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ABSTRACT. 

The structure and growth of nickel olectrodeposits 

from a sulphamate bath on polished polycrystalline and 

single-crystal copper substrates (Cu (100), (110) and (111) 

faces) is investigated using electron diffraction. 	This 

constitutes the first detailed and systematic electron 

diffraction study of nickel electrodeposits from the 

sulphamato bath, or indeed from any bath, up to the very high 

current density of 600 mA/cm2. 	Deposits up to thickness 

102,000 A were investigated. 	Besides studying in detail 

1;le effect of the bath tempera tore and vigorous stirring of 

the bath on the nickel deposit surface structure, the effect 

of rotation of the cathode during eletrodeposition has also 

been ex.amined. 

On the polycrystalline copper substrates, the 

nickel deposits show well-defined regions of c.d. and del;ocit 

thickness whore 'lateral-growth" occurs, leading to one-dogrea 

(100) orientation, and of "outward-growth" loading to 11103 

or (20 orientation or a mixture of the. two at high c.d, 

On the copper single-crystal faces, the nickel grcv:s 

in epitaxial orientation. 	On Cu (100), there is purely 

epitaxial single-crystal growth of nickel up to 105 mA/cm2 

at 20°C and up to 250 nA/cm2  at 50°C in the unstirred bath', 

ai3d up to 530 mA/cm2  at 50o   C in the stirred bath. 	On Cu 

(1 L0) at 50°0 in the unstirred bath, the parallel single-

crystal growth of the nickel deposits (accompanied by some 
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twinning and a little random polycrystalline nickel at c.d. 

340 mA/cm2 (cf. 500 mA/cm2  in the stirred bath) occurs up to 

60,000 A or more. At 200 mA/cm2, there is a little trace cf 

random nickel which gives place in part to one-degree (100) 

orientation, 	Oh Cu (111), the parallel single-crystal 

growth of nickel shows twinning and presence of some random 

polycrystalline nickel even in very thin deposits. Above 

about 25,000 A, the single-crystal structure c'oes not occur, 

but only one-degree (100) orientation is present under 

lateral growth conditions, and (110) with (210) under 

outward growth, 

In the region where co-deposition of hydroxide 

occurs at very high c.d., the thick deposits acquire 

completely random Ni disposition. 

The general effects of stirring the bath or of the 

rotation of the cathode during electrodeposition arc similar 

to that of increasing the bath temperature, in increasing the 
pe Men-A.- 9 

number of Ni cations per cm-  of cathodes (i,o. the c.d.) which 

can be attained without co-deposition of hydrogen. 

The dependence of the deposit structure on the 

current efficiency is also investigated. 	It is found that 

the "lateral" type of crystal growth and orientation is 

followed over the range of c.d. which corresponds to 100 

current efficiency. 



1. 

1. INTRODUCTION. 

1.1. General Introduction and Aim of the Present 

Investigations. 

Electrodeposits play an important role in science 

and industry today. Modern industry depends largely on the 

use of metals. The final metal product must be suitably 

finished and the surface should be protected from corrosion. 

Electrodeposition is one of the most important 

techniques employed for metal finishing. 	Its importance 

has led to extensive studies on the theory and practice of 

electrodeposition. 	Investigations of the crystalline 

structure of electrodeposited metals have been carried out 

since 1905. 	The two main aims of these studies arei firstly 

to understand the underlying mechanisms of the process of 

crystal growth in electrodeposits and the related phenomena, 

and secondly to find the conditions of deposition which give 

suitable electrodeposits. 

For various practical purposes the crystal size, 

habit and orientation in the deposited metal must be 

carefully controlled, in order to control the physical and 

the chemical properties of the deposits. 	For corrosion 

protection by eleytrodeposit layers it is desired to deposit 
metal 

adherent smooth—surfaced/layers free from pores and crevices, 

and these correspond to the lower range of current density 

being used for the deposition. 	On the other hand, deposits 
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at very high current densities are dendritic and metal 

powders can be prepared under such conditions suitable for 

use in powder metallurgy. 

The present experimental study was made on nickel 

electrodeposits from a particular concentrated electrolyte 

consisting mainly of nickel sulphamate. This commercially 

available 	electrolyte is recommended for deposition 

of smooth and bright layers of nickel at very high rates of 

deposition, the solution being used at 50-60°C. 

