ' 

La Boda et al (69,70,143-145) have studied high-speed chromium . , . 

plating at current densities up to 7.9 A cm-', using an annulus type 

flow ce 11. The cathode was the external surface. of the inner tube •. 

Chromic acid solutions (at temperatures up to·9l·C) were pumped between 

the inner (cathode) and outer (anode) tube gap. The maximum flow rate 

corresponded to about Re 4.7 x 10~. In some experiments a reciprocating 

anode or cathode was used to ensure even plating of the electrode. 

An air pressure flow system was devised to overcome the problem 

of corrosion of conventional chemical pumps by the aggressive electrolyte· 

(144,145). 

An analogous industrial process, which utilised a conforming anode 

system, was the 'contour plating machine' for plating Pontiac car 

bumpers (146) • 

. The interelectrode gap was -1.2 cm and electrolyte was pumped 

through the gap at flow velocities of up to 762.cms- 1 (Under these 

conditions the Reynolds number may exceed 1 x 10 5 - a very turbulent 

solution) • This enabled current densities of up to 1.4 A cm-' to be 

reached and more uniform deposit distribution to be achieved than with 

conventional systems. The device was used to deposit copper strike,semi 

bright nickel, bright nickel and chromium. 
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. However,the process was discontinued after about two years of 

operation for reasons that have never been fully reported, but there 

appear to have been a number of inherent problems with the process 

which could not be satisfactorily· overcome (20). One of the most 

persistent of these was thought to have been the unreliability of the 

. pump and flow system. ·It has also been suggested that the change in 

. composition of the soluti~>n within the interelectrode gap, resulting 

from the combined effect of a high current density and an inert anode, 

gave rise to unacceptable variations in the deposit properties. 

Morphology and deposit property studies 

.The majority of investigations of metal deposition from ·flowing 

. electrolytes have emphasised the influence of high flow rates upon the 

rate of deposition. Other studies have been more concerned with the 

correlation between flow velocity and the morphology/physical properties. 

·of the deposit. 

Naybour (147) used a rectangular flow channel cell to study the 

effect of electrolyte flow on the morphology of electrodeposited zinc 

at ambient temperature. Aqueous zincate solutions were forced through· 

.a cell 60 cm in length and of cross section 5 x 1 cm using a gravity~ 

feed flow system. 

The maximum flow velocity was 170 cms- I corresponding to 

Re
de 

2.2 x 10~. -. A maximum current density of 1.6 A cm was claimed. 

However a mass transport analysis would suggest a limiting current 

density of about 0.016 A cm-' for the experimental conditions stated. 

Three morphology types were identified dependent upon current 

density and flow rate. At a constant Reynolds number the deposit 

appearance was flat, bulbous and dendritic at increasing current densities. 

The deposit morphology was correlated with current density and Reynolds 

number. Based on a morphology criterian the relationship between 

current density and flow rate was almost linear under turbulent flow 

conditions. Once again this is in reasonable agreement with the 

theoretical value (p. 34 ) 

I 
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The electrodeposition of 'gold-cobalt alloys in flowing electro

lytewas studied by Ibl'and Angerer (68). The electrolytic cell 

was of rectangular cross section with a 40 cm entrance length (Fig •. ' 

2.10). The dimension of the cross section was 2 x 0.5 cm. The 

electrolyte, operating at 27°C, was pumped through the cell at 
- I velocities from 30 - IS0,cms , corresponding to Reynolds numbers 

.of 2,900 - 13,400. 

in the experiments 

The following features were examined quantitatively 

the current efficiency for gold deposition, the 

carbon and cobalt content, the porosity of the deposits and the 

deposit morphology.'· Gold was deposited at current densities up to 

0.15 A cm-·. At current densities >0.05 A cm-' the deposition of 

gold and to a minor extent the incorporation of cobalt was mass trans:"· 

port limited, although this is complicated by the complex nature of 
-2 . . . 

the process. At current densities <0.05 A cm the current efficiency 

may be affected by the reduction of dissolved oxygen. The deposit 

porosity was found to increase substantially with increasing current 

density: and decreasing flow rate. It was noted that the morphology 

of the' deposits produced at the highest current densities was rough 

and friable; . It was also suggested that the concomitant hydrogen 

evolution accompanying the deposition of gold increased the overall 

rates of mass transfer and effected the current efficiency in a complex 

manner. 

The.applicability to fast electrodeposition of various designs 

of electrochemical cells has been discussed in the previous review.· 

All may have advantages for certain applications. For example, rotating 

systems, such as the rotating cylinder electrode, are particularly 

suitable for the electrowinning of metals, where the quality of the 

deposit is of secondary importance. It would appear that the applica-

.tion of the rotating systems to practical electroplating problems is 

very limi ted. 

However, the concept of electrolyte flow may be applied to many 

electrode geometries, and is of considerable intere'~t with regard to 

the electroforming of foil. The flow cell geometry provides a well-

defined hydrodynamic regime and mass transfer correlations are 
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available for design purposes; In the following section the funda

mental aspects: of mass transfer and the flow of fluids are discussed. 

This includes a detaiied account· of convecdve mass trarisferin 

parallel plate cells. These ideas will be used later in design of 

the parallel plate cells and the flow system used in the current 

investigation. 

ANODE 

1" OUTLET 

CATHOOE ICOPPER FOILI 

.. ~ 

~ ... ,,~ 
MOBilE BLOCK 

FLOW CHANNEL 
II-l----~rr-----n~ 

1._.1- .r ---,- "\. 

I ., 
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INLET 

Fig.2.l0 The parallel plate celloflbl and Angerer (68) 
used for the deposition of gold-cobalt· alloys 

2.3. Fundamental aspects of mass transfer and hydrodynamics in 
flowing electrolytes 

In order to appreciate the complexity of electrodeposition in 

flowing electrolytes and the limitations imposed by the theoretical 

treatment, the background theory to mass transfer and hydrodynamics 

are presented .in this· section. It is from this that the basic design 
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parameters for the electrolytic deposition cells emerge. As will 

be ,seen, many of the concepts discussed will be used later in the' 

design of the flow cells and the flow system. 

The notation used by various authors in the literature shows 

some variance and the notation used throughout the present work is 

given for claritY'in Appendix 1. For a more detailed treatment 

of this, subject the reader is referred to several standard works (e.g. 

99,148-153). 

a) Diffusion and the flow of fluids 

When electrode processes e.g. metal deposition,occur at a 

"reasonably fast rate concentration overpotential becomes important, 

'and in the classical treatment 'of Nernst (154),mass transfer was con

sidered to occur by molecular diffusion 'through a ,thin layer,of 

s'olution close to the electr'ode. This layer (Fig.2.11a) has a linear 

concentration gradient across it, and the concentration in the bulk (cb) 

is assumed to be constant and maintained, so by migration and convention. 

The molecular flux (N) across the'Nernst diffusion layer can, using 

Ficks Law, be expressed as: 

••••• (2.12) 

where D is the diffusion coefficient,S N is the thickness of the 

diffusion layer and Cs is the concentration of the diffusing species 

at the electrode/electrolyte interface. Using Faraday's Laws (Section 

2.1a), the flux can be expressed in terms of current density and 

hence: 

= . . ••• (2.10) 

which applies when the electrolyte is not in motion" Le. stagnant 'and 

when the contribution of migration and convection to the flux are both' 

very small. 

The above view, however, is a simplified one, since depletion of 

metal ions at the interface produces differences between the density of 

the solution at the interface and in the bulk of the solution and this 

I 

I 
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leads to natural convection and the concentration profile changes 

to that shown in Fig.2.11b. The concentration gradient is apparent 

over a narrower region at the electrode-electrolyte interface than 

for the case of diffusion alone, although the diffusion process· still 

occurs· at the electrode surface since any motion there is overcome by 

frictional forces. The most effective method of supplying fresh con

centrated solution from the bulk is to increase bulk motion by 

stirring or flowing the· electrolyte past the surface and this is known 

as forced convection. Forced convection is illustrated schematically 

in Fig.2.11c,where the region of the concentration gradient is again 

. narrower, although the final process close to the elec·trode is a· 

diffusion process. 

Overall,. in the presence of forced convection the process by which 

mass is transferred to the electrode is ultimately diffusion but the 

static layer thickness is considerably less than that indicated by the· 

Nernst theory (oN)' It is therefore more accurate to consider the con-

·centration gradient at the electrode surface taken to be a vertical 

plane at x=O Le. (*) x=O. In this alternative form equation (2.10) 

then becomes, 

i 
. zF 

= -D (i£.) 
dx 

••••• (2.13) 

The mass transfer coefficient (k) is defined as 

·k= 

i 
zF 

= 

-D ( i£. )x=O 
dx 

k(c - cs) . b 

and hence 

....• (2.14) 

As the current density is increased the. surface concentration of the 

particular component decreases until a constant or limiting current 

density is reached when the surface concentration of the species is 

close to zero. Hence it follows that: 

= .... (2.15) 

I 

I 

I 
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Fig.2.11 . Concentration profiles adjacent to an electrode with a 
fast reaction 
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Fig.2.12 Shear stress in a viscous fluid 

Fig.2.13 Development of a laminar velocity profile in the intake 
region of a tube 
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However, it should be noted that ionic migration to the 

electrode surface has not been taken to account. If the electro

active species is a major component of the electrolyte it will be a 

major current carrier in the solution and will tend to migrate in . 

the electric field. Therefore, depending upon the ionic charge,·it 

may well contribute to the overall current density. This subject is 

also dealt with elsewhere (Appendix 2) .• , 

In general it is assumed in this Section that the electro-' 

active species is a minor component· of the electrolyte (dilute solu

tionsf and the current is carried by an inert supporting electrolyte. 

Hence the migration effects are minimised. 

Flow in pipes and parallel to a flat su·rface - the hydrodynamic 
boundary layer 

For a full account of these aspects of the subject the reader 

is referred to a number of standard texts (148,153). For the purposes 

of the present investigations it is necessary to introduce the con

cepts of. hydrodynamic boundary layers, on flat plates and in pipes· 

in order to appreciate the background problems to the study of con

vective mass transfer ·in parallel plate electroformingcells. 

Basic concepts of fluid flow in pipes 

Although liquids (and gases) have a measurable viscosity which 

results in frictional forces at solid surfaces when the fluid is in .. 

motion, real situations can be treated in some cases, by assuming a 

fricti~nless fluid.· . In such cases the relationship between the 

forces in a moving fluid, Le. forces of inertia and pressure, can be 

related by the Bernoulli equation: 

u' p - + + gz· = '!' 
2 P ••••• (2.16) 

where P is the fluid pressure, p is the fluid density and g the accelera

tion due to gravity. When all the fluid is moving with a velocity U, 

'!' represents the total energy per unit mass. In practice this con

dition may be approximated in turbulent liquids where frictional forces 

are dominant close to the solid wall of a pipe. 

(2.16) by g: 

Dividing Equation 
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u' - + p. + 

Pg 
= C •.••••. (2,17) 

2g 

Then each component has the dimensions of length and may be 

considered to contribute to the total fluid head. (C). 

Thus: u' 
. 2g 

P 
pg 

z 

is the velocity head due to the kinetic 
energy of the fluid 

. is. the pressure head due to the work done 
on the system 

is the potential head due to the potential· 
energy of the system.· 

It can also be shown that: 

lIu' + 1. T p 
(P~ - PI) + gM. +!. .. 0 

p 
••••• (2.18) 

where Frepresents the contribution to the pressure loss due to 

frictional losses in the system, p. - PI is the pressure loss in the 

system and lI'z. is the change in potential head. 

The most important physical property of a.fluid which influences 

the pressure drop when it flows through a pipe is its viscosity which 

is a measure of the internal friction of a fluid. In laminar flow 

viscous forces result in shear stresses between streamlines •. Stream-

line flow, close to a solid surface is depicted 

velocity iI is directed parallel to the wall a-b 

in Fig.2.l2. The 

and velocity differences 

occur in the· y direction normal to the wall and shear stresses occur 

as a result of the viscosity in planes parallel to the wall.· The value 

of the shear stress (Ry) at a point y is given by Newton's equation: 

Ry = _·n dux .. 
dy 

• (2.19) 

and its direction is indicated by the arrows in Fig.2.l2.It will 

be noted that the rate of shear is expressed as the velocity gradient 

High shear stresses only arise when the velocity 

I 

! 
1 
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gradient is high since Tl (the dynamic viscosity), tends to have 

low values in aqueous solutions. This only arises near solid walls 

within a flow field. The maximum shear' stress will be at the pipe 

wall, ' Le. 

Ro = - Tl(~) Y = 0 
, " y 

• (2.20) 

The stress R'exerted by the fluid on the tube wall will be equal and 

opposite,Le. R = (-Ro). This term may,beviewed as the resistance 

to flow per unit length., The distribution of shear stress in laminar 

pipe flow is given by: 

!r.= 1-1.. 
Ro r 

••••• (2.21) 

where r is the radius of the pipe. The corresponding velocity dis~ 

tribution is given by: 

= 1 - -' S2 .' .(2.22) 
r2 

where Us is the velocity at a distance sfrom the centre line'and 

uc •l : is ,the centre line velocity (maximum velocity). The velocity 

profile is parabolic. The average velocity (U) 'is given by uc .1. 
2 

The development of,laminar flow in a pipe is shown, for the ,inlet 

regions in Fig.2'.13. The velocity in the core of the flow, outside 

the boundary layer increas,es with increasing distance from the entrance 

since the same amount of fluid flows through any cross-section as the 

boundary-layer thickness increases. After the entrance length (Le) 

the velocity profile is a parabola. 

The ratio of the, entrance length (Le)' to ,the tube diameter (d) 

can be shown (148) to be, given by: 

= 0.0288 Ud P 
n 

••••• (2.23) 

variations on this relationship have been suggested by Bird et a1 (152): 

= 0.035 Udp 
n 

and by Levich (155) 
Udp 

= 0.05-
11 
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dcr Ucr 
In the study of fluid flow the dimensionless group ~=-~~ 

\I 

(cf. Equation 2.12) is of vital importance. This group is termed 

the Reynolds number (Re) and d and U are respectively a critical cr cr 
dimension and critical velocity of the system and \I (= !1 ) is the 

p 
kinematic viscosity. The Reynolds number defines the degree of 

agitation of the system. 

For pipe flow, the critical dimension is the pipe diameter (d) 

and the critical velocity is the average flow velocity (U). When the 

Reynolds number is plotted against the dimensionless group R/p~' (=~) 

a single curve results (for a given surface) for all fluids, pipe diameters 

and velocities (Fig.2.14). The curve may be divided into three regions: 

Region 1 (Re < -2,000) corresponds to streamline motion and a single 

curve represents all the data, irrespective of the roughness of the 

pipe surface. The equation of the curve is'~= R/pu. = aRe-I. 

Region 2 (-2,000 < Re < -3,000) is a transition region between streamline 

and turbulent flow conditions. Reproducible values of pressure drop 

cannot be obtained in this region, but the values of R/pU 2 is con

siderably higher than that in the streamline region. 

Region 3 (Re> -3,000) corresponds to turbulent motion of the fluid 

and RI is a·function of both Re and the roughness of the pipe. pU' 
However, moderably rough pipes may behave as smooth pipes in this region. 

A number of expressions have been given for the calculation of R/pu. 

in terms of the Reynolds number of which the simplest is the Blasius 

equation (156) which is applicable for Reynolds numbers from 2,500 to 

105 • 

RI 
~ = pU' = 

I 
0.396 Re-" · . . . . (2.24) 

The frictional pressure drop (~p) over a pipe of length l is given by 

the Fanning-Darcy equation 

- t:,p = 4 f • ..2!:...!!.: 
d 2 

• •••• (2.25) 

where f(=2~) is the Fan.ning friction factor and the corresponding head 

loss (ht)due to friction is 

hf = 4f1:. 
d 

'0' 
2g 

• •••• (2.26) 
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Turbulent flow is characterised by random. time - .dependent :', ,<". . ..-' 
velocity fluctuations superimposed on time-independent mean 

velocities. These are known as turbulent eddies.· 

. For turbulent flow the velocity profile is much flatter· than in 

laminar flow. In. this case, turbulence dies down close to the wall 

· and Prandtl (156) introduced the concept that between a turbulent 

boundary layer(~T) and the wall, there is a laminar sub-layer (ob)' 

· within which the velocityincreases linearly with distance y (Fig.2.15). 

Outside the narrow turbulent boundary layer the velocity (u ) is. · . . s 
assumed to be constant resulting in a more uniform velocity profile 

over the core of the fluid (Fig.2.16). Turbulent velocity profiles 

are developed more rapidly than laminar velocity profiles. 

The velocity profile may be described by the Prandtl seventh 

power law 

= ••••• (2.27) 

where y is the distance from the pipe,wall. In this relationship 

the thickness of the laminar sub-layer is neglected and the Prandtl 

velocity distribution assumed to apply over the whole cross section. 

The result therefore is strictly applicable'at high Reynolds numbers 

where the· thickness of the laminar sub-layer is very small. The mean 

· velocity (U).is given by U = 0.82 u I' At lower Reynolds numbers the c, . 
mean velocity will be rather less than 0.82 uc .l. (at very high 

Re·, U "uc.l. Le. the laminar sub-layer is negligible) •. 

It can also be shown that: 

R \l 
\ 

= 0.0228 
(U . 1 ) 2 u c.l. r c. . 

••.•• (2.28) 

and for a pipe with U = 0.82 u and d = 2r c .1. 

= 0.0384 Re-% •••.• (2.29) 

This equation may be compared with,the semi-empirical Blasius· equation 

(Equn. (2.24) ). 
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The velo.city at .theedge o.f the laminar sub-layer ub is given 

by: .. 

ub 2.0 Re 
- 1/8 

(2.30) = · . . · . uc.l. 

. and the thickness o.f the laminar sub~layer is 

ob - 7/ (2.31) = 62 Re a . · . r 

An alternative appro.ach was used by Nikuradse (158) to. pro.duce a 

Universal Velo.city Pro.file. The bo.uridary layer was divided into. three. 

regio.ns,aturbulent regio.n, where turbulent eddies predo.minated, a 

.buffer layer where eddy fo.rmatio.n diminished and the laminar sub-layer. 

.. Two dimensio.nless variables were derived, the dimensio.nless velo.city 
1 

(= Ux tp~) and. the dimensio.nless distance. fro.m the wall, 
U 

y+ .. (=; tp" Re) 

+ In the laminar sub-layer y < 5 

+ In. the buffer layer 5 < y < 30 

u+ = -3.05 + 5.0 in y+ 

and in the turbulent regio.n y+. >30 (smo.o.th pipes) 

+ 2.5 in y + 5.5 

• •••• (2.32) 

• • (2.33) 

• ••.• (2.34) 

the shear stress at the wall may be o.btained fro.m the expressio.n: 

-~ 
= ·2.5 in [ (Re)cp "I + 0.3 • •••• (2.35) cp 

The Universal Velo.city 

indicates disco.ntinuities at 

Pro.file is o.nly an appro.ximatio.n since it 
+ + Y = 5 and y . = 30 and also. gives a finite 

velo.city gradient at the axis o.f a pipe. 

It wo.uld appear that bo.th the Prandtl and the Nikuradse appro.ach 

are o.ver-simplificatio.ns o.f the real situatio.n since bo.th assume a 

I 

I 

I 

I 

I 
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laminar sub-layer where the flow is streamline and viscous forces 

predominate. Observations of the sub layer using photographic 

techniques (159) have provided some. evidence that this region is 

continuously .. disturbed by small-scale velocity fluctuations of low 

magnitude and periodically disturbed by fluid elements which 

penetrated into the region from posi·tions further removed from the 

. wall • 

. Flow over. flat plates and boundary layer development 

Flow over a flat plate in a free stream of velocity Us can be 

considered as shown in Fig.2.l7 and the hydrodynamic boundary layer 

builds up from zero at the leading edge and increases its thickness 

along the surface. At a.critical distance xcr from the leading edge, 

there is a change from laminar to turbulent· flow. If the velocity Us 

is increased the critical length xcr becomes less in such a manner that 

the product Us xcr is a constant. The laminar to· turbulent transition 

occurs at a definite value of Us xc·r · 
\) 

.. the Reynolds number for the system. 

This dimensionless number is 

The critical Reynolds number, 

thus defined constitutes an upper limit for laminar boundary layer 

flow on a flat plate. Estimates of boundary layer thicknesses are of 

interest in relation to understanding the effects of hydrodynamics on 

electrode and other mass transfer processes. 

·With laminar flow, the velocity profile has the shape shown in 

Fig.2.18 and it can be shown (148) that a/x = 4.64/;p:e; where x is 

the distance from the leading edge of the plate. Thus defined a is 

the distance from the wall at which the velocity reaches the .value of 

the outside flow velocity. This is an arbitrary definition and various 

·other definitions of a and·corresponding methods of calculation have 

'been used. For example, Levich (155) has defined as the point at 

. which the velocity reaches 90% .of the free stream velocity and gives 

the expression a/x· = 5.2//Ire;;' 

In turbulent flow the expression for the boundary layer thickness 

=. 0.376/Rex l~ has been derived. Here the thickness of the 

turbulent boundary layer is determined as if it began at the leading 

edge with zero thickness. 

. , 



-.. ', -... - -- -------------------;---:-1 

ransition 
zone 

I .. • ----'-- xcr-----'--+I! 

Fig.2.17 Laminar and turbulent boundary layers on a flat 
plate: 0 laminar boundary layer, Otu turbulent 

. boundary layer, oblaminar sub layer 

u 

Ra 

Fig.2.18 . Laminar boundary layer on a flat plate 



49 

One of the difficulties in·making.satisfactory.theoretical 

calculations is that there must be a transition· zone from laminar 

to turbulent flow as seen in·Fig~2.17. The treatment given here 

ill~strates the problem of stabilising and characterising· flow and 

boundary. layer conditions on ·flat plates in a·free stream, where 

there will be disturbances in flow at the leading edge of·the plate. 

Flow between parallel plates 

. In general (to a first approximation) flow in ducts may be 

treated in a similar. manner as flow in pipes; However in this case 

the critical dimension is defined as the equivalent diameter de· 

4BS 
= •••• (2.36) 

. 2(B + S) 

where B is the duct breadth arid S the distance. between the plates. 

However ,hi the case of the entrance region of parallel plates 

in a free stream or infinitely wide plates, the flat plate approach 

may be applicable. 

It should be clear from the above discussion that in considering 

cell design· for experimental work due notice must be taken of entrance 

length requirements for the cell itself and the problems of establishing 

the flow pattern over individual electrodes. 

convective diffusion and mass transfer 

The transport of solute in a moving liquid is controlled by two 

different mechanisms. The first of these is molecular diffusion which 

arises from concentration differences and in the second mechanism solute 

particles are entrained by the moving liquid and are·transported with it. 

The combination of these two processes is known as convective diffusion; 

The diffusiona! component (jD) can be shown to be 

= '- D Vc . (2.37) 

where the diffusion coefficient D is a function of solute concentration Cc) 
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and temperature •. When the solute concentration is. low D· can be. 

considered constant and independent of composition •. With solute 

entrainment there is also a convectionai flux. jconv. = cU wherec 

is· the concentration and·U is the flow velocity. With electrolytic 

processes there may also be the possibility. of a migration component 

. Urn) which is given by: 

.. .. . . (2.38) 

The. total mass flux (j) is the sum of.the diffusiona1, migrationa1 

. and convective c·omponents and 

j = Z um F c V ~. - D V c +cu •••. (2.39) 

migration diffusion convection 

In the presence of an excess supportitig electrolyte, the migration 

component may be neglected and 

j= -D V c + ·cu . (2.39a) 

The fluid velocity in a flowing electrolyte may be determined from the 

Navier-Stokes equation (160): 

(u • V)u = 
1 

P 
Vp + v·V' u -I' g •• , .(2.40) 

Assuming that D is constant then a·genera1 equation can be developed 

for convective diffusion viz: 

.2£+ 
at 

(u • V)c . = D V' c •• (2.41) 

·In terms of Cartesian coordinates, equation (2.41) can be written as: 

.fu;. + u .££. + u .2£ + ac = 
at x dX .. Y .ly U z az 

a'c a'c a'c ..•. 
D (ax' + ay' + az') •• (2.42) 

and for a steady state process the convective mass transfer equation 

has the form: 

= D(a'c. + a'c· 
. dX' ay' ) ••... (2.43) 

arid use of.this equation is made· in the analysis of parallel plate 

cells in the following section. 

I 

I 

J 
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b), Convective mass transfer in parallel plate cells 

In this section the basic concepts related'to the boundary 

conditions 'for convective mass transfer are discussed. Mathematical 

solutions are obtained in relation to whether (a) the surface con

',centration is constant or (b) the mass flux at the surface is constant. 

In general type (a) solutions correspond to an 'electrode which is 

operating at a limiting current density at all points on its surface, 

Le. equation 2.15 applies. These solutions 'are, however, only 

adequate for smaller electrodes and the mass transfer coefficient varies 

from point to point along the electrode surface. In type (b) solutions 

"fully developed mass transfer" is associated with a linear variation 

of su'rface concentration along the electrode and applies to a very long 

electrode. In this case' the mass trans'fer coefficient is independent 

',of position on the electrode. 

i) The parallel plate cell with short electrodes in laminar flow 

Here there are three main cases. 

Electrodes of infinite width with fully developed laminar flow 
(Figure 2.19) 

Here the convective, mass transfer equation for a steady state 

process 

u ac + ac = 
x ax ay 

~ •••• (2.43) 

can be modified if the electrodes are sufficiently far downstream from 

the cell entrance the flow will be fully developed and hence Ux is 

independent of x. ,For laminar flow uy = 0 at all points in the flow 

and the Navier-Stokes equations 2.40 can be integrated to give: 

(1. _ x,:) 
S S' 

.(2.44) 

Hence we can rewrite equation (2.43) using equation (2.44) and since 

mass transfer in the x direction is mainly due to convection rather than 

diffusion we ,can approximate equation (2.43) to 

6U (1. - y' ) .a.£ = a'c 
av S ST ax D ay' •.••• (2.45) 

I 

I 

I 
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According to Leveque (161) the local velocity close to the electrode 

is approximately linear i.e. 
6UavY 

~ m S 

which allows equation (2.45) to be simplified to 

ac 
ax 

a"c = Day" 

• •••• (2.46) 

• • • • • (2.47) 

The boundary conditions related to equation (2.48)are that the reactant 

concentration at the cathode surface is constant (Type a), and that 

immediately upstream of the electrodes the concentration is uniform. 

There is also a condition that the local concentration becomes uniform 

away from the vicinity of the cathode. 

In the simple case where the depletion of metal ions at the 

cathode is replaced and balanced by anodic dissolution it can be shown 

that the local mass transfer coefficient (kx) is given by 

k • x 
D 

0.893 

2Uav 's 
(-) 

3DxS 
• •••• (2.48) 

which shows the variation of kx with x along the electrode surface. 

Furthermmore it can be shown that the average mass transfer coefficient 

kav' and the corresponding average Sherwood No.,Shav ' over an electrode 

of length 'L' is given by 

d I 

Sh = 1.85 {Re Sc Le} '3 
av 

where de is the equivalent diameter of the cell. 

in practice, for cells to satisfy the 

• •••• (2.49) 

However it is virtually 

electrode width and impossible, 

hydrodynamic 

can be made. 

entrance length requirements and hence> a modified analysis 

Electrodes of finite width with fully developed laminar flow (Fig.2.20) 

In practice in a real electrolytic cell, the electrodes have a 

finite width B. In this case the velocity must be zero at the walls 

z = 0 and z = B as well as at y = 0 and y = S; The 

described by its x component and Ux is a function of 

velocity is still 

both y and z. It 
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has been shown by Ong (162) that ,for a cell where B > S the overall 

mass transfer coefficients are given approximately by 

Shav = 0.807 [f (B,S») {Re Sc deft} ls" •••• (2.50) 

where de is the equivalent diameter of the finite cell wher'e 

de = 2BS/B+s. 

Rousar (163) has also derived the relationship 

••••• (2.51) 

for a finite width reactor. Thus this relationship represents a modi

fication of equation (2.49) for the situation where the electrodes have 

a finite width and the correction factors (X) have been calculated (163) 

for aspect ratio values (1/1), where 1/1 = SIB' for values up to unity., 

When the aspect ratio is low (e.g. 0.05 to 0.10) the correction factor 

X has values of ...().96 - 0.98 and there is relatively little difference 

in the results using equations (2.49) and (2.51). 

Other authors (164,165) have ignored the variation in velocity 

across the electrode and redefined the parameters in equations (2.49) 

and (2.51) in terms of equivalent diameter using 2BS/B+s, rather than 

2S for infinitely wide electrodes. This has given the relationship 

Sh = 1.467 av 
{ ,dells { 2 
Re Sc L 1 +1/1 } ls 

As 1/1 • 0, de • 2S, and this then reduces to equation (2.49). 

mental data give an empirical correlation with 

Shav = 2.54 {
. de }O.3 

Re Sc L . . . . . 

(2.52) 

Experi-

(2.53) 

where Sh has been calculated for a measured limiting current iL from av 
the equation 

. . . (2.54) 
zF D Cav 

where Cav is the average reactant concentration which is assumed to be 

equal to the bulk concentration and that the surface concentration is 

zero. 
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In general equations (2.49) and (2.53) can be used as cell design 

equations subject to the restrictions that the maximum electrode length 

is 35 equivalent diameters (165). 

Long electrodes of infinite width in fully developed laminar flow 

Only one relatively simple relationship, based on a uniform mass 

flux at the electrode has been derived. It can be shown that the mass 

transfer coefficient (k) is given by k = 2.692D '" (2.55) 
S 

and the Sherwood number defined in terms of' the reactor equivalent 

diameter, 2S is given by Sh = k ~ - 5.384 . . . (2.56) 
D 

Equation (2.55) can be,crudely modified to take into account other 

equivalent diameters viz: 

Sh = 
2.692 de 

S 

but this has not been established experimentally. 

ii) Parallel plate cells in turbulent flow 

. . . . (2.57) 

At Reynolds numbers>2000 the flow in a parallel plate cell becomes 

turbulent and random time-dependent velocity fluctuations are super

imposed on time-independent mean velocities. The application of Navier

Stokes equations (2.40) in such circumstances results in additional 

terms which can only be accounted for on an empirical basis.' Exact 

solutions of the basic convective mass transfer equation (2.43) on a 

similar basis as in laminar flow is not possible. The usual method of 

dealing with mass transfer in turbulent flow is to assume'that mass 

and momentum are transferred by the same process, i.e. the motion of 

eddies. The rate of mass and momentum are characterised by empirical 

quantities called c the eddy kinematic viscosity and cD the eddy 

diffusivity. Normally C is determined from time-independent mean 

velocity, and assuming that cD is equal or proportional to C the con

centration distribution is obtained by integrationoI the mass transfer 

rate equation and the mass transfer coefficient determined from this. 

In the case of turbulent flow conditions fully developed concentration 

distributions or fully developed flow occurs over very short distances 

and the semi-empirical analyses obtained apply to these conditions. 
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The eddy kinematic viscosity €, is used to define turbulent 

flow and is defined by the relation 

du 
Ry = P (v + d dyX ••• (2.58) 

where Ry and dux/ are the shear stress and mean ·time independent 
dy 

velocity gradient respectively at 

such as, 

tions die 

for example, the cathode 

out (Le. € + 0) and the 

any chosen 

(where y R 

point. At a solid surface 

0) the turbulent fluctua-

surface 

The shear· stress at the surface Ro is then 

Ro = 
du 

-i)(..2. ) 
dy y=O 

layers are 

given by: 

in laminar motion. 

• •••• (2.20) 

By analogy the mass flux at any point (J) and at the cell wall (JS) are 

·given by: 

and 

J = - (D + CD) ~~ 

dC 
J S = -D (dy) 

y=O 

• •••• (2.59) 

• •••• (2.60) 

where C is the time-independent concentration at a point. In order to 

solve equation (2.58) and hence equation (2.59) it is possible to adopt 

a universal velocity profile approach to describe the spacial dependence 

of u~. 

Following this type of approach Lin et alia (166) have developed a con

vective mass transfer equation of the form: 

• (2.61) 

which applies at high Schmidt numbers, and where cf is the skin friction 
factor. Also since the mass transfer coefficient is independent of 

electrode length (c.f. r~uation (2.56) we can also write· 

Sh = 0.057 (Cf/2)i Re sc~ 
av · . . •• (2.62) 

It should be noted that in turbulent flow the mass transfer coefficient 

is velocity dependent (cf. equation 2.57). 

Equation (2.61) can be extended for parallel plate cells using 
t 

the Blasius relation for cf i.e. f = 0.074 Re~ (Cf Equn.(2.24» where 
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the Reyno1ds number is defined in terms of equivalent diameter, and 

this leads to the expression 

Kde 
D 

= (2.63'> 

Other analyses (167,168) using variations in the·method of cl v 
calculation lead to the relationship 

Kde· 
-- = 

D 
. . • • (2.64) 

However,. it should be noted that for values of Sc in the 2000 - 5000 

range calculated values of the mass transfer coefficient are similar. 

An even more empirical approach is to us.e the Chilton-Colburn 

analogy (169) which can be written as 

••••• (2.65) 

arid where k av 
is used instead of k in Sh av to indicate that it is based 

on constant surface concentration data. The last equation gives both 

local and· average mass transfer coefficients since the theoretical 

length dependency is only of a very low order and in practice is 

negligi b1e. 

There is also a parallel between equation (2.65) and the Dittus

Boelter equation (170) 

•• (2.66) 

which applies to turbulent heat transfer in a pipe when cooling occurs. 

Experimental evidence (164,165) indicates that relations (2.61), (2.64) 

and (2.65) can be used for an electrode not less than 12.5 de in length. 

For much shorter electrodes fully developed concentration profiles do 

not arise and the mass transfer coefficient becomes length dependent. 

It has recently been indicated (149) that the best design relationship 

for a parallel plate electrode cell is 

Shav = 0.145 Re" Sc" ({)\ ••••• (2.67) 

where L is the electrode length and Lld· < 7.5. e 
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Problems arising from cell entran~e lengths and the development of 
flow in ce lls 

In·the preceding analyses fully developed flow has been assumed in 

relation to the calculations •.. However, there is a hydrodynamic 

entrance length over which. the velocity distributions is not uniform 

and in carrying out experimental work,particularly under laminar flow 

condi tions some· account has to be taken of entrance length requirements.: 

The.development of flow and mass transfer in electrochemical cells 

with parallel plate electrodes is shown in Fig.2.21. At the entrance point 

in Fig.2.2la Le. x=O, the velocity of flow will be uniform (U ). . - av 
There is however a frictional interaction with the.wallsuntil at x=Le 

fully developed flow is achieved, and Le is defined as the hydrodynamic 

entrance length. There are .two theoretical· approaches to·the problem 

of entrance length calculations. In one approach (Fig.2.2lb) the 

. electrode can be considered as an . infinitely wide place in a free stream 

·of velocity U • . . av In this situation the concentration distribution is 

altered due to the electrode process taking place. Alternatively the 

problem may be treated as a boundary layer situation where both the 

velocity and concentration distributions start to form at x = 0 and the. 

region where velocity distributions exist is known:as the hydrodynamic 

boundary iayer (Fig.2.2lc). Using the free streaming approximation 

an average Sherwood number relationship can be obtained, viz: 

2 .. Re~ 
Iii L 

I 

Sc '2 ••••• (2.68) 

Another approximation for·laminar flow using the boundary layer 

approach yields the relationship 
I 1 

ShL = 0.646 Re~ Sc 3 •••.• (2.69) 

For practical systems where Schmidt numbers are of -2000 - 6000 the first 

of these equations gives mass· transfer coefficients of about one order of·' 

magnitude greater than in equation (2.69). The free streaming approxi-

mat ion is only valid when the velocity boundary layer is very much 

thinner than the concentration boundary layer, Le. when Sc .,.00 • 

.1 

.1 
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Fig.2.21 . Flow and mass transfer in the hydrodynamic entrance. 
region of a parallel plate electrochemical reactor 

·a) hydrodynamic entrance length 
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Fig.2.22 Mass transfer to an electrode with some previous 
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Another important case arises where the electrode is some 

distance from the inlet and some flow development ·has already taken 

place (Fig.2.22). Here it can be shown (17) that the local mass 

transfer coefficient is given by 

••••• (2.70) 

and coefficient is given by the average mass transfer 
% 2h 

1 11 - (Xo/x) } 
Sh. = 0.646 Re~ Sc . . . . . (2.71) 

x x 
{I - Xo Ix} 

Data .concerning mass transfer in the entrance regions of parallel plate 

cells is sparse. The empirical relationship 

-0.05 

(de) ••• (2.72) 
L 

appear to fit experimental data for Re < 2000 and Rex < 5 x 10~ (165). 

and for short electrodes de -.0,1) 5 -1. 
L 

The shortage of supporting data and the theoretical limitations 

suggest that relationships (2.49) or (2.53) are used to obtain mass 

transfer coefficients and to assume that flow is fully developed. 

For turbulent flow conditions entrance lengths of -50 diameters 

are recommended. The application of turbulent boundary layer theory 

(162,165) leads to the relationship 

1 

Sh;x: = 0.0366 Re;.a Sc'S 
39, 32 1 f 1 _ (xO/x) "'O} 39 

{O - (Xo/x) } 

••• (2.73) 

for Rex > 2 x 105 • and this applies for an electrode length of 12.5 de 

with a hydrodynamic entrance length of -8 de. The most useful estimates 

of mass transfer in developing turbulent flow can be obtained using the 

Chilton-Colburn equation (2.65) and by not taking into account the 

hydrodynamic entrance length. Equation (2.67) can be used for short 

electrodes in a developed turbulent flow and this has been confirmed 

experimentally (149). 
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c) Some aspects of electrolytic gas evolution 

As will be: seen (Section, 4.0), the experimental results 

indicated that nickel deposition was often accompanied by con

siderablehydrogen evolution. The interpretation of the results 

required some understanding of, the nature and possible consequences 

of electrolytic gas evolution. For completeness, this information 

is included in the' following section. This includes firstly, a 

discussion of the formation of electrolytic gas bubbles and secondly, 

the implications for mass transport in gas evolving systems. 

'i) The formation of electrolytic bubbles 

'Electrolytic gas formation causes an effective mixing of the 

solution and in many respects is analogous, to boiling of a liquid at 

a, heated wall. The resulting effects of such phenomena include 

increased rates or mass transfer, a higher solution resistance and, 

in flowing solutions, a larger pressure drop. However, the phenomena 

are of great complexity and are influenced by many factors. The 

reproducibility of gas induced effects are insufficient to ensure 

accurate measurements. The quantitative treatments of electrolytic 

gas evolution are often similar to models developed for the analogous 

boiling of liquids and subsequent increase in heat transfer problems. 

,Electrolytic gas development takes place in three steps (172), 

the initial formation of nuclei, followed by growth of the' bubble and 

finally separation of the bubbles. 

,The gas formed at the electrode is first dissolved in the 

electrolyte.' However, for hydrogen, the solubility is low being 

typically about 2 x 10-~ mole dm- 3 (173), and the solution rapidly 

becomes super-saturated (174). Then nuclei of bubbles can be'formed 

through local fluctuations of density. Frequently new bubbles may be 

formed at preferred points of the electrode such as ,scratches. Some 

gas will remain in such surface irregularities and act as a bubble 

nucleus. Scratches of -5~m width have been found to be large active 

centres (175). As the defects, become smaller the nucleation time of 

a new bubble at the same' point increases. On highly ,polished surfaces 

this may take several minutes. Such behaviour is COmmon at low current 

--~--~--------------------------------~--------'~ 
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densi ties.' On increasing the' current density the number of active 

sites will also increase. Fahidy and Abdo have found an empirical 

relationship of the form (176,177) 

. . . . (2.74) , 

between the applied potential EH and the' induction time, . t H, for the 

first appearance of hydrogen bubbles on the cathode. The two'constants' 

A and Al are affected by the, cell geometry. ' The induction time o ' ' 
probably depends on the nature of the electrolyte, its concentration 

and temperat~re and the rate of electronation of hydrogen ions, which 

'is' proportional to the voltage drop. ,The rate of mass transfer of super

saturated solution away from the cathode and the rate of super-saturation 

would also be important. 

The nucleated bubbles then grow in two stages (175). In the first 

phase (-lm s), the growth rate is dependent upon the quality of the 

electrode. The surface tension has a'considerable influence on growth 

in this first phase. A second phase with slower growth then follows. 

The rate of growth will be controlled by the rate of mass transport from 

the super-saturated solution to the surface of the growing bubble. The 

relationship, r' a It, r = bubble radius at time t., has been derived 

from integration of the relevant transport equations (178). This 

growth law has been found to be independent of the electrode material 

(175). In addition bubbles may grow by coalescence between two neigh

bouring bubbles. 

The probability of' separation and the size of the gas bubbles 

depends largely upon the magnitude of the wetting angle and hence upon 

the surface tension forces that'result, in bubble adhesion. However, 

electrostatic forces may also contribute to the adhesion (179). 

H 
Y, 

-L----7-~.--~~.y~ 

"a t 
F 

Fig. 2.23 Surface tension forces acting on an adherent bubble' 
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From Fig.2.23 it, may be seen that" three surface tensions, 

'solution/gas, 'VI solution/electrode, 'V2 and gas/electrode, 'V~, act 

, upon the' three phase boundary ga-s/solution/electrode. The contact or 

wetting angle, 0, is obtained from the equilibrium of these forces. 

The, vertical component of the surface tension gas/liquid, 'VI, corresponds 

to the adhesion force F'Y. The adhesion force' acting upon the whole 

three phase boundary is 1Ia 'VI sin 0, where a,is the diameter of the 

adhesion circle. 

When the bubble adhering to the'surface is'at equilibrium, the 

forces must be equalised through the resulting forces of the hydrostatic 

pressure of the solution PL and the gas pressure PG on the boundary 

surface solution/gas. ',In this way" Kabanov and Frumkin obtained the' 

relationship (179): 

sin 0 = Vpg - Hpg ••••• (2.75) 

where p - density of the solution, V - volume of the bubble, g the 

acceleration due to gravity, R - the radius of curvature and H, the 

height of the bubble. 

For 0 < 140 0 , this may be approximated, so the maximum bubble 

volume is given by (180) 

V = ( 1)' 
11 

••••• (2.76) 

Hence for a given surface tension gas/solution 'VI' and solution density 

p , the separation, volume V is determined only by the contact angle 0; 

It is evident that if the wetting angle is small, e.g. 18 0 and 

the surface is well wetted with water, the bubble adheres over a small 

area and' the perimeter of the contact area is small. Such bubbles are 

easily detached from the surface and do not attain significant 

dimensions. 

If the wetting angle is' greater e. g. 75°, the perimeter of the, 

contact area and consequently the force holding the bubble is greater, 

the bubbles can therefore become larger before they are detached. 
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The magnitude'of'the gas/electrode, Y. and the solution/ 
, , 

electrode, Y ;,surface tensions are dependent upon the nature of the 

electrode material and upon the cathodic pOlarisation. Physically 

this ,means that the wettability of the metal by water increases with 

the charge density of the bubble layer. Water pushes the bubble 

away, hence wetting the electrode. Therefore"the wetting angle e" is 

at a maximum when the'surface charge is zero (at the potential of zero 

charge).' If the gas fs evolved at a potential close to the zero 

charge potential of the metal in a given' solution, Y. is very high, 

so Y:i -.. Y. and cos e are small and the wetting angle e is large. 

Hence the bubbles grow to a 'large size before they are detached. 

Conversely atvery'low cathodic potentials, the solution/electrode 

surface tension, Y. is small and hence the detached bubbles are small. 

This relationship' has been confirmed for slow rates of gas evolution, 

where conditions are close to eqUilibrium (100,18l). However, at 

high rates of, gas evolution, an increase in bubble size with increasing 

current density has been observed (182). This factor may, be accounted 

for by coalescence of ,bubbles and the transport of gas from the super

saturated liquid, in conditions far removed from equilibrium. 

In practice, the size of the generated gas bubbles has been found 

to be dependent upon the pH of the electrolyte (183,184) and whether the 

bubbles are'generated anodically or cathodically (185,186). The 

measured bubble size may depend on whether the bubbles are observed on 

the electrode (100,183) or on rising bubbles (t82, 185, 187). Momentum 

transfer from rising bubbles may result in,early detachment of other 

bubbles leading to a wide distribution of bubble sizes. Janssenand 

Hooglandhavemeasured the size distribution of bubbles under a series 

of experimental conditions (187). A large fraction of the bubbles were 

in the 40 to60~m range, dependent upon exact experimental conditions. 

These roughly agree with the observation of Rousar et al (188). 'These 

workers used stagnant electrolytes and vertical electrodes. Horizontal 

electrodes often allow the formation of large bubbles which, under 

unfavourable conditions, may behave somewhat differently. 

-, 
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LandhoH et al.(182) have studied cathodic gas .bubbles in a 

rectangular horizontal cell with an imposed flow velocity of 100 to . 
. . -1 
2,500 cms • A wide distribution of bubble.sizes was observed. 

The median bubble diameters were 56, 78 and.99lJm for current densities 
, . -2 -.. . 

of 5,20 and 50 A cm respectively (at u = 400 cms- ). The median 

bubble diameters,;ere 99, 69 and 35lJm for flow rates of lOO, 200 and 

400 cms- I respectively (ati = 50 A cm,:"2)., . However bubbles <20\lID 

in diameter were below optical resolution and bubbles.closeto.the 

electrode were not discernible.· They observed that the thickness of 

the gas layer increased along the electrode, reaching a maximum value 

about half way along. Loomba has re·ferred to this effect as the 'gas. 

wedge' (90) •. At. low flow velocities bubbles may adhe·re to the 

electrode for prolonged periods. 

The steady-state rise velocity due to buoyancy may be calculated 

from Stokes law for bubbles of less than 1 mm diameter (191) from the 

equation 

-1 
2 mms. 

v = J1M.2 . 

18n 
• •••• (2.77)· 

g - acceleration due to gravity 

p - density difference between gas and liquid 

d - bubble diameter 

n - dynamic viscosity of the liquid. 

A bubble of diameter ~50lJm will. attain a rise velocity 

With rapid flow rates, the bubble will only rise a 

of only 

few 

microns over the electrode length. At dOlffiward facing electrodes, the 

buoyancy forces would tend to increase the adhesion to the metal. 

However, turbulent eddy formation and gas ejection (175) will act upon 

gas bubbles to move them a,;ay from the electrode. 

A force balance may be applied to the case of a bubble developed 

in a flowing solution 

F ••••• (2.78) 

wh~re Fb is· the buoyancy· force of the bubble and Fi is the inertia force 
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or shear force of the electrolyte. At high flow velocities, the 

contribution from Fb may be neglected. The magnitude of the two 

forces Fb and Fi are dependent upon the bubble volume and the bubble 

surface area respectively.·· Therefore the value of F must increase 

as the bubble grows and· the forces Fb and F i' acting upon it increase. 

This ·isachieved by increasing the. value of the adhesion circumference, 

· lIa.. Above a certain size, the. bubble cannot compensate for the 

increased separating forces and.the adhesion circumference is reduced. 

When a =.0, the bubble separates from the electrode. 

Tong (192)de~elopeda model, based on equation (2.78), which 

predicted that the bubble size varied with the square of the flow 

· velocity. This result was confirmed qualitatively by Londhold et al 

· (182). 

In the case of simultaneous metal deposition a.pit or pore will 

be· left in the coating. When a pore is formed, it is likely that 

: continuous, rapid nucleation of bubbles occur at the same site. In 

commercial plating, the production of pore free deposits are ensured 

by the lowering of the surface tension of the solution by the addition 

of· surface active agents. 
-1 

60 - 70 dynes cm to 20 

A reduction of 
-1 

-.30 dynes cm 

the surface tension from 

is normally considered 

sufficient to achieve good wetting of the metal. 

ii) Mass tran·sfer at gas evolving electrodes 

. It is well established that gases evolving at an electrode do . 

result in appreciable disturbance of the boundary layer. Many studies 

have been undertaken of mass transfer at gas evolving electrodes of 

various geometries, the most common of which are of the vertical gas 

evolving electrode/stagnant electrolyte type (100,193-198). Green 

and Robinson have studied mass tran·sfer behaviour at gas evolving 

horizontal electrodes (199). The combined affect of gas evolution and 

surface roughness on the rate of mass transfer was investigated by 

Fouad and Sedahmed (200,201). The latter authors.have also .studied a 

gas evolving particulate-bed electrodes (202). 

An alternative approach is to employ counter electrode. gases to 

enhance cathodic mass transfer. A variety of cell geometries have been 
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" ' 

used in conjunction withthistechnique(203-205). 

Limiting,current densities are not usually , obtainable from 

polarisation data in the case of gas evolving electrodes. The normal 

method of obtaining mass transfer data for such systems is to employ 

an 'indicator reaction'. The concentration of an electroactive 

species in the solution is monitored with respect to, time (e.g. (lOO, 

195 ». The mass transfer coefficient;~, is then given by: • 

It = 
C ••••• (2.79) 

where C is the concentration at time t, Co the original concentration 

of reactant and A, the surface area of the' electrode •. 

Other' workers have used the dissolution of a metal electrode to 

obtain mass transfer data (198,206). 

An empirical correlation between the mass transfer coefficient, 

kt and the rate of gas evolution,Qg 

~ = C (Qg I A) 0.5 ••••• (2.80) 

was first proposed by Roald and Beck (198) and later confirmed by Green 

and Robinson (199),Venczel (194) and Beck (207).' However, the exact 

value of the exponent has. been disputed by other workers (195,200,208,210). 

The mechanism which explains the increase in the'rate of mass 

transfer through bubble evolution is not completely estabiished. Three 

models have been proposed to account for the experimental behaviour, 

namely the penetration, the hydrodynamic and the microconvective,models. 

The penetration or displacement model was developed by Ib1 (100, 

194,172,209) and con~iders that a bubble, on separating from the 

electrode; generates an empty space which is filled with fresh electro

lyte flowing from the bulk of the solution to the electrode. Mass 

transfer is governed by transient diffusion in the quescent liquid 

replacing the bubble. Afterwards the diffusional boundary layer is 
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restablished and a new bubble begins to grow., The mass transfer 

coeffici'ent" k
L

, is then given by 

6D Qg(1-e) 

'IT r A 

where D:- diffusion coefficient 

',Qg- volumetric rate of gas development 

A - electrode area 

r - mean bubble radius 

e - fractional surface area 

, (2.81) 

By introduction of dimensionless numbers (211) equation (2.81) 

may be transformed into 

• •••• (2.82) 

where : ' 'd is the equivalent breakoff diameter, defined as 

the diameterofba sphere with the same volume as the real bubble and 

~ is the radius of the departing bubble. Cl = 8 for spherical 

(i.e. d=2~) and Cl = 4 for hemispherical bubbles. The following, 

dimensionless numbers were defined: 

Sh 
D 

Re =~ 
Av 

, Sc = :sf. 
o 

• • • • • (2.83a) 

; •••• (2.83b) 

• •••• ,(2.83c) 

The penetration ,theory represents a simple physical model. 

The hydrodynamic model was suggested by Janssen and Hoogland 

(195). The rising gas bubbles carry along the liquid and ,a hydro

dynamic flow develops along the electrode which accelerates the 

material transport. At'steady state,the volume of the liquid transported 

upwards is equal to the volume of the liquid which flows downwards. The 

velocity distribution of the latter flow depends on many factors, such 
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as the dimensions of the electrolytic cell, the gas evolving electrode, 

the size of the ascending bubbles, the· viscosity of the liquid and 

momentum transfer' between liquid 'and, gas bubbles. The problem is 

analogous to that of free convection,. caused by electrolyte density 

differences. 

. . 

Janssen has co~cluded that mass' transfer r.an be explained on 

.the basis of the hydrodynamic, model (196) and described the model, 

'quantitatively (197). 

expression: 

"'~ = 

The mass transfer coefficient is given. by the 

••• ; • (2.84) 

where ut is the terminal velocity of bubble rise, z the drag 
g 

coefficient and g the acceleration due to gravity. The slope of the 

logkL/log Qg relationship is 0.33. The bubble diameter is assumed 

to be roughly independent of the volumetric rate of gas evolution Qg. , 

.However.if the bubble diameter db is strongly dependent upon Qg',the 

relationship will then be more complex., 

Janssen has stated that, the hydrodynamic theory is applicable 
, . 

,to cases where no coalescence of gas bubbles occurs (196). For this 

situation, at low current densities and, for some gases,experimental 

evidence suggests a log kL/log Qg slope of 0.33 (197). When coalescence 

occurs frequently, the slope will be higher, and the penetration model 

will be appropriate (196).' Ibl (172) has correlated experimental data 

with the penetration theory (equation 2.82). 

,The microconvective model was introduced by StephanandVogt (211) 

and is based upon analagous boiling heat transfer··models (212). It is 

assumed that rapidly increasing gas bubbles induce a convective flow 

wi thin, the surrounding liquid. After the bubble breaks off, the liquid 

flows back'to the former bubble centre and a short time later the next 

bubble starts growing. It is 'assumed that the flow induced by the 

rapidly expanding gas bubble is decisive for the mass transfer process. 

The flow'in the wake of the detached bubble is assumed to be unimportant 

and its influence on m .. ss transfer negligible. A certain microarea was 

I 

I 



68 

'attributed to each single bubble and the flow along the microarea is 

assumed to be laminar. The shape of the bubbles was ,regarded as' 

either spherical or, hemispherical. The induced co~vective flow, was 

assumed to'be plug-flow near the gas-liquid interface and boundary, 

layer flow at some distance from the interface. From a theoretical' 

analysis of the model they obtained the correlation (211) 

'93 0.5' S 0.H7 Sh = O. Re ' ,c" ' . . . . . (2.85) 

The dimensionless numbers were defined earlier (equa'tions 2. 83a, b, cL 

The authors'corre1ateda great number of experimental results taken 

from other studies (e.g.(194,195,198,200,207,'208, 2,4,9,7,17 etc.», 

using equation (2.85), The experimental data were obtained from many 

gases and electrode materials over a wide range of temperatures, 

Schmidt numbers,.Reynolds,numbers, current densities and electrolytes. 

Most of the data' lay within an error margin of +100% and -50%. The 

authors concluded that this level of accuracy was understandable con

,sidering the nature of the two-phase system and that equation (2.85) 

was 'm acceptable design equation; 

Vogt has used equation (2.85) to give a relationship for the 

current efficiency of the hydrogen evolution reaction with a simultan

eous, 'mass transport controlled metal deposition reaction (213). 

The current efficiency of hydrogen evolution, expressed as a function 

of the total current density is, in simplified form, 
, 0 5 ' 

[2X + 1] • -1 
= 1 - •••• ,.(2.86) 

x 

where x = 
2.77 i p d Z2' 'J D 

i = total current density 

p = pressure 

d = bubble departure diameter 

Z2 = charge number for hydrogen evolution 

zl = charge number for metal deposition 

I 

I 
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v = stoichiometric, number for hydrogen' 
D 

VB = stoichiometric number ,for deposited metal 

fG = fraction of total amount of hydrogen evolved 

DA = diffusion coefficient of dissolved metal 

CA = bulk concentration of metal 

as gas 

For a system of constant pressure and temperature, with fG = 1, 

the current ,efficiency of the hydrogen evolution is a function of the 

total current density,' bulk concentration of dissolved metal and 

bubble departure diameter. The validity of the equation (2.86) was 

confirmed by comparison with the experimental data of Sedahmed et al 

(214) and Venczel (194). 

Combined effects in mass transfer 

The case of mass transfer at gas evolving electrodes with 

superposition of hydrodynamic flow has been less fully investigated 

than the, effect of gas evolution alone. The problem appears to have 

been studied first'by Roald and Beck (198), who examined mass transfer 

rates on gas evolving rotating cylinders. Their results were re

drawn by Ibl (172); and are shown in Fig.2.24, as the mass transfer 

coefficient k versus the'rotationa1 speed for various rates of gas 

ft o 
~~ .. 

.IlC. 2 -

I 

o ,
r,p.,...,. 

Fig.2.24 Mass transfer coefficient versus rotational speed for 
various rates of gas evolution (172) 

evolution V. The rate of mass transport at a strongly gas-evolving 

electrode can be accelerated only by intense mechanical agitation. 

~~------------------------------------------~--------------------.---- --
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At very high rates of gas evolution, the rate of mass transfer. is 

independent of the forced· convection. 

Beck has proposed (207) that in such a situation where com

bined effects operate, the overall rate of mass transfer may be 

calculated by the summation of the independent. mass transfer 

coefficients for each effect 

kTOTAL 
. L . 

+ k 2 

·L 
••.••• (2.87)' 

. where k~ is the mass transfer coefficient· for macroconvection 

(hydrodynamic flow) and k~ is the mass transfer coefficierit for 

microconvection (gas evolution); 

Birkett and Kupn (215) studied the combined effect·of gas 

evolution. with a flowing electrolyte in a rectangular channel. They 

obtained results which appeared to verify Beck's hypothesis at low 

flow rates •. In a sufficiently turbulent· flow the authors found that· 

gas evolution had no further enhancement effects. Fahidy (216) has 

analysed the case of an annular flow cell with gas generation. 

Vogt has stat~d (217) that if the gas generating current density 

is not extremely low, macroconvection.will only exert an influence, 

on the overall rate of mass. transfer; in turbulent flow. In laminar 

flow mass transfer will be dominated by gas evolution. By adoption 

of an equation developed for the case of heat transfer during nucleate 

boiling (218,219), Vogt proposed the following equation for the super-

. position of macro- and micro-convective mass transfer: 

.kTOTAL 
. L . = k 1 [ 1+ 

L 

0.5 
••••• (2.88)· 

The agreement of equation (2.88) with the experimental results 

of Roald and Beck (198) was found to be satisfactory. 

It is evident from the previous discussion that gas·evolution 

is a complex process and hence accurate prediction of mass transport 

rates in gas evolving systems is difficult. However, it would appear 
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that for the purposes of inter'pretation of mass transport affects, 

'the micro-convective approach ofVogt et al (e.g. equations, (2;85) 

and (2.88) is suhable. 

2.4' Electrochemicaland metallurgical aspects of the 
electrodeposition of nickel 

a) "Review of systems for the electrodeposi tion of nickel 

The commercial electrodeposition of nickel demands many 

requirements of th~ plating baths and the deposits produced from 

'them. For economic reasons the bath should have a high conductivity 

and also be capable of depositing nickel at reasonably high current 

densities and current efficiencies to give a sufficiently rapid 

'deposition rate., 'The deposit so produced must be uniform (Le. a high 

throwing power electrolyte), coherent (Le. not powdery) and adhere 

well to the substrate (i.e. of low inter~al stress). In electro

forming operations, a deposit of low'internal stress is important to 

avoid distortion of the electroform. In addition the mechanical 

properties of the electrodeposit such as the hardness, tensile strength, 

ductility and fatigue strength are of vital importance. For certain 

applications the electrical and magnetic properties, such as 'the 

resitivity and magnetic susceptibility may be of significance. 

The choice of anion is of particular importance in determining 

the characteristics of the electrolyte and the deposits produced. 

"The anion will affect the solubility of the nickel salt which in turn, 

. will determine,the deposition ratefor'a good deposit and the con

'ductivity of the solution (and therefore the voltage requirements). 

The mechanical properties of the deposit ,in particular the internal 

;tress, are also related to the type of anion. Although nickel 

electrodeposits are generally fine grained, when compared to other 

deposits e.g. copper, the anion may have,an effect on the deposit 

structure. Both the mechanical properties and the grain structure 

are often controlled by the addition of organic substances to the 

plating bath. 

I 

I 
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.. Certain anions, such as chloride, may be added to the bath 

to aid anodic corrosion. Chloride ions also have a marked effect on 

the properties of the.depositand tend. to increase the internal 

stress • 

. The grain size is inf1uenc~d by the pH of the bath, increasing 

with increasing pH •. Since nickel deposition is accompanied by hydroge~ . 
evolution, the pH close to the cathode surface tends to increase during 

e1ectrodeposition. The pH increase· is commonly moderated by the 

addition of boric acid as a buffer to stabilise the pH close to the 

electrode.· Boric acid usually buffers at about pH 4. If the catho-

1yte b~comes more alkaline, the deposits become brittle, cracked and 

highly.stressed. At pH> 6, nickel hydroxide will be deposited. The 

addition of boric acid, .whitens the nickel deposit and refines the· 

grain structure. At .low pH «3),· the current efficiency for nickel 

deposition tends to decrease due to increased hydrogen evolution. 

The pH changes at the interface are discussed further in Section 2.4b(U. 

Hydrogen evolution may result in hydrogen bubbles adhering to 

the electrode.and forming pits or por~sin the deposit. Therefore 

surface active agents (anti-pitting agents) may be added to the bath 

to lower the surface. tension and facilitate bubble removal. Alterna

tively oxidising agents such as hydrogen peroxide or sodium perborate 

. may be added to oxidise hydr·ogen. So.1ution agitation will /llso assist 

bubble removai. 

In commercial nickel plating, the deposition reaction is generally 

considered to be diffusion controlled. As a result, solution agitation 

is generally. used to ensure a low. concentration overpotentia1 and a 

good deposit. In conventional processes, the bath is agitated by 

blowing air through the solution, moving the workpiece (e.g. barrel 

plating) or some other simple technique. 

Bath temperatures of 45 to 55°C are generally employed to ensure 

a reasonable deposition rate and a good deposit. 

The theory and practice of nickel plating has been described in 

detaile1sewhere (e.g. 220-226). In commercial practice several baths 
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are. available for the electrodeposi tion of nickel. Thecomposi tion 

of solutions and range of properties of deposits which may be 

obtained for nickel electrodeposits are summarised in Table 2.5. 

The main features of some of the more important baths are as·follo"s:· 

Watts bath (227) 

The most commonly used solution is the Watts bath or derivatives 

of it, such as the bright n1ckel solutions; The principal bath con-

stituent is nickel sulphate. which provides 

ions. Nickel sulphate is used because it is 

the major source of nickel 
. -1 

readily soluble (570 gl .. 

at 50·C), relatively cheap, commercially available and chemically. 

stable. A typical Watts bath formulation is as follows: 

Ni SO~ ·6H.0 240 gl-l 

Ni Cl. 6H.0 45 gC1 

H. BO. 
-1 30 gl . 

anti-pitting agents 

However, the range of concentration used may be relatively wide (e.g. 

Ni SO~ • 6H.0 150 to 400 g1- 1). Nickel thloride is added principally 

to assist anode corrosion. A typical o·perating current density would 

be about 0.05 A cm-' (SA dm-') at a current efficiency of -95% (at pH-4). 

The above bath produces standard dull. deposits of nickel. Operating 

temperatures are normally in the range 45 to 55·C. 

Bright nickel bath 

Bright nickel is produced from Watts-type. baths with the addition 

of organic substances •. These components are incorporated in the 

deposit and produce a laminated structure characterised by very fine, 

often microscopically unresolvable grain size. The decomposition pro

ducts of the brightness effect a decrease in ductility and an· increase 

in internal stress and hardness. Sulphur-containing compounds are often· 

used as brighteners. A typical bath formulation is shown overleaf: 



CunslilUL'lIU of,n)"il;tllI lI),pi",,/ C'IIIU','/I{(Clri(}lll ill ~ I) 
--------~----- --- .. _----_._-----_._- ---- ._----_ .. --------_ ... __ .- .-.-.. -

Nickcllilllphate 
(NiSO,.6H,O) 

Nickel chloride' Nit:kcl sulphamat~ Nkkd Ouoborah: 
INiCli.6I1,O) INilSO,NII,h.4I1,O) INiIUF,h) 

8ori(,.· .. ..:iJ. '. 
IlI,DOJ J 

Oth~r 

----- --.:..-------- ._.- - -_.- ---- - -_.. .... .. _- ._._-'---. ::.--: -_ ... _-_.- .. 

Watts 
Hard WailS 

(containing ammonia) 
All chloride 
Conventional sulpha mate . 
ConventiLmal sulphill1latc 

plus or,ganic slr~s$-rdievcr 

Concentroth:d sutphamatl." 
Fluoboral~ 

Type of but" 

240-3l0 

180-230 
-

37-52 

250-300 
0-15 . 

30 

300-450 

300-450 

5-1;; 550-650 

Ultimate 
tensih: 
strcn~lh 
rN/mm') 

Yicld strcn~th . 
- IN/mm') 

300-450 

Elongation 
11.1 

30-45 

30 
25-30 
30-45 

30 

30-40 
22-37 

Hardness 
(IIV) 

AmmoniulIl f.:hlori..!..: 15 

Sodium naphthal~1l1.! 
tri:;ulpilonatl.! 7· 5 .. 

Inh:rnal SlfI:SS 

eN/mml) 

Linlilin~ 
current "Jen:.il) 
beror\! burnin!.! 

IA/dm') .. 
._-----------_._-----_._._----- _.- .. 

WallS 
Hard Watts (containing ammonium ioos) 
All chloride 
Coownlionat sulpha mate 
Com'cnlional sulphamatc 
plu~ ot~ani","' slrclis-rdicliCu 

Conc~ntrat~d sulphalllatc 
fluobortltc 

380-450 
1000' 
750-900 
500-800 

1500' 
750-1000 

_ 380-550 

22()":'280 
750· 
650' 
500· 

800-1000 

20-·30 
5-8 
8-13 

10-20 

2-5 
10·15 
17-30 

Table 2.5 Composition of some common electroplating solutions 
for nickel deposition and the range of physical 
properties of electrodeposited nickel from the baths 
listed (220). 

150-200 140-170 20 
350-500 ~SO-HO 20 
200-250 280~J·W 40 
160-240 7-70 20 

400-600 -40 to +14 20 
200-300 -IOOtu+HO 40 
170-220 100 .. 170 40 
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Ni SO~ 6H.0. 210 gl 
..,1 

Ni Cl. 6H.0· 60 .. 1- 1 g . 

H3 B03 

sodium benzene 

. reduced fuchsin 

30 
-I 

gl . 

disu1phonate 
-I 

0.01g1 

.. -I . 
7.5 gl . 

Bright nickel coatings are generally us~d· for decorative reasons 

(However see Duplex nickel). 

Semi-bright nickel 

These baths are of· a similar. composition to bright nickel baths 

but are.only partially bright. The bath usually· contains only one , 
addition agent e;g. coumarin •. The baths have.good levelling properties 

and are primarily used to hide surface defects. 

The deposits are harder than those plated from a Watts solution, 

the surface topography is smoother, and the grain size is smaller but 

not as small as that of bright deposits. The deposits are normally 

free of sulphur. 

Duplex nickel 

Bright nickel on semi-bright nickel (Duplex nickel) is now: 

used extensively under chromium deposits •. The sulphur content of the 

bright nickel results in the preferential corrosion of this layer and 

some protection for the metal substrate. 

Hard nickel plating 

The solution is basically a Watts bath operated at high pH 

(pH 5.6). This is mainly used for engineering purposes. The increase 

in hardness is achieved at the expense of other properties·such as 

ductility and internal stress. The increase in pH is achieved by the 

. addition of ammonium salts to the solution and the incorporation of 

ammonium ions results in modification of the structure and some deposit 

properties. 
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, All-chloride solutions (228) 

High concentration nickel chloride soiutions(containingboric 

acid) have a higher conductivity than Watts bath formulations and 

, may allow a faster deposition rate.: The cathodic current efficiency' . 

tends tabe higher than Watts solutions, particularly. at low current -. ' density and' low pH values, e.g. At pH2 and 0.012 A cm ,Watts 70%, 

All-chloride 95%. Nickel deposits from all chloride ,solutions are 

finer' grained, smoother. harder and stronger but less ductile •. These' 

. deposi ts are als') less susceptible to pitting and nodular growths and 

have a wide range of plating conditions. 

However, nickel chloride is a more expensive nickel salt and the 

deposits tend to be highly s'tressed. Although deposits are easily 

buffed to a bright finish, they are darker .in appearance and more easily 

corroded. 

F1uor~borate solutions (229) 

In addition to nickel fluoroborate this solution may also contain 

boric acid and chloride ions. The buffering capacity of the bath is 

intrinsically high and the solutions are easily controlled. The, 

solutions have a high conductivity, good anode corrosion characteristics 

and excellent throwing power. However, nickel fluoroborate is an 

expensive nickel salt and 'the bath is usually reserved for specialist 

electroforming, heavy nickel plating and barrel plating operations. 

Sulphamate solutions 

The use of·a sulphamate plating bath for the deposition of nickel 

was first suggested by Piontelli and Cambi (230) in 1938. Nickel 'plating 

from sulphamate solutions has been comprehensively reviewed by 

Hammond (231). 

The basic constituent is nickel,sulphamate, Ni (NH.S0 3 )., a salt 

of the strong monobasic sulphamic acid NH.S0 3H1 . which is similar in 

structure to sulphuric acid with one hydroxyl group replaced by an 

amino group: 
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o o 
I I 

HO-S-OH HO-S --NH. 

1 I 
o o 

Sulphuric acid, H.SO 

A characteristic of nickel su1phamate (and many other metal su1phamates) 

is the high solubility of the salt (in excess of 900 gl- I ). 
, " 

Barrett (232) developed the first nickel su1phamate based plating 

solution of commercial importance. ,Subsequently Diggin (233,234) 

published the results of an extensive investigation in which he studied 

particularly the mechanical properties, internal stress and structure of 

deposits made' from su1phamate solutions and the, influence of electrolyte 

composition and operating conditions. These solutions and other baths 

containing 300, to 450 gl- 1 nickel su1phamate are generally known as 

conventional su1phamate baths. A summary of the composition of nickel 

su1phamate based plating solutions is given in Table 2.6. All these 

baths contain boric acid to buffer the solution and many contain, 

chloride ions to improve anode dissolution efficiency. The baths 'are 

generally operated at pH -4 and about50·C. Many investigations of, 

deposition from conventional nickel sulphamate baths have been publiShed 

(e.g. 235-239). 

An important development was the introduction by Kendrick'(l) 

of the 'Concentrated' nickel su1phamate bath (The Ni-Speed Process) 

in 1964. This bath, containing 600 gl- 1 nickel su1phamate, permits 

deposits of good mechanical properties to be obtained at high deposition 

rates. Since this solution was used in the current investigations it 

will be reviewed in some detail in section (2.4b). 

b) E1ectrochemica1 and morphological aspects of nickel deposition 

As'will be seen relatively litt1ee1ectrochemica1 research has 

been' carried out in nickel su1phamate solutions. The general back-

ground is, howeve~ of importance in the interpretation of,the 



Nickel Boric Nickel 
Description sulpha mate acid "" " chloride Other additions , 

g/litre . '" I g/litre gllitre 

Barrett-Type SN 

I 
450 30 - Anti-pit agent 0.4 g/Iitre.' ' 

I , . SNSR stress , , reducer' 

Ollard and Smith" '" I 320 I 27 I - I , 

Diggin - Bath 1 

I 
300 

I 
30 

I 
30 

.. 8ath 2 300 30' 30 ' NTS' - 7.5 g/litre 

HDnson·van-Winkle- ' I ~ " 2-1 Munning' , ' as Diggin Bath 
, ---_.-

Albright and Wilson 
Solution 1 350 35 5 

, Solution' 2 310 31 31 Pb-N1 - 6.2 g/litre' 

FDnncr and Hammond 340 30' 3.3 Sodium lauryi 
sulphate 0.1 g/Iitre 

, (as anti-pit, optional) -Kcndrick' I 600 I 40 I 5 I 
Notes: , 

(1) Proprietary solution. , 
(2) H.1ndbook of Industrial Metal Finishing, 1954, 2nd Edition, .lIilfe & Sons, London. 
(3) Sodium naphthalene, 1, 3, 6-trisulphonic acid. ' 
(,;) H-vW-M process now marketed by M. & T. Chemicals, Rahway; New Jersey, U.S.A. 
i 5) Proprietary hardening and stress-modifying agent. ' 
(6) Introduced to Industry as the Ni-Speed' Process (U.K. Patents 999,117 and 1,101,093). 

Table 2. 6 Selected nickel sulpharnate plating solutions (231) 

, 

, 

I 

I 

11 

I 

I 
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experimental results as far as they relate,to deposition mechanisms. 

This part of the review is presented in two sections: 

i) Non-sulphamate' systems 

ii) Nickel'sulphamate systems 

The latter sectlon also'includes a'general review of,electroplating 

from the concentrated nickel sulphamate ('Ni-Speed') system. 

i) Electrodeposition of nickel from solutions other than sulphamate 

Theelectrochemistry of, nickel electrodeposition from solutions 
other than sulphamate 

The electroplating of nickel from simple salt solutions is often 

thought to be a relatively simple process of the type 

Ni 2+ + 2e ;::' Ni (2.la) 

NP+ + e (2.lb), 

Ni+ + e -- Ni (2.lc) 

However a closer inspection of the literature suggests the process is 

more complex. The complexity is illustrated by some observations of 

the electrochemistry of nickel deposition. 

Cathodic processes 

Both cathodic deposition and the active anodic dissolution 

rates of nickel are dependent on the electrode potential, pH, con

centration of metal ions, the nature of the anions present in the 

solution'and the state of the electrode surface. The polarisation 

state often varies with time leading to hysteresis of polarisation 

curves (240). The deposition reaction is usually accompanied by the 

simultaneous formation of hydrogen'-

The rest potential of nickel 

The rest potential of nickel in oxygen free solutions has been 

found (241) to be independent of the activity of the Ni 2 + ions and 

dependent upon the pH of the electrolyte. The rest potentials are 
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more positive than, the ,hydrogen or nickel reversible potentials, except 

atvery low pH when they are close to thatof, the H/H+ system. 

Increasing temperature (40 to 60'C) results in,a negative shift in 

rest'potential.' As the pH of the solution increases, so the passivity, 

of nickel increases. The rest potential of the electrode is highly 

dependent upon the activity of the anion. It is unlikely that in 

aqueous acid solution a 'clean' nickel metal/solution interface occurs. 

Cathodic polarisation behaviour 

In the presence of Ni" at pH -4, 

at potentials lower than the reversible 

a cathodic'Tafelregion exists 
, 0 

potential (E< EN') corres-
1 ' 

ponding to the simultaneous, deposition of Ni and H. The experimental 

Tafel slopes for, the reduction are normally about 60 mV/dec.After a 

suitable correction to account for the concomitant hydrogen evolution 

the Tafel slope is about 120 mV/dec. The Tafel lines are not so ,well 

defined in the presence of active anions such as chloride or at low, pH 

(<<4)(241). The exchange current densities (io) for the reduction of 

nickel ions are strongly dependent on pH, the anion and the nickel ion< 

activity (241). Values of the exch~nge current density, evaluated at 
-6 -8 -. the reversible potential, are in the range ,10 , -10 A cm The 

experimental values of the exchange current density for the cathodic, 

and anodic processes do not generally coincide (241). Therefore the 

reaction is highly irreversible. 

Effect of temperature 

Appreciable decreases in polarisation are observed on increasing 

the temperature, in both cathodic and anodic regions. The cathodic 

(and anodic) Tafel slopes also tend to decrease with increased tempera

ture, Vagramyam et al (242-246) have determined the following tempera

ture coefficients (aE/aT) for'lm NiCl. and lm NiSO~ solutions at pH 1. S 

(0.02 A cm-', 

lm NiCl. 

lm NiSO. 

2S-7S'C 

2.4 

3.3 

l7S-200'C 

0.2 

0.4 
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. .. . . .' 0 -I . 
Temperature coefficients (aEc/ aT) of' ~S mV c have been found in 

. 2m NiCl 2 solution (247). over the temperature range 5 - 8S·C. The 

low temperature behaviour is dominated by the adsorption of foreign 

species on the electrode. At very high temperatures this effect is 

absent. The temperature effects may be assigned. to an increase of 

activity of 'the discharging ions and a decrease in inhibition by' the 

foreign species. 

The mechanism of. nickel deposition in the absence of chloride ions 

In solutions containing sulphate or perchlorate ions (i.e. non

complexinganions) the Tafel slopes of -60mV/dec have provided evidence. 

favouring a charge transfer step as rate determining (249). Early' 

investigations (250) s'lggested that the deposition rate was independent 

of pH. However later' studies have clearly shown that in the absence 

'of chloride ions the rate of both deposition and dissolution of nickel 

is pH dependent (241,25IL Consequently the simple mechanisms such 

as: 

Ni 2+ + 2e 

or Ni2+ + e 

may' be dismissed. 

Ni 

--' Ni + . ...-

Ni 

0(2.1a) 

(2.1b) 

(2.lc) 

From the pH changes close to .the cathode during electro

deposition and the existence of Ni OH+; (which is already present at 

appreciable quantities at pH4 (252»,the following mechanism has been 

deduced (241): 

Ni OH+ . + e (Ni OH) ads 

Ni (OH)ads + H+ + e-~ Ni + H2 0 

(2.2a) 

(2.2b) 

(2.2c) 

This mechanism is favoured by the experimental results which verify 

theoretical values of.the electrochemical parameters (241): Different 

reactions leading to the electrocrystallisation of the metal have been 

considered; Heusler (251) has proposed a mechanism for the cathodic 
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deposition of the iron group metals involving Ni(OH) ads in a 

catalytic role,·so: 

Ni(OH) ads . 0 + 2 - ....... + N1 H + e. ~ Ni+ Ni (OH)ads + OH- •• (2.3) 

In this reaction NiIads also represents a self-perpetuating kink 

site where propagation occurs. 

Epelboin and Wiart (253) have provided evidence to support the· 

hypothesis that the cathodic reaction occurs in several steps probably 

involving an adion Ni (OH) ads. The adion acts as an intermediate 

and is consumed at the electrode by the reaction. 

Ni (OH)ads + Ni OH+ + 3e-~ 2Ni + 20H- • •••• (2.4) 

However, a more recent study (254) has supported the view that iH(OH)ads 

acts as both an intermediate and as a catalyst for the production of 

an adsorbed hydrogen species 

N· I H+ . 1 ads + + e N· I 
1 ads * H ads (2.5a) + 

* The H ads may act as an inhibitor for·the hydrogen evolution reaction 

and is slowly consumed by the reactions 

* 2 H ads ••••• (2.5b) 

and .. Ni + Hoccluded ••••• (2. 5c) 

Schaus et al (247) have criticised mechanisms involving the formation 

of Ni OH+ by the hydrolysis reaction proposing that the p~oduction of 

hydrogen ions should stimulate hydrogen ion discharge curr'!!nts similar 

or greater than the nickel reduction current. An alternative mechanism 

involved a charge transfer reaction to a nickel aquo-ion complex 

-Ni2+ nH 20 + e + Ni ~ -
Ni OH+ + e ---> .---

* (NiOH)ads + Ni - H ads ---> .,-

(Ni OH)+ (n-1) 

Ni (OH) ads 

2Ni + H2 O 

* H2O + NiH ads .• (2.6a) 

(2.6b) 

.(2.6c) 

i 
I 

I 

I 

I 
I 

I 
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Hydrogen~may also be evolved by the reaction 

* * ' Ni - Hads + Ni - H ads H, + 2Ni ••••• (2.6d) 

However, hydrogen ions are also consumed in other reaction schemes 

(2.21'), (2:5a) for the electrocrystallisation process. Hence the 

, production of hydrogen ions by the hydrolysis mechanism (2.2a) may not 

stimulate hydrogen evolution~ 

Whilst the exact reaction mechanism for nickel deposition is 

still a matter of conjecture, the evidence 'indicates that the Ni OH+ 

species is present at appreciable concentrations at pH ~ 4. It appears 

to De well established that in the absence of chloride ions the rate 

determining step is 

+ Ni OH + e (NiOH)ads ' ••••• (2.2b) 

However, some doubt exists about the mechanism of the electrocrystalli

sation reaction. 

The effect of chloride ions on the electrochemical behaviour of nickel 

The rate of cathodic processes are 1st order with respect to 

the nickel ion activity in chloride containing solutions. There is 

some evidence (255,256) to indicate that in chloride containing 

solutions, the reaction rate is independent of'pH (pH 0.75 to 3.0). 

It has been suggested (256,257) that in chloride solutions metal

hydroxy species' are not formed and aquo or'chloro,complexes participate 

in tha cathodic process. 

The electrochemical effects associated with the presence of 

chloride ions may be' associated with the specific adsorption of' the 

ion (5,246',257). This has the effect of decreasingthe potential of 

the Helmholtz double layer and consequently the anodic overvoltage. 

In the region of the inner Helmholtz plane, the existing ,high field 

strength ,will result in the distortion' of the atomic orbitals of the 

chloride ion. The distorted orbitals may then overlap with part of the 

nickel orbital system to form a distorted ligand. 

," 

I 
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The electronic structure of nickel (258,259) can be considered 
2 

to be composed of three states, (3d)9 (4s)o, (3d)9 (4,s)I, Od)s (4s) 

with a statistical average of (3d) 9.~" (4s) 0.6. However, the 

electronic structure of the aqueous nick~l ion is (3d)s (4s)0; Hence 

electronic redistribution must take place during deposition and dissolu

tion. It is thought that chloride ions may promote d- electrons by its 

adsorption. As a consequence of this the dissolution process is 

facilitated and the deposition process inhibited. However, the lower 

Tafe1 slopes and reaction rates observed in chloride ion containing 

solutions may be offset by the increased solubility and high activity 

coefficients of nickel chloride (260,261). In contrast to nickel 

sulphate solutions,the activity of nickel ions in chloride solutions 

increases with the concentration of the salt. The high activity may 

also be reflected in the high diffusion coefficients for nickel chloride 

solutions (137). 

However, during the electrodeposition of nickel from electrolytes 

containing chloride, the ion may be included within the deposit (261). 

Nickel electrodeposits also exhibit an increased internal stress when 

"plated from chloride containing solutions (Section 2.4a) and are 

not favoured for electroforming "applications. 

The pH of the electrode/electrolyte interface 

As will be seen (Chapter"4), the co-deposition of nickel hydroxide 

was observed to be a significant factor affecting the experimental 

nickel deposition studies. It is therefore of interest to examine 

some of the processes occurring at or very close to the electrode which 

may affect the pH of the electrolyte at the interface. 

The co-deposition of an hydroxide film has been observed during 

"previous studies of nickel deposition at high current densities or in 

the absence of boric acid. Early investigators (262.263). considered 

the formation of these films to. be due to the removal of hydrogen ions 

from the cathode by the reaction 

+ 2H30 + 2e ~ 2H + 2H 2 0 ••••• (2.7a) 

resulting in a~ increase in pH. Finally an hydroxide precipitate is 

. " ... 
.,~. . . . 
-" " 
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formed· by 

+ Ni (OH)'2 '. . . •• (2.7b) 

The hydroxyl ions arising from the dissociation of water 

4H
2
0 

k= 10- 1 .. 
~ .--- 20H + 2H30+ ••••• (2.7c) 

the hydrogen ions being consumed by reaction (2.7a). However, there is 

some evidence to suggest that at pH 1: 4, the nickel deposition reaction. 

commences when the reduction of hydrogen ions becomes mass transport 

controlled (225,264) although this has recently been disputed (349) • 

. Numerous experimental studies have confirmed that during the 

·electrodeposition of nickel,· the layer of electrolyte immediately 

adjacent to the cathode is more alkaline than the bulk of the electro

.lyte (e.g. 247,252,265,266). 

Matulis and Slizys (252) have shown that the pH in the vicinity 

of the cathode~urface increases rapidly after immersion of a nickel 

electrode in an acid electrolyte. The alkalisation was accounted for 

by the following overall· processes 

N• ---' 1 ~ 

H30++ Ni + e ;;::!:Ni H(ads) + H2 0 •••• (2.8) 

·It was established that changes in the potential of both non-polarised 

and polarised electrodes was due to regular changes of the acidity of 

the solution in the layer near the cathode. The increase in pH was 

considered to result in the.formation of the species NiOH+·at about 

pH4by the reaction 

+ Ni OH+. . . . . . (2.9) 

The concentration of Ni OH+ depends on the ionization constant, K (267) 

K = !NP+] !Oa-0Ni OH+] = 8.71 x 10- 6 .... (2.9a) 

When the initial pH exceeds pH 4, Ni OH+ formation is thought to occur 

... ," 
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throughout the bulk of the electrolyte. When the pH increases to 

about 6.6, Ni (OH). is formed, 

. Ni OH'+ + OH ••. (2.10) 

+ The formation' of Ni OH results in an increased buffer capacity of 

the solution. Additional buffering of ,the solution ,with boric acid 

prevents the formation of Ni (OH). at the interface. The buffer 

capacity of the solution is then found to be highest at pH < 4and 

therefore pH increases close to the cathode tend, to, be less·significant. 

Evidence has been presented to support the view that a complex is 

formed between NP+ and H.BO. (268). 

Do.rsch (264) has proposed that the hydroxyl ions arising as a 

consequence 

of Ni (OH). 

of reactions such as (2.7c) do not result in a precipitate 

from Ni OH+ ions,providing the latter species has enough 

time to diffuse into the bulk of the solution. 

Harris (269) has presented a theoretical analysis of the processes 

involved in the precipitation of nickel hydroxide at an electrode 

interface. Chemical equilibrium and transport processes in the cathodic 

diffusion layer were analysed by numerical integration of the transport 

equations. The analysis indicated that alkalisation was caus,;,d by the 

production of hydroxyl ions according to the reaction' 

••••• (2.11) 

Alkalisation will be prevented when the hydroxyl ions, so produced 

react to form a soluble species such as metal hydroxy complexes, poly-

'. nuclear complexes (270) ,metal anion, complexes (268) or neutral ions 

pairs (271). When complexes are not formed, alkalisation occurs when 

the total hydrogen evolution current exceeds the mass transfer limited 

current for hydrogen ion reduction. 

The situation that exists within the mass transfer boundary 

layer during nickel electrodeposition is obviously complex. The' reactive' 

spacies reduce1 at the electrode will be Ni(OH)+ rather than Ni'+ ions, 

(in the, absence of chloride ions). 

. ~ ... ,' 
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The concentration of NiOH+ will be considerably less than that of NP+ 

in the bulk solution but will increase in proportion, near to the 

electrode, where the pH subsequently increases. Hydrogen ions are 

also transported towards the electrode, where they are discharged at 

the limiting current density. At a sufficiently negative cathode 

potential hydroxyl ions will also be produced by the' reduction of, 

water. The relative transport rates of hydrogen ions 'towards the 

electrode and hydroxyl ions away from the electrode will dec1de the 

pH profile across the boundary layer. ,In addition, the formation of 

metal ion complexes will influence the chemicalequilibria and trans-' 

port processes at the interface., The occurrence ,and extent of pre

cipitation of hydroxide is dependent upon the ,extent to whichalka-, 

lisation is moderated by the, supply of hydrogen ions from the bulk 

and by buffering reactions in the diffusion' layer. Therefore the 

electrodeposition of nickel represents a complex simultaneous multi

component transport process rather than the simplified situation of 

the 'transport of a single ion (Ni 2 +) often assumed. 

The anodic'behaviour of nickel electrodes in non-sulphamafe solutions 

In practice nickel anodes are used as the counter-electrode during 

nickel electrodeposition. It is therefore of interest to examine the 

processes which may occur at the anode. 

The active dissolution of nickel 

_\ 
dec 

The Tafel slope for nickel dissolution is normally about 60 mV 

for electrolytes not containing chloride ions (241). At very 

low pH and/or in,the presence of'chloride ions considerable variation 

in this figure has been noted (249,251,272). 

by the experimental'parameters is 

Ni + H2 O ~ " (Ni OH)ads, + H+ + -
(Ni OH)ads 

r.d~'s. 
+ Ni OH+ + e 

, 

e 

The mechanism favoured 

(2.12a) 

" (2.12b) 

(2.12c)' 

The larger anodic Tafel slope (~T), than predicted theoretically (l;¥) 

has been explained (241) by the supposition of an electron transfer 

Ni OH+ ;:! Ni 2,+ + OH-

, I 

I 
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reaction'taking place on a surface oxide film: The dissolution rate 

is independent of the nickel ion activity at high overpotentials (249) 

and in 'chloride solution (255). 

The passivity of nickel, 

A nickel electrode will dissolve anodically to form the Ni OH+ 

species. This ion will tend to accumulate near the interface as the 

current density is increased. The r.oncentration of Ni OH+ at the 

interface will be governed'by the transport processes in the solution. 

When the solubility productK = [Ni(OH).y1Ni OH+) [OH":] is exceeded, 

then a non-conducting film of Ni (OH). will be deposited on the 

electrode (273). The film is'not continuous and within cracks in 

the film the current density and hence the electrode potential will be 

very high. This results in the anodic oxidation of Ni (OH). and 

hydrated Ni 0 (274,275). Passivity is associated with the formation 

of a semiconducting film of Ni 0 l' 5 '_ 10 7 and a conversion from ionic' 

to electronic conduction (273). 

The onset of passivity is marked by a current density maxima 

(ic ,'),. on the anodic polarisation curve (Fig.2.25). The current 

, density 

(ipass)' 
or Flade 

then decreases to a minimum value where passivation is complete 

The electrode potential at i pass , is known as the passivation 

potential (EF)' The passivation potentials may correspond to 

the thermodynamic formation potentials of the o'xides and are therefore 

dependent upon pH and the nature of the anion. Some aggressive anions 

'such as chloride may promote pitting corrosion of the passivated 

electr,ode (276). ,At a sufficiently high potential oxygen or chlorine 

is evolved on the semiconducting film. The Flade potential of nickel 

in acid solution has been found to be,O.3 to,O.4 V vs ,SHE (277) • 

. The behaviour of nickel anodes in electroplating 

In practice the anodic behaviour of nickel is very much dependent 

upon the composition of the electrolyte and the type of anode material 

(278). 'The adsorption of anions (277) and other bath constituents 

(280) may result 1':1 multiple peaks in anodic polarisation curves. 

When active anodes are employ~d the operating conditions are normally 
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. Fig.2.25 Illustration of current-potential relation for an 
electrode exhibiting passivation 
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chosen to facilita~e active anode corrosion. For example, chloride 

ions are added to electroplating solutions to· increase the anode 

dissolution rate. 

Three types of active anode are commonly used for electroplating 

nickel, viz. electrolytic,. cast and depolarised. Electrolytic nickel 

anodes are a very pure (99.98%) form of nickel which corrode unevenly· 

in the absence of chloride ions (281). Cast nickel anodes are the 

cheapest to produce and prove satisfactory in solutions operating at 

low current densities •. However they tend to disintegrate owing to the 

heterogenous nature of the crystal structure (282). Depolarised 

anodes corrode uniformly and with a high.anodic current efficiency •. 

The higher activity is achieved by the inclusion of other elements as 

trace constituents. Carbon ( 0.47%) and Silicon ( 0.25%) are often 

added to cast on cast and rolled nickel anodes (259,282,283). Oxygen 

is also commonly added to electrolytic nickel to improve activity; 

However, its effect may b~ due t~ promoting a more uniform distribution 

of the small amounts of sulphur in the metal (284). Sulphur has a very 

marked.effect on the anodic behaviour of nickel. As little as 0.02% S 

in nickel may increase the critical. current for passivity bya factor 

of 100. S nickel dissolves uniformly at more negative potentials and. 

produces less metallic residue than other forms of nickel (282,285,287). 

It is the only form of anode material that does not readily passivate 

in chloride free nickel plating baths. 

Electrocrystallisation of nickel and the morphology of nickel deposited 
from non-sulphamate solutions . 

. The various species that are present close to the electrode may. 

not only affect the mechanism of the reduction reaction, the pH at the 

electrode-electrolyte interface and the mass transport processes. 

There is·some evidence.to suggest that these species also influence 

the electrocrystallisation process and the .morphology of the deposit •. 

Inhibition of nickel electrocrystallisation 

In general nickel electrodepositstend to be polycrystalline and 

in the absence of addition agents, exhibit a one-degree .orientation or 
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texture. Inhibition of the growth rate of certain planes by absorbed 

species, may result in individual crystal planes growing at different 

rates and a preferred orientation may be developed (287-293). 

'Absorbed species are to be expected on a transition metal of high 

surface energy such as nickel., ' 

As has been seen in previous sections, many chemical species 

e.g. H, H20, .OH-, Ni(OH)+ and Ni(OH). also exist close to the 

cathode surface and may be capable of disturbing nickel electro-

'crystallisation. It has been suggested (294-296) that the active 

inhibiting species and hence the structure of the electrodeposit are 

a ,function of the nickel partial current density, the bulk solution pH 

,and the electrolyte composition. Under certain conditions, the cathode, 

surface may be relatively free of inhibiting species and nickel electro

crystallises in a free mode of growth. It has been proposed (297) 

that complexing anions may promote the free mode of growth. Nickel 

deposited in the free growth mode exhibits the highest ductility, the 

lowest internal stress and the lowest hardness (295). 

Morphological features of nickel deposits 

The morphology of nickel deposits from various electrolytes (but 

not sulphamate), were examined in a detailed 'study of electrodeposited 

nickel by the U.S. National Bureau of Standards in 1952 (298). . . 
Several minor studies have been undertaken since that date (e.g. 299,300). 

Nickel electrodeposits ,are generally fine grained. In the' 

absence of addition agents, the structure is columnar. At commercial 

current densities, once a coherent deposit has formed the surface 

structure tends to have the appearance of, ill-defined hillocks arid this 

does not change mu'ch with'increasing thickness of deposit. However, a' 

few investigators have detected other morphological featur!!s which may, 

be associat'ed with the presence of various species close to the electrode 

-electrolyte interface. 

Ives and co-workers (30t) have observed triangular growth forms, 

by electron transmission microscopy, in electrodeposits (0.01 A cm-') 
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from Watts nickel solutions. The triangular growths were assigned 

to the inclusion of Ni (OH). in the plane of the deposit. The growths 

were always observed in deposits from unbuffered electrolytes, 

where the catl10delayer pH was 6.4, after 1209 plating. The hydro

xide inclusions were never found in deposits from solutions containing· 

40g· 1 -1 boric acid and were apparent only from stagnant solutions 

containing 30g 1-1 boric acid. Baths of pH > 4 showed the formation 

of amorphous Ni (OH)~ on the surface of the electrodeposit under some 

conditions; However, nickel was not deposited ·at very high current 

densities during this investigation.· 

Other features within the electrodeposited nickel structure have 

been noted. Nakahara (302) has observed linear defects· and spherical 

inclusions in thfn films deposited from Watts nickel solutions •. 

These effects were attributed to the adsorption and subsequent inclusion 

of hydrogen in the deposit. Banerjee and Walker (303) found micro

cavities and striations or steps in deposits for!.led at low current 

densities. 

The incorporatio~ of hydrogen and nickel hydroxide significantly 

alters the microstructure of electrodeposited nickel (304). It has 

been proposed that adsorption pro~esses may affect the growth dis

location density (305) and therefore may also influence the internal 

stress of the deposit (306). Roshikov and Pangarov (307) have suggested 

that the rapid change in grain size with increase of current density 

may be evidence of adsorption phenomena~ 

Velinova et al (308) have identified two types of nickel surface 

morphology, pyramIdal and. lateral. The lateral form presents a series 

of planes or truncated pyramids at the surface. The reflectivity of 

deposits may be correlated with the occurrence of·these two forms. 

Dull deposits are of the pyramidal form, while bright coatings have· 

the lateral (or blo'~k) form. The formation of each type was associa

ted with the preferential adsorption of addition agents upon selected 

growth planes thus aHo·,ring the development of cubic growth faces •.. 

The reflectivity was found to be largely independent of the preferred 

~ .. . · 
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orientation, the degree of perfection of the orientation or the 

number of twinning defects. However it should be noted that reflect

ivityhas been found to be related to the roughness of electrodeposits 

and may be associated with inhibition (6). 

Dendritic growth of nickel·· 

The formation of rough or dendritic electrodeposits often· 

represents evidence of a mass transfer controlled reaction. True 

dendritic growth has not been observed under conventional nickel 

plating operating conditions. However the formation of nickel 

dendritesinconcentrated nickel chloride solutions at temperatures 

above 80·C have been reported (309-311);· It was proposed that at 

high temperatures hydrogen evolution was inhibited. It is of interest 

to note that the decreased inhibition of the reaction has also been 

proposed (245) to account for the low temperature coefficient of the 

overpotential observed at high temperature·s (p. 78 ). 

ii) Electrodeposition of nickel from nickel sulphamate solutions 

This section of the review is presented in two parts. In the 

first part, the electrochemical and morphological aspect~ of nickel 

deposition from both conventional and concentrated nickel sulphamate 

based electrolytes are presented. This includes a review of the 

studies. of the anodicreactions, in particuhr the oxidation of the 

anion, which may take place in these solutions. 

The second p.art of the review is concerned with a more detailed 

account of the. iNi-Speed' system, since this is relevant to the present 

investigations •. 

Cathodic aspects 

The cathodic· behaviour of nickel in·lm nickel sulphamate 

solutions buffered with O.5m boric acid was studied by Piontelli and 

Ser~ville (248).· The polarisation curves were analysed by a semi

quantitative Tafel method (Table 2.7).· For each curve, two linear 

Tafel regions were discernible. The Tafel slopes of -lOOm V dec-
1 
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were not corrected for the effect of hydrogen evolution. Increases 

of temperatures greatly decrease the electrode potential. The 

temperature coefficient of electrode. potential was found to be . 

-3.4m V °c- I between 50 and 65°C «0.03A cm-') .. This semi

quantative study would appear to be the only electrochemical investiga-: 

tion of the electrochemistry of nickel deposition from sulphamate 

electrolytes, although other work has been briefly 'referred to (343).' 

Anodi'c aspects 

Dissolution behaviour of non-activated and sulphur activated nickel 
in sulphamate solutions 

The passivation phenomena of n'on-activated and sulphur activated 

nickel have been studied in both conventional (312) and concentrated 

(312,313) nickel sulphamate solutions. These investigations have 

been concerned with the affect of chloride ions on the polarisation 

behaviour. 

In concentrated solutions the critical current density for the 

active dissolution of electrolytic nickel was found to be < 0.001 A cm-
2 

for chloride concentrations over the range 0.1 to .25gt -I. The post

passivation breakdown potentials may be shifted up to O.SV in the less 

noble direction at higher chloride concentrations. Multiple peaks 

have been observed in the potential region -O.l.to +0.3 V (SHE). 

In the case of sulphur·activated nickel, no mUltiple peaks have 

been observed and it has been claimed that active dissolution may be 

. maintained up to a maximum current density of 0.6 A cm-:-2. 

Anodic oxidation processes in nickel sulphamate electrolytes 

The anodic behaviour of nickel insulphamate-based solutions 

is·more complex than in solutions' based on nickel sulphate. or chloride, 

due to the ability of the sulphamate ion to oxidise. at the' anode. The' 

products of these oxidation reactions can affect the processes.at the 

cathode and influence the properties of the deposit. 

• 
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temperature pH '2.5 pH 3.5 pH 4.8 

c.d.range 
-It -2 5xlO -3xlO 5xlO-~-3xlO-' 5xlO-~-3xlO-' 

A cm' 

25°C a V 0.705 0.740 0.748 

b Vdec 
-I 

0.095 0.080 0.080 

c.d.range - 5xlO-~-3xlO-' 5xlO-~x3xlO-~ 

(A cm- 2 ) 

a V 0.558 0.618 

bY dec- I 0.140 0.097 

50°C 

c.d.range - 3xlO-'-3xlO- 2 -
(A cm- 2

) 

a V 0.642 
b V dec- I 0.085 

c.d.range 5xlO-~-5xlO-' 5xlO-~-5xlO-' 5xlO-~-3xlO-' 

(A cm-') 

a V 0.537 0.550 0.568 

b V dec- I 0.115 0.107 0.100 

65°C 

c.d.range 5xlO-'-3xlO-' 5xlO-'-3xlO-' -
(A cm-') 

a V 0.590 0.570 

b Vdec- I 0.097 0.100 

. 

Table 2.7 Coefficients of the Tafel equation, E = a + b log~ i, 

for the cathodic deposition of nickel from lM Ni(NH,SO.), 

I 0.5M H.BO. (after Piontelli and Seraville 

Iref. 248]). 
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The effect of the anodic reactions of the su1phamate ion on 

the properties of the nickel deposit has been studied by a number 

of workers notably Kendrick (314), K1ingenmaher (315), Kendrick· 

andWatson (316), Marti(317l,Greene (318) and Hart,Wearmouthand 

Warner (313) 

These studies demonstrate that the choice of anode material 

governs the type of oxidation product formed (313,317,318) and is 

critical in determining the stress (312,314,315) and sulphur content 

(312) of the deposits produced. For e1ectroforming applications 

where.the maintenance of low or zero stress conditions is essential, 

it is beneficial to be aware of and to understand, the factors which 

affect ·stress in su1phamate solutions. The control of sulphur content 

is also important as·nicke1 deposits containing greater than approxi

mately 0.01% sulphur become embritt1ed when exposed to temperatures in 

excess of 200·C.· 

It appears that the oxidation of the su1phamate ion only 

proceeds at potentia1s between 750 to 1250 mV (SHE) (313), since the 

reduction in stress levels of nickel electrodeposits associated with 

its production are absent· at lower anode potentia1s (315-317). 

However Hart et a1 (313)· detected no anodic current which could be 

. associated with the oxidation of the anion. It is considered that the 

oxidation product is only produced very slowly due to kinetic limita

tions. Consequently the production of significant. concentrations of 

the stress reducing species requires long periods of. time and under 

normal operating conditions the sulphur content of ·deposits does not 

become excessive •. The rate of reaction apparently does not increase 

with increasing anode potential or current density (316). The oxida-

tion products of the sulphamate ion include nitrogen, water and sulphate 

ions, although the active agent has not been clearly identified. 

Marti (317) has suggested that the stress reducing species is sulphite 

ion. Greene (318) has oxidised su1phamate ions toazodisulphonate 

at a platinum anode and considered·this to be the active species. 

It·is evident that stress reduction is not found when sulphur 

containing anodes are employed in. plating baths (315-317): Since 

.. .. 
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sulphur activated nickel will sustain very high current densities 

at low potentials « +. 200 mV vs SHE)" the oxidation product is 

not formed. However, electrolytic anodes are found to passivate 

at low current densities. Under'such conditions the oxidation product 

may accumulate and the stress levels of the electrodeposit decrease. 

Similar effects may be achieved using inert platinum or titanium 

anodes. 

The stress conditions of the electrodeposit' have been con

trolled by a continuous anodic oxidation of the anion on a passivated 

nickel or inert anode (316,319) in a separate conditioning tank. 

Sulphur, activated nickel anodes are used in the main tank. ,When the 

operating parameters are optimised the sulphur content may be main

tained at < 0.01% and the deposits are low or zero stressed. The 

oxidation, product markedly reduces internal stress and may also result 

in increased brightness, reduced grain size and a decrease in the 

deposit hardness. 

The growth and morphology of nickel e1ectrodeposits from su1phamate 
solutions 

In concentrated solutions the deposits tend to be lustrous in 

the lower part of the current density range « 0.05 A cm- 2
) becoming 

less bright at higher current densities (1,231). Although previous 

investigators (e.g. 239,321) have in general found nickel deposits 

from su1phamate solutions to be'very fine grained and columnar in 

structure, some authors (e.g. 320) ,have claimed that the deposit 

structure rapidly becomes coarser over the current density range 0.03 

'to 0.16 A cm- 2
• This structural change corresponded to changes in 

microhardness and lustre. At a solution pH> 5.0,the grain size 

progressively diminishes and the deposits become harder, stronger and 

less ductile (239,322). There appears to be little information re

garding the effect of temperature on the grain size (320). 

Verma and lH1man (323,324) and Rivolta et a1 (325) have examined 

the role of inhibition on the structure of nickel e1ectrodeposits 

obtained from nicke1'su1phamate solutions.' Both sets of authors agreed 
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that the adsorption of foreign species resulted in growth disturbance. 

Rivolta et al (325) studied nickel deposited from a concentra

ted nickel sulphamate bath. They suggested that the orientation was 

determined by adsorption of OH- ions at high current densities and 

adsorbed hydrogen at low current densities. 

Verma and Wilman (323,324) deposited nickel from conventional 

nickel sulphamate solutions at current densities up to 0~6 'A cm- 2 • 

· At the high current densities Ni (OH). was co-deposit';d. They suggested. 

that Ni (OH). was responsible for determining the deposit orientation 

at high current densities. As the maximum current density was 

approached, an increased tendency for outward growth, twinning and 

polycrystallinity was.observed. At the highest current densities, 

dependent on the temperature and degree of agitation, the current 

efficiency decreased and nickel hydroxide was deposited. 

The morphology of nickel electrodeposits from a concentrated 

· nickel sulphamate electrolyte was investigated by Saleem etal (326) 

At low current· densities (-0.08 A cm-') the deposit showed isolated 

pyramidal growth centres at short times. After -30s the whole surface 

· is covered with block growths, the final morphology being a smooth 

degenerate pyramid type structure. -. At 0.2 A cm deposits were all 

of the block type and extensive·twinningwas observed at 0.4 A cm-'. 

Nodular growths and ,generally rough deposits were found at 0.6 A cm-'. 

Rough deposits were associated with extensive inhibition by foreign 

species. 

Therefore there is some evidence to suggest that the structure 

and hence the properties of electrodeposIted nickel are influenced by 

adsorption of foreign species. The role of· Ni (OH). in this process 

has· been, to some extent, confirmed by examination. of the defects in 

such deposits. 

Fast rate electrodeposition processes usingnickelsulphamate 
electrolytes 

Few reports of nickel deposition from su1phamate solutions in 

· conditions of well-defined hydrodynamics, or using novel cell designs, 

~--~~--------------------------------~~-------------
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are available. The work of Eisner (101,119) using an abraded disc 

or belt method, Suzuki et al (90) using an abraded rotating cylinder 

and Bailey (89) using a rotating cylinder are of interest., Their 

studies have been reported' in greater detail in Se~tion2.2. 

Nickel plating from concentrated nickel sulphamate solutions 
(the Ni - Speed process) 

Preparation and properties of the solution 

The Ni - Speed bath, as developed by Kendrick (I), has, the, 

following composition:' 

600 g ,t 
-I 

nickel sulphamate ' 

40 g Cl boric acid 

5 g ,t-l nickel chloride 

The optimum specific gravity is 1.355 at 60·C(2.31).The 

chloride ions are added to assist anode dissolution. The bath has 

a higher conductivity (and throwing power) than the Watts or con

ventionalsulphamate bath which may result in a reduction of electrical 

power requirements of up to 12% for a given plating rate (320). 

,Kendrick et al (1,320) has suggested that the bath should be 

filtered through activated charcoal and treated electrolytically to 

obtain optimum properties. The following treatment sequence was 

recommended: 

low current density treatment , the passage of 10Ah rl of electricity 

with current densities of,0.0054 A cm- 2 on both cathode and anode. 

The cathode was of corrugated nickel and the anode of a non-depolarised 

nickel. This process was carried out to purify the electrolyte and 

was followed by: 

conditioning treatment the pa~sage of 30 Ah rl of electricity with 

a current density of 0.043 A cm-' on the corrugated cathode and 

0.005 A cm-' on the non-depolarised nickel anode (i.e. an anode of low 

activity) • This process was considered necessary, to obtain deposits 

.' 
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of low internal stress and is discussed further in Section 3. To 

maintain a, low stress condition it was recommended that this process 

should be carried out continuously in a separate tank. 

The, bath is operated at pH 3.5 to,4.5 and temperatures of 60 

to 70·C. A lower pH or a'higher temperature results in an increased' 

rate of hydrolysis of sulphamate ions to.ammonium ions (1,330) and 

consequently increased deposit hardness. A higher pH or lower temper

atures result. in increased internal stress, poor deposits and a 

decreased maximum current density for a good deposit. The effect of 

temperature on the maximum current density for the' zero stress con

dition and the internal stress,are shown in Table 2.8. As maybe 

seen, the internal stress tends to decrease' with increasing temperature. 

Kendrick (1) found that the internal stress was at a minimum 

and the current density before 'burning' was at a 

su1phamate concentration of 600 g ~-I (Fig.2.26). 

maximum at a nickel 

For the 

plating conditions, using air agitation 

was -0.4 Acm-' at 60·C and -0.8 A cm-' 

the maximum current 

specified 

density 

at 70·C. However, it should 

be noted that in commercial practice the ,maximum current density 

rarely exceeds 0.2 A cm-'. This represents a maximum current density' 

of at least twice that obtained using l~atts or conventional nickel 

sulphamate under similar conditions. It was claimed (1,320) that 

'the bath may be operated without wetting agents given a sufficient 

degree of agitation. 

The current efficiency for agood deposit was in the range 97 

to 99 % over the range of current densities '. studied ( < 0.4 A cm-' 

at' 60·C) and was independent of temperature (320). The current 

efficiency was found,to decrease with nickel sulphamate concentrations 

greater than 600 g ~ -I (1). 

The internal stress of deposits obtained from the concentrated 

nickel sulphamate bath has been found (1,320) to be a function of 

the current density. At lower current densities the stress was com-

pressive (Fig.2.27)., The time to reach the zero stress condition 

was found to increase with increasing current density (Fig.2.28). 

- . 
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a) 
. 

. ' . 

35 .40 45 50 
. 

55 60 Temperature 
(CC) .' .. . 

I . 
Current density . 

(A/ft') . 10 25 I 40 75 125. 165 .... 

(A/dm') 1.1 I 2.7 4.3 8.1 13.5 17.8 
. " 

Plating rate " 
" 

(approx.) . "" 

(in x10-'/h) 0.5 1.2 2 3.7 6.2 8.2 
I 

micrometres/h 12 31 50 .. 94 156 206· 
. 

b) 

Temperature 

.1 
Tensile stress 

OF °C Ibf/in'. 

93" 34 +20000 
104 40 + 7200 
118 48 - 2500 
140 60 -11200 

Table"2.8 a) Relationship between solution temperature, current 
density and plating rate for the zero deposit stress 
condition in the Ni-Speed process. 

b) Effect of solution temperature on stress in deposits 
plated at 5.4 A cm- 2 from 600 g~-l nickel sulphamate 
solution (331,341) 

65 70 

200 ' .. 300 

21.6 32 

10" 15 

250 375 
" " 

kgf/mm' 

14.1 
5 
1.76 
7.87 
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The micro hardness of the deposits from concentrated solutions 

can be controlled over a limited range by varying the cathode 

current density 0,321,327). .At current densities below 0.05 A cm-
2 

the deposits.were moderately hard rising to 240 to 270jlHV'aT 0.02 

A cm~2. As the current density is raised above this value, the 

micro hardness.decreased to between 210. and 230jlHV (Fig.2.29). The 

micro hardness/current density relationship appears to be substantially 

unaffected by the types of anode used' (327). . The micro hard-

ness values of su1phamate deposits have been found (327) to be con

sistently lower than the corresponding macro hardness values. 

For some electroforming applications, the high hardness and 

e1asticitiy, or the degree of compressive stress required cannot be 

attained by the 'conditioning' treatment. In such cases conventional 

addition agents such as saccharin are sometimes employed or to obtain 

deposits of high hardness which will withstand heating without loss of 

mechanical properties, a modified Ni-Speed solution containing cobalt 

may be used, even. though a certain degree of tensile stress must be 

tolerated (231,321,327,328,341). 

Since the major review of the nickel su1phamate system by Hammond 

(231), little significant work has. been . published (e.g. 330-340). 

It is therefore apparent that a suitably purified and conditioned 

nickel sulphamate sohition, allows the brightness and properties of the 

deposited nickel to be varied over a narrow range by suitable adjustment. 

of the current density or temperature. The deposits so obtained have 

a low sulphur content (typically less than 0.006%) (320) and tend to 

be free of theembrittlement problems associated with sulphur incor-, 

'porations, .particularlyin'heat·treated nickel deposits. However it 

should be noted that few investigations have been carried out of 

deposition at current densities >,:,,0.4 A cm-a. 

Altho'ugh the cost of nickel sulphamate based solutions is greater 

than Watts type baths, this may be offset by the very low internal 

stress of the deposits obtained without the use of addition agents, the' 

improved throwing power. and the higher deposition rates. These factors 

.. , - : 
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have resulted in 'nickelsulphamate baths, in particular Ni-Speed, 

becoming one of the principal electrolytes forelectroforming and 

heavy engineering purposes. 

Introduction to the present work 

It is clear from-the literature review that the concentrated 

nickel sulphaQate solution offers several advantages for high speed 

nickelelectrodeposition studies; The system represents an estab

lished commercial process which produces electrodeposits with good 

physical properties. The inherentlylowinternal'stress and com

paratively high deposition rates make it particularly suitabte for 

electroforming. "However few studies of electrodeposition at very 

high current densities have been undertaken in this system, although 

the high concentration of nickel salts make it particularly suitable' 

for this ,purpose. Furthermore no quantitative studies of the 

electrodeposition of nickel from s~lphamate solutions in flowing 

environments have been made'. 

It,is also evident that studies of the electrodepositionof 

metals at very high current densities with the probability of reasonably' 

full analytical interpretation of the results, requires a well-defined 

hydrodynamic regime. The flow system in the form of the parallel plate 

cell has, not been fully exploited for this purpose. 

The combination of studies in parallel plate cells using nickel 

sulphamate solutions opens up the possibility of combining electro

chemical studies, transport studies and correlation with the structures 

and 'properties of the foils produced. 

The design of the parallel plate cells for the deposition 

studies was assisted by the availabilityof many mass transfer corre

lations for various parallel plate cell geometries and hydrodynamic 

conditions., When designing the cells and the flow system, several 

intereIated factors must be taken into account. The design process 

is described in the following Chapter. 

As will, be seen, two parallel plate cells were designed and con

structed. Cell 1 was used for preliminary deposition studies at 60·C, 
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to provide some initial information about the'process. From the 

knowledge gained, a second cell (Cell 2) was designed and constructed 

and this cell was used for the major part of the current work. 

The experimental programme in Cell 2 included the following work: 

(0 An experimental verification of the cell design using the 

mass transfer controlled deposition of copper. 

(ii) 

(iii) 

(iv) 

, and 

An extended study of the electroforming of nickel foils 

using various,electrode lengths at both 60 and 70·C. 

Cathodic and anodic polarisation studies 

Current distribution studies 

(v) Mass transport studies of nickel deposition from 

sulphamate solutions. 

As will be seen, it was found to be impossible to separate the nickel 

deposition and hydrogen evolution reaction and hence to measure 

directly limiting current' densities for nickel deposition. Morpho-

, lo'gical features were used to correlate 'current density and flow rate. 

A maximum current density for a good deposit (imax) was defined for 

this purpose. 

I 

I 
, J 
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3; EXPERIMENTAL 

The primary objectives of these investigations was the 

preparation and post-deposition examination of electroformed nickel 

foils. As a result, the cell design was of considerable'importance 

to the programme. The use of ,a parallel plate cell was an 

appropriate choice for this type of study. 

The following Chapter inclndes the detailed design procedures 

and the experimental methods used in these investigations. However, 

it was necessary to determine some of the relev~nt physical properties 

of the electrolyte before the cell and flow circuit could be designed. 

These methods, ,together with the analytical procedures used throughout' 

this, investigation along with the results are presented first in 

Section 3.1. 

As will be seen, two parallel plate cells were found to be 

required and the nature of the system necessitated' the use of a complex 

itterative design procedure, since many of the relevant factors are 

inter-dependent. Hence the design methods for the two cells are 

described in some detail. The cell construction and operation pro

cedures are also described. This work is presented in Sections 3.2 

and 3.3. 

In the following sections (3.4 to 3.6), the experimental procedures 

used are described in detail. In Section 3.4, experimental methods 

used to characterise the Mk 2 cell are described. The cell was 

characterised using the mass ,transfer controlled deposition of copper 

from an acid copper sulphate electrolyte. This system was used to 

determine the mass transfer correlations and the current distribution 

curves for the unusual divided cell design. 

Section 3.5 deals with the experimental methods used during 

nickel foil deposition from the sulphamate electrolyte in the Mk2 cell. 

This Section includes current distribution measurements, the, methods 

used for determining the electrode potential and the anodic and cathodic 
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polarisation curves. The mass transport measurements in the nickel 

sulphamate solution are·a1so described.· 

The experimental procedures for the post-deposition examination 

of e1ectroformed nickel foils, including optical and electron micro

scope examination and micro-hardness measurements are described in 
-

Section 3.6. These procedures were common to nickel foils prepared 

in both the Mk 1 and Mk 2 cells. 

3.1 Determination of the physical properties of the nickel based 
electrolytes and analytical methods for nickel based electrolytes 

Prior to beginning the major part of the investigation the 

physical properties of the nickel su1phamate based electrolytes were 

determined. .This information was not readily available in the 1itera-

ture. The densities and viscosities of the solutions were required 

to permit the calculation of Reyno1ds numbers. A knowledge of the 

electrical conductivity was necessary to calculate solution resistance 

and cellvo1tages. The three properties were determined over the 

temperature range 50· to 70·C. 

In order to maintain the solution composition, the electrolyte 

was analysed at regular intervals. The procedures for making suitable 

adjustments of the solution components are also described in this 

Section. 

a) Physical properties of nickel based electrolytes 

i) The densities of concentrated nickel su1phamate solutions 

Experimental 

The densities (PN·iU)of a concentrated nickel su1phamate solution 

of the composition. 

600 g ~-I Ni(SO.NH.), • 4 H,O 

5 g ~-I Ni Cl, .·6 H.O 

(110.4 g ~-i Ni'+) 

40 g rl H.BO. 
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were determined, using a 50 cm' specific gravity bottle, at temperatures 

of 50, 60 and 70·C. Temperature control, to within ± 0;05·C, was 

achieved by a thermostatically ,controlled water bath. The specific 

gravity bottle was calibrated· at the above temperatures using 

distilled water. The weight of the empty bottle and that of the bottle 

plus water at the equilibrium temperature, were accurately measured. 

The water was replaced by nickel sulphamate solution and the procedure 

repeated for each temperature. These results are given in Table 3.1 •. 

Example calculation (data taken,from Table 3.1) 

The volume of the specific gravity bottle (VT•
C

) at .the given 

temperature (T·C) was determined using distilled water as the 

calibration fluid. 

= (Wt. of S.G. bottle + H2 0) - (Wt. of S.G. bottle) 

I?H O@T·C 
2 

The dry weight of the S.G. bottle was 35.8442g. The values of 

the density of'water (pH 2 0) at T·C were obtained from the literature 

(345). 

T- 50·C, j:)H
2
0 == 0.9881 g cm- a 

= (8S.0716 - 3S.8442) 
VSO• C 

0.9881 

The bottle was filled with the nickel sulphamate solution 

thermally equilibrated and reweighed. The density of the nickel 

sulphamate solution was calculated from the following equation: 

p 

Hence 

T·C (Wt •. of S.G.bottle + Ni(SO.NH 2 )2 soln) - (Wt.of S.G.bottle) 
(Ni)= 

= 

= 

(104.0480 - 3S.8442) 
49.8203 

1.369 8 cm-' @ SO·C 



Tempera-
ture 

. TOC 

) 

50 C 

60 C . 

70 C 

Wt.of S.G. Wt. of ' . Dens1ty Volume of Wt. of S.G. 
bottle + H2O of S.G. bottle + 
H.O water bottle N~(SO.NH')2 g @ TOC 

g @ TOC solution 
g cm-' 

, V cm' g 

I. 85.0716 49.2274 0.9881 49.8203 104.0480 

84.8426 48.9985 0.9832 49.8357 . 103.7990 

84.5908 . 48.7466 0.9778 49.8533 103.4001 

. 

Weight of empty S.C. Bottle c 35.8442 

Table 3.1 Density of nickel su1phamate solutions 
as a'function of temperature 

Density 
of 

Ni,(SO.NH')2 

solution 
@ TOC 

P _. 
g cm 

1.369 

1.364 

.1. 356 
. 

. 
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Si:nilar calculations were carried out for the other temperatures. 

The solution densities were used later, in conjunction with the dynamic 

viscosity to calculate the~ kinematic viscosity. 

ii) The viscosities of concentrated nickel sulphamate solutions 

The dynamic viscosities (~i2+) of a concentrated nickel 

sulphamate solution of the composition: 

600 g ~-I Ni (SO,NH2)2 • BH20 

5 g ~-I Ni C1 2 • 6 H20 

(110.4 gR,-INi2+) 

40 g rl H,BO. 

pH-4 

~were determined using~an Ostwald viscometer immersed in a glass fronted 

constant temperature water bath. Measurements were made at temperatures 

of 50, 60 and 70·C ± O.OS·C. At each temperature, the viscometer was 

calibrated with distilled water (10 cm'). The discharge times (tH•O) 

through the viscometer capillary tube were measured using a stop 

watch. 

10 cm' of the nickel sulphamate solution, sampled at the exper

mental temperature was transferred to the dry viscometer. The discharge 

times (tNi'+) of the ~electrolyte were measured at each temperature. 

The~experimental data are summarised in Table 3.2. 

Example Calculation (Data from Table 3.2) 

The dynamic viscosity of the nickel sulphamate solution at each 

temperature was calculated from the equation 

= 

The density(% 0) and dynamic viscosity 
~ ~. 

the literature (345). The densities of 

from Table 3.1. 

x 

(nH 0) of water are taken from 
• the electrolyte were taken 



Temp. lIT xlO-' 
Toe k- I 

I 50 3.094 

60 3.001 

70 2.914 

Table 3.2 

I 

------:-----------------

--c-
Dnsty. 
PH 0 
, . -. g cm 

. 

0.9881 

0.9832 

0.9778 

Dnsty. Av. Time Av. Time 
P ... + . t·H.o ' t N. .+ 

:. Ni . 1 

g cm-' secs; secs. 

. --c 
-

1.369 43.4 117.0 

1.364 38.2 97.5 

1.356 34.1 85.2 

solution composition 

N .+ . ~ 

1 
110.4 gl R. 

600 g/R. Ni (SO.NH.) 4H.0 

40 g/R. H.BO. 

5 g/R. Ni Cl. ·6H.0 

Viscosity and density of nickel 
'sulphamate plating solution as 
a function of temperature 

.. 

Dyna- Dyna-. Kinematic 
mic mic Viscosity 
Visco- Visco- \I N' .+ 
sity sitl' 1 

nH 0 n .+ cm' s-I 
, N' .x 10-' • • 1 

centi centi 
po'ise poise . 

0.5468 2.042 1.492 , 

0.4631 1.640 1.202 

0.4050 1.403 1.035 



at 50·C 

. . 

and 
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tNi - 1175, t HO -43.45 
2 . 

-3 . 
PN.'+ -1.369 g cm ,P H.O~ 0.9881 g 

1 

11 H
2
0 - 0.5468 X 10-' P 

50·C 
n 

50·C 
n Ni 2+ 

= 0.5468 X 10-' x 117.0 

43.4 

= 2.042 ¥ 10-' pOise 

x 

cm- 3 

1,369 

0.9881 

The kinematic viscosity of the electrolyte (VN~'+) was calculated from: 
~ 

. . 

and 

T·C 
V 

50·C 
V 

= 

= 

50·C n 
.. 2+ 
Ni 
50·C 

~ N~'+ 

2.042 X 10-' 

= 1.492 cm's- I 

iii) The electrical conductivities of concentrated nickel sulphamate 
electrolytes 

The specific conductivities of electrolytes of the following 

.compositions were measured using a Phillips conductivity meter (Type PW 

9501/01).and a conductivity cell (Type PR 9514/10) of cell constant 

Measurements were made at a frequency of 2 kHz. 

a) 600 gR. -I Ni(S03NH.). 4H.0 

40 gR. -I H.BO. 

5 gR. _I Ni Cl •• 6H
2
0 
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40 g 1- 1 H.BO. 

Og 1-1 Ni Cl •• 6H.O 

The solutions were placed in conductivity tubes and allowed to 

reach thermal equilibrium in a thermostated water·bath. The specific 

conductivity (a) was measured over the temperature range 50 to.70·C. 

Temperatures were controlled to within:!: 0.05·C in each case. The 

equivalent conductivity (A) was calculated from 

'A ~ 
a 

- z 
c~li'+ . 

where cNi"+ = concentration of nickel ions (moles dm';") and z ~ 2. 

The experimental data and calculated values of A, . for each solution 

are given in Table 3.3. 

The densities, viscosities and equivalent conductivities of the 

solutions, as a function of temperature are shown in Figs. 3.1 to 3.4. 

b) Analysis of nickel based electrolytes 

The composition of the nickel plating solutions was monitored by 

a series of titrametric procedures. 

Total nickel concentration 

The concentration of Ni'+ in·a solution of composition 600 g 1-1 , 

Ni (SO.NH.) •• 4H.O and 5 g 1- 1 Ni Cl •• 6H20 was calculated as follows: 

Molecular weigllt of Ni{SO.NH.). 

Wt.fraction Ni in Ni{SO.NH.). 

4H.O = 322.8 

58.7 

.322.8 

= 0.182 

g 1-1 Ni'+ in 600 g 1- 1 Ni{SO.NH.) •• 4H.0 = 0.182 x 600 

= 109.1 g 1- I Ni'+ 
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Temper a ture . Specific Equivalent 
Conductivity Conductivity 

T 0 A 

·c K ohms-I cm-I ohms-I cm'equiv.- I 

. 

60 333.2 0.112 29.6 

65 338.2 . 0.119 31.5 
.. 

70 343.2 0.126 

I 
33.3 

: 
. 

Solution· composition: Ni'+ = 111.1 g/~ - 1.89 moles dm- 3 

. 

Iemperature 

T 
·C K 

60 333.2 

65 338.2 

70 343.2 

Ni(S03NH.). , 4H.0 = 600g/~ 

H3BO. = .40 g/1 

NiCl •• 6H.0 - 5 g/~ 

pH = 3.2 

Specific Equivalent 
Conductivity Conductivity 

(I 
. . A. 

ohms-I cm-I ohms-1cm'equiv.-1 

0.112 29.6 

0.120 31.7 

0.128 33.8 

I 
I 
I 

I 
I 

Solution composition: NP+ = 111.1 g/1 (as NHso.NH.) •• 4H.0 -

1.89 moles dm-') 

H.BO. = 40 g/~ 

NiCl •• 6H.0 = 0.0 g/~ 

pH = 2.7 

Table 3.3 Conductivity of nickel plating 
solutions as.a function of 
temperature 
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molecular weight of Ni Cl. 6H.0 = 237.7 

Wt. fraction Ni in Ni Cl. 6H.0 
58.7 = 237.7 

= 0.247 

g 1- 1 NP+ in 5' g 1- 1 Ni Cl.'. 6H.0 = 0.247 x 5 

=1.2 g 1- I NP+ 

Total concentratibn of Ni'+ = 109.1 + 1.2 

= 110.8 g r l 

= 1.88 mole dm-' 

The nickel concentration of the electrolyte was maintained within 

± 5% of the above figure. 

i) Determination of total nickel concentration (ref 220). 

The total nickel concentration of the solution was determined by 

a complexiometric titration with EDTA (ethylene diamine teta-acetic 

acid, Fisons AR). A 5 cm' aliquot of the electrolyte was diluted 

with distilled water, to 100 cm' in a volumetric flask. A 20 cm' 

aliquot of the diluted plating solution was transferred to an 

Erlenmeyer flask, diluted to -50 cm' with distilled water and 5 cm' 

of ammonia solution (S.G. 0.88 g cm-') added. Approximately 0.5 g 

of Murexide indicator (500:1, NaCl:Murexide) was added to the flask. 

The resulting brown solution was titrated versus a standard 0;1 mole 

dm-' EDTA solution to a magenta end point~ 

Calculation 

The total concentration of nickel in the solution was calculated 

(in g 1-1 ) from: 

Ni'+ concentration = 
Titre 

1,000 
x 0.1 x 100 

-- x 
20 

1000 
-- x 

5 

= Titre x 5.87 g rl 

58.7 
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ii) Determination of nickel chloride concentration (ref.220) 

The nickel chloride . concentration was determined by a Mohr 

type titration with a standard silver nitrate solution. A 5 cm' 

aliquot of the plating electrolyte was transferred to an Erlenmeyer 

flask and diluted to ~150 cm' with distilled water. To the solution 

was added -2 cm' of·a5% wt/vol aqueous solution of potassium 

chromate solution.' The solution was titrated with a standard 0:1 

moles dm-' silver nitrate solution until the faint red tinge of 

silver chromate was detected.· 

Calculation 

and 

The concentration of nickel chloride was calculated from: 

Titre Ni Cl. • 6H.0 concentration = ~~~ 
10000 

x 0.1 x 1000 x 237.1 
2 5 

= Titre x 2.38 g'1-1 

Ni'+ concentration as NiCl •• 6H.0 = Titre 0.1 1000 x -- x -- x 58.7 
1000 2 5 

= Titre x 0.587 g 9,.-1 

iii) Determination of the boric acid concentration (ref.346) 

The boric acid concentration was determined by titration with

sodium hydroxide following 'mannitol release'. 

A 5 cm' aliquot of plating solution was diluted with distilled 

water to 100 cm' in a volumetric flask. A 20 cm' aliquot of the dilute 

sOlution was transferred to an Erlenmeyer flask and further diluted to 

-70 cm' with distilled water •. Four to five drops of a mixed indication 

consisting of 19 bromocresol purple and 0.2g bromothymol blue in' -lOOcm' 

of alcohol, were added to the flask. 

If the solution was yellow, it was' titrated with 0.1 mol.dm-' 

sodium hydroxide solution to the blue end point. If the solution was 

blue it was titrated with 0.1 mol.dm-' hydrochloric acid to the yellow 
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end point. After the addition of -1. 5g of mannitol (Fisons AR), 

the solution turned yellow. A final titration with.a standard 

0.1 mo1.dm-' sodium hydroxide solution to the blue end point 

enabled·· the boric acid concentration to be calculated. 

Calculation 

The concentration of boric acid was calculated from: 

HoBO. concentration = Titre· x 
1,000 

0.1 x 100 x 1000 61.83 
20 5 

Titre x 6.2 g ~-l 

iv)· Determination of hydrogen ion concentration 

The pH of the nickel e1ectro1yte~ was determined e1ectro

metrically using a Corning EEL pH meter (model 12) and a micro

analytical glass pH electrode. The instrument was calibrated using 

a ptha1ate buffer solution (pH 4.2 at 25·C), thermostated at the 

required temperature. Then 

The pH was maintained between 3.5 and 4.0. 

v) Maintenance of solution composition 

Evaporation losses were compensated by suitable additions of 

distilled water. Deficiencies. in the nickel content of the solutions, 

due to poor anode efficiency were corrected by additions of concentrated 

(900 g ~~l) nickel su1phamate solution. The pH of the electrolyte was 

adjusted, when necessary, by additions of su1phamic acid (HSO.NH., 

Fisons·AR) at high pH (pH»4) and basic nickel carbonate (Ni Coo 

2Ni (OH) •• 4H.0) at low·pH (pH«4). The nickel carbonate was added 

to the plating solution.as a solid. The solution was maintained at 

60·C, with continuous, vigorous stirring for 48h to effect dissolution. 

of the solid carbonate. The solution was filtered and electrolytically 

purified prior to further deposition studies (p.122). 



110 

.3.2 The design, construction and operation of the Mk 1 parallel 
plate cell and ancillary equipment 

3;2.1 The design of ~he electrolytic cells and the flow system 

The design of the rig may be broadly divided into two sections 

(a) Cell Design and (b) Flow Circuit· Design. However, to some extent 

this division is artificial, as the design process was one of optimisa-. 

tion and compromise.. This required an iterative technique, since 

many of the· factors to be considered. are interdependent. The parallel 

plate cell and the flow circuit were designed to meet the following 

specifications, which will be examined in detail later in this Section. 

Overall cell design and flow circuit specifications 

Design specification 

i) The cell was required to produce well defined mass transfer profiles 

and a sufficiently high mass transfer rate to achieve limiting 

current densities in excess of 1 A cm-·. 

ii) A maximum flow velocity corresponding to Re 14,000 with a volu

metric flow rate of up to 20 1 mins- f. 

iii) The critical dimensions of the cell and electrodes were to be as 

follows: 

A demountable electrode system with an electrode length of 

. about 5 cm. 

An interele·ctrode gap of < 1 cm and duct breadth of -3cm. 

An hydrodynamic entrancelength of -SOcm. 

iv) Means of measuring the inlet and outlet temperatures of the 

e lee tro lyte were also required. 

Flow circuit specifications 

(i) Approximately 301 electrolyte was to be used at operating tempera

tures of up to 70·C and maintained at constant temperature during 

electrolysis. 
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(H) The flow circuit was to be designed to pump a moderately hot and· 

corrosive electrolyte·from the reservoir, through the cell and 

. return it to the reservoir. 

(iii)The pressure head across the circuit. was to be opti~ised to 

81low the use of a small. pump .with an operating cap·acity of at 

_ leas. 20 R.min-l. 

iv) The rig was to be provided with a convenient means of measuring 

flow rates. 

(a). Design of Cell. I 

Initial inasstransferc~nsid~rations 

In order to obtain an initi~l view of possible maximum current 

densities, the limiting current densities were estimated from the 

relevant transport equations. Previous investigators have claimed 

maximum current densities of 2- 4 A cm-a. The. cell was to be designed 

to achieve maximum current densities of this order of magnitude. 

Design calculations were based on a short electrode system in 

turbulent flow where tne maximum mass transfer rate would be achieved 

at a relatively low flow rate. The appropriate design equation is: 

= •••• (2.67) 

The above equation was used for design calculations as described in 

Appendix 2b. 

Flow rate considerations 

It was evident that higher mass transfer rates would be achieved 

in turbulent flow. However, as the flow velocity increases, the pressure 

head increases and the size of the flow circuit and pump must increase to 

compensate. 

increase. 

Hence, the volume of electrolyte required may also 

J. 



112 

It was decided tnat an initial flow velocity corresponding to . 

Re 14,000 with a volumetric flow rate of about 20 tmin- I would simplify 

the design requirements. Further consideration of frictional pressure 

loss and pumping capacity are described in Appendix 2c and d. 

The critical dimensions of the cell and electrodes 

Several factors had to be considered when specifying the dimensions 

of the cell and electrodes. Since many of these are inter-dependent, 

it is convenient to· discuss these factors with reference to the expanded 

form of Equation 2.67 i.e 

kL = 0.145(U dej% (~)ls (de )% .(2.67a) . . . . 
V .D L 

or 

kL = 0.145 U% v-ls D% de- 0.083 L- 0.25 • . . . .(2.67b) 

where kL is the mass transfer coefficient at the limiting current 

density, U - Q (cm s-I) where Q is the volumetric flow rate 
60 BS 

(cm 3min- l ) through a cell of·duct width Band interelectrode separation S. 

The equivalent diameter of the cell, de, is given by 2 BS, (vand D 
B+ S 

are the kinematic viscosity and diffusion coefficient of the electrolyte 

respectively and were regarded as constants for cell design purposes). 

Electrode length 

The use of demountable electrodes of moderate length (5 cm) 

would enable morphological work to be carried out conveniently and avoid 

the use of excessively large current generators. It should be noted 

that for.Equation (2.67) to apply, L/de < 8 and hence for an electrode 

length (L) of 5 cm, de must be > 0.7 cm •. However, the value of de (and 

Band S) must also be considered in relation to their effect on the , 
Reyrtolds number (see Appendix 2a). 
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Duct breadth and inter-ele~trode separation 

The selection of suitable values for Band S was dependent upon 

several other criteria. In order to minimise differences in m~ss 

transfer rates between the electrode edges and the centre, it has been 

found necessary (163) to have a small aspect ratio ~ defined by: 

~ =! 
B 

The aspect ratio should be < 0.33 to be reasonably effective 

(le Laminar >90% of theory); 
. L . 

Stanmore (164) found that in using electrodes 3 cm in breadth,. 

there was little difference (3%) in the mass transfer coefficient 

between the mijdle and edge ·and the system corresponded to a first 

approximation, to a system, of infinite parallel plates. It was also. 

considered that better current distribution would be obtained if the 

parallel plate electrodes· were the same breadth as the duct. Thus a 

provisional figure of 3 cm was selected for the duct and electrode 

breadth. 

It was undesirable to make the interelectrode separation on larger 

than necessary since this would increase the power requirements, the 

volume of the duct and the aspect ratio. An inter-electrode separation 

of 1 cm was considered reasonable. It was hoped that this would be 

sufficient distance to overcome problems"which might arise if there was 

any gas evolution, e.g. oxygen at the anode and hydrogen at the cathode. 

Aspect ratio and equivalent diameter of the cell 

The aspect ratio of the cell (SIB) was 0.33. The equivalent 

.diameter of the cell was calculated from Equation 2.36: 

de = 2 BS = 2 x 3 x 1 - 1.5 cm 
B+S 3+1 

With an equivalent diameter of 1.5 cm, the electrode length (5 cm) 

corresponded to -3.3 equivalent diameters in length. 
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Maximum flow ve loci ty and ReY!lo 1ds number 

The maximum flow velocity through a 

was -111 cm s-I for a volumetric flow rate 

corresponds to a maximum Reyno1ds number of 

Hydrodynamic entrance length 

cell of the stated dimensions 
i 

of 20 R. min-I. This 

Re 13,866 (see Appendix 2). 

In laminar flow long hydrodynamic entrance lengths (Le) are required 

to eliminate the perturbations in streamline formatlon caused by bends 

etc. The maximum entrance length for fully developed laminar flow will 

be found at aoout Re 2,500 and may be calculated from (148) 

Le/ = 0.0288 Re 
de 

••••• (2.23) 

At Re 2,500 

Le/de = 0.0288 x 2,500 -72 

A minimum hydrodynamic entrance length of about 72 equivalent diameters 

may be necessary to ensure fully developed laminar flow. 

However, the maximum rate of mass transfer will be found in 

turbulent flow. In turbulent flow, due to prior flow development in 

the connecting pipework, hydrodynamic entrance lengths tend to be shorter. 

In addition, the greater thickness of the hydrodynamic boundary layer, 

when compared to the mass transfer boundary layer, will ensure that the 

mass transfer profile will be fully developed at relatively short 

entrance lengths. 

Therefore, with an entrance length (Le) of 50 cm and de = 1.5 cm 

then, 

= 50/1.5 

and Le - 33 equivalent diameters. 

This value was considered sufficient to allow reproducible and fully 

developed mass transfer profiles. 
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Approximate theoretical values of iJ.. 

Having established suitable values of B, S and de, sample 

calculations were carried out to establish the likely mass transfer 

coefficients and limiting current. densities which would be achieved 

using the specified design parameters at 60·C. Detailed calculations 

are shown in Appendix 2b and a surunary of the results is presented 

below. 

Limiting current densities in laminar flow were calculated 

from Equation 2.49. 

1.85 {Re Sc de} 0.33 

L 
••••• (2.49) 

At Re 2,000, the limiting current density was calculated to be 

0.9Acm". 

In turbulent flow, limiting current densities were calculated 

from Equation 2.67. 

Sh = 0.145 Re 0.66 ~ 0.25 Sc 0.33 

L 
••••• (2.67) 

At the maximum flow ra.e corresponding to Re 14,000, the lioiting current 

density was calculated to be -3.6 A cm~". 

The selected design was therefore theoretically capable of 

electroforming nickel at rates in excess of 1 A cm-a, as originally 

specified. 

(b) Design considerations for the flow circuit and pump capacity 

i) Volume of electrolyte required and the method of-temperature 
control 

Several factors were decisive in selecting the appropriate electro-

lyte volume. With a small volume of plating solution, significant 

changes in the electrolyte composition may result from the electrode 

processes. A reasonable solution bulk would buffer this effect. In 

aadition, the large pumping capacity required (20 t min-I ) and the 

L-__________________________________ .. 
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dimensions of the associated flow circuit also necessitate large 

volumes of solutions. A,suitable glass reservoir capable of holding 

>301 of electrolyte was therefore essential. 

This volume of electrolyte required to be heated to and maintained 

at temperatures of up to 70·C under operating conditions. A sufficient 

thermal input would be provided by 3 x 0.5 kW immersion heater.s, to 

reach thermal equilibrium in less than 1.5h.' The heaters were silica 

sheathed to prevent contamination of the electrolyte by corrosion 

products. Additional heating of the pipework and suitable insulation 

would minimise heat loss. 

The electrolyte temperature could be accurately controlled by a 

contact thermometer (immersed in the reservoir electrolyte) and a 

merc~ry switch. 

The possibility of ohmic heating of the electrolyte was also 

considered. However this was only thought to be significant at current 

densities »ZA cm-I. If necessary,' a suitable heat exchanger would be 

inserted in the flow circuit. 

ii) Materials of construction and pump selection 

To withstand the relatively high temperatures and prevent con

tamination of the electrolyte most of the pipe work, valves, etc. was 

constructed from borosilicate glass. However, for convenience short 

sections of polythene tube were to be used for connecting to and from 

the pump. 

It was also ascertained th~t there were several small chemical 

pumps available capable of handling nickel sulphamate solutions at 

temperatures of up to 70·C and which were able to give flow rates of 

up to 50 1 min- I • However, the maximum delivery rate of the pump was 

dependent upon the pressure at the pump head. . Further information 

concerning pump performance and selection is presented in Appendix 2c·and d. 
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iii) Frictional head loss across the flow circuit 

The frictional pressure head, hf' is related to the flow 

velocity U, the tube dimensions and the physical properties of the 

solution. Under laminar flow conditions this relationship is deter

mined by the Hagen-Poiseuille equation 

hf = U 8 n L 
r2 

where r is the radius of a pipe of length ! and n is the dynamic 

viscosity of the fluid •. In turbulent flow the relationship is 

governed by the Fanning-Darcy equation 

hf = 4f. 1. . .!!: 
d 2g 

•• (2.26) 

~here d is the diameter of the pipe, g the acceleration due to gravity 

and f a friction factor. 

relationship 

f may be determined from the Blasius 

= 0.0396 Re- o. 25 ••••• (2.24) 

For square ducts the pipe radius and diameter may be approximated 

by the hydraulic radius rh and the equivalent diameter de respectively, 

given by 

= BS 

2(B+S) 

and 

(cf.Equation 2.36) 

Hence·it was evident that a large frictional pressure loss will 

develop using small bore tubes and ducts. Calculation has shown that 

the largest single frictional pressure loss would occur across the cell 

length. (Appendix 2c). However, small ducts were essential in relation 

to other restrictions inherent in the design of the cell. 

Therefore a pump with sufficient power to produce a delivery rate 

of at least 20!.min- 1 against the total pressure head was chosen· 

(Appendix 2d). 

I 

I 
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iv) Measurement of the flow rate 

The method of flow rate measurement must be convenient to use, 

cover a range of flow rates with reasonable accuracy. Borosilicate glass 

Rotameters with a ceramic float are available in various sizes and are 

suitable for this purpose. An example of the calculation of the 

maximum measurable flow rate through a Rotameter and the method of 

calibration and calibration curves are shown in Appendix 2e. 

3.2.2 Construction details of Cell I, the flow circuit and 
electrical circuits 

'i) The construction of Cell 1 and the working electrodes 

The electrolytic cell is shown diagramaticdly in cross section 

and in plan in Figs.3.5 and 3.6, a general view is presented in Fig.3.7(b). 

The cell body was constructed of Perspex due to its chemical resistance, 

electrical insulating properties and ease of machining. A duct 3 cm 

wide and 1 cm deep was milled into the upper section and the two sections 

were cemented together using Tensol.No.5 Perspex cement and ten; 1.75 in. 

long, 4 B.A. hexagon socket screws countersunk into the Perspex. The 

overall length of the channel was 75 cm and at each end a 25 cm Ld. x 

3.75' cm o.d. Perspex pipe with a Perspex flange (a in Fig.3.5) was 

fitted. The flange matched the Q.V.F. backing flange (Type CFl). The 

seal was made using a rubber gasket with a PTFE gasket sheath. The 

point at which the pipes met the duct was profiled to provide a smooth 

hydrodynamic entrance to the duct. A stainless steel drain plug was 

provided at the downstream end of the cell. Two thermometers (lO-80·C) 

were inserted into the channel, through PTFE glands screwed, into the end 

pipes (A-A in Fig.3.5) to enable the inlet, and outlet temperature of the 

electrolyte to be monitored. 

The cathode, 5 cm in length, was machined from 18/8 stainless steel 

to assist removal of electroforms. The stainless steel cathode deck 

(f in Fig.3.8) was mounted ona nickel plated mild ~teel backplate (e in 

Fig.3.8). The anode (f in Fig.3.9) was machined from electrolytic nickel 

and provided with a similar backplate (e. in Fig.3.9). ' A stainless steel 

'jacking' plate (a in Figs.3.8 and 3.9) was. used to maintain the rubber 
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Cell I and ancillary apparatus 

a) Overall view of flow system 1. reservoir, 
filter and Rotameters. 

b) Cell 1 in position in flow system 
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gasket'seal between the electrode assembly and the cell. The electrode 

and backplate were mounted in the cell, flush with the exterior wall. 

The jacking plate was screwed into place over the electrode, by 12 x 2 

BA hexagon head screws (b in Figs.3.8 and 3.9). The rubber gasket was 

then compressed by evenly tightening the 12 x 6 BA hexagon head grub 

screws (c in Figs.3.B and 3.9). The electrode assembly is shown in 

Figs.3.l0, a and b. The cathode deck, mounted in the cell is shown 

in Fig.3.l0c. The electrical connection was, made by screwing a brass 

adaptor into the electrode backplate (d in Figs.3.8 and 3.9). 

ii) The construction of the flow circuit 

The circulation system,(and the electrical circuit) used when 

operating Cell 1 is shown schematically in Fig.3.ll. An overall view 

is shown in Figs. 3.7(b) and 3.12. The pipework was constructed from 

1" tubing except for connecting pieces. Corning Q.V.F. glassware and 

associated joints, taps, etc. were used throughout (except where 

indicated) and the unit supported on a wall-fixed Dexion frame. The 

reservoir (i in Fig.3.ll) was of 30 i capacity and the electrolytes were 

heated by three 500W silica-sheathed immersion heaters (f in Fig.3:\O 
"\\ 

mounted on Perspex brackets. The temperature was regulated using a 

contact thermometer (i in Fig.3.ll) and mercury switch. 

The pump (d in Fig.3.ll) was a Beresford centrifugal pump (Type 

PV3l). The shaft was of EN58J stainless steel. The motor was a fan

cooled series wound type operating at 4,000 to 4,300 r.p.m. and controlled 

by a Triac-type speed controller which allowed high-power operation with 

large reductions in r.p.m. Under normal operating conditions the pump 

was capable of delivering -20 t min-I'. Connections to and' from the 

pump were made using internally threaded Portex polythene tubing (0 in 

Fig.3.ll). 

The rate of flow of the electrolyte was roughly controlled by 

means of the speed-controller and fine adjustments were made using the 

diaphragm valve (3 in Fig.3.ll) and the flow was directed through the 

appropriate Rotameter (h in Fig.3.ll) by means of directional valves (4) 

and (5) (Fig.3.ll). 'The Rotameters were Rotameter Limited, 
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a) 

cl 
Cell 1. Cathode assembly 

a) Cathode deck, rubber gasket and jacking plate. 

b) Cathode deck and jacking plate 

c) Cathode and jacking plate in position in cell 
with electrical connection (n.b. also reference 
electrode and Luggin capillary assembly used for 
development purposes). 
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Types 18X and 35Xwith K type floats. One type was designated fo'r 

flow rates of up to 3Jl. min- I and the other for rates up to 25Jl.min- l • 

The electrolyte solution was continuously filtered through a Q.V.F. 

(PCF1) ceramic filter (3~m) ({g) in Fig.3.11), to remove any anode 

or other sludge. The entrance pipe to the cell, which was of 1 in. 

bore was heated by means of a 'Hotfoil', 200 w. heating tape «n) in 

Fig.3.11) and the pipework was lagged with glass wool as required. 

iii) Power supply and Electrical circuits 

The main power supply was through a Farne11H30/100 low ripple 

transformer rectifier unit ({c) in Fig.3.11). The power was fed to 

the electrodes via 70A copper cable. The supply was operated manually 

or remotely programmed by either a constant voltage input (5 A V-I) or 

from the constant voltage across an external resistance (0.05 A ohm-I) 

(a in Fig.3.11). The constant voltage was provided by a Farnel1 L 30 E,. 

0-30 V, SA power supply and the standard resistance was obtained from a 

resistance box of tolerance 0.1% and range 0-10,000 ohm. This procedure 

enabled the desired constant current to be applied rapidly and accurately, 

which was essential for short electroforming operations at high current 

densities. 

The current was measured indire'ctly by determining the voltage 

loss across a 0.005 ohm high current standard resistor ({k) in Fig.3.11) 

in series in the circuit. The voltage drop (in mV) was measured using, 

a high impedance digital voltmeter (Sinc1air, DV450 (b) in Fig.3.11). 

Annotation for Fig.3.11 

a) Remote programming unit for main power supply (Farnell L 30E, 0-30V 
power supply or JJ resistance box 0-10,000 ohm) 

b) Digital voltmeter (Sinc1air, DV450) 

c) Main power supply (Farne11, H 30/100) 

d) Centrifugal pump (Beresford, Type PV 31) 

e) Contact thermometer 

f) Silica sheathed immersion heaters (SOD W) 
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g) QVF filter (Part No.PCF 1, 3011 ceramic filter) 

h) Rotameters (Types 18X and 35) 

i) Glass reservoir (30J/. capacity) 

j) Thermometers (10-100·C) 

k) Standard resistor (0.005 ohm, 100A) 

1) Cathode deck 

m) Anode deck 

n) Heating tape ('Hotfoil' 200W) 

0) Polythene tube (1" i d Portex tube) 
(All other tube was Corning QVF 1" bore_ (excluding the 
appropriate connecting pieces to the Rotameter) 

1) Diaphragm valve (QVF No.SVl. 5) 

2) T-Port Stopcock (QVF No. TST!) 

3) Diaphragm valve (QVF No.SV!) 

4) L-Port Sopcock (QVF No.TSL1) 

5) L-Port Stopcock (QVF No.TSL1) 

3.2.3 Electroforming procedures using the Mk1 parallel plate cell 

i) Preparation of electrodes 

The nickel anodes were polished to a 600 grit silicon carbide 

finish and degreased using Genklene (ICI),prior to insertion in the 

-flow cell. 