For the industrial application concerned in the 

present instance, the substrates were of copper (smooth 

surfaces of drawn wires), and coherent nickel layers were 

desired with the aim of minimising the thermal oxidation of 

the copper in oxidising atmospheres. 

Electron diffraction was the main technique used, 

and allowed very sensitive determination of the crystalline 

structure in the surface region of the substrates and 

electrodeposits of various thicknesses. Electrons 

accelerated through a potential of 50-60 KV wore used at a 

grazing incidence of the order of 0.5 - 1°  on the specimen 

surfaces. 	The electron diffraction patterns were recorded 

on photographic plates at about 48 cm from the specimen. 

Even with such fast electrons moving at about one third the 

speed of light, the electrons only penetrate about 5000 A 

without loss of energy in the direction of the incident beam 
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in very light elements such as carbon, silicon, aluminium; 

and much smaller distance, only some hundreds of angstroms, 

in heavier elements such as copper and nickel. At about 

one degree grazing incidence the electron beam only 

penetrates to a few atoms depthito atomically smooth surfaces,, 

and only 100-200 A depth below the outer tips of rough 

surfaces. 	The structure of the electrodeposits can thus be 

studied almost atom by atom layer as a function of deposit 

thickness. The electron diffraction photographs show the 

crystal size, lattice type and orientation, presence or 

absence of twinning, and surface smoothness and in some cases 

the nature of the crystal faces developed at the surface 

of the deposits. 

By comparison, X-ray diffraction is much less 

intense and can only reveal information about deposits 

thicker than a thousand angstroms in general, so that rapid 

enanges in structure with increasing thickness cannot be 

detected and identified. 

Optical microscopy was used to study the surface 

topography of many of the electrodeposits on a coarser scale 

to the dimension of the order of the wavelength of light. 

The nickel deposits showed increasing roughness with increase 

in thickness, as is usually observed. Electron microscopy 

was used in a few cases to show the fine-scale nature of the 

surface roughness. 



(a)  

(b)  

4 . 

Systematic series of experimental results were 

obtained to show the effect of the following variable 

factors: (1) crystallographic form of the substrate, 

(2) current density, (3) deposit thickness, (4) bath 

temperature, (5) presence or absence of stirring, and (6) 

rotation of cathode. 

Series of electrodeposits were investigated 

covering a range of 0 - 100,000 A thickness and current 

densities 0 - 600 mA/cm2  at 5000 and with the electrolyte 

unstirred. Similar series were made also with vigorous 

stirring of the electrolyte. 	In each case the results were 

obtained on copper substrates of the following types:- 

mechanically polished polycrystalline copper; 

an electropolished copper single-crystal cube face, 

(100); 

an electropolished copper single-crystal (110) face; 

an electrupolished copper single-crystal (111) face. 

For comparison, a series of experiments were made 

using the same sulphamate bath at room temperature (1-:2000) 

and again with the bath unstirred and stirred respectively. 

Some experiments were also made with a rotating cathode. 

The electron diffraction results obtained define 

primarily the nickel crystal orientation in the deposit)  

and the crystal surface form, and their systematic 

dependence on the current density and the deposit thickness. 
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The dependence of the degree of preferred orientation on the 

deponit thickness at various c.d. and on polycrystalline 

copper substrates is shown quantitatively. The correlation 

of the type of orientation developed with the form of the 

crystallographic faces on the growing crystals at the deposit 

surface is also established clearly in the region of "lateral 

growth" conditions, i.e. at c.d. up to about 270 mA/cm
2 
at 

50°C. Results of this type do not appear to have been 

obtained previously in this degree of quantitative detail. 

The results also make clear quantitatively the 

effect of stirring, and allow this to be defined by the factor 

by which the rate of supply of ions to the immediate region 

of the cathode is increased by the stirring. No such 

quantitative definition of the effect of stirring seems to 

have been established previously. 

The results for the nickel deposits on the 

atomically smooth copper single crystal faces show in all 

cases the nucleation of the nickel crystals epitaxially on 

the copper crystal lattice, in the parallel lattice 

orientation. The slightly different size of the copper and 

nickel f.c. cubic atomic lattices causes, however, an 

appreciable misfit and stress at the interface, which 

evidently is responsible for a considerable degree of 

octahedral twinning even in nickel deposits of a few hundred 

angstroms thick. 
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On all the substrates, above a certain current 

density, the deposits more and more rapidly show co-deTposition 
and 

of green or dark-coloured hydroxide,/the deposits have a very 

rough surface. The current density at which such rough 

deposition developed is correlated closely with the c.d. at 

which the current efficiency falls below one hundred per 

cent and evolution of gas occurs. At current densities 

higher than this, the degree of roughness and hydroxide 

development on the deposit is very sensitive to the degree 

of stirring used. 