The stainless steel cathodes were polished to a series of finishes 

of which a 1200 silicon carbide or 611m diamond provided the optimum 

surface conditions necessary to achieve adequate adhesion during deposition 

combined with good post formation foil stripping characteristics after 

removal of the electrode from the cell. The cathode was subsequently 

degreased using Genklene (ICI) either in an ultra-sonic bath or vapour 

degreased. This procedure was followed by an electrolytic alkali cleaning 

process of which the following method (347) was found to be satisfactory: 
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Electrolyte composition: 

Sodium hydroxide 

Tri-sodium phosphate 

Sodium silicate 

Operating conditions: 

25 g R.- 1 

75gR.- 1 

7.5gR.- 1 

Temperature 70 - 80·C 

Anodic 1 min @ 5 A dm-' 

Cathodic 2 min @ 20 A dm-' 

The counter electrode was a lead sheet. The cathode deck was sub

sequently rinsed with water, and excess alkali and surface films 

removed with a 5% sulphuric acid solution, followed by a second 

rinsing with distilled water. The cathode was then screwed to the , 
backing plate, and the complete electrode assembly bolted into the 

cell. 

ii) Preparation of the electrolyte 

The electrolyte was based upon the concentrated nickel su1phamate 

plating solution developed by Kendrick(1). The electrolyte had the 

basic composition 600 g R. -I nickel sulphamate (BDH Ltd. 900 g R. _I 

solution),40 g R.-1 Boric acid (Fisons Ltd., A.R.Grade),pH-4.0. 

Certain solutions also contained 5 gR. -1 nickel chloride (Fisons 

Ltd., A.R.Grade) where required. The solutions were made up to the 

required volume using distilled water. When necessary the surface 

tension of the electrolyte was reduced by the addition of 52 mg R.-1 

Fluowet S.P. (Hoechst UK Ltd.). 

The nickel sulphamate solutions were conditioned as described in 

the literature (p.96) in batches of 25 to 50 R. in a paddle stirred 

subsiduary tank. The electrolyte was heated by silica-sheathed immersion 

heaters and the temperature controlled by a contact thermometer or 

mercury phial thermostat. 

below: 

The three conditioning processes are summarised 
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a) Activated charcoal treatment: Approximately 1.3 g t-I of acid~ 

washed activated charcoal was added to the electrolyte, which was then 

continuously stirred for 24 h at 60·C. The carbon was removed by 

pumping the solution through washed glass-fibre wool and filter-pulp 

until free of particles. 

b) Low current density treatment: 

were electrolysed for -10 A hr t-I 

The nickel sulphamate solutions 

between terylene-bagged electrolytic 

nickel anodes (Cannings Ltd.), and a corrugated nickel foil cathode. 

The current density at both the anode and cathode was 0.0054 A cm-·. 

c) High current density treatment: This was similar to the low current 

density treatment except that the cathodic current.density was 0.043 A cm-·. 

Hul1 cell tests 

The nickel sulphamate electrolytes were all pre-conditioned to 

give semi-bright, low-stressed deposits in Hull cell tests (450 cm" in 

volume). The electrolyte was operated at 60·C and stirred by a magnetic 

stirring bar. 

iii) Operation· of the flow cell 

The bulk of the electrolyte was pre-heated prior to fitting the 

electrodes in the cell. The reservoir heaters were switched on and the 

solutions agitated by pumping air, pre-saturated with water, through 

the electrolyte. After both electrodes. had been fitted into the cell, 

the flow circuit was opened to the appropriate. Rotameter and the cell 

flooded. The system took -1.5h to equilibrate at the required tempera

ture. The operating temperature was measured at both ends of the cell. 

After equilibration, the flow rate was adjusted using the pump speed 

controller and the diaphragm valve «3) in Fig.3.l0). The deposition 

current was pre-programmed for the power supply, the electrical leads 

connected to anode and cathode and electroforming commenced. Deposition 

was continued for a predetermined time to give foils of known thickness. 

The deposition time was measured using a stop watch. After deposition 
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the current was switched off and the cell isolated. The cathode 

was then removed from the cell and the deposit washed in hot running 

water, distilled water and then acetone. 

The foil was carefully removed from the substrate and weighed 

accurately. 

The plating time to give foils of constant thickness and the 

current efficiency were calculated using the following equations: 

Calculation of plating time and current efficiency 

Since 96,495 ± 5 coulombs (1· Faraday) will deposit 58.7 
2 

(= mol.Wt.)g of nickel, the electrochemical equivalent of nickel (Eel) 
2 

is given by the following expression (Equation 2.3): 

58.7 x 1 = 
2 96,495 

The mass of nickel, deposited theoretically (G) is then given by: 

G = I t Eel •• (2.2) 

The current efficiency for nickel electrodeposition may be calculated 

from: 

Current efficiency Ni = Wt. of nickel deposited 

i t Eel 
x 100% 

The time (t) to electroform a foil of thickness (d) (at 100% 

current efficiency) is given by: 

where 

A = Area of the electrode 

p = Density of nickel, 8.90 g cm-' 
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As will be seen from the results of Section 4.1, several 

improvements to the design of the Mk 1 cell were considered necessary 

to improve the performance and flexibility of the cell. The following 

section details the design and construction of the Mk 2 cell. The 

general design procedure is similar 'to that described for Cell I 

(Section 3.2.1). 

3.3 The design construction and operation of the Mk 2 parallel plate 
cell and ancillary equipment 

3.3.1 Design of Cell 2 and the modified flow system 

The electroforming studies undertaken using Cell 1 (Section 4.1) 

had identified certain unforeseen limitations of the original cell 

design. As a consequence, a modified cell design was necessary to 

eliminate undesirable effects and enable an expanded investigation to 

be carried out. The basic approach to the design of Cell 2 was 

similar to that envisaged for the design of Cell 1 (Section 3.2). 

However, the original cell specification was modified to include the 

following features: 

, i) A method, of dividing the cell and separating the anode and cathode. 

The specified mass transfer considerations were to be maintained 

as for Cell 1. 

ii) The critical dimensions of the cell were to be as follows: 

An inter-electrode gap of <1 cm and a duct breadth of-3 cm. 

A demountable electrode system, with cathodes 2.5 cm and 10 cm in 
length. 

A hydrodynamic entrance length of -50cm. 

iii) The maximum Reynolds number to be maintained at -Re 14,000 with a 
volumetric flow rate of up to 36 ~ min-i. 

iv) An increased anode length of 25 cm. 

So as to maintain the required rates of mass transfer, the flow 

system was also upgraded to enable larger volumetric flow rates. 
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Separation of anode and cathode 

While carrying out electroforming operations in Cell I, it was 

found that gases, evolving at the anode under some operating conditions 

were reaching the horizontal cathode (Section 4.1)~ Such phenomena 

may have an unpredictable effect on cathodic rates of mass transfer. 

The problem was most easily resolved by the provision of a porous poly

thene separator or diaphragm dividing the cell into two compartments 

of equal dimensions. 

Hence the anode and cathode. compartments were separated and 

anode gases were prevented from effecting mass transfer at the cathode. 

The critical dimensions of the cell and electrodes 

Duct breadth and inter-electrode separation 

The considerations relating to these parameters were similar to 

those of Cell 1. Therefore, the inter-electrode gap (S) was maintained 

at 1 cm and the channel width (B) at 3 cm. 

Aspect ratio·and equivalent diameter of the cell 

In calculating these quantities, the duct height (S') was taken as 

the distance between the electrode and the diaphragm (0.5 cm). 

The aspect ratio of the cell 

of theory). 

(.:...:.) 
B 

was 0.5 -0.16 
3 

(and kL Laminat·>96% 

The equivalent diameter (de) of each cell compartment was 

calculated from (Equation (2.36»: 

de = 
2 B S· 2.x 3 x 0.5 -0.857 cm = 
B + S· 3 + 0.5 

Hence the introduction of the diaphragm resulted in a decrease in the 

effective equivalent diameter, which would in turn influence the 

selection of cathode lengths and the overall rate of mass transfer. How

ever, the hydrodynamic conditions in the cell will- also be effected. 
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Cathode lengths 

The cell was to be constructed to 'enable cathodes of various 

lengths to be used. The cell was to be operated using both 'short' and 

'long' electrode systems. 

For, 'short' cathodes 2.5 cm in length, the dimension1ess electrode 

length (L/de) was 

2.5 
= 0.857 - 2.92 

The maximum cathode length was 10 cm resulting in a dimension1ess 

cathode length of 

= 10 -1l.7 
0.857 

Hydrodynamic entrance length 

The entrance length of the cell (Le) was kept at 50 cm to allow, 

the new cell to be bolted into the existing rig. This value corresponds 

to an entrance length of about 58 equivalent diameters' (cf. Cell 1, p.ll4). 

Anode length 

The anode area was increased to 25 x 3 .. 75 cm in an attempt to 

increase the dissolution efficiency and modify the gas flow pattern in 

the anode compartment. 

Flow rate considerations 

An increase in the volumetric flow rate through the cell was 

necessary to maintain a, Reyno1ds number of-Re 14,000. The reduction 

in equivalent diameter to 0.857'cm required an increase in flow velocity 

to -200 cm s-I (since Re = U de). Hence the required volumetric flow 

rate (Q) was v 

Q = 60 U S B 

.. 60 x 200 x 1 x 3 

- 36,000 cm 3min-1 -36 R. mins- 1
• 



128 

Mass transfer considerations 

In turbulent flow, the rate of mass transfer to 'short' cathodes, 

less than 8 de in length, may be described by Equation (2.67) 

2 , I, Shav = 0.145 Re'S Sc'S de • 
L 

• •••• (2.67) 

The above equation was applied, for design purposes, to cathodes 

2.92 de in length. At the maximum flow rate, corresponding to Re-14,000 

the limiting current density at 60'C was calculated to be -6.5 A cm- 2 • 

Similarly, for 'long' cathodes, the appropriate design equation 

was the Chi1ton~Co1burn analogy, 

• •••• (2.66) 

With cathodes 11.7 de in length, operating at Re 14,000, the 

limiting current density was calculated to be about 4.8 A cm- 2 • 

In 1aminar flow, the mass transport rate for both cathode 

systems may be described by a single equation 

ShAV = 1.85 {Re Sc ~e } 8.33 • •••• (2.49) 

At Re 2,000 the limiting current densities were calculated as 

-1.6 and.-l.0 A cm- 2 for cathodes 2.92 de and 11.7 de in length 

respectively. 

Detailed sample calculations are shown in Appendix 2b. From 

this analysis it was evident that the mass transfer rates were maintained 

and, in some.cases, significantly improved. 

Modification to the flow system 

The increased flow rates ( -35 R. min- I ) required with Cell 2 

necessitated replacing the original pump, with one with a greater through

put. A third Rotameter was also required to measure the larger flow 

rate. The Rotameter calibration curves are given in Appendix 2e. The 
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factors effecting the choice of pump and Rotameter have been discussed 

earlier (Cell 1, p.1l6-118 and Appendices). 

The flow circuit was modified to include a 'by-pass' system. 

The flow velocity through the cell was to be controlled by two valves. 

The excess electrolyte would be diverted through the by-pass and 

returned to .the reservoir. This arrangement would allow more con

venient flow control. 

3.3.2 Construction details of Cell 2, the flow circuit and electrical 
circuit· 

The construction of Cell 2 

The flow cell is shown diagramatically in cross-section and in 

plan in Figs.3.13 and 3.14. ·The cell was again constructed from 

Perspex, in two sections. A duct 3 cm wide and 0.5 cm deep was milled 

into the upper and lower sections. A porous polythene (Vyon F, 1.5 mm 

thick, Porvair Ltd.) separator or diaphragm was inserted between the 

two sections. The cell was sealed by a nitrile rubber '0' ring set 

into the lower section and bolted together using 38 (O.2Sin. Whitworth) 

stainless steel bolts 1.75 ins. long. The overall length of the 

channel was 75 cm with a 50 cm entrance length. At each end of the 

channel, a 2.5 cm i.d. x 4 cm o.d. Perspex pipe, 15 cm in length was 

screwed into the cell body (Fig.3.1S). The Perspex flange matched 

the QVF backing flange: (type CFl) used on the pipework. This joint 

was sealed with a rubber gasket with a P;T.F.E. gasket sheath. The 

point on which the pipes met the duct was profiled to provide a smooth 

hydrodynamic entrance to the duct. A stainless steel drain plug was 

provided"at the downstream end of the cell. 

The temperature at the inlet and outlet of the cell was monitored 

by two thermometers (20-100·C) screwed into the cell body via P.T.F.E. 

adapters. The assembled cell with the cathode (top) and anode (bottom) 

in place is shown in Fig.3.16. 
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Cathode construction 

The electroforming cathodes (Fig.3.l7) were machined from lS/S 

stainless steel or Nickel 200, to assist removal of the electroforms. 

The maximum electrode length was 10 cm. When cathodes of reduced 

length (2.5 cm) were used, a Perspex block was screwed to the backing 

plate to provide a smooth hydrodynamic surface (Fig.3.1S). The cathode 

deck was mounted 'on a stainless steel backplate with 6 hexagonal socket 

screws and sealed with '0' rings (Fig.3.l9). 

The capillary tube for electrode potential measurements was 

positioned via a stainless steel adapter screwed into the backing plate 

and also '0' ring sealed (Fig.3.l9). The'tube (Portex poly thene, 1.27 mm 

o.d. x 0.S6 mm i.d.) was an interference fit within the adaptor and a 

clearance fit through the cathode block. The Luggin probe was located 

7 cm from the leading edge of a 10 cm cathode. 

The electrode assembly was bolted into the cell by 6, 0.25 in. 

Whitworth bolts, 1.5 in. in length, projecting through the cell and 

insulated from the cathode deck by polythene washers. A seal was 

achieved using an '0' ring set into the cell. 

Anode construction 

The anode was machined from electrolytic nickel anode material 

(Cannings and Co.Ltd.). The overall anode length was 25 cm. The 

anode block was mounted on a stainless steel backing plate by 10 hexagon 

head socket screws and sealed with '0' rings (Fig.3.20). 

A capillary tube adaptor identical to that used for the cathode 

was screwed into the backplate. The Luggin probe was located 17 cm 

from the leading edge of the anode. The complete electrode assembly 

is shown in Fig.3.l9 

The electrode assembly was bolted into position by fourteen 

0.25 in. Whitworth bolts, 1.5 in. in length projecting through the cell. 

The anode was sealed by an '0' ring, set into the cell. 
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The construction of the modified flow circuit, 

A series of modifications was made to the flow circuit to 

allow for the higher flow rates required for Cell 2. The re-designed 

system is shown'schematically in Fig.3.22 and an overall view in Fig. 

3.21: A !!lore flexible system was considered necessary for the 

incorporation of any future cell modifications. 

A pump of increased flow capacity was necessary to enable higher 

Reynolds numbers to be obtained. The centrifugal pump (d) used was a 

Jabsco pump (ITT Ltd. Type 21510-200-01) with an epoxy plastic body 

and a neoprene rubber impeller. The shaft was of epoxy plastic with 

a mechanical seal with a carbon face and a ceramic seat seal. Operating 

at 1,500 r.p.m. the pump could deliver -35 JI. min- 1 under normal operating 

conditions. Connections to the pump were made via polypropylene 

adaptors to.externally threaded 1 in. i.d. polypropylene tubing (0). 

The type35XRotameter could be replaced by a type 47 Rotameter allowing 

flow rates of up to 35 JI. min- 1 of nickel sulphamate based electrolyte 

to be measured (h in Fig.3.22). 

The flow rate through the cell was controlled accurately by 

means of a 'by-pass' arrangement. The 'by-pass' consisted of a T-

piece and' diaphragm valve (No.6 in Fig.3.22) by which the electrolyte 

could be directed through 1 in. Ld. Po.r.tex polythene tubing (p) and 

returned to the reservoir. The flow rate through the cell was regulated 

by adjustment of the flow cell control valve (No.3 in Fig.3.22),and the· 

'by-pass' control valve (No.6 in Fig.3.22). The basic layout of the 

remaining circulation system was as for Flow Circuit 1. The pressure 

at the pump head was monitored by a stainless steel tube Bourdon gauge,' 

(Q) (Budenberg, Type 316). 

A subsidiary pump (Beresford, Type PVl) enabled the pre-conditioned 

electrolyte to be'transferred' from the conditioning tank via a holding 

vessel (25)1.' polythene aspirator) to the main reservoir (Fig.3.21c). 

Power supply and electrical circuits 

The power supply and electrical circuits were described previously 

in Section 3.2.1b. 



Fig.3.21 Cell 2 and ancillary apparatus 

Overall view of flow system 2 reservoir, 
Rotameters, filter and by-pass. 

· 
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3.3.3 Electroforming procedures using the Mk 2 parallel plate cell 

i) Preparation of the electrodes 

The electrodes were prepared as described previously in Section 

3.2.3.i). When using nickel cathodes, the cleaning operation was 

similar, although a longer anodic electrocleaning cycle was found 

advantageous to assist with removal of the foil electroform. 

ii) Preparation of the electrolyte 

The electrolyte was prepared as described previously in Section 

3.2.3.ii) • 

iii) Operation of the flow cell 

The basic operating procedure was as described previously in 

Section 3.2.3, however, the flow rate through the cell was adjusted 

using diaphragm valve 6 in Fig.3.22, and hence altering the flow of 

electrolyte through the 'by-pass' circuit. 

Annotation for Fig.3.22 

a) Remote programming unit for main power supply (Farnell L 30E, 0-30V 
. power supply or JJ resistance box, 0-10,000 ohm). 

b) Digital voltmeter (Sinclair, DU 4S0). 

c) Main power supply.(Farnell, H 3D/lOO) 

d) Centrifugal pump (ITT Type 21510-200) 

e) Contact Thermometer 

f) Silica sheathed immersion heaters (SOOW) 

g) QVF filter (part No.PCFI, 30wn ceramic filter) 

h) Rotameters (Types laX and 47, the 18X tube could be replaced 
by a Type 3S tube) 

i) Glass reservoir (30 Jl. capacity) 

j) Thermometers (10 - 100·C) 

k) Standard resistor (O.OOS ohm, 100A) 
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1) Cathode deck 

m) Anode deck 

n) Heating tape ('Hotfoil' , 200W) 

0) Polypropylene tube (2 cm Ld. ) 

p) Polythene tube ('Portex' 2.5 cm L d.) 

All other tubing was Corning QVF 1" bore, (excluding 
the appropriate connecting pieces to the Rotameters etc.) 

q) Pressure gauge (Budenburg, stainless steel tube) 

r) Remote junction reference electrode assembly 

1) Diaphragm valve (QVF No.SV 1.5) 

2) Polypropylene tap 

3) Diaphragm valve (QVF No.SV 1) 

4) L-Port Stopcock (QVF No.TSL 1) 

5) L-Port Stopcock (QVF No.TSL 1) 

6) Diaphragm valve (QVF No.SV 1) 

3.4 Mass transport and current current distribution measurements in 
the acid copper sulphate electrolyte in the Mk 2 
parallel plate cell 

The electrodeposition of copper was used· to characterise the 

cell. This system allows limiting currents to be. readily measured 

and the solution properties (viscosity, density and diffusion 

coefficients)are available in the literature (ref.342). 

Copper was electroplated from an electrolyte of the following 

composition: 

0.0014 moles dm- 3 Copper sulphate (CuSo~ • 6H.0) 

and 

1.5 moles dm- 3 Sulphuric acid (H.SO~) 

All reagents were Fisons AR grade dissolved in distilled water. The 

acid acted as an inert supporting electrolyte. The overall reduction 

reaction was: 
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The measurement of the limiting current density for the above 

reaction enabled mass transport and current distribution measurements 

for Cell 2 to be determined for a range of deposition conditions. 

The results of these measurements were used for later comparison 

with the nickel sulphamate system. 

3.4.1 Mass transport measurements 

Construction of copper electrodes 

The stainless steel cathode and anode decks normally-used for 

electroforming nickel were replaced by electrodes suitable for the 

deposition of copper. The cathode (Fig.3.23a) was constructed from 

annealed, rolled copper strip, 4mm. thick, screwed to a Perspex mounting 

block. Electrical contact to the electrode was achieved via two 

copper posts brazed to the copper strip and projecting through holes 

drilled through the Perspex block. The complete assembly was screwed 

to the conventional stainless steel backing plate, allowing the electrode 

surface to remain flush with the cell walls. The effective cathode 

dimensions were 9.74 x 2.75 cm. 

Anode 

The anode was machined from the same material as the cathode and 

mounted in a similar manner. The counter electrode was of the same 

dimensions as the working electrode. The remaining electrode space 

within the cell was taken up by two Perspex blocks, allowing the anode 

to be positioned directly opposite the cathode (Fig.3.2 3b). 

Measurement of the cathode potential 

The electrode potential ,;as measured with respect to a copper 

wire reference electrode. The copper wire, insulated along its length 

with polythene tubing, was inserted through the cathode via the capillary 

tube holder (Fig.3.23~); _ The reference wire projected through a 2mm 

hole drilled through the copper electrode block, 7 cm. from the leading 

edge of the working electrode, into the flowing electrolyte. 



c) 
Fig.3.23 -. Electrodes used-.for copper electrodeposition 

a) copper cathode 

b) copper anode 

c) cathode (top view) and copper reference 
electrode 
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Analysis of the bulk concentration of copper ions·(ref.348) 

A 4 cm' aliquot of the electrolyte was. withdrawn from the 

reservoir and diluted to 1000 cm' with distilled water. The copper 

concentration of the diluted electrolyte was determined by atomic· 

absorption spectroscopy using an Instrument Laboratory Ltd. Atomic 

Absorption/Emission Spectrophotometer Model IL15l, equipped with a 

lamellar burner head. The sample was aspirated into an air acetylene 

flame and the absorption of radiation of wavelength 342.2 nm deter

mined at a bandwidth of 0.5nm. The instrument was previously cali

brated with suitable copper standard solutions (4~g cm-' diluted from 

1000 ~g cm-' stock standard solution (Fisons Ltd.». 

Calibration of Rotameters 

The method of calibration and the calibration curves are given 

in Append ix 2e. 

Preparation of copper electrodes 

The electrodes were polished to a 1200 grit SiC. finish and 

degreased with acetone prior to use. The copper reference electrode 

was then screwed into position and the insulation between the cathode 

deck and the reference wire checked. 

When cathodes of reduced length were required, the effective 

electrode length was defined by masking the remaining area with a 

proprietary 'stopping-off' lacquer ('Lacomit'). The lacquer was air 

dried before. the electrode·was bolted into the cell. 

Deposition procedure 

Both electrodes were bolted into the ·appropriate positions in. 

the cell. The flow rate and temperature were determined in the usual 

manner (p.123).· When the required equilibrium temperature had been 

attained, deposition was commenced. 

Copper was deposited using a potentiodynamic technique (Fig.3.24). 

The potential of the cathode was controlled with respect to the copper 

wire reference electrode (Curef) by a Thompson Associates potentiostat 
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(Mini-stat-1A/28V) driven by a linear voltage ramp generator (custom 

built, motor driven po~entiometer). The rest and control potentials 

were measured using a digital voltmeter (Sinclair Electronics, DM350). 

The current response was determined by measurement of the 

potential difference across a suitable measurement resistor in series 

with the secondary electrode. The current-potential data were recorded 

on a Servoscribe y/t chart· recorder (type Re 511.20) •. , 

The cathode was pre-plated with copper at an overpotential of 

-2OmV for 15 mins. to provide a uniform surface. The electrode was 

allowed to come to equilibrium and the cathode potential was then 

decreased from the rest potential (0 mV vs Cu f) at a ramp rate of re • 
60 mV s-I). . The corresponding current response was recorded on the 

chart recorder at a chart speed of 30 mm min-I~. 

The deposition of copper was terminated when the limiting 

current was exceeded and the increased current due to hydrogen evolution 

was evident (n< -700 mV vs CUref.)' 

Data were subsequently transferred from the chart (as an lIt 

curve) to overpotential/current 

graphically. as n versus log i. 

density (n/i) co-ordinates and displayed 

From these 

density was. evaluated and the mass transfer 

follows: 

graphs the limiting current 

data then calculated as 

Example calculation of mass transfer data for copper deposition 

The following mass transfer data were derived fur the polarisation 

curve 22L (Fig.4.40). The curve was obtained in the laminar flow 

regime at a measured flow velocity (U), of 10.72 cm s-I and a tempera

ture of 32.1°C. The cathode was of effective length (L) 8.01 cm and 

22.0 cm' in area (A). 

0.857 cm (p.126). 

i) The dimensionless 

de = L 

" 

The equivalent diameter, de, of the cell was' 

electrode length (~) was given by: 
L 

0.857 
8.01 

.2.:.!2.7 
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ii) The Reynolds number ·(Re) describing the hydrodynamic conditions 

within the cell, was calculated from: 

The kinematic viscosity (v) of the electrolyte obtained from the 

data of. Robinson (Fig.3.25) (342) was 0.92 x 10- 2 cm 2 s-1 

. . Re .. 10.72 x 0.857 

0.92 x 10- 2 

.. 999 -
Hi) The limiting current density (iL) was defined as the current density 

in the plateau region of the polarisation curve at E .. -0.45V vs CUref. 

Limiting current densities were corrected (iLcorr) where necessary, 

to account for 'leakage' current through the masking lacquer. 

The magnitude of the 'leakage' current is shown as a function of 

Reynolds number in Fig.3.28. 

For example, from the polarisation curve 22L, the apparent 

limiting current density i L .. 2.80 x 1O- 3A cm- 2 and therefore 

the total current was IL .. 61.60 x lO-'A at E .. -0.45V vs CUref •• 

The area (Am) of the electrode that was lacquered was 4.79 cm". 

From Fig.3.28 the current density (im) on masked area of the 

cathode at Re 999 was 0.28 x 10-' A cm- 2 • 

• • Current on masked area Im = im Am 
= 0.28 X 10-' x 4.79 , 

.. 1.34 X 10-' Amps. 

Icorr The corrected current L on the electrode is given by: 

= I - I·. L m 

= (61.60 - 1.34) x 10-' 

= 60.26 X 10- 3 Amps. 

• • 
.corr the corrected limiting current density 1L = 

60.26 X 10-' 
22.0 
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iv) The mass transfer coefficient, kL,was calculated from (cf. 

Equation 2.15): 

... .. (3.1) 

The bulk concentration of copper ions cb was found to be 

-1.29 x 10- 5 mol cm-', z = 2 and F ~96,500 C. 

. . ·2.73 X 10-' kL = --=:.:.:...:~....:..:::....----':'" 
2 x 96,500 x 1.29 x 10-5 

v) The dimensionless mass transfer coefficient, the Sherwood number Sh, 

is given by: 

~ de 
Sh = 

D 

The diffusion coefficient, D, at 32.1oC was 6.65 x 10-6 cm2 S-I 

(from the data of Robinson (Fig.3.26». 

Sh ~ 1.09 x 10-' x 0.857 

6.65 " 10-6 

Sh " 141 

vi) The physical properties of the solution are described by the 

Schmidt number, Sc 

Sc = ~ 
D 

= 0.92 X 10- 2 

6.65 X 10- 6 

Sc ".,U§i at 32.1°C 

(Calculated from the data of Robinson (Fig.3.27) ) 
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3.4.2 Current distribution measurements 

The segmented electrode 

The measurement of the current density distribution along a 

cathode 10cm (L/de -11.7) in length required the design and con

struction of a suitable electrode for the purpose. The electrode 

consisted of twelve individual segments machined from Nickel 200 bar. 

Each segment provided an effective electrode 3 cm in width and 0.8 cm 

long. The segments were each scre>1ed by two stainless steel, hexagon 

head screws, to a 1 cm thick insulating Perspex backplate. The 

segments were insulated frum each other by strips of polytnene sheet, 

0.036 cm thick inserted between adjacent segments. The overall length 

of the complete electrode was -lOcm and designed to replace the con

ventional electrode. To each of the fixing screws, lm of 6A flexible 

cable was soldered using aluminium solder. The complete electrode is 

shown in Fig.3.29 

Current measurement instrumentation 

The current to each electrode segment was determined by measure

ment of the voltage drop across a standard resistance in series with 

each segment. However, to ensure that the current distribution was 

defined by electrochemical parameters only, the resistance of each 

segment circuit must be the same. This was achieved by mounting a 

10 ohm variable 'trimmer' potentiometer in parallel with the main 25w, 

0.47 ± 5% ohm measurement resistor. Hence by a suitable adjustment 

of the 'tr1mmer',.the resistance of the measurement resistor could be 

adjusted to maintain an equal resistance in each of the twelve indep-

endent circuits. The circuit diagram is shown diagramatically in 

Fig.3.30. The measurement resistors were mounted upon three heat 

sinks. The twelve 'trimmers' were panel mounted for convenience and 

each channel was provided with a 7.5 A fuse. The unit could pass a 

total current of about 80 A. 

The voltage drop across each measurement resistor was monitored 

using a twelve position, single pole switch which enabled each channel 

to be selected in turn. 



r-----------~------ -- -- -

a) 

b) 

Fig.3.29 Segmented cathode for current distribution 
measurements 

a) top view 

b) bottom view 
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Electrical contact to the measurement unit was provided by 

twelve connector post~. Spade connectors soldered to the electrode 

leads ensured a positive, minimum resistance contact. 

Calibration of the measurement resistors 

The resistance between the ,input and each output terminal was 

measured using a four terminal resistance bridge (Croydon Precision 

Instrument Co., Type KBl) with both current carrying and potential 

measurement leads joined. The trimmer potentiometer was then adjusted 

until the input-output resistance of each circuit was the same. 

The potential measurement leads were then transferred to the 

potential measurement terminals of the current measurement unit. The 

resistance ~·O.48 ohm) of each of the twelve measuring resistors was 

recorded. 

Experimental Procedure 

The segmented cathode was pOlished to a 1,200 grit SiC finish 

and degreased using 'Genklene' (I.C.I.). The electrode was subsequently 

fitted into the cell replacing the conventional cathode. The calibrated 

current measurement unit, was, connected by the twelve segment leads 

and the attached spade connectors. The voltage loss across each measuring 

resistor was recorded on a yft char't recorder (Servoscribe, RE 511.20) 

connected between the potential measurement terminals. 

The current distributions for copper deposition were determined 

at limiting and sub-limiting (0.5 iLl current densities. The value of 

the limiting current density was calculated from the results of the mass 

transfer measurements (Section 4.2). Copper was deposited using the 

potentiostat (Section 3.4.1) in the galvanostatic mode (Fig.3.24). 

The cell was flooded, the required flow rate set and the electro

lyte allowed t'o reach thermal equilibrium as described previously (p.123). 

On switching on the pre~programmed current,with the chart recorder 

operating at a suitable chart speed, the twelve position switch could 

be altered to determine the voltage across each measurement resistor. 

The current was calculated from the chart measurements as follows: 

,! 

I 
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Example calculation (copper deposition) 

The area of each segment (As) was 2.4 cm giving a total electrode area (A) 

of 28.8 cm. The average current density (iav) for a total applied 

current I was given by: 

iav = 
I 

A 

Using data from Table 4.18 

0.060 
28.8 

The partial current (Ix) passing through No.l segment was calculated 

from the measured potential difference (V) across the measurement 

resistor of value R. 

Ix = V 
R 

Ix 5.3 X 10-' 

0.498 

and the partial current density (ix) was calculated from 

ix = Ix 

As 

ix " 
10.6 

2.4 
X 10-' 

The dimensionless local current density was given 

ix 4.42 X 10-' . • " 
iav 2.08 x 10-' 

ix 
" 2.12 

iav -
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x . 
The local mass transfer coefficient (kL) was calculated from 

= 
, 4.42 X 10- 3 

2 x 96,500 x 1.29 x 10-5 

k{ =·1.8 X 10- 3 cm s-I 

The fractional distance (~) along the electrode of total length L 
L 

was: 

x 
L 

x 
L = 

0.4 
10 

0.04 -
where x is the distance from the leading edge to the segment centre. 

Similar calculations wp.re carried out for the other segments and 

the,current distribution constructed. 

3.5 Current distribution, electrode potential and mass transport 
measurements in the nickel su1phamate system 

3.5.1 Current distribution measurements 

Current distributions were determined using the segmented cathode 

and instrumentation, described previously in Section 3.4b. Nickel 

foil was deposited on the segmented cathode using the basic electro

forming procedure and the main power supply as described previously in 

Section 3.2.3 and 3.3.3. On switching on the pre-programmed current, with 

the chart recorder operating at a suitable chart speed, the twelve 

position switch, of the current measurement unit, could be altered to 

measure the voltage across each resistor. The current at each segment 

was calculated from the voltage measurements. 
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The cathodic current distributions for nickel were determined 

in laminar and turbulent flow at 60 and 70'C over a range of average 

current densities and anode lengths. 

The current distribution was calculated from the current 

·measurements as follows (cf.p.14l): 

Example Calculation (nickel electrodeposition) 

The area of each segment 

electrode area (A) of 28.8 cm". 

(As) was 2.4 cm" giving a total 

for a total applied current 

iav = I 
A 

using data for Fig.4.l2l: 

iav .. 93.9 
28.8 

.. 0.33 

I was 

A cm-' 

The average current density (iav) 

given by: 

The partial current (Ix) passing through No.l segment was calculated 

from the measured potential difference (V) across the resistor of value 

R. Then Ix was found from 

V 
Ix = R 

0.532 
Ix ... 

0.498 

1.07 Amps 

and the partial current density (ix) was calculated from: 

I 
x 

As 

1.07 
2.4 
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The dimensionless local current density was given by 

Hence ix = 0.45 
.--
1av 0.33 

= 1.37 -
The fractional distance (~) along the electrode of total length L 

L 

was 
x 
L 

x 
L 

= 0.4 
10 

= 0.04 

where x is the distance from the leading edge to the segment centre. 

Similar calculations were carried out for the other segments 

and the current distribution constructed. 

Modification of the anode length and position with respect to 
the cathode in Cell 2 

A technique for altering the length and position of the anode with 

respect to the cathode was introduced to modify the current distribution 

found under normal electroforming conditions. 

Anode preparation 

The anode, of overall length 25 cm, was abraded with 600 grade 

silicon carbide paper and vapour degreased in 'Genklene' (I.e.I.). The· 

areas of the anode not required were masked using 'Lacomit' and p.t.f.e. 

tape to provide greater mechanical strength. The masked electrode was 

stoved at 120°C for 30 minutes to harden the masking lacquer. When 

cool, the anode deck was screwed to the backing plate and bolted into 

the cell. 

3.5.2 The measurement of the electrode potential 

The measurement of the electrode potential in a flowing system 

operated at high current densities presented some difficulty due to 
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the relatively high pressures developed and the possibility of gas 

bubbles blocking the Luggin probe. 

A reproducible value of the electrode potential was achieved 

using a remote junction reference electrode (ElL, 3.8m calomel electrode). 

, The method of measurement is shown ,in Fig.3.31. The polythene capillary 

tube, forming the Luggin probe at the tip, was pushed through a small 

hole bored through the rubber bung into a reservoir containing 

600 g R. -I nickel sulphamate solution: (The boric acid was omitted 

from the rese~voir solution to avoid precipitation of boric acid 

crystals within the capillary tube). The remote ceramic junction of 

the 3.8m calomel electrode was also positioned in the electrolyte reser

voir via a second hole in the rubber bung. The capillary tube could be 

filled with nickel sulphamate solution by the application of slight 

pressure to the rubber bung. 

Determination of cathodic polarisation data for nickel 

The preparation of the electrodes and the operation of the flow 

system was similar to the procedure detailed in an earlier Section. 

The tip of the Luggin capillary tube was set at a distance of 0.5rnm from 

the surface of the cathode for most of the investigation, although some 

experiments were undertaken with Luggin capillary distances of 0.2 and 

0.4rnrn. The adjustment of the Luggin tip was undertaken with reference 

to a metal gauge of the required thickness. The working electrode was 

10em in length and 30cm2 in area. The method of data determination 

was dependent upon the current density range necessary, to comply with 

instrument output capability. 

Low current densities 

For measurement of cathodic polarisation data up to a current 

density of -0.37 A cm- 2 , a potentiodynamic technique was used (Fig.3.24). 

The potential of the cathode was controlled with respect to the 3. 8m 

calomel electrode by a Thompson Associates potentiostat (Minis tat -lA128V) 

driven bY,a linear voltage ramp generator (custom built, motor driven 

potentiometer). The rest potential and control potential were measured 
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Fig.3.31 The Luggin capillary-reference electrode arrangement 
for the measurement of electrode potential 

a) Schematic diagrams of potential measurement 
apparatus 

b) Cathode assembly ~ith Luggin capillary tube and 
the remote junction of the reference electrode 
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using a digital voltmeter (Sinclair'Electronics, DM 350). The 

current was determined by measurement of the potential difference 

across a suitable resistor in series with the secondary electrode. 

The current - potential data were recorded on aServoscribe y/t chart 

recorder (Type RE 511.20) running at a speed of 2mm s":"I·. 

The cathode was initiallY galvonostatically pre-plated with 

nickel, at a current density of 0.005 A cm-' (Re -3,800) for 30 mins. 

to give a more reproducible ,surface. The cathode was allowed to reach 

equilibrium again before the rest potential was measured. The potential 

was then decreased, from the rest potentials, at a rate of -1 mV s-l. 

Data recorded on chart as current (as a function of voltage) versus 
, , 

time, was converted into current density (i) and cathode potential (E); 

and transferred to E versus log i co-ordinates. 

Polarisation curves were determined, for the normal electroforming 

condition, in air saturated electrolytes. Additional data was 

obtained for electrolytes de-oxygenated by passing nitrogen through the 

solution in the reservoir. 

High current densities 

At current densities of up to 2 A cm-' a galvanostatic technique 

was used to obtain cathodic polarisation data. The apparatus was set 

, up as for the conventional electroforming procedure. The cathode 

potential was measured, versus the 3.8m calbmel electrode by a high 

impedence (to I 0 ohm) digital voltmeter (Sinclair Electronics, D.M.350). 

The cathode was pre-plated in the same manner as for the low current 

,density measurements. ,The electrode was allowed to return to equili-

brium and the re,st potential measured. The current density was 

increased by increasing the programming resistance of the power supply. 

The corresponding electrode potentials and'the overall cell voltage 

were recorded for each current density. 

The current was increased until excessive hydroxide formation 

resulted in a rapid increase in electrode potential to values of several 

volts Or the output voltage of the power supply was exceeded. 
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Determination of anodic polarisation data 

The electrolytic nickel anode was abraded with 600 grade S.C. 

and degreased with 'Genklene'. A proportion of the electrode was' 

masked using Lacomit and P.T.F.E. tape, to leave exposed a centrally 

positioned effective electrode 9cm in length and 27cm2 in area. The 

Luggin capillary system was fitted into position with the capillary 

tip protruding 0.5mm from the anode surface. ,The complete electrode 

assembly was then bolted ,into the cell. 

The instrumentation used and the method of obtaining the anodic 

polarisation data were similar to that used for the cathodic polarisa

tion data (p.145). The anode was pre-treated by a constant potential 

procedure at +1.0V (SHE) for 5 min. 

3.5.3 Measurement of cathodic mass transfer coefficients - 'silver 
tracer' method < based on a method described in ref.344) 

The conventional method for measurement of mass transfer coeffi

cients in electrochemical cells, is to relate the limiting current' 

density for the reduction reaction to the mass transfer coefficient. 

However, when operating with many concentrated electroplating solutions 

this technique is impractical. The problem was overcome by employing 

a 'silver tracer' method. A low concentration of a second ion, in 

this case silver, was added to the plating solution. The second ion 

was co-deposited with nickel, at the ma'ss transfer controlled rate. 

Analysis of the deposit for silver enabled the apparent limiting current 

density for silver deposition to be calculated. This figure may then 

be related to the' limiting current density for nickel reduction and a 

mass transfer correlation for the process, in the presence of con

comitant gas evolution, derived. 

The electrolyte composition 

The solution had the following composition: 

Ni 2 + (as Ni (SO.NH2 )2 • 4H 2 0) 

pH 4.0 
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The chloride ion wag omitted to prevent the precipitation of 

silver (as Ag Cl). The electrolyte was purified by pre-electrolysis, 

as described previously (Section 3.2.3). To this solution was then 

added 6 to 15 g cm- 3 of silver ions (as Ag N0 3 ). 

Electroforming procedure· 

The stainless steel and nickel cathodes were prepared as 

described in Section 3.3.3 and bolted into the. cell. The cell was 

flooded and the heaters and pump switched on. When thermal equilibrium 

had been attained (60 ± O.lOC), three 2cm" aliquots of the electrolyte 

were withdrawn from the reservoir for later analysis. 

The flow rate was adjusted, uflingthe appropriate diaphragm 

valves to the required value. Nickel was then electroformed using 

the method described previously (Section 3.3.3). Two cathode lengths 

were studied. The 'short' electrode was 2.5cm (L/de -2.92) in length 

and the 'long' electrode was 10cm (L/de -11.7) in length. The foil 

was deposited at 0.4 Acm-' for -165 s to electroform foil -25~ thick. 

The anode in both cases was 25cm in length. 

When deposition was complete, the cathode was removed from the 

cell, rinsed in hot water, then distilled water and dried. The foil 

was carefully stripped from the electrode using a scalpel and weighed 

prior to the analysis for silver. 

Method of analysis for silver 

Preparation of solutions 

The deposit 

(Dilutions quoted are typical for foils 2.5cm in length. 

The equivalent dilutions for foils lOcm in length are shown in 

parenthesis). 

The nickel electroforms, containing trace amounts of silver, 

were dissolved in 5cm3 of concentrated nitric acid in 50cm" Enlenmeyer 

flasks, warming gently over a hot plate to Rssist di~solution. When cool 

the acid solution was diluted by .the addition of _20cm3 of distilled 
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water,. The solution was then quantitatively, transferred to a 50cm3 

(250cm3 ) volumetric flask and diluted to volume with distilled water. 

To each of three 25cm3 volumetric flasks was added a 5cm3 

aliquot of the, above diluted solution and a known 'standard addition' of 

silver ions. The standard addition was added quantitatively from a 

5cm' : burette containing a lOOllg cm-' standard 'solution of silver (as 

AgNO.). (O.25cm3 ' of the standard, when diluted 

a standard addition of lllg cm-'). 

positions were prepared: 

Solutions of 

to 25cm3 represented 

the following com-

y + 0 llg cm-' Ag 

y + 1 llg cm-' Ag 

y + 2 llg cm- 3 Ag 

where y represents, the unknown concentration of silver in the solution. 

The solutions were analysed for the silver concentration by atomic 

absorption spectrophotometry (A.A.S.). 

The electrolyte 

To the three 2cm3 aliquots of the nickel sulphamate based electro

lyte, sampled immediately before the electroforming operation, were 

added 'standard additions' of silver using the Same method as used for 

the deposit solutions. Typically the electrolyte samples were diluted 

to 25cm' with distilled water" to produce solutions of the following 

compositions: 

x + 0 ~ cm- 3 Ag 

x + 1 ~ cm- 3 Ag 

x + 2 ~' cm- 3 Ag 

where x represents the unknown concentration of silver ions in the 

solution. The solutions were again analysed by A.A.S. 

Analysis of prepared solutions for silver 

(The background to this analysis may be found from ref.348) 

The silver concentration of both electrolyte and the electro-
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deposit were determined by the. method of standard additions. This 

was necessitated by the difficulty of reproducing standard solutions. 

of. identical matrix composition to the sample. The silver concentra-. 

tions of the solutions were maintained within the linear absorbance 

range for the wavelength used to ensure accurate analysis. 

The absorbancesof all solutions· were measured using an Instrumen

tation Laboratories, : IL1S1 Spectrophotometer with the following instrumental 

conditions (modified method of ref.348): 

.a) Deuterium background correction (The intensity of the 
silver lamp was reduced by a polythene filter to 
give. lamp compatability). 

b) Photomultiplier Voltage HV -700 v 

c) Wavelength 328.1 nm 
(linear range 0+4 ~g cm- 3 Ag) 

d) Band pass 1 nm 

e) Lamp current 4 to'S mA 

f) Flame-reducing C.H./air 

The unknown concentration of silver in the deposit solution (y) 

and in the electrolyte solution (x) were determined by plotting the 

measured absorbance versus the standard. addition. The (negative) inter-

cept on the abcissa gave the value of the unknown concentration of 

silver (Fig. 3.32). In practice this quantity was calculated by means 

of a least squares linear regression procedure. The mass transfer 

coefficients were calculated as follows: 

Calculation of G, cb Ag+, . Ag+ 
'L 

Ag+ 
The bulk concentration of silver ions, cb was calculated 

from: 
xa 

= 
107.87 

where a is the dilution factor for the electrolyte and 107.87 is the 
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molecular weight of silver. 

time, t, was calculated from: 

The weight of silver, G, deposited in 

G = 10-6 Y b g 

where b is the dilution factor for the deposit solutions. 

The limiting current density for the reduction of silver ions, 
. Ag+ 1 1 d f 1L was ca cu ate rom: 

Z F G = 
tA 107.87 

where t was the deposition time in seconds and A the area of the 

electrode. 

Ag+ The mass transfer coefficient for, the process ki ,was given 

by (cf. Equation 2;15): 
. Ag" 

~g+ 
1L . 

cm S-1 .(3.2) • . . . . 
F c.,f-g+ 

or 
k Ag+ G cm s-1 • L Ag+ 107.87 At cb 

The calculation of mass transfer coefficients will be discussed further 

in Section 4.5. 

3.6 Post-deposition examination and measurements 

Optical microscopy 

The deposits were examined, using the optical microscope, prior 

to removal of the foil from the substrate. The cathode deck, complete 

with the e1ectrodeposited nickel waS removed from the backp1ate, and 

clamped, foil surface downwards, on the stage of a Reichart MF2 incident 

light projection microscope ,with a tungsten lamp (12V, lOOW). The 

majority of the examinations were made using bright field illumination 

(although filters and polarised light 'faci1ities were used occasionally). 
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The foil surface was examined for pitting, streaking and large growth· 

formations. Areas of interest on the foil surface were later examined 

in the electron microscope. 

Microhardness measurements 

Hardness measurements were made u"ing a microhardness attachment 

on the Reichart microscope. The cathode deck ana the deposit was set 

up as described above. The stage and electrode could be moved linearly 

by means of.a rack and pinion device and the movement measured on a 

vernier scale. 

Using this device longitudinal microhardness traverses could be 

made along the cathode. Microhardness·values were determined at 

locations free of surface defects, using a load of 40g applied for-IS s 

(Appendix 3). About five measurements were made in each region and 

an average microhardness value calculated. 

On specimens where microhardness profiles were not determined, 

the average microhardness value was calculated from indentations dis

tributed over the central area of the foil (tIde 0.1 to 0.9). 

Visual examination and calculation of current efficiency 

Following microhardness measurements (where applicable) the foils. 

were carefully removed from the substrate, using a scalpel and examined 

visually. Perforations in the deposit were observed by holding the 

foil up to a strong light. The qualitative distribution of perforations 

over the foil surface was subsequently recorded. 

Scanning electronmicroscopy (SEM) 

Samples of the foil (-0.2 x 0.5 cm) were cut from the foils for 

further examination in the electron microscope. Selected areas of 

interest were the main deposit region (L/de O.t to 0.9) and the leading 

and trailing edges. Foil sections were cleaned by immersion in acetone, 

agitated using ultra-sonics and subsequently dried. Specimens were 

attached to Al or eu specimen holders (up to 3 per holder) by means of 

silver. 'Dag', which provided the electrical contact. Some specimens 

were sputtered with gold to limit surface charging effects. 
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Examination was carried out using one of two electron microscopes. 

The Cambridge Stereoscan type 2A microscope gave a good depth of focus 

but the picture quality was inferior at magnifications greater than 

5,OOOX. The S.E.M. column received the A1 specimen holders, the· 

chamber was .automatically vacuum cycled and the microscope set in 

operation. The tilt angle was adjusted to 45°; Selected areas of 

interest were recorded by means of a 35mm camera using a semi-automatic 

exposure system attached to the secondary oscilloscope. 

The Jeol JEM 100 CX microscope is a scanning transmission 

electron microscope (S.T.E.M.) used in S.E.M. mode. Very good 

resolution may be obtained at magnifications ·>100,000X.. The column 

received the Cu specimen holders and was rapidly pumped down. The tilt 

angle was adjusted to achieve maximum contrast.· Selected areas of 

interest were recorded by means of a 120mm camera. 
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4. RESULTS AND INTERPRETATION 

The results of the experimental investigations are presented 

in five main Sections. The first of these describes studies of the 

electroforming of nickel foils at 60·C in the Mark 1 Parallel Plate 

Cell. As will be seen all of these studies were carried out with 

short electrodes and there were 

anodes. The experience gained 

problems with gas evolution from the 

highlighted the need for an improved 

design of cell to allow separation of the anolyte compartment and the 

use of electrodes of varying lengths. Facilities were also incor

porated to permit an examination of current distribution at the 

cathode, and polarisation measurements to be made. It also seemed 

desirable to test experimentally both the mass transport character

istics of the Mark 2 Cell and the cathode current distribution 

characteristics of a segmented cathode using a simple metal ion 

electrolyte. A CuSO. - H.SO. system was chosen for these studies which 

are described in Section 2. 

Section 3 is concerned with detailed studies of the electro

forming of nickel foils from the concentrated Ni sulphamate system at 

temperatures in the range SO - 70·C, as a function of flow rate (Re), 

and current density, using a range of electrode geometries. Additional 

studies of electrode polarisation measurements and current distributions 

under various cathode geometries are described in Section 4. 

The final section is concerned with Ni transport studies using 

a silver tracer method and with the development of a model for pre

dicting mass transport correlations in parallel plate cells with 

enhanced mass transport due to gas codeposition. 
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4.1 Studies of the e1ectroforming of nickel foils from concentrated 
Ni sulphamate solutions at 60·C in the Mark I Parallel Plate 
Cell 

A limited programme of investigations was carried out in the 

cell to establish the broad characteristics of the electroforming of 

nickel foils. This included studies of deposition under conditions 

of laminar flow (Re 400-650) and turbulent flow (Re 2,300-13,328). 

Nickel was electroformed from the concentrated nickel sulphamate 

plating solution on to prepared stainless' steel substrates 3.3 

equivalent diameters (5cm) in length. The working electrode occupied 

the full width of a square channel, 3cm in width and 1cm in depth, of 

corresponding equivalent diameter 1.5cm. The nickel counter electrode 

was of identical dimensions and positioned directly opposite the 

cathode. Details of the cell and electrodes are given in Section 3.2. 

A series of electrolyses was carried out at linear flow rates 

of 3.5 to 106.8 cms- 1 with corresponding Reynolds numbers of Re 437 

to Re 13,328. In each experiment, electrolysis was carried out for 

a specified period of time to give deposits 7 - 32~m thick for sub

sequent visual and microscope examinations after removal from the 

electrode surfaces. 

The results may be conveniently divided into two flow types 

corresponding to laminar and t.urbulent flow. The transition between 

the two occurs at about Re 2,100. For each foil the 

of interest was the main deposi t representing »90% of 

for sound compact nickel electroforms. 

principal' region 

the foil surface 

Additional features at the leading and trailing edges were also 

of interest due to possible variations in mass transfer rate or flow 

conditions in these regions. 

4.1.1 Deposition under conditions of 1aminar flow (Re 400-650) 

Two nickel foils were electroformed in 1aminar flow at 60·C at 

current densities of 0.28 A cm- o and 0.52 A cm- o• At such low 
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electrolyte flow velocities (-4 cms-I 
) a large volume of gas was 

evolved from the anode and there also appeared to be gas evolution 

from the cathode during the deposition process. The inter-electrode 

gap rapidly filled with gas bubbles and large bubbles accumulated 

downstream within the cell. Small hydrogen bubbles, originating 

at the cathode leading edge; were swept slowly along the electrode 

surface. The formation of large gas bubbles affected flow conditions 

and made close flow control difficult. 

The e1ectroformed foils were both of relatively uniform appear

ance over the main deposit region. At both leading and trailing edges, 

narrow bands {--O.2 mm wide) of brighter material were apparent. 

However, the effect of the observed gas evolution was reflected in the 

final pitted appearance of the deposit. Pitting and surface 'streaks' 

were distributed in a linear fashion, parallel with the flow direction 

over the entire surface area. Close to the leading edge large holes 

through the foil were observed, particularly at the higher current 

density. Both foils were subsequently examined using the S.E.M. 

Main deposit region 

The morphology characteristic of a sound, coherent nickel foil 

i.e. a fine grained deposit, was maintained over 95% of the surface 

area, reflecting the relatively high current efficiencies (88% at 

0.28 A cm-' and 94% at 0.52 A cm-·). At 0.28 A cm-' the grains were 

uniform size, -2~m in diameter (Fig.4.la). An undulating character 

was evident in areas where 'streaking' had been observed visually 

(Fig.4.lb). This feature may be associated with gas streaming along 

the electrode surface. At 0.52 A cm-' the grain size was less uniform 

and in regions varied between 2 and 6~m (Fig.4.lc,d).· This is perhaps 

due to local variations in current distribution. 

Edge effects 

At a current density of 0.28 A cm-', both the leading edge 

(Fig.4.2a) and the trailing edge (Fig.4.2b) were relatively smooth and 

featureless. In the region of the leading edge extensive pitting, with 

pits between 2 and 5~m in diameter,was evident (Fig.4.2c). 



Fig.4.1 S.E.M. micrographs of surfaces of 
nickel foils deposited in laminar 
flow. (x 2,000) 

a) Re 636, 0.28 A cm- 2 b) Re 636, 0.28 A cm-
2 

main deposit. I streaked' area. 

c) Re 437, 0.S2A cm- 2 

main deposit. 
d) Re 437, 0.52 A cm-2 

·near trailing edge. 



Fig.4.2 ·S.E.M. micrographs of surfaces of nickei foils deposited at 
-2 

the leading and trailing edges of the electrode, Re 636, 0.2~ A cm 

a) Leading edge section (x 2,000) 

b) Trailing edge section ( x 2,000) 

c) Pitted area ( x 200) 
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In contrast, at the higher current density of 0.52 A cm--, the 

leading edge area showed a ridge type structure (Fig.4.3a) and these 

ridge growths originated from an area -10~m downstream from a smooth 

leading edge. Many pits were also evident. The ridge region extended 

for -2000~m from the leadin'g edge. The trailing edge was also pitted 

with some surface reliefs indicating a tendency towards powder type 

growth forms (Fig.4.3b). When the foil was peeled off and held up 

to the light, holes were evident in the leading edge and in lines along 

the entire length of the foil. 

The slow removal of evolved gases from the inter-electrode gap 

under laminar flow conditions may result in these highly porous structures. 

At the higher current density the gas 'build up' resulted in gas bubbles 

blocking the cathode surface. Under these conditions large areas of the 

electrode remained unplated and the deposition process irreproducible 

due to fluctuating local current densities. 

Nickel foils were prepared in flow regimes corresponding to 

Reynolds numbers of 2,300-2,500, 3,500-10,700, ll,350±350, and 

13,OOO±300. The first of these regimes allowed direct comparison with 

the laminar flow region, whilst the studies at Re 3,500-10,700 were 

directed towards gaining information concerning the effects of flow on 

foil morphology and structure, and the maximum current densities for 

the preparation of foils with fine grain structures and without forma-

tion of powders. Detailed studies of the effects of current density 

upon grain structure and microhardness, and deposit brightness were 

made at Re 11,350±350. The effects of current density on deposit 

structure and morphology were also studied at Re 13,OOO±300 since this 

represented the maximum flow rates possible in the cell. 

4.1. 2 Deposition under conditions of turbulent flow (Re 2.300-13,350) 

In the turbulent flow regime deposition was carried out over a 

wide range of Reynolds numbers (Re 2,300-13,328). The high flow rates 

ensured rapid removal of evolved gases from the cell and hence minimised 

the large-scale gas effec ts found in laminar f101~. The upper limit of 

the Reynolds number was determined by the design of the cell and flow 

circuit. 



Fig.4.3 S.E.M. micrographs of surfaces of nickel foils 
.near the leading and trailing edges. Re 437. 
0.52 Acm- 2 . . 

a) Leading edge section (2.000 x) 

b) Trailing edge section (200 x). 
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'(a) Nickel electroforms deposited in the flow range Re 2,400±150 

A series of nickel foils 26±6~ in thickness were electro

formed over the current density range 0.05 A'cm-' to 0.78 A cm-' as 

shown in Table 4.1. The deposits electroformed at current densities 

<0.55 A cm- 2 appeared to be sound over the entire electrode length 

and were deposited at current efficiencies close to 100%. ,The over-

all appearance of the foils was lustrous. The brightness tended to 

increase with increasing current density, particularly in the leading 

and trailing edge regions. 

At the highest current densities (0.63 and 0.78 A cm- 2
) in 

addition to the sound, semi-bright nickel deposited over about 70% of 

the electrode surface, a brown powder type formation was observed (Fig. 

4.4f,g) although the current efficiency remained at -100%. This type 

of deposit was evident at the leading and trailing edges and at the 

sides of the electroforms. At 0.78 A cm- 2
, a green band of hydroxide 

and cracking of the underlying nickel were observed at the leading edge. 

The distribution of powder may be accounted for by the large scale 

'blanketing' of the electrode surface by evolved gases and the sub

sequent distortion of the current distribution. 

During the electroforming operation, codeposited hydrogen was 

observed to be streaming along the cathode surface. At the anode, 

evolved oxygen took the form of a gas 'wedge'. The codeposited gases 

occupied a greater volume of the cell gap as the gas was swept down

stream by the flowing electrolyte and gas bubbles appeare'd to break 

away at the trailing edge of the electrode. The anode gas tended to 

predominate due to the higher rate of gas evolution and the upward 

facing geometry. This effect is shown schematically in Fig.4.5(a) for 
-2 a deposition current density of 0.05 A cm The evolved gas occupied 

about one third of the inter-electrode gap. Small hydrogen bubbles, 

originating near the leading edge were observed moving along the cathode 

surface and coalescing further downstream. At a current density of 

0.38 A cm- 2 the evolved gases occupied more than three-quarters of the 

cell gap (Fig.4.5b) and at faster deposition rates (>0.55 A cm- 2
) anode 

'gases may have been in contact with the cathode. 



Flow rate Reynolds Average Deposition Average Weight Current 
U number current time deposit deposited effici-

cn s-1 Re 
density t 

thick- ency g 
if A cm -. ness % s 

d/J,Jrn 

19.5 2.433 0.05 1,620 28 0.3285 102 

19.5 2.433 0.11 690 26 0.3363 101 

19.0 2.371 0.23 305 24 - -
I . 19.5 2.433 0.38 150 20 0.2480 99 

19.5 2.433 0.55 150 28 - -
20.3 2.533 0.63 118 25 - -
19.5 2.433 0.78 120 32 0.4195 102 

; 

Table 4.1 Nickel foils deposited under conditions of turbulent 
flow, Re 2,400±150, at 60'C, (Cell 1, L/de 3.3) 



a) 0.05 A cm-' 

b) 0.11 A 

c) 0.23 A 

-. cm 

-. cm 

Fig. 4.4 

t·.:,: .... ',:: . . 
.. ::~.: .. .. . , ...... . . 
~. °0

' '" " 
• -0, I · ... . . . . . . :::0=:".,: : .. 00 .' . . . . 
,",;°: 0

.:." 

..... -. "" .. .. ... . . ..... ' .. . 
.... '0 '. .. 
:': : .. ' .... 

flow direction 

.' .. · .. 0·. . ... 
'. ..... . 

• '0 '" .. 
" .. '0.· . · . . .. ". . . · . · .. . ' . 
~ .. I " : .... 

• • 0°' 
.: • '! ... 

· :"., .. . ., .' 
0' '" .. 

..... 
• • ,0 '. •• eo. 

flow direction 

. . . 

key to diagraos 

... 

."~ 

."" , 
: . 
. . 
". 
:" 

. . 
.. 

":. ..... 

.. . 
. .. . . 
. " . . ' .. ' 

• '0 •••• :~.:. :', '0 .0' ", . .... . 

flow direction 

D 
fZj-- -- -

.~ 
[Zd 

Schematic representation of the visual 
appearance of nickel foils deposited 
at Re 2,400 ± 150 

sound deposit 

bright deposit 

pOHder deposit 

-hydroxide deposit 



d) 0.38 A 
-, cm 

e) 0.55 A cm-' 

f) 0.63 A cm-' 

g) 0.78 A cm-' 

:; . . '. ., . , . ' .. 
r 
~ .. : .' 

' . . ' . . : . .' . 
.' • .. ' . . 

'. 

flow direction 

• •• • '0 

· .... b " • '" ~".(? 

. ',: . . •• 
'" 

flow direction 

:. 

£ • . ' 

. .' . 
• 

: 

· . f' 

flow direction 

D 

• 
• • o 

flow direction 

Fig. 4.4 continued 

I 
.' ..... .' 

I 

. 

c--. 

..... 



a) 

cathode 
flow 

t:= 
d i rec t i 0 n,~ __________ ---

./ 

anode 

b) 

cathode 
flow -1'"-

direction_---

Fig. 4.5 

anode 

Visual observation of gas flow pattern 
during electroforming at Re 2,400 ± 150 

-, 
a) 0.05 A cm 

) 
-, b 0.38 A cm 

... 



159 

Pitting was present in all foil ~amples. The pits were 

particularly numerous close to the leading edge of the foil, but were 

not confined to this area. At the lowest current densities (0.05 and 

0.11 A cm- 2 ) the pitting was distributed in lines parallel with the 

flow direction (Fig.4.4a,b). Individual pits showed the 'tailing' 

characteristic of gas bubble adhesion. A significant decrease in the 

number of pits was apparent at higher current densities. However some 

large (up to 2mm) holes were observed in stripped foils deposited at 

current densities >0.55 A cm- 2 (Fig.4.4e-g). 

The nickel foils electroformed at 0.11 and 0.55 A cm- 2 were 

examined using the S.E.M. 

Main deposit region 

A sound deposit of relatively uniform fine grain structure was 

found over >95% of the surface area for both foils. At 0.11 A cm- 2 , 

(Fig.4.6a) the 'grain' size was variable between 1 and 6~. At high 

magnification there was evidence of the formation of crystalline faces 

and layer growth. This current density was similar to the corres

ponding deposition rates in conventional nickel plating. 

At-the higher current density, the grain boundaries were more 

clearly apparent and better defined (Fig.4.6~). -A sub-grain structure 

was evident with an array of irregular grains <5~ in diameter. This 

effect may be associated with the initial stages of the-formation of a 

powdery deposit. Gas bubble induced mass transfer phenomena may con

tribute to small variations in the morphology at low flow rates. 

Edge effects 

At low current density, marked changes in morphology at the 

electrode edges were absent. The main deposit structure was maintained 

up to the leading and trailing edges of the foil (cf Fig.4.7a,b with 

4.6c). The leading edge section was smooth and fine grained but 

heavily pitted (Fig.4.8a). The trailing edge was similar although 

less pitted (Fig.4.8b). 



Fig,4.6 S,E.M, micrographs of surfaces' of nickel foils 
deposited at Re 2,400 ± 150 

-2 
a) 0.11 A cm (top 2,000 x ) 

(bottom 10,000 x ) 

-2 
b) 0,56 A cm . (2,000 x) 



Fig.4.7 S.E.M. micrographs of surfaces of nickel foils 
deposited at Re 2,.400 ± 150, 0.11 A· cm-2 (x 2,000) 

a) -600~m from the leading edge 

b) -lOO~m from the leading edge 



Fig
0
4,8 SoEoM. micrographs of surfaces of nick!l foils 

deposited at Re 2,400 ± 150, 0 0 11 A cm 

a) Leading edge Section (x 50) 

b) Trailing edge Section (x 200) 
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At 0.56 A cm-' a narrow band of a brown, powdery deposit was 

formed at the leading edge. In the regions adjacent to the leading 

and trailing edges, the deposit exhibited a structure similar to that 

of the main deposit but with a larger 'grain' size of 5 -" .lO].lm (Fig. 

4.9a,b). At the leading edge, the morphology was nodular in character 

with some pitting (Fig.4.l0a). Cracked and exfoliated foils, with 

corresponding nodular growths, were typical of the region at the 

trailing edge (Fig.4.l0b). The increased grain size at the higher 

current density, particularly in the edge regions, may represent the 

precursors of the more prominent nodular features. It was apparent 

that for these flow conditions the maximum current 

deposit over the entire electrode length was about 

density for -. 0.5 A cm • 

a sound 



Fig.4.9 S.E.M. micrographs of surfaces of nickel foils 
-2 

deposited at Re 2,400 ± ~50, 0.56 A cm (x 2,000) 

a) -l,OOO~m from the leading edge 

b) -l,OOO~m from the trailing edge 



Fig.4.10 . S.E.M. mic~ographs of surfaces of nicke!2foilS 
deposited at Re 2,400 ± 150, 0.56 A cm (x 50). 

a) Leading edge section 

b) Trailing edge section 
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(b) Nickel electroforms deposited in the flow range Re 3,518 
to Re 10,745 

A series of nickel foils 7-21~m thick was electroformed over 

the range of Reynolds numbers Re 3,518 to 10,745. A range of current 

densities was chosen in order to define approximately the maximum 

current density for good deposits. A good deposit was defined as one 

that had not become powdery even although pores or holes might be 

evident. The deposit quality was assessed by visual inspection of the 

e1ectroforms but on the substrate and after foil stripping. Sound 

deposits were e1ectroformed at current efficiencies close to 100% and 

were all lustrous, although of variable visible porosity. The deposition 

conditions are given in Table 4.2 and the appearances of the deposited 

foils are shown schematically in Fig.4.11 a-i. 

Previous results at Re 2,433 suggested a maximum current density 

of <0.55. A cm-' for the preparation of good foils. At a current 

density of 1.04 A cm-' at Re 3,5180'ig.4.lla), the maximum current density 

was exceeded and powder was deposited, together with a green-black 

hydroxide at the· leading and trailing edges. An area of brighter nickel 

was found in the main deposit region. This feature may be associated 

with changes in current distribution due to the formation of a more 

resistive hydroxide layer and a corresponding increase in the current 

density in other areas. 

-. At Re -4,700 and 0.58 A cm (Fig.4.11b) the deposit was sound, 

but with many small perforations through the foil. Bands of brighter 

nickel were formed at the leading and trailing edges. The gas evolved 

at the anode did not appear to contact the cathode (Fig.4.11.1). An 

increase in current density to 0.76 A cm-' (Fig.4.11c) resulted in the 

formation of a brown powder deposit at the leading edge and over about 

one third of the foil area towards the trailing edge of the electrode. 

The remaining area of sound nickel was bright with few holes. At 0.95 -. A cm (Fig.4.11d) powder was again deposited at the leading and trailing 

edges. However, the area of coverage was considerably less than observed 

at the lower current density. Although, clearly, the results were some-



Flow rate Reynolds Average Deposition Average Weight Current 
U number current time deposit deposited effici-

-1 
Re density t 

thick- ency 
ca s g 

itA cm- 2 ness 
% 

\.lm 

.. 
28.2 3,519 1.04 60 21 - -

37.3 4,655 0.58 60 12 0.1495 97 

37.3 4,655 0.76 28 7 - -
37.7 4,705 0.90 33 10 - -

, 

41.4 5,166 0.76 30 8 0.1038 103 

58.4 7,288 0.69 47 11 - -
62.9 7,849 0.95 30 - - -

83.6 10,433 0.52 60 11 - -
86.1 10,745 0.52 56 10 - -
86.1 10,745 1.21 25 10 - -

Table 4.2 Nickel foils deposited under conditions of turbulent 
flow Re 3,519 to Re 10,745 at 60·C (Cell t, Ltde -3.3) 
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nickel foils deposited over the Reynolds number range 
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what variable they 

deposits is -0.6 -

suggest that the maximum current density for good 
-2 0.7 A cm • 

At Re 5,166, the deposit was sound at 0.76 A cm-' (Fig.4.11e 

c.f. Fig.4.11c) with many small perforations through the foil, 

particularly towards the trailing edge. Narrow bands of bright and 

dull material were observed near the leading and trailing edges at 

Re 7,849 and a current density of 0.69 A cm-', (Fig.4.11f), The deposit 

was sound over the entire length. The foil was almost completely free 

of visible porosity although the leading edge was heavily pitted. , 
However, on increasing the current density to 0.95 A cm-' (Fig.4.1lg) 

the deposition of sound nickel was suppressed and only hydroxides were 

formed. The maximum current density for good deposits was between 

0.7 and 0.9 A cm-'. 

At Re -10,500 and a current density of 0.52 A cm-', (Fig.4.1lh) 

the foil was sound and semi-bright, with dull bands at the leading and 

trailing edges. Holes through the foil were not observed. At 1.21 A 

cm-' (Fig.4.11i), a hydroxide deposit was formed at the leading edge. 

Further downstream a powder type deposit was formed. Powder deposit 

was also observed at the trailing edges. The region of sound nickel 

was bright and free of holes through the foil. Clearly the maximum 

current density for good deposits was <1.0 A cm-'. 

It appeared that the current density for sound deposits tended 

to increase with increasing Reynolds number in this range. 

A further series of good deposits -10~m thick was electroformed 

in the flow range Re 8,835 to Re ~,921 (Table 4.3). The current 

density, (0.52 A cm-'), was well below the expected maximum current 

densities for these Reynoldsnumbers. The current efficiencies were 

about 93%. The appearance of the deposited foils is shown sChematically 

in Fig.4.11j,k. The deposits were sound over their entire length with 

bands of brighter nickel at the leading and trailing edges. A few 

holes through the foil were observed. At the highest Reynolds number 

the leading edge of the foil was heavily· pitted. 



Flow rate Reynolds Average Deposition Average Weighi: Current 
number current time deposit deposited effici-

U densi ty thick- ency 
CLfS- 1 Re t g 

i/A cm-· ness . % 
Ilm 

70.8 8,835 0.52 60 10 0.1348 97 

76.2 9,509 0.52 60 11 0.1291 94 

79.5 9,921 0.52 60 11 0.1230 89 

Table 4.3 Nickel foils deposited under conditions of turbulent 
flow, Re 8,835 to Re 9,921 at 60·C (Cell 1, L/de -3.3) 
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A sound nickel foil and a powder type deposit were examined 

using the S.E.M. 

Main deposit region -. At 0.52 A cm (Re 9,509), the deposit appeared to be sound 

over the entire electrode length. Downstream of the leading edge 

(lOO~m), the fine grain structure, typical of this type of deposit, 

was co-incident with a series of ridge formations (Fig.4.l2a). Also 

present in this region were some bubble induced defects through the \ 

foil. Within 0.3 cm of the leading edge, the ridge formations were 

absent (Fig.4.l2b). This area of the deposit was fine structured with 

grains about 2~m in diameter. A'similar morphology was maintained up 

to the trailing edge of the deposit (Figs. 4.l2b and 4.l3b). Sub

microcavities were distributed over the foil and can be seen as black 

spots. Centres of increased roughness (Fig.4.l2c) in the main deposit 

region, were an additional feature. 

Edge effects 

The leading edge of the sound deposit (0.52 A cm-', Re 9,509) was 

a bulbous ridge, -50~m wide. (Fig.4.l4b). In some areas the ridge had 

a rough granular appearance (Fig.4.l4a). Adjacent to the leading edge 

section, the structure was ridged, with many centres of roughness 

(Fig.4.l4c). Some micro-cracking was evident in between the ridges. 

Many holes through the foil were observed in this area. The trailing 

edge of the deposit was comparatively smooth and featureless. 

At 0.76 A cm-' (Re 4,655), the current density for a sound deposit 

was exceeded. Under these conditions a brown powder type material was 

deposited over about two thirds of the electrode surface. The powder 

type growth near the centre of the foil, was nodular and rough (Fig.4.l5b) 

when compared to the good deposit (Fig.4.l3). This deposit had a 

coarse grained leading edge section. The irregular grains were >lO~m 

in diameter with well defined grain boundaries (Fig.4.l5a). This type 

of deposit appeared almost 'spongy'. 



Fig. 4.12 S.E.M. micrographs of surfaces. of nickel foils deposited 
at Re 9,509, 0.52 A cm- (x 2,000) 

a) 0.01 cm from the leading edge 
b) 0.3 cm from the ha!1ing edge 
c) 1.8 cm from the leading edge 



.------------:-----------------~-. 

Fig. 4.13 S.E.M. micrographs of surfaces of nickel 
-2 

foils deposited at'Re .9,509, 0.52 A cm 
(x 2,000) 

a) -3 cm from leading edge 

b) -4.8 cm from the leading edg~ 



Fig. 4.14 S.E.M. microgra'phs of surfaces of nickel foils deposited at' 
-2 

Re 9,509, 0.52 A cm . 

a) Magnified view of leading edge (x 2,000) 

b) Leading edge section ( x 200) 

c) Ridged area -5~m from the. leading edge ( x 2,000) 



Fig. 4.15 S.E.M. micrographs of surface of nickel foils deposited at . 
-2 

Re 4,655, 0.76 A cm (x 2,000) 

a) -0.03 cm from leading edge 

b) -3.4 cm from leading edge 

c) -4.99 cm from leading edge 
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In contrast, the trailing edge of the powder deposit had a 

.more nodular structure. Near the trailing edge, the deposit remained 

nodular (Fig.4.15c) although·the size of the nodules and the degree 

of coverage of the electrode surface appeared to be greater. 
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(c) Nickel foils electroformed in the flow range, Re 11,350 ± 350 

A series of nickel foils, ll-27~m in thickness was electroformed 

over the current density range 0.17 - 1.24 A cm-' and details are 

shown in Table 4.4. The deposits electroformed at current densities 

(0.81 A cm-' appeared to be sound over the entire electrode length 

and were deposited at· current efficienciesclose to 100%. The 

deposits were all semi-bright, increasing in'brightness with increasing 

current density. Narrow bands of brighter material were deposited near 

the leading and trailing edges of the foils (Fig.4.16). 

The leading and trailing edges in these deposits were relatively 

smooth and featureless in the S.E.M.,although a few macro-features in 

the form of mounds -100~ dia. were·observed (Fig.4.l7). Narrow bands 

of brighter material were deposited near the leading and trailing edges 

of the foils. At current densities of 0.17, 0.29 and 0.4 A cm-' there 

was pitting in these bright areas, whereas at.0.6 and 0.76 A cm-' there 

was little evidence of pitting in these areas (Fig.4.16d,e). Micro

hardness profiles measured longitudinally along deposits gave some 

interesting results for these areas (Fig.4.l8). Where the bright bands 

were pitted e.g. 0.29 A cm-' the bright regions appeared to be softer 

whereas at 0.60 and 0.76 A cm-' there was a substantial increase in the 

microhardness in the bright regions. S.E.M. observations (Fig.4.19a, 

b) of the bright areas of the leading and trailing edges of deposits at 

the lower current density showed the presence of a relatively large 

grain size in the deposits. Comparison of the electron micrograph of 

the leading edge of the deposit obtained at 0.6 A cm-' (Fig.4.l9c) 

showed the grain refinement associated with this deposit. The trailing 

edge was similar. It thus appears that at lower current densities pitt-, 

ing and relatively large grains give low microhardness values in the 

bright region whereas the presence of small grains and no pitting at 

0.6 - 0.76 A cm-' corresponds with the relatively high hardness values 

observed in these areas. 

At the higher current densities (1.04 to 1.24 A cm-'), -90% of 

the foil surface was of sound appearance and the current efficiency 



Flow rate Reyno1ds Average ,Time Average Weight Current 

U 
number current 

t 
deposit deposited efficiency 

density thick-
_1 Re g % 

cms ilA cm-' s ness 

\lm 

88.6 11 ,057 0.17 424 25 0.3272 103 

88.6 11,057 0.29 191 19 0.2473 101 

89.0 11,106 0.40 193 22 0.3432 101 

88.6 11,057 0.60 130 27 - -
88.6 11 ,057 0.76 90 23 - -
88.2 11,007 0.81 91 25 0.3246 100 

89.0 11,106 1.04 63 22 - -

91".7 11,443 1.08 30 11 - . -
92.3 11,518 1.10 31 12 0.1528 102 

90.3 11,127 1.24 31 13 .,. -
93.6 11,681 1.24 30 13 0.1659 101 

. 

Table 4.4 Nickel foils electroformed in turbulent flow, 
Re 11,007 to Re 11,681. (Cell 1, L/de -3.3). 
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Fig. 4.16 Schematic representation of the visual appearance of 
nickel foils deposited at Re 11,350 ± 350 
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Fig.4.17 S.E.M. micrograph of the surface of the 
leading edge sec tion of nickel foil 

. -2 
deposited at Re 11,350 ± 350, 0.17 A cm 
(30· tilt, x 200). 
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Fig.4.l8 Microhardness profiles (mHv) along the length 
of nickel foils deposited at various current 
densi ties. (60°C. L/d 3.3). 
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'Fig.4.19 S.E.M. micrographs of the surfaces of nickel 
foils deposited at Re 11,350 ± 350. 

a) 0.17 A cm-2 0.02 cm from the leading edge 
(Top: x 2,000; bottom: x 10,000) 

b) 0.17 A cm-2 , 0.02 cm from the trailing edge 
(Top: x 2,000; bottom:,x 10,000) 

c) 0.60 A 
-2 cm , 0.05 cm from the leading edg e 

(x 2,000), 



166 

remained close to 100%. The areas of main deposit were brighter than 

those produced at lower deposition rates. Powder type deposits 

were formed at the leading edge of most foils (Fig.4.16g,h,j). At 

1.04 A cm- 2 , a narrow band (200~m) of green hydroxide was found at 

the leading edge (Fig.4.19a). Adjacent to this area, powder structures 

were observed. Along the trailing edge a ridge of bulbous material 

was observed (Fig.4.20b). Close to both the edges, the structure was 

very fine grained with a few microcavities (Fig.4.20c). At the high 

current density of 1.24 A cm- 2 powdery deposits were also observed at 

the trailing edge (Fig.4.l6i). 

Main deposit region 

_2) cm , 

In all deposits over the current density range (0.17 - 1.04 A 

the main deposit structures formed over >90% of the surface area 

of the foil were,of relatively uniform grain size. Surface S.E.M. 

examinations were made and typical grain structures are shown in Fig. 

4.21. At 0.17 A cm- 2 the grains were reasonably well defined and were 

up to 10~m in diameter. There was also evidence of sub-grain structures 

(Fig.4.2la). As the current density was increased to 0.6 A cm- 2 the 

grains were a little irregular but the average grain size had 'decreased 

to -5~m in diameter (Fig.4.20b). Although sub-structures were less 

evident, examination of the surfaces at higher magnifications suggested 

the presence of some grain boundary defects or cavities. At 1.04 A cm-' 

(Fig.4.21c) there was considerable grain refinement and the' structure 

was regular with a grain size of -3~m diameter. 

The micro-hardnesses of foils were measured along the length of 

the foils for foils deposited at 0.29, 0.60 and 0.76 A cm- 2 and the 

re'su1ts are shown in Fig.4.18 and it is clear that there was relatively 

little variation in hardness along the length of the foils and average 

values of 288 ± 13, 281 ± 3, and 322 ± 2 Kg mm- 2 were obtained at the 

above current densities respectively. 

kg mm-' was obtained at 0.17 A cm-'. 

An average value of 261 ± 11 

These results suggest that there 

is a considerable increase in hardness of the deposits at high current 

density corresponding to a decrease in the grain sizefrcm-5~m to 3~m. 

There was also evidence to suggest that there was an increase in grain 



Fig.4.20 S.E.M. micrographs of the surface of nickel 
foil deposited at Re 11,350 ± 350, .1.04 A cm-2 • 

a) Hydroxide deposi t at leading edge of foil 
(x 1,000) 

b) Trailing edge section (x 200) 

c) 0.01 cm from trailing edge (x 10,000) 
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Fig.4.21 S.E.M. micrographs of the surfaces of nickel 
foils deposited at Re'll,350 ± 350 (~2,OOO), 
Main deposit sections. 

,a) 0.17 Acm-2 

b) 0.60 A cm-2 

c) 1.04 A 
-2 cm 
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boundary cavitation at current densities > 1.04 A cm-·, and (Fig.4.22) 

that there may have been some interference in the deposition process 

by anodically evolved gas which came into contact with the downstream 

half of the electrode. 



cathode 
flow·· ... ~ 
direction~ 

anode 

Fig.4.22· Visual observations of gas flow pattern 
during electroforming at Re 11,350 ± 350, 
1. 04 A cm -:2 • 
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(d) Nickel electroforms deposited in the flow range Re 13,000 ~ 300 

A series ·of nickel foils 11 :!: 51JI11 in thickness was electroformed 

over the current density range 0.14 to 1.38 A cm-' as shown in Table 4.5. 

The main characteristics of these deposits are summarised in Fig.4.23. 

Electroforms were deposited at current efficiencies of 96 ~ 3%. The 

brightness of the foils increased with increasing current density. 

At 1.04 A cm-' the deposit was bright over the main deposit region with 

narrow bands of semi-bright material at the leading and trailing edges 

of the foil (Fig.4.23d). At 1.38 A cm-', the deposit was sound over 

95% of the surface, but with bands of a grey-brown powder deposit at 

the leading and trailing edges (Fig.4.23e). 

Large volumes of gas were evolved at the high current densities. 

The rapid flow rate resulted in the removal of the anode gas away from 

both electrodes into the inter-electrode gap further downstream before 

the anodically evolved gas bubbles could reach the working electrode. 

Cathode hydrogen gas streamed along the cathode, close to the electrode 

surface, but adhesion of large gas bubbles was not observed. Pitting 

of the foil was particularly prevalent at low current density (0.14 A 

cm-'). Many lines of holes through the foil could be seen (Fig.4.23a). 

At current densities >0.36 A cm-' the number of holes was considerably 

reduced (in some cases <10 holes per foil) (Fig.4.23b-c). The leading 

edge of the foil deposited at 0.52 A cm-' was heavily pitted (Fig.4.23c). 

However, this effect was not observed at higher current densities (Fig. 

4.23d,e). The foils deposited at 0.52 and 1.04.A cm-' were examined 

using the S.E.M. in order to obtain more detailed information. 

Main deposit region 

A sound deposit of relatively fine grain structure was found over 

>95% of the surface area for both foils (Figs.4.24 and 4.25). At 

0.52 A cm-' the structure was of uniform grain size 2 to 5~m in dia. 

In some areas of the foil (-0.5 cm from leading edge) the grain boundaries 

appeared to be wide and this suggested that there may be·some grooving 

or possibly porosity. These features were much less evident further 

downstream (Fig.4.24a,b). An increase in current density to 1.04 A cm-' 



Flow rate Reyno1ds Average Deposition Average Weight Current 

U 
number current time deposit deposited effici-

density thick- ency 
cms- 1 Re t g 

-2 ness i/A cm s . d/llm % 

102.3 12,766 0.14 120 6 0.0730 99 

106.0 13,228 0.36 120 15 0.1846 97 

106.8 13,328 0.52 60 11 0.1187 87 

106.8 13,328 0.52 90 16 - -
106.8 13,328 0.52 60 11 0.1302 95 

104.7 13,066 1.04 30 11 0.1276 93 

104.7 13,066 1.04 30 11 0.1317 96 

104.7 13,066 1.38 17 8 - -

Table 4.5 Nickel foils deposited under conditions of turbulent 
flow, Re 12,766 to Re 13,328 (Cell I, L/de -3.3) 
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Fig.4.23 Schematic representation of the visual appearance of 
nickel foils deposited at Re 13,000 ± 300 



Fig. 4,24 

· '" 

S.E.M. micrographs of surfaces of nickel 
foils deposited at the 13,000 ± 300, 0.052 A 

a) 0.5 cm from the leading edge (x 2,000) 

b) Main deposit (Top: x 2,000; bottom: x 10,000) 



Fig.4.25 S.E.M. micrographs of surfaces of nickel foil 
-2 

deposi ted at Re l3,OOO:t 300, 1.04 A cm 

a) 1.5 cm from the leading edge 
(Top: ic 2,000; bottom: x 5,000) 

b) 3.1 cm from the leading edge (x 2,000) 
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resulted in a decrease in grain size to l-2~m in dia. Some larger 

grains were evenly.distributed within a matrix of smaller grains 

(Fig.4.25a). Within the main deposit region a few micro-cavities 

were observed (Fig.4.25b). A few centres of roughness were also 

evident in this area, a common· feature of some of the high current 

density deposits. 

Edge effects 

At both current densities, the leading edge effects were more 

prominent. At 0.52 A cm- 2 the foil edge was relatively smooth, although 

many ridge-like features parallel to the flow direction and surface 

reliefs, were formed adjacent to the edge. This area was also heavily 

pitted. The ridging, parallel to the flow direction, extended up to 

500~m downstream. The ridge areas were composed of larger grains and 

mounds 10-30~m in diameter (Fig.4.26a) with some sub-grain structure. 

Corresponding features were absent at 1.04 A cm- 2 , where the leading 

edge section exhibited a bulbous type structure (as viewed in plan) 

about 150~m in width (Fig.4.26b). Where the bulbous edge had cracked, 

there was evidence of nickel salt (possibly hydroxide) deposition within 

the fissure. Pitting or holes through the foil were not found in this 

area. At higher magnification (Fig.4.26c) deposit close to the leading 

edge was found to consist of very fine uniform grains of sub-micron 

dimensions. A few micro-cavities were observed. At a distance of 1000~m 

from the leading edge, the structure showed a slight increase in grain 

size to about l~m (Fig.4.25d). 

The trailing edge sections of both· foils were fine grained and. 

relatively featureless. At 0.52 A cm- 2 , the trailing edge showed a 

slight ridge-type character (Fig.4.27). At higher magnification a few 

micro-cavities were observed (Fig.4.27d). 



Fig.4.26 S.E.M. micro graphs of surfaces of, nickel 
foils deposited at Rel3,OOO ± 300 

a) 0.52 ""2 A cm , 0.015cm from the leading edge 
(x 2,000) 

b) 1.04 A cm ""2 leading edge (x 200) , 
c) 1.04 A cm-2 , 0.03 cm from the leading edge 

(x 2,000) 

d) 1.04 A cm-2 , 0.1 cm from the leading edge 
(x 2,009) 



a) 450 tilt,x 2,000 • b) 450 tilt,x 10,000 

c) 350 tilt,x 2,000 d) '350 tilt,x 10,000 

Fig.4.27. S.E.M. micrographs of the surface of the 
trailing edge sections of nickel foils 
deposited at Re 13,000 ± 300. 0.52 A cm""2. 
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4.1.3 Summary of the results and discussion of the limitation of 
the cell design 

This section of the research programme allowed experience to be 

gained in relation to cell 9peration and control and the techniques 

associated with the evaluation of deposits. There were a number of 

major features which emerged from the programme and these can'be 

summarised as follows: 

(a) The cathode current efficiency for nickel deposition "as -95% 

under all deposition conditions. 

(b) Gas evolution at the anode was troublesome under conditions of 

laminar flow and at higher current densities in turbulent flow 

and under some conditions anodically evolved gas reached the 

downstream end of the cathode. 

(c) Under all flow conditions relatively fine-grained deposits were 

obtained in the main central length of the cathode. 

(d) Bright deposits were obtained at high Re and current density in 

turbulent flow. 

(e) The microhardness and brightness of ,deposits increased "ith 

decreasing £rain size. 

(f) There were perturbations in foil structure in the ,entry (leading) 

and exit regions (trailing) of the cathode where mass transfer 

conditions were non-uniform. 

(g) In the leading edge regions there "as pitting and formation of 

large pores in the foils. 

Overall the studies at this stage indicated that deposits of 

fine grain structure could be obtained at high Re at current densities 

up to -1 A cm-' without the presence of addition agents. The small 

pores observed in the main areas of the foils were not considered serious 

as there was no ~ddition of anti-pitting agents to the electrolyte. 
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It was of considerable interest to gain some impression of the 

relationship between the maximum current density for sound deposits (i ). . max 

and Reynolds number to see if there was any correlation of the type 

which might be expected between iL and Re. This of course assumes 

that the controlling variable for sound deposits is mass transport. 

In Fig.4.28 the nature of the deposit i.e. sound (uniform fine grained) 

or unsound (powdery) is plotted from the data obtained in the experimental 

studies. The solid line A-A in Fig.4.28 of slope 0.67 is in approximate 

agreement with the division between sound and unsound deposits obtained 

under turbulent flow conditions. An approximate theoretical mass 

transfer limited current density was calculated from the design equations 

for the cell (page 115) and the limiting current densities are shown in 

B-B in Fig.4.28. As can be seen the experimentally determined relation

ship indicates that the maximum current densities for sound deposits are 

less than those predicted by theoretical analysis. 

In laminar flow the theoretical line C-C in Fig.4.28 has a slope 

of 0.33 and the experimental points indicate that sound nickel deposits 

were obtained at higher current densities than might have been expected. 

These effects may be associated with the influence of gas evolution on 

the mass transport processes. 

Overall these results indicated the need for modifications 

to the cell. These included: 

(a) the need to separate anodically evolved gas from the region of 

the cathode; 

(b) the need to provide facilities for the use of longer electrodes 

which would allow both long and short electrode studies to be 

made. 

These features with other improvements were incorporated into the 

design of the Mark 2, cell details of which follow. 



"" 
.... B 

"" ........ unsound ........ ...- deposits N 0 "" 
I E.10 13 .... "" 0 

0 0 
u _-c 

<t: -- 0 0+ + 
(- -- 0 + 

"- + - - 0 ... 
+ sound ++t+f-

>-. 
0+- f d eposi ts 

A+ + 
Vl 
e:: 
QJ + + 

"'0 

0+- + 
le:: 

.. QJ + 
'-
'-
::J 
w '-1 

10 
+ 

+ 

10
3 

10
4 

Reynold s Num ber Re 

Fig. 4.28 The relationship between the flow rate (Reynolds 
Number) and the maximum current density (i ) 
f d d 

. max 
or a soun epos1t 

T - 60'C, L/de - 3.3 

o - powdery and/or hydroxide deposit 

+ - coherent nickel electroform 

0 
A 

+ 

+ 

+ 



172 

4.2 Studies of the mass transport characteristics of the Mark 2 
Parallel PI'ate Cell and cathode current· distribution at 
segmented cathodes using a CuSO~~SO~ electrolyte 

The results of the nickel foil preparation studies in Section 4.1 

indicated some differences between the experimental results and those 

predicted by the design equations. In particular it was clear that: 

(i) the experimental values of i for a good deposit were 'lower max 
than expected; and (ii) the slope of the log-log relationship 

between i and Re was lower than the theor'etical value. 
max 

From these 

observations it seemed essential to establish the mass, transport 

characteristics of Cell 2 independently from the nickel system. It was 

decided to use an acid copper 'l1ulphate electrotyte . '(O.014CuSO~ in 

1.SM H.SO~) since a wide range of physical property data is available 

and it is well known that limiting current densities are clearly 

defined. The first sub-section describes the mass transport studies. 

It will be seen later that studies of the current distribution 

at cathodes during nickel deposition gave interesting results and it 

became clear that data for the more simple copper system would provide 

a valuable comparison. 

second sub-section. 

Details of the results of these studies in the 

4.2.1 Mass.transport studies using the CuSO~~,SO~ electrolyte 

For convenience the work was divided into two flow regimes 

as follows: 

1I)laminar flow (Re 243 - 2,400); and 

b) turbulent flow (Re 2,872 to Re 30,837). 

For each set of experimental conditions, the cathodic polarisation 

curve was determined and the limiting current density measured. 

(a) Mass transport under conditions of laminar flow 

The investigation is in two parts. Limiting current densities 

were measured at the maximum electrode length using a soluble copper 

anode and a copper cathode of the same length (9,74 cm, L/de -11.4). 
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The limiting current densities were measured as a function of flow 

rate (and hence Re) at constant temperature for temperatures of,28°, 

32°, 40°, 50° and 60°C. The object of this is to demonstrate that 

normal mass transfer characteristics applied in the cell., Some 

additional experiments using cathodes 2.4 cm long (L/de = 2.8) in 

length at 36 ± 1°C were carried out for comparison with the results 

of the long electrode studies. 

The relationship between the limiting current density and the 

electrode length (L/de 0.6 to 11.4) was measured at a constant flow 

rate (Re 1,018 ± 96) and temperature (33 ± 1°C). 

The results of all the experimental results from the studies 

carried out in laminar flow were then correlated by a single equation 

using dimensionless numbers. 

The relationship between the limiting current density and the flow rate 

The cathodic polarisation behaviour is shown in Figs.4.29 - 4.34 

for the maximum electrode length (L/de -11.4) and a series of electrolyte 

temperatures and flow rates. For each set of measurements, the current 

density rapidly increased over the initial 50 mV of overpotential (A-A 

in Fig.4.29). The current density then increased less rapidly to a 

long plateau of approximately constant current density at E < -0.2V 

(versus Cu reference electrode). At E< -O.55V (B-C in Fig.4.29) the 

current density again increased as the secondary reaction of hydrogen 

evolution predominated (C-D in Fig.4.29). At a constant temperature 

the limiting current density tended to increase with increasing flow 

velocity (e.g. Fig.4.29). 

featureless. 

The copper deposits formed were smooth and 

Similar polarisation curves for a cathode length of 2.8 de at 

37°C are shown in Figs.4.35 to 4.38. 

From the polarisation curves, the limiting current densities 

were measured at E = -0.4SV. The values of iL are summarised in Table 

4.6 for L/de = 11.4 and Table 4.7 for L/de = 2.8. 



Fig.4.29 Cathodic polarisation during the electrolysis of 
0.014 ~1 copper sulphate electrolyte in laminar 
flow. Effect of electrolyte flow rate 

T = 60.0 :!: O.l"C, L/de'-11.4 

1L 0 - 1.39 cm ~-I (Re 243) 
'2L. + -- 4.44 cm s-I (Re 777) 

3L' • - 7.67 cm s~1 (Re 1,341) 
4L C - 10.9 cm 8-

1 (Re 1,904) 

5L X - 14.4 cm s (Re 2,517) 
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Fig.4.30 Cathodic polarisation during the electrolysis of 
- 0.014 M copper sulphate electrolyte in laminar 
flow. Effect of electrolyte flow rate 

T = 50.2 :!: O.g·C, L/de- 11.4 

6L • - 11.7 cm s-I (Re 1,587) 

7L + - 12.8 cm s-I (Re 1,738) 

8L 0 - 15.0 cm s-I (Re 2,040) 

9L X - 16.7 cm s -I (Re 2,267) 

10L [J - 18.9 cm s-I (Re 2,569) 
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Fig.4.31 Cathodic polarisation during the electrolysis of 
_ 0.014 M copper sulphate electrolyte in laminar 

. flow. 

T = 40·C, L/de - 11.4 

llL-+-11.1 cm s-l (Re 1,221) 

12L-O- 22.2 cm s-I (Re 2,442) 
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Cathodic polarisation during the electrolysis 
·of 0.014M copper sulphate electrolyte in 
laminar flow. 
Effect of electrolyte flow rate 

T = 32 ± l°C, L/de - 11.4 

15L X - 2.33 cm S-I (Re 220) 

171 • - 4.67 cm S-I (Re 426) 

16L [] - 7.11 cm S-l (Re 662) 

13L + - 10.7 cm s';'l (Re 1,033) 

14L 0 16.1 - (Re 1,546) - cm s 
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Fig.4.33 Cathodic polarisation during the electrolysis 
of 0.014M copper sulphate electrolyte in 1aminar 
flow. 
Effect of electrolyte flow rate 

T = 27.8 ± O.2°C, L/de - 11.4 

19L + - 15.0 cm S-1 (Re 1,299) 

18L 0 - 13.2 cm S-1 (Re 1,206) 

21L C - . 11.1 cm 5- 1 (Re 952) 

201. • - 25.6 cm 5- 1 (Re 2,190) 
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Fig.4.34 Cathodic polarisation during the electrolysis of 
0.014M copper sulphate electrolyte in 1aminar 
flow. 

T =37 :!: PC, L/de -2.8 

2SL • - 4.11 cm s- 1 (Re 430) 

26L + 7.11 cm s- 1· (Re 743) 

27L 0 - 13.4 cm s-1 (Re 1,399) 
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Fig.4.35 Cathodic polarisation during the electrolysis of 
O.014M copper sulphate electrolyte in 1aminar 
flow. 

T =37:!:l"C, L/de _2.8 

28L + - 1.33· cm s-l (Re 141) 

29L 0 - 1. 78 cm s-l (Re 188) 

30L • - 2.28 cm s-l (Re 241) 
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Fig.4.36 Cathodic polarisation during the electrolysis of 
0.014M copper sulphate electrolyte in laminar flow. 

T =37 ± IOC, L/de - 2.8 

31L + - 2.89 cm s-l (Re 306) 

32L 0 - 3.28 cm s-l (Re 347) 

33L X - 4.11 cm· s-l (Re 430) 

34L • - 4.56 cm S-l (Re 482) 
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Fig.4.37 Cathodic polarisation during the electrolysis of 
O.014H copper sulphate electrolyte in laminar 
flow. 

T ~ 37 ± 1°C, L/de -2.8· 

35L + - 5.61 cm s-I (Re 594) 

36L • - 7.11 cm s -I (Re 752) 

371 0 - 9.06 cm 5-1 (Re 958) 
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Fig.4.38 Cathodic polarisation during the electrolysis of 
0.014M copper sulphate electrolyte in larninar flow •. 

T = 37 :!: 1°C, L/ 
de -2.8 

38L + - 12.7 cm s-I (Re 1,346) 

39L 0 - 13.3 cm S-I (Re 1,394) 

40L • - 15.1 cm 5-1 (Re 1,593) 
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Temperature Flow Rate Re Limiting 
Current 

T U Density iL 

·C cms- i .. A cm- 2 

x 10- 3 
. 

7.7.8 ± 0.2 11.1 952 2.27 

15.0 1,298 2.77 

25.6 . 
2,190 2.99 

13.22 1,200 2.95 

2.33 220 ·1.46 

32 ± 1 4.67 426 2.04 

7.11 662 2.33 

10.72 1,033 2.85 

16.06 1,546 3.52 

40.0 ± 0.0 11.1 1,221 3.01 

22.2 2,442 4.11 .,. 

50.2 ± 0.1 11.7 1,587 3.58 

12.8 1,738 3.85 

15.0 2,040 4.07 

16.7 2,267 4.33 

60.1 ± 0.1 1.39 243 2.09 

4.44 777 2.91 

7.67 1,341 3.53 

10.8 1,904 4.22 
. 

Table 4.6 Limiting current densities for the deposition of 
copper on cathodes 11.4 de in length at 28, 32, 
40, 50 and 60·C in laminar flow. 



Flow Rate Reyno1ds Limiting 

U 
Number cur;-ent Density 

cms- I Re 'L 
A cm-' 

x 10- 3 

1.33 141 2.22 

1. 78 188 2.31 

2.28 241 2.84 

2.89 306 2.45 

3.28 347 2.87 
\ 

4.11 430 2.80 

4.11 435 3.08 

4.56 482 3.01 

5.61 594 3.21 

7.11 743 3.95 

7.11 752 3.66 

9.06 958 4.03 

12.72 1,346 4.35 

13.33 1,394 3.97 

13.39 1,399 5.57 
. 

15.06 1,593 4.82 

Table 4.7 Limiting current densities for the 
deposition of copper on cathodes 2.8 de 
in length at 37 ± 1°C in 1aminar flow. 

. 
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In Fig.4.39, the values of iL are plotted as a function of 

flow velocity (U) on logarithmic coordinates. As may be seen from 

Fig.4.39 the deposition rate was greatest at a given flow velocity, 

on the shorter cathodes (L/de 2.8). 

Using long electrodes (L/de 11.4), an approximately linear 

relationship between iL and U was observed, 'at each temperature. Each 

set of data were correlated by a line (A-A) w;th a slope of about 0.3. 

As has been seen elsewhere (p.128), similar slopes may be predicted 

from the design equation. With cathodes 11.4 de in length an increase' 

in temperature resulted in significant increases in the limiting current 

density at a constant flow rate. 

The relationship between iL and the electrode length, L/de 

Cathodic polarisation measurements were made at a flow rate 

corresponding to Re 1,015 ! 96 using a range of cathode lengths (L) 

from 0.5 to 9.8 cm (L/de 0.6 to 11.4) (Fig.4.40). The electrolyte 

temperature was 32 :!: lOCo 

The general features of the curves were similar to those observed 

previous ly (p .l,i3) • 

well defined limiting 

The very short cathodes (L/de < 2.3) had a less 

current density plateau. The limiting current 

densities were determined at a potential (E) of -O.4SV versus the Cu 

reference electrode. The results are summarized in Table 4.8. 

In Fig.4.4l the limiting current density is plotted versus the 

cathode length in equivalent diameters (L/de). As the effective 

cathode length was progressively increased, at a constant flow rate, 

the average limiting current decreased. The mass transfer rate was 

greatest at very short electrode lengths when mass transfer entrance 

effects are greatest. 

Dimensionless number correlations of mass transfer data and 
interpretation 

The rate of mass transfer in laminarflow may be correlated by 

a single equation in terms of the properties of the electrolyte at each 
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T = 32 ± 1°C 

Re 1,019 ± 96 

Electrode 
Length 

Llde 

A 

0.6 

2.4 

4.7 

6.9 

9.3 

11.4 

Average 
Limiting 
Current 
Density 

iL 
cm- 2 x 10- 3 

13.2 

5.10 

3.50 

3.10 

2.70 

2.85 

Table 4.8 Corrected limiting current 
densities for copper deposition 
on cathodes 11.4 de in length. 
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temperature, the geometry of the cell, the flow rate and the mass 

transfer coefficients calculated using the measured values of iL 

obtained from the polarisation curves. 

in Table 4.9. 

The results are summarised 

The system was described by the four dimension1ess numbers 
de Re, SC':L" and Sh (Table 4.10 derived from the primary data of 

Table 4.9) (Detailed calculations are shown in Section 3.4.1). In 

Fig.4.42 the term [Re Sc ~e] known as the Graetz No. is plotted 

versus the dimension1ess mass transfer coefficient (Sh) on logarithmic 

coordinates. The data were correlated, using linear regression 

analyses by the following equation: 

Sh = 2.8 [Re Sc ~ ]o.i. 
L 

. .• .. (4.1) 

The correlation coefficient (r 2 ) was 0.951. The solution of Eqn.{4.1) 

is shown by the line A-A, of slope 0.3 in Fig.4.42 • 

The theoretical design equation for Cell 2 with ·laminar flow 

was 

Sh = 1.85 [Re Sc~ ]0.33 
L 

••••• (2.49) 

The solution of the above equation is shown by the line B-B in 

Fig.4.42. 

It would appear that the unusual divided cell configuration used 

in the present study results in higher mass transfer rates than would 

be expected from the simple analysis. • The good agreement in the 

value of the exponent of the Graetz number may also indicate that cell. 

geometry is the decisive factor. From a practical fast deposition 

viewpoint the high-mass transport rates are an advantage. 

(b) Mass transport under conditions of turbulent flow 

In turbulent flow fully developed mass transfer profiles were 

obtained over much shorter electrode lengths. The rate of mass transfer 



-

Dimension- Tempera- Kinematic Diffusion Flow Corrected Bulk Con- Mass 
less ture Viscosity Coefficient Rate Limiting centration Transfer 
Electrode T . .\1 

Dcu' + U 
Current cu--+ Coeffi-

Length cm's-I _1 Density cb cient ·C cm's-I cms 
iLcorr. mol cm- 3 

delL x 10-' kL 
x 10- 6 A cm-' x 10- 5 

-I 
x 10- 3 cms 

x 10- 3 

0.088 60.1 0.49 12.04 1.39 2.09 1.32 0.82 

0.088 60.1 0.49 12.04 4.44 2.91 1.32 1.14 

0.088 60.1 0.49 12.04 7.67 3.53 1.32 1.39 

0.088 60.1 0.49 12.04 10.89 4.22 1.32 1.66 

0.088 60.1 0.49 12.04 14.38 4.80 1.32 1.88 

0.088 50.2 0.63 9.85 11.67 3.58 1.36 1.36 

0.088 50.2 0.63 9.85 12.78 3.85 1.36 1.47 

0.088 50.2 0.63 9.85 15.00 4.07 1.36 1. 55 

0.088 50.2 0.63 9.85 16.67 4.33 1.36 1. 65 

0.088 50.2 0.63 9.85 18.89 4.67 1.36 1. 78 

0.088 40.0 0.78 7.92 11.11 3.01 1.41 1.11 

0.088 40.0 0.78 7.92 22.22 4.11 1.41 1. 51 

0.088 33.0 0.89 6.80 10.72 2.85 1.28 1.15 

0.088 33.0 0.89 6.80 16.06 3.52 1.28 1.43 

0.088 32.5 0.91 6.72 . 2.33 1.46 1.28 0.59 

0.088 32 0.92 6.64 7.11 2.33 1.28 0.94 

0.088 31.0 0.94 6.48 4.67 2.04 1.28 0.83 

0.088 31.0 0.94 6.48 13.22 2.95 1.28 1.19 

0.088 27.7 0.99 6.00 15.00 2.77 1.28 1.11 

0.088 28.0 1.00 6.04 25.56 3.99 1.28 1.62 

0.088 27.9 1.00 6.02 11.11 2.27 1.28 0.92 

Icontinued 

Table 4.9 Summary of electrolysis conditions for the deposition 
of copper in 1aminar flow. 

(de -0.857 cm.) 



Table 4.9 continued 

. 

T \I D cu'+ U il;corr CU 2 + kL 
del ·c cm2 s- 1 cm's- 1 cb 

L -I A cm-' cms cms- I 

x 10-' x 10-6 -3 

X 10- 3 mol cm 
. x 10-5 X 10- 3 

-

0.107 32.1 0.92 6.65 10.72 2.70 1.29 1.09 

0.145 32.3 0.91 6.68 10.72 3.10 1.30 1.24 

0.214 32.7 0.90 6.76. 10.72 3.50 1.30 1.40 

0.357 36.0 0.82 7.24 4.11 2.80 1.33 1.09 

0.357 36.0 0.82 7.24 7.11 3.95 1.33 1.54 

0.357 36.0 0.82 7.24 13.39 5.57 1.33 2 .• 17 

0.365 37.9 0.81 7.60 1.33 2.22 1.29 0.39 

0.365 37.9 0.81 7.60 1. 78 2.31 1.29 0.93 

0.365 37.9 0.81 7.60 2.28 2.84 1.29 1.14 

0.365 37.9 0.81 7.60 2.89 2.45 1.29 0.98 

0.365 37.9 0.81 7.60 3.28 2.87 1.29 1.15 

0.365 37.9 0.81 7.60 4.11 3.08 1.29 1.24 

0.365 37.8 0.81 7.60 4.56 3.01 1.29 1.21 

0.365 37.9 0.81 7.60 5.61 3.21 1.29 1.29 

0.365 37.9 0.81 7.60 7.11 3.66 1.29 1.47 

0.365 37.9 0.81 7.60 9.06 4.03 1.29 1.62 

0.365 37.9 0.81 7.60 17..72 4.35 1.29 1. 75 

0.365 37.7 0.82 7.55 13.33 3.97 1.29 1.60 

0.365 37.9 0.81 7.60 15.06 4.82 1.29 1.94 

0.429 28.0 1.00 6.04 10.72 5.10 1.28 2.07 

1.71 30.9 0.94 6.48 10.72 10.00 1.29 4.02 

, . 



Dimensionless Schmidt Reynolds Sherwood Graetz 
Electrode No. No. No. No. 
Length [ ~ ] [ u de ] [ kL de ] [Re Sc delL] 

D \i D 
delL Sc Re Sh Gz ~ 

x 10 

0.088 407 243 58.4 0.87 

0.088 407 777 81.1 2.78 

0.088 407 1,341 98.9 . 4.80 

0.088 407 1,904 118 6.82 

0.088 407 2,517 134 9.02 

0.088 640 1,587 118 8.94 

0.088 640 1,738 128 9.79 

0.088 640 2,040 135 11. 5 

0.088 640 2,267 144 12.8 

0.088 985 1,221 120 10.6 

0.088 985 2,442 163 21.2 

0.088 1,309 1,033 145 11.9 

0.088 1,309 1,546 180 17.8 

0.088 1,354 220 75.4 2.62 

0.088 1,386 662 122 8.07 

0.088 1,451 426 109 5.44 

0.088 1,451 1,206 157 15.4 

0.088 1,650 1,299 159 18.9 

0.088 1,656 2,190 230 31.9 

0.088 1,661 952 131 13.9 

0.107 1,384 999 141 14.8 

0.145 1,362 1,110 159 21.9 

. 

Icont1nued 

Table 4.10 Dimensionless variables and experimental mass 
transfer coefficients for the deposition of 
copper in laminar flow,(de-0.857'cm). 

. 



Table 4.10 continued 

delL Sc Re Sh Gz 
x 10~ 

0.214 1,331 1,021 178 29.1 

0.357 1,133 430 129 17.4 

0.357 1,133 743 182 30.1 

0.357 1,133 1,399 257 56.6 

0.365 1,066 141 101 5.49 

0.365 1,066 188 105 7.32 

0.365 1,066 241 129 9.38 

0.365 1,066 306 111 11.9 

0.365 1,066 347 130 13.5 

0.365 1,066 435 140 16.9 

0.365 1,066 482 136 18.8 

0.365 1,066 594 146 23.1 

0.365 1,066 752 166 29.3 

0.365 1,066 958 183 37.3 

0.365 1,066 . 1,346 197 52.4 

0.365 1,086 1,394 182 55.3 

0.365 1,066 1,593 219 62.0 

0.429 1,656 919 294 65.3 

1.71 1,451 978 531 243 
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may be described by two equations. Consequently, the turbulent flow 

data were ~ore conveniently examined by dividing them into two 

electrode types. 

Long electrodes •. '. The maximum cathode length of 9.74 cm (L/de -11.4) 

was used for polarisation measurements. 

Short electrodes. A range of cathode lengths (L/de = 0.53 to 9.4) was 

used for these experiments. 

For each set of experimental condition~, the cathodic polarisa

tion curve was determined and the limiting current density (iL) measured 

at -450 mV versus the Cu reference. electrode. 

(i) Long electrodes 

Cathodic polarisation measurements were made over a range of flow 

rates 14 to 276 crns- I (Re 2,872 to 30,337). The relationship between 

iL and flow rate was measured at temperatures of 28·, 40·, 50· and 60·. 

Some additional experiments were made at intermediate temperatures 

(37·, 45· and 5S·C). 

The cathodic polarisation behaviour is shown in Figs. 4.43 to 

4.48. The general characteristics of each curve were similar to those 

observed in laminar flow(p.173). However, the limiting current density 

was less well defined in turbulent flow, particularly at high flow 

rates (e.g. Fig.4.47, 276 ems-I). At each temperature the limiting 

current density increased with increasing flow velocity. 

The copper deposited in turbulent flow was rougher in appearance 

than laminar flow deposits. The distribution of the powdery deposit 

was non-uniform and predominated near the leading edge of the cathode. 

The measured values of it are recorded in Table 4.11. In 

Fig.4.49 the values of iL are plotted versus flow velocity (U) on 

logarithmic coordinates. At each temperature an approximately linear 

relationship between iL and U was observed. Each set of data were 

correlated by a line (A-A) of slope -0.8. Similar slopes were predicted 
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Cathodic polarisation during the electrolysis of 
0.014M copper.su1phate\solution in turbulent 
flow. Effect of flow rate. 

T = + L/ 60.1 - O.l°C, de -11.4 

IT • - 18.0 cm S-I (Re 3,148) 

2T <> - 19;9 cm s-I (Re 3,479) 

3T + 27.8 cm s-I (Re 4,858) 

4T 0 - .40.0 cm s-I (Re 6,996) 

5T X - 59.4 cm S-I (Re 10,397) 

6T • - 73 • .J cm S-I (Re 12,826) 

7T 0 - 148 cm s-I (Re 25,846) 

8T e - . 101 cm s-I (Re 17,684) 
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Fig.4.44 Cathodic polarisation during the electrolysis of 
O.014M copper sulphate solution in turbulent flow 
at 55°C(9T,76.7 cm ;,-1, Re 11,733, L/de -11.4). 
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Fig.4.45 Cathodic polarisation during the electrolysis of 
copper sulphate electrolyte in turbulent flow. 
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Effect of flow rate 
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Fig~4.48 Cathodic polarisation during the electrolysis of 
0.014M copper sulpnate electrolyte in turbulent 
flow. Effect of flow rate. 

. + 
T = 36.6 - 0.2°C, L/ de _ 11.4 

25T + - 73.3 cm s-1 (Re 7,664) 

26T 0 - . 73.3 cm s-1 (Re 7,664) 

27T A - 73.9 
-1 (Re 7,629) cm s 

+ T = 28.0 - 0.4°C. 
L/ de - 11.4 

29T [] - 50.0 cm s-1 (Re 4,328) 

30T • - 86.7 cm S-1 (Re 7,502) 

31T <> - 130 cm S-1 (Re 11,254) 

32T e - 218 -1 (Re 18,852) cm s 

28T X - 277 cm 8- 1 (Re 24,194) 



Temperature Flow Rate Limiting Re 

cm s-1 current ·c density 

A -. cm 
x 10- 3 

50.0 6.23 4,328 

86.7 9.89 7,502 

27.8 ± 0.1 130 13.9 11,254 

218 22.3 18,852 

28.9 5.67 3,174 

38.9 6.94 4,273 

40.0 ± 0.0 73.7 13.3 8,057 

144 22.4 15,870 

276 34.7 30,337 

18.9 4.67 2,569 

21.1 5.19 2,872 

23.3 5.67 3,174 

50.2 ± 0.1 29.4 7.06 4,006 

34.4 8.18 4,686 

58.9 12.7 8,011 

71.1 16.2 9,673 

95.6 20.3 13,208 

158 35.3 21,463 

164 31. 5 22,370 

14.4 4.80 2,517 

60.1 ± 0.1 18.0 c 5.94 3,148 

19.9 6.50 . 3,478 

27.8 .9.05 4,858 I· 

60.1 ± 0.1 40.0 12.3 6,996 

59.4 17.9 10,397 

73.3 20.8 12,826 

101 2.8.9 17,684 

147.8 39.1 25,846 

Table 4.11 Experimentally determined limiting current densities 
for the deposition of copper from 0.014M copper 
sulphate solution at 28, 40, 50 and 60·C in turbulent 

\ 
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Fig.4.49 Effect of flow rate (turbulent flow) on the 
limiting current density for the cathodic 
deposition of copper from O.014M copper 
sulphate electrolyte. 
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from the design equation for the cell (p.l2S): 

Sh = 0.023 Re O• 6 ScO. 33 ••••. (2.66) 

As may be seen elsewhere (p."174) an increase in temperature 

resulted in significant increases in the limiting current density, at 

a constant flow velocity. 

Dimensionless number correlation of mass transfer data and 
interpretation 

The rate of mass transfer to long electrodes in turbulent flow 

was correlated by a single equation in terms of the properties of the 

electrolyte at each temperature, the equivalent diameter (de) of the 

cell, the flow rate, and the mass transfer coefficients calculated 

using the measured values of iL obtained from the polarisation curves. 

The results are summarised in Table 4.12. 

• 
The system was described by the three dimensionless numbers Re, 

Sc and Sh (Table 4.13) derived from the data of Table 4.12, and 

correlated, using three dimensional linear regression analyses, by the 

following equations: 

Sh = 0.023 Re O. 67 ScO. 32 ••••• (4.2) 

The correlation coefficient(r 2 ) was 0.990. In Fig.4.51 the term 

Sh Sc-x where x = 0.32,(Table 4.12) was plotted versus the Reynolds 

number. The solution of Equation 4.2 is shown by the solid line A-A, 

of slope 0.87, in Fig.4.50. 

The empirical design equation for Cell 2 for turbulent flow 

with long electrodes was (p.128): 

Sh = 0.023 .(2.66) 

The solution of Equation (2.66) is shown by the broken line B-B in 

Fig.4.50. 



Tempera- Kinematic Diffusion Flow Limiting Bulk Mass 
ture Viscosity Coefficient Rate Current Concen- Transfer 

T \I D U 
Density tration Coefficient 

cm2 s-1 cu 2 + cm s-1 iL cu 2 + kL ·c x 10- 2 cm 2 "s-1 A cm- 2 
cb 

x 10- 6 x 10- 3 mol cm- 3 cm s-l x 10- 3 

x 1O-~ 

60.1 0.49 12.04 18.0 5.94 1.32 2.33 

60.1 0.49 12.04 19.9 . 6.50 1.32 2.55 

60.1 0.49 12.04 27.8 9.05 1.30 3.61 

60.1 0.49 12.04 40.0 12.3 1.30 4.90 

60.1 0.49 12.04 59.4 17.9 1.30 7.14 

60.1 0.49 12.04 73.3 20.8 1.31 8.23 

60.1 0.49 12.04 147.8 39.1 1.30 15.6 

60.0 0.49 12.00 101.1 28.9 1.36 11.0 

55.0 0.56 10.90 76.7 20.1 1.35 7.72 

50.3 0.62 9.88 95.6 20.3 1.36 7.73 

50.2 0.63 9.85 21.1 5.19 1.36 1.98 

50.2 0.63 9.85 23.3 5.67 1.36 2.16 

50.2 0.63 9.85 29.4 7.06 1.36 2.69 

50.2 0.63 9.85 34.4 8.18 1.37 3.09 

50.2 0.63 9.85 58.9 12.7 1.36 4.84 

50.2 0,63 9.85 71.1 16.2 1.35 6.22 

50.2 0.63 9.85 157.8 35.3 1.37 13.4 

50.2 0.63 9.85 164.4 31.5 1.36 12.0 

45.2 0.70 8.92 76.7 15.9 1.35 6.10 

40.0 0.78 7.92 28.9 5.67 1. 36 2.16 

40.0 0.78 7.92 38.9 6.94 1.29 2.79 
. 

/continued 

Table 4.12 Summary of electrolysis conditions for the deposition 
of copper on 'long' electrodes in turbulent flow 
(deft 0.088) 



Table 4.12 continued 

T D U iLcorr 
CU 2 + 

kL \) cb 
-1 -1 cm s-1 

- -3 
, cm 5- 1 

·C cm 2 s cm2 s A cm-' mol cm 
x 10-' x 10-6 X 10- 3 X 10- 5 X 10- 3 

-

40.0 0.78 7.92 73.3 13.3 . 1.31 5.26 

40.0 0.78 7.92 144.4 22.4 1.28 9.07 

40.0 0.78 7.92 276.1 34.7 1.33 13.5 

36.8 0.82 7.39 73.3 12.6 1.35 4.82 

36.8 0.82 7.39 73.3 13.4 1.35 5.16 

36.5 0.83 7.36 73.9 12.2 1.34 4.72 

28.4 0.98 6.10 276.7 23.5 1.28 9.51 

,27.7 0.99 6.00 50.0 6.23 1.28 2.52 

27.7 0.99 6.00 86.7 9.89 1.28 4.00 

27.7 0.99 6.00 130.0 13.9 1.28 5.63 

27.7 . 0.99 6.00 217.8 22.3 1.28 9.03 



-- ------------------------------------, 

Schmidt Reynolds Sherwood j-Factor 
No. No. No. 

[ ~ 1 [u de 1 (KL de 1 Sh [Sh Sc -\ Re-1l 
D \I D Sc 0.33 

= f/ Sc Re Sh - 2 

j 
x10- 3 . 

407 3,148 166 22.5 7.15 

407 3,479 182 24.6 7.07 

407 4,858 257 34.8 7.16 

407 6,996 349 47.2 6.75 

407 10,397 508 68.7 6.61 

407 12,826 586 79.2 6.18 

407 25,846 1,110 150 5.80 

408 17,684 786 106 5.99 

514 11,733 607 75.9 6.47 

628 13,208 671 78.5 5.94 

640 2,872 172 20.0 6.96 

640 3,174 188 21.9 6.90 

640 4,006 234 27.2 6.79 
. 

640 4,686 269 31.3 6.68 

640 8,011 421 49.0 6.12 

640 9,673 541 62.9 6.50 

640 21,463 1,166 136 6.34 

640 22,370 1,044 121 5.41 

785 9,386 586 63.7 6.79 

985 3,174 234 - 23.6 7.37 

985 4,273 302 30.4 7.11 

985 8,057 569 57.3 7.11 

/continued 

Table 4.13 Dimension1ess variables and experimental 
mass transfer coefficients for the deposition 
of copper on 'long' electrodes in turbulent 
flow. 
(See also Appendix 4 for explanation of 'j
factor' ) • 



Table 4.13 continued 

Sh j 

Se Re Sh SCO. 33 x 10- 3 

985 15,870 981 98.8 6.23 . 

985 30,337 1,461 147 4.85 

1,110 7,664 559 54.1 7.06 

1,110 7,664 598 57.9 7.56 

1,128 ·7,629 550 53.0 6.95 

1,607 24,194 1,336 114 4.03 

1,650 4,328 360 30.5 7.05 

1,650 7,502 571 48.4 6.45 

1,650 11,254 804 68.2 6.06 

1,650 18,852 1,290 109 5.78 

• 



Fig.4.50 ~Iass transfer correlation for the cathodic 
deposition of copper from O.014M copper 
sulphate electrolyte in turbulent flow ('long' 
electrodes, L/de - 11.4). 

- , 

A - A line of best fit of data 
(Equation 5.2) 

B---B Theoretical correlation 
(Equation 2.66) 

A 
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The experimental mass transfer correlation (Eqn.4.2) would 

appear to be in good agreement with the design equation (Eqn.2.66) 

for the value of the constant and the exponent of the Schmidt number 

(Sc). However, the mass transfer coefficient (Sh) has a greater 

dependence upon the flow rate (Re) than would be predicted. It is 

evident from Fig.4.50 that the rate of mass transfer is again greater 

than expected-(cf. p.175). (See also Appendix 4). 

(ii) Short electrodes 

Using short cathodes (L/de (10), the mass transfer profile 

is developed over a significant proportion of the overall electrode 

length. Hence the overall mass transfer rate exhibits length 

dependence. The investigation is in two parts: 

(a) The relationship between iL and flow rate (U) was studied 

at 34 ± 2°C using cathodes 2.4 cm (2.8 de) in length for a 

range of flow rates 44.4 to 191 cm s-I (Re 4,645 to 19,973). 

(cf Long electrodes (p.176)1. 

(b) The relationship between iL and electrode length (L/de) was 

studied at 32°C using cathodes 0.45 to 8 cm (L/de 0.53 to 9.4) 

length and two flo1~ rates corresponding to: 

i) Low turbulent flow, Re 6,500 ± 600 

ii) High turbulent flow, Re 23,600 ± 2,300 

Polarisation measurements were determined for each set of 

experimental conditions. The polarisation behaviour (Figs.4.5l - 4.53) 

was similar to that described earlier (p .173) • The limiting current 

densities were measured at a potential of -0.45 versus the Cu reference 

electrode. 

(a) The relationship between iT and U 

The pOlarisation curves show an increase in the limiting current 

density with flow rate (Fig.4.5l). The limiting current densities are 

summarised in Table 4.14. In Fig.4.54, iL is plotted versus U on 
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Fig.4,51 Cathodic polarisation during the electrolysis of 
0.014M copper" sulphate electrolyte in turbulent 
flow. Effect of flow rate 
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Fig.4.S2 Cathodic polarisation during the electrolysis of 
0.014M copper sulphate electrolyte at 32°C and 
Re 6. SOO ± 600. 
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Fig.4.S3 Cathodic polarisation during the electrolysis of 
0.014M copper sulphate at 32°C and Re 23,600 ± 2,300. 
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Flow Rate Reyno1ds Corrected 

U 
Number limiting 

cm s-1 Re 
current 
densities 

iLIA cm-' 

x 10- 3 

44.4 4,645 10.7 

102 10,683 15.3 

143 14,980 21.3 

191 19,973 24.4 

Table 4.14 Limiting current densities for 
copper deposition on cathodes 
2.8 de (2.4 cm) in length at 
36°C. 

. 
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Fig.4.54 Effect of flow rate (turbulent flow) on the limiting 
current density for the cathodic deposition of 
copper, from O.014H copper sulphate electrolyte, 
on cathodes 2.8 de in length at 36°C. 
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logarithmic coordinates. The data may be correlated by a line (A-A) of 

slope -0.6. This is in reasonable agreement with the slope of 0.67 

predicted from the empirical design equations 

h 0 145 067 de 0.25 SC O .. 3 S =. Re • ••••• (2.67) 
L 

(b) The relationship between iL and L/de 

i) Re 6,500 ± 600. The polarisation measurements (Fig.4.52) 

indicated that the limiting current densities increased as the cathode 

length decreased. The average limiting current densities are summarised 

in Table 4.15. 

In Fig.4.55 iL is plotted versus the cathode length (L/de): 

With very short electrodes (L/de < 4.7), the high mass transfer rates 

at the leading edge resulted in high average current densities. As 

the cathode length increased, the effect of the mass transfer entrance 

length became less significant and the average current density becomes 

more constant. 

ii) Re 23,600 ± 2,300. The polarisation curves are shown in 

Fig.4.53 and the corrected values of iL are summarised in Table 4.16. 

In Fig.4.55, iL is plotted versus L/de. The deposition rate was again 

greater on the shorter cathodes. The value of iL was greater than 

observed at Re 6,500 ± 600 for all cathode lengths. The data obtained 

in 1aminar flow are also shown for comparison. 

Dimension1ess number correlation of mass transfer data and 
interpretation 

The rate of mass transfer to short electrodes in turbulent flow 

was correlated by a single equation in terms of the properties of the 

electrolyte, the geometry of the cell, the flow rate and the mass 

transfer coefficients calculated using the corrected values of iL ' 

obtained from the polarisation measurements. The results are summarised 

in Table 4.16. 



Electrode Average 
Length Limiting 

Llde 
Current 
Density 

iL 
A cm-' 
x 10-' 

0.5 37.0 

2.4 16.7 

3.0 14.1 

7.1 10.6 

9.3 9.3 

Table 4.15 Corrected limiting current densities for 
copper deposition on cathodes < 9.3 de 
in length at Re 6,500 ± 60 and 32°C. 

Electrode Average 
Length Limiting 

Llde 
Current 
Density 

iL 
A cm-' 
x 10-' 

0.6 66.0 

2.3 41.8 

4.7 32.9 

6.9 29.3 

9.3 28.6 

Table 4.16 Corrected limiting current densities for 
copper deposition on cathode <9.3 de 
in length at Ra 23,600 ± 2,300 and 32°C. 
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Fig.4.55 Effect of the cathode length on the limiting current 
density for the deposition of copper from·0.014M 
copper sulphate electrolyte at 32 ± loe 

o - Re 23,600 ! 2,300 
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The system was described by the four dimensionless numbers 

Re, Sc, delL and Sh (Table 4.18) derived from the data of Table 4.17 

and correlated using linear regression analysis by the following 

equation: 

Sh = O.lSl ReO.72de/Lo.'2 Sc 0.33 ••••• (4.3) 

The' correlation coefficient (r 2) was 0.91. In Fig.4.56 the 

experimental values of Sh are plotted versus the solution of Equation 

(4.3). The calculated solution of Equation (4.3) is shown by the 

.. line A-A. 

The empirical design equation for short electrodes in turbulent 

flow was (p.12S): 

Sh = 0.145 . . • (2.67) 

It may be seen by inspection of the two equations (2.67) and (4.3) 

that the rate of mass transfer in the cell is slightly greater than 

would be expected from Equation (2.67) (cf. Long electrodes p.177). 

(see Table 4.lS). 

Overall summary of Section 4.2.1 

Copper was deposited potentio-dynamically from an electrolyte 

of nominal composition, 0.014M Cu SO,' and 1.5M H2SO, on copper cathodes 

at Reynolds number up to Re 19,973. Polarisation measurements were 

determined as a function of flow rate, electrolyte temperature and 

cathode length. From limiting current density measurements (at E = -45OmV) 

the mass transfer coefficients were calculated. The data were correlated 

using dimensionless numbers. 

The following trends were observed: 

(i) The limiting current density increased with increasing flow 

rate (U) at a constant cathode length and temperature. 



-

• 

Dimension- Tempera- Kinematic Diffusion Flow Corrected Bulk 
I 

Mass 
less ture Viscosity Coeffi -'_ -- - Rate Limiting Concen- Transfer 
Electrode T \! 

cient 
U 

Current tration Coeffi-
Length • -I D cm s-I Density cu 2 + cient 

·C cm s cu 2 + cb kL deft . x 10-' iL corr •. 
cm's- I 

A cm- 2 mol cm- 3 
cm s-I 

10-6 . 10-5 
X -- X 10- 3 X 

X 10- 3 

0.107 32.5 0.91 6.72 73.9 9.3 1.30 3.71 

0.107 32.3 0.91 6.68 271.1 28.6 1.30 11.4 

0.143 . 31.9 0.92 6.64 73.9 10.6 1.30 4.11 

0.145 32.3 0.91 6.68 . 271.1 29.3 1.30 11. 7 

0.214 32.9 0.90 6.78 271.1 32.9. 1.30 13.1 

.0.343 24.5 1.07 5.54 73.9 14.1 1.30 5.62 

0.357 36.0 0.B2 7.24 44.4 10.7 1.32 4.20 

0.357 36.0 0.82 7.24 102.2 15.3 1.32 6.01 

0.357 36.0 0.B2 7.24 143.3 .. 21.3 1.32 8.36 

0.357 36.0 0.82 7.24 191.1 24.4 1.32 9.5B 
-

0.429 30.2 0.95 6.36 73;9 16.7 1.29 6.71 

0.440 31. 5 0.92 6.56 271.1 41.B 1.29 16.B 

1.71 31.9 0.92 6.64 271.1 . 66.0 1.29 26.·5 

1.90 32.B 0.90 6.76 73.9 37.0 1.29 14.9 
. 

Table 4.17 Summary of electrolysis conditions· for the deposition 
of copper on ' short' electrodes in turbulent flow 
(de = 0.B57 cm). . .. 



Dimension'- Schmidt Reynolds Sherwood ReO.72ScO.33 % !.: Re Sc 3 

less No •• No. No. 
Electrode .' [ :,? ) [ u de ) [kL de) del O.~2 

J, 

deft • length D 'D L ' v 

delL Sc Re Sh 

0.107 1,354 6,959 473 2,522 2,308 

0.107 1,362 25,532 1,463 6,444 5,502 

0.143 1,386 6,883 531 2,849 2,482 

0.145 1,362 25,532 1,501 7,321 5,937 

0.214 1,327 25,816 1,656 8,615 6,535 

0.343 ,1,931 5,918 869 4,121 3,119 

0.357 1,133 4,645 497 2,947 2,244 

0.357 1,133 10,683 711 5,368 3,912 

0.357 1,133 14,980 990 6,848 , 4,901 

0.357 1,133 19,973 1,134 5,938 8,424 

0.429 1,494 6,666 904 4,528 3,279 

0.440 1,402 21,376 2,195 10,367 7,027 

1.71 1,386 21,376 3,420 18,265 9,829 

1.90 1,331 7,036 1,888 8,463 4,745 

Table 4.18 Dimensionless variables and experimental mass transfer 
coefficients for the deposition of copper on 'short' 
electrodes (de = 0.857 cm). 

. 
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Fig.4.56 Mass transfer correlation for the cathodic deposition 
of copper from O.014M copper sulphate electrolyte 
in turbulent flow ('short' electrodes, L/de < 9.4). 

A --- A line of best fit of data 
(Equation 5.3) 
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(ii) The average Hmi ting current densi ty increased with decreasing 

cathode length at a constant flow rate and temperature, 

particularly with cathodes < 5 cm in length. 

(iii) The limiting current density increased with increasing 

temperature. 

The following dimensionless mass transfer correlations were calculated 

from limiting current density measurements: 

(i) In Laminar flow (Re <2,500) the rate of mass transfer in 

Cell 2 may be described by the equation: 

Sh = 2.8 {Re ~ Sc} O. 33 

L 
. . . • (4.1) 

(ii) In Turbulent flow (Re 2,500 to 31,000), the rate of mass transfer 

to Long electrodes (L/de ~ 11.4) may be described by the 

equation: 

Sh = 0.023 Re o. B 7 Sc 0.33 .(4.2) 

(iii) In Turbulent flow, the rate of mass transfer to Short electrodes 

(L/de < 11.4) may be described by the equation: 

••••• (4.3) 

For all conditions the experimental results suggest that the 

mass transport rate in Cell 2 is slightly greater than would be expected 

from the design equations. The differences may be due to the unusual 

split cell design and error in the calculation of the equivalent diameter 

of the cell. 

4.2.2 Cathode current distribution during the deposition of copper 
from the CuSo" - H, So, electrolyte 

The appearance and structures of the nickel foils produced in the 

Mark 1 cell showed similarities when the leading and trailing edges were 

examined. This suggested that deposition conditions might be similar. 

Information from the copper system was desirable for comparison purposes. 
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Copper was deposited from an electrolyte of nominal composition, 

0.014M CuSo~. 6H20 in 1.5U H2S0~ supporting electrolyte at 36°C on to 

a preplated segmented nickel. cathode 10 cm (L/de = 11.7) in length. 

Electrolysis was carried out at a constant average current density 

(i ) in Laminar flow (Re 743) and Turbulent flow (Re 14,864 and 
av 

Re 18,580). 

Details of the segmented cathode, current measuring instrumenta

tion and calibration, and the experimental procedures with a sample 

calculation are given in Section 3.4.2. 

For each experiment, the voltage drop (V) across each resistor (R) 

was measured, the partial (local) current density (ix)' the local mass 

transfer coefficient (kLX) and the dimensionless current density (ix ) 

calculated. 

a) Laminar Flow 

L, .c.v 

Copper was deposited on the segmented cathode under limiting 

current conditions at Re 743. The average limiting current density 

(2.08 x 10- 3 A cm-') for the'system was determined from Fig.4.42 and the 

current adjusted accordingly. The results are summarised in Table 4.19. 

In Fig.4.57, the was plotted versus the fractional 

distance along the cathode, ~. The resulting current" distribution 
L 

showed a high current density (>2 iLav) at the leading edge segment of 

the cathode. The deposition rate then progressively decreased further 

downstream reaching a value of -0.7 i L
av at the trailing edge segment. 

b) Turbulent Flow 

The current distributions for copper deposition were measured 

for limiting current conditions at two flow rates, corresponding to 

Re 14,864 and Re 18,580. An additional experiment was carried out at 

Re 18,580 at 0.5 iL to determine the current distributions at sub-

limiting current densities. The average limiting current densities 



Segment Resistance p.d. Partial Partial x 
No. Ohms R Volts,V Current Current L 

x 10- 3 V Density x 10-' 
- amps 

ix R 
x 10- 3 A cm- 2 

x 10- 3 

Leading 
edge 

1 0.498 5.3 10.6 4.42 4 

2 0.468 2.9 6.2 2.58 12.36 

3 0.480 2.6 5.4 2.25 20.73 

4 0.484 2.3 4.8 2.0 20.09 

5 0.485 2.4 5.0 2.08 37.46 

6 0.477 2.1 4.4 1.83 45.82 

7 0.486 2.0 4.1 1.71 54.18 

8 0.485 1.9 3.9 1.63 62.55 

9 0.484 1.9 3.9 1.63 70.91 

10 0.485 1.8 3.7 1.54 79.28 

11 0.486 1.7 3.5 1.46 87.64 

12 0.485 1.8 3.7 1.54 96.00 

Table 4.19 Deposition of copper on to a segmented cathode in 
laminar flow. 

Flow Rate _7.11 cm s-I :: Re- 743' 

Segment Area _ 2.4 cm' 

Total Electrode Area - 28.8 cm' 

Total Current - 0.060 A 

Average Current Density,i~"..;;0.00208·A Cr.l""" 

1 . ccuH -5 3 Bu k Concentrahon, b - 1.29 x 10 mol cm-

Average Mass Transfer Coefficient k cu+ -0.84 X 10- 3 cm S-I 
LAV 

Temperature,T 36.3°C 

Total Electrode Length, L -10.0cm, Segment Length _ 0.8 cm 
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Fig.4.57 Longitudinal current distribution (copper deposition) 
along a segmented electrode 11.7 equivalent diameters 
in length at -36°C and Re 743. 
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were determined from Fig.4.50. At Re 14,864, copper was deposited 

at an average limiting current density of 14.3 x 10- 3 A cm-' (Table 4.20). 

The current distribution (Fig.4.58) again showed the high current 

density region (>1.3 iLav) at the leading edge segment. The deposition 

rate remained constant (0.98 ± 0.02 iLav) when ~ > 0.3. 
L 

At Re 18,580, copper was deposited at an average limiting current 

density of 16.1 x 10-' A cm-· (Table 4.21). The current distribution 

is shown in Fig.4.58. There was a high deposition rate (>1.54 iLaV) 

at the· leading edge and a more constant current density (1.0 ± 0.05 iLav) 
. x ) further downstream (L > 0.3 • In turbulent flow the mass.transfer 

boundary layer develops more rapidly and the entry length is shorter. 

The current distribution for laminar flow is also shown in Fig.4.58 

for comparison. 

At a sub-limiting current density (0.5 iLav) of 8.4 x 10- 3 A cm-' 

(Table 4.22), a differellt.type of current distribution was observed 

(Fig.4.59). The current distribution was much more symmetrical, with 

relatively small increases at both leading and trailing edges. This 

type of profile is similar to the primary current distribution. 

The current distribution for limiting current operation is also 

shown in Fig.4.59, where the high value of current density at the leading 

edge may be noted. 

Summary of Section 4.2·,2 

A segmented electrode was used to determine the cathodic current 

distribution for copper deposition at 34 ± 2°C. Current distributions 

were obtained in both laminar and turbulent flow. 

a) In laminar flow (Re 733) with limiting current operation, the 

current density decreased from a maximum at the leading edge to 

a minimum at the trailing edge. 



Segment Resistance p.d. Partial Partial x 
No. Ohms, R Volts,V Current Current L 

x 10-' Y.. amps Density x 10-' 
R ix 
X 10- 3 A cm- 2 

x 10-' 

~ 

Leading 
edge 

1 0.498 22.7 45.6 19.0 4 

2 0.468 16.6 35.5 14.8 12.36 

3 0.480 19.0 39.6 16.5 20.73 
c 

4 0.484 16.3 33.7 14.0 29.09 

5 0.485 16.9 34.9 14.5 37.46 

6 0.477 15.6 32.7 13.6 45.82 

7 0.486 16.3 33.5 13.9 54.18 

8 0.485 16.7 34.4 14.3 62.55 

9 0.484 16.4 33.9 14.1 70.91 

10 0.485 16.2 33.4 13.9 79.28 

11 0.486 16.7 34.4 14.3 87.64 

12 0;485 17.4 35.9 14.9 96.00 

. 

Table 4.20 Deposition of copper on to a segmented cathode in 
turbulent flow, Re 14,864. 

Flow Rate -142.2 cm s-1 :Re -14,864 

Segment Area - 2.4 cm' 

Total Electrode Area - 28.8 cm' 

Total Current - 0.428 A 

Average Current Density, i~v -0.0148 A cm-' 

Bulk Concentration, c~u2+ -1.29 x 10-5 mol cm-' 

Average MRSS Transfer Coefficient: _5.96 x 10-' cm S-1 

Temperature, T _36.3°C 

Total Electrode Length, L -10.0 cm, Segment Length -0.8 cm 



SegMent Resistance p.d. Partial Partial x 
No. Ohms, R Volts,V Current Current L 

x 10- 3 • Density x 10- 1 
V 

" 
, amps i 

" x 10- 3 A cm- 2 

x 10- 3 

. 

Leading 
edge 

1 0.429 . 23.9 55.7 23.2 4 

2 0.429 18.3 42.7 17.8 12.36 

3 0.430 20.1 46.7 19.5 20.73 

4 0.430 17.3 40.2 16.8 29.09 

5 I 0.428 16.7 39.0 16.3 37.46 

6 0.428 16.6 38.8 16.2 45.82 

7 0.428 17 .1 39.9 16.7 54.18 

8 0.431 17.6 38.2 15.9 62.55 

9 0.430 17.1 39.8 16.6 70.91 

10 0.427 17.1 40.1 16.7 79.28 

11 0.428 17.7 41.4 17.2 87.64 

12 0.428 18.0 42.1 17.5 96.00 

Table 4.21 Deposition of copper on to a segmented cathode in 
turbulent flow, Re 18,580. 

Flow Rate 177.8 cm s-' :: Re -18,580 

Segment Area -2.4 cm" 

Total Electrode Area -28.8 cm" 

Total Current -0.463 A 

Average Current Density" i~v -0.0161 A cm-· 

eu:!+Bulk Concentration, cb 

Average Hass Transfer Coefficient-6.45 x 10- 3 cm s-I 

Temperature, T -36.3°C 

Total Electrode Length, L -10.0 cm, Segr.len t Length _ 0.8 cm 



. 

Segment Resistance p.d. Partial Partial 
110. 

Ohms, R 
Volts, V Current Current x 
x 10-3 V Amps 

Density L 
R' i 

X 10- 3 A cm- 2 

x 10- 3 

Leading 
. 

Edge 

1 0.428 . 8.9 20.8 8.66 4 

2 0.428 8.5 19.9 8.28 12.36 

3 0.427 8.3 19.4 8.10 20.73 

4 0.430 8.4 19.5 8.14 29.09 

5 0.431 8.5 19.7 8.22 37.46 

6 0.428 8.2 19.6 7.98 45.82 

7 0.428 8.1 18.9 7.89 54.18 

8 0.428 8.2 19.2 7.98 62.55 

9 0.430 8.4 19.5 8.11. 70.91 

10 0.430 9.2 21.4 8.92 79.28 

11 0.429 8.8 20.5 8.54 87.64 

12 0.429 10.1 23.5 9.79 96.00 

Table 4.22, Deposition of copper, at sub-limiting current density, 
on to a segmented cathode in turbulent flOl<, Re 18,580. 

Flow Rate 

Segment Area - 2.4 cm 2 

Total Electrode Area - 28.8 cm 2 

Total Current - 0.242 A 

!l . • "5' av Average Current; ~n::lll,.:r "'. lL 

CU2~ 
Bulk Concentration Cb 

- 0.0084 A cm- 2 

Average Mass Transfer Coefficient kLC~2+ - 3.37 X 10- 3 cm s-1 
av 

Temperature, T - 36.3°C 

Total Electrode Length, L - 10.0 cm, Segment Length - 0.8 cm 
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b) In turbulent flow (Re 14,864 and 18,580) with limiting current 

operation, the deposit~on rate was greatest at the leading edge 

segment. However, due to rapid development of the mass 

transfer profile, the deposition rate was similar for ~ > 0.3. 
L 

c) At sub-limiting current densities (0.5 iLaV) the current 

distribution was more symmetrical and only relatively small 

increases in current densities were observed at both the leading 

and trailing edges. 
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4.3 Studies of the electroforming of nickel foils from 
concentrated Ni sulphamate solutions in the Mark 2 
Parallel Plate Cell 

The experimental. results are presented in two main sections. 

The first of these deals with all of the work carried out at 60·C and 

this is primarily concerned with the effects of electrode length upon 

the nature of the appearance and characteristics of the foils produced 

under a range of deposition conditions in which the flow rate and 

current density were the main variables. The second main section deals 

with the effects of temperature on the relationships between foil 

structures, flow rates and current densities, using long electrode 

systems only. 

4.3.1 The effects of cathode length during the e1ectroforming of 
Ni foils at 6D·C 

The mass transfer entrance length of an electrode in pipe-flow 

is characterised by faster transport rates. In the turbulent flow 

regime, the entrance region develops rapidly and electrode systems have 

to be comparatively short to exhibit length dependent mass transfer 

"rates. In parallel plate cells, the electrode length may be defined in 

terms of the ratio L/de (Section 3.3). 

In Cell 2, the maximum cathode length was 1Dcm (L/de - 11.7) 

and several stainless steel or nickel cathodes of this length were con-

structed. In addition a nickel electrode, 2.5cm (L/de 2.92) in 

was also available. The remaining electrode length was replaced 

suitable 'Perspex' block (Fig.3.18). 

length 

by a 

For cathodes of other lengths, the effective electrode length 

was altered by masking with P.T.F.E. tape .and 'Lacomit' to leave exposed 

the necessary electrode area .. 

(a) Electroforming studies at 6D·C, on cathodes 2.92 equivalent 
diameters in length in the Mark 2 cell 

The cathode was of the 'short electrode' type and was therefore 

broadly similar to the Cell 1 electrode systems (L/de 3.3). The objective 
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of this work was to provide some confirmation of the previous (Cell 1) 

observations and to assess. the effectiveness of the diaphragm. The 

programme of investigation included studies of the following: 

i) Deposition at constant current density (0.4 A cm-') 
over the flow range Re 1,343 to Re 7,414 

The constant current density investigation was designed to 

study the effect of flow rate on the current efficiency and assess the 

performance of the diaphragm with respect to deposit perforations. 

ii) Deposition under conditions of turbulent flow 
(Re 3,050 - 13,864) 

Nickel foils were prepared over a range of current densities 

at three Reynolds numbers, Re- 3,075, Re-7,650 and Re -13,864. The 

deposit structures were examined as a function of current density at 

each flow rate to determine the maximum current density for sound 

deposits. 

i) Deposition at constant current density (0.4 A cm-') 

A series of nickel foils 23~m thick was electroformed over the 

flow range Re 1,343 to Re ·7,414 as shown in Table. 4.23. Under these 

conditions all the deposits were sound (fine grained), coherent and 

lustrous. The current efficiency was 96± 6% and there was no evidence 

of flow rate effects. On visual examination, the foils were found to 

have significantly less macro-porosity than similar Cell 1 deposits. 

At the highest flow-rates, the number of perforations was small with 

only 2-3 random holes being observed. 

ii) Deposition under conditions of turbulent flow 
Nickel electroforms deposited at a flow rate of Re 3,075± 25 

Nickel foils', 22 ± 2 \.lIl thick, were electroformed at current 

densities of 0.4, 0.7 and 0.8 A cm-·, as shown in Table 4.24. No 

foils showed significant visible porosity. At current densities <0.7 A cm-·, 

the deposits were sound, lustrous and fine grained over the entire 

electrode length. Narrow bands of brighter material were deposited at 

the leading and trailing edges at 0.7 A cm-' (Fig.4.60 (a) and (b». 

The current efficiency was 97% for both foils. 



Reyno1ds ,Weight Current 
Number Deposited Efficiency 

g % 

1,343 0.1432 95 

1,576 0.1424 95 

1,808 0.1346 89 

2,376 0.1459 97 

2,377 0.1464 97 

2,377 0.1441 96 

2,428 0.1415 94 

2,971 0.1464 97 

3,100 0.1465 97 

4,417 0.1494 99 

4,443 0.1461 97 

4,443 0.1409 94 

5,244 0.1455 97 

5,502 0.1391 92 

5,502 0.1452 96 

6,587 0.1521 101 

6,897 0.1480 98 

7,233 0.1444 96 

7,388 0.1406 93 

7,414 0.1402 93 

7,414 0.1437 95 

7,414 0.1468 98 

Table 4.23 Nickel foils deposited on electrodes 2.92 
equivalent diameters in length at a current 
density of 0.04 A cm-' for 1655 at 60°C. 

\ 



Fig.4.60 

a) 0.4 A cm-' 

Uniform semi-bright 
with few holes 

b) 0.7 A cm-' 

c) -. 0.8 A cm 

powder 
deposit 

rr=========4t========_Bright bands 

Flow direction 

f--H----- Semi-bright region 
few holes 

Bright band 
1+----- modular growth at 

edge 

Semi-bright 
region 
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Schematic diagrams of nickel foils deposited on 
electrodes 2.92 equivalent diameters in length 
at Re 3,075 :!: 25 and 60·C. 

~keYs::n:i::::::t 

r:--- ~ bright deposit 

~. powder deposit 

~ hydroxide deposit 



Current Deposition Weight Current 
Density Time Deposited Efficiency 

i s g % 
A crn- 2 

0.40 165 0.1465 97 

0.70 104 0.1615 97 

0.80 91 0.1535 92 

Table 4.24 Nickel foils deposited on electrodes 2.92 
equivalent diameters in length at 60·C 
and Re 3,075 ± 25 

Current Deposition Weight Current 
Density Time Deposited Efficiency 

i s g % 
A cm-' 

0.40 165 0.1445 96 

0.68 97 0.1416 94 

0.70 . 97 0.1478 95 

1.05 70 0.1605 96 

1.21 60 0.1512 91 

1.36 53 .0.1358 83 

Table 4.25 Nickel foils deposited on electrodes 2.92 
equivalent diameters in length at 60·C and 
Re 7,650 ± 250. 

Deposit 
Thickness 

II m 

22 

24 

23 
. 

-
Deposit 
Thickness 

].I m 

22 

22 

22 

24 

-
-
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At the highest current density (0.8 A cm-') >90% of the foil 

surface was sound and semi-bright. However at the leading edge of 

the deposit a narrow band of the powder type material was formed. 

At the trailing edge a band of bright nickel was deposited (Fig.4.60(c)). 

The formation of powder may be reflected in the slightly low current 

efficiency (90%). At Re 3,075 the maximum current density for sound 

foil was about 0.75 A cm-'. 

Nickel e1ectroforms deposited at a flow rate of Re 7,650 ± 250 

A series of nickel foils 22 ± 2~m thick was electroformed over 

the current density range 0.40 to 1.36 A cm-' (Table 4.25). The main 

characteristics of these deposits are summarised in Fig.4.61. Sound 

foils were electroformed at current efficiencies of about 95%. All 

of these foils were lustrous, showing a tendency to increased bright

ness with increasing current density. Pitting and foil perforation 

were not widespread. At current densities >0.68 A cm-' , bright bands 

were observed near the leading and trailing edges. At 1.05 A cm-', 

alternating bands of dull and bright nickel were deposited in these 

areas (Fig.4.61d). The inlet and outlet edges of the foil were coarse, 

nodular and pitted. 

Foils deposited at current densities >1.21 A cm-' were sound and 

fine grained over the central region of the electrode. However, at 

the leading and trailing edges of the foil bands of powder type material 

and hydroxide formations were evident. The main deposit was more pitted 

and porous at these high current densities. At the highest current 

density, the current efficiency showed a marked decrease to 83%. A 

lower current efficiency may be associated with the production"of poor 

deposits in some regions of the electroform . 

. It was evident that an increase in flow rate had resulted in an 

increase in the maximum current density for sound deposits to about 

1 A cm-' , 
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Schematic diagrams of nickel foils deposited on 
electrodes 2.92 equivalent diameters in length 
at Re 7,650 ± 250 at 60·C. 
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Nickel electroforms deposited at a flow rate of Re 13,864 

Deposition'was carried out over the current density range 1.32 

to 2.00 A cm- 2 (-t:able4.26). The deposits were 22 ± 2lJIll thick. 

The main characteristics of these deposits are shown in Fig.4.62. 