The effect of temperature is well shown by the 

results at room temperature (ca. 2000) and 5000. The 

current density above which rough deposits and (at slightly 

higher c.d.) codeposition of hydroxide occur, ehows'a close 

correlation with c.d. at which the current efficiency falls 

below one hundred per cent, at both temperatures. 
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1.2. The Nature and Mechanism of Electrodeposition. 

The electrodeposition process depends on the 

chemical changes brought about by a passage of current 

through a solution of an electrolyte. The nature of the 

process of conversion of dissociated metal ions to a solid 

crystalline deposit is not yet fully known (Bockris and 

Razumney, 1967), though many investigators have attempted to 

explain the process in terms of different theories (Hunt, 

1932, 1934 and 1947; Blum and Hogaboom, 1933 and 1949; 

Kortam and Gustav, 1951; Schuldiner, 1952; Bockris, 1952, 

1959 and 1964; Hamer, 1952; Fischer, 1954; Potter, 1956; 

Gerischer and Tischer, 1957; Gerischer, 1958; Loren-z, 

1958 and 1959; Yeager, 1959; Mantel', 1960; Fleischmann 

and Thirsk, 1960 and 1963; Vermilyea, 1963; Bockris and 

Damjanovic, 1964; Floischmann and Harrison, 1966 	). 

Bockris and Razumney (1967) have summarised the 

present state of knowledge of the nature of electrodeposition 

in respect of the experimental observations and theoretical 

conclusions. 

It has long been rather difficult to picture the 

process involved in actual deposition of metal at the cathode. 

However, on the basis of the accepted simple theory, it is 

expected that in the electrolytic bath the dissociation of 

the metallic salt solution gives rise to ions carrying 

charges. On application of a potential between the 
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electrodes, positively charged cations migrate towards the 

cathode and negatively charged ions to the anode. As the 

cathode is negatively charged, it has a high concentration 

of the electrons near the cathode surface. Then these 

combine with positively charged ions at the cathode surface, 

neutral atoms arc formed and they are deposited on the 

cathode surface. With the discharge of cations, the 

electrodeposits grow in thickness and develop a form and 

crystal orientation characteristic of the conditions of 

deposition. 

The rate of deposition is determined by the current 

strength. The uniformity in thickness of the deposit 

depends on the shape and disposition of the electrodes, the 

concentration of the bath, the temperature, the degree of 

agitation, the rate of diffusion of the metal ions from the 

bulk of the electrolyte to the vicinity of the cathode, etc. 

The passage of the electrically charged ions makes the 

conditions of deposition in this process different from that 

in other processes where there is no such transfer of 

electrical charge - such as crystallisation from solution 

or from condensation of a vapour, though the actual growth 

of the crystals does not seem to differ much in nature. 

The process of electrodeposition is also influenced 

by factors like overvoltage and concentration polarisation. 

During the evolution of hydrogen and oxygen at the cathode 



and anode respectively, the potential required is almost 

always greater than that corresponding to the equilibrium 

potential of a hydrogen or oxygen electrode in that solution. 

This difference in the potential, known as the overvoltage, 

varies with the composition and the structure of the electrode 

surface and it increases with current density. The 

phenomenon of concentration polarisation occurs when there 

is a depiction of the metal ions near the cathode, • 

and if replenishment of the metal ions from the bulk 

of the solution to the cathode region is slow. 

The mechanism of electrodeposition has been 

interpreted by different workers in different ways. Blum 

and Rawdon (1923) in their discussion on the form of electro—

deposited metals, concluded that the discharge of positively 

charged metal ions at the cathode and their subsequent atomic 

fitting on to the lattice is one and the same process, i.e. 

metal ions exe discharged singly, but not haphazardly. 

According to their views, the metal ions reaching the cathode 

by electrostatic force and thermal diffusion were considered 

to be discharged at those places where the lowest discharge 

potential is required, with the least expenditure of energy. 