At 1.32 A cm-', the main deposit was bright, fine grained and deposited 

with high current efficiency (94%). Visual inspection indicated few 

holes through the foils. In the leading and trailing edge regions, 

alternate dull and bright bands were evident (Fig.4.62a). The inlet 

and outlet edges were coarse and nodular with some pitting. 

At very high current densities (1.61 A cm- 2 ), coherent, fine

grained nickel foil was not deposited. The.deposit had an unusual 

spongey structure .of coarse metallic looking grains 10 to SOum in 

diameter (Fig.4.63b). The structure was highly porous, with patches 

of green hydroxide on the surface (Fig.4.63a). The current efficiency 

was very low (62%). 

An excessively high current density (2 A cm- 2 ), resulted in the 

deposition of a thin and patchy green nickel hydroxide deposit. Nickel 

metal was not deposited. During the electroforming operation large 

volumes of gas were evolved. 

At the highest flow rate, the maximum current density for the 

deposition of sound nickel foil was about 1.3 A cm- 2 • Further increases 

would result in rapid deterioration in the deposit structure. 



Current Deposition "eight Current 
Density Time Deposited Efficiency 

i s g % 
A cm-' 

1.32 55 0.1550 94 

1.61 45 0.1025 62 

2.00 36 - -

Table 4.26 Nickel foils deposited on electrodes 2.92 
equivalent diameters in length at 60·C 
and Re 13,864. 

Deposit 
Thickness 

)lm 

23 

-
-



.Fig.4.62 

a) 1. 32 A cm-' 

b) 1.61 A cm-' 

c) 2.00 A cm-' 

Dull bands, 
D!::r=~ __ 1n~~~~---nodular edges 

Flow direction 

Bright region 
few holes 

Spongy nickel deposit 
traces of hydroxide 
on surface 

Patchy hydroxide 
deposit, no nickel 

Schematic diagram of nickel foils deposited on 
electrodes 2.92 equivalent diameters in length 
at Re 13,864 and 60·C. . 
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a) O· tilt, 200x 

b) O· tilt, 2,OOOx 

Fig.4.63 SEM micrographs of main deposit sections of 
nickel foil deposited at 1.61 A cm- 2 and 
Re 13,864 (L/de -11.7, 60·C) 

a) Green hydroxide on surface of 'spongy' . 
nickel 

b).Individual 'grain'. 
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Summary of major features 

a) The dividing diaphragm was effective in preventing gas evolved 

at the anode contacting the cathode. The numbers of perforations 

in the foil were considerably reduced. However, at very low flow 

rates, cathodically evolved hydrogen may coalesce to form large 

gas bubbles. 

b) Foils were·deposited at high current efficiency, approaching 100%, 

for all sound electroforms. Depositions .of large areas of powder , 
or hydroxide may result in significant decreases in current 

efficiency. 

c) The structural features of the electroforms were similar to those 

found in Cell 1. Fine grained sound deposits were produced in the 

main central region of the cathode, under most conditions. 

Significant changes in morphology were initially observed at the 

entry and exit regions. At very high current densities powder 

type or green hydroxide deposits were obtained over the entire 

electrode length. 

Good deposits could be obtained at high Reynolds numbers at current 

densities of >1 A cm- 2 • The approximate relationship between the 

maximum current density for sound deposits and Reynolds number is 

illustrated in Fig.4.64. The deposit quality was defined as 

previously described for Cell 1 (page 171). 

The approximate theoretical mass transfer limited current densities 

were calculated from the design equations for the cell (p.128). 

These are shown in Fig.4.64 by the broken lines B~B (of slope 0.67) 

and C-C (of slope 0.33) for turbulent and laminar flow respectively. 

The solid line A-A in Fig.4.64, of slope 0.67 is in approximate 

agreement with the division between sound and unsound deposits 

obtained under turbulent flow conditions. As found for Cell 1 

deposits, the experimentally determined relationship indicates that 

the maximum current densities for sound deposits were less than the 

mass transfer limited current densities. Maximum current densities 

are slightly higher than comparable Cell 1 results due to the 

unavoidable changes in the cri tical dimensions of Cell 2. 
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(b) E1ectroforming studies at 60·c on cathodes 11.7 equivalent 
diameters in length in the Hark 2 Cell 

(i) Nickel foils deposited at low flow rates (Re 3,358 - 4,107) 

Two foils were e1ectroformed under these flow conditions at 

current densities of 0.4 and 0.58 A cm-·. Current efficiencies of 

close to 100% were obtained. The visual appearances of the foils 

are summarised schematica1ly in Fig.4.65. The main deposit region 

of both foils was lustrous and uniform. The e1ectroforms exhibited 

large numbers of small perforations through the foil, in lines 

parallel with the flow direction. With longer electrodes accumulation 

of hydrogen bubbles may occur, particularly at low flow velocities. 

Microhardness profiles were determined longitudinally along 

the deposit (Fig.4.66a and b). The main deposit region (x/LO.1 to 

x/LO.9) was of relatively uniform hardness. Increased microhardness 

values were found at the leading and trailing edges, coinciding with 

the narrow bright bands observed in these areas. 

Main deposit 

SEM e:caminations of the main deposit regions showed that the 

fine grained morphology characteristic of a good deposit was maintained 

over 95% of the foil surface'at both current densities. At 0.4 A cm-', 

the grain ,size was 2-6~m with some sub-grain structure (Fig.4.67a). 

At 0.58 A cm-', the range of grain sizes was similar, although the 

number of smaller grains was proportionately greater (Fig.4.67b). 

The surface was smoother and the grain boundaries less well defined. 

Microporosi ty l;as observed at or near the grain boundaries. The main 

deposit microhardness values were 276 ± 2 kg mm-', and 288 ± 17 kg mm- 2 

at current densities of 0.4 and 0.58 A cm-' respectively. The larger 

variability in microhardness value at 0.58 A cm- 2 may reflect the 

changes in grain size at this current density. 
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Fig.4.67 

a) Top: 2,000x; bottom 10,OOOx 
O· tilt 

b) Top: 2,000x; bottom 10,000x 
O· tilt 

SEM micrographs of surfaces of foi1s·of nickel 
deposited at Re 3,700 ± 400 (60·C, L/de _11.7) 

. main deposit sections 

a) 0.40 A cm-' 
b) 0.58 A cm-' 



191 

-Edge effects' 

SEM examination of the leading and trailing edge areas of 

the foils has shown the hard, bright bands (Fig.4.66) to be 

associated with very fine grained deposits (Fig.4.68b,d and Fig. 

4.69b,d). Some larger features were also present (Figs.4.68d and 

4.69b). At 0.4 A cm- 2 , the leading edge was of the bulbou~ ridge 

form with extensive pitting in this area (Fig.4.68a). At 0.58 A cm-
2

, 

a coarse nodular powder deposit,-1-2mm in width, was present at 

the leading edge (Fig.4.68c). Similar structures were found at the 

trailing edges of both foils (Fig.4.69a and c). The pitted, bright 

bands were generally fine grained with some larger features 

(cf.Fig.4.69b and d). 

In the flow-range Re 3,358 - 4,107, the maximum current density 

for a good deposit was 0.5 A cm- 2
• 



a) x200, O· tilt 

c) x50, 20· tilt 

b) Top: 2,OOOx; bottom: 10,OOOx 
O· tilt 

d) Top: 2,OOOx; bottom: 10,OOOx 
35° tilt· 

Fig.4.68 SEM micrographs of surfaces of foils of nickel 
deposited at Re 3,700 ± 400 (60·C, L/de -11.7) 

a) 0.40 A 
b) 0.40 A 
cl 0.58 A 
d) 0.58 A 

cm- 2 , -. cm t 

cm- 2 , 

cm- 2 , 

leading edge sections 
-0.03 cm· from leading edge 
leading edge section 
-0.1 cm from leading edge 
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I 

I 



a) xSOO, 0" tilt 

c) x100, 35" tilt 

b) x2,OOO, 0" tilt 

, 
d) Top: 2,OOOx; bottom: 10,OOOx 

35" tilt 

Fig.4.69 SEM micrographs of surfaces of foils of nickel 
deposited at Re 3,700 ± 400 (60"C, L/de -11.7) 

a) 0.40 A cm-', trailing edge sections 
b) 0.40 A cm-', -0.01 cm from trailing edge 
c) 0.58 A cm-', trailing edge section 
d) 0.58 A cm-', -0.06 cm from trailing edge 



192 

(ii) Nickel foils deposited at intermediate Reynolds numbers, 
Re 5,700 + 200 and deposition rates near the maximum 
current density for good deposits 

A series of nickel foils 21 to 

over the current density range 0.4 to 

26~m 

0.65 

thick was e1ectroformed 

Experimental 

details are given in Table 4.27. Current efficiencies close to 

100% were obtained for the deposition of most foils. Some variability 

in current efficiency was noted when powder-type deposits were formed 

at the leading edge (Fig.4.70c and d). A good coherent deposit was 

found over >90% of the foil surface for all deposits. The brightness 

and visible porosity of' the foils tended to increase with increasing 

current density (Fig.4.70). Some e1ectroforms showed a 'streaked' 

effect on the foil surface (e.g. Fig.4.70b). 

Microhardness profiles determined longitudinally along deposits 

indicated that the main deposit regions x/L 0.1 to x/L 0.9) was 

of relatively uniform microhardness. The bright and pitted regions, 

close to the leading and trailing edges were substantially harder than 

the main deposit. 

Detailed examination of deposits was carried out in the SEM. 

Main deposit 

At 0.45 A cm- 2 ! the structure was of irregular grains l-5~m in 

diameter (Fig.47la). At 0.59 A cm- 2 , the grains were l-4~m in 

diameter with a greater proportion of smaller grains (Fig.4.7lb). 

The grain boundaries. were less well defined at 0.65 A cm- 2 (Fig.4.7lc), 

although the grains were of a similar size. 

The main deposit area of all foils was sound and coherent. 

However, the number of pits and small holes increased at the higher 

current densities (Fig.4.7ld), when hydrogen evolution was the pre

dominant reaction at the leading edge. The hydrogen bubbles adhered 

to the electrode surface, grew and coalesced until they were of 

sufficient size to be detached by the flowing electrolyte. 



Flow Reynolds Average Time Average Weight 
Rate Number Current Deposit Deposited 

Density t Thick-
u-

i ness 
erns-I, Re A cm-' s l1m g 

77.2 5,502 0.40 165 22 0.5950 

82.2 5,864 '0.45 163 25 0.8594 

79.0 5,631 0.59 120 24 0.6478 

79.0 5,631 0.64 110 24 0.6464 

79.0 5,631 0.65 110 24 0.6036 

, . 

Table 4.27 Nickel foils deposited at Re 5,700 ± 200 

(60·C ~ -~11.7) , de 

Current 
Efficiency 

% 

99 

99 

100 

101 

93 
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Fig.4.70. Schematic representation of the visual appearance 
of nickel foils deposited at Re 5,700 ± 200. 
(60·C, L/de-n.n 
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a) x2,OOO, 45° tilt 

c) Top:, x2,OOOj 
bottom: xlO,OOO 
20° tilt' 

b) x2,OOO, 45° tilt 

d) xlOO, 20° tilt 

Fig. 4.71 SEM micrographs of the surfaces of foils of nickel 
deposited at Re 5,700 :!: 200 (60°C, L/de -11. 7l 
main deposit sections 

a) 0.45 A cm- 2 

b) 0.59 A cm- 2 

c) 0.65 A cm- 2 

d) 0.65 A'cm- 2 , pitted and perforated area. 

I 
, 
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The microhardness values obtained for the main regions of 

the foils were similar in the narrow' range of current densities used. 

The values were 307 ± 6, 294 ± 4 and 296 ± .7 kg mm- 2 at 0.45, 0.59 

and 0.65 A cm- 2 • 

Edge effects 

The leading edge of foils electroformed at 0.4 and 0.45 A cm- 2 

were visually smooth and brighter than the main deposit areas. SEM 

examination showed a relatively featureless appearance (Fig.4.72b) 

and unresolvable grain structure (Fig.4.72b) •. The edge section was 

highly micro-porous. 

At the higher current densities (0.59 - 0.65 A cm- 2 ), grey

brown powder deposits were observed at the entry regions of the foils. 

The powder deposit had a coarse nodular structure (Fig.4.72c). 

Exfoliation of the foil had occurred with globular growth. The hard 

bright band, near the edge, was fine grained and heavily pitted. 

Similar features were observed at 0.65 A cm- 2 (Fig.4.72d). Larger 

features were observed in areas adjacent to the powder region (Fig. 

4.72e). The presence of surface cracks may indicate high internal 

stress in this area. 

The trailing edges of the deposits appeared to increase in 

roughness with increasing current density. On all deposits, a narrow 

band of brighter material was found near the edge. SEM examination 

showed the trailing edge ridge becoming more nodular· and pitted with 

increasi'ng current density in the range 0.45 to 0.65 A cm- 2 (cf. Fig. 

4.73 a,c and e). The hard bright bands were very fine grained 

(Fig.4.73 "T.l and l) although with larger surface reliefs in some 

areas (Fig.4.73b)'. 

At 'Re 5,700 ± 200 the maximum current density for a good 

deposit was about 0.59 A cm- 2 • 



a) x200, O· tilt "b) x2,OOO, O· tilt 

c)"x50, 45· tilt 

d) xl00, O· tilt e) x2,OOD, 20· tilt 

Fig.4.72 SEM micrographs of surfaces of foils of nickel 
deposited at Re 5,700± 200, (60·e,L/de -11.7) 
leading edge sections. 
a) 0.45 A cm-' " 
b) 0.45 A cm-', leading edge 
c) 0.59 A cm-' 
d) 0.65 A cm-' 
e) 0.65 A cm-', surface cracks and mounds 

-0.05 cm from leading edge. 



f 

a) x200, o· tilt b) x1,OOO, O· tilt 

Fig. 4.73 SEM micrographs of surfaces of nickel deposited 
at Re 5,700 :I: 200, (60·C, L/de -11. n, trailing 
edge sections. 

a) 0.45 A cm- z 
b) 0.45 A cm- z , -0.01 cm from trailing edge 
c) 0.59 A cm- 2 

d) 0.59 A cm-·, -0.02 cm from trl!iling edge 
e) 0.65 A cm- z 
f) 0.65 A cm-·, -0.02 cm from trailing edge 
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(iii) Nickel foils deposited at intermediate Reyno1ds numbers: 
Re 6,750 t 200 and deposition rates greater than the 
maximum current density for good deposits 

A series of nickel e1ectroforms 21 to 26~m thick was deposited 

over the current density range 0.4 to 1.0 A cm-·. The details of the 

deposition conditions are given in Table (4.28). Schematic representa

tions of the visual appearance of the e1ectroforms are shown'in Fig. 

4.74. The brightness, the number of small perforations through the 

foil and the leading edge roughness increased with increasing current 

density. 

At current densities <0.65 A cm-', the foils were sound and 

coherent over the entire e1ectrod~ 1.mgth. The current efficiencies 

were close to 100%. At current densities >0.65 a cm-', powder type 

deposits were formed at both leading and trailing edges of the foils 

and visible porosity was significantly greater,(Fig.4.74 f and h). 

Green-brown hydroxide deposits were formed at higher current densities 

and there was a corresponding reduction in current efficiency. 

Microhardness profiles were determined longitudinally along the 

foil deposited near the maximum current density (0.65 A cm-') (Fig:4.66c). 

Variations in microhardness values were insignificant over the main 

deposit region (x/L 0.1 to x/L 0.9). The deposit was harder near the 

leading and trailing edges of the foil. The harder areas corresponded 

to the bright bands. 

The deposits were examined in detail in the SEM after removal 

from the substrate. 

Main deposit 

The e1ectroforms deposited over the current density range 0.4 to 

1.0 A cm-' had relatively uniform grain sizes over the main deposit area. 

The grain structures of the deposits ,are shown in Fig. 4.75 

At current densities (0.64 A cm-', irregular well defined grains, 

< 7~m.in diameter were deposited (Fig.4.75a and b). The proportion of 



Flow 
Rate 

U 
cm 5-1, 

94.2 

91.3 

93.0 

97.1 

90.4 

97.1 

97.1 

97.1 

97.1 

Reynolds Average Time Average Weight Current 
Number Current Deposit Deposited Efficiency 

Re 
Density t Thick-

1: 
ness 

5 

A cm-' \lm g % 

6,716 0.4 165 
0 

22 0.5943 99 

6,510 0.49 150 25 - -
6,629 0.53 140 25 0.6769 99 

6,923 0.60 122 24 - -
0 

6,448 0.64 118 26 0.6891 100 

6,923 0 0.65 116 25 0.6897 99 

6,923 0.78 78 21 0 0.5219 94 

6,923 0.89 82 25 - -
6,923 1.00 67 23 - -

I 

Table 4.28 Nickel foils deposited at Re 6,750 ± 100 
(60·C, L/de -11.7) 

, 
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a) Top: x2,OOO; 
bottom: xlO,OOO 
O· tilt 

b) Top: x2,000; 
bottom: xlO,OOO 
O· tilt 

c) Top: x2,OOO . 
bottom: xlO,OOO 
30· tilt 

~ 

d) x2,000, 45· tilt e) x2,000, 45·tilt 

Fig.4.75 SEM micrographs of surfaces of foils of nickel 
deposited at Re 6,600 ± 400 (60·C, L/de -11.7), 
main deposit sections. 

a) 0.53 A cm-' 
b) 0.64 A cm-' 
c) 0.78 A cm-' 
d) 0.89 A cm-' 
e) l.00 A cm-' 
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smaller grains increased with increasing current density. At 0.78 A cm-', ' 

the grains were of similar dimensions but were less well defined. 

The high current density deposits (0.89 to 1.00 A cm-') were of 

small grain ,size (<3llm) and were bright in appearance (Fig.4.75 d and e). 

Some larger features 5-171lm in diameter were also found. Streaked areas, 

resulting from gas streaming along the electrode surface, were evident 

at 1.00 A cm-' (Fig.4.75e). 

At current densities of 0.53, 0.64 and 0.65 A cm-' , the average 

values of microhardness were 283 ± 4, 291 ± 6 and 297 ± 9 kg. mm-'. 

When the maximum current density was exceeded, the variability of the 

microhardnessin the main deposit region increased. At current densities 

of 0.78 and 0.89 A cm-', the microhardness values were 311 ± 27 and 

329 ± 13 kg mm-' respectively. 

Edge effects 

The leading edges of foils deposited at <0.53 A cm-' were relatively 

featureless. A coarser structure developed at 0.53 A cm-', where the 

growth of small globules was apparent at the leading edge (Fig.4.76a). 

At -0.64' A cm-', the edge section was more bulbous (Fig.4.76b). A 

nodular powder morphology wi~h some micro porosity was evident at 0.78 A 

cm-' (Fig.4.76c). Within individual nodules a sub-grain structure was 

observed at high magnification (Fig.4.76d). 

At current densities >0.89 A cm-', a friable green hydroxide 

deposit was formed at the leading edge of the foil (Fig.4.76 d and e). 

At high current densities, partial exfoliation and pitting occurred at 

the foil edges. 

Adjacent to the leading edge bands of visibly brighter nickel of 

very fine grain structures were deposited (Fig.4.77). Over the current 

density range 0.53 to 0.78 A cm-', the grains tended to become smaller 

and less well defined. 

Surface SEM examination of trailing edge sections a~e shown in 

Fig.4.78. Morphological changes were similar to those at the leading 



DIRECTORY UTENTE 
DIRECTORY 01 SISTEMA 

r---------------------~r---------------------------' 

PROCEDURA 

INIZIO ATTIVITA' 

1 1 1 
1 1 1 
! 1 1 
TT 1 
1 1 1 
11 _----_ 1 
11 1 ~___ _---- 1 

1 1 " 
1 1 1 
1 1 1 
1 1 1 
1 1 1 " 
1 1 STATO 1 1 

________________ ~I~I-.~ 1 

"'-----------'-' 

ATTIVITA' 

PROCEDURA " " 

FINE ATTIVITA' 

STATO 0 

/ '-------

1 1 1 
______________________ JI 1 

1 r-__ 1 

APPROVAZIONE 

RESPONSAB III 

PROGETTO 

1 1 
1 1 
1 ' 1 " ; 
I ' 1 

1 1 
__ ~ ______ __+I--. STATO 2 __ MODIFICA 1 

1 1 
1 1 
1 1 
1 1 
1 1 
1 1 
1- __ :... _ ___ _ • _ ______ - - - - - - - - - - - -I 

.--------------
ATTIVITA' 

SUCCESSIVE 
." 

~~-------------------............... 



30 

90 

10 

CAE 

PROGETTO ElETTRICO C.S. 

.,!;" 
'''''..... \".. 
~ .,.,. 

B.mRico' / '; If 
/ / ) 

/.../ 

TRAOIZIONALE CAE 

1 
T 

glcrn1. 
lavcrat1V1 

lRAOIZIONALE 

FASE A 
- TEMPO 1ECJQCO NETtO 
_ TEMPO TECMJCO lORDD 

(cOli cod •• P ... IIIJJ 
_ UTlY1".' IWCIAU 

1:8:1 mm':' c'II!IHlI. 
~ mm':' Jrcamll. 

PROGETTO LAYOUT C.S. 

FASE C 

. TRAOIZIONALE CAD ATTlVIU' 

Q 

Q(XJ 

IDO-

TRAOIZIONALE .. 

!QfIJ.If 

MOIv-~ 
/1 

I 
) 

CAE 

, 

I 
T 

glcrn1 
la.nU,! 

TRADIZIONALE 

FA SE B 

CAD UTIVITA' 

PROGETTO ELETTRICD C.S. PROGETTO LAYOUT C.S. 

FASE 0 
-(I T 

~-: 
, 

I 

• I • I ~ . • • I i I 
, I I I 

f : 
I I 

- u I • 
\ 

, 
I 

i : i I , I 
I • I 
I I I 
I ~ / 

, 
It" 

TRADIZIONALE CAE TRADIZIONALE CAD UTlVIU' 



"3 o • 

1 0 

0> 

1', 

tEl P ~ I ( E Ah 1>1 P 

o 'dbr i 

n 
'\ ( IPR~1 SPIjAI Il 

3 p S~ 0 ( N G a N alA I 1\ 

3 r 1 IN i<;j a 

FASE A 

N 

,... 1° 

'" LA tt): 

" 

, 
FASE B 

I' , I, 
,..... 

I"! ,..... 

" l2! 
r-. 

I""- 1-0.. 

FASE C 

Im I A •• ( Tt>! lirA' 

A t v t i 

-IS j:h m t c 
- L s als 9 a ~ 

- p 
- S r 9 i t pr 
- D 9 t 1 z a ipn ~ 

, 
. I. 

J III 

; I~ 

FASE D 

.. 

: 

/ 

, , 



a) x1,OOO, O· tilt b) x200, O· tilt 

c) xlOO, 0" tilt d) x30,OOO, 0" tilt 

e) x200, 45" tilt . f) x500, 45" tilt 

Fig.4.76 SEM micrographs of surfaces of foils of nickel 
deposited at Re 6,000 ± 400 (60·C, L/de -11.7), 
leading edge sections. 

a) 0.53 A cm-' 
b) 0.64 A cm-' 
c) 0.78 A cm-' 
d) 0.78 A cm- 2 , nodule structure 
e) 0.89 A cm- 2 

f) 1.00 A cm- 2 
. 



a) Top: x2,OOO 
bottom: xlO,OOO 
35· tilt 

c) x2,OOO 20· tilt 

b) Top: x2,OOO 
bottom: xlO,OOO 
O· tilt 

Fig.4.77 SEM micrographs of surfaces of foils of nickel 
deposited at Re 6,600 ± 400 (60·C, L/de -ll.7), 
sections adjacent to leading edge 

a) 0.53 A cm-' 
b) 0.64 A cm-' 
cl 0.78 A cm-' 
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edge. At current densities <0.53 A cm-', this area was relatively 

featureless. The trailing edge ridge became more bulbous at 0.53 

and 0.64 A cm-' (cf.Fig.4.78 a and b). At 0.78 A cm-' a nodular 

powder structure was deposited (Fig.4.78c). Simultaneous deposition 

of powder nodules and hydroxide occurred at 0.89 and 1.0 A cm-·. 

(Fig.4.78 e and f). This type of deposit was <20~ of the foil surface 

area even at 1.0 A cm-·. 

Close to the trailing edge, the deposit was very fine grained 

(Fig.4.79) and visibly brighter. Some larger features were present 

(Fig.4.79a). The grains were less well defined at high current densities. 

At 0.78 A cm-', small perforations in the foil were found (Fig.4.79c). 

At Re 6,750 ± 200, the maximum current density for a good 

deposit was 0.7 A cm-·. 



a) x200, o· tilt b) x200, O· tilt 

c) x200, O· tilt 

(" ... ..,. . 

d) xlOO, o· tilt e) xl,OOO, o· tilt 

Fig.4.78 SEM micrographs of surfaces of foils of nickel 
deposited at Re 6,600 ± 400 (60·C, L/de -11.7), 
trailing edge sections. 

a) 0.53 A cm-' 
b) 0.64 A cm-' 
c) 0.78 A cm-' 
d) 0.89 A cm-' 
e) 1.00 A cm-' 



a) x2,OOO,.0' tilt Il) Top: x2,OOO 
bottom: x10,OOO 
O' tilt 

Fig.4.79· 

c) x2;000, D· tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at Re 6,600 ± 400 (60'C, L/de -11.7) 

a) 0.53 A cm-' 
b) 0.64 A cm-' 
c) 0.76 A cm-' 
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(iv) Nickel foils deposi ted at high flow rates, Re 12,400 + 500 

Nickel foils 19-24 m thick were deposited at Re 12,400 ± 500 

over the current density range 0.60 to 0.89 A cm-'. The details of 

the deposition conditions are g1ven in Table 4.29. Schematic 

representations of the visual appearance of the electroforms are 

shown in Fig.4.80. 

The foils deposited at c~rrent densities <0.78 A cm-' were of 

good visual appearance. Visible porosity tended to increase with 

increasing current density. The current efficiency was -100%. At 

higher current densities, hydroxide and powdery deposits were found in 

some areas of the elect·roform (Fig.4.80c and d). The current efficiency 

. remainea close to 100%. 

Foil surfaces were examined in detail in the SEM, after removal 

from the substrate. 

Main deposit 

The main deposit sections were all fine grained (Fig.4.81a,b and d). 

The grain size of the deposits were in the range 1 to 4lJlll, th.e 

proportion of smaller grains increasing at higher current densities •. 

The grains appeared smoother and grain boundaries poorly defined at 

high current densities (Fig.4.81d). Foils electroformed at 0.75 A cm-' 

were particularly porous witn many pits and small holes in them 

Fig.4.81c). At 0.89 Acm- 2 , a large proportion of the main deposit 

was fine grained (4.81d), although in some areas a green-brown hydroxide 

was deposited over a very fine-grained underlying nickel deposit 

(Fig.4.81e). 

Edge effects 

At 0.6 A cm-', the leading edge was a smooth bulbous ridge (Fig.4~8?a). 

Adjacent areas were very fine grained with micro-cavities (Fig.4.82b). 

An increased leading edge roughness was observed at 0.75 A cm-' (Fig.4.82c). 

Close to the edge, the foil surface appeared very fine grained (Fig.4.82d). 



Flow 
Rate 

U 
ems-I, 

166.7 

166.7 

166.7 

180.9 

Reyno1ds Average Time Average Weight Current 
Number Current Deposit Deposited Efficiency 

Density Thick-

Re i t ness 

A cm- 2 s Ilm g % 

11,883 0.60 90 19 0.4879 101 

11,883 0.75 94 24 0.6370 99 

11 ,883 0.79 90 24 0.64~ . 100 

12,900 0.89 76 23 0.6049 98 

Table 4.29 Nickel foils deposited at Re 12,400 ± 500 
(60·C, L/de -11.?) 
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Fig. 4.80 Schematic representation of the visual appearance of 
nickel foils electrodeposited at Re 12,400 ± 500. 
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a) Top: x2,OOO 
bottom: xlO,OOO 
O· tilt 

d) Top: x2,OOO 
bottom: xlO,OOO 
20· tilt . 

b) Top: x2,OOO 
bottom: xlO,OOO 
O· tilt 

c) x200, O· tilt 

e) Top: xl,OOO 
bottom: xto,OOO 
O· tilt :> 

Fig.4.8l SEM micrographs of surfaces of foils of nickel 
deposited at Re 12,400 ± 500 (60·C, L/ de -11. 7) 
main deposit sections. 

a) 
b) 
c) 
d) 
e) 

0.60 
0.75 
0.75 
0.89 
0.89 

A cm-' 
A cm-' 
A cm- 2 , 

A cm-' -. A cm , 

pitted and perforated area 

hydroxide area (top) 
underlying deposit (bottom) 