The theory put forward by Volmer (1928) suggests 

that the metal deposition takes place in such a way that layer 

after layer of atoms is built up. Until one layer is 

completed, the arriving ions remain in an intermediate state, 
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that is, between the states they had in the original 

solution and that they would eventually take up when 

positioned in a crystal lattice. 	The observed polarisation 

was attributed to this cause. 

The nucleation-based theory of crystal growth 

suggested by Kossel (1927) and developed by Stranski (1928) 

dominated the concept of crystal growth during the 1930's 

and 1940's. 	The basic idea of this theory is of two-

dimensional nucleation, after which layer growth occurs. 

The recently deposited atom travelling over the surface is 

considered to move until it reaches the edge of the advancing 

layer. It then travels along the edge until it finds the 

characteristic position of co-ordination known as "kink 

site". 	The following atoms also repeat the same process 

until a layer is built up. After building up one layer, 

nucleation must again occur and a further layer is thus 

commenced. This layer covers the atoms which were 

incorporated in the previous layer and hence these become 

part of the metal. 

Erdey-Gruz and Volmer (1931) suggested that a metal 

ion did not undergo charge transfer at the point at which it 

arrived in the double layer (of + and - charg) which is 

believed to occur just outside the cathode, but first 

diffused in solution until it was opposite a point where 

growth is favoured, presumably on edge or even a 'kink'. 
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Brandes (1929) stressed the Kossel-Stranski model for 

electrolytic deposition, i.e. charge transfer from the metal 

to the ion at the point of arrival, and diffusion along the 

surface to growth sites, in contrast with Volmer's views that 

the transfer of charge was directly at a growth site after 

lateral diffusion in the double layer. Brandes also 

developed the idea of Volmer, and suggested that the ions 

on entering the Helmholtz electrical double layer lose their 

water envelope and finally take up positions in the crystal 

lattice. 	The double layer is regarded as constituting a 

condenser. The potential difference in the double layer 

would be proportional to the amount of electricity brought 

into the layer by the ions. If the ions find a place of 

low potential energy easily on the substrate and are 

neutralised, there would be less polarisation than if they 

tend to remain adsorbed. Both the theories suggested by 

Volmer and Brandes agree that the electrolytic deposition 

is almost an instantaneous process, although Brandes assumes 

a delay ootween the arrival of the cation and its discharge. 

Kohlsclilatter (1927) established much of our early 

knowledge of non-morphological phenomena. Kohlschutter. 

and Torricelli (1932) measured the rate of sl)reading of 

layers (many atoms thick) on silver deposited from AgNO3  

solution. 	They also suggested that material did indeed 

reach growth points by means of diffusion along the surface, 
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that is, charge transfer occurs at sites on the plane 

surfaces of the growth layers. They also noticed that 

layers growing over the metal crystal would remain unchanged 

and continue where they had left off on switching off, and 

then again on, the depositing current, respectively; but if 

the time interval was too great (3.5 secs) the fresh surface 

became inactive. They also suggested that there would be 

high current density at edges and corners where a layer 

begins. 

Gardam (1947) suggested that metal ions become 

discharged where they reach the cathode and then migrate to 

a position of minimum potential energy unless prevented 

from doing so by low temperature or by the presence of 

adsorbed material. This mechanism raises some controversial 

points because the mobility of the atoms on the surface of 

a solid at temperatures used in electrodeposition is very 

small. 	The ions therefore must get discharged at a stable 

place of minimum potential energy. 

Ibl and Trampler (1952 and 1953) and Ibl (1954) 

investigated the nature of electrodeposition, and found that 

deposition occurs only at parts of the cathode where 

unchecked growth is possible. The actual current density 

at these depositing regions is thus much larger than the 

normally quoted mean c.d. When the deposit surface becomes 

rough as the growth proceeds, the effective c.d. is further 

increased as compared with the mean c.d. 
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Many invesigators have worked on the kinetics of 

electrodeposition (Sheludko and Bliznakov, 1951; Sheludko 

and Todorova, 1952; Lorenz, 1954; Kaishew and Mutaftschiev 

1954 and 1955; Fleischmann and Idler, 1958; Vermilyea, 1956 

and 1957; 111011 and Bockris, 1959; Despic and Bockris, 1960; 

Piontelli, Poli and Serravalle, 1961; Fleischmann, Thirsk 

and Torilessillas, 1962; Fleischmann, Harrison and Thirsk, 

1965, • 	Vetter (1967) ha4t discussed the theoretical 

aspects of kinetics of electrodeposition. 