a) x500, O· tilt . b) Top: x2,000 
bottom: xlO,OOO 
0· tilt 

~~~~ r'r.'~""'" 

c) xlOO, O· tilt 

d) xlO,OOO, 20· tilt 

Fig.4.82 SEM micrographs of surfaces of foils of nickel 
. deposited at Re 12,400 t 500 (60·C, L/de -If. 7), 
leading edge sections. 

a) 0.60 A cm- 2 

b) 0.60 A cm-', -0.004 cm from leading edge 
c) 0;75 A cm-' 
d) 0.75 A cm-', -0.07 cm from leading edge 

. e) 0.89 A cm-' 
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At 0.89 A cm-', a nodular. powder growth had developed at the leading 

edge (Fig.4.82e). 

Similar features were noted at the trailing edge of· the foils. 

At 0.6 A cm-', the edge was smooth and fine grained. At 0.75 A cm-', 

the foil edge was more nodular, with pitting and holes in bright bands 

adjacent to the trailing edge (Fig.4.83a). A nodular powder deposit 

was formed at the highest current density (0.89 A cm-') (Fig.4.83b). 

Close to the powder region the deposit was fine grained with micro

cavities at the grain boundaries (Fig.4.83c). 
\ 

At a flow rate corresponding to. the 12,400 ± 500, the maximum 

current density for a 100% sound deposit was -0.8 A cm-'. 



a) x100, O' tilt b) x200, O' tilt 

Fig.4.83 

c) Top: x2,OOO 
bottom: x10,OOO 
O' tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at Re 17,400 ± 500, (60'C, L/de-11.7), 
trailing edge sections. 

a) 0.75 A cm-' 
b) 0.89 A cm-' 
c) 0.89 A cm-', - 0.06 cm from trailing edge 
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Summary of major features 

Deposition of nickel at 60·C on 'long' electrodes (L/de 11.7) 

produced several interesting results, summarised as follows: 

a) Nickel was electroformed over 100% of the foil area at relatively 

high current densities (up to 0.8 A cm- 2 ) on electrodes 11.7 

equivalent diameters in l,ength. 

b) The cathode current efficiency was close to 100% under all 

deposition conditions. 

c) Fine grained, sound deposits were produced in the main central 

region of the cathode under most conditions. Significant changes 

in deposit morphology, i. e. powder deposits, were mainly confined 

to the leading and trailing edge region. 

d) All foils were generally lustrous. Bright deposits were produced 

at current densities >0.8 A cm- 2 on main sections of the foils. 

e) Significant increases in deposit microhardness were noted near 

the entry and exit regions. In these areas the deposit was very 

fine grained and visually brighter. The main. deposit region x/L 0.1 

to x/L 0.9 was of more uniform microhardness. The microhardness 

of this area tended to increase with increasing current density. 

f) Maximum deposition rates were lower than those obtained for shorter 

electrodes. This observation would be in agreement with mass 

transfer theory. 

g) On 'long' electrodes the deposits tended to have greater visible 

porosity than on 'short' electrodes. This observation may be related 
. 

to downstream accumulation of evolved gas. 

In Fig.4.84, the nature of the deposit, i.e. sound (fine grained) 

or unsound (powdery) is plotted from the data obtained from the 

experimental study, as described previously (p .1Zl). The approximate 
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mass transfer limited current densities were calculated from the 

design equation for the cell (p.128). This is shown (for turbulent 

flow) as the broken line B-B of slope 0.8 in Fig.4.84. The solid 

line A-A in Fig.4.84 of slope 0.8 is in approximate agreement with 

the division between sound and unsound deposits obtained under 

turbulent flow conditions. At low flow rates, the deposition rate 

would appear to be higher than expected. The experimentally deter

mined relationship indicates that the maximum current densities for 

sound deposits are less than the mass transfer limited current 

densities. 
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(c) .;D:-:i:.::r':1e:.::c:;:t~c:.::0"'im:.!:p.;;a~r-;;i~s.;;.o;.:;n::-:i"0.;:;f=f=o::.i::.ls~ .. r;;-o::d=u=c~e~d:-ar.t~c~o;;n",s;-t:.a::n:,:t:rfrl:.:o:-:w:--:r:.::a:..:t;.::.e 
Re 6,400 ± 250 and current density 0.67 A cm- as a 
function of electrode length (tide ratios 2.3, 2.9, 3.5, 
4 • 7 and ll. 7) • 

In this section of the investigation, deposition was carried 

out at a current density of 0.67 A cm- 2 and a flow rate .corresponding 

to Re 6,400 ± 250 on to electrodes of different lengths. The changes 

in current efficiency, visual appearance and deposit structure were 

noted as the cathode length was increased. 

In each experiment electrolysis was carried out for a specified 

period of time to produce a deposit 18 to 26~m thick for subsequent 

visual and microscope examination, after removal of the foil from the 

substrate. The deposition conditions are summarised in Table 4.30 

and the visual appearance of the electroforms are presented in Fig.4.85. 

The central main deposit region of all foils were lus·trous and 

showed no evidence of powder type deposits. Significant changes in the 

deposit structure appeared to be confined to the foil edges. Most 

foils were deposited at current efficiencies approaching 100%. 

Variations in current efficiency were more apparent with short cathode 

lengths, where the leading and trailing edge regions represent a 

greater proportion of the total electrode area. 

The number of pits and perforations through the foil tended to 

increase with increasing electrode length. During deposition gas 

evolving near the leading edge of the electrode accumulated and coalesced 

further downstream. The rate and location of gas evolution may also 

be related to cathode length. 

Foils produced with the shortest cathode length (2.3 de) were 

of smooth uniform appearance (Fig.4.85a) with 'streaking' on the foil 

surface. With cathode lengths of 2.92 and 3.5 de, bands of brighter 

nickel were deposited at the leading edges of the foils (Fig.4.85c). 

The foil edges were more nodular and powdery with longer electrode 

lengths (Fig.4.85d and e). 



L/de 

2.3 

2.3 

2.92 

2.92 

3.5 

3.5 

4.7 

4.7 

11.7 

11.7 

. . 

Current Deposition Weight Current Deposit 
Density Time Deposited Efficiency Thickness 

ilA cm-' s g % Ilm 

0.69 92 0.1028 89 19 

0.70 93 0.1140 96 21 

0.68 97 0.1416 94 22 

0.70 103 0.1553 95 23 

0.68 104 0.1832 94 23 

0.70 104 0.1730 87 22 

0.69 105 0.1789 68 18 

0.64 112 0.2439 93 23 

0.64 116 0.6897 102 26 

0.65 118 0.7041 101 26 

Table 4.30 Nickel foils deposited at 0.67 ± 0.02',A cm-' 
and Re 6,400 ± 250 (Cell 2, 60·C, de 0.857cm). 

. I 
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Fig.4.85 Schematic representation of the visual appearance of 
nickel foils deposited at 0.64 cm- 2 and Re 6,400 ± 250. 
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More detailed information on the structure of the deposits was 

obtained by SEM examination of the stripped foils. 

Main deposit 

The micrographs of the'main deposit sections are shown in 

Figs.4.86 and 4.87 for each cathode length. All the deposits were 

of relatively uniform fine grain structure over >90% of the foil 

surface. The grain size was between 2 and 5~m. The distribution 

of grain sizes appeared to be more uniform at longer electrode lengths 

(cf Fig.4.86 and Fig.4.87). On shorter cathodes (2.3 and 2.92 de). 

surface streaks (Fig.4.86a) and larger features (Fig.4.86b) were 

observed. Some micro-porosity was found at the grain boundaries 

(Fig.4.86d). 

Edge effects 

At the shortest cathode length (2.3 de) the leading edge was 

smooth and free of large features. At high magnification the deposi~ 

was very fine grained (1-2~m) (Fig.4.88a). Small micro-pits were 

present in this area. With an increased cathode length of 2.92 de, 

the leading edge of the deposit was fine grained and ridges were also 

observed (Fig.4.88b). At 3.5 de, the foil edge was clearly defined 

an~ as a bulbous ridge, 50~ in width (Fig.4.88c). Immediately down-

stream of the leading edge ridge, a coarse grain structure was observed. 

A nodular,powder deposit was formed at the leading edge region of 

cathodes 4.7 de in length (Fig.4.88d). The nodules were 20 to 10~m 

in diameter. In this area of the deposit parHal exfoliation of the 

foil surface had occurred. Downstream of the powder deposit the 

morphology was generally fine grained, with some larger features (Fig. 

4.BBe). The current efficiency was low (6B%). 

On increasing the cathode length to 11.7 equivalent diameters, 

powder nodules 20 to 100~m in diameter were deposited (Fig.4.89a). 

Pitting and porosity were found in this area (Fig.4.89b). Downstream 

of the powder region, a bulbous ridge was formed, dividing this area 

from the fine grained main deposit. 



a) 

c) 

Fig. 4.86 

b) 

d) 

SEM micrographs of surfaces of foils of nickel 
deposited at 0.67 ± 0.03 A cm-', Re 6,400 ± 250, 
(60·C) ,main deposit sections. "" 
(Top: 2,OOOx;" bottom: 10,OOOx, O· tilt) 

a) L/de -2.3, streaked area 

b) L/de -2.9 

c) L/de -3.5 

d) L/de -4.7 



Fig. 4.87 SEM micrograph of the surface of nickel foil 
deposited at 0.67 ± 0.03 A cm- 2

, Re 6,400 ± 250, 
main deposit section. 

L/de -11:7, 60"e 

(x2,OOO, 45" tilt) 



a) x2,OOO 

d) x50 

Fig.4.88 

b) x2,OOO 

c) x200 

e) x2,OOO 

SEM micrographs of surfaces of foils of nickel 
deposited at 0.67 .± 0.03 A cm-', Re 6,400 ± 250, 
(60·C), leading edge sections (D· tilt). 

a) L/de - 2.3 

b) L/de- 2•9 

c) L/de - 3.5 

d) L/de - 4.7, powdery edge region 

e) L/de - 4.7, downstream of powder region 

..,.;. • .,;!~ ----



Fig.4.89 

a) x50, 45° tilt 

b) x2,OOO, 45° tilt 

SEM micrographs of the surfaces of foils of 
nickel de~osited at 0.67 ± 0.03 A cm-', 
Re 6,400 - 250, (60°C, L/de -11.7), leading 
edge sections. . 
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The trailing edges of all the electroforms were relatively 

smooth, developing increased ridging as the cathode length increased 

,(Fig.4.90). Some roughening of the foil surface was also observed 

in this area (Fig.4.90b). 

As the trailing edge was approached, the grain size tended to 

increase. Near the exit edge of the 11.7 de electrode (-3000~m from 

the edge) the grains were small (l-5~m in dia.), (Fig.4.91c). At a 

distance of -<~OO~m from 

(5 to 10~m) (Fig.4.91b). 

the trailing edge, the grains were larger 

At the trailing edge, prominent bulbous 

features were found (Fig.4.91a). 

At a current density of 0.67 ± 0.03 A cm-', and a flow rate 

of Re 6,400 ± 250, changes in deposit structure at the leading and 

trailing edges were found for cathode lengths >4.7 de. 

Summary of major features 

a) The main central region of all the deposits was found to be sound 

and fine grained. For the experimental conditions used, the cathode 

length related effects were confined to the leading edge of the 

electroform. As the cathode length was increased, at constant 

current density and flow rate, the .leading edge beca~e rougher and 

powdery. Higher current densities were obtained on shorter cathodes. 

b) The current efficiency for most electroforms was -95%. Decreases 

in current efficiency became .more noticeable on shorter cathodes, 

where the edge region is proportionately greater in area. 

c) The number and density of pits and foil perforations increased with 

increasing cathode length. Hydrogen gas bubbles evolving near the 

leading edge of the foil accumulated and coalesced downstream. In 

addition the total volume of hydrogen evolved (and hence the number 

of bubbles) will also be greater on longer electrodes. 

d) The formation of hydroxide layers at the inlet or exit regions of 

the cathode may form a resistive layer. Hence the current density 

on the areas of sound deposit will increase and the effective length 

of the cathode decrease resulting in complex inter-related effects. 



• 

a) x200, O· tilt b) Top: x2,OOO 
bottom: xlO,OOO 
O· tilt 

c) x2,OOO, O· tilt . d) xlO,OOO, O· tilt 

FiS·4.90 
) 

SEM micrographs of surfaces of nickel foils 
deposited at 0.67 ± 0.03 A cm--, Re 6,400 :I: 250, 
trailing edge sections (60·C). 

a) L/de -2.3 

b) L/de -2.9, behind leading edge ridge 

c) L/de -3.5 

d) L/de -4.7, behind trailing edge ridge 
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a) x200, O· tilt b) x2,000, O· tilt 

Fig.4.91 

c) 2,000, O· tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at 0.67.± 0.03 A cm- 2 , Re 6,400 ± 250, 
(60·C, L/de -11.7) - trailing edge sections 

a) trailing edge 

b) 300~ from trailing edge 

c) 3,OOO~ from trailing edge 
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4.3.2 The effects of temperature on the relationships between 
foil structures, flow rates and current densities using· 
a long electrode system. 

The maximum recommended operating temperature for the sulphamate 

electrolyte under normal plating conditions is 70·C and it was 

desirable to investigate the system under flowing electrolyte.con

ditions at this temperature since mass transport effects had not been 

studied. The effects on foil structures were also unknown. Some 

increase in maximum deposition rates might well be expected. The 

major programme of work was.carried out at 70·C. This study included 

deposition under conditions of laminar flow (Re 1318 - 2004) and turbulent 

flow (Re 3312 - 13,203). A restricted investigation was also carried 

out at 50·C and 65·C (Re 6575 ± 75) to give an overview of temperature 

effects. 

(a) The electroforming of nickel foils at 70·C usin 
system Ide -11.7) 

electrode 

(i) Deposition under conditions of laminar flow (Re 1,318 - 2,000) 
at 70·C. 

At very low Reynolds numbers (laminar flow) large hydrogen gas 

bubbles adhered to the cathode surfaces and obstructed the smooth flow 

of electrolyte. Within the Reynolds number range ·Re, 1,000·- 2,000, 

some bubbles did accumulate on the electrode and were swept slowly 

downstream. Fast deposition of reasonably fine grained deposits was 

carried out under these conditions. Nickel foils (26~m thick), were 

electroformed in this flow 

1.01 A cm-'. The current 

regime at current densities of 

efficiency was close to 100%. 

0.95 and 

Both foils were of relatively uniform lustrous appearance over 

the electrode length (Fig.4.92). Narrow bands of brighter material were 

deposited at the leading edge of the electroforms. The deposits were 

more uniform (with no promine~t edge effects), and of decreased micro

hardness value (289 ± 9 kg mm-'), although less bright,than foils 

produced at 60·C. 
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Fig.4.92 Schematic representation of the visual appearance 
of nickel foils deposited in laminar flow 
(Re 1,318 - 2,004) (70·C, L/de -11. 7) 
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The low visible porosity was an interesting feature considering 

the large numbers of gas bubbles on the electrode surface at low flow 

rates. The porosity was considerably less than observed for com

parable 60°C foils. 

Electroforms were examined in detail in the SEM, after removal 

from the substrate and typical foil structures are shown in Figs.4.93 

and 4.94. 

Main deposit 

Within the main deposit region, two areas of interest were found. 

About 80% of the'surface was of the typical fine grain morphology 

(Fig.4.93a), similar to structures observed at 60°C. The grains were 

relatively uniform and 3-5~m in diameter. However towards the outlet 

end of the foil, the deposit was of a comparatively coarse structure. 

Here the features were much larger (7-20~m), with well defined boundaries 

and fine inter-granular fissures in some areas (Fig.4.93 b,c and d). 

About 10% of the electroform was of the above 'morphology. 

Edge effects 

The leading edge of the foil exhibited coarse and nodular features 

(Fig.4.94a) and these were about 300~m in width. Immediately down

stream, the finer scale morphological features were interspersed with 

some larger features. This structure corresponded with the semi-bright 

band observed visually. 

At the trailing edge, a coarser structure was observed (Fig.4.94 b 

and c). The nodular features were similar to those observed in the 

powder-type deposits at 60°C (cf Fig.4.94c and Fig.4.6gc). 

In laminar flow good deposits wera obtained at very high current 

densities at 70°C. With a reasonable flow rate (corresponding to 

Re ;"1,500), nickel foil was deposited at -1.0 A cm-', ,a current 

density much higher than was achieved at 60°C «0.5 A cm- 2 ). 



a) Top: x2,OOO; 
bottom: xlO,OOO 
o· tilt 

c) xl,OOO, O· tilt 

b) Top: x2,OOO; 
bottom: xl0,OOO 
o· tilt . 

d) x2,OOO, O· tilt 

Fig.4.93 SEM micrographs of surfaces of foils of nickel 
deposited in laminar flow, main deposit sections 
Re 1,318, O.9SA cm-' (70·C, L/de _11.7) 

a) Typical uniform fine grain structure 
b) -9cm from leading edge, grain boundary cracks· 
c) -9cm from leading edge, course structure 
d) as above, cavity at boundary. 



a) x200, O· tilt b) xlOO, o· tilt 

c) x1,OOO, O· tilt 

Fig.4.94 SEM micrographs of the surfaces of foils of nickel 
deposited at the ·leading and trailing edge of the 
electrode, Re 1,318, 0.95 A cm-' (60·C, L/de -11.7) 

a) leading edge section 
b) trailing edge section 
cl trailing edge ·section, nodule structure 
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(ii) Deposition under conditions of turbulent flow at 70·C 

In turbulent flow (Re >2,200), gas bubble adhesion was minimised 

and deposition was carried out over a range of experimental con

ditions. A series of electrolyses was carried out at flow rates of 

40.0 to 166.7 cms-1with corresponding Reynolds numbers of Re 3,312 to 

13,803. In 'each experiment, electrolysis was carried out for a 

specified period of time to give, deposi ts 26 ± 3]Jm thick. 

Nickel was electroformed, over. a range of current densities, in 

the following flow regimes: 

low flow rates (Re 3,330 ± 30); 

, 'intermediate flow rates, Re 4,800 ± 100 and 

Re 7,450 ± 300; and 

high flow rates (Re 13,803). 

The foils 'were examined visually and microscopically both 

before and after removal of the deposit from the electrode surface., 

Nickel electroforms deposited in the flow range Re 3,300 ± 30 

Two nickel foils, 25 ± 11J1l thick were e1ectroformed at current 

densities of 1.12 and 1.30 A cm-'. The visual appearance of the foils 

are shown schematically in Fig. 4 .95. The high current efficiency (98%) 

reflected the good appearance of deposits' over 95% of the foil surfaces. 

Main deposit 

The main deposit regions of both foils were lustrous and of 

good visual appearance. Visible porosity was generally low increasing 

slightly at the higher current density. Detailed SEM examination of 

foil morphology was carried out along the length of the deposit. 

Downstream of the inlet edge, the foil morphology was comparatively 

fine grained at 1.12 and 1.3 A cm-·. At the lower current density 

grain sizes were in the range 2-4]Jm, with some surface reliefs (Fig.4.96a). 
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a) x2,OOO, O· tilt 

c) Top: x2,OOO 
bottom: xlO,OOO· 
30· ti 1t 

FiS· 4.96 SEM micrographs 
deposited at Re 

a) 1.12 A cm- 2 , 

b) 1.12 A cm- 2 , 

c) 1.12 A cm- 2, 

d) 1.30 A cm- 2, 

e) 1.30 A cm- 2 , 

f) 1.30 A cm- 2 , 

d) Top: x2,OOO 
. bottom: xlO,OOO 

bottom: xlO,OOO 
O· tilt 

f) ~2.000, O· tilt 

of surfaces of foils of nickel 
3,330 %,30, (70·C, Lt de -11.7) 

near leading edge 
central area 
near trailing edge 
near leading edge 
central area 
near trailtng edge 
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At 1.3 A cm-', the structure appeared to be coarser, with features 

of 5-1~m in diameter (Fig.4.96d). Some larger features (10-20~m 

diameter) were apparent, and these had a distinct sub-structure. 

This morphology type corresponded to the bright bands observed close 

to both leading and trailing edges. 

The central sections of both foils were of similar appearance 

with grain sizes of 2-5~m and well defined grain boundaries (cf Fig. 
. . . -2 

4.96band e). The proportion of smaller grains was greater at 1.3 A cm • 

Towards the trailing edge of the electroform deposited at 

1.12 A cm-', the structure became more nodular and coarse (Fig.4.96c). 

Conversely, at 1.3 A cm-', the size of the observed features increased 

in this area to 5-1C~m, but the deposit had a smooth appearance. 

Edge effects 

At 1.12 A cm- 2 , a narrow band (1-2 mm) ofa dark. grey powdery 

type material was deposited at the leading edge of the foil. Detailed 

SEM examination of this area (Fig.4.97a) showed a coarse nodular 

structure with many unusual 'cauliflower' features. At 1.3 A cm-', 

the leading edge of the foil appeared to be rough but without the 

band of powdery material. SEM examination (Fig.4.97b) confirmed the 

presence of the 'cauliflower' features similar to the previous observa-

tions. However, the nodular structure was absent. The trailing edges 

of both foils were of similar relatively featureless visual appearance. 

Detailed examination identified a coarse surface structure in this area 

of the foils (cf Fig.4.98a and b). Some larger more bulbous features 

were present at the higher current density. 

It would appear that, at 70·C, high current density areas near 

the leading and trailing edges have a coarse nodular structure and 

other centres of roughness. However, good main deposit structures 

may be obtained even at very high current densities. At Re 3,300 ± 50, 

the maximum deposition rate was about 1.12 A cm-'. 



Fig.4.97 

a) x100, O· tilt 

b) x200, O· tilt 

SEH micrographs of surfaces of foils of nickel 
deposited at Re 3,300 ± 30, leading edge 
sections (70·C, L/de -11.7). 

a) 1.12 A cm-' 
b) 1. 30 A cm-' 



Fig.4.9B 

J 

a) x200, O· tilt 

b) x200, O· tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at Re 3,300 ± 30, trailing edge 
sections OO·C, L/de -11. 7). 

a) 1.12 A cm--
b) 1.30 A cm--
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Nickel electroforms deposited in the flow range Re 4,800 ± 100 

A series of nickel foils 25-29~ thick was electroformed over 

the current density range 0.86 to 1.12 A cm- 2 and details are given 

in Table 4.31. At all current densities the current efficiency 

was about 95%. The main deposit areaS of all foils were lustrous 

and of good visual appearance as illustrated schematically in Fig. 4 .99. 

At the lower current densities, (0.86 - 0.91 A cm-'), the electro~ 

forms exhibited many small perforations (Fig.4.99a and b), and a 

heavily pitted narrow band of brighter deposit at the leading edge. 

However, foil porosity tended to decrease on increasing the deposition 

rate. 

A gradual coarsening of the deposit at the inlet and outlet 

edges of the electroform was observed at higher current densities. At 

1.12 A cm- 2 the leading edge section appeared to be powdery. 

Detailed examinations of the structures of foil surfaces were 

carried out in the SEM after removal of the deposit from the substrate. 

Main deposit area 

The main deposit sections of all foils exhibited the fine 

grained structures typical of good deposits (Fig.4.l00). At current 

densities -1.01 A cm-', the irregular grains were 2-5~ in diameter 

with deep grain boundaries. Some sub-structure was discernible 

(cf Fig.4.100a and b). 

At the high current density (1.12 A cm- 2 ), and over most of the 

surface; the foil morphology appeared smoother with less sub-grain 

structure (cf Fig.4.100b and c). Some grain refinement (1-3~) was 

evident. However, towards the trailing edge of the deposit, the foil 

surface appeared rougher, with surface reliefs similar to powder type 

features (Fig.4.100a). 



Flow Rate Reyno1ds Average Time Average Weight Current 

U 
Number Current Deposit Deposited Efficiency 

cm s-1. Re Density t Thick-

i 
ness 

% g 
A cm- 2 S d 

\lm 

57.7 4,778 0.86 88 26 0.6612 96 

57.7 4,778 0.90 81 25 0.6395 96 

57.7 4,778 0.91 81 25 0.6408 95 

57.7 4,778 1.01 83 29 0.7286 95 

56.8 4,703 1.11 68 25 0.6643 96 

58.7 4,861 1.12 68 26 0.6526 94 

Table 4.31 Nickel foils deposited at Re 4,800 ± 100 
OO·C, L/de -11.7) 
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a) Top: x2,000 
bottom: xlO,OOO 
0° tilt 

c) Top: x2,000 
bottom: xlO,OOO 
0° tilt 

b) x2,000, 0° tilt 

d) x2,000, 0° tilt 

Fig.4.l00 SEM micrographs of the surfaces of foils of nickel 
deposited at the 4,800 ± 100 (70°C, L/de -11.7) 
main deposit sections. 

a) 0.91 A cm-' 
b) 1.01 A cm-' 
c) 1.12 A cm-' 
d) 1.12 A cm-', rough area near the trailing edge 

I 
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Edge effects 

The leading edge growth features were more dendritic in 

character than previously observed paritcularly at higher current 

densities. At 0.91 A cm-', downstream of the bulbous ridge, the 

foil surface was heavily pitted (Fig.4.101a) coinciding with the 

bright band observed visually (cf Fig.4.99b). In this region, the 

deposit structure was comparatively rough (Fig.4.101b). The leading 

edge of deposits prepared at 1.01 - 1.12 A cm-' were of similar 

nodular appearance (cf Fig.4.101c and e). At the highest current 

density, the powdery type deposit was more extensive. Immediately 

downstream of the edge, the structure was very fine grained, although 

some larger. features up to 20).111 in diameter were evident (Fig.4.101d 

and f). 

Trailing edge sections were less dendritic, with some nodular 

type growth (Fig.4.102a). Adjacent pitted areas were associated with 

bright band formations (Fig.4.102c). In this. region the very fine 

grain structure was superimposed on some larger features (Fig.4.102b 

and d). At the highest current density (1.12 A cm-'), the edge was 

of the bulbous ridge structure (Fig.4.102e). An interesting coarsen

ing of the deposit was apparent near the trailing edge (Fig.4.102f). 

The rough, slightly nodular morphology may be the precursor to the 

formation of a powder type structure. 

At Re 4,800 ± 100 the maximum current density for satisfactory 

foil formation was about 1.12 A cm-'. 



a) x100, O· tilt b) x2,OOO, D· tilt 

c) x100, O· tilt d) Top: x2,OOO 
bottom: x10,OOO 

e) x200, O· tilt f) x2,OOO, D· tilt 

Fig.4.101 SEM micrographs of surfaces of foils of nickel 
deposited at Re 4,800 ± 100 (70·C, Llde _11.7) 
leading edge sections. 

a) 0.91 A cm-' 
b) 0.91 A cm-', -0.05 cm from leading edge 
c) 1.01 A cm-' 
d) 1.01 A cm-', -0.05 cm from leading edge 
e) ,1.12 A cm- 2 

£) 1.12 A cm- 2 , -0.1 cm from leading edge 



a) x200. O· tilt 

c) x100. O· tilt 

e) x200, O· tilt 

b) x2.000. O· tilt 

. d) x2,000, O· tilt 

f) Top: x2.000 
bottom: x10,000 
O· tilt 

FiS·4.102 SEM micrographs of surfaces of foils of nickel 
100 OO·C, L/ de -11.7), deposited at Re 4,800 ± 

trailing edge sections. 

a) 0.91 A cm-' 
b) 0.91 A cm- 2 t 0.05 cm from trailing edge 
c) 1.01 A cm-' 
d) 1.01 A cm- 2 , 0.05 cm from trailing edge 
e) 1.12 A cm-' 
f) 1.12 A cm-' 0.05 cm from trailing edge 
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Nickel foils deposited in the flow range Re 7,450 + 300 

A series of nickel foils 24-27~m thick was deposited over the 

current density range O.S to 1.4 A cm-'.' The details of the 

deposition conditions are given 'in Table 4.32 and schematic repres

entations of the visual appearance of the electroforms are shown in 

Fig.4.103. At current densities, <1.15 A cm-' , 'the current efficiency 

was high (96-97%) and sound lustrous deposits were obtained 'greater 

than 95% of the foil surface. Main deposit porosity was generally 

low, although increasing at higher current'densities ( >1.15 A cm-'). 

At the' foil entry and exit edges, narrow pitted bands of brighter 

deposit were visible at 0.80 and 0.91 A cm-'. At 1.15 A cm-', the 

leading edge appeared to be powdery. The deposit produced at 1.4 A cm-' 

was semi-bright in appearance. Green hydroxide was present at the 

leading edge (Fig.4.103c). The electroforms were examined in detail 

in the SEM. 

Main deposit 

Typical surface structure for the main deposit region at current 

densities of 0.8, 0.91 and 1.15' A cm-', are shown in Fig.4.104. All 

deposits were fine grained with well defined grain boundaries. At 

0.8 A cm-', the irregular grains were 1-6Um in diameter (Fig.4.104a). 

Ion beam etched cross-sections of the foil indicated that ,the foil had 

a columnar structure (Fig.4.105), typical of high speed deposits. 

At higher current densities, grain sizes tended to be more uniform, ' 

with some grain refinement (Fig.4.104b and c). The average micro

harndess of the main deposit area was 265 ± 4 kg mm-' at 0.8 A cm-', 

277 ± 6 kg mm-' at 0.91 A cm-' and 290 ± 9 kg mm-' at 1.15 A cm-'. 

The slight increase in microhardness value may be associated with 

increased grain refinement. The electroforms tended to be of a lower 

microhardness value than those deposited at 60·C (c.r. p.195). 



Flow Rate Reyno1ds 

U 
Number 

cm s-I, Re 

93.6 7,750 

86.8 7,187 

90.1 7,451 

86.8 7,187 
. 

Table 4.32 

Average Time Average Height Current 
Current Deposit Deposited Efficiency 
Density Thick-

i :t ness g % 
A cm- 2 .s d 

. IJIIl 

0.80 94 26 0.6760 96 . 
0.91 81 25 0.6510 97 

1.15 68 27 0.6870 96 

1.40 50 24 - -

Nickel foils deposited at Re 7,450 ± 300 
(70·C, L/de -11.7) 
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Fig.4.103 Schematic representation of the visual appearance of 
nickel foils deposited at Re 7,450 ! 300 (70·C,L/de -11.7). 



a) Top: x2,000; 
bottom: xl0,000 
O· tilt 

b) Top: x2,000; 
bottom: xl0,000 
O· tilt 

• 

Fig.4.104 

,C) Top: x2,000; 
bottom: xl0,000 
O· tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at Re 7,450 ± 300, (70·C, L/de _11.7), 
main deposit sections. 

a) 0.80 A cm-' 
b) 0.91 A cm-' 
c) 1.15 A cm-' 



.Fig.4.105 Optical·micrograph of etched cross section of 
nickel foil deposited at 0.8 A cm-o, 
Re 7,450 ± 300 

(70·C, L/de -11.7) (x 1,000) 
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Edge effects 

The appearance of the leading edge section was similar at 

0.8 and 0.91 A cm-'. Both edge sections were bulbous and without 

the more.dendritic features observed previously (cf Fig.4.106a and 

b with Fig. 4.101c). Adjacent to the leading edge the deposit 

was heavily pitted. However, the morphology was very fine grained 

although with many larger features up to 20~n in diameter (Fig.4.106c). 

At 1.15 A cm-', a nodular powder formation was deposited at 

the leading edge (Fig.4.106d). Several 'cauliflower' type fe~tures 

were evident.D·1 mm from the leading edge, the morphology was again 

very fine grained (1-3J"ID)' with many larger surface reliefs (Fig.4.106e). 

The trailing edge sections of all three foils were of very 

similar appearance (Fig.4.107a,b and d). The bulbous ridge tended to 

increase in width at higher current densities. A fine grained deposit, 

with some larger features, was found near the trailing edge (Fig.4.107 

c and e). 

The maximum current density for formation of satisfactory foils 

at Re 7,450 ± 300 was about 1.15 A cm-'. 

I 

.1 
1 

I 

----



a) x200, O· tilt b) x200, O· tilt 

~) x2,OOO, O· tilt' 

d) x100, O· tilt e) x2,OOO, O· tilt 

Fig. 4.106 SEM micrographs of surfaces of foils of nickel 
deposited at Re 7,450 ± 300 (70·C,L/de -11.7), 
leading edge sections. 

a) 0.80 A cm- 2 

b) 0.91 A cm- 2 

c) 0.91 A cm- 2 , -0.025 cm from leading edge 
d) 1.15 A cm-:2 
e) 1.15 A cm- 2 , -0.07 cm from leading edge 



a) x200, O· tilt b) x200, .0· tilt 

c) x2,000, O· tilt 

·d) x200, O· tilt e) x2,000, O· tilt 

Fig.4.107 SEM micrographs of surfaces of foils of nickel 
deposited at Re 7,450 ± 300 (70·C, L/de -11.7), 
trailing edge sections. 

a) 0.80 A cm- 2 

b) 0.91 A cm- 2 

c) 0.91 A cm- 2 , -0.02 cm from trailing edge 
d) 1.15 A cm- 2 

e) 1.15 A cm- 2 , -0.025 cm from trailing edge 
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Nickel foils deposited at Re 13,S03 

At the highest flow rate two foils were deposited at current 

densities above and below the minimum current density. The schematic 

:representation of the two electroforms deposited at 1.lS and 1.51 

A cm- 2 are shown in Fig.4.108. 

Main deposit 

At 1.lS A cm--, the deposit was lustrous and sound over the 

entire electrode length, with semi-bright bands at leading-and 

trailing edges. The current- efficiency was 99%. Two or three 

small holes in the foil were visible. A streaking effect, parallel 

"ith the flow direction was evident in the main deposit area (Fig.4.10Sa). 

This phenomenon may be the result of gas bubbles moving along the 

electrode surface. When examined in the SEM, a well defined grain 

structure was evident (Fig.4.109a and b). The grain size was between 

2 and 5~m. A few grains had a 'truncated' appearance and may be 

associated with the gas 'streaking' affect. 

At 1.51 A cm--, green hydroxide deposit and powder type deposits 

were observed at the inlet and outlet edges of the foil (Fig.4.10Sb). 

The current efficiency remained high (95%). The main deposit area 

was -95% of the total surface area and of semi-bright appearance. 

Many small holes through the foil were observed. Surface streaking 

was also visible. On more detailed examination in the SEM, the 

structure appeared more coarse (Fig.4.109c and d), than that found 

at the lower current density. Larger features (6~m) were present in 

a matrix of smaller grains 0-4.Lm). 
-~ 

Edge effects 

At 1.1S A cm- 2 the leading edge was a ridge of interlocking 

bulbous forms (Fig.4.110a). Adjacent areas were rough but fine 

grained (Fig.4.110b). Streaking effects were observed. At 1.51 A cm--. 

the maximum current density was exceeded, and hydroxide was deposited 

at the leading edge. Further downstream a nodular powder deposit was 

formed (Fig.4.110c). 
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a) x2,OOO, O· tilt b) x10,OOO, O· tilt 

c) x2,OOO, O· tilt d) xlO,OOO, o· tilt 

Fig.4.109 SEM micrographs of surfaces of foils of nickel 
deposited at Re 13,803 (70·C, L/de -11.7), 
main deposit section. 
a) 1.18 A cm-' 
b) 1.18 A cm-' 
c) 1.51 A cm-' 
d) 1.51 A cm-' 



a) x200, O· tilt b) x2,OOO, O· tilt 

Fig. 4.110 

c) xlOO, O· tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at Re 13,803 (70·C, L/de -11.7), . 
leading edge sections. - . 

a) 1.18 A cm-' 
b) 1.18 A cm-', -0.02 cm from leading edge 
c) 1. 51 A cm-' 
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At the trailing edge, the structure was more dendritic. At 

1.18 A cm-', the bulbous formations were growing outwards (Fig.4.l11a). 

Similarly, at 1.51 A cm-' the powder nodules were more dendritic' 

(Fig.4.ll1C). Immediately adjacent to the trailing edge the foil 

surface was very fine grained with some larger \20~m) surface 

reliefs. 

The maximum current dens-i ty for satisfactory deposits was 
(' 

estimated to be about 1.3 A cm-' under these conditions. 
\ 



a) x200, O· tilt b) x2,OOO, O· tilt 

c) xl00, O· tilt d) xl,OOO,O· tilt 

Fig. 4.111 SEM micrographs of surfaces of foils of nickel 
deposited at Re 13,803 (70·C, L/de -11.7), 
trailing edge sections. 

a) 1.18 A cm-' 
b) 1.18 A cm- z , -0.03 cm from trailing edge 
c) 1. 51 A cm-' 
d) 1. 51 A cm- z , -0.08 cm from trailing edge 
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Summary of major features 

Several significant results were obtained by operating the 

system at 70'e. These may be summarised as follows: 

a) A 10'e rise in electrolyte temperature resulted in considerable 

increases in deposition rate •. Good deposits were produced at 

current densities in excess of 1 A cm-' under all flow conditions. 

b) The cathode current efficiency for nickel deposition was -95% 

under all deposition conditions. 

c) Adhesion of gas bubbles to the cathode was less marked at 70'e. 

This enabled reasonable deposits, of very low porosity, to be 

produced even in laminar flow conditions •. 

d) Under all flow conditions deposits were fine grained in the main 

central area of the deposit. Grain sizes were generally larger 

than found under equivalent conditions at 60'e. 

e) All foils were relatively lustrous. Bright deposits were only 

produced at very high current densities (>1.4 A cm-') in 

turbulent flow. 

f) The cicrohardness of deposits increased with decreasing grain size. 

The deposits were less hard than foils electroformed at 60'e. 

g) Major changes in the foil structure were again found in the entry 

and exit regions. 

h) Large increases in the electrolyte velocity resulted in com

paratively small increases in the maximum current density for 

satisfactory deposits. The relationship between deposition rate 

and Reynolds number was less clearly defined at 70'e. 

At 70'e good (fine grained) deposits, of low porosity were 

obtained at very high current densities. Hot;ever, the maximum 
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current density for a sound deposit, was not always well defined. 

In Fig.4.112 the nature of the deposit Le. sound (uniform fine 

grained) or unsound (powdery and nodular) is plotted from the 

data obtained in the e~perimenta1 study as described previously 

(p.nr.). The approximate theoretical mass transfer-limited current 

densities were calculated from the design equation for the cell 

(p.128) and he limiting current densities are shown as B-B (of 

slope 0.8) in Fig.4.112. As'can be seen, the experimentally deter-. 

mined data indicates that the maximum current densities for sound 

deposits are less than the mass transfer limited current densities, 

although the two converge at lower turbulent flow rates. 

In laminar flow,' the theoretical line C-C in Fig.4.112 has a 

slope of 0.33 and the e~perimenta1 points indicate that sound nickel 

deposits were obtained at higher current densities than might have 

been e~pected. These effects may be associated with the influence 

of gas evolution on the mass transfer processes. In addition, at 70°C 

and very high current densities, localised heating effects at the. 

interface may increase the deposition range. This may help to obscure 

the maximum current density. 
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(b) The e1ectroforming of nickel foils at 50' and 65'e using a long 
electrode system (tIde = 11.7) under constant flow conditions 
(Re = 6575 ± 75) 

Nickel electroforrns 25Um thick were prepared at 50' and 65'e 

for comparison with the more comprehensive 60' and 70'e study. An 

intermediate Reynolds number (Re -6,600) was used for all electrolyses. 

50'e deposits 

At 50'e three deposits were produced at current densities of 

0.3, 0.4 and 0.8 A cm- 2 as shown in Table 4.33. '~he schematic 

representations of the deposit appearance is shown in Fig.4.113. 

At 0.3 and 0.4 A cm- 2 , a sound and uniform semi-bright deposit was 

produced over >95% of the foil surface. 

Main deposit 

SEM examination of the stripped foils showed fine grain structures 

of both current densit'ies (Fig.4.114a and, b). Grain sizes were about 

2-5iJm. At 0.4 A cm- 2 , the main deposit morphology was smoother with 

cavities at the grain boundaries. At the high current density (0.8 

A cm- 2 ) nickel metal was not deposited. The deposit was a thick film 

of black-brown and green hydroxide (Fig.4.l13c). SEM examination of 

the deposit showed the black-brown areas to be relatively featureless 

(Fig.4.115a and b), whereas, the green areas were thick platelets 

(Fig.4.115c and d). 

Edge effects, 

Near the trailing edge of the electroform deposited at 0.4 A cm- 2 , 

the structure was very fine grained (l-2um) with cavities of similar 

dimensions (Fig.4.1l4c). Visual examination revealed many small 

perforations in the foil. The outlet 

with narrow bands of brighter material 

edges of both foils were smooth 

(Fig.4.113a and b). 

At 0.3 A cm- 2 the leading edge of the deposit was relatively 

featureless, although heavily pitted (Fig.4.116a). The narrow band 

of bright nickel observed in this area had an unresolvable grain structure 



Flow 
Rate. 

U 
cms,-l, 

114.5 

114.5 

115.7 

Reynolds Average Time Average Weight 
Number Current Deposit Deposited 

Density Thick-
ness 

Re i t d g 
A cm- 2 s \.IIIl 

6,577 0.-3 244 25 0.6613 

6,577 0.4 183 25 0.6547 

6,655 . 0.8 92 - -

Table 4.33 Nickel foils deposited at 50°C and 
Re 6,575 ± 75 (L/de -11.7) 

Current 
Efficiency 

% 

99 

98 

-
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a) 35· tU t 

Fig. 4.114 

b) 30· tilt 

c) O· tilt 

SEM micrographs of the surfaces of nickel foils 
deposited at 50·C and Re 6,575 ± 75. (70·C, 
L/de -11.7). 

a) 0.3 A cm-', main deposit area, (Z,OOOx) 
b) 0.4 A cm-', main deposit area, (top: Z,OOOx; 

bottom: 10,OOOx) 
c) 0.4 A cm-', main deposit area, near trailing edge 

(top: 2,OOOx; bottom: 10,OOOx). 



a) 30· tilt 

c) 30· tilt 

Fig.4.1l5 

b) 30· tilt 

d) 30· tilt 

SEM micrographs of hydroxide deposited at 50·C, 
0.8 A cm- 2 and Re 6,575 :!: 75 (L/de -11.7) 

a) Brown-black area (2,000x) 
b) Brown-black area (lO,OOOx) 
c) Green area (2,000x) 

. d) Green area (10,000x) 



a) 35· tilt 

I c) 30· tilt 

Fig.4.116 

b) 35· tilt 

d) O· tilt 

SEW micrographs of surfaces. of nickel foils 
deposited at .50·C and Re 6,575 ± 75 
(L I de _11. 7) 

. a) 0.3 A cm- 2 , leading edge section (100x) 
b) 0.3 A cm- z , -0.02· cm from leading edge 

c) 0.4 A cm- z , leading edge section (100x) 
d) 0.4 A cm- z , -0.05 cm from leading edge 

(top: 2,OOOx); 
bottom: 10,OOOx) 

(top: 2,OOOx); 
bottom: 10,OOOx) 
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(Fig. 4.116b). At 0.4 A cm-' the leading edge appearea powdery. 

The deposit structure was very coarse with bulbous cylindrical 

growth (Fig.4.116b). Adjacent areas were fine grained (1-2~m 

diameter (Fig.4.116d). 

65°C deposi1: 

At this t,emperature deposition was studied at O.Bl A cm-' only. 

The deposit was sound over -95% of the electrode surface. The current 

efficiency was high \95%). The foil characteristics are shown 

schematically in Fig.4.117. The main deposit area was very porous 

with many lines of holes parallel to the flow direction. The foil 

was examined in detail in the SEM. 

Main deposit 

The deposit structure was fine grained over most of the foil 

(Fig.4.11B). Close to the leading edge there was some evidence of 

grain refinement, with a preponderance of' smaller· grains (ef Fig. 4 .1lBa 

and b with c). This' area was visually brighter. The central region 

appeared to be slightly smoother (Fig.4.11Bc). A similar structure 

was observed near the trailing edge (Fig.4.1IBd and e). 

Edge effects 

At the leading edge, the deposit was powdery, heavily pitted with 

exfoliation of the foil (Fig.4.1l9a). The powder type deposit was 

large grained with some nodular growth (Fig.4.119b). The trailing edge 

was comparatively smooth with a few large features and extensive 

pitting (Fig.4.l20). 

I 

I 

I 

I 

I 
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a) O· tilt 

d) O· tilt 

Fig. 4.118 

b) O· tilt 

cl O· tilt 

e) O· tilt 

SEM micrographs of surfaces. of nickel foil 
deposited at 65·C, 0.8 A cm- 2 and Re 6,575 ± 75 
(L/de -11.7) 

a) 0.15 cm from leading edge (top: 2,000x; 
b) 0.5 cm from leading edge (top: 2,000x; 
c) Main deposit central area (top: 2,000x; 
d) 9.97 cm from the leading edge (2,000x) 
e) 9.97 cm from the leading edge (10,000x) 

bottom: 10,0000x) 
bottom: 5,000x) 

bottom: 10,000x) 



Fig.4.1l9 

Flow direction 

a) 00 tilt 

b) 00 tilt 

SEM micrographs of surfaces of nickel foil 
deposited at 65°C, O.SlA cm- 2 and Re 6,575 ± 75. 

a) .leading edge section (SOx) 
b) powder deposit (l,OOOx) 



Flow direction 

Fig. 4.120 SEM micrograph of the trailing edge surface 
of nickel foil deposited at 65·C, 0.81 A cm-' 
and Re 6,575 ± 75. 0.00", 0·· tilt) (L/c:~··-11.7) 
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Summary of major features 

At 50·C good relatively uniform fine grain~d deposits were 

produced over >95% of the foil area. Grain size tended to decrease 

with· increasing current density, particularly close to the leading 

edge. The maximum current density was -0.4 A cm-'. Excessively 

high current densities resulted in hydroxide deposition. 

At 65·C simi1ar·fine grained deposits were prepared at the 

maximum deposition rate of -0.8 A cm- 2 • 
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(c) Summary of temperature effects 

i) Sound fine grained deposits could be produced at comparatively 

rapid deposition rates and high current efficiencies over the 

temperature range 50 - 70·C. 

ii) The maximum deposition rate increased with increasing temperature. 

At a Reynolds number of Re6,600 ± 300, the maximum current 

densities were as follows: 

i) sO·C 

ii) 60·C 

iii) 6s·C 

iv) 70·C _1.15 A cm-' 

At temperature >60·C, the current density for sound deposits 

increased considerably. 

ii1) At a constant current density, the grain size of sound nickel 

. deposits increased with increasing temperature (cf Fig.4.7sd and 

4.104b). An associated decrease in microhardness and deposit 

brightness with increasing temperature was also noted. 

iv) Deposits were less porous ·at higher temperatures. 
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4.4 Current distribution studies and polarisation measurements 
using the Mark 2 Parallel Plate Cell 

Throughout the foil deposition studies in the previous sections 

there was evidence of non-uniform current distribution at the foil 

surfaces • ____ Current distributio~has_ bElE!n iE:lI_estigated using a segmented 

cathode and variable anode-cathode geometry. Details of the segmented 

electrode, current measuring instrumentation and calibration, 

experimental procedures and sample calculations have been given in 

Chapter 3. The main studies have been carried out with the long 

(L/de = 11.7) segmented electrode at 60° and 70°C, and some additional 

studies using a short electrode (L/de = 2.92) and variable anode geometry 

have been carried out for comparison purposes. The current distribution 

studies are presented in Section 4.4.1. 

Although polarisiation studies are difficult experimentally in 

flowing electrolyte systems and a non-ambient temperature it was 

believed that it would be useful to have some background information 

concerning both the anodic and cathodic reactions. Information con

cerning the anodic processes is important in relation to development 

of the process and anode design. There is also considerable doubt 

concerning the deposition reaction mechanism. It was hoped that 

measurements of cathodic polarisation curves would perhaps provide 

information which would explain the almost invariable cathode current 

efficiency at all current densities. 

presented in Section 4.4.2. 

The polarisation studies are 

4.4.1 Current distribution effects in the electroforming of nickel 
foils 

(a) Studies using long segmented 'cathodes (L/de = 11.7) at 60° and 70°C 

(i) Current distribution studies at 60°C 

The cathodic current distribution was determined using the 10cm 

segmented cathode at anode lengths of 25, 10, 9, 8 and 7 cm. The 

relationship between the average current density and current distribution 

was examined for each anode length and a flow rate of Re 6,425 ± 525. 
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Additional experiments on the effect of flow rate on the distribution 

of current were also carried out. The results were correlated with 

data from experiments on electroformed foils. Details of the 

experimental method are given in Section 3.5. 

25cm anode and 10cm cathode 

This geometry was the normal operating condi~ion for foil 

preparation studies in Cell 2. < The current distribution was measured 

longitudinally, using the segmented cathode at average current densities 

of 0.33, 0.66 and 1.00 A cm-' (Fig.4.l2l). 

At current densities ~ 0.66 A cm-' (i.e. less than the maximum 

current density for a good deposit), the current distributions were 

similar. High current densities (-1.5 iav) were observed at the 

leading and trailing edge of the cathode, and the current distribution 

was relatively symmetrical. This type of distribution is similar to a 

primary current distribution. The high current density areas would 

appear to correspond with the localised areas of deposit brightness, 

increased microhardness and small grain size observed previously 

(Section 4.3.1). 

The coating in <the central region was deposited at a current 

density of -0.9 i av ' This plateau was -70% of the total electrode 

length. 

The high edge current densities (-1.5 iav) were also observed at 

an average current density of 1.00 A cm-' (Fig.4.l2l). However, at 

this current density, hydroxide deposits were found at the leading edge 

of the cathode. Poor deposits were formed on the three leading edge 

segments. The resulting resistive layer of hydroxide and increased 

hydrogen gas evolution tended to decrease the local current density in 

this region of the cathode (~ -0.1 to 0.4). Hence the local current 
L 

densities on the remaining segments were increased, resulting in a 

distortion of the current distribution. 
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Fig. 4.121 Longitudinal current dist~ibution (nickel 
deposition) along a segmented cathode 11.7 
equivalent diameters in length at 60·C and 
Re 6,425 ± 525. 
Anode length = 25cm. 

+ - iav = 0.33 A cm- 2 

o . - iav = 0.66 A cm- 2 

C -·iav =. 1.01 A cm- 2 
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10cm anode and 10cm cathode 

An anode to cathode ratio of unity was equivalent to the normal 

foil preparation condition for Cell 1. The current distribution was:' 

measured longitudinally at current densities of 0.33 and 0.66 A cm-' 

(Fig.4.122). The deposits were sound at both current densities. The 

overall form of the distributions was similar to those produced with a 

25cm anode. However, the current density at the leading and trailing 

edges (-1.15 iav) was less than observed previously. The coating in 

the main central area (-80% of the total area) was deposited at-0.95 i av ' 

Visual observation of nickel foils electroformed at 0.74, 0.83 

and 1.03 A cm- 2 (Table 4.3~) showed changes in deposit appearance in the 

high current density areas. 

densities. At 0.74 A cm- 2 

The main deposit was uniform at all current 

the leading and trailing edge bands were 

bright and at 1.03 A cm-' nickel hydroxide was deposited in these areas. 

The maximum current density for a good deposit was -D.8 A cm- 2 • This 

value was slightly greater than observed for a 25cm anode ( -0.65 A cm-'). 

An additional investigation of the effect of flow rate on local 

current densities was also carried out at an average current density 

of 0.33 A cm- 2 • The coating in the main central region was deposited 

at a uniform current density over the Reynolds number range Re 2,000 -

10,000. The visual appearance of electroformed foils indicated that 

they were uniform in this area. At the leading edge segment a small 

increase in current density from 1.06 to 1.1 iav was observed. A 

decrease in current density would have been expected if the process 

was under simple mass transfer control. At the trailing edge, the 

local current density increased from 1.23 to 1.35 iav (Fig.4.123). The 

increases in current density in the inlet and outlet regions may be 

associated with interference due to gas flow patterns. 

9cm anode/10cm cathode 

A series of experiments were carried out in turbulent flow and 

a brief confirmatory study in laminar flow. 

,,' ,." 
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Table 4.34 Nickel foils deposited on cathodes 
11.7 de in length at 60·C. Anode 
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Fig. 4.122 Longitudinal current distribution (nickel 
deposition) along a segmented cathode 11.7 
equivalent diameters in length at 60·C and 
Re 6,425 ± 525. 
Anode length = 10crn •. 

+ - iav = 0.33 A cm-· . 
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Fig.4.123 Effect of flow rate on the local current 
density (nickel deposition) at the trailing 
edge segment at an average current density" 
of 0.33 A cm-'. 
Anode length = 10cm. 

10,000 
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Turbulent flow 

The current distribution was measured over the current density 

range 0.33 to 1.27 A cm-' at Re 6,425 ± 525. At current densities 

<1.19 A cm-', electroforms of good visual appearance were deposited. 

The relatively uniform current distribution, observed using this 

electrode geometry is shown in Fig.4.124. The local current density 

was 1.02 ± 0.04 iav on all electrode segments. 

S.E.M. examination of a nickel foil electroformed at 1.0 A cm-' 

and a current efficiency of 97% (Table 4.35) confirmed deposit uniform-

ity and hence the uniformity of current distribution. 

deposit area was of a fine structure with grains <~m in diameter 

(Fig.4.125), although less well-defined nearer the leading edge. 

The average microhardness was 334 ± 39 kg mm-'. Some slight ridging 

and pitting was observed close to the leading edge (Fig.4.126a). 

The trailing edge features were similar. 

At current densities >1.19 A cm-', hydroxide was deposited in 

the leading edge region (Table 4.35). The formation of a resistive 

layer of hydroxide distorted the current distribution resulting in a 

marked decrease in current density «0.05 iav) in these areas (Fig. 

4.127). An increased current density (up to -1.4 iav) ,,'as observed· 

in the central area of the cathode. The higher local current 

densities may result in greater hydroxide formation. However, a 

shorter effective cathode length, as a result of hydroxide deposits, 

may enable higher deposition rates to be maintained. 

An additional study of the effect of flow rate on the current 

density distribution obtained with the 9cm anode configuration was 

carried out at a current density of 0.9 A cm-' (Fig.4.128). Good 

coherent deposits were electroformed over the flow rate range Re 1,901 -

9,902. 

At low flow rates (Re 1,901), the current density was highest 

(""1.15i av ) at xft <0.46 and decreased to -0.82 iav at the trailing edge 

segment. Small gas bubbles accumulated near the trailing edge at lbw 

Reynolds numbers. 
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1.00 74 25 
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Table 4.35 Nickel foils deposited on cathodes 11.7 
de in length at 60·C. Anode length 9 cm. 
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Fig.4.124 Longitudinal current distribution (nickel 
deposition) along a segmented cathode 11.7 
equivalent diameters in length at· 60·C and 
Re 6,425 ± 525 • 

.• Anode length = gem. 

+. - i av . = 0.33 A cm- 2 
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!J - iav = 0.98 A cm- 2 
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. Fig. 4.125. SEM micrographs of surface of nickel 
foil deposited at 1.01 A cm--, 
Re 6,425 ±525, cathode length 10 cm 

. and anode length 9 cms. (60·C). Main 
deposit section (top 2,OOOx, bottom 
10,OOOx, 30· tilt). . 



Fig. 4.126 

a) O· tilt 

b) 50· tilt 

SEM micrographs of surfaces of foils of nickel 
deposited at 1.01 A cm-', cathode length 10 cm 
and anode length 9 am (60·C). 

a) Re 6,425 :!: 525, leading edge section (200x) 

b) Re 11,900 :!: 1,000,. trailing edge section 
200x, 50· tilt); 
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Fig.4.127 Longitudinal current distribution (nickel· 
deposition) along a segmented cathode 11.7· 
equivalent d~ameters in length at 60·C and 
Re 6,425 ± 525. Anode length = 9cm. 
Average current density = 1.26 Acm-'. 
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.Fig.4.128 Effect of flow rate.on the current distribution 
(nickel deposition) along a segmented cathode 
11. 7 equivalent diameters in length at 60·C 
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Over the Reynolds number range Re 3,763 - 9,902 a more 

uniform current distribution was obtained. The current density 

was 1.02 ± 0.06 iav on all segments. Fewer gas bubbles were observed 

on the cathode at high Reyno1ds numbers. 

Nickel foils e1ectroformed at 1 A cm-' and Re 11,900 ± 1,000 

(Table 4.35), were of a more uniform fine grain structure than those 

observed at lower flow rates (cf Fig.4.125 and 4.129). These areas 

had microhardnesses of 347 ± 30 kg mm-·. The high Reyno1ds number 

resulted in reduced pitting particularly in the leading and trailing 

edge regions (cf Fig.4.126a and b). 

A sound nickel foil was also electroformed at the high current 

density of 1.33 A cm-' (Table 4.35). Exten~ive pitting of the main 

deposit area (Fig.4.130a) was observed (in the absence of a wetting 

agent). The grain structure was unresolvable, although there was 

evidence of micro-porosity and some larger features (Fig.4.130b). , 
Further reductions in pitting were obtained by addition of a wetting 

agent (0.038% Fluowet SP) to the electrolyte. Sound and coherent 

deposits were .electroformed at 1 A cm- 2 , and 99% current efficiency 

without significant changes in deposit structure (cf Figs.4.129 and 

4.131). In this case pitting was not evident at the leading and 

trailing edge of the cathode. 

·Laminar flow 

It was of interest to briefly investigate the effect of very 

low flow rates on the current density profile. Current distributions 

were determined at 0.33 and 0.64 A cm-' at a flow rate corresponding 

to Re 670 (Fig.4.132). Deposits of good visual appearance were 

produced at both current densities. 

During the deposition period, the current.density at each 

cathode segment oscillated between 0.8 and 1.2 i av ' In general 

current densities were greater near the leading edge. Large volumes 
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a) 40·· tilt./ 

Fig.4.129 

b) 30· tilt 

c) 50· tilt· 

SF-M micrographs of surfaces of foils of nickel 
deposited at 1.01 A cm-

2
, Re 11,900 ± 1,000, 

cathode length 10 cm and anode length 9 cm 
(60·C). Main deposit sections (10,OOOx). 

a) -0.5 cm from leading edge 

b) -5 cm from leading edge 

c) -9 .. 5 cm from leading edge 



Fig.4.130 

a) 30· tilt 

,,', "-. '." 

b)· O· tilt 

SEM micrographs of surfaces of foils of nickel 
. deposited at 1.33 A cm-', Re 11,900 ± 1,000, 

cathode length 10 cm and anode length 9 cm 
(60·C). Main deposit sections 

a) pitted area (200x) 

b) -5.cm from leading edge (top 2,OOOx, 
bottom 10,000x). 



.Fig.131 

"'." '" '.~.' 

SEM micrograph of surface of nickel foil 
deposited at 1.01 A cm-', Re 11,900 ± 1,000 
cathode length 10 cm and anode length 9 cm 
(60·C). Electrolyte contained-0.038 wt % 
'Fluowet SP'. Main deposit section (30· tilt, 
10,000x). 
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Fig. 4.132 ·Longitudina1 current distribution (nickel 
deposition) along a segmented cathode, 11.7 
equivalent diameters in length at 60°C and 

1·0 

very low flow rates (Re 670). Anode length = 9cm. 

+ - iav = 0.31 A cm-· 

o - iav = 0.64 A cm-· 
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of gas were observed to evolve from the leading edge segments and 

bubbles adhered to the electrode further downstream. The bubbles 

grew in size until detached by the flowing electrolyte. 

Bcm anode and 7cm anodes with 10cm cathodes 

The current distribution was measured using 7 and Bcm anodes 

at average current densities of 0.33 and 0.65 A cm-'. (Fig.4.133 

and 4.134). D~posits of good visual appearance were produced at both 

deposition rates. The current distribution was unaffected by flow 

rates within the turbulent flow regime. 

• 
The highest current densities (-1.14 ± 0.05 iav) were observed 

in the central main deposit area (X/L -0.3 to 0.7). The lowest edge 

current densities (-0.7 iav) were observed with 7cm anodes • 

. Electroforms of good visual appearance were produced at current 

densities up to -1.5 A cm- 2 (Tables 4.36 and 4.37). The central main 

deposit was brighter than the edge regions. At higher current 

densities nickel hydroxide was deposited in some areas of the cathode. 

Localised gas flow patterns may effect the current distribution at 

high current densities. 

S.E.M. examination of poor deposits showed the hydroxide 

material (Fig.4.135a) on the surface. The underlying material was 

very fine (-O.l~m), and was most probably a mixture of fine metal 

and hydroxide powders (Fig.4.135b). 
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Electrode Geometry 

Cathode 

Anode 

Average Time Average 
cathode t 

deposit 
current thick-
density 

secs ness 

i c /Acm- 2 lIm 

Table 01 

Re 4,050 :!: 200 1.03 73 26 

Table 02 0;86 86 25 

1.01 73 25 

1.01 75 26 

Re 6,425 :!: 525 1.52 48 25 

1. 73 42 25 

1. 75 45 27 

-2.00 45 -31 

Table 03 

Re 11,900 :l: 1,000 -2.00 37 -25 

Average 
anode 
current 

Effective cathode 
length -iOcm 

Effective anode 
length -7cm 

Visual appearance 
of electroform 

density 

ial 

- - - - -- - -
1.48 

- - -1.22 
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1.44 - - -
- - --1.44 - -- - -
- - - -

2.17 
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Table 4.37 Nick.el foils deposited on cathodes 11.7 de 
in length at 60·C. Anode length 7 cm. 
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Fig.4.l33 .Longitudinal current distribution (nickel 
deposition)· along a segmented· cathode, 11.7 
equivalent diameters in length, at 60·C and 
Re 6,425 ± 525. . 
Anode length = Bern. 

+ - iav = 0.33 A cm-' 

o - iav = 0.65 A cm-' . 
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Fig. 4~134 Longitudinal·current distribution (nickel 
deposition) along a segmented cathode, 11.7 
equivalent diameters in length, at 60°C and 
Re 6,425 ± 525. 
Anode length = 7cm. 

+ - iav = 0.32 A c~-' 

o - iav ,;, 0.64A cm-' 

1· 0 



Fig.4.135 

{ 

a) 

b) 

SEM micrographs of surfaces of foils of nickel 
deposited at 1.75 Acm-', Re 6,425 ! 525, 
cathode length 10 cm and. anode length 7 cm 
(60·C). Main deposit sections (30· tilt). 

a) green area (2,OOOx) 

b) black-brown area (50,OOOx). 
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Summary of current distributions at 60·C 

Turbulent flow 

With an anode length greater or equal to the catho'de length 

(IOem) very high current densities were observed at the leading 

and trailing edges of the cathode. However, the current density 

distribution was uniform in the main deposit region. 

represented >70% of the total cathode area. 

This area 

With an anode length less than the cathode length, the high 

current density area was found in the main deposit region and low 

current densities at the electrode edges. The area of uniform 

current distribution was reduced to <40% of the cathode area. The 

maximum average current density for a good coherent deposit was 

observed to increase with decreasing anode length. 

Optimum anode length 

With a 9cm anode the current distribution was reasonably 

uniform over the cathode length. This offered the possibility of 

producing foils of uniform structure at very high current densities. 

In turbulent flow, few significant effects on the current 

distribution were observed. However, the current density tended to 

decrease towards the rear of the cathode, at low flow rates, possibly 

due to gas bubble effects. 

Using a 9cm anode, the addition of a wetting agent (0.038% 

Fluowet SP) to the electrolyte resulted in good high current density 

deposits of decreased porosity without significant changes in surface 

structure. 

Laminar flow 

In laminar flow, the velocity of the electrolyte was insufficient 

to remove evolved 'gas from the cathode surface. Hence ,large gas 

bubbles grew on the electrode surface, before being detached. This 
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resulted in current oscillations at individual cathode segments. 

It should be noted that the typical mass transfer controlled 

current distribution was not observed for any experimental conditions. 

(ii) Current distribution studies at 70·C 

The broad trends in the results obtained at 60·C were confirmed 

by a more limited investigation at 70·C. The cathodic current dis

tribution was determined using the 10cm segmented cathode, with 

corre'sponding anode lengths of 9cm, 8cm and 7cm. The relationship 

between the average current density and current distribution was 

examined for each anode length and a flow rate Re of 9.450 ± 250. 

Additional experiments on flow rate effects were also carried out 

using 9cm anodes. The results were correlated with data from experiments 

on electroformed nickel foils. 

9cm anode / 10cm cathode 

The current distribution was measured over the current density 

range 0.31 to 2.07 A cm- 2 • At all current densities, electroforms of 

good visual appearance were deposited at high current efficiency. 

The distribution was relatively uniform at all current densities 

(Fig.4.136 and 4.137). Minor distortions in the current distributions 

were the result of slight differences in the alignment of the anode 

and th'e effect of gas evolution. The very high edge current densities 

(observed at 60·C, Figs.4.121) were not observed at 70·C. At 70·C 

the precipitation of hydroxide was not observed and current densities 

were limited to -2 A cm- 2 by the available power supply. 

When the flow rate was increased to Re 16,250 the maximum 

current density increased to 2.22 A cm- 2 and the cell voltage exceeded 

30V. The current distribution was uniform (ix = 1.00 ± 0.05 iav) 

over the cathode length (Fig.4.138). 

A detailed study of the effect of flow rate on the current 

distribution was carried out at an average current density of 1.12 ± 

0.03 A cm- 2 over the flow rate range Re 1,500 to Re 12,550 (Fig.4.139). 
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Fig.4.136 Longitudinal current distribution (nickel 
deposition) on a segmented cathode, 11.7 
equivalent diameters in length, at 70·C·and 

1·0· 

an average current density of 1.12 ± 0.03 A cm-'. 
Anode length = 9cm. 

+ - Re 1,500 

0 - Re 2,200. 

C - Re 4,280 

.<> - Re 6,700 

• - Re 12,550 
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Fig.4.l37 Longitudinal current distribution (nickel 
deposition) along a segmented cathode, 11.7 
equivalent diameters in length, at 70·C and· 
Re 9,450 ± 250. . 
Anode length = 9 cm. 

+ - iav = 1.15 A cm- 2 

0 - iav = 1.68 A cm- 2 

C - iav = 2.00 A cm- 2 
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Fig.4.138 Longitudinal current·distribution (nickel 
deposition) along a segmented cathode, 11.7 
equivalent diameters in length, at 70°C and 
Re 16,250. 
Anode length = 9cm •. 

+ - iav = 2.20 A cm- 2 

0 - iav = 2.22 A cm- 2 

C - iav = 2.22 A cm- 2 

1·0 
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Fig. 4.139 Effect of flow rate on the current distribution 
on a segmented cathode 11.7 equivalent diameters, 
in length, at an average current density of 
1.12 ± 0.03 A cm- 2 • Anode length = 9 cm. 70~ C-

+ - Re 1,500 

o - Re ,2,200 

a - Re 4;280 

<> - Re 6,700 

• - Re 12,550 
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All the deposits were sound and coherent. The current distribution 

was relatively uniform at all flow rates (ix = 1.0 ± 0.1 i av)' 

In general the local current density decreased at the leading edge 

and increased at the trailing edge as the electrolyte velocity 

increased. 

Nickel foils were electroforrned at 1 A cm-' and flow rates of 

Re 4,050 ± 250 and Re 13,200 ± 700 (Table 4.38). Both foi Is were 

sound and deposited at high current efficiency (98%), Visually 

brighter regions were observed close to the leading edge. 

The main deposit areas were of similar fine grain structure 

at both flow rates (Fig.4.l40). Some sub-grain structure was 

observed at Re 13,200 ± 700 (Fig.4.l40). The microhardness of the 

foils was 264 ± 25 kg -2 mm • Deposit porosity was less than at 60·C. 

At the lower flow rate (Re 4,050 ± 250) leading and trailing 

edge sections showed a bulbous structure (e.g. Fig.4.l4la). Close 

to the edge the deposit was fine grained. At the high flow rate 

(Re 13,200 ± 700) the bulbous ridge was not observed and only fine 

structures were observed (Fig.4.l40b). 

8cm anodes and 7cm anodes with'lOcm cathodes 

The current distribution was measured using 7 and 8cm anodes 

over an average current density range of 0.31 to 0.93 A cm- 2 , (Fig. 

4.142 and 4.143). Deposits of good visual appearance were produced 

at all current densities. The highest local current densities (1.11 ± 

0.06 iav) were observed in the central main deposit area (x/L 0.3 -

0.7). The lowest edge current densities «0.7 iav) were observed 

with 7cm anodes. In these areas slight changes in local current 

densities were observed. The overall patter.n',here at 70·C was sitlilar 

to that observed at 60·C (cf.Figs. 4.133 and 4.134). 

Examination of electroformed nickel foils showed that the 

brighter regions were in the central main deposit area (Table 4.39). 



Electrode Geometry 

I Cathode I Effective cathode 
length -10cm 

- - -
Anode I Effective anode 

length -9cm 

Average Time Average Average Visual appearance 
cathode t 

deposit anode of electroform 
current thick- current 
density· secs ness density 

ic/Acm-' I1m ia/Acm-' 

Re 4,050 ± 250 74 26 1.12 

Re 13,200 ± 700 1.01 74 26 1.12 

Flow 
direction 

Table 4.38 Nickel foils deposited on cathodes 
11.7 de in length at 70·C. Anode 
length 9cm. 



a) 25· tilt, 

b) 30 • tilt c) 30· tilt 

Fig.4.140 SEM micrographs of surfaces.of foils of nickel 
deposited at 1.-01 A cm- i , cathode length 10 cm 
and anode length 9 cm (70·C). Main deposit 
sections. 

a) Re 4,050 ± 250, -9.6 cm from leading edge (2,OOOx) . 

b) Re 13,200 ± 700, -5 cm from leading edge (top 2,OOOx, 
bottom 10,OOOx) 

cl Re 13,200 ± 700, -5 cm from leading edge (50,OOOx) 



Fig.4.141 

a) 

b) 

SEM micrographs of surfaces of foils of nickel 
deposited at 1.01 A cm-', cathode length 10 cm. 
and anode length 9 cm (70·C). Leading edge 
sections (30· tilt). . 

a) Re 4,050 ± 250, leading edge (200x) 

b) Re 13,200! 700, leading edge (top 2,OOOx, 
bottom·IO,OOOx) 



'Elect'rode Geometry 

Cathode 

-.-
, Anode 

Average Time Average 
cathode t deposit 
current thick-
density 'secs ness 

ic/Acm-' Il m 

+ Re 4,050 - 250 1.53 50 26 

Re 13,200 ± 700 1.97 42 28 

Average 
anode 
current 
density 

Effective cathode 
length -lOcm 

Effective anode 
length -7cm 

' , ' 

Visual appearance 
of electroform 

ia/Acm-' 

2.19 I 1=:=:-1 
2.81 I 1=::-:: I 

) 

Flow direction 

Table 4.39 Nickel foils deposited on cathodes 
11.7 de in length at 70·C. Anode 
length 7cm. 
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Fig.4.143 Longitudinal current distribution (nickel 
deposition) along a segmented cathode, 11.7 
equivalent diameters in length at 70·C and 
Re 9,450 :I: 250. 
Anode length = 8cm. 

+ - iav = 0.31 A cm- 2 

0 - iav = 0.62 A cm- 2 

0 - iav = 0.94 A cm- 2 
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Fig.4.142 Longitudinal current distribution (nickel 
deposition) along a segmented cathode, 11.7 
equivalent diameters in length at 70·C and 
Re 9,450 .± 250. 
Anode length s 7cm. 

+ - iav = 0.31 A cm-' 
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The current densities (1.53 and 1.97 A cm-') were the maximum 

attainable with the available power supply at each flow rate (Re 4,050 

± 250 and 13,200 ± 700 respectively). At 1.53 A cm-', the main 

deposit region was fine grained with well defined grain boundaries 

(Fig.4.l44). Near the leading and trailing edges, the structure 

was less well defined and there was pitting in the leading edge area. 

Some larger features 10-l5~m in diameter were also observed. 

At 1.97 A cm-', the deposit appeared ',streaked' in lines 

parallel with the flow direction. At high magnification no distinct 

grain structure was observed although microporosity was present. 

The leading edge of the foil deposited at 1.97 A cm-' was 

bulbous (similar to that shown in Fig.4.l41a). Many "mounds" and 

parallel ridges were observed close to the leading and trailing edges 

(e.g. Fig.4.145). 

Summary of current distribution effects at 70·C,L/de-l1.7 

The results were in agreement with the previous findings at 

60·C (p.226). A reasonably uniform cathodic current distribution 

was observed when using a 9cm 'anode. With this optimised geometry 

and high flow rates (>Re 13,000), good sound deposits may be obtained 

at current densities in excess of 2 A cm-'. At lower flow rates 

(Re 4,050 ± 250) good deposits may be electroformed at a current 

density of 2 A cm-·. At all flow rates, the maximum current density 

was limited by the cell voltage requirement exceeding 30V. 

(b) Studies using short electrodes (L/de 2.92) at 70·C 

It was of interest to carry out a limited experimental study 

of the effec't of anode length on current distribution at short 

cathodes (2.92 de) to provide broad confirmation of the long electrode 

work. ,As the measurement of local current densities was difficult, 

due to the short electrode length, the programme was confined to 

electroforming studies at very high current densities in the range 



_.a." ... : 

Fig.4.144 SEM micrograph of surface of nickel foil deposited 
at 1.53 A cm-', Re 4,050 ± 250, cathode length 
10 cm and anode length 7 cm (70 0 C). Main deposit 
section -5 ern from leading edge (2,OOOx;Qo tilt). 



Fig.4.145 

"' •. ? 

SEM micrograph of surface of nickel foil 
deposited at 1.97 A cm- 2 , Re 13,200 ±700, 

"cathode length 10 cm and anode length 7 cm 
(70·C), -0.04 cm from leading edge (O·"tilt, 
l,OOOx). 
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1.89 to 2.48 A cm-'. Nickel foils were deposited using anode lengths 

of 25, 1.85, 1.3, 1.0 and 0.85 Cm and the distribution of sound' 

deposit noted in each case. 

The foils were electroformed from the concentrated nickel sulpha

mate solution at 70°C and a high flow rate. corresponding to Re 12,950 ± 

1,000 to effect very fast deposition rates. 

The prepared Nickel 200 substrates were 2.92'in length. The 

cathode occupied the full width of the square channel 3cm in width 

and equivalent diameter 0.857 cm, The electrolytic nickel anode was 

positioned directly opposite the cathode. 

In each experiment, electrolysis was continued for a specified 

period of time sufficient to deposit foils 26 to 47~m thick for sub

sequent visual and microscope examination after removal from the cathode 

surface. 

Deposition using 25cm anodes 

This anode length corresponds to the normal geometry of cell used 

for electroforming studies at 60°C (p.1'85,). The experimental conditions 

and the foil appearance are summarised in Table 4.40. 

The attempt at electroforming nickel at a current density of 2.48 

A cm-' resulted in the deposition of green-black hydroxide deposits on 

the cathode surface. During electrolysis, the cell voltage was about 

30V and large volumes of gas were evolved. However, a nickel foil was 

electroforme~ at 1.2 A cm-', to give a deposit of 21~m thick. The foil 

was sound and coherent and deposited at high current efficiency (-95%). 

The main deposit was uniform and semi-bright in appearance.' A narrow 

band (lmm) of bright nickel was observed at the leading and trailing 

edges. There was little visible porosity. mhe maximum current 

density for a good deposit under these conditions was about 1.4 A cm'. 

Further experiments were designed to examine the effect of the 

anode length on the edge effects and the maximum current density. 



Anode Average Time Average Average Visual 
length cathode t 

deposit anode appearance 
current thick- current of electro-

cm density secs density forms ness 

A cm-' llm A cm-' 

25 1.2 50 21 0.52 D 
25 2.48 29 1.0 

~ 
1.85 2.48 29 25 3.4 [] 
1.3 2.48 31 26 4.8 0 
1.0 2.31 60 47 5.8 ~ - -

~ - -

0.85 1.89 65 42 5.6 D 
Flow direction 

Table 4.qO Nickel foils deposited on cathodes 2.92 
equivalent diameters (2.5cm) in length 
at 70'C and Re 12,950 ! 1,000. 

D 
~-- -- -

~ 
[ZJ 

sound deposit 

bright deposit 

p01<der deposit 

hydroxide . deposit 
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Deposition using anodes 1.85 and 1.3 cm in length 

The foils were electroformed at a current density of 2.48 A cm-· 

to give deposits 28 ± 3wn thick. 

Using anodes 1.85cm in length, 80% of the foil area was sound 

and coherent. The structure of the main deposit section was very fine 

and individual grains were unresolvable (Fig.4.l46c). Some larger 

features and small micro-cavities were observed. A band of green-

black hydroxide, -0.5cm in width was deposited at the leading edge. 

Towards the trailing edge, the foil was visibly brighter. 

Sound and bright central mains deposit areas were also observed 

for electroforms deposited using 1.3cm anodes. This region of the 

deposit showed nO visible porosity. Hydroxide was deposited at the 

leading and trailing ~dges of the foil. 

During deposition, th~ cell voltage was 30V. The anodic current 

density exceeded 4.5 A cm-·. and a large volume fraction of gas was 

evolved within the inter-electrode gap. Therefore the high electrolyte 

resistance in this region resulted in high cell voltages. 

Deposition using anodes 1.0 and 0.85cm in length 

Foils were electroformed at 2.31 and 1.89 A cm-· using respectively 

1,.'0 and 0.85cm anode lengths to' give deposits 44 ± 2\lin thick. The 

current efficiency was close to 100%. 

Using 1cm anodes, more than 95% of the foil area was sound and 

coherent. The mains deposit area was bright and pore free. The 

structure was fine grained «2\lm), although many larger features were 

apparent (Fig.4.146b). The leading edge showed indications of .a powder 

type deposit but the trailing edge was semi-bright in appearance. 

The anodic current density was >5.7 A cm-· and hence the electro

lyte resistance was high. The cell voltage (>30V) exceeded the maximum 

output of the power supply. A maximum deposition current density of -2.3 

A cm-' was found using lcm anodes. 



a) a· tilt b) 30· tilt· 

c) 30· tilt 

Fig.4.146 SEM micrographs of surfacesof ·foils of nickel 
.. deposited at Re 12,950 ±. 1,000 on cathodes 

2.5 cm OO·G, L/de ";'2.92)· in length •. Main 
deposit sections. 

a) 1.89 A crn- 2 , anode length -0.85 cm 

b) 2.31 A cm-', anode length -1 cm 

c) 2.48 A cm-', anode1ength -1.85 cm 
(top 2,000x, bottom.l0,000x). 
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The main deposit section of foil deposited at 1.89 A cm- 2 using 

0.85cm anodes was bright with no visible porosity. S.E.M. examination 

showed the foil surface to be fine grained with some micro-porosity 

at the grain boundaries (Fig.4.l46a). A few larger mound type 

features were also observed. The average microhardness of this area 

was 324 kg mm- 2 • 

Narrow bands (2mm) of semi-bright nickel were observed at leading 

and trailing edges. Optical microscopy of this area indicated many 

r~dge type features and other surface reliefs parallel with the flow 

direction (Fig.4.l47). 

The maximum cathodic current density obtained with a 0.85cm 

anode was 1.89 A cm- 2 • At this current density the corresponding 

anodic current density was >5.7 A cm- 2 and the cell voltage exceeded 

30V. Further increases in current density were not possible using the 

existing power supply with a maximum output of 30V. 

Summary of current distribution at lO·C. L/de 2.92 

a) With a cathode 2.92 equivalent diameter (2.5cm) in length, a reduction 

in anode length, from 25cm to <2cm, resulted in an increase in the 

maximum current density for a sound deposit. Edge effects were less 

pronounced. Good nickel deposits may be electroformed at currant 

densities of ~2 A cm- 2 with an anode <lcm in length and a flow rate 

of Re 12,950 ± 1,000. 

b)·At high cathodic current densities and very short anodes, the 

anodic current density was very high and large volumes of anodic 

gas may be rapidly evolved on an electrode of very small area. 

The large volume fraction of gas within the inter-electrode gap 

may result in an increased electrolyte resistance and hence high 

cell voltages if the gas cannot be removed from this region at 

a sufficiently fast rate. 



Fig.4.147 

.. 

Optical micrograph of the surface of a foil 
of riickel deposited at Re 12 j 950 ± 1,000 and 
1.89 A·cm-' on cathodes 2.5 cm (70°C, L/de -2.92) 
in length with an anode length of 0.85 cm. 
Leading edge section (2.00x) •. 

i 
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c) The maximum deposition rate (for anodes <1cm in length) was 

limited by the 30V maximum output voltage of the power supply. 

A cell voltage of 30Vwas achieved when the anodic current 

density was >4.5 A cm-' at Re 12,950 ± 1,000. 

\ 
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4.4';2 Polarisation measurements in the electroforming of nickel foils 

(a) Anodic polarisation measurements 

The polarisation curves for the anodic behaviour of nickel 

anodes were determined in Cell 2 using 9cm long anodes and 10cm long 

cathodes and the Luggin capillary arrangements previously described 

(Section 3.5.2)with a 3.8mcalomel reference electrode. At low 

current densities «0.06A cm- 2 ) a potentiodynamic technique was used 

whereas at high current densities (0.006 - 1.lA cm- 2 ) the cell was 

operated galvanostatically. Polarisation curves were determined 

under the following conditions: 

(i) The low current density polarisation curves were determined at 

60·C for Reynolds numbers in the rang2 Re 3800 - 12,210 in a 

solution containing ~ chloride ions. 

(ii) Polarisation curves were determined at 60·C at Re 5825 ± 75 in 

solutions containing 5.5g 1-1 nickel chloride (as NiCl • 6H 20) 

for both low and high current density ranges. 

(iii) For comparison purposes the low current, density polarisation 

curves were determined at 70·C at Re 5825 ± 75' in solutions 

containing no chloride ions. 

(i) Anodic polarisation in the absence of chloride ions at 60·C 

The low current density (i <0.06 A cm- 2 ) polarisation curves for 

the Reynolds number range Re 5,700 to Re 12,210 are shown on semi

logarithmic co-ordinates in Fig.4.148. The anode potential was 

referred to the Standard Hydrogen Electrode (SHE) and the current 

density to the apparent electrode area. The rest 

electrolytic nickel anode were found to be in the 

(SHE). 

potentials of the 

range 0.036 to O.13V 

At potentials Ea <O.15V (SHE), the potential/log. (current density) 

relationship was linear in form. In this region active dissolution 

of nickel was occurring (A-B, Fig.4.l48). 
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A peak in-the current density was observed at potentials between 

0.15 and 0.21V (SHE). The maximum current density for active dissolution 

was designated i crit • The values of i crit were in the range 2.8 x 

10-~ A cm-' to 3.05 x 10- 3 A cm-'_and tended to increase with increasing 

flow rate. - Further increases in potential resulted in the onset of 

passivity and a decrease in the current density. 

It is interesting to note that the range of current densities over 

which active nickel dissolution predominates are very low as compared to 

the normal operating current densities during foil formation (Sec.4.3) 

(0.05 to >2 A cm-·). 

The complete passivation of the anode was marked by an inflection 

at potentials of -0.3 ± 0.02V (SHE) (Flade potential, Ef). The 

passivation cur-rent density was between 3 x -10- 5 and 3 x 10- ~ A cm-·. 

There was no clear relationship between the passivation current density 

and Reynolds number. 

It would appear that, in the absence of chloride, the anode would 

be in the passive state during foil formation and the main anodic process 

would be oxygen evolution. 

At potentials Ea >1.0V (SHE) the current density began to increase. 

The increase -in current density was particularly marked at Ea >1.4v (SHE) 

and oxygen was evolved on the anode surface by the overall reaction 

The simultaneous production of hydrogen ions resulted in a decrease in 

the pH of the electrolyte. 

On the completion of the potential scan a brown film was observed 

on the anode surface. 
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(ii) Anodic polarisation in solutions containing chloride at 60·C 

The low current density polarisation curve (i (0.06 A cm-') 

determined at Re 5,825 ± 75 in solution containing 5.5g 1- 1 nickel 

chloride is shown in Fig.4.l49. 

At potentials Ea >0.08V (SHE), the potential/log (current density) 

relationship was linear in form (A-B). This region represented the 

active dissolution of nickel and reached a current density maximum at 

0.12V (SHE). This current dens'ity maximum was similar to that observed 

in the absence of chloride (cf Fig.4.l48). The value of icrit(a) was 

2.7 X 10- 3 A cm -., i.e. slightly higher than that observed previously 

in the absence of chloride. At higher potentials, the anode current 

density decreased and then increased within the potential range (0.1 -

0.4V) • 

A second current density maximum was observed at Ea e< 0.49V (SHE), 

with a crttical current density (icrit (b» of 3.0 x 10- 3 A cm-·." 

The anode was passivated at a potential Ef (b) = 0.61V (SHE). 

The passivation current density was comparable to that observed in the 

absence of chloride" ( 10- ~ - 10- 5 A cm-·). 

The current density increased again at potentials Ea >0.95V (SHE). 

Oxygen was evolved on the.anode surface at potentials >1.25V (SHE). 

(cf >1'.4V (SHE) in the absence of chloride). 

It would appear that, with the low levels of chloride used no 

significant improvement in the active dissolution of nickel was observed. 

The second active dissolution peak may be associated with a nickel

chloride complex. 

At high current densities (>10- 3 A cm-'), the predominant reaction 

was oxygen evolution. 

operating conditions. 

(Fig.4.l50). "This represents the normal cell 

The high rate of gas evolution results in a 

significant volume fraction of gas in the region close to the anode 

surface (particularly at low flow rates) At the highest current 

densities, an extra series resistance may be included in the potential 
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measurements. Film formation was not observed on anodes operated at 

very high current densities. 
( 

(iii) Anodic polarisation in the absence of chloride ions at 70·C 

The low current density (i <0.06 A cm-') polarisation curve 

determined at Re 5,825 ± 75 is shown on semi-logarithmic coordinates 

in Fig.4.l5l. The features of the curve are similar to those observed 

at 60·C (cf.Fig.4.l48). The linear region of active dissolution, at 

potentials 0.15V (SHE) (A-A) reaches a maximum current density (icrit) 

at -1.5 x 10- 3 A cm-'. This value is slightly greater than that 

observed at 60·C ( -7 x 10-~ A cm-', p.258). Passivation of the 

anode was complete at a potential (Ef) of -0.3V (SHE). Similar values 

were found at 60·C. Oxygen was evolved on the passive nickel surface 

at E >1.4V (SHE). Anode corrosion was not improved significantly by 

cell operation at 70·C. 

Summary of anodic polarisation studies 

a) At 60·C in the absence of chloride, the region of active dissolution 

was characterised by a single current density maximum (Fig.4.148). 

This current density (icrit) was <10-' A cm- 2 for'all flow conditions. 

However, the value of icrit did tend to increase with increasing 

Reynolds number. 

b) At 70·C a slight increase in the value oficrit was observed. 

c) The onset of passivity occurred at 0.3 ± 0.02V (SHE) (Ef) at both 

60· and 70·C (cf Fig.4.148 and 4.151). 

d) Oxygen was evolved on the passivated nickel surface at potentials 

>1.4V (SHE) at both 60· and 70·C (cf Fig.4.148 and 4.151). 

e) In the presence of chloride, two current density maxima were observed 

in the active dissolution region (Fig.4.l49). The current density 

for active dissolution was <10-' A cm-'. The addition of chloride 

to the electrolyte did not result in significant improvements in 

anode corrosion for normal cell operation. 
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f) Oxygen was evolved at potentials >1.3V (SHE) in the presence of 

chloride. 

The values of i crit and Ef for solutions without chloride ions 

operated at 60·C are summarised in Table 4.41 for the Reynolds number 

range Re 3,800 to Re 12,210. The peak current density increased with 

increasing flow rate. In Fig.4.152, icrit is shown as a function of 

Reynolds number (on log coordinates). The slope of this line was -2, 

indicating a proportionality of the following for~ 

• R • l.cri t ex e 

It is apparent that even at the highest cell flow velocities, 

the anode would remain passivated at current densities >10- 2 A cm-·. 

The predominant reaction would therefore be oxygen evolution. Evolution 

of large volumes of oxygen, close to the anode surface may result in a 

significant increase in apparent electrolyte resistance. 

Prolonged use of the anode, under these conditions resulted in 

heavily pitted anodes. The average anode dissolution efficiency was 

estimated to be <25%. 

(b) Cathodic Polarisation 

The cathodic polarisation relationships for the electrolysis 

of the concentrated nickel sulphamate electrolyte were determined in 

Cell 2. The cathodes were 10cm long and pre-plated with nickel. 

Anodes 9cm long were used. The tuggin capillary arrangements described 

previously (Section 3.5.2)with a 3.8 M calomel reference electrode were 

again used. At low current· densities ( <0.06 A cm-') the potentio-

dynamic technique was used and at higher current densities (0.06 -

2.0 A cm-') the cell was operated galvanostatica1ly. Polarisation curves 

were determined under the following conditions: 

i) The high current density polarisation relationships were determined 

at 50·C for Reynolds numbers in the range Re 3,010 - 8,750 in 

solutions containing no chloride ions. 



Reynolds No. icrit Ef 

Re A cm-' Volts 

3,800 .0.00028 _ 0.305 

3,800 0.00034 - 0.285 

3,800 0.00046 - 0.30 

5,750 0.00060 - 0.310 

5,750 0.00080 - 0.310 

7,930 0.00194 - 0.320 

12,210 0.00305 - 0.315 

Table 4.41 Values of critical current density 
(icrit) and passivation potential 
(Ef) during the anodic passivation 
of electrolytic nickel in 600 g i-I 
nickel sulphamate electrolyte at 
60·C, as a function of Reynolds 
Number. 



·Fig.4.l52 

A 

A 

Correlation of the critical current density (icrit) 
for the passivation of electrolytic nickel with 
Reynolds number at 60·C. . 

electrolyte composition 600 gr 1 Ni(NH.S0 3 ). 

40 g rl H3 B0 3 

A·- A : i Cl Re' 
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ii) Comparative studies of cathodic polaristion at 60· and 70·C 

were also made for Reynolds numbers in the· range Re 560 - 11,850. 

Polarisation measurements were carried out at both low and high 

current densities in solutions containing no chloride ions. 

iii) Additional experiments were also carried out at 60·C to 

investigate other factors including the effects of chloride ions 

and a wetting agent on cathodic polarisation. 

i) Cathodic polarisation at 50·C in the absence of chloride 

The high current density (i >0.006 A cm-') polarisation curves 

for the Reynolds number range Re 3,010 - 8,750 are shown on semi

logarithmic coordinates in Fig.4.153. The cathode potential was referred 

to the Standard Hydrogen Electrode. The rest potentials of the pre

plated cathode was 0.08 ± 0.02V (SHE). 

The three polarisation curves were similar at current densities 

<0.34 A cm-' (E >-0.98V (SHE». At higher current densities the 

polarisation curves began to separate and for a constant potential the 

current density increased with increasing Reynolds number. Hydroxide 

precipitation was observed to occur on the electrode surfaces at high 

current densities and as significant proportions of the electrode surfaces 

became covered with hydroxide, the voltage rapidly increased. Hydroxide 

precipitation occurred at high current densities at. higher Reynolds 

numbers. Over the Reynolds number range Re 3,010 - 8,750, the current 

density for the onset of hydroxide precipitation increased from -0.6 A cm- 2 

to -0.8 A cm- 2 • 

At these relatively high current densities, the curves showed 

appreciable curvature and showed pseudo-limiting current densities. 

ii) Cathodic polarisation at 60· and 70·C in the absence of chloride 

The low current density (i <0.06 A cm-') polarisation curves for 

a Reynolds number of 6,300 ± 400 and temperatures of 60· and 70·C are 
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Fig.4.l53 Cathodic polarisation during the electrolysis of 
concentrated nickel sulphamate electrolyte, in 
the absence of chloride, at 50·C (E < - 0.6 V SHE). 

a) 0 0 0 - Re 3,010 
b) + + + - Re 6,320 
c).1 I I - Re 8,750 



I 
I 

I 
I 

tn I 
I 

t 
I 

I 
I 

.I 

..- 0 ..- N rr"I ..z 
0 0 0 0 0 0 

I I 11)1- I 
..... W 

W ~ ::c 
~ VI -

r 
I 

I 
I 

I 
. I 
I 

r 
I 

I 
I 

LJ"t -0 . 
0 0 

I I 

N 
10 
..-

rr"I 
10 
..-

..z 
I o 
. ..-

LJ"t 
I 
0 .-

'I' 
E 
u 
« -

Fig.4.154 Cathodic polarisation during the electrolysis of 
concentrated nickel sulphamate electrolyte, in the 
absence of chloride, at Re 6,300 ± 400 (E > - 0.6 V SHE) 

a) 60·C 
b) -. -- 70·C 



shown in Fig.4.154. 

were 0.045 ~ 0.045V 
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The rest potentials of the pre-plated cathodes 

(SHE) at 60° and 0.00 ± 0.02V (SHE) at 70°C. 