In the light of their views, in electrodeposition 

the growth centres are nucleated at a rate which can be 

specified in terms of a rate constant, during deposition of 

a new phase. The growth centres once nucleated, will grow 

along the cathode either in one dimension (as an atom row) 

or as bundles of rows (cylinders), or as more compact groups 

of atoms (e.g. approximately hemispheres) in three dimensions. 

These reactions are in a non-steady state. At longer times, 

the nuclei have grown until they meet neighbouring nuclei or 

crystals and will interact and the growing surfaces may have 

coe overlap. A steady state is reached when the substrate 

is completely covered. 

In the earlier theories of crystal growth suggested 

by VolPer (1921 and 1939) and Stranski and Kaischew (1935), 

the formation of new lattice planes has been assumed to be 
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governed by two-dimensional nucleation. It has been 

thought that this would require appreciable overpotentials. 

However, clectrodeposition can proceed at very low potentials 

and so it has more recently been assumed that edges are 

sometimes present, generated by screw dislocations (Burton, 

Cabrera and. Prank (1951). 

The combined effect of diffusion along the surface 

and through the solution have been taken into account by 

Fleischman) et al.(1965). 
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1.3. The Structure and Growth of Electrodeposits. 

Many studies have been published about the 

structure and growth of electrodeposits and the literature 

is conveniently outlined in a recent review by Lawless(1967). 

Bockris and Razumney (1967) have also summarised the present 

views on the nature of the growth of a crystal during the 

process of electrodeposition, in so far as concerns the 

layerwise growth and the development of dendritic forms. 

Although the techniques of optical microscopy and 

X—ray diffraction have made some useful contributions, the 

main detail and systematic understanding of the structure 

and growth of electroeeposits has been developed from the 

more sensitive technique of electron diffraction and to some 

extent electron microscopy. 

The following are the main aspects which it is 

.convenient to distinguish, mainly based on the by now 

extensive election diffraction results which are availal-1:;. 

1.3.1. The Nucleation Stage of Growth of an Electrodepasit. 

Two—dimensional surface nucleation, i.e. formation 

of incipient rows of atoms or sheets of atoms on a plane 

surface by aggregation of adions, is a kinetic process 

(Fischer, 1954, Kortum, 1957). 	It forms an important basis 

of earlier theories of metal deposition but it is now 

regarded as less necessary, since it has been realised in 
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more recent years that on a real metal crystal surface there 

a-2e steps having edges, and there may be "edge"- or "screw"- 

dislocation 	(which present a perpetuating edge). 

Such stepped edges present growth sites to which adions can 

diffuse and where they can be retained preferentially and be 

discharged, the metal atoms then building up a crystal 

lattice. 

Nuclei, once formed, provide new sites on which 

further growth can occur by deposition of the adsorbed specie, 

While at low growth rates near the reversible potential, the 

intrinsic defects in the substrate cathode surface can provide 

sufficient growth sites, nucleation is more probable at 

higher current densities. At high rate of growth, at high 

c.d., the surface concentration of adions can increase if 

surface diffusion is slow. 

A detailed treatment of nucleation is given by 

Eleischmann and Thirsk (1963), Bockris and Danjanovic (1964) 

and Vetter (1967). 	They have also outlined the previous 

literature on nucleation, particularly in the case of 

electrodeposition. 

According to Damjanovic and Bockris (1963) adion 

clusters, or embryos, can be regarded as being in equilibrium 

with adions. An embryo may either disintegrate, after 

momentary formation or it may grow. WIlen it reaches a 

critical size, it becomes a stable nucleus. 
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If the radius of the embryo (for simplicity 

usually assumed to be circular) exceeds a certain value, the 

free energy of the formation of an embryo from adions becomes 

negative, that is the nucleus continues to grow. 

An embryo having the critical radius may become a 

stable nucleus after the lapse of tine necessary for a 

further adion to join it. The rate of nucleation is 

strongly dependent on overpotential and, for a given 

potential, on the dislocation density (Fleischmann and 

Thirsk, 1960). 

The probability of nucleation on a stepped surface 

is much less than that on an atomically flat surface, because 

the action concentration, even at the mid-point of the steps, 

is less than that at a step-free surface under the same 

conditions. Analysis shows that on a surface with a high 

dehsity of dislocations ( ,--1010  cry 2) no nucleation is 

possible unless cathodic overpotentials are over 150 mV. 