The prominent feature of the curves are the regions (A-B) observed 

between E ~-0.05 and -0.2SV (SHE). The current density plateaux are 

of s·imilar magnitude (2 x 1O-~ A cm- 2 ). at both temperatures. It has 

been established that the plateaux are associated with the reduction of 

dissolved oxygen (p.241). The dissolved oxygen was partially removed 

by passing nitrogen through the electrolyte reservoir (Fig.4.155). 

The current density plateau was reduced to -2 x 10- 5 A cm- 2 • At potentials 

more negative than -0.2V (SHE), the two curves were corrected for the 

effect of the oxygen reduction current. The corrected curves are shown 

in Fig.4.15S. Linear behaviour was shown over approximately three 

decades of current density. A lOCo increase in temperature resulted in 

a doubling of the current density at a given potential. 

The high current density polarisation curves at 60° and 70°C and 

Re 7,820 ± 80 are shown on linear coordinates in Fig.4.156. A polarisa

tion curve obtained at 50°C is also.shown for comparison. At 50° and 

60°C small inflections (A and B) were often observed, and these corresponded 

to the onset of hydroxide precipitation. (The inflection is not .obvious 

in the 60°C example). At 70°C,. a significant step (x-y) in the polarisa

tion curve was observed. This feature may be associated with a localised 

high temperature effect and changes in gas flow patterns close to the 

cathode surface at high current densities and was observed only at 70°C. 

Effect of flow rate 

The h~gh current density (i >0.006 A cm- 2 ) polarisation curves at 

60°C for the Reynolds number range Re 560 to 10,940 are shown on semi

logarithmic coordinates in Fig.4.157. The features of the curves are 

similar to those observed at 50°C (p.239).At high current densities 

(>0.5 A cm- 2 ) the three curves began to separate until limited by 

significant hydroxide precipitation. In the laminar flow regime, large 

gas bubbles were .formed on the cathode surface. Over this range of 

Reynolds numbers, the current density for the onset of hydroxide precipi

tations increased from -0.9 A cm- 2 to -1.4 A cm- z • 
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Fig.4.155 Cathodic polarisation during the electrolysis of 
concentrated nickel su1phamate electrolyte (in the 
absence of chloride) at Re 6,300 ± 400, corrected 
for dissolved oxygen reduction ( E > - 0.6 v SHE) 

a) + + +, 60·C - - - - corrected curve 
b) 0 ° 0, 70·C ---- corrected curve· 
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A similar series of polarisation curves was obtained at 70·C 

over the Reyno1ds number range Re 4,300 to 11,850 (Fig.4.158). At 

70·C, hydroxide precipitation was not .observed and measurements were 

limited to those recorded by the available power supply. At Re 4,300 

the maximum current density was 1.1 A cm- 2 • The current density 

obtainable was greater at higher flow rates. The maximum current 

density was-2 A cm- 2 , with no evidence of hydroxide formation. This 

value was almost double that found at 60·C. The regions A-B are again 

associated with the increasing resistance of gas films on the electrode 

surface. 

iii) Additional diagnostic experiments at 60·C 

a) Effect of flow rate on cathode potential at constant current density· 

Further experiments were carried out to study the effect of 

flow rate on concentration overpotential. An increase in Reynolds 

number would be expected to shift the cathode potential· to less negative 

values if concentration overpotential was present. 

The cathode potential was monitored using the Luggin capillary 

and 3.B M calomel electrode arrangement described previously for a 

series of Reynolds numbers at constant current densities of 0.17, 0.33 

and 0.66 A cm- 2 • 

, 
At 0.17 A cm- 2 (Fig.4.159) the observed cathode potential was at 

a minimum value (-1.3V (SHE» at very low flow rates (-Re 100). At low 

Reynolds numbers, the large gas bubbles formed on the electrode surface 

may distort the current distribution and give an increased series 

resistance adjacent to the electrode. The potential tended to move to 

more positive values at higher Reynolds numbers and was about constant 

at Re >2,000. 

At a higher current density (0.33 A cm- 2 ), large changes in cathode 

potential were not observed. The potential tended to move to more 

positive values by about 10mV over the Reynolds number range Re 3,000 -

15,000. However, at 0.66 A cm- 2 , the potential moved to more negative 

values by -BOmV over a similar range of flow rates (Fig.4.160). This 
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Fig.4.158 Cathodic polarisation during the electrolysis of 
concentrated nickel sulphamate electrolyte, in the 
absence of chloride, at 70·C (E > - 0.6 V SHE). 
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effect may be associated with the compression of the gas layer close 

to the cathode surface at high flow rates, resulting in an increase 

in the electrolyte resistance in this region. 

b) Effect of chloride ions and a wetting agent on cathodic polarisation 

A comparative study of cathodic polarisation at high current 

densities ( >0.06 A cm- 2 ) was carried out at Re 5,850 in electrolytes 

containing 5.5 g 1- 1 nickel chloride (NiC1.6H.0) and chloride plus a 

wetting agent (0.052 g 1- 1 F1uowet SP). The surfactant was added to 

reduce the surface tension of the electrolyte, improve the flow of gas 

bubbles over the electrode surface and reduce the porosity of the 

deposits. The polarisation curves are shown in Fig.4.161, together with 

that obtained in the nickel su1phamate e 1ec tro 1yte without additions. 

The addition of chloride to the electrolyte resulted in a shift 

to lower current densities for a given potential. Conversely, the 

addition of the wetting agent resulted in a shift to higher current 

densities for a given potential. Neither chloride ions nor F1uowet SP 

had any effect on the maximum current density of -1 A cm-·. 

c) Additional low current density experiments on reduction of 
dissolved oxygen at 60· and 70·C 

The current density plateau previously observed in cathodic 

polarisation curves at low current densities (Section 4.42b) was associa

ted with the reduction of dissolved oxygen. This was confirmed by 

operating the cell at a constant cathode potential of E =-O.llV (SHE), 

corresponding to the potential of the current density plateau. The 

current density was measured as a function of time (t) (Table 4.42 and 

Fig.4.l62) • 

In the absence of nitrogen bubbling, the current density decreased 

slightly to 0.17 niA cm-' as the reactant was dep1e.ted by reduction (A-B). 

Nitrogen was then bubbled through the electrolyte reservoir at a cylinder 

head pressure of 2 p.s.i. The current density decreased to 0.11 x 10-3A 

cm-' in - 480 s (B-C). When the nitrogen pressure was increased to 4 p.s.i. 

--_ ... 
" , 
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Nitrogen Pressure Time Current Current Density 

Ib in' t/s I/Amps if A cm-' x 10- 3 

0 

2 

.4 

x 10- 3 

60 5.30 0.177 

120 5.27 0.176 

170 5.23 (') .174 

230 5.20 0.173 

290 5.18 
, 

0.173 

p.s.i. 350 5.13 0.171 

410 5.12 0.171 

450 5.11 0.170 

750 5.07 0.169 

1,050 5.03 0.168 

1,350 5.02 0.167 

1,500 4.20 0.140 

p.s.i. 1,650 3.73 0.124 

1,830 3.23 0.108 

1,950 2.47 0.0823 

2,100 1.96 0.0653 

2,250 1.62 0.0540 

2,550 1.27 0.0423 

p.s.i. 2,850 1.08 0.0360 

3,150 0.96 0.0320 

3,450 0.93 0.0310 

3,750 0.90 0.0300 

3,930 0.85 0.0283 

Table 4.42 Effect of nitrogen bubbling on the 
electrolysis of concentrated nickel 
sulphamate electrolyte at 60°C, Re 
6,300 ± 400 and a constant cathode 
potential of -0.106v (SHE). 
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the current density decreased to 0.03 x 10- 3 A cm-' in 1,200 s 

before becoming approximately constant (C-D). The limiting current 

density was due to oxygen reduction and was reduced to a low value 

by nitrogen bubbling. 

Nitrogen was passed through the electrolyte reservoir for-l.S h 

prior to recording the polarisation curves of Fig.4.l63, at nitrogen 

pressures of 2 and 4 p.s.i. At both pressures, a significant inflection 

(A-A) due to the mass transfer controlled reductions of oxygen was 

evident. 

Summary of cathodic polarisation studies 

a) At all the temperatures studied, the polarisation curves showed no 

definite evidence of a limiting current density due to the mass 

transfer controlled reduction of nickel ions, although inflections 

in the curves were often observed at current densities >0.8 A cm-'. 

These phenomena appear to be associated with the initiation of 

hydroxide precipitation or gas bubble.effects at the electrode

electrolyte interface. 

b) At 70·C current densities up to 2 A cm-' were readily achieved 

without precipitation of hydroxide. At such high current densities 

localised heating of the electrolyte adjacent to the cathode may 

occur. The potential measurements were limited by the cell voltage 

exceeding the output of the power supply (30V). 

c) At·SO· and 60·C, the potential measurements were limited by the 

precipitation of hydroxide deposits and a sharp increase in the 

cathode potential was observed. 

d) For a given potential, the deposition rate increased with increasing 

temperature and flow rate. There is some evidence that the flow 

rate, particularly in laminar flow, may effect the adhesion and 

distribution of gas bubbles close to the cathode. 
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Fig.4.l63 Cathodic polarisation during the electrolysis of 
concentrated nickel sulphamate electrolyte at 
Re 6,300± 400, with nitrogen bubbling. 

• • • a) ~ ~ C , 60·C,nitrogen pressure 2 p.s.i. 
b) + + + 60·C, nitrogen pressure 4 p.s.i. 
c) 0 0 0 , 70·C, nitrogen pressure 4 p.s.i. 
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Overall Summary of Section 4.4 

The significant results of the polarisation measurements and 

current distribution studies were as follows: 

a) There was no clear evidence of a limiting current density plateau 

for the reduction of nickel ions. It was therefore difficult to 

.separate the nickel deposition and hydrogen evolution reactions. 

The relationship between the flow rate and the cathode polarisation 

was not clear. 

b) Oxygen evolution would be the principal anode reaction for most 

deposition conditions. 

c) The cathodic current distribution was non-uniform using an anode 

length of 25cm and a cathode length of 10cm. A uniform current 

distribution was observed using 9cm anodes. Similar results were 

found at both 60· and 70·C. A mass transport controlled current 

distribution was not observed for any experimental conditions. 

However, there was some evidence for interference effects .from 

gas evolution, particularly at low flow rates. 

A significant increase in the maximum current density was 

obtained when operating the cell with a uniform current distribution. 

Current densities in excess of 2 A cm-' (at 70·C) could be achieved 

under these conditions. 

From this investigation it would appear that there is some evidence 

for a complex deposition mechanism leading to less predictable experi

mental results. It is also evident that the hydrogen evolution reaction 

may take up to 5% of the total current density. Hence a significant 

volume of gas may be evolved close to the cathode surface. Therefore 

it was of considerable interest to study the effect of gas evolution on 

mass transfer during nickel electroforming. Since limiting current 

densities were unobtainable using the nickel system, a 'tracer' method 

was required as will be seen in the following section. 
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4.5 Mass transport studies in nickel su1phamate solutions 

since mass transport relations could not be determined from 

limiting current density measurements it was necessary to determine 

data for nickel by using a silver tracer method. Using this method 

data were determined for mass transport to short electrodes (tIde 2.92) 

and long electrodes (tIde 11.7). The results of these investigations 

are presented in Section 4.5.1. As will be seen these measurements 

indicated that the ratio of mass transfer to the cathode under turbulent 

flow conditions were about an order of magnitude greater than expected 

theoretically. A model for predicting the mass transfer correlations 

for parallel plate cells with enhanced mass transport due to simul

taneous gas evolution has been developed in order to offer a possible 

explanation of the experimental results obtained in Section 4.5.1. 

The details of the model are presented in Section 4.5.2. 

4.5.1 Silver tracer studies of mass· transport in nickel sulphamate 
solutions at 60·C 

The mass transfer correlations for the cell have been determined 

from the transport controlled deposition of copper. This is a simple, 

single reaction system. However experimental studies have· indicated 

that the deposition of nickel at high current densities is accompanied 

by the evolution of significant quantities of hydrogen. The presence 

of gas bubbles, close to the cathode surface may affect mass transfer 

rates. It was therefore necessary to ensure that mass transfer relation

ships related (as far as possible), to practical operating conditions 

of the cell and plating solution. 

The conventional technique for the measurement of mass transfer 

coefficients in e1ectrochemical cells, is to relate the experimentally 

measured limiting current density (it) as determined from polarisation 

curves, to the mass transfer coefficient (kt ) using the equation 

it 
= •• (2.15) 
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However, for the nickel deposition system studied, a limiting current 

density was not observed (Section 4.42b). This necessitated the use 

of an alternative technique to obtain comparative mass transfer data. 

Ettel (344) developed a method for determining the relative rates of 

mass transfer in air agitated electrowinning cells. This method was 

also applicable to parallel plate cells. 

The method involves the simultaneous reduction of a second ion, 

present in the plating solution at very low concentration (a few 

p.p.m.). The minor constituent was cO-deposited under mass transport 

control and mass transfer data may be determined from the composition 

of the resulting alloy and the metal concentration in the electrolyte. 

Theoretical background 

The mass transfer coefficient for silver ions ktg+ is given 

by the expression 

•••• (3.2) 

Ag+ 
where iL - limiting current for silver ions 

and 
- bulk solution concentration of silver ions 

For simple mass transfer to plane parallel electrodes in channel 

flow, the mass transfer coefficient is proportional to the cell and 

flow parameters, e.g. 

= Dd 
Ag+ 

where the exponents a, b, c, d and e are constants for a given cell 

geometry and flow regime and x is the constant of proportionality. 

The mass transfer coefficient for nickel ions, ~i2+ is given 

by a similar expression 

i.e. 
= 
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When the two species are co-deposited under 
Ag+ 

conditions, the ratio of the two coefficients kL 

given by 

mass transfer 

and kNp + is 
L 

.(4.5a) 

where DAg+, D 
Np+ are the diffusion coefficients of the two ions. 

All other parameters are equal under conditions of simultaneous 

codeposition. 

Dimensional analysis of the design equations (e.g. Equation 2.67b) 
- -

indicated that the value of the exponent d, was 0.66 for all cell 

geometries and flow conditions. Hence equation (4.5a) may be wr"itten 

as: 
Ag+ [ " 'j 0.66 

kL 
= 

DN:2+ 
k Np+ 

L 

••••• (4.5b) 

or [, .... 
~NP+ = k Ag+ Ag+ 

L DNp + 
••••• (4.5c) 

Consequently, the correlation between mass transfer coefficient and 

flow rate was identical for both reduced species. In addition, the 
N· 2+ 

value of kL 1 may be estimated if the two diffusion coefficients 

are known. 

For this investigation, 6 to 15 g cm- 3 of silver (as Ag NO.) 

was added to the plating solution (chloride ions were omitted from 

the solution to prevent the precipitation of Ag Cl). The rates of 

mass transfer to electrodes of two lengths were studied. The cathodes 

were 2.92 equivalent diameters and 11.7 equivalent diameters in length -

designated 'short' and 'long' electrodes respectively. 

25cm in length and the electrolyte temperature was 60·C. 

The anode was 
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In both cases nickel-silver alloys were e1ectroformed on 

stainless steel or Nickel 200 substrates over a range of flow rates 

(Re 1343 - 7414) at a constant current density of 0.4 

this current density the current efficiency was 95% at 

A cm-'. At 

all flow rates. 

Electrolysis was continued for a specified time of 165.s to deposit 

foils _ 23llm thick, containing <0.7% silver. 

Some additional experiments were also carried out using cathodes 

2.92 de in length at Re 7413 and 0.7 A cm-' to assess the effect of a 

higher deposition rate on the mass transfer coefficient for silver. 

a) Mass transfer to 'short' electrodes (L/de~ 2.92) 

Nickel-silver alloy e1ectroforms were deposited at 0.4 A cm-' 

over the range of Reynolds numbers Re 1,343 to Re 7,414. At lower 

laminar flow rates (Re <1,343), bubbles of hydrogen·were observed on 

the cathode surface and meaningful measurements were impossible. At 

each flow rate, the electrolyte and the deposit were analysed for silver 

(see. Section 3.5~·3). The primary analytical results are shown in 

Table 4.43. In Table 4.44 the calculated values of the bulk concentra

tion of silver ions in the plating solution (CbAg+), the weight of 

silver deposited (G) the limiting current density (itg
+) and the mass 

Ag+ 
transfer coefficient (kL ) are given for each flow rate (see Section 

3.53 for details). 

The mass transfer relationships between ktg
+ and Re are shown 

in Fig.4.164 (log. coordinates). In 1aminar flow (Re <2,000), the 

mass transfer coefficient decreased with 
Ag+ 

by the solid line A-A. A minimum kL 

observed at Re -1,900. 

increasing flow rate, as shown 

value of about 2 x .10-'cm s-! was 

Theoretical values of ktg
+ were calculated from the design 

equation for Cel12 in 1aminar flow 

= 1.85 {Re de Sc} 0.33 
L . ••••• (2.49) 



Ag+ ion concentration in diluted Ag+ ion concentration in 
plating solution diluted solution from 

Reynolds 
number 

Re 

1,343 

1,447 

1,576 

1,808 

2,377 

2,971 

3,100 

3,358 

4,417 

4,443 

5,244 

5,502 

5,502 

6,587 

6,897 

7,233 

7,414 

7,414 

disiolution of electrodeposit 

Dilution Absorbance Concen- Dilution Absorbance 
tration factor factor x 10- 2 10- 2 
of Ag+ x . 

x 
a x+O x+1 x+2 )lg cm- 3 b y+O y+1 

25/2 16 33 49 0.979 50x25 /5 39 56 

25/2 16 34 49 0.995 50x25 /5 9 31.5 

25/2 12 :12.5 53 0.585 50x25 /5 20 42 

25/2 19.5 51 70.5 0.810 50x5O /5 22 43 

25/2 15 39 61 0.667 50x5O /5 19 44 

25/2 19 36 54 1.076 50x25/ 5 33 52 

25/2 13 30 45 0.831 100x25 /5 9 27 

25/2 10 30 46 0.586 50x25/5 22 41 

25/2 13 34 54 0.642 50x25 /5 27.5 1'0.5 

25/1 9 39 67 0.321 SOx25 /5 56 82 

25/2 18 34 51.5 1.058 50x25/5 43 59 

25/2 15 39 60 0.686 50x25 /5 44 69 

25/2 16 41 66 0.640 50x25/3 39 63 

25/2 . 11 33 54.5 0.510 50x25 /5 21 ~3.5 

25/2 12 ~9.5 63.5 0.486 50x25 /5 20 39 

25/2 16 34 49 0.979 50x25 /S 51.5 ~.5 

50/2 9.5 33.5 56 0.419 50x5O /S 15 24 

25/1 9 27 47.5 0.444 50x25 /5 15.5 21 

Table 4.43 Analysis of· nickel su1phamate solutions 
and nickel electroforms for silver 
content (L/de -2.92, 60 0 C). 

y+2 

70 

51 

60 

63 

67 

68 

2.5 

58 

0.5 

107 

75 

93 

84 

63 

6..5 

9.5 

j2.S 

29 

Concen-
tration 
of Ag+ 

y 
)lg cm- 3 

2.537 

0.450 

1.027 

1.081 

0.805 

1.907 

0.559 

1.238 

1.299 

2.202 

2.688 

1.802 

1. 752 

1.020 

1.108 

3.694 

1.723 

2.198 

. 



Reynolds Bulk Soln. Wt. of silver Limiting Mass 
number concentra- present in current transfer 

tion of Ag+ deposit density cosfIieteilt 

Re Ag+ G 
for Ag+ 

Cb reduction kL 
mole cm- 3 g of Ag+ 

. Ag+ cm 5-1 
1L 

A cm-· 

1,343 1.13x 10- 7 6.34x 1O-~ 4.59 x 10- ~ 4.20x 10- 2 

1,447 1.15x 10- 7 5.63x 1O-~ 4.07x 1O-~ 3.67x10-· 

1,576 6.78 x 10- 6 2.57x 10-~ 1.86x 1O-~ 2.84 x 10-· 

1,808 9.39x 10- 6 2.70 x 10- ~ 1.95x 10-~ 2.15x10-· 

2,377 7.73 x 10- 6 2.01x 10-' 1.45x 10-' 1.95xlO-· 

2,971 1.25x 10- 7 4.77 x 10-' 3.45x 10-' 2.86xlO-· 

3,100 9.63x10- 6 2.80 x 10-' 2.02x 10-' 2.18xlO-· 

3,358 

4,417 

4.443 

5.244 

5,502 

5,502 

6,587 

6,897 

7,233 

7,414 

7,414 

6.79 x 10- 6 3.10x 1O-~ 2.24x 10-' 3.42x10-· 

7.44 x 10- 6 3.25xlO-~ 2.35x 10-~ 3.27 x 10-· 

7.44 x 10- 6 5.51 x 10-' 3.98x 1O-~ 5.54xlO- 2 

1.23x10 
-8 

.6.72x10-' 4.86x 1O-~ 4.09 x 10-· 

7.95x lO- a 4.51x 10-' 3.26 x 10-' 4.25 X 10-· 

7.42x 10- 7 4.38x 1O-~ 3.16 x 10-' 4.42 X 10-· 

5.91xlO- 6 2.55x 1O-~ 1.84 x 10-' 3.23x10-· 

5.63 x 10- 6 2.77 x 10-' 2.00x10-~ 3.68 x 10-· 

1.13x 10- 7 9.24x 10-' 6.68 x 10-' 6.12x10- 2 

9.71 x 10- 8 8.62x 10 .... 6.22 x 10-' 6.65 X 10-· 

1.03 x 10- 7 5.50 X 10"" 3.97xl0-' 4.00 x 10-· 

L/de = 2.92 

Temperature : 60·C; Total Current Densify : 0.4 A cm-· 
Thickness of Deposit : - 23Jlm; Electrode Area : 7.5 cm· 

Deposition Time: -165.1 s 

Table 4.44 Summary of electrolysis conditions and 
derived data for deposition of experiments 
with added silver tracer. 
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Fig.4.164 Rate of mass transfer of Ag+ to cathodes 2.92 de in 
length, as a function of Reynolds number, during 
the electroforming of nickel at 60·C. 

o deposition current density = 0.4 A cm-' 
+ deposition current density = 0.7 A cm-' 

line of be~t fit of data 

- - - - Theoretical correlation (in the absence 

AI - AI , Equation 2.46 

BI - BI , Equation 2.67 

of gas evolution). 
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Detailed calculations of 

The solution of Equation 

this type are described in Appendix 2b. 
Ag+ 

(2.49), in terms of kL is shown in 

Fig.4.164 by the broken line Al - Al' As may be seen, in contrast 

to the experimental findings, the mass transfer rate increases with 

flow rate with a slope of 0.33. In addition, the experimental values 

of ktg+ are at least one order of magnitude greater than predicted. 

In turbulent flow (Re )2,000), the mass transfer coefficient 

increased with increasing flow rate. Linear regression analyses of 

the data resulted in a slope of 0.72 (r' -0.76). The solid line B-B 

in Fig.4.164 represents the line of best fit of the data. 

Ag+ 
In turbulent flow, the values of kL were calculated from the 

relevant design equation (Appendix 2b). 

= 0.145 Re 0.667 Sc 0.33 ••••• (2.67) 

The solution of equation (2.67) is shown in Fig.4.164 by the 

broken line Bl - Bl of slope 0.67. It is evident that slopes of lines 

B-B and ~ - Bl are similar. However, the experimental results indicate 
Ag+ 

an increase in kL of about one order of magnitude. The enhanced 

rate of mass transfer and other phenomena may be associated with the 

hydrogen gas evolution observed at the cathode affecting the transport 

mechanism. 

The experimental mass transfer data for electroforms deposited at 

0.7 A cm-' and Re 7,413 are summarised in 

also shown in Fig.4.164. The mean value 

Tables 4.45 and 4.46 and are 
Ag+ 

of kL was -2.8 x 10-' ± 

At this flow rate the mass transfer coefficient 

would appear to be slightly less than observed at 0.4 A cm-'. This 

effect may be due to differences .in the distribution and size of the 

gas bubbles at higher current densities. 

Mass transfer to 'long' electrodes (L/de -11.7) 

Nickel silver alloy electroforms were deposited at'0.4 A cm-' 

over the range of Reynolds numbers Re 2,067 to Re 7,388. In laminar 

flow (Re < 2,000), bubbles of hydrogen accumulated on the downstream end 
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Ag+ ion concentration in diluted Ag+ ion concentration in diluted 

Reyno1ds 
Number 

7,413 

7,413 

.7,413 

plating solution solution from dissolution of 
e1ectrodeposit 

-

Dilution Absorbance Concen- Dilution Absorbance 
factor 

50/5 

50/5 

50/5 

x 10- 2 
tration 

x 10- 2 of Ag+ 
x 

x+O x+1 x+2 llg cm- 3 y+O y+1 

20.5 40 55.5 1.200 50x 25 /5 19.5 40 

28.:5 49.5 70.5 1.357 50x 25/5 22 42 

28.5 47 68 1.419 SO x 25/ 5 25 -.45,5 

Table 4.45 Analysis of nickel su1phamate 
solutions and nickel electroforms 
for silver content 

(L/de -2.92, 60°C) 

y+2 

58.5 

58 

71 

Concen-
tration 
of Ag+ 

y 

Ilg cm- 3 

1.015 , 
1.250 

1.043 

Reyno1ds Bulk Soln. Wt.of silver Limiting Hass 
Number Concentra- . present in current Transfer 

7,413 

7,413 

7,413 

tion of Ag+ deposit density Coefficient 
Ag+ 

G 
for k Ag+ 

cb reduction L 
moles cm- 3 g of Ag+ s-1 

. Ag+ cm 
1L 

,. 

A cm- 2 

1.11 x 10-7 2.53 x 1O-~ 3.04 x 1O-~ 2.83x 10- 2 

1.26 x 10-7 3.12x 10-~ 3.79 x 1O-~ 3.08x 10-· 
.-

1.32 x 10-7 2.60x 10-~ 3.12 x 1O-~ 2.45x 10-· 

Temperature: 60°C; Total Current Density: 0.70 A cm-·; 
Thickness of Deposit: -2311m; Electrode Area: 7.5 cm-·; 
Deposition Time -97 s 

Table 4.46 Summary of electrolysis conditions and 
derived data in deposition experiments 
with added silver tracer 
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of the cathode and consequently the measurements were limited to flow 

rates greater than Re 2,000. At each flow rate, the electrolyte 

and the electroform were analysed for silver. The results are 

summarised in Tables 4.47 ana 4.48. 

The mass transfer relationships between ktg+ and Re are shown 

in Fig.4.165 (log. coordinates). In turbulent flow, between Re 2,583 

and 7,,388, the mass transfer coefficient increased with increasing 

flow rate. Linear regression of the data resulted in a slope of 0.75 

(r' -0.92). This is shown by the solid line A-A in Fig.4.165. At low 

flow velocities in the laminar - turbulent transition zone (Re 2,067) 

a marked decrease in the mass transfer coefficient was observed and 

'this coincided with gas bubble adhesion. 

For the 'long' electrode system, mass transfer coefficients 

were calculated from the following design equation (Appendix 2b): 

Sh Ag+ 
av 

0.8 0.33 = 0.023 Re Sc ••••• (2.66) 

This solution of Equation 2.66 is shown in Fig.4.165 by the broken 

line Al - Al of slope 0.8. 

The experimental mass transfer coefficients were observed to be 

at least one order of magnitude greater than predicted by Equation 2.66. 

However, the 

with theory. 

slope of the experimental relationship is in good agreement 

The increased mass transfer rate is again probably due, 

to microconvective mass transfer resulting from the concomitant hydrogen 

evolution. 

Summary of Section 4.5.1 

The following observations resulted from the mass transfer 

technique during foil deposition at constant current density. 

a) The rate of mass transfer of Ag+ to both long (11.7) and short 

(2.92 de) cathodes in turbulent flow was at least one order of 

magnitude greater than predicted from the design equations. 



Ag+ ion concentration in diluted Ag+ ion concentration in 
plating solution diluted solution from 

dissolution of electrodeposit 

Reynolds 
number 

Re 

2,067 

2,583 

3,358 

5,502 

6,716 

7,388 

Dilution Absorbance Cone en- Dilution Absorbance 
x 10-' x 10-' factor 

a 

25/2 

25/2 

25/2 

2.5/2 

25/2 

25/2 

tration factor 

x+O x+1 x+2 
of Ag+ 

b y+O y+1· --
x 

Ug cm-' 

8.5 38 56.5 0.982 250x 25/5 5.5 27 

4.5 31 44.5 0.993 SOx 25/5 '7 23 

17 35.5 54 0.919 250x 25/5 21 41 

18 38 56.5 0.947 250x 25/5 30 48;5 

18.5 38.5 56.5 0.989 250x 25/5 28.5 47;'5 

13.5 28.5 43.0 0.921 2SOx 25/5 32 :47;i5 

Table 4.47 Analysis of nickel sulphamate 
solutions and nickel e1ectroforms 
for silver content 

(L/de -11.7, 60·C) 

y+2 

48 

40 

58.5 

67.5 

67 

62.5 

Cone en-
tration 
of Ag+ 

Y 
llg cm-' 

0.263 

0.414 

1.139 

1.595 

1.476 

2.104 



. 

Reynolds Bulk soln. Wt. of silver Limiting Mass 
number 

Re 

2,067 

2,583 

3,358 

5,502 

6,716 

7,388 

concentra-
.G 

current transfer 
tion of Ag+ density coefficient 

" for Ag+ Ag+ 0 kL 
cb reduction 

of cm s-1 
moles cm- 3 

... Ag+ 
-1L 
A cm-' 

1.14 x 10-7 3.29x 1O-~ 5.94x 10-5 5.46xlO- 3 

1.15x 10-7 1.04 x 10- 3 1.88 x 10-~ 1.69 X 10-' 

1.07 x 10-7 1.43 X 10-' 2; 58 x 1O-~ 2.50x 10-' 

1.10 x 10-7 1. 99 X 10-' 3.59 x 1O-~ 3.39xlO-' 

1.15 x 10-7 1.85 X 10- 3 3.34x 10-~ 3.01 x 10-' 

1.07 x 10-7 2.63x 10- 3 4.75 x 1O-~ 4.60x 10-' 

L/de =_11.7 

Temperature : 60°C; Total Current Density : 0.40 cm-' 
Thickness of Deposit: - 231lm; Electrode Area: 30 cm-' 
Deposition Time: 165.1 s 

Table 4.48 Summary of electrolysis conditions 
and derived data in deposition 
experiments with added silver tracer 

. 
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Fig.4.165 Rate of mass transfer of Agt to cathodes 11.7 de 
in length as a function of Reynolds number, during 
the electroforming of nickel at 60·C and 0.4 A cm- 2 • 

A A line of best fit of data 
theoretical correlation (in the absence 

of gas evolution) 
AI - A I , Equation 2.46 

BI - B I , Equation 2.66 
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Ag+ 
b) Using short electrodes in turbulent flow, kL was found to 

be proportional to [ Re] 0.72 , which is in reasonable agreement 
. . ( . 2 67 Ag+ 0.66) with the des1gn equat10n Equat10n • ,kL aR • 

Ag+ 
c) Using long electrodes in turbulent flow, kL was found to be 

proportional to ReO. 75
, which is in reasonable agreement with 

the 'lesign equation (Equation 2.66, ktg+ aRe 0.8 ). 

The corresponding mass transfer coefficient for nickel ions 
2· + 

(k Ni ' ) is related to k Ag by 
L L 

N·2+ 
k 1 = 

L [ 

D '~g + ] ,0. 66 

D N. 2+ 
" 1 

.•••• (4.5c) 

as described previously (p.21i7). It is therefore evident that the 

mass transfer rate for nickel deposition is directly proportional to 
Ag+ 

kL Hence the mass transfer correlations will be the same. 

The visual observations of gas bubbles close to the cathode surface 

has suggested an association between the additional agitation of the 

electrolyte caused by bubble movement at the electrode - electrolyte 

interface and the enhanced rates of mass transfer. The possible 

effects of this microconvection will be examined in more detail in 

the following section. 

4.5.2 A model for predicting the mass transfer correlation for 
~arallel plate cells with enhanced mass transfer due to 
concomitant gas evolution 

et is well established that gases evolving at an electrode do 

result in appreciable disturbances of the boundary layer (see Section 2.3c). 

Stephao'!Dd 'logt (211) have produced a model for correlating mass 

transier data at gas evolving electrodes (p.67). 

by: 

where: 

70r mass transfer by gas bubbles alone the data were correlated 

0.5 
Sh ' = 0.93 Re g , ScO'~87 

g ••••• (2.85) 
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Sh 
~d 

= g 
D 

V d 
Reg = ..JL. 

\i Ag . 

d is the average diameter of gas bubbles (cm) ; 

Vg is the volumetric rate of gas evolution (cm 3 s-1 
); 

and Ag is the area of gas evolving electrode (cm'). 

The case of mass transfer at gas evolving electrodes with super

position of hydrodynamic flow has been less fully investig~ted. 

Vogt (217) has proposed the following equation for the super

position of macro-convective (hydrodynamic flow) and micro-convective 

(gas evolution), mass transfer (p.70). 

,Ihere: 

= k TOTAL 
L 

= [1 + 1005 
••••• (2.88) 

k TOTAL = overall effective mass transfer coefficient cm S-I 
L 

-I 
= mass transfer coefficient for macro-convections cm s 

-I = mass transfer coefficient for micro-convection cm s 

The micro-convective mass transfer coefficient kL' may be 

calculated from Equation (2.85). The macro-convective mass transfer 
1 

coefficient IkL was determined by solution of the design eouacions 

for 'long' and 'short' electrodes (Equations (2.49), 2.66) a.nd (2.67). 

Calculation of volumetric rate of hydrogen evolution 
V 

The approximate rate of hydrogen gas evolution pe" !:nit area, -.a 
may be found by assuming a current efficiency of - 5% for the 

hydrogen evolution reaction. Therefore, for a total current density 



253 

of 0.40 A cm-', the hydrogen current density will be, i-0.02 A cm-'. 

The operating temperature of the solution was 333.2 k (60·C) and 

the cell pressure P -1.5 x 10 6 dynes cm-'. The molar volume, Vg, 

of hydrogen is given by: 

Vg 
RT = P 

Vg 
8.314 x 107 x 333.3 = 

1.5 x 106 

= 1.82 x 10 

The volumetric rate of hydrogen evolution per unit area, ~ 
is obtained from: 

Qg = 
A 

V ItA 
g- = 

zF 
V 

g 
i 

zF 

and for production of H" z = 2, hence: 

~ = 1. 82 x 10" x 
A 

0.02 

2 x 9,6500 

Calculation of gas bubble Reynolds numbers, Reg 

A 

To evaluate Reg requires an estimate of the average gas bubble 

diameter (d). Stephan and Vogt (211) have stated a gas break off 

diameter for hydrogen bubbles of -60~m in acidic solutions. However, 

this value applied to nearly stagnant solutions. In a flowing electro

lyte, gas bubble diameters are probably considerably tess than 60~rn. 

There is evidence to suggest that large numbers of bubbles <2~m 

in diameter may be formed in flowing nickel sulphamate solutions 

(Section 4.1 and 4.2 and Appendix 4b). 
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Gas Reynolds numbers were calculated for a range of bubble 

diameters from 6~m down to O.lum, as shown below: 

d _ 6~m;; 60 x 10-'cm 

\) _1.202 x 10- 2 cm 5-1, 

Re 60um 
g 

Re 60um 
g 

1.202 x 10-' 

., 9.5 x 10-' 

The gas Reynolds numbers are summarised in Table 4.49 •. 

Calculation of microconvective mass transfer coefficients 
Sh Ag + 
- go--

The microconvective mass transfer correlations of Stephan and Vogt, 

= O 93 R 0.5 . eg 
Sc 0.' e 7 ••••• (2.85) 

was used to predict mass transfer coefficients for the transport con

trolled reduction of silver ions in a nickel sulphamate electrolyte. 

The value of the diffusion coefficient (DA ) was taken to be -1.0 x g+ 

Then 

v - 1.202 x 10-'cm2s-~ DAg+~1.0 x 10-5 cm' s4, 

Sc., 1.202 x 10-' 
1.0 x 10-

Se 1202 



Gas bubble Reynolds Sherwood Mass Transfer 
diameter number number coefficient 

dllm 

60 

2 

1 

0.5 

0.2 

0.1 

Regx 10-' ",Ag+ Shg 

9.5 0.84 

0.32 0.154 

0.16 0.109 

0.079 0.077 

0.032 0.049 

0.016 0.034 

v 
..Jl. _ 1.9 X lO- a cm s-l. 
Ag 

D -1 X 10-5 cm's- 1 

Sc - 1202 
0.5 0.1t17 

Sh = 0.93 Reg Sc 

~' Ag+ 
... kl 

~m" 5-1, 

1.4lx 10- 3 

7.70x lO- a 

10.9x lO- a 

lS.4xlO- a 

24.4 x 10- 3 

34.4x lO- a 

Table 4.49 Dimensionless variables and theoretical 
mass transport coefficients for the 
microconvective (gas only) transport of 
silver tracer in nickel sulphamate 
solutions. 

, 
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For 60llm bubbles, Re 60llm - 9.3 x 10-~ 
g 

and hence Ag+ 
x (9.3 x 1O-~)0.5 x (1202)0.-B7 6~mShg = 0.93 

Sh Ag+ 
0.84 6~m g ., 

Now as, Ag+ k Ag+d 
60llmShg L 

= 
DAg+ 

then Ag+ 
.: . .:-2k 

6D1!m L. ;:;;:::::: 0.84 If 1.0 x 10-5 

60 x 1O-~ 

2· Ag+ 

60llm 
'kL ., 1.41 X 10- 3 cm _1 s ' 

Calculated values of 

for bubble diameters 

Ag+ 
Reg, Shg and are shown in Table 4.49 

of 60, 2, 1, 0.5, As may be seen, 

the higher rates of mass transfer will be favoured by a small bubble 

size. 

'a) Mass transfer correlation for 'long' electrodes (L/de ~11.7), at 60°C. 

Calculation of macroconvective mass transfer coefficients 

Mass transfer coefficients for the reduction of silver ions in 

nickel sulphamate electrolyte, were calculated from Equation (2.49) 

for laminar flow, 

= 1.85 { de } 0.333 
Rede L Sc ••.. (2.49) 

and Equation (2.66) 

•••.• (2.66) 

for turbulent flow. 
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The values of the macroconvective mass transfer coefficients Sh::+ 

Ag+ 
and I kL were calculated (as shown in Appendix 2b) and are 

given in Table 4.50 for Reynolds numbers of 1,000, 2,000, 4,000, 

8,000 and 16,000. 

Calculation of the combined macro- and micro-convective mass'transfer 

coefficient k Ag+ 
1., ~ L 

Ag+ 
The combined mass transfer coefficient, . kL for both macro 

L ,2 

and micro convection was calculated from the Vogt equation: 

2 L' . 

[ 

k 
2J

o.5 
1. kL 1 + \k

L
) •• (2.88) 

Ag+ 
Macroconvective mass transfer coefficients lkL were calculated 

and are shown in ~able 4.50, for a series of Reynolds numbers. The 

estimated microconvective mass transfer coefficients ~ k{g+ calculated 

previously, were taken from values given in Table 4.49, for a series 

of average bubble diameters and a gas evolution rate of 1.9 x 10- 3 cm s-I • 

For example: 

Re ,,1,000, 
Ag+ 

I kL - 1.01 x 10- 3 cm S-1 •••• (Table 4.45) 

and 

•••• (Table 4.44) 

Ag+ 
The combined mass transfer coefficient, I zkL is then given by , 

A + 
k g 

I 2 L 
, , 

" 1.41 X 10- 3 1 + 
1.01 X 10- 3 2 0,5 

1.41 x 10-

Hence, the combined mass transfer coefficient ktg+ for the reduction 
. 1. J 2 

of silver on electrodes 11.7 equivalent diameters in length with a linear 

flow equivalent to Re 1,000 and concomitant gas evolution '. at a rate of 

1.9 x 10- 3 cm S-I with gas bubbles 60Um in diameter was calculated to 

be 1. 73 x 10-3 cm s- I. 



Reynolds Sherwood Mass Transfer 
number number coefficient 

Rede Ag+ 
Shde 

Ag+ 
kL 

-cm s 

1,000 86.7 1.01 x 10-' 

2,000 109 1.28 x 10-'· 

4,000 286 2.17 x 10- 3 

8,000 324 3.78 x 10- 3 

16,000 565 6.59x 10- 3 

L/de -·ll. 7 

DAg+ - 1 x 10-5 cm' S_l 

Sc - 1202 

Laminar Flow 

Sh = 1.85 
de· o •••• 

{Re L Sc) 

Turbulent Flow 

Sh = 0.023 ReO • B Sco .333 

Table 4.50 Dimension1ess variables and theoretical 
mass transfer coefficients for the 
macro-convective (flow only) transport 
of silver tracer in nickel sulphamate 
solution. 'Long' electrodes. 
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The results for other values of Rede and gas bubble diameter 

are shown in Table 4.51. As may be seen with a small bubble size, 

microconvective (gas assisted) mass transfer will dominate. 

Interpretation 

The results obtained for combined effect mass transfer to 

electrodes 11.7 equivalent diameters in length are displayed graphically 

on logarithmic co-ordinates as combined mass transfer coefficient vers'us 

solution flow Reynolds number for each bubble diameter (Fig.4.166). 

The line A-A represents the mass transfer correlation in the absence of 

gas evolution as given by the solution of the appropriate design 

equations (p.128). The general effect of gas evolution is to increase 

mass transfer coefficients. 

When the bubble size is -60~m (line B-B) in diameter, significant 
Ag+ 

increases in the value of . ..kL occur at low Reynolds numbers. As 
1.J L 

the flow becomes turbulent, the contribution of micro-convective 

mass transfer to the combined mass transfer coefficient decreases. The 

effect of micro-convection is negligible at Re,6,000 and mass transfer 

due to solution flow dominates. 

A bubble size of -2~m results in enhanced mass transfer at 

Reynolds numbers from 1,000 to 16,000 (line C-C). The mass transfer 

correlation is dominated by mass transfer enhancement due to gas bubbles 

over the Reynolds number range .,Re-l,OOO to Re -5,000. Mass transfer 

coefficients are practically constant over this range. At Re >5,000 

the mass transfer due to turbulent flow becomes more apparent and overall 

mass transfer rates increase. At very high Reynolds numbers (Re »16,000), 

macro-convective mass transfer will again predominate. 

Mass transfer enhancement due to bubbles -0.1~m in diameter will 

dominate over solution flow over the Reynolds number range Re 1,000 to 

Re 16,000 (line D-D). The combined mass transfer coefficient will be 

independent of solution Reynolds number. 



Reyno1ds 
number 

Rede 

1,000 

2,000 

4,000 

8,000 

16,000 

Combined mass transfer 

Coefficient 1 kAg
+ 

.c>!_L 
Gas bubble diameter 

6011m 

1. 73 X 10-; 

1.90 x 10-; 

2.S9x 10-; 

4.03 X 10- 3 

6.74 x 10-3 

Sc 1,202 

kL 'kL' [ 
1 2 - 1 ., 

211m 

7.77.x 10-; 

7.81 x 10-; 

8.00 x 10- 3 

8.S8x 10- 3 

10.lx 10- 3 

lkL - macro-convection 

kL - micro-convection 
2 

cm S-l 

O.l11m 

34.2x 10-; 

34.Sx 10-; 

34. S x 10- 3 

34.7 x 10- 3 

3S.1x 10-; 
, ••... 

o • 5 

Table 4.51 Summary of the theoretical combined mass 
transfer coefficients for the transport 
of silver in nickel su1phamate solutions. 
'Long' electrodes. 
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A ----- A - mass transfer in the absence of 
gas evolution (Equations 2.46 and 

2.66) 

gas assisted mass transfer rates calculated 
from Equations 2.46, 2.66, 2.85 and 2.88 for 
the following bubble diameters 

B - - - B , 60Um bubbles 
C - • - C', 2Um bubbles 
D -- -- D lum bubbles 
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A bubble size of -O.l~m results in very high rates of mass 

transfer, of the same order of magnitude as the experimental values 

(cf Fig.4.l65). 

b) Mass transfer correlation for 'short' electrodes (L/de -2.92) at 60·C 

Calculation of macro convective mass transfer coefficients 

Mass transfer coefficients for the reduction of silver ions in 

nickel sulphamate electrolyte were calculated from Equation (2.49) for 

laminar flow 

Ag+ 
Shde = 

de 
1.85 {Rede L Sc } 

0;111 
.' •••• (2.49) 

and from Equation (2.67) 
Ag+ 

Shde 

for turbulent flow. 

= 
de 0.25 

L 
••• (2.67) 

The values of the macroconvective mass transfer coefficients, Sh~:+, 
l kt g+ were calculated (as 'described in Appendix 2b) and are given in 

Table 4.47 for Reynolds numbers (Re
de

) of 1,000, 2,000, 4,000,,8,000 and 

16,000. 

Calculation of combined macro- and micro-convective mass transfer 

coefficients k Ag+ 
1 2 L , , 

The combined mass transfer coefficient 
Ag+ 

k 
L 1 2 

for both micro

Vogt equation and macro- convection was calculated from the , 

=, /L [ 1 + ekL r 1 0,5 

" lkL 
•• (2.88) k 

1 2 L . , 

Ag+ 
The estimated microconvective mass transfer coefficients IkL 

were calculated previously (Table 4.49) for a series of average 

bubble diameters and 

calculated values of 

a gas evolution rate of 1.9 x 10-3 cm 5- 1, The 
Ag+ 

2kL are given in Table 4.52 for each bubble 

diameter. 

coefficient, 

The method of calculation of the combined mass transfer 
Ag+ 

k using Equation (2.88) was shown on page 256. 
12 L 

, , 



Reynolds Sherwood Mass Transfer 
number number coefficient 

Rede Sh Ag+ 
Ag+ 

,kL de 
cm S-1 

1,000 137.6 1.61x 10- 3 

2,000 173.4 2.02x 10- 3 

4,000 297.2 3.47x 10- 3 

8,000 471.8 5.51x10- 3 

16,000 748.9 8.74xlO- 3 

. 

L/de 2.92 

D 1 X 10-5 cm" S-I. 

SC 1,202 

Laminar Flow de }O.333 
Sh = 1.85 {Re Sc 

L 

Turbulent Flow 
ReO. 667 0.333 de 0.'5 

Sh = 0.145 Sc 
L 

Table 4.52 Dimensionless variables and theoretical 
mass transfer coefficients for the 
macro-convective (flow only) transport 
of silver tracer in nickel sulphamate 
solutions. 'Short' electrodes. 
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Ag+ 
The values ofl zkL were estimated for Reynolds numbers of . , 

1,000, 2,000, 4,000, 8000 and 16,000 and bubble diameters of 60, 

2 and 0.1um. The data are shown in Table 4.53. 

·Interpretation 

The calculated values of the combined mass transfer coefficient 

I 2ktg+, of Table 4.53 is displayed graphically on logarithmic co-
. f H. 

ordinates as a function of solution Reynolds number, for each average 

bubble diameter (Fig.4.167). 

The line A-A of Fig.4.l67 represents the mass transfer correlation 

in the absence of gas evolution as· determined by solution of the 

appropriate design equation. The overall effect of gas evolution will 

be to increase the mass transfer coefficients. However, the increased 

rate of 'flow only' mass transfer to electrodes 2.92 equivalent diameters 

long will result in a smaller micro-convective contribution to the com

bined mass transfer coefficient when compared to combined mass transfer 

to electrodes 11.7 equivalent diameters in length. 

An average bubble size of -6OUm (line B-B) will result in 

appreciable increases in mass transfer rate in laminar flow. In turbulent 

flow, the increase in mass transfer coefficient is relatively insignificant. 

As the bubble size is reduced the influence of microconvection 

progressively dominates. With an average bubble diameter of -2Um (line 

C-C) mass transfer coefficients will tend to be independent of flow rate, 

particularly in laninar flow. Macro-convective mass transfer begins to 

be significant at about Re, 3,000. At Re, 16,000 the combined mass 

transfer coefficient approaches the 'flow only' mass transfer coefficient. 

However, a further decrease in bubble size to an average bubble 

diameter of -O.2Um (line D-D) will result in the predominance of micro

convection over macro-convection. The combined mass transfer coefficient 

is almost independent of Reynolds number up to Re, 16,000. At very high 

Reynolds numbers the macroconvective contribution will again become 

significant. 



Reynolds Combined mass transfer 
number Coefficientl', 2k~g+ cm s-I 

Gas bubble diameter 

6~m 2\]n O.lUm 

1,000 2.14 x 10-. 7.87 X 10- 3 34.5 X 10- 3 

2,000 2.46x 10- 3 7.96x10- 3 34.5 X 10- 3 

4,000 3.75xlO- 3 ' 8.45xlO- 3 34.6x 10- 3 

8,000 5.69x 10- 3 9.47xlO- 3 34.9 X 10- 3 

16,000 
. 

8.85x 10- 3 11.7 X 10- 3 35.5 X 10- 3 

. 

Llde 2.92 

D 1 x 10-5 cm· S-I 

SC - 1,202 

= I kL I 1 
+(2kLf] 

0.5 

k 
I- ,2 I kL 

I kL - macro-convection 

Z kL - micro-convection 

Table 4.53 Summary of the theoretical combined 
mass transfer coefficients for the 
transport of silver in nickel 
sulphamate solutions. 'Short' 
electrodes. 



...
I Cl) 

E 
u -..J 

.:x:: 
N 

..... 
c:: 
aJ 

c... 
QJ 
4-
Cl) 

c:: 
re c... ..... 
Cl) 
Cl) 

re 
::E 

-

D_ 

. _. -._._._.--0 

B -------

A 

___ D 

-.-
( .... . -

B 

Re 

Fig.4.l67 Theoretical correlation of the rate of mass transfer 
of Ag+ to cathodes 2.92 de in length as a function 
of Reynolds number, with gas assisted mass transfer, 

A A· - mass transfer in the absence of gas 
evolution (Equations 2.46 and 2.67) 

gas assisted mass transfer rates calculated from 
Equations 2.46, 2.67, 2.85 and 2.88 for the following 
bubble diameters 

B - - - B 
C - • - C 
D __ D 

60llm bubbles 
21lm bubbles 
Illm bubbles 
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With a gas bubble diameter of about 0.1~m, the rates of mass 

transfer are comparable with the experimental results (Section 4.5.1). 

In practice it is probable that gas bubbles with a wide range 

of bubble diameters may be produced. The average bubble diameter is 

probably a function of the flow rate and the rate of gas evolution 

(see Section 2.3c). At high Reynolds numbers the bubble size will be 

smaller than at lower Reynolds numbers. Hence the experimental mass 

transfer correlation may be complex, as the contribution of micro

convectio~ to the overall rate changes with the flow conditions and 

the deposition rate. 

Overall summary of mass transport studies in nickel sulphamate solution 

The experimental study using the silver tracer method, has 

indicated that in turbulent flow the rate of mass transport in nickel 

sulphaDate solutions may be an order of magnitude greater than expected 

from a simple theoretical transport analysis. This applies to both 

long and short cathode geometries. Additional anomalies were observed 

in laminar flow, where gas bubble adhesion was evident. 

The concomitant. hydrogen gas evolution at the cathode may also 

tend to increase transport rates and may provide an explanation of the 

experimental results. 

The model for the combined effects of solution. flow and gas 

evolution has indicated that for small gas bubbles (-0.1~m), the rates 

of mass transfer are cODparable to that observed experiDentally. 
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An overview of the results 

The preliminary studies in Cell 1 have shown that sound nickel 

foils may be deposited at high current densities. At the maximum 

current density (imax )' nickel hydroxide and powder was deposited. 

However, it was noted that anode gases contact the cathode, particularly 

at low flow rates and may influence the cathodic processes. 

The Cell 2 design incorporated a dividing diaphragm to separate, 

the anode from the cathode. This unusual cell design was characterised 

using the mass transfer controlled deposition of copper from a dilute 

acid copper sulphate electrolyte. 

Detailed electroforming studies in Cell 2 have shown that sound 

and coherent nickel foils may be deposited, at high current efficiency 

(>95%) at current densities up to -1.3 A cm-'. Hydrogen bubbles were 

observed streaming along the cathode length. 

The maximum current density (imax) was observed to increase, 

with increasing flow rate and temperature, and decreasing cathode 

length. However the absolute value of i max was found to be significantly 

less than the value of iL' as calculated from the design equations. 

Current distribution studies have shown that under the normal 

operating conditions (i.e. anode length greater or equal to the cathode 

length) high current densities were observed at the leading and trailing 

edges. A mass transfer controlled current distribution was not observed. 

The maximum current density was significantly increased to >2 A cm- 2 by 

operating the cell with a uniform current distribution to produce 

deposits of a more uniform structure. 

An investigation of the anodic pol~risation behaviour has shown 

that oxygen evolution was the principal anode reaction. The low con-

centration of chloride used in the present work was ineffective in' 

promoting anode corrosion. 

There was no clear evidence of a cathodic limiting current density. 

Inflections observed during cathodic polarisation studies may be 
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associated with the reduction of oxygen or effects related to the 

evolution of hydrogen. 

Finally it has been shown, using the silver tracer technique, 

that mass transfer rates during nickel deposition were greater than 

expected from the design equations. A model of mass transfer, in a 

flowing system (macroconvection) with superimposed hydrogen "evolution 

(microconvection), has indicated that mass transfer rates are enhanced 

by gas evolution. 

It is clear that the experimental results are not consistent 

with a 'simple' mass transfer model, involving the transport of aqueous 

nickel ions. 

Chapter. 

This inconsistency is examined further in the following 
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5. DISCUSSION 

An initial survey of the literature had provided no direct 

evidence of mechanistic complexity in the nickel sulphamate system. 

An overall process of the form 

was therefore assumed. Hence at the outset of the present work a 

rather simplistic approach was adopted in devising the experimental 

programme. Hence it was reasonable to assume that the expected charac.ter

istics of a mass transfer controlled reaction would be observed. 

However as has been seen, the nickel sulphamate system proved 

to be more complex than at first envisaged, providing little or no 

evidence of a simple mass transfer controlled (m.t.c.) process. For 

this reason the discussion of the results is presented in direct com

parison with·the relatively simple m.t.c. process of copper deposition 

from dilute acid copper sulphate electrolyte. 

The discussion is presented in four sections. The mass transport 

and current distribution aspects of the electro-deposition are examined 

in Sections 5.1 and 5.2 respectively. In both sections the case of 

copper and nickel deposition are discussed separately. 

The polarisation behaviour of the nickel system and the evidence 

relating to the structure and properties of the nickel electroforms 

are discussed in Sections 5.3 and 5.4 respectively. 

The final section (Section 5.5) consists of some general and 

practical implications of the present work with regard to the fast 

electrodeposition of nickel and includes an overall surnnary of the 

discussion. 
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5.1 Mass Tranport Studies 

(a) Mass transport studies in the CuSo. - H,SO. system 

It was of interest to study the deposition of copper, to 

establish the mass transfer characteristics of Cell 2 independently 

from the Ni-based system. This also provided so~e direct comparison 

with the nickel deposition system. 

The cathodic deposition of copper from a dilute acid copper 

sulphate system has been widely used in previous studies of the mass 

transport characteristics of a range of ·electrochemical cell designs 

(e.g. 25-29); The system offers several advantages for mass transport 

studies, of which the occurrence of a well-defined limiting current 

density is of major importance. Values of the necessary physical 

properties of the electrolyte (density,viscosity and diffusion coeffi

cient) are readily available from the literature. The system is also 

cheap, chemically stable and simple to analyse (by A.A.S.) 

Dilute copper solutions (usually < 0.1 M Cu) are preferred for 

the following reasons: 

(i) Changes in the diffusion coefficient close to the electrode! 

electrolyte interface due to a decreased copper concentration 

within the mass transfer boundary layer. are minimised. 

(ii) The effect of free convection at low Reynolds Numbers (Re <500) 

resulting from significant changes in the copper concentration 

and hence the electrolyte density within the mass transfer . 

boundary layer are minimised. 

(iii) Convenient values of· the limiting current densities are produced 

to enable the use of cathodes of a reasonable size. This avoids 

the need for high current output instrumentation. 

(iv) Hell defined limiting current densities are obtained in less 

concentrated solutions. At much higher copper concentrations 
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mass transfer rates are high and deposits may become rough 

and powdery. The 'resulting increase in the effective surface 

area and the cathode and hence the current requirements, may 

obscure the limiting current. 

The acid component of the electrolyte (t.5M HoSO.) acts as a 

supporting electrolyte and minimises the migration of copper ions in 

the electric field. The acid also ensures· that the solution has a 

high electrical conductivity. 

For the present study, the system O.014H CuSO. - 1.511 HoSO. was 

selected, since the temperature dependence of the diffusion coefficient, 

viscosity 'and density of this system were well known (342). The anode 

reaction was copper ·dissolution, which proceeds attOO% efficiency 

under the conditions used (in contrast to the nickel system). 

Cathodic polarisation behaviour 

Before discussing the effects of the various experimental variables 

on the deposition rate, it is of interest, for later comparison with 

the nickel sulphamate system, to briefly examine the mechanism and 

cathodic polarisation behaviour of the copper deposition system. 

The deposition of copper from dilute sulphate solutions represents 

a relatively si~ple process (involving aquo-cations). 

overall reduction process may be written as 

Although the 

•••• (5.1) 

it has been shown (6) that the reaction proceeds in tl~O steps: 

+ Cu + e 

+ ... Cu 

... Cu 

.(5.la) 

.(5.tb) 

The simple electron charge transfer step (5 .la) ,is rate determining at 

potentials not too near the reversible potential. At lower potentia1s 

the reaction may become mass transfer controlled. In general, the 

separation bet>Teen the potential at which the reaction becomes mass 
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transfer limited and the discharge potential of hydrogen (the 

secondary reaction) is sufficient to result in a clearly defined 

,Hmi ting current. 

The above features were clearly observed in the experimental 

cathodic polarisation curves, particularly in laminar flow (e.g. Fig.4.30). 

The charge transfer step is rate determining at overpotentia'ls >-scmv 
and the deposition process becomes mass transfer. controlled at lower 

over potentials. The limiting current plateau was generally observed 

over the potential range -100 to -600 mV (vs.Cu reference). 

However, at higher temperatures, turbulent flow rates (e.g. Fig.4.43) 

and short cathode lengths (e.g. Fig.4.S3), where mass transfer rates are 

greatest, the limiting current plateau may be distorted. This effect 

was probably ,due to the observed increase in the roughness of the deposit 

at high rates of mass transfer resulting in an effective, increase in the 

surface area of the cathode and hence higher currents. 

However, it should be noted that even at the highest temperatures 

(-60~C) and Reynolds number (Re- 30,000) and the shortest'cathodes 

(L/de -0.5), a limiting current density was clearly observed. 

As has been seen (Section 2.1a and 2.3a), the deposition rate is 

directly related to the limiting current density and hence to the mass 

transfer coefficient. . It was evident that, for the present investigation, 

the results may be discussed in terms of the three principal factors 

affecting the deposition rate i.e. temperature, cathode length and flow 

rate. 

The above variables were combined in a series of dimensionless 

mass transfer correlations, which describe the mass transfer performance 

of the cell over specific ranges of experimental conditions. 

i) The effect of temperature (at constant flow rate and cathode length) 

The theoretical aspects of the effect of temperature on the 

deposition rate were described previously in Section 2.1b. In general, 

a higher temperature favours a faster rate of mass transfer and hence 
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higher limiting current densities. This was confirmed by the 

experimental results, in both laminar (Fig.4.39) and ·turbulent 

(Fig.4.49) flow. 

As has been seen (Section 2.lb), an increase in the temperature 

of the electrolyte affects both the value of the diffusion coefficient 

(D) and the kinematic viscosity (v) and both terms appear in the design 

equations for the cell. For example, in turbulent·flow (long electrode 

system, p.l28), the design equation is: 

Shav = 0.023 Re 0.8 Sc 0.33 

or in expanded form 

kLde U de 0.8 .lL 
0.33 

= 0.023 ( --) ( ) 
D v D 

Therefore in terms of the mass transfer coefficient, kL 

= O 8 - 0 2 0.023 u.' d • e 

• •••• (2.65) 

• •••• (2.65a) 

• •••• (2.65b) 

The relative change in the rate of mass transport over the 

temperature change Tl to T2 is given, for a constant flow rate u and 

equivalent diameter, de by 

•••• (5.la) 

where the subscripts land 2 refer to the value of v and D at 

temperatures Tl and T2 respectively. 

Similarly at constant Reynolds number (U de) 

k 
1 L/ k 

2 L 

••••• (5.1b) = 

The relative change in the mass transfer coefficient 50·~/ k_ for 
60· -1, 

the copper deposition system used in the present work over the temperature 

range 50· to 60·C, may be calculated as follows: 
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SO·C, 0.63 X 10-' cm' -I D 9.8 x 10-6 cm2 5-1 When Tj = VI= S , = 

and T2 = 60·C, v. = 0.49 X 10-' cm' -I s , D. = 12 X 10-6 crn 2 5-1 

(Data from Table 4.12) 

then, at constant u and de (from Equn. S.la) 

r 0.63xlo-'1- e.'t7 [9.8X10-6 ] _0 .• 67 

L 0.49xlO-' 12 x 10-6 

= 0.78 

The experimental mass transport studies confirmed the theoretical 

calculation. For example (from Fig.4.49), when u = 100 -I cm s , 

iL = 2.15 x 10-' A cm-' at SO·C and iL = 2.75 x 10-' at 60·C, 

then 

= 
2.1SxlO-' 
2.75xI0-' 

= 0.78 -
Therefore, at a constant flow rate, an increase in temperature from SO· 

to 60·C resulted in a 22% increase in the mass transfer coefficient 

(and the deposition rate), as expected from the design equation. 

ii) The effect of cathode length (at constant flow rate and temperature) 

An analysis of mass· transport in parallel plate electrochemical 

cells (Section 2.3b) has demonstrated that the effect of the cathode 

length on the average rate of mass transfer (as defined by the average 

limiting current density) is dependent upon whether the flow regime is 

laminar or turbulent. 

In·laminar flow, where mass transport entrance lengths are expected 

to be significant for cathodes of reasonable length (i.e. L/ de «(00), 

the average limiting current density is predicted to be a function of 
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cathode length. As expected the experimental results (e.g. Fig.4.4l) 

tended to confirm the theoretical prediction, that the average limiting 

current density decreases with increasing cathode length. 

However, in turbulent flow, the mass transfer boundary layer 

develops more rapidly and mass transport entrance lengths are shorter. 

According to Pickett (150), the mass transfer boundary layer should be 

fully developed over a cathode length of L/de <7.5. Consequently, the 

average limiting current density is expected to be substantially un

affected by further increases in cathode length. The experimental 

results (e.g. Fig.4.55) are consistent with this view. 

A quantitative estimate of the effect of the cathode length 'on the 

average limiting current density may be deduced from the design equation 

for Cell 2 in turbulent flow, with short electrodes' (p.128). A 
d 0.25 

relationship of the form, Shav Cl. (~) would be expected (all other 
L 

parameters being constant). Since Shav Cl.aviL then 

1iL -[ "",] 0,25 

2iL del 
L2 

or 

1iL 
[L2/ 1 0.25 

.= 

L1 I:: 2iL 
.(5.2) 

for cathodes of length L1 and L2 respectively'. 

L For example, (using data from Table 4.15) when 1/de = 7.1 and 

L21 = 3.0, the relative change in the limiting current density 
de 

7.1 i L predicted was (from Equation (5.2) 

i 
7.1 L 

3.0\ 

= [3.0] 0.25 -0.8 
7.1 

and from the experimental results, the relative change in the limiting 



current density was 

i 
7.1 L 

i 
3.0 L 

= 
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1O.6x10- 3 

14.1x10- 3 
- 0.8 

As may be seen in the case of copper deposition, reasonable 

agreement was found between the value of 7.1 i L, predicted from 

3.0 i L 
\ 

Equation (5.2) and that determined experimentally. 

iii) The effect of the flow rate (at constant temperature and 
electrode length) 

As has been seen (Section 4:2.1), the experimental ~ork has 

clearly demonstrated an increase 

with increasing flow rate (u) in 

in the limiting current density ( iLl av 
laminar (Fig.4.39), and turbulent 

flow for both 'long' cathodes (e.g. Fig.4.49) and 'short' cathodes 

(e.g. Fig.4.54). This observation .is a fundamental aspect of mass 

transport in aqueous solutions (e.g. Sections 2.1b and 2.3). In 

laminar flow, a single relationship between iL and U is to be expected. 
av 

However, in turbulent flow, it has been sho,;n (Section 2.3b) that the 

form of the relationship between iL and U is dependent on the electrode av 
length. The proportionalities observed experimentally and those 

expected from the design equations may be summarised as follows: 

Laminar flow 
(Re <2,400) 

Turbulent flow -
'long' electrode system 
(L/de = 11.4) 

Turbulent flow -
'short' electrode 

Ststem 
( Ide ~ 9.4) 

Experil'len ta 1 

• 0.3 
~ Cl U 
L 

Design equation 
0.33 

iL Cl U 

(from Equn.(2.49» 

i Cl U 
L 

0.6 

(from Equn.(2.65» 

0.67 
iL Cl U 

(from Equn.(2.67» 
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As may be seen, the experimental relationships were in reasonably 

good agreement with those predicted from the design equations. In the 

case of the 'short' electrode system in turbulent flow, the experiment

ally determined relationship was found to be applicable, for cathode 

lengths Llde ~ 9.4. According to Pickett (150) the design equation 

(Equn. (2. 67)) for this electrode system is suitable for elec,trode 

lengths, Llde ~ 7.5. However, the design equation for 'short' electrodes 

may also be applied with minimal error, to slightly longer electrodes 

(e.g.L/de ~ 9.4), since a narrow range of intermediate electrode lengths 

between 'short' and 'long' electrodes would be expected. 

iv) The mass transfer correlations 

As has been seen (Section 4.2.1), the experimental results were 

correlated by three dimensionless mass transfer correlations. The 

experimentally derived relationships and the comparable design equations 

may be summarised as follows: 

Laminar flow 
(Re < 2,400) 

Turbulent flow 
'long electrode system 
(L/de = 11.4) 

Turbulent flow 
'short' electrode system 
(L/de $ 9.4) 

Experimental correlation 

Sh= 2.8 [Re Se de 1 
(Equn;(4.1)) L 

0.87 0.32 
Sh = 0.023 Re Sc 
(Equn.(4.2)) 

, 0.72 de 0.~2 
Sh=0.18lRe 

'0.33 L. 
Sc 

(Equn.(4.3)) 

Design correlation 
de 0.33 

Sh = 1.85 [Re Sc Tl 
(Equn.(2.49)) 

0,8 0.33 
Sh = 0.023 Re Sc 

(Equn. (2.65)) 

Sh= 0.145 Re 
::: 0.33 
Sc 

(Equn. (2.67)) 

0,61 de 0.25 

L 

The experimental correlations,for all flow conditions and cathode lengths, 

were in reasonable agreement with the correlations used for cell design 

purposes. However, it would appear that the mass transfer rates are 

slightly greater than expected theoretically. As ,has been stated 

elsewhere (p.l8l), the increased rate of mass transport may be associated 

with the comparatively unusual split cell design, possibly resulting in 
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the use of an inappropriate value of the equivalent diameter of the cell 

(de) and an unequal division of flow between the upper and lower cell 

compartments. 

It is also evident, that, for parallel plate cells of small 

dimensions, an improved prediction of mass transfer rates in laminar 

flow would be obtained using Equations (2.53) (cf Equation (4.1» 

= 2.54 {Re Sc ~e} 
O. 3 

••••• (2.53) 

as opposed to Equation (2.49) (see Elbo p.51-54). 

However, it should be noted that, the relationships used in 

designing the cells were only expected to give a good approximation to 

actual cell performance. In addition, a greater mass transport rate can 

only be beneficial for fast rate electrodeposition studies. The results 

of the mass transport studies in the copper system are compared with the 

nickel system in the following section. 

5.l(b) nass transfer aspects of the electroforming of nickel foils in 
the sulphamate system 

As has been seen (Section 4.42b) there is no clear evidence of a 

limiting current density.in the nickel sulphamate system (see also Section 

5.3b). Hence the conventional method of measuring mass transfer 

coefficients, as used in the copper deposition studies, was not available. 

Alternatively mass transfer data could be obtained from measure

ments of current efficiency (as a function of current density). Assuming 

a simple m.t.c. reaction, a gradual decrease in current efficiency may be 

expected as the H.E.R. becomes the predominant reaction (e.g. ref.213). 

However, as has been seen, (e.g. Section 4.3) the current efficiency was 

maintained at ~ 95% for the deposition of a sound and coherent nickel 

deposit. It was only when significant quantities of nickel hydroxide 

were deposited that a marked decrease in the current efficiency was 

detected (see also Section 5.3b). 
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Similarly, it may be expected that a graduated deterioration in 

the morphology and properties of the deposit may be observed as the 

reaction becomes mass transfer controlled, resulting in a gradual rough

ening of the deposit and the appearance of powder deposits as the 

current density approaches iL' Such features were commonly observed 

during the electrodeposition of copper (e.g.p.176) and are associated 

with spherical diffusion, of the reacting ion, to the electrode (p.90). 

However, in the case of nickel deposition it was useful to define 

a maximum current density (imax ) up to which the deposit remained sound 

and coherent (p.171). At i max the deposit morphology deteriorated over 

a very narrow range of current densities (typically « 0.05 A cm-'), 

showing evidence of both hydroxide and powder deposits simultaneously 

(e.g. Fig.4.78e and f). 

It is important to note that the measured values of imax were 

considerably lower than the value of i, calculated from the design 

equations. 

Since i max was the factor which was readily determined and may 

also be related to mass transfer effects in the nickel sulphamate system, 

the variation of i max with the various experimental parameters was 

examined, as described in Sections 4.1 and 4.3. 

In this Section the effect of flow rate (Reynolds number), 

electrode length and temperature, on the maximum current density for a 

sound deposit, will be discussed, in comparison with the copper system. 

Finally, the implications of gas evolution, for mass transport processes 

in the nickel sulphamate system and the absolute values of i max ' will be 

considered. 

The effect of flow rate (at a constant temperature and flow rate 

The results obtained in laminar flow at 60°C were inconclusive 

and irreproducible. Since large bubbles of hydrogen were observed 

adhering to the cathode (e.g. p.156 and p.190), it would appear that it 

is under conditions of insufficient agitation,that gas evolution may have 
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a deleterious effect on the deposition rate and the nature of the 

deposit (see also Sections 5.2b and 5.4). 

However, in turbulent flow (at 60·C), the results indicated an 

increase in i max with increasing flow rate (e.g. Figs. 4.64 and 4.84). 

The experimental relationship between i max and the Reynolds number, 

although somewhat approximate, may be summarised as follows: . 

Cell I, L/de - 3.3 

Cell 2, tide - 2.9 

Cell 2, L/de - 11.7 

Experimental 
0.6 

i max ex Re 

0.6 
i max ex Re 

o • " i max ex Re 

Design Equation 
o .b7 

iL ex Re 

(from Equn.2.67) 
0.67 

iL q Re 

(from Equn.2.67) 

. R 0." 
1L ex e 

(from Equn.2.65) 

The proportionalities expected from the design equations are also 

shown for comparison purposes. As may be seen, the experimental results 

are in reasonable agreement with those expected from the design equation, 

(although the latter are based on the limiting current density), and 

therefore compare well with the results obtained from the copper system 

(Section 5 .1a) • This would clearly suggest that a mass transfer con-

trolled process of some type was taking place. However, there is no 

clear evidence to support the view that i max is equivalent to iL' or 

even related to iL. 

Unexpectedly, the results obtained at 70·C were in contrast with 

those obtained at the lower temperature. Although the deposition rates 

tended to be considerably higher than those observed at 60'C, there was 

no clear relationship between the flow rate and i max • In addition, no 

significant differences in the value of i max ' or the nature of the deposit, 

were observed between foils e1ectroformed in laminar or turbulent flow. 

This may be compared with the copper system, where a constant 

-relationship between flow rate and iL was observed over the temperature 
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range 28· to 60·C (e.g. Fig.4.49). 

This would suggest that mass transport phenomena are more 

complex in the nickel system, particularly at 70·C. This subject is 

discussed further on page.276 and in Section 5.3b. 

The effect of cathode length (at constant flow rate and temperature) 

It was clearly evident that higher values of i max were possible 

using Llde ratios of up to about 5 (cf. Figs.4.64 for short electrodes 

and 4.84 for long electrodes. The results also indicated that the 

relationships between flow rate and i··· are a function of cathode length max 
(see previous page). 

These findings are in broad agreement with mass transfer theory 

(Section 2.3b ) and hence the experimental results of the copper system, 

where length effects were found .to be significant for Llde < 7 (see 

p.269). 

A semi-quantitative view of the effect of cathode length (L/de) 

on i max may be determined, in a similar manner to that "described previously 

for the copper system using the following equation: 

0.25 
••••• (5.2) 

L 
and when 2" Id e = 2.9' and 

L 
1/de = 4.7, the proportional increase in the 

limiting current density (iL) is given by: 

[~] 4.7 -
0.25 

" 0.9 

However, the corresponding increase in the maximum current density (imax ) 

for the same decrease in cathode length was (Table 4.30) 

i 4.7 max 
i 2.92 max 

0.7 
1.0 

0.7 
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As can be seen there is some evidence of a mass transfer effect 

resulting from changes in cathode length. However, the increase in 

i max is not as great as would be expected. If we were to assume that 

i max is equivalent to or directly related to iL this may infer additional 

complexity such as current distribution effects, in the deposition 

process (see also Section 5.2). 

The effect of temperature 

It was evident from the results that i max significantly increased 

with increasing temperature (e.g. p.2l9). As has been seen from the 

copper system (Section 5.la), this would be expected for a m.t.c. reaction, 

operating at the limiting current density. 

However, discrepancies between practice and theory are again 

evident when the results are examined semi-quantitatively. The relative 

change (at const.Re) in iL (or kL) was calculated from the equation (see 

Section 5.la). 

• •••• (5.lb) 

using data from Table Al (Appendix 2e). 

i 
The theoretical change in 50 L over the temperature range 50· 

60i L 

to 60·C was 

50· i L 0.33 [ -5] 0.67 

[1.492X 10--] 0.54 x 10 = 
60· i L 1. 202 x 10-- 0.64 X 10-5 

= 0.96 

and similarly over the temperature range 60· to 70·C 

= 
(
1.202X 10~-] 
1.035 x 10 -

= 0.88 

[

0.64X 10-5] 0.67 

0.83 X 10-5 J 
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In practice, the following changes in maximum current densities 

were recorded (at Re 6,600 ± 300, p.219) 

i 0.4 50· max = i 0.6 60· max 
- 0.66 ......... 

and i 0.6 60· max = i 1.15 70· max 
- 0.52 

It is therefore evident that a 10·C increase in temperature 

resulted in a 30 to 50% increase in i max ' in contrast to the 4 to 12% 

predicted from mass transfer theory. 

This would suggest that temperature has a more significant effect 

on the diffusion coefficient than assumed (see Appendix 2e) or that 

i has a complex relationship with iL' Additional factors such as max 
IR heating. effects at the electrolyte/electrode interface and the 

temperature coefficients of the complex solution equilibria that may be 

involved in the nickel deposition process may also be of some importance 

(see also Sections 5.2b, 5,3, and 5.4). 

The implications of gas evolution for mass transport in the nickel 
sulphamate system 

The deposition of copper from the dilute acid copper system was 

not accompanied by the evolution of hydrogen until the limiting current 

density was exceeded (p.173). In contrast, nickel deposition was always 

accompanied by hydrogen evolution which, as has been seen, may significantly 

alter the nature of the deposit, the distribution of current in the cell, 

and the rate of mass transfer. 

The results of silver tracer experiments have demonstrated that the 

mass transfer rates (at least for silver ions) in the nickel sulphamate 

system tend to be about an order of magnitude greater than expected from 

a simple mass transfer theory (e.g. Figs.4.1n4 and 4.).65). The most 
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likely explanation for the increased mass transfer rates is a 

superimposed microconvective mass transfer resulting froM the concomitant 

hydrogen evolution accompanying nickel deposition (p.251). As has been 

seen from the literaturc·(Section 2.3c) many theoretical and experimental 

studies have confirmed that such gas related effects are to be expected. 

In this respect the nickel system differs significantly from the copper 

system. 

Mass transfer rates of the same order of magnitude, as determined 

experimentally, have been calculated using the gas model (Section 4.52). 

However, comparable mass transfer rates are only likely when the diameter 

of the gas bubbles is <O.l~m, and when the overall (combined) rate of 

mass transfer is dominated by microconvection. It. should also be noted 

that the development of the model assumed a constant volume of evolved 

gas and a constant gas bubble diameter (see also p.260). 

In general it would appear from a semi-empirical analysis that as 

the total current density (and the cathodic overpotentia1) increases, the 

volume of gas will increase and the bubble diameter decrease. Similarly, 

as the flow rate increases the average bubble diameter will tend to 

decrease. Hence the mass transfer rate may increase with increasing 

deposition current density and flow rate. It should be noted (Fig.4.l64) 

that variability in mass transfer rates has been observed experimentally, 

particularly at low flow rates. 

The absolute value of i max and the relationship to iL 

As has been seen, i max was less than i L, based on a 'flow only' 

model of the transport of Ni 2+ ions. 
aq 

Now West (5) has calculated that the nickel system is unlikely to 

be mass transfer controlled at i/iL < 0.8 (see also Section 5.2). (Thi~ 
is in contrast to the copper system where concentration polarisation may 

be observed at i/iL < 0.4). Since, (even for a 'simple' mass transfer 

model), imax/iL < 0.3, this would suggest that i max and iL are not directly 

comparable. 
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It is clear that the· co-deposition of hydrogen gas does not, 

in itself, explain the difference between 

seen (Section 2.4b) several other species 

i max and iL' As has been 
2+ 

(apart from Ni ) may be 
aq 

involved in the deposition process and may also be subject to the 

effects of combined mass transfer. Some of the processes will be 

examined further in the following sections. 
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5.2 Current Distribution Studies 

a) Current distribution studies in the copper sulphate system 

Although theoretical and empirical solutions of current distribution 

are available for some simple electrode geometries, the problems of 

current distribution for complex electrode geometries are l~ss well 

understood. However, empirical relationships for metal (and hence 

current) distribution are common in commercial electroplating. 

Segmented cathodes have been used in previous current distribution 

studies (e.g. 28). The method represents a simple, yet effective, 

means of measuring local current densities particularly at sub-limiting 

current densities. 

Current distribution is a topic of some complexity. However, for 

simplicity, this part of the present work is discussed in terms of: 

(i) current distribution in the absence .of significant electrode polarisa

tion; (ii) current distribution at sub-limiting current densities; and 

(iii) current distribution at the limiting current density. 

i) Current distribution in the absence of significant electrode 
polarisation 

For a more complete understanding of current distribution in 

parallel plate cells, it is necessary to briefly examine some theoretical 

aspects of the subject relevant to the discussion of the results. 

In the absence of electrode polarisation, a primary current 

distribution will dominate the electrode behaviour. Primary current 

distributions are determined by geometric considerations alone and the 

solution potential in the cell obeys a general relationship known as 

Laplaces equation: 

2 
V cp = 0 

Although Laplaces equation is difficult to solve, Newman (355) has given 

the solution for the simple case of current distribution between equal 

parallel plates opposite each other in a channel as: 
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i e: cosh e:/K (Tanh" ~l) X .(5.3) = . . . . 
i:~v 

I sinh e: - sinh 2 (2 x e:/L) 

where: e: = 1IL/25 

L = electrode length 

S = distance between the electrodes 

X = distance from the centre of the electrode 

and K is the complete integral of the 1st kind 

=11/%0_ -1 
m sin" e) i se 

and rn = ITanh e: 

Equation (5.3) was solved for the Cell 2 geornetry and a series of 

cathode lengths (2 to 6.8 cm), to 

tributions shown in Fig.(5.l). 

produce the theoretical current dis

(However, the integral K was solved by 

repeated numerical integration and the value of K becomes increasingly 

more unreliable for cathode lengths> 5 cm). As may be seen the primary 

current distribution tends to become more uniform as the cathode length 

increases. (The current distribution is uniform when L ~ ~). 

In the absence of significant electrode polarisation, the current 

densities at the leading and trailing edges of the cathode tend towards 

infinity. However, in practical electrode-electrolyte systerns infinite 

current densities are not observed and the overall current distribution 

will be modified by the secondary current distribution. (e.g. Fig.5.2). 

ii) Current distribution at sub-limiting current densities 

With slow electrode kinetics, polarisation of the electrode will 

attempt to readjust the potential distribution in the solution, so as 

to reduce the infinite current densities at the electrode edges. The 

problem may be regarded as the result of imposing an additional resistance, 

the charge transfer resistance, at the electrode-electrolyte interface. 

As may be seen from the experimental results (Fig.4.59), the 

deposition of copper at sub-limiting current densities (O.5iL) produced 
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a more symmetrical, modified primary - secondary current distribution, 

consistent with theoretical predictions. 

Ho"ever, it should be noted that at current densities which are 

a significant fraction of iL, the problem is complex due to the combined 

effect of all the contributing factors. Newman (356,357), has provided 

a solution of the problem of complex current distributions in parallel 

plate cells operating over a range of conditions, by applications of 

Laplaces equation with complicated and/or non-linear boundary conditions. 

His results have indicated that distortions of the current distribution 

at significant fractions of iL are possible (Fig.5.3). 

It would appear that, for a fast reaction (such as copper 

deposition), mass transport effects may influence the current distribution 

at current densities < 0.5 iL. (It is of interest to note that the 

results of calculations by West (5) have suggested that for the copper 

system, concentration 

overpotential at i/iL 

overpotential is comparable with the activation 

" 0.4). Hence at 0.5 iL mass transport effects 

may be contributing "to the observed current distribution. 

iii) Current distribution at the limiting current density 

The primary-secondary current distribution is only valid uhen 

the electrolyte has a uniform composition. It is an implicit assumption 

of the Laplace equation, that the concentration of metal ions in the 

solution is constant throughout the cell, whereas for a mass transport 

controlled reaction (one occurring at or very near the limiting current 

density), the concentration approaches zero at the electrode-electrolyte 

interface and Lap1aces equation is invalid. At the limiting current 

density, the distribution of current is determined solely by mass transfer 

considerations (e.g. Fig.5.3). 

The experimental results have indicated that, for both 1aminar 

and turbulent flow (Figs.4.57 to 4.59), the current density is highest at 

the leading edge of the cathode where fresh solution reaches the electrode 

and decreases downstream as the solution becomes depleted. 

are consistent with the theoretical pre'dictions; 

These findings 
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In laminar flow, the mass transfer coefficient and hence the 

local current density (ix) is expected to be a function of the distance 

along the electrode (e.g. Equation (2.48». The experimental results 

(e.g. Fig.4.57) have provided some qualitative confirmation of this. 

Here, the mass transfer boundary layer continues to develop along the 

entire length of the cathode, as metal ions in solution are progressively 

depleted, resulting. in a higher partial limiting current density at the 

leading edge and a progressive decrease in the local value of iLx/iLav 

. along the electrode. 

In contrast, mass transfer entrance lengths are fully developed 

over a much shorter distance in turbulent flow. .For electrode lengths 

> Bde, the average current density is unaffected by the electrode length 

(at constant Re). This was assumed in the use of the Chilton-Colburn 

equation 

= 
0.8 ~ 

0.023 Re Sc' 

as a design equation (Section 2.3b). 

••••• (2.45) 

The form of the current distribution may be compared with earlier 

results for the effect of electrode length on the average rate of mass 

transfer (cf.Figs.4.58 with 4.41 and 4.55). However, whereas the former 

show the local mass transfer rate (as a local limiting current density) at 

a point (x) along the length of the cathode, 11.4 de in length, the latter 

show the average mass transfer rate over an electrode of length, L. 

The use of the segmented electrode for the measurement of current distri

bution studies enables even a low order length dependency of the mass 

transfer coefficient to be detected. 

The experimental results have shown that the mass transfer boundary 

layer developed rapidly in turbulent flow (Fig.4.58) and occupies <25% of' 

the cathode length. The distribution of current was relatively constant 

over most of the cathode length and hence a low order-length dependency 

of the average mass transfer coefficient would be observed. As expected, 

the distribution of current was also relatively unaffected by the flow 

rate. 
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The results of the current distribution studies. in the copper 

system may be compared with those relating to current distribution in 

the nickel system, as described in the following section. 

5.2b Current distribution studies in the nickel sulphamate system 

The distribution of nickel will be discussed in three parts. 

The case of anode and cathode of equal length (-lOcm) will be examined 

first, since this was directly comparable with the experimental conditions 

used for the copper depo~ition (p.l72). In this case the current distri

bution was non-uniform. The deposition of nickel with uniform current 

distribution will be discussed in the second part. This investigation 

proved useful for diagnostic purposes. In addition, the deposition of • 

nickel at high current densities was optimised using this configuration. 

Finally, non-uniform current distribution (since this was the 

configuration used for most of the electroforming studies) will be briefly 

discussed •. 

i) Current distribution using anode and cathode of equal length ( lOcm) 

It was hoped that this part of the investigation would provide some 

evidence of mass transport control and assist in interpretation of the 

observed changes in the morphology along the length of electrodeposited 

foils. 

However, with an anode and cathode of equal length, high current 

densities were localised at both the leading and trailing edges of the 

cathode and the current diStribution resembled that of the primary/secon-

dary current distribution (cf.Figs.4.122 and 5.1). The distribution was 

maintained up to the maximum current density for a good deposit (imax ). 

This may be contrasted with the m.t.c. current distribution observed pre

viously for copper deposition at the limiting current density (e.g. Fig. 

4.58). 
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In the case of nickel deposition, the observed slight increase 

in the local current density at tha trailing edge segments with increasing 

flow rate (at constant current density) (e.g. Fig.4.123), although 

expected for a m.t.c. reaction, was probably associated with changes in 

the gas flow pattern and masking of the electrode with gas bubbles. 

It is clear that, under these conditions, there is no evidence of a mass 

transport controlled current distribution in the nickel sulphamate system. 

ii) Uniform current distribution 

Some of the features observed with a non-uniform current distribution 

may be attributable to the deposition process being dominated by the 

primary current distribution. Hence a secondary reaction (such as 

hydrogen evolution and hydroxide precipitation) may occur on one part of 

the electrode (e.g. the leading and trailing edges) before the limiting 

current density is attained on another part of the same electrode (151). 

A more uniform current distribution may enable the primary/secondary and 

m.t.c. current distributions to be separated. 

As has been seen (e.g. Fig.4.124), a reasonably uniform current 

distribution was achieved with the optimum anode length of 9 cm (10cm 

cathode) at both 60· and 70·C. Using this electrode geometry, the problem 

of high edge current densities, resulting in hydroxide precipitation, at 

the leading and trailing edges was diminished. Hence, with a uniform 

current distribution the maximum current density for a good deposit was 

increased to-I.3.A cm-' at 60·C and in excess of 2 A cm-' at 70·C (at the 

highest Reynolds number), (cf. Section 4.4.1). The resulting electroforms 

were of a more uniform structure. 

Current distribution and the effect of hydroxide precipitation 

At 60·C, there was no evidence of a mass transfer controlled current 

distribution even at current densities> i max (e.g. Fig.4.127). However, 

the precipitation of hydroxide at leading edge electrode segments at i max ' 

resulted in a redistribution of current, due to the resistive nature of 

the precipitate and the corresponding reduction in current efficiency. It 

\ 
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was also evident that hydroxide precipitation in localised areas results 

in a decrease in the effective area of the cathode. Hence the deposition 

current density on unaffected areas will tend to increase. However, 

since shorter cathodes can sustain higher current densities (see Section 

4.3.lc) ,. this may prevent additional hydroxide precipitation. (It is of 

interest to note that although primary current distribution theory predicts 

greater edge current densities at shorter cathodes (e.g. Fig.5.l), 

experimentally, higher values of i max are observed at short cathodes. This 

is evidence of a mass transfer effect). 

In contrast to the results at 60°C, hydroxide precipitation was not 

observed at 70°C even at the very high current densities used (>2 A cm-') 

(p.227). At. high deposition rates and/or low flow rates the current density 

was limited by the voltage output (30V) of the current source. However, the' 

maximum current density was about twice that observed at 60°C (cf. Section 

5.lb). 

As has been seen calculations have indicated that the copper deposit

ion reaction may come under mass transport control at about 0.4 iL. 

However, comparable calculations for a 'slow' reaction, such as nickel 

deposition, have suggested that mass transport control may only be signi

ficant at current densities> 0.8 iL (ret.5). Since there is no evidence 

of a mass transport controlled current distribution, even at current 

densities at which nickel hydroxide may be deposited, this would suggest 

that at this point the reduction of nickel ions is not mass transport 

controlled and i max « 0.8 iL. 

The effect of evolved gases on the current distribution 

At low flow rates (Re -2,000 and a constant average current density) 

the local current density tended to increase at the leading edge and 

decrease at the trailing edge segments (e.g. Fig.4.l28). (A similar effect 

was also noted on increasing the average current density at constant flow 

rate, e.g. Fig.4.l39). Although this observation may be considered to be 

consistent with an m.t.c. current distribution, it may be more readily 

interpreted in terms of a 'build-up' of evolved gas (from both the anode 

and cathode) towards the trailing edge of the electrodes. This effect "ould 
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would result in an increased electrolyte resistance in the trailing edge 

region and a subsequent redistribution of current. 

The evidence for gas interference with the current distribution 

was particularly significant at very low laminar flow rates (Re 670), 

where time-dependent current oscillations were observed on individual 

cathode segments (e.g; Fig.4.132). The oscillations coincided with the 

growth and detachment of large bubbles of hydrogen on the cathode surface. 

Such behaviour could, under some conditions, result in the maximum current 

density being exceeded on some areas of the electrode resulting in the 

precipitation of hydroxide 

iii) Additional comments relating to non-uniform current distributions 

Non-uniform current distributions were observed when using 10cm 

cathodes and anodes greater or less than 9cm in length. Mass transfer 

controlled current distributions were not observed. 

When the local current density exceeds i maxt nickel hydroxide may 

be deposited in the high current density areas, resulting in a distortion 

of the current distribution (e.g. Fig.4.l21). These areas also correspond 

to areas of increased deposit brightness, and microhardness and of signi

ficant structural changes (see Section 5.4). 

It was of· interest to note that the maximum current density tended 

to increase with decreasing anode length, since for a reaction under mass 

transport control, the cathodic current distribution is independent of the 

size and position of the anode. 

Non-uniform current distributions were unsuitable for high speed 

electroforming applications, resulting in deposits of non-uniform structure 

and properties. 

The absence of am.t.c. current distribution, even at current 

densities in excess of i max • is clear evidence that the precipitation of 

hydroxide at i max is not associated with t.he mass transportcont·rolled .: 

d t ' f N,2+ . r~ uc 10~.0 1 10ns. 
aq--
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Electroforms of uniform structure and properties were deposited. 

at significantly increased ·values of i max • with a uniform current 

distribution (e.g. a lOcm cathode and a 9cm anode). However. gas 

.bubble adhesion may result in a distortion of the current distribution. 
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5.3 Polarisation studies in nickel sulphamate electrolytes 

The Luggin capillary technique for the measurement of electrode 

potentials is commonly used in aqueous electro-chemistry. Although 

the Luggin capillary has been used previously in flowing electrolytes 

(e.g. 23),detailed experimental descriptions were not available. 

The present investigation is unusual in combining a gas evolving 

system, operating at moderately high temperatures (50 to 70·C) and at a 

relatively high operating pressures(>l atm). The experimental method 

was designed to prevent contamination of the electrolyte and to operate 

at high pressures in the presence of gas evolution. 

Both anodic and cathodic polarisation studies were carried out using 

a 9 cm anode to ensure a uniform cathodic current distribution (see previous 

section). The polarisation studies are discussed in two parts. In part 

a) the anodic aspects are examined and in part b) the cathodic aspects 

are considered. 

a) Anodic polarisation studies 

The anodic polarisation behaviour of electrolytic nickel anodes in 

a flowing nickel sulphamate electrolyte does not appear to have been 

studied previously. Hence a short study of the polarisation behaviour of 

the ·nickel anode in the flow cell was thought necessary to assist in 

interpretation of the results and further process development. 

i) Anodic polarisation in the absence of chloride ions 

No information regarding the behaviour of nickel anodes in chloride 

free nickel sulphamate solutions appears to be available. However, the 

observed single active dissolution peak at potentia1s <0.21 V (e.g. Fig. 

4.148) is in accordance with the known behaviour of nickel in acid 

solutions (ref.246). 

mediate (p.8S). 

The dissolution probably proceeds via a NiOH+inter-

The experimental values of icrit «10- 3 A cm-·, Table 4.41) did not 

differ greatly from those observed previously in other low chloride nickel 

·plating electrolytes (e.g. 278), but were found to be a function of flow 
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rate (at 60·C). The Flade potential was 0.3 ± O.OlV, and showed no 

clear relationship with the flow rate. 

At potentials >0.3V, the anode passivated with dissolution 

occurring through a passive layer, probably associated with the formation 

of a semi-conducting film of Ni 0 (ref.274,275). 

The post-passivation behaviour was characterised by copious oxygen 

evolution at potentials >1.4V. 

An increase in temperature· from 60 to 70·C had little significant 

effect on the polarisation behaviour (cf.Figs.4.149 and 4.151). 

Effect of flow rate on icrit 

As has been seen the value of icrit (at 60·C) was found to be a 

function of flow rate (Fig.4.152), Le. icritCt Re'. A relationship 

of some form may be expected from a consideration of the mechanism of the 

anodic passivation of nickel (see p.86). 

. . +. The process is thought to occur by an accumulat10n of N10H 10ns 

close to the electrode surface, resulting in precipitation of Ni(OH)" at 

a sufficiently high current density. Hence the concentration of NiOH+ at 

the interface will be governed by mass transport considerations. However, 

the solution of the mass transport equations are expected to be complex, 

particularly in the case of a potentiodynamic experiment, since passiva

tion .is a time dependent phenomenon. 

ii) Anodic polarisation in the presence of chloride 

In the presence of chloride ions, multiple active dissolu·tion peaks 

within the potential range 0.1 to 0.5V are a common feature of polarisa-

tion curves (277). Two peaks were observed over this potential range in 

the present work. The first peak (EF - 0.3V) probably corresponds to active 

dissolution via a NiOH+ intermediate (cf. polarisation in .the absence of 

chloride). The second peak (EF-0.61V) may possibly arise from the 

formation of a nickel-chloro complex. 
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The value of icrit for both_peaks «10- 2 A cm- 2) did not differ 

greatly from that observed in the absence of chloride. 

At potentials >0.61V, the anode was passivated. However, chloride 

is an agressive anion which may cause partial breakdown of the passive 

film resulting in pitting of the anode. In addition, a complexing 

anion such as chloride, may stabilise higher oxidation states of nickel 

in solution resulting in dissolution of the passive layer at higher poten

tials. The decrease in the potential (by - O. 2V) for the transpassive 

condition observed previously (277,278) and in the present work (cf. Fig~. 

·4.148 and 4.149) may be as a result of the complexation of nickel in a 

higher oxidation state. 

At potentials >1.2V, oxygen was evolved, since the activity of 

chloride ions was comparatively low. 

It would therefore appear that, for the purposes of the current 

study, neither chloride ions, increased flow rates nor temperature signifi

cantly improved the rate of anode dissolution which was· generally <10-2A cm- 2• 

Hence the principle anodic reaction, for the fast deposition studies, was 

oxygen evolution as represented by Fig.4.150. Oxygen was evolved by the 

overall reaction 

+ 4 H.O + 02 

The nor~al cell operation resulted in a gradual decrease in the pH 

(and nickel ion concentration) of the electrolyte which was· compensated 

for by additions of nickel hydroxide to the solution. 

At high current densities, the anode was mechanically depassivated 

by the evolving gas, hence no passive film or anode sludge was observed 

on the electrode. Heavy pitting corrosion of the anode was evident after 

continual usage. Although the anode dissolution efficiency was estimated 

to be _ 25%, it is likely that uneven and incomplete corrosion may have 

resulted in the production of undissolved nickel particles and other 

insoluble products. 
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An increase in the anode area (in Cell 2) was found to be in

effective in promoting efficient anode corrosion, since current distri

bution effects resulted in anode dissolution occurring opposite the 

cathode. 

The use of S-nickel anodes was avoided to eliminate the possibility 

of contamination of the electrolyte. In addition S-nickel anode ~aterial 

was not available in a suitable form. 

Although in an undivided cell (e.g. Cell 1), anode gases may 

effect mass transfer at the cathode, this problem was successfully over

come by the cell diaphragm used in Cell 2. Hence the principal effect 

of anodic gas evolution was an increased electrolyte resistance due to gas 

voidage',Hollever, gas related effects could be 'designed out' of the 

system by, for example, constructing a dual flow system, utilising a high 

concentration chloride solution as the anolyte. 

b) Cathodic polarisation studies in nickel sulphamate electrolytes 

At the outset of the present work it was hoped that the cathodic 

polarisation associated with the nickel deposition and hydrogen evolution 

reactions could, at some point, be separated and a limiting current density 

for the reduction of nickel ions observed. This type of polarisation 

behaviour was typical of the dilute acid copper sulphate system discussed 

elsewhere (Section s.la). 

However, in contrast to the copper system, the nickel sulphamate 

bath used in the current investigation has a very high concentration of 

nickel ions and the absence of a supporting electrolyte. Hence the limiting 

current densities (iL) would be expected to be very high, with a significant 

contribution from the migration current (p.42). 

However, as has been seen (Chapter 4.42b) the results provided no 

clear evidence of a limiting current density over the range of experimental 

conditions used. 

At 50· and 60·c the reaction was li~ited by the precipitation of 

nickel hydroxide, whereas at 70·C'the cell voltage exceeded the voltage 
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output of the instrumentation used. It is of interest to note that 

at 70·C sound nickel electrodeposits could be obtained at very high 

current densities, in excess of 2 A cm-·, with no evidence of a limiting 

current density or hydroxide precipitation. This represented almost a 

two-fold increase in the maximum current density observed at 60·C (for 

similar flow conditions) (see also Section S.2b) 

The relationship between i max and iL 

It has often been assumed that the precipitation of nickel hydroxide 

occurs when the reduction of nickel ions becomes mass transfer controlled 

(i.e. at or near iL) and the rate of hydrogen evolution increases 

resulting in an increase in the pH of the electrolyte close to the electrode. 

However, as has been seen from a more detailed examination of the literature 

(Chapter 2.4), the processes which may occur at or close to the electrode 

are more complex than might be expected. Since the current densities at 

which nickel hydroxide was deposited experimentally were considerably 

lower «<0.5 iL) than the calculated values of the limiting current density 

(e.g. Fig.4.84), it would appear unlikely that the preCipitation of 

hydroxide was associated with the limiting current density for the reduction 

of nickel ions. 

Tafel slopes and the temperature coefficient of the overpotential 

Although the present investigation was not intended to produce 

detailed electrochemical or mechanistic information, it was of interest 

to note that the experimental Tafel slopes of -0.106 V dec- I (at 60·C) 

and -0.081 V dec- I (at 70·C) (calculated over the current density range 

-10-~ to _10-· A cm-· from Fig.4.l5S) were in reasonable agreement with 

the results of Piontelli and Serraville (Table 2.7) obtained in a lm 

Ni (SO,NH.). - 0.5 m H,BO, electrolyte at 50· - 6S·C. Tafel slopes within 

the range 60 to 100mV dec- I are common for the nickel deposition reaction 

from most common electrolytes, although the slope tends towards the lower 

value at higher temperatures (Section 2.4bi). 

Over the temperature range 60· to 70·C there was no marked decrease 

in the overpotential. . The experimental value of 2 to 3 mV·C (at current 
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densities <10- 1 A cm- 2 ) was in agreement with previ~us studies (248, 

see also p.78). There was therefore little evidence that the signifi

cantly greater current densities and the absence of hydroxide precipita

tion (at current densities up to-2 A cm- 2 ) observed at 70'C were related 

to fundamental changes in the polarisation behaviour of the nickel system. 

Concentration polarisation 

There was also no clear evidence of concentration polarisation. 

It would be expected that, for a mass transport controlled cathodic 

reaction, the electrode potential would increase (positive shift) with 

increasing flow rate. Although such a result was observed at very low 

flow rates (Re <500 e.g. Fig.4.159) it was apparent that this effect was 

probably associated with gas bubbles adhering to the cathode surface. 

Hence, at low flow rates the effective area of the cathode was reduced 

and, in addition, the ohmic contribution to the overpotential was increased. 

An increase in the flow rate tended to remove adhering bubbles from the 

cathode surface and resulted in an increase in the potential. 

In contrast to the low flow 'rate behaviour, at higher flow rates, 

within the turbulent flow range, the cathode potential decreased (negative 

shift), by a few millivolts,with increasing flow rate (e.g. Fig. 4.160). 

This effect may be associated with, the compression of the gas layer close 

to the electrode surface at high flow rates and a consequent increase in 

the ohmic contribution to the overpotential. It should be noted that this 

effect may be more significant at higher current densities since more gas 

may be evolved. 

The nickel deposition reaction has often been considered to be 

under mass transport control, even at comparatively low current densities, 

within the conventional plating range « 0.1 A cm- 2 ). However, the re-, 

action is unlikely to exhibit significant concentration polarisation at 

current densities < 0.8 i L• (see also p.278). Furthermore, since 

the maximum current densities obtained in the present investigation were 

generally well below « 0.5 iLl the theoretical values of iL' it is un

likely that true concentration polarisation would be observed for the 

experimental conditions used. 
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The role of NiOH+ 

As has been seen (p.79) nickel deposition may take place through 

a complex, probably NiOH+, in the absence of other complexing anions 

although this hypothesis has been subject to criticism (349). Since 

the sulphamate ion is not generally considered to be a complexing anion, 

it would appear feasible that this is the reactive species (as. opposed 

to the simple Ni 2 + ion) and the supply of NiOH+'to the electrode is the aq 
rate determining step. 

The NiOH+ ions are in equilibrium with other solution species 

(p.83) and at pH4, the bulk concentration of this ion would be about 2 x 

10~5 M (from Equation 2.9a). 

However, the pH at the cathode surface may be greater than that 

corresponding to the bulk hydrogen ion concentration (i.e. »pH4). The 

concentration of NiOH+ will be at a maximum of -2 x 10- 3 m at pH 6.6. 

At a higher pH, nickel hydroxide may be precipitated. Calculations 

suggest that a limiting ,current density of <O.OlA cm- 2 would be expected, 

with no contribution from ionic migration (since Ni 2 i q ions would act as 

a supporting electrolyte)~ 

SinceiL was not observed and i max was »0.01 A cm- 2 , it is clear 

that the rate of production of NiOH+ is not rate controlling at i ~ i max ' 

(see also Section 5.2b). 

Although a complex deposition mechanism' involving NiOH+ and 

hydrogen evolution (such as Reactions (2.5) and (2.6»maynot be completely 

discounted, nickel hydroxide deposition (at i max ) is more likely to be 

associated with the boundary layer pH exceeding 6.6. 

the boundary layer pH will now be re-examined. 

The factors affecting 

The co-deposition of hydrogen and pH changes at the electrode/electrolyte 
interface 

As has been seen (p.82 - 85), the two possible mechanisms by which 

hydrogen may be deposited and which would result in an increase in the pH 

of the electrolyte at the interface are as follows: 
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... .. (2.7a) 

and 

••••• (2.11) 

Reaction (2.7a) has often been considered to be the ?~i~ciVI~ 

process by which hydrogen is evolved in nickel electroplating~ However, 

the literature suggests that this is not the case and the reduction of H30+ 

ions becomes mass transport controlled before nickel hydroxide is pre

cipitated •. 

On closer inspection of the polarisation curves for nickel deposition 

(e.g. Fig.4.l55), a slight inflection was observed at --0.4V (4 x 10- 3 A cm- 2 ). 

This feature may be associated with the reduction of H30+ (reaction 2.7a). 

The cathodic evolution of hydrogen on nickel has been studied 

previously (e.g. 359), but generally only at very low pH. To facilitate 

the further interpretation of the present work, some additional bench 

scale cathodic polarisation measurements were made, in the absence of nickel 

ions, at pH4 (60' and 70'C) and the resulting polarisation curves are 

shown in Fig.5.4. The inflection in the curve (A-B) over the potential 

range - -0.3 to O. SV, is probably associated with the mass transport con

trolled reduction of H30+ (Reaction 2.7a). (The reversible electrode 

potential of this reaction is -0.26V at 60·C). At higher potentia1s 

hydrogen is evolved by reaction .(2.1l). (The reversible electrode potential 

of this reaction is- -0.S3V at 60·C). The inflection noted previously 

in the nickel polarisation curves probably resulted from reaction (2.7a) 

becoming mass transport controlled. However, it ';Quld seem probable that 

nickel was already deposited at this stage, since it is known that the 

current efficiency generally exceeds 90% at -O.OlA cm- 2 (e.g. Fig.5.5 

(225». Therefore any additional increase in pH probably results from 

the reduction of water at E >-0.S3V, and the subsequent production of OH

ions. The pH profile will be modified by the buffer reactions (involving 

H3B0 3,NiOH+ and other metal ion complexes) and mass transport processes 

occurring within the boundary layer. It is primarily the mass transport 

of OH- away from the cathode and H30+ towards the cathode which controls 

the pH at the interface and the value of i max • 
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The current efficiency for nickel deposition 

The increase in the current efficiency for nickel deposition with 

increasing current density (i <-0.1 A cm-'), noted in. previous investiga

tions of the nickel sulphamate solution (e.g; Fig.S.S), may also be 

attributed to the reduction of H30+ ions becoming mass transfer con

trolled. Hence at low current densities, the hydrogen evoiut~on re-

action (HER) (2.7a) represents a significant fraction of the total current. 

The results of the present work would suggest that this reaction would 

represent <0.1% of the total plating current at a current density of lA cm-'. 

However, in solutions containing dissolved air (as is common in commercial 

electroplating), the current efficiency for nickel deposition may also be 

reduced slightly by the mass ,transport controlled reduction of oxygen 

(e.g. Fig.4.l62). The contribution of this reaction to the overall current 

density may be of a similar magnitude to the HER (as given by reaction 

(2.7a» i.e. -10- 3 A cm-'. Hence, the current efficiency for nickel 

deposition should be >99% at current densities >0.1 A cm-'. 

Further reductions in current efficiency at higher current densities 

can only be due to the reduction of water. At this point (E< -0.83V) a 

significant increase in the pH of the electrolyte close to the electrode 

and subsequent hydroxide precipitation may become possible. 

Inflections due to gas related effects and hydroxide'deposition 

As has been seen (e.g. Fig.4.1S6) inflections were observed on the 

polarisation curves at current densities >0.5 A cm-'. At 50· and 60·C it 

was clear that these features were generally associated with the pre

cipitation of Ni(OH), at the leading edge region of the cathode. This 

resulted in a decrease in the effective area of the working electrode and 

hence an increase in the current density in this region. However, changes 

in the quantity of evolved hydrogen and/or the gas flow pattern may also 

contribute to an apparent increase in cathode polarisation. 

The inflections observed at 70·C may also be attributed 'to similar 

gas effects. It is possible that the potential at which these features 

were observed coincides with the reduction of water (i.e. -0.83V). 
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The 'pseudo limiting current densities', that were particularly 

noticeable on semi-logarithmic plate (e.g. Fig.4.l57), may be attributed 

to an increase in the· ohmic overpotential at high current densities. 

This may be associated with the greater volume of gas that may be evolved 

in this region. 

It was of interest to note that neither the additionof·chloride 

ions nor a wetting agent significantly affected the high current. density 

polarisation behaviour, although the addition of a 

inc,eased (positive shift) the cathode potential. 

wetting agent slightly 

This is to be expected 

due to the decreased surface coverage of the cathode with gas bubbles, and 

hence a reduction of the ohmic contribution to the overpotential. 

It is evident that gas evolution may significantly affect cathode 

polarisation by 'blanketing' of the cathode at low flow rates and by an 

increased contribution. to the ohmic overpotential at higher flow rates. 

At cathode potentials >-0.4V (i< 10-' A cm-·), the predominant 

reaction is probably the reduction of H,O+ ions and, in. the presence of 

air, the reduction of dissolved oxygen. Hence the current efficiency for 

nickel deposition would be expected to be low. At cathode potentials 

« -0.4v (i> 10-1 A cm-·) the nickel deposition reaction predominates, 

as the former reactions become mass transport controlled, and the current 

efficiency would be expected to approach 100%. However, at potentials 

< -0.83V the reduction of water is possible, resulting in additonal hydrogen 

evolution and the generation of OH- ions. If the increase in the pH at 

the interface is not moderated by buffer reaction and mass transport 

processes·, then nickel hydroxide will be precipitated .. It is these pro

cesses which control the value of i rnax ' 
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5.4 The nature of the nickel deposit 

Structure and microhardness of deposits 

There was no clear evidence of structural effects directly 

related to the Reynolds number or the cell and electrode geometry. 

However, a change in these parameters will effect the maximum current. 

density for a good deposit. Hence the general observations regarding 

both deposit micro-structure'and micro-hardness may be discussed in 

terms of the deposition rate and temperature. The trends described 

are common to the main deposit sections of all good deposits in the 

absence of addition agents. 

a) The effect of deposition rate (at constant temperature) 

The results provided some evidence of two trends: 

i) The grain size tends to decrease with increasing current 

density; and 

ii)As the grain size decreases the macrohardness value in·creases. 

For example, at 60'C the grain size decreased from up to 10~m to less 

than 2~m, over the current density range 0.2 to 1 A cm- 2 (cf. Figs.4.21a 

and 4.25b). This was accompanied by an increase in the proportion of 

the smaller grains at the faster deposition rates. The corresponding 

increase in microhardness was 260 to 340 kg mm-' (cf. Fig.4.29). 

The grain refinement is consistent with the expected trend, since 

at more negative potentials (higher current densities), the number of 

available nucleation sites increases and more grains nucleate and grow. 

Impurity incorporation (e.g. Ni(OH).) may also result in a small 

grain size. ,It is also to be expected that a small grain size may 

result in harder deposits, although hardness may also be related to the 

incorporation of impurities and other factors. In previous studies 

(239,322) of nickel deposits, an increased deposit hardness and a de

creased grain size have been observed when the solution pH was greater 

than pH5. This has been associated with the incorporation of Ni(OH.) 
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into the deposit (see pages 88-89 and 94-95). At very high current 

densities, the pH at the electrode/electrolyte interface may exceed 

this value and have a similar effect. 

, 
While grain refinement with increasing current density has been 

observed in nickel deposited from other electrolytes, previous studies 

(239,320,321) of sulphamate nickel deposits, over a narrower range of 

current densities «0.6 A cm-'), were inconclusive with regard to this 

relationship. 

Kendrick (1) has reported the microhardness values of about 

225 kg mm- 2 over the current density range 0.2 to 0.4 A cm-' for 

su1phamate nickel deposits (Fig.2.29). Hardness values of up to 

360 kg mm-' have been found for fast rate deposits from other electro-" 

lytes (67). The results of the present study were in reasonable agree

ment with previous investigations. 

b) The effect of temperature (at constant current density) 

Once again two trends were evident from the results: 

i) The grain size increased with increasing temperature; and 

ii) The microhardness increased with decreasing grain size. 

These effects were mOre noticeable over the temperature range 60· to 

70·C. A typical change in grain size over this temperature range at 

1 A cm-', was from <5~m to <3~m (cf. Figs. 4.129 and 4.140). 

The corresponding change in the microhardness value of the deposit 

was from -335 kg mm-' to -275 kg mm-·. A decrease. in microhardness 

would be expected to accompany an increase in grain size (cf. current 

density effects). 

An increase in temperature will result in an increase in the 

cathode polarisation (positive shift). Hence fewer nucleation sites 

are available and grain size will increase. However, the temperature 

increase will also effect solution reactions and the stability of 

solution species. 
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c) Special features 

Certain other features were evident from the deposition studies. 

These features may be divided into: 

(i) structural features of the main deposit sections; 

(ii) brightness of the main deposit sections; and 

(iii) entry and exit effects. 

(i) Structural features 

Three other types of special macro-features were noted. These 

were: (a) mound type features; (b) ridge type features; and 

(cl powder and hydroxide deposits. 

(a) Mound type features were observed for all experimental conditions. 

The size and distribution of mounds tended to increase with increasing 

current density or decreasing temperature. Such features were also 

observed at very high current densities where a well-defined grain 

structure was not apparent (eg. Figs.4.l31 and 4.138). 

This type of growth would suggest preferential growth at certain 

sites. This may be due to energetically favourable sites for nucleation 

or alternatively a localised mass transfer and current distribution 

phenomenon. Similar features have been observed previously by other 

workers (89,326). 

(b) Ridge type features were observed at very high current densities 

(>1 A cm-') and at very low (laminar) flow rates (e.g. Figs. 4.3 and 

4.14). The ridges were parallel to the flow direction. These features 

probably resulted from a localised current distribution effect due to the 

streaming of hydrogen gas along the cathode surface. 

(c) Powder and hydroxide deposits were observed at deposition rates in 

exc~ss of the maximum current density for a sound deposit (imax )' At the 

maximum current density, areas of the deposit particularly near the 

leading edge developed a nodular powdery appearance. At higher current 

densities large areas of the cathode were coated in some cases with a 
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green-black hydroxide deposit. Hydroxide deposition has often been 

thought to be associated with an increase in the pH of the electrolyte 

close to the electrode surface (p.82), the change in pH resulting 

from the reduction of hydrol!onium-ions and the evolution of hydrogen. 

2H.0+ + 2e ... H, + 2H,O .- •• (2.7a) 

However, as has been seen in the case of the electrolysis of nickel 

solut~ons, the above reaction is probably complete prior to the deposition 

of nickel. - It has been shown that the increased pH may be associated 

with the reduction of water 

211,0 + 2e ... H, + 20H- ••••• (2.11) 

The rate of production of OH- ions will depend on the current 

efficiency and the overall current density. 

The current efficiency for deposition of all sound nickel deposits 

was greater than 95%. Therefore, only at very high current densities 

and/or with insufficient agitation will the pll increase and nickel hydro

xide precipitate at the electrode-electrolyte interface. 

The powder deposits and 'dendritic' type structures could ~e con

sidered to be indicative of an m.t.c. reaction (p.90), however, in the 

absence of other evidence of mass transfer control, the structures are more 

be associated with local growth inhibition by H" NiOH+ and -likely to 

Ni(OH) , For example, such structures may be formed by the incorpora

hydroxide particles, followed by overgrowth of nickel. tion of 

Deposit porosity was observed in all sound electroforms. The size 

and number of pin-holes through the foil decreased with increasing flow 

rate, current density and temperature. However, it should be noted that 

most electroforms were deposited in the absence of a wetting agent and 

there is some evidence to suggest that pore-free deposits may be obtained 

by lowering the surface tension of the electrolyte, without significantly 

changing the deposit structure or the maximum current density. 
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ii) Deposit brightness 

Most e1ectroforms were semi-bright in appearance. However, 

the deposit brightness was observed to increase with increasing 

current density and decreasing temperature. It is of interest to note 

that bright deposits are unusual in the absence of addition agents •. 

The increasing deposit brightness was often accompanied by a grain 

refinement of the deposit. Ho"~ver, it is not to be construed as 

suggesting that the two observations are directly linked. The increase 

in brightness was probably associated with a decrease in the micro

roughness of the deposit, since larger macro-features were often 

observed on the deposit surface. 

iii) Deposit exit and entry effects 

The deposit structure at the leading and trailing edges of the 

cathode were often different from that of the main deposit region, 

particularly with a non-uniform current distribution. 

The mound and ridge t'ype features discussed previously were often 

observed, near the leading and trailing edges at current densities 

·<1 A cm-'. In addition the edge structures may be bulbous in· 

appearance. At the maximum current density for a good deposit, powder 

and hydroxide type deposits were usually initially observed in this 

region. Bands of brighter metal were also a common feature of the 

entry and exit area. The longitudinal microhardness profiles have 

indicated that the foil is harder at the edges where microhardness values 

of up to - 400 kg mm- 2 have been measured. 

The evidence suggests that the current density at both leading 

and trailing edges was greater than the main deposit region. This is 

. indicative of the primary/secondary type current distribution which 

should be observed at the lower current densities. However, near the 

maximum current density a mass transfer (or tertiary) current distribution 

would be expected if the reaction is a simple mass transfer controlled 

process. These observations are consistent with the current· distribution 

studies discussed previously (section 5.2b). 
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5.5 General and practical implications for the fast-rate 
electrodeposition of nickel from sulphamate solutions 

The results of the present work (Chapter 4) have demonstrated 

that sound and coherent nickel foils may be electroformed from sulpha

mate solutions at very high current densities ( -1.3 A cm-' at 60·C 

(Fig.4.130b), and >2 A cm-' at 70·C (Fig.4.14b), and high current 

efficiencies (>95%). These rates are comparable with those attained 

in most other studies of the fast-rate electrodeposition of nickel, 

from non-chloride solutions (e.g. Table 2.1, 2.2 and 2.3), (although 

Eisner claimed a maximum current density of -5.4 A cm-' for the deposi

tion of nickel from sulphamate solutions in the vibratory tub electro-

plating facility (Table 2.2)). The results of Wesley et al (67) would 

suggest that the.maximum deposition rates may be faster in All-Chloride 

electrolytes. This is probably due to the stabilisation of nickel 

species by complexation with chloride ions. 

However, studies of the electrodeposition of nickel from sulpha

mate solutions, using a rotating cylinder electrode (358) have indicated 

that deposition at higher current densities is possible. Nickel foils 

were deposited, at high current efficiency at current densities >2.2 A 

cm-' at 60·C (Fig.5.6) and >2.4 A cm-' at 70·C (Fig.5.n (see also 

p.27) • It is of interest to. note that current efficiencies >100% were 

observed at 60·C. This may be attributed to the incorporation of 

Ni(OH). into the deposit (cf. p.88-89). It is thought that the higher 

rate of mass transfer, the uniform current distribution and the increased 

efficiency of removal of gas bubbles from the cathode surface may all 

contribute to the faster deposition rate. This would suggest that, 

in a flowing system a higher Reynolds number may also result in further 

improvements in the maximum current density. 

The nickel foils electroformed in the present work, at high 

current densities, tended to be harder and brighter than conventional 

deposits obtained in the absence of addition agents. 

related to Ni(OH). incorporation. 

This may also be 
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Although many deposits were pitted and porous it was clear 

that low porosity is favoured by higher temperatures, deposition rates 

and flow rates and shorter cathode lengths. The high flow rates are 

essential to ensure the removal of gas bubbles from the cathode. surface 

and in preventing a distortion of the current distribution. However, 

the addition of surfactants to the electrolyte will probably reduce 

porosity to an. acceptable level. 

Since the electroforming studies at 70'C were restricted by the 

limitations of the voltage output of the available power supply (30V) 

(see Fig.5.S), a reduction in cell voltage is necessary to extend this 

investigation. 

Calculations, based on the cell geometry and the conductivity of 

the electrolyte (Table 3.3), have suggested that the resistance of the 

solution. and the polarisation of the electrodes account for less than 

25V. (The resistance of the diaphragm was taken as -4x the resistance 

of an equivalent .thickness of the electrolyte (0.15cm) (ref.150). The 

remaining SV potential difference resulting from the additional resis

tance of a gas filled electrolyte. A significant reduction in cell 

voltage may be obtained by a reduction in the inter-electrode gap and 

by the use of a more rapid flow rate to remove the evolved gases. 

Improved anode corrosion would also be advantageous in· reducing the 

volume of evolved oxygen. 

As has been seen, it is at 70'C that the most significant improve

ments in the maximum current density are observed. However, the limits 

of i max have yet to be determined at this temperature. 

In electroforming practice, the maximum deposition rate for a 

good deposit may be doubled by increasing the electrolyte temperature 

from 60' to 70·C. With suitable conditions nickel foils may be electro-

formed at up to 50x the conventional deposition rates. As is apparent, 

to attain such rapid deposition rates and maintain a sound ·and uniform 

structure, close control of the current distribution is essential. A 

uniform current distribution is preferable. It is clear that high current 

density operation requires high flow rates and high rates of mass transfer. 

I 

. I 
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Overall summary of the discussion 

A 'divided' cell configuration has been found necessary to 

eliminate anode gases effecting mass transport processes at the 

cathode. The cell performance was characterised by the study of the 

mass. transport controlled deposition of copper and as expected, was 

consistent with the original cell specification. 

It has been shown that mass transport, current distribution and 

cathodic polarisation processes, in the nickel sulphamate system, 

differ considerably from the 'simple' copper system. 

The mass transport processes in the nickel system are enhanced 

by the concomitant hydrogen evolution. Furthermore, no specific evidence 

of the mass transport of 'simple' aqueous nickel ions has been observed. 

The absence of a clear separation of the nickel reduction reaction 

and the hydrogen evolution reaction provides some evidence of mechanistic 

complexity, possibly involving a NiOH+ species. It is clear that the 

deposition process is limited by the precipitation of hydroxide and con

sequently a rapid decrease in current efficiency. 

Finally, it has been shown that the evidence indicates that the 

reduction of nickel ions is ~ mass transport controlled at current 

densities less than i max ' The maximum current density is determined 

by the changes of pH within the boundary layer. The pH profile across 

the boundary layer will be complicated by buffer reactions and the 

mass transport processes. Nickel hydroxide will be precipitated when 

the rate of accumulation of OH- ions is greater than the rate of removal 

of OH- ions and the pH at the interface exceeds 6.6. 

It is unlikely that nickel hydroxide will be precipitated at 

th d t t · 1 >E H2 0 . . d l' . . ca 0 e po en la s rev.' even 1n non-ag1tate so ut10ns, Slnce m1cro-

convection and free convection will continually supply H30+ ions and 
2+ --

Ni ions to the interface. This potential will be attained before 
aq 

concentration polarisation arises in the nickel system. 
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However, under suitable conditions, the increase in the pH 

is moderated to produce sound and coherent electroforms at current 

densities in excess of 2 A cm- 2
• 
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6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

The major conclusions of the present work are as follows: 

1. The unusual split cell - single flow circuit design was 

characterised using a 'simple' copper deposition system and 

found' to be consistent with the original design specification. 

2. At current densities greater than 0.01 A cm-' the electrolytic 

,nickel anode was passivated. The primary anode reaction was 
\ 

oxygen evolution. The low concentration of chloride ions 

( -5g 1-1 NiCl.·6H.0), commonly used in concentrated nickel 

sulphamate solutions, is ineffective in promoting anode corrosion. 

3. i max was defined as the maximum current density for a sound and 

coherent nickel electroform. At current densities >imax ' powder 

and hydroxide is deposited. 

4. Sound, fine grained nickel deposits were electroformed, without 

addition agents, at very high current densities (up to i max) and 

at >95% ,current efficiency. 

5. The maximum current density attained, at Re- 14,000 with a 

uniform current distribution, is -1.3 A cm-' at 60·C and >2 A cm-' 

at 70·C. 

6. A significant decrease in current efficiency «95%) was not 

observed for current densities <imax ' 

7. The grain size of the electrodeposit tends to decrease with 

increasing current density. 

8. The brightness and hardness of the nickel foils tends to increase 

with decreasing grain size. The deposits tend to be brighter 

and harder than conventional deposits. 

9. A uniform current distribution is necessary to electroform foils 

of uniform structure at high current densities and avoid entry/ 

exit effects. 
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10. A uniform current distribution is achieved using a 10cm 

cathode and a 9cm anode. 

11. At60'C the value of i max tended to increase with increasing 

flow rate. The following proportionalities are observed in 

turbulent flow: 

L/de < 4.5 i max ~ Re% 

0.8 

Llde 11.7 i max ~ Re 

At 70'C the relationship between i max and Re is not clear. 

12. In laminar flow large gas bubbles tend to accumulate on the 

cathode surface, resulting in poor deposit quality and 

irreproducib1e values of i max • 

13. High electrolyte velocities are necessary to remove hydrogen 

bubbles from the cathode, reduce deposit porosity and ensure 

a uniform deposit structure. Deposit porosity may be 

eliminated by the addition of wetting agents. 

14. The absolute values of i max are less than the values of iL 

calculated from the design equations. The value of i max is not 

equivalent to iL and may indicate mechanistic complexity in the 

reaction. 

15. At constant, Re and temperature, the value of i max tends to 

increase with decreasing cathode length forL/de <4.5. 

However, the relationship between L/de and i max is not that' 

expected for a mass transfer controlled relationship. 

16. At constant Re and L/de, the value of i max increases significantly 

with increasing temperature (>40% increase between 60' and 70'C). 

The increase in i max is considerably greater than that calculated 

for a simple mass transfer process. 

17. A mass transfer controlled current distribution is not observed. 

The experimental current distribution is similar to the primaryl 

secondary current distribution. 
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18. A limiting current density for nickel deposition is not 

observed and there is no clear evidence of concentration 

polarisation at current densities < i max ' The difficulty in 

separating the nickel and hydrogen deposition reactions may also 

be indicative of mechanistic complexity. 

19. The concomitant evolution of hydrogen gas enhances mass 

transfer rates at the cathode. The 'gas model' suggests that 

microconvective (gas only) mass transfer may dominate the 

transport processes when the ave~age bubble size is <l.O~m. 
\ 

20. There is no clear evidence of the mass transport control of 

aqueous Ni'+ ions at current densities ~ i max ' 

21. Nickel hydroxide is precipitated at the cathode 'as a result of 

the pH at the electrode/electrolyte interface exceeding 6.6. 

22. The increased pH results from the reduction of water by the 

reaction 

2H.0 + 2e ;:! 20H- + H. ••••• (2.11) 

23. The rate of accumulation of OH- ions will be determined by the 

overall current density and by the mass transport processes con

trolling the rate of removal of OH- ions. The pH will also be 

modified by the solution buffers such as H.BO., NiOH+ and other 

metal-ion complexes. 

Suggestions for further work 

It is clear from the present work that a further investigation 

of nickel electroforming at 70·C, would be of considerable interest. 

A reduction in cell voltage and/or an uprated power supply would be 

required to extend this work. 



311 

A redesigned cell, with a narrower inter-electrode gap and 

a maximum Reynolds number in the range Re 50,000 - 100,000 would be 

advantageous in reducing the cell voltage. Furthermore, an increased 

flow rate would assist in removing gas bubbles and increase the 

rate of mass transfer. This would require some modification to the 

flow circuit. The inclusion of a dual flow system (separate anolyte 

and catholyte) may permit improved anode corrosion. In future 

developments a rotating drum, for continuous foil production, could 

be incorporated. 

Additional studies could include the following: 

i) an examination of the internal stress and other properties 

of nickel foils deposited at high current densities using 

X ray and other methods; and 

ii) a detailed study of the effect of agitation on the incorporation 

and behaviour of addition agents. 

It would appear that some clarification of the mechanistic 

complexity in the nickel system is required (particularly at high 

current densities). This could include: 

i) a detailed T.E.M. study of hydroxide incorporation in nickel 

electroforms; 

ii) the use of electrochemical techniques and impedance measure

ments to separate the nickel deposition and hydrogen evolution 

reactions; and 

iii) the use of laser techniques (e.g. laser anemometry) and 

spectroscopy to examine the structure and composition of the 

boundary layer. 

These investigations could be complemented by the mathematical 

modelling of the pH changes within the boundary layer. 
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Finally, the electrodeposition of metals in a parallel 

plate cell may also be applicable to other systems such as alloy 

and composite plating, where the effects of agitation have not 

been fully investigated. 
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Appendix 1 

Notation 

The notation commonly used in this thesis is as follows: 

A · ....... 
Ag · ....... 
Am · ....... 
As · ....... 
a · .... ' . " . 

a · ....... 
B 

b 

C 

Co · .... . . . 
c · ....... 
cp · ....... 
Cs · ...... . 
Cb •••••••• 

D 

d 

d 

d 

· ...... . 
· ...... . • 

· ...... . 

electrode area, cm2 • 

area of a gas evolving electrode, cm 2 • 

area of masked electrode, cm 2 • 

area of a segment (of a segmented cathode) , cm 2 • 

Tafel constant ( n = a + b 10g1o i), V. 

adhesion diameter (of a gas bubble) , cm. 

.duct breadth. 

Tafel constant (n = a + b log 1 0 i), V decade-I. 

concentration at time t. } 
} Equation (2.99). 

original concentration of reactant } 

concentration (units as specified). 

skin friction factor. 

concentration of reactant at electrode surface. 

concentration of reactant in bulk solution. 

diffusion coefficient, cm 2 S-1 

thickness of electrodeposit, ~m. 

diameter of a pipe. 

average diameter, or equivalent breakoff diameter of a 
gas bubble. 



de .. .. .. .. .. .. .. .. 

.. .. .. .. .. .. .. .. 

E ................ 

Ea ............... .. 

Er .............. .. 

Eo .............. .. 

. I 

Echern •••••• 

Ee1ectro ••• 

El: · · .. · ... 
F · · .......... · 
F .. .. .. .. ........ 

F · · .. · . . · 
f · ........ ... 
G · .. . · . . · 
g ................ 

H ................ 

hf .. .. .. .. .. .. .. .. 

I ................ 

IL .............. .. 

IXcorr 

App.1 - 2 

equivalent diameter of a rectangular duct 

critical length of a hydrodynamic system • 

electrode potential, V or mV. 

cathodic potential. 

anodic potential. 

reversible electrode potential. 

standard reversible potential. 

chemical equivalent. 

e1ectrochemical equivalent = , C-I 

Flade potential. 

Faraday constant = 96,494.5 ± 1.5 C. 

total friction loss in a flowing system. 

force acting on a gas bubble. 

Fanning friction factor (=2~). 

Gibbs free energy. 

acceleration clue to gravity = 981 cm -. s • 

height of a gas bubble. 

head loss due to friction, cm • of fluid. 

total current, Amps. 

= 
4BS 

2(B+S) 

total current corrected for 'leakage' current through 
masked area of cathode. 

cm • 

total current at distance x from leading edge of cathode. 



i 

· ...... . 

icrit ...... 

ipass 

· ...... . 
ix 

corr 
it ...... 

J 

jm 

k 

k av 

· ...... . 

· ...... . 

........ 

current density, A cm- 2 • 

maximum current density for a sound and coherent 
electrodeposit, A cm- 2 • 

limiting current density. 

exchange current density. 

critical current density for passivation. 

passivation current density. 

average current density. 

App.l - 3 

current density at distance x from leading edge of 
cathode (local current density). 

current density corrected for 'leakage' current 
through masked area of cathode. 

mass flux 

mass flux at the wall. 

diffusional component of mass flux. 

migrational component of mass flux. 

convective component of mass flux. 

mass transfer coefficient, cm s-l. 

mass transfer coefficient, determined at the limiting 
current density. 

average mass transfer coefficient. 

local mass transfer coefficient, at distance x from 
leading edge of cathode. 

macroconvective (flow) mass transfer coefficient. 

microconvective (gas) mass transfer coefficient 



L · ....... 
L · ....... 

Le · ....... 
L · ....... 
N · ....... 
p · ...... . 

· ...... . 
p · ...... . 
Q 

Q -....... . 
Qg 

R 

R 

r 

r · ...... . 
rh ....... . 

s 

App.l - 4 

combined (micro-and macro-convective) mass transfer 
coefficient 

electrode length, cm. 

distance along electrode from cell entrance 
{Equations (2.68) and (2.69». 

hydrodynamic entrance length, cm. 

pipe length, cm. 

molecular flax. 

pressure (units as specified). 

solution pressure. 

gas pressure 

component of total pressure 

volumetric flow rate (units as specified). 

charge passed (=It), C. 

volumetric rate of gas evolution, cm' s-I 

Gas Constant = 8.314 J ·C-1 mol-I. 

radius of curvature of a gas bubble. 

. shear stress at pipe wall (y=O), dyne cm- 2 

shear stress at distance y from pipe wall 

radius of a pipe, cm. 

mean bubble radius. 

hydraulic radius (= de), cm. 
4 

duct height, cm. 

dux 
(=';'n

dy 



s · ...... . 
T · ...... . 
t · ...... . 
U:Uav ..... 

Uer ...... . 

· ...... . 
u " x, y or z 

Us •••••••• 

Uc. L. . .•.•. 

v 

v 

x 

· ...... . 

y 

z 

z · ...... . 
z · ...... . 
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distance from centre line of a pipe, cm. 

temperature, °C or k. 

time, s. 

mean flow velocity, cm s-1 

critical velocity of a hydrodynamic system. 

terminal velocity of bubble rise. 

component of flow velocity. 

velocity at distance s from centre line (of a pipe) 
or free-stream velocity (flat plate theory). 

centre-line velocity (of a pipe). 

volume, crn 3 

velocity of a rising gas bubble, cm s-1 

molar volume of evolved gas, cm3 mol- 1 

distance from leading .edge of an electrode or flat plate, cm. 

laminar-turbulent transition distance for flow over a 
flat plate. 

distance from cell entrance (Equations (2.70) to (2.73). 

distance from pipe wall 

static head, cm of fluid. 

charge number of ion 

drag coefficient (Equation (2.84)). 
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Cactesian coordinates 

transfer coefficient (of Tafel equation) 

surface tension, dyne cm-' 

thickness of the diffusion layer or hydrodynamic boundary 
layer. 

Nernst diffusion layer 

thickness of turbulent· boundary layer 

thickness of laminar sub-layer. 

eddy kinematic viscosity 

eddy diffusivity 

overpotential, V or mY. 

dynamic viscosity, g cm- l s-' 

activation overpotential 

concentration overpotential 

ohmic overpotential 

fractional surface area covered by gas bubbles. 

wetting angle, 0 

equivalent conductivity, cm 3 equiv.-l 

kinematic viscosity, cm' 5-1 

fluid density, g cm- 3 

specific conductivity, ohms-l cm-l 

friction factor (= RI u,) 
. p 



<p •••••••• 

x .••..•.. 

If •••••••• 
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potential difference, v. 

correction factor for parallel plate cell of finite 
width (Equation (2.51». 

total energy per unit mass of fluid moving with 
velocity, U (Equation (2.16». 

aspect ratio (=~) 
13 • 

Dimensionless numbers 

Re ...••.•• 

Re g .•....•. 

Sh ....... . 

Shav ..... . 

Shx ...... . 

ShL ....... 

Shg ....... 

Se •.•••••• 

j-factor ••• 

Ucrdcr Ude 
Reynolds Number - dimensionless flow rate (= ---=--) 

v v 
Q d 

gas Reynolds Number (= ~) 

Sherwood Number - dimensionless mass transfer coefficient 

(= 1<L de ) 

D 

average Sherwood Number for electrode. 

local Sherwood Number at distance x from leading edge of 
electrode. 

Sherwood Number based 
entrance, Le. : 

Sh = L 

microconvective (gas) 

Schmid t Number (= v ) 
p 

on the distance, L, from cell 

kL L 
(Equation (2.68». 

D 

Sherwood Number ( = 
ki d 

) 
D 

dimensionless mass transfer coefficient. (=Sh Sc-\ Re- l
) 

delL or L/de .• dimensionless electrode length. 

XI •••••••. dimensionless distance along electrode. 
L 

dimensionless hydrodynamic entrance length. 



f, CI' •••••• 

'I' 

dimensionless local current density 

friction f R factor (cp = '2 = - ) 
pu' 

S aspect ratio ( = B)' 
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Appendix 2 Additional factors relating to cell and flow circuit design. 

a) Effect of Band S on the Reynolds number 

The cell geometry was examined with the objective of achieving 

Reynolds numbers of about Re 14,000. To comply with the boundary 

conditions for mass transfer to short electrodes in turbulent flow 

(i.e. tIde::; 7.5) the equivalent diameter must have a minimum value 

of about 0.7cm for an electrode length of 5cm,(see p.112 ). 

'For an electrolyte of kinematic viscosity 1 x 10-~ cm' s-I, the 

maximum flow velocity (Umax ) required for de = 0.7 is 

14,000 x 10-' 
0.7 

_ 200 cm s-I 

and the cross sectional area of the cell (BS) necessary to give a flow 

velocity of 200 cm,s-;-I for a volumetric flow'rate of 20R. min- I (p.112) is 

given by 

BS = 1000 Q = 1000 x 20 

U 60 200 x 60 

- 1.7 cm' 

Therefore to achieve Re 14,000 with de 0.7 would require a duct of very 

small dimensions. targe( values of Band S would be more convenient and 

also, increase the equivalent diameter of the cell. 

b) Calculation of maximum mass transfer coefficients and limiting 
current densities at 60·C. 

Cell 1 

Using values of the physical properties of the electrolyte 

summarised in Table AI, the values of Re, Sh, Kt and it for a maximum 

volumetric flow rate of 20 R. min- I were calculated as follows: 

The maximum flow velocity U = Q 1000 
max 60 BS 

20 x 1000 
-111 cm -I 

= s 
60x 3 x I 

Umax de lil x 1. 5 Therefore Remax = = - 13,866 
V 1.202xlO-' 



\ 

Since the turbulent flow, range commences at about Re 2,500, this 

gave a useful range of operation as far as Reynolds numbers were 

concerned. 

App.2 - 2 

Information relating to the diffusion coefficients of nickel 

sulphamate electrolytes was not readily available from the literature. 

It was therefore necessary to estimate values of the diffusion 

coefficient for use in further calculations. The factors affecting 

and the methods of estimating the diffusion coefficients are described 

in Appendix 2f. The estimated values of D are also shown in Table Al. 

It 

Since Sc = ~ = 
D 

1.202 x 10-' 

0.64 X 10- 5 

and ~e 
L 

= \5 ~0;3 

follows therefore that 

!" J" de l.c Sh = 0.145 Re 3 Sc 3 
av L 

- 1,878 

. . . 
!" J" !, 

= 0.145 x (13,866) 3 x (1,878) 3 x (0.3)' 

Also since 

Sh = av 

and 

-764 

k d,' Sh L e 
and kL = 

D 

= 
764 x 6.64 x 10- 5 

1.5 

= 

D iLO av = 
de zF'cb 

. . (2.67) 

= 3.3 X 10- 3 x 2 x 96,000 x 1.89 x 10- 3 = 

This represents the contribution to the limiting current density from 

diffusion and convection. However, in a concentrated nickel sulpha-

mate electrolyte containing a low concentration of supporting electrolyte, 

the migration current will contribute significantly to the overall 

limiting current density (p.17), The migration current contribution 
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(iL/iLO) may be estimated from the equation of Storck et al (35.3) 

-~/z -Zj) -z Z Z2 2/(z -z ) 
za { -Zj/z -z [ 

2 • 2 j 
iL/iLO + ] ) = 1- 1+2r-(2r) • j Zj zj+2rz. Zj 

... (AI) 

where 
r = 

c(SO NH )-
3 • 

then 

·-(-1)1 
1- 2 [1+(2X2. 6X 10-S)- (2x2.6xlO-S) [1-(-1)] 

(-1)+(2x2.6xl0-Sxl) -(-1) -.(1) ] 

( 
__ 1_ 10 -[ -1]) + __ 1_). 11-(_1) 

(-1) (-1) 

= 2.98 ,,3 

The maximum possible limiting current density (i
L

) 15 given by: 

and iL = 1.19 x 3 

3.6 A cm-' 



Similar calculations may be carried for the 1aminar flow regime 

using the equation: 
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= 
d 1 

1.85 [Re Sc -.:.!!. ]'l 
L ••••• (2.49) 

The selected design would give a satisfactory initial operating range 

and allow some correlation between mass transfer data and deposit 

growth morphology. 

Cell 2 

The mass transfer analysis was similar to that used for Cell 1 (p.2-1). 

The physical properties of the electrolyte were obtained from Table 

For a maximum flow rate of 3.5 tmin-I, the flow velocity (U ) is, 
max 

U 
Q 1000 35 x 1,000 -I = = - 194 cm s max 60BS 60 x 1 x 3 

Umax d 194 x 0.857 Therefore Re e -13,832 = = max V 1.202 x 10-' 

and Sc (=~) -1,878 

The values of Sh, kL and iL were obtained as follows: 

Turbulent flow - L/ de - 2.92 

The relevant design equation is 

~ k 
Sh = 0.145 Re 3 Sc 3 av ••••• (2.67) 

and substitution of the relevant numerical values gives 

~ ~ ~ Shav = 0.145 (13,832) 3 (1,878) 3 (0.34) 

- 789 

also 
Sh D 

kL 
av 789 x 0.64 x 10- 5 

= = 
d" 0.857 

- 5.9 X 10- 3 cm S-I 

and 



= 
-3 

5.9 x 10 x 2 x 96,500 x 1.89 x 10- 3 = 

and the contribution from the migration current was previously 

calculated from Equation (A1) 

then iL = 3 x 2.15 

" 6.5 A cm-' 

Turbulent flow - L/de -11.7 

The relevant design equation is: 
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Sh av .(2.65) 

and substitution of the appropriate numerical values gives 

Shav = 0.023 (13,832)°·6 (1,878)°·33 

and 

therefore 

iLO = 

= 
and 

iL = 

" 

583 

583 x 0.64 x 10-5 

0.857 

4.4 x 10- 3 x 2 x 96,500 x 

1. 59 A cm-' 

1. 59.x 3 

4.8 A cm -. 

1.89 x 10- 3 

Similar calculations were carried out for the 1aminar flow 

regime using the. equation 

Sh
av 

= 1. 85 [Re Sc dLe 1 ° .33 ••••• (2.49) 



50·C 60·C 70·C 

Dynamic viscosity n, g -I -I cm s 2.042x10- 2 1.640x10- 2 1.403x10- 2 

Density p , g cm- 3 1.369 1.364 1.356 

Kinematic viscosity v = !l,cm2 s-1 1.492x10- 2 1.202x10- 2 1.035x10- 2 

p 

Diffusion coefficient D,cm2 s-1 0.54x10- s 0.64x10- s 0.83x10- s 

(estimated) 

Schmidt No. Sc v 2,753 1,878 1,247 = -D 

Bulk concentration of nickel 
ions cb"mol cm- 3 - 1.89 

Table IA1" Physical property data for the concentrated nickel 
sulphamate electrolyte at 50, 60 and 70·C (see also 
Section 3.1). 
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It was evident that higher current densities, for a given 

Reynolds number, were possible using the 'short' electrodes. 

According to this analysis, a different Reynolds number dependency 

would be expected for 'long' and 'short' electrodes and the mass 

transfer rate would be independent of electrode length for 'long' 

electrodes. Significantly greater,rates of mass transfer were 

possible with the Cell 2 geometry compared to Cell 1. 

c) Calculation of the pressure loss in the flow circuit 

The line pressure-drop was determined using the modified 

version of the Bernoulli equations (p.42) 

~ 1 pj} + F (2.18) + - (p - g !J.z +- = 0 . . . . . 2 P • P 

or in terms of head of fluid 

1 (p. - PI) JE.:... !J.z +.!.. = + 
pg 2g g 

and the total head of fluid (differential pressure) was given by 

!J.P discharge - !J.p suction. This method of calculation assumes the 

flow to be turbulent. 

The line losses were calculated for the flow circuit of Fig.3.22 

and for a maximum flow rate (Q) of 35 d~3 min- I The total loss of 

head (suction) was calculated as follows: 

Size of pipe = 4 cm 

Line length = 30 cm. 

Maximum velocity ~ = 

= 

1000 Q 

6011 (.!!) 2 
2 

46 cm s-i 

= 
1000x' 35 

60 11 (1)' 
2 

Maximum Reynolds number Re Ud 
= 

v -
46,,4 

= -~~'--1.202 x 10-" 

= 15,307 

•••• (2.12) 
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Assuming the pipes are 'smooth', the friction factor 
. f 96 - 0.25 from the B1asius equat10n, cp = 2" = 0.03 Re • 

may be calculated 

• (2.24) 

and f = 0.079 Re- 0
.25 

f = 0.079 x 15,307- 0'25 = 0.0071 

and the line 1055 may be obtained from 

hf = 4f Lld !!: 
2g 

. . . 
or the number of velocity heads (= U') lost = 4f Lld 

2g 

30 = 4 x 0.0071 x lr 

= ~ velocity heads 

An additional frictional 1055 will occur across fittings such as bends, 

valves, etc. Typical pressure losses are given in the literature (352) 

for various common fittings. The pressure losses are conventionally 

stated in terms of the number (K) of velocity heads lost as fluid flows 

through the fitting, viz: 

K = 
llhf 
U' 
20," a . 

where llhf is the additional frictional loss for a centre line length of 

straight pipe. 

Hence for the 4 cm pipe (suction side) 

1 x diaphragm valve = K = 2.3 

2 x unions = 2 x K = 2 x 0.04 = 0.08 

total additional loss = 2.38 velocity heads. -
A further loss of head occurs on entry of the fluid from the reservoir 

into the pipe (a contraction). A typical head loss for a contraction is 

about hi = 0.5 .~: (352) or half a velocity head. 

(It should be noted that a loss of head will also occur when the section 

of a pipe is suddenly enlarged. In this case the head loss (hi) may be 

found from 

1 -
• U' 

2g 

where Al and A. are the areas of the pipe upstream and downstream of the 
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enlargement respectively. At the exit of a pipe into the reservoir, 

A2 is infinite so 

exit is wasted). 

u'/ the loss is 2g' i.e. all the kinetic energy at 

Therefore the total head loss for the 4 c~ line (suction) is: 

of fluid 

line loss = 0.23 

additional_loss = 2.38 

entry loss = 0.5 

u2 

= 3.11 2g 

46' = 3.11 x -.:..::....-
2 x 981 

3.11 velocity heads and the head loss in c~ 

= 3.35 c~ of fluid. 

A similar set of calculations were carried out for the 2 c~ pipe on the 

suction side, to give a total head loss of 4.15 velocity heads 

= 78.2 cm of fluid. 

The static head (suction), Zl is the height of the surface of 

the electrolyte in the reservoir above the pump = 186 cm of fluid. 

The overall suction head is given by zl - 78.2 - 3.35 = 104.6 cm of 
fluid. 

A similar set of calculations were carried out for the discharge 

side and these are shown on the Pump and Line Calculation She~t (Table A2). 

Additional head losses for the filter and Rotameter were included. The 

static head (discharge), z" was taken as the height of the surface of 

the electrolyte in the reservoir above the pump and the total discharge 

head was given by the sum of all the contributions to the total head-(i.e. 

z, + line loss + additional loss + equipment). 

(The differential head = discharge head - suction headland the differential 

pressure = differential head x p x g). 

As may be seen from Table A2, the maximum differential pressure was 

calculated to be 7.6 kPa (- 11 psi). 

In practice the differential head may be t"o or three times greater 

than this figure due to the complexity of the system. Therefore in 
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selecting a pump a maximum head of 15 metres (Appendix 2C) was 

allowed for. For this purpose a small, single stage, centrifugal 

pump was suitable. 

d) Characteristics and selection of the centrifugal pumps 
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The operating characteristics of a pump are normally shown by 

the performance curve (e.g. Fig.Al, constructed from manufacturers' 

data). The curve shows the 

flow capacity (with water as 

head developed by the pump versus the 

the fluid). Each pump will have an 

individual performance curve. However, the efficiency of the pump will 

be maximised over only a narrow range of operating conditions. 

The virtual (theoretical) head h, developed by a centrifugal 

pump is (352) 

where 

h = r2 W 2 Qw 
• • • • • (A2) 

g 2 11 bg tan i3 

r - radius of rotation at outlet of pump 

- angular velocity of the impeller 

Q - Volumetric flow rate of the liquid 

b - width of impeller 

- angle between the tangential direction and the 
blade of the impeller at the tip. 

The head developed by the pump is therefore independent of the density 

of the fluid and hence the pressure will be directly proportional to the 

density (since P = hpg). The maximum pressure is developed when the 

whole of the excess kinetic energy of the fluid is converted to pressure 

energy, i.e. when Q+O. 

The actual· head is always less than the virtual head due to 

turbulence and friction losses in the pump (particularly with high 

vi scos i ty fluids). 

The performance curves for the PV·31 pump and the ITT, 21510-200 1" 

pump (used for operating Cell 1 and Cell 2 respectively) are shown in 
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Fig.A1. The head developed by the PV;31 pump decreased as the through

put increases. This implies that the tips of the blades of the impeller 

are inclined backwards, since (from Equation A2) when e is less than 

90· and tan e is positive. (If e was greater than 90·, tan e would 

be negative and the head would increase as the delivery increased). 

The head developed by the 21510-200 pump is strongly dependent on through

put, (probably as a result of a flexible impeller) and the head increases 

rapidly with decreasing delivery. This pump was therefore a self

priming type. 

The estimated flow circuit head loss (the system curve) may be 

approximated by the line C-C in Fig.A1 (based on a maximum flow rate 

of 35.2.min- 1 and a maximum head loss of 2 x 7.6" 15.2 dm 3 min- I of 

water (see Appendix 2C) shown by point X). 

The maximum flow rate would be about 25.2.min- 1 using the PV 31 

pump and about 40.2. min- I for the 21510-200 pump. However, the head 

developed and the pumping efficiency may decrease as a result of the 

increased viscosity of the nickel sulphamate electrolyte, but both 

pumps should be capable of attaining the specified delivery rate. 

e) Rotameter selection andc ... 'i6-....ti~12 ---.: ~ 

The manufacturerg specifications for Rotameter tubes are supplied 

in terms of the maximum measurable volumetric flow rate of water through 

the tube at combined temperatures. A comparison between the liquid of 

interest and that of the calibration fluid, which is normally water, 

may be made using the following expression, (from the manufacturers> 

literature) 

where FI , F. are the volumetric flow rates and PI' P., the densities of 

fluids 1 and 2 respectively. P is the mean density of the Rotameter 

float. The density correction is applicable in turbulent flow. 
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Therefore, when the density of the electrolyte PI= 1.364g cm- 3 , the 

density of water p. = 1.0 g cm- 3 and the density of the Koranite float 

p = 2.53 g cm- 3 , the correction factor was, 

= 

(2.53 - 1.364)1.0 

(2.53 - 1.0)1.364 

0.75 

. For example, in Cell 2 a maximum measurable flow rate of 35dm 3 min~1 was 

required. The manufacturers specifications for a type 102 Rotameter 

tube, size 47 gives a maximum volumetric flow rate of water of 
-I 

47 dm3 min 

The equivalent flow rate of the nickel sulphamate electrolyte 

at 60·C was calculated by application of the density factor. The 

maximum measurable flO1~ rate of nickel sulphamate solution F , was 

F = 0.75 F. 

= 0.75 x 47 

= 35 dm3 mi;"-I 

Hence the size 47 tube was suitable for this application •. Two other 

Rotameters (35X and 18X) were selected in a similar manner. 

Calibration of the Rotameters 

Three Rotameters were employed, covering three ranges of flow 

rate. The Rotameters were denoted by the manufacturers codings, 18X~ 35X 

and 47. All Rotameters were volumetrically calibrated with nickel 

sulphamate and copper sulphate solutions as follows. 

The downpipe to the electrolyte reservoir of the flow system was 

replaced with a QVF hose connector (Type KHF 1), to which was fitted a 

length of 0.875 in o.d., terylene reinforced pvc tubing. The temperature 

of the electrolyte was raised to the required value by re-circulating it 

through the cell and by-pass via the reservoir. 
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The float height of the Rotameter to be calibrated was 

adjusted by valves No.1 and 2 (Fig.3.22). When the equilibrium 

temperature had been reached, the electrolyte was pumped into a 

previously calibrated, 25 t polythene aspirator. For very low flow rates 

a 1 t measuring cylinder was substituted for the aspirator. The time 

taken to deliver a given volume was measured using a stop watch. 

Calculation 

The volumetric flow rate was calculated from 

Volumetric flow rate = Volume discharged 
de livery time 

Then from a knowledge of the cross sectional area of the cell, the 

linear flow velocity (U), through the cell was found from 

U = Volumetric fIo" rate cm s- 1 

Cross sectional area 

For both cells the cross sectional area was 3 cm 3 • (Section 3.2). 

The Reynolds numbers (Re) were then calculated from: 

U lie ( ) Re =-- ... 2.12 
V To

c 

where VTo = kinematic viscosity of electrolyte at T and de = equivalent 
c 

diameter of the cell. For Cell 1, de = 1.5 cm (Section 3.2 )' and for 

Cell 2, de = 0.857 cm (Section 3.3). 

Rotameter calibration 'curves for nickel electrolytes are given 

in terms of the Reynolds number for' Cells 1 and 2 (Figs.A2 to A6). 

For convenience the calibration curves for copper solutions are 

given as the flow velocity through the cell (Figs. A7 to A9). 
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f) Calculation of the diffusion coefficients of concentrated 
nickel sulphamate electrolytes 
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The available information regarding the diffusion coefficients 

of concentrated nickel salts, was sparse, although many values may be 

obtained for the independent ions at infinite dilution (e.g. ref.149). 

Oholm (167) has determined the diffusion coefficients for three 

nickel salts, NiCI, and NiS04 and Ni(N03), at 20·C over a range of 

concentrations. 

A temperature increase to -60·C would be expected to at least double 

these values. As described earlier (p.33), !Vesley, Sellers and Roehl 

(67) extrapolated Oholms data to 70·C. However, the validity of their 

calculations is doubtful since the calculations appear to be in error 

(p.33). 

It was of interest to examine the factors which effect the value 

of the diffusion coefficients and to calculate some appropriate values 

for use in theoretical mass transport calculations. 

. 25·C 
The diffusion coefficient, n for nickel ions (NP+) at 

ooNi 2 + 
infinite dilution has been given as 0.72 x 10- 5 cm's-I at 25·C (149). 

An analogous value for the diffusion coefficient of sulphamate ions 
! 

(S03NH,-) was ~ot evident in the literature. However, most common 

anions have values around 1.5 x 10- 5 cm's-I (for example: 

The diffusion coefficient n25 •C 
ooNH SO 

, 3 

= 1.065 x 10- 5 cm's-I(149). 

for sulphamate ions at infinite 

dilution was taken to be 1.5 x 10- 5 cm's-I. 

An approximate value of the average value for the overall 

n25
•
C diffusion coefficient was calculated from the following 

ooNi(NH,S03) , 
equation (149): 

n- n+ (Iz+ + Iz -
n = • • . • • (A3) 
av [ (n+ !z + r + (n- I -,z ) 1 
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substituting the above values for the diffusion coefficients of the 

individual ions and appropriate values of the charge number into 

Equation (A3) gives 

D 
25·C 

OONi(NH 2 S0 3 )2 

= 
0.72 X 10- 5 x 1.5 x 10- 5 x (2 + 1) 

(0.72 x 10-5 x 2) + (1.5 x 10- 5 x 1) 

2 
_1 

cm s 

However, the value of the calculated diffusion coefficient relates to 

a concentration approaching zero and a temperature of 25·C. A large 

increase in the concentration of nickel sulphamate would result in 

significant increases in the electrolyte viscosity n. The relationship 

between the dynamic viscosity,n. the absolute temperature T and the 

diffusion coefficient D, is demonstrated by the Stokes-Einstein equation 

(2) : 

D = .....;,.:;.k:..:.T_ 

6 11 r n 
where k - Boltzmann constant and r, the effective radius of the 

diffusing ion. The formation of ion pairs in concentrated solutions 

may dramatically effect the value of r. 

An approximate guide to the influence of electrolyte temperature 

and the dynamic viscosity may be obtained from the empirical equation (350): 

D2 n2 
= 

or 

D2 = 

At infinite dilution, the 

water, n 25·C - 1 x 10- 2 

T2 

(cf.Equn.2.l3) 

electrolyte viscosity would approach that of 

poise (345) at 298.2 K (25·C). The viscosity 

H2 0 60·C 
of the nickel sulphamate solution was n - 1.64 x 10-' poise 

Ni(NH 2 S0 3 )2 

(Table Al) at 333.2 K (60·C), and using the estimated value of 

25·C 
DooNi(NH 2 S0 3 )2 ' 



60°C 
-5 

X 1 X 10-' 333.2 X 1 X 10 D = 
ooNi(NH 2 S0 3) , 298.2 X 1.64 X 10-' 

-5 cm's-= 0.68 X 10 

The diffusion coefficient is related to the mean activity 

coefficient f± of the diffusing ions by (ref 2) 

Dc = D 00 (I + ~ log f±) 
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and the activity coefficient is given by the Debye-Hucke1 limiting law 

!, 
log f ± = -A ( z+ z- ) 12 

where A is a constant dependent upon the temperature and dielectric 

properties of the solvent. The ionic strength, 1 is given by 

I=~LC.Z.' 
J J 

Cj is the concentration of species j. 

It should be noted that application of the Debye-Hucke1 limiting 

law is not strictly applicable in concentrated solutions, since it 

assumes point changes and takes no account of ion-pair formation or 

hydration. When these are considered, the calculations become very complex. 

However, for a first approximation the Dehye-Hucke1 law is adequate. 

The concentration of the anion and cation and their respective 

changes, are 

and 

Then 

N' 2+ 1 , 

NH,S03- " C - 3.76 X 10- 3 mol cm- 3, z- = 1 

1 = ~ [(1.89 X 10- 3 X 2') + (3.76 X 10-3 X 12)] 

The constant A, for water at 60°C, is given as 0.5494 (ref.2). 

!, 
log f± = -0.5494 (2 X 1) (6 X 10- 3)' 

= -0.085 

and f = 0.82 
± 
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also 
60·C 60·C (1 + ~ log f± ) D D 

1.89M Ni(NH.S0 3 ). = '00 Ni{NH. SO 3). 

60·C 0.68 X 10-5 (1 + 
-0.083 ) D = 

1.89M Ni(NH.S0 3 ). 
2 

= 0.64 X 10- 5 cm2s- 1 

Values of the diffusion coefficient at 50· and 70·C were 

calculated by a similar method. The estimated values of the diffision 

coefficient are shown in T,ab"le A3. The results of these calculations 

are, of necessity, somewhat approximate and probably on the low side. 

However, the· relationships between diffusion coefficients at each 

temperature are probably of the right order of magnitude. Therefore, 

the estimated values of the diffusion coefficient were used in all 

further calculations. The Schmidt number, Sc, of the electrolyte was 

calculated from: 

Sc 
\) 

= 
D 

The estimated values of D and the experimental values of the 

kinematic viscosity, \) (Section 3.1) were substituted into the above 

equation and are also shown in Table (A3) for temperatures of 50, 60 

and 70·C. 

I 



Temperature Constant Activity Dynamic Diffusion Kinematic 

·C 

50 

60 

70 

Coefficient Viscosity Coefficient Viscosity 

K A f± n/poise D/cm's- 1 v/cm's- 1 

323.2 0.5373 ·0.83 2.042x10-' 0.54xlO- s 1.492x10-' 

333.2 0.5494 0.82 1.640x10-' 0.65x10- s 1. 202x10-' 

343.2 0.5625 0.82 1. 403x10-' 0.83x10- s 1.035x10-' 

Table A3· Physical property data for concentrated nickel 
sulphamate solutions at 50, 60 and 70·C 
(see also Section 3.1) 

Schmidt 
No. 

Sc 

2,763 

1,878 

1,247 



Appendix 3 

The calculation of microhardness values and the optimum load 
on the indenter 

App.3 - 1 

Vickers microhardness values were determined by means of the 

microhardness attachment of the Reichert optical microscope (model 

MeF2). 

The hardness of a material is defined as a force per unit 

area: 
P 

kg mm-' H = 
m 

where P = the force acting on the indent er 

m = surface area of the pyramid shaped indentation 

The indent er was a diamond in the form of a square pyramid of apex 

angle {(X) 136 0
• The surface 

square pyramid of apex angle 

d' m = -....::'----
2.sin (X/2 

area m, excluding the base area, of a 

{(X) and base diagonal (d) is given by: 

mm' 

For the pyramid of the Vickers diamond with an apex angle of 136 0 , 

the surface area of the indentation is given by 

d' 
m = 

. 1'36,/ 2.S1n .. 2 

d' 
= 

2 x 0.9272 

1.8544 

and hence the Vickers microhardness (mHv) is given by 

mHv = 1. 8544.!... kg mm-' (V •. P. N.) 
d' 

However, for effective measurement of the microhardness of thin 

foils, the depth of penetration of the indenter should not exceed 10% 
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'of the total foil thickness (354). Greater penetration depths 

may lead to erroneous results owing to the substrate material 

influencing the measurment. Conversely at very low indentation 

loads the microhardness becomes load dependent and subject to 

errors due to vibration or impact loading. 

The optimum load necessary to achieve reproducible results, 

within the penetration depth limitation, was calculated as follows. 

With reference to Fig.AlO, the penetration depth is given by 

the expression 

x 
y=---

tan 68 

When the average thickness of the foil is 25~rn a maximum penetration 

depth of 2.5pm (2.5 x 10-3mm ) is permissible then. 

x = 2.5 X 10-3 X tan 68 

= 6.19 X 10- 3 mm 

The value of d may be evaluated from 

or 

(.i)' = 2x' 
2 

d = 2 !zx' 

=' 17.5 X 10- 3 mm 

The minimum microhardness value for nickel electrodeposited from 

sulphamate solution is about 250 kg mm-' (1). The maximum indentation 

load may be calculated from Equation (A4) 

rearranging 

mHv = 1.8544 ~ 
d' 

P = mHv d'/1.8544 

• • • • • (A4) 



d 
2 

r--Ft--Y 
'I 

" 'I 

Fig.A10. Schematic diagram of an indentation produced 
by the diamond pyramid indentor. 
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The maximum value of d for a 25 Ilm foil is 17.5 x 10- 3 mm 

p = 250 x (17.5 x 10- 3 )2 

1.8544 

= 4.13 x 10- 0 kg 41.3& 

To ensure that the penetration depth of the indent er did not 

exceed the 10% of total foil thickness requirement, an·indentation 

load of 40g was employed for all microhardness measurements. 



Appendix 4 

Additional measurements relating to the electroforming of nickel 
in Cell 2. 

a) Comparison of momentum and mass transfer measurements in 
Cell 2 

App.4 - 1 

It can be shown that the mechanism of mass and momentum transfer 

have a similar mechanism (the Reynolds Analogy) and hence, may be 

correlated with flow rate by similar equations (ref.l48). 

The measurement of pressure loss across a known length provides 

a simple method of determining the rate of momentum transfer, (or 

shear stress) as a friction factor, for a range of flow rates. Nickel 

sulphamate electrolyte was used as the fluid. 

The results of these measurements are then compared with a mass 

transfer correlation derived from the results of mass transfer measure

ments in the copper system (Section 4.2.1). 

Correlation of dimensionless shear stress (friction factor) measure
ments with flow rate in Cell 2 

The pressure difference along a SOcm length ,(x) of Cell 2 was 

measured for a se~ies of electrolyte flow rates (1.33 to 207 cm s~l),using 

a mercury or methanol manometer. The pressure difference ~p) and 

shear stress (Ro) was calculated from the measurements of manometer 

height difference (Ah). The results were correlated in terms of the 

friction factor (~) (p.4S) for the two flow regimes corresponding to: 

a) Laminar flow (Re 95 to Re 2,139) at 60°C, 

and 

b) Turbulent flow (Re 3,050 to Re 17,112) at 60 and 70°C. 
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Example calculations 

From the difference in height (~h) between the liquid level 

in each arm of the j-tube manometer the frictional pressure 

difference (~Pf) was calculated from the equation: 

where g = acceleration due to gravity 

'" 981 cm S-I 

and PL = density of manometer liquid 

'" 13.6 g cm- 3 for mercury 

or '" 0.792 g cm- 3 for methanol 

~ h '" 1.0 mm at a flow rate U " 1.333 cm S-I 

~Pf = 0.1 x 0.792 x 981 

'" 77.7 dynes cm-' 

The shear stress Ro was then 

de 
=~f-

4x 

given by: 

-RO 

x = distance along which the ~f was measured 

" 50 cm 

de = equivalent diameter of cell " 0.857 cm 

-Ro 77.7 
0.857 = 
4 x SO 

'" 0.333 dyne cm-' 

The Reyno1ds number (Re) was calculated from the equation: 

Re = U de 
v 

The kinematic viscosity of the electrolyte was 

V = 1.202 X 10-' cm' -I s - at 60·C 

and V = 1.035 x 10-' 2 s-I cm at 70·C 



when U" 1.333 cms- 1 at 60·C, 

.1 • .:.. ;::;3 3::.:3,--"x,-0~. 8:..:5",-7 Re =-
1.202 X 10- 2 

" 95.1 

The shear' stress may be expressed as a dimensionless number,' the 

friction factor,~. 

= 
f 
2 

= .!2... 
pU2 

where p = density of the electrolyte 

" 1.364 g cm- 2 at 60·C 

and " 1.356 g cm- 2 at 70·C 

__ ...:.7..:..7,:..:.7'---_ Hence, ~ = 
1. 333 x 1. 364 

" 13.7 X 10- 2 

i) Larninar Flow 
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The experimental and calculated data for laminar flow (Re 95 to 

2,139) are shown in Table A4. The ,friction factor (~) was plotted 

versus the electrolyte Reynolds number on logarithmic coordinates 

(Fig.A11). The relationship was linear in the laminar flow region 

(Re (2,200). Linear regression showed that the data may be correlated 

by the equation: 

= 
8.58 

Re 0.9 

with a correlation coefficient (r2) of 0.99. 

• • • • • (AS) 

The solution of the 

above equation is shown in Fig.A11, by the solid line A-A, of slope 0.9. 

The theoretical analysis of laminar flow in pipes (Section 2.3a) 

has shown that in 1aminar flow 'P and Re are related by the following 

equation (p.45): 

= 
8 

Re 



Flow 
Rate 
o··U ,. 

cm S-1 

1.333 

1.889 

3.333 

5.556 

8.056 

10.83 

13.61 

15.28 

16.67 

21.67 

30.00 

Reyno1ds Pressure Pressure Shear Friction 
Number Difference Difference Stress . Factor 

Re foh foPf -Ro cp= f/2 

mm CH.OH Dyne cm-' Dyne cm- 2 x 10-' 

95.1 1.0 77.70 0.333 13.7 

134.7 1.5 116.5 0.499 10.3 

237.6 2.5 194.2 0.832 5.49 

396.1 4.5 349.6 1.498 3.56 

574.3 7.0 543.9 2.331 2.63 

772.4 9.5 738.1 3.163 1.977 

970.0 13.0 1,010 4.328 1.713 

1,089 15.5 1,204 5.160 1.620 

1,188 16.0 1,243 5.327 1.405 

1,545 23.5 1,826 7.824 1.222 

2,139 40.5 3,147 13.48 1.098 

Table A4. Measurement of dimensionless shear stress 
(friction factor) in laminar flow at 60°C. 
(manometer fluid - methanol PCH.OH = 
0.792g cm-'). 

1 

1 

.1 
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The solution of this equation is shown in Fig.A4 by the broken 

line B-B. The experimental value of the friction factor was greater, 

and hence the shear stress greater, than predicted for simple pipe 

flow. 

H) Turbulent Flow 

At higher flow rates (Re )2,500) the flow undergoes transition to 

turbulent flow, accompanied by a change of shape of the experimental 

data. The experimental and calculated data for turbulent flow (Re 3,050 

to 17,112) are summarised in Table AS (60·C) and A6 (70·C). The data 

was plotted, as for laminar flow, in Fig.A12. As may be seen similar 

values of the friction factor were observed at both 60 and 70·C, hence 

the data was correlated by a single equation: 

= f/ 
2 = 0.055 Re - 0.19 

with a correlation coefficient r' of 0.85. 

is shown by the solid line A-A in Fig.A12. 

• • • • • (A6) 

The solution of Equation (A6) 

An empirical relationship for friction factor correlation in 

turbulent flow is given by the equation (Chapter 2.3a): 

= 
f/ _l-

2 = 0.0396 Re • ••••• (2.29) 

The solution of the Equation (2.29) is also shown in Fig.A12 by the 

broken line B-B of slope -0.2. The experimental data exhibits a higher 

friction factor than predicted from the Equation (2.29) (cf Laminar flow). 

Summary 

Friction factors were calculated from pressure drops along Cell 2 

and correlated with flow rate in a) laminar flow and b) turbulent flow. 

l i) In laminar flow at 60·C, the dimensionless shear stress (friction factor, 

f/ 2) was correlated w.ith flow rate by the equation: 

f/ 
2 

= 8.58 
• • • • • (A5) 

Re 0.9 



Flow 
Rate 

U 

cm S-1 

42.8 

57.8 

75.6 

91.7 

111.1 

131.1 

150.0 

170.0 

190.0 

206.7 

I 

Reynolds 
! Shear Friction Pressure Pressure I 

Number Difference Difference Stress Factor 

Re & /::"Pf -Ro <p = f/2 

mm Hg Dyne cm-' Dyne cm-' x 10-' 

3,050 5.0 6,671 28.6 1.145 

4,119 9.0 12,007 51.5 1.130 

5,387 15.0 20,012 85.8 1.101 

6,536 20.0 26,683 114.3 0.997 

7,922 29.0 38,691 165.8 0.985 

9,348 39.0 52,032 223.0 0.951 

10,695 48.0 64,040 274.4 0.894 

12,121 60.0 80,050 343.0 \ 0.870 

13,547 76.0 101,396 434.5 0.882 

14,735 90.0 120,074 514.5 0.883 

Table A5. Measurement' of dimensionless shear stress 
(friction factor) in Turbulent: flow at 
60·C (manometer fluid - mercury, PHg = 
1.364g cm- 3 ). 



Flow Reyno1ds Pressure Pressure Shear Friction 
Rate Number Difference Difference Stress Factor 

U 'Re 6h 6Pf -Ro <p " f/2 
cm S-l mm Hg . Dyne cm-' Dyne cm-' x 10-' 

27.2 2,254 2.5 3,335 14.3 1.425 

43.9 3,634 6.0 8,005 34.3 1.313 

58.3 4,830 9.5 12,675 54.3 1.178 

74.4 6,164 15.0 20,012 85.8 1.143 

91. 7 . 7,590 21.5 28,684 122.9 1.078 

11L 1 

131.1 

150.0 

170.0 

190.0 

206.7 

9,200 31.0 41,359 177 .2 1.059 

10,856 40.5 54,034 231.5 0.993 

12,420 52.5 70,043 300.1 0.984 

14,076 67.0 89,389 383.0 0.977 

15,732 79.0 105,399 451.6 0.923 

17,112 92.0 122,743 526.0 

I 
0.908 

Table A6. Measurement of dimension1ess shear stress 
(friction factor) in turbulent flow at 70·C 

.·(manometer fluid -. mercury, PHg = 1.364g cm- 3 ). 
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Experimental values of shear stress were slightly greater than 

predicted from theory. 

ii) In turbulent flow, the dimensionless shear stress was correlated 

with flow rate by the equation: 

0.055 
Q. 1 9 Re • 

.(A6) 

At both 60 and 70·C the correlation between shear stress and 

flow rate was very similar. However, experiment values of f/2 were 

greater than predicted theoretically (Equation 2.29). 

In both laminar and turbulent flow the exponents of the Reynolds 

number were in reasonable agreement with the theoretical values, but 

the friction factors and hence the shear stress (and the rate of shear) 

were greater than expected (see Equation (2.19». Since the mechanism 

of the transfer of momentum and mass are similar then high shear rates 

(or transfer of momentum) may be associated with higher rates of mass 

transfer. In the following section a comparison is made between the 

rate of mass transfer of copper ions and the rate of momentum transfer 

in nickel sulpahmate solution. 

Comparison of the friction factor correlation with the mass transfer 
correlation for copper deposition on long electrodes in turbulent flow 

The rate of mass transfer to long electrodes may be redefined in 

terms of the j-factor 

-0 333 -11 
j = Sh Sc • Re 

Then re-arranging Equation (2.65) it may be shown that: 

-0 2 
j = 0.023 Re • •• (An 

This is a corrected form of the Reynolds Analogy and assumes that: 

j 
f· 

- CP,- 2 

The experimental mass transfer data for copper deposition in turbulent 

flow was recalculated in terms of the j-factor (Table 4.13). In Fig. 

A13, the j-factors are plotted versus Re on logarithmic co-ordinates. 
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Linear regression analysis has shown that the data may be described 

by the expression: 

j = 0.023 Re-O.l~2 • • • • • (A8) 

with a correlation coefficient (r') of 0.769. The solution to this 

equation is shown by the solid line A-A in·Fig.A13. The solution to 

Equation (A7) is also shown, as the broken line B":B. (The experimental 

value of the constant (0.023) is in very good agreement with the value 

expected by flat plate theory (Equation 2.28). However, the value of 

the j-factor was found to be greater than expected. The solution of 

the experimental friction factor correlation (Equation A6) is also 

shown for comparison in Fig.AI3. Therefore, both friction factor 

correlation using nickel sulphamate electrolyte and the mass transfer 

correlation for copper deposition, predict a greater value of f/2' and 

also mass transfer rates, in turbulent flow, than expected from the design 

equation. (The discrepancy between the results of each method is probably· 

associated with the different 'lengths' over which the measurements were 

made, i.e. SOcm for friction factor and 10cm for mass transfer 

coefficients) • 
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b) Estimation-o!" the range of pore diameters 

The diameter of pores in nickel foils are probably related to 

the size of gas bubbles. The average diameters of surface pores 

and pits was estimated using a quantitative microscope technique. 

The nickel foil sample examined, was deposited at 60·C, a current 

density of 0.70 A cm-· and a flow rate equivalent to Re- 6,600. The 

electrode was 3.5 equivalent diameter in length. The deposit was 

2211m thick. 

The nickel foil was removed from the electrode and mounted on a 

steel backing plate. When examined using the Quantimet microscope the 

pits and pores appeared black on a grey background. The number of 

pits/pores and the fractional pore area per point was measured for 81 

separate points. Each point represented an area of 0.008mm·. 

Example calculation 

Experimental values of number of pores per point and the 

fractional pore area per point are given in Table A7.The average area 

per pore was then calculated from: 

Fractional average area per pore A = 
fractional pore area 

per point 

total number of pores 
per point 

The average diameter, d, of a pore (assumed to be circular) was 

calculated from the equation: 

and 

d = 2~0.008A X 10- 3 llm 
11 

Total number of pores per point 

Fractional area of pores per point 

Average area per pore A 

d = 2;10.008 ~ 0.000217 

d 1. 5\lm 

= 

= 

= 

6 

0.0013 
0.0013 

6 

= 0.000217 



No. of Fractional Fractional I Average 
pores area of area of diameter 
per point pores per pores of pores 

point A= d 
Total no. \,Lm 
of pores 

6 0.0013 0.000217 1.5 

6 0.0054 0.0009 3.0 

11 0.0019 0.000173 
I 

1.33 

i3 0.0030 0.000231 1.53 

7 0.0004 0.000057 I 0.76 

10 0.0012 0.00012 1.1 
, 

4 0.0005 0.000125 1.1 

13 0.0011 0.000085 0.93 

3 0.0003 0.0001 1.0 

30 0.0175 0.000583 2.4 

12 0.0031 0.000258 0.16 

7 0.0013 0.000186 1.38 

11 0.0020 0.000182 1.4 

33 0.0098 0.000297 1.7 

19 0.0142 0.000747 2.7 

12 0.0022 0.000183 1.37 

20 ·0.0038 0.00019 1.4 

4 0.0005 0.000125 1.1 

6 0.0039 0.00065 2.0 

2 0.0003 0.00015 1.2 

8 0.0009 0.000113 1.1 

3 0.0002 0.000067 0.83 . 

5 0.0045 0.0009 3 

11 0.0093 0.000845 2.9 

11 0.0045 

I 
0.000409 2.0 

40 0.0466 0.001165 3.4 

I 25 0.0585 I 0.00234 4.8 

11 0.0177 0.001609 I 4.0 

10 0.0037 0.00037 1.9 

Table A7. The average diameter of pores in nickel foil 
deposited at 0.7 A cm- 2 and Re 6,750 ± 100 
(60·C, Cell 2). 

/continued 



Table A7. continued 

No. of Fractional Fractional Average 
pores area of area of diameter 
per point pores per pores of pores 

point A = d 
Total no. ;.rm 
of pores 

7 0.0038 0.000543 2.4 

21 0.0431 0.002052 4.6 

17 0.0086 0.000506 2.3 

21 0.0374 0.001781 4.3 

3 0.0013 0.000433 2.1 

27 0.1418 0.00525 7.3 

7 0.0010 0.000143 1.2 

20 0.0095 0.000475 2.2 

56 0.0237 0.000423 2.1 

7 0.0054 0.000771 2.8 

25 0.0042 0.000168 1.3 

13 0.0063 0.000485 2.2 

8 0.0212 0.00265 5.2 

7 0.0423 0.00604 7.8 

10 0.0095 0.00095 3.1 

8 0.0035 0.000438 2.1 

11 0.0094 0.000855 3.0 

31 0.0523 0.001687 4.1 

23 0.0031 0.000135 1.2 

14 0.0063 0.00045 2.1 
. 

20 0.0153 0.000765 2.8 

12 0.0066 0.00055 2.4 

7 0.0069 0.000986 3.2 

18 0.0344 0.001911 4.4 

18 0.0857 0.004761 7.0 

17 0.0030 0.000176 1.3 

10 0.0037 0.00037 1.9 

11 0.0042 0.00038;: 2.0 

9 0;0092 0.001022 3.2 
I 

Icontinued 



Table A7 continued 

No. of Fractional Fractional Average 
pores area of area of diameter. 
per point pores per pores of pores 

point A= d Total no. 
of pores Ilm 

12 0.0268 0.002233 4.8 

16 0.0103 0.000644 2.6 

27 0.0319 0.001181 3.5 

14 0.0039 0.000279 1.7 

44 0.2598 0.()05905 7.8 

19 0.0718 0.003779 6.2 

13 0.0019 0.000146 1.2 

15 0.0141 0.00094 3.1 

16 0.0122 0.000763 2.8 

4 0.0029 0.000725 2.7 

5 0.0006 0.000120 1.1 

6 0.0045 0.00075 2.8 

31 0.0164 0.000529 2.3 

24 0.0044 0.000183 1.4 

10 0.0014 0.00014 1.2 

17 0.0416 0.002447 5.0 

15 0.0034 0.000227 1.5 

12 0.0452 0.003767 6.2 

4 0.0009 0.000225 1.5 

7 0.0061 0.000359 1.9 

10 0.0051 0.00051 2.3 

28 0.0461 0.001646 4.1 

I 18 0.0053 0.000294 1.7 

I I 



App.4 - 8 

The pore distribution 

The range of pore diameters was estimated to be from 0.5 to 8~m. 

The total number of pores found in a test area of 0.648 mm2 was 1,104. 

The number of pores per unit area was 1,704 mm- 2 • 

The calculated average pore diameter was divided into ,16 ranges, 

of wid'th O.s~m. The relative frequency'of occurrence within each 

range was then determined. The results are displayed in the form of 

a histogram in Fig.A14. The graph indicates that pores of 

to 1.s~ occur most frequently (26%). Few pores are found 

diameter 1 
\ 

with 

diameters > 5~m, although bubbles of this size are known to exist. It 

should be noted that pores with sub-micron diameters may be difficult 

to detect under the microscope. 

If it is assumed that the pore diameter is equivalent to the 

size of the gas bubbles, then a large number of bubbles are formed of 

a diameter likely to result in significant mass transport enhancement. 



relative 
frequency 

average pore diaMeter 

Fig.A14. The relative frequency of occurrence of pores of a 
given diameter in nickel foil electroformed at . 
0.7A cm-· and Re 6,750 ± 100 (60'C, Cell 2). 