After application of a constant overpotential to 

an ideally flat surface, net ion flow across the double layer 

takes place, but only until the adion concentration has 

reached a certain value. 

Theoretical calculations show that significant 

nucleation may be expected in the case of silver, for 

instance, if the overpotential is of the order of 00-100 mV. 

Vermilyea (1957) found that copper whiskers which 
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were supposed to be bounded by idepaly flat surfaces, with 

no steps and growth sites on them, there was no deposition 

current unless overpotentials of the order of 100 mV were 

reached. 	The c.d. which would be observed just after the 

commencement of nucleation is governed by surface diffusion 

and can now reach significant values as the nucleation has 

provided necessary growth steps to which ions can diffuse to 

be retained. 

Finch, Wilman and Yang (1947), in studies of 

cathodic crystal growth, found that a Cu electrodeposit of 

200 A thickness, from an acid sulphate bath at 20°C and 0.5 
mA/cm2, gave parallel growth with less smooth surface than 

the substrate. This indicates that the new surface was 

covered with crystal outgrowths. At 500 A thickness, the 

diffraction pattern inilicaterl still r3ughmsurfttco an that was 

almost entirely due to the transmission of tho electron L'am 

through these projections. The increase in roughness of 

he surface is due to preferential aeposition or nucleation 

on the projecting parts of the cathode surface. 

Dickson et al.(1965) studied by electron microscopy 

the nucleation and growth of gold electrodeposits on (111) 

surfaces of silver films. The gold was found to be 

initially in the form of thin isolated plate-like islands. 

The surface coverage by these islands was only about 22% for 

an average deposit thickness of 20 A. The nuclei had a 
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population of--4 x 1010/cm2. Further deposition led to the 

gradual coalescence of these islands until an almost 

continuous film was formed at about 80 to 100 A. It was 

concluded that the mode of nucleation and growth was largely 

independent of the mode of deposition and depended mainly 

upon surface migration of gold over the silver substrate and 

the gold nuclei. 

E.R.Thomson (1966) studied by electron microscopy 

the early stages of the deposition of gold and nickel onto 

thin single—crystal films of copper of (110) and (111) 

orientations. 	The results for gold deposits were similar 

to those of Dickson at al (1965) in that isolated nuclei 

were observed for small amounts of deposits (e.50 A), and 

the film became continuous at about 100 A. 	It was also 

found that nuclei of gold were present at the early stages 

of d'.3position onto thin films of nickel. 	Nickel on copper, 

however, showed a somewhat different behaviour: the deposits 

were continuous for the thinnest firms observable (<20 A). 

T3olated nickel nuclei were observed in only one deposit and 

for a thickness of 50 A. 

Jesser (1966) using transmission electron 

microscopy observed the formation of many small isolated Pt 

nuclei onto (111) gold films. 	There was no obvious 

relationship between the nuclei formed and the dislocations 

present in the substrate. The average thickness of the 
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deposit was less than 50 A. 

With increasing thickness of the platinum deposits, 

the films were essentially continuous and showed well—defined, 

although somewhat irregular moire'fringos. These films 

nearly always showed small somewhat circular areas which did 

not show moire' fringes and, therefore, apparently had no 

platinum on them. It is likely that these areas were regions 

in which impurities were trapped at the surface of the 

substrate and for relatively thin deposits prevented the 

complete coverage of the surface with platinum. Similar 

areas were observed by Lawless (1965) in nickel deposits. 

If these gold substrates with a Pt deposit were annealed to 

about 700°C, it was found that the Pt improved its 

orientation and became isolated on the gold surface in the 

form of triangular nuclei. It was found that contamination 

at the interface, as observed by Atkinson (1958), was 

removed in the annealing process. 

Lawless et al (1962,1963,1)65) made a fairly 

extensive electron microscope study of copper deposits on 

single crystal films of nickel which had previously been 

prepared by electrodeposition onto bulk copper single 

crystals. An acid sulphate bath was used and the deposits 

of copper were made at room temperature at a c.d. of 1 

mA/cm 	The substrate films were characterised by the 

presence of numerous deformation twins and a density of 
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dislocations somewhat less than the' normal for evaporated 

films. 

The copper deposits, as shown by the moire'fringes, 

were essentially continuous over the nickel substrate, even 

for deposits of thickness <20 A. 	The fringes were not 

clearly broken up into small clusters such as might be 

expected if the film were formed by individual, well 

developed nuclei growing together as has been observed in 

evaporated deposits. 	Since the nickel substrate surfaces 

were finely faceted, many kink sites and edges were available 

so that nuclei of copper could have been initiated 

simultaneously at many different points on the surface. 

The coalescence of this high density of nuclei on kink sites 

present on small facets could then lead to the very thin 

continuous film observed with the irregularities in the moire; 

pattern. 

Toschev and Mutaftschiew (1964) studied the 

activity of Pt single crystal electrodes during the process 

of eletrolytic nucleation of Hg deposits. The Pt electrode 

was treated periodically with HNO3  prior to the nucleation 

process. 	The results lead to the concept that the nuclei 

were formed only at preferential sites on the electrode 

surface. Those sites most probably were breaks in the oxide 

layer, normally covering the Pt electrode under the 

experimental conditions. 
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The distribution of Hg nuclei formed in the case of 

electrodeposition of Hg on a spherical Pt single crystal in 

the course of a single rectangular pulse was shown in a 

micrograph. The nuclei were deposited mainly around the 

octahedral poles where the regions around the k1001 and 110 

poles remained practically unoccupied. 

After treatment, the activity of the electrode 

surface increased strongly with regard to the process of 

electrolytic nucleation, and nuclei were formed everywhere 

except on the 1110) surface which apparently was not reduced 

under the given conditions. Toschev and Markov (1967) 

studied the electrolytic nucleation of Cd. 

The plot of the frequency of formation of one 

nucleus on the cathode was plotted against the pulse duration 

at different voltages, giving 'S' shaped curves. 	This shows 

that the transition from non-occurrence to 100% probability 

of the event is not abrupt, but more or less continuous. 

The size of the critical nucleus was, however, found to be 

small, as found by many other workers [Kaischew, 1965; 

Kaischew et al, 1950; Fleischmann and Thirsk, 1955, Kaischew 

and Gutzow, 1964, and Kaischew and Mutaftschiew, 1965] in 

the case of three dimensional nucleation. 

As communicated by Kaischew et al (1964)  and (1965), 

and Toschev and Mutaftschiew (1964) the nucleation of Hg and 

some other metal deposits around the crystallographic poles 



23. 

of unpretreated Pt electrodes was found to be in the 

succession k.1111 , ilOdi 	[1101 . 

These results were treated in terms of the concept 

of an oxide layer covering the electrode surface. 

In the case of Cd, the poles are occupied in the 

order t311: , .1.11 	1001 	k1101 . 

The electrolytic nucleation of Hg, Ag, Pb and 

other metals on Pt has been successfUlly investigated with a 

pulse technique by S..2holudko and Todorova (1952), Kaischew 

and Mutaftschiew (1954, 1955), Mutafteohiew and Kaischew 

(1960), Mutaftschiew and Toschev (1960), Kaischew, 

S-heludko and Bliznakov (1950), Syheludko and Bliznakov 

(1951), Mutaftschiew and Kai6chew (1955), and Kaischew and 

Gutzow (1962). 

The electrodeposition of a metal on an inert 

electrode begins with the formation of separate nuclei which 

y further growth coalesce into a continuous deposit. The 

iaitial stage of the deposition is thus controlled by the 

process of heterogeneous nucleation. Various techniques 

have been used to study the electrolytic nucleation of a 

number of metals on Pt. These methods and the main results 

obtained are reviewed by Kaischew (1965). 

The rate of three-dimensional nucleation is given 

by: 
K, 

J = Ki  exp [- KT   ] = K1 exP [ - 	] 
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where A is the activation energy for the nucleus formation, 

n is the overvoltage, and K1  and K2  are constants. 	This 

equation denoting the kinetics of the nucleation process 

has been successfully tested by Kaischew et al (1950) and 

Budewski et al (1966) for the case of three- and two-

dimensional nucleation respectively. 

Naybour (1968) observed nucleation in the electro-

deposits of zinc from an aqueous solution of KOH saturated 

with ZnO. 	The electrodeposits were prepared on (0001), 

(1170), (1010), (2131) faces of Zn single crystal, and were 

examined by scanning-and transmission electron microscopy. 

On the Zn (0001) plane and at 100 mA/cm2, the early 

stages of deposition were characterised by growths about 1.am 

diameter, which did not have clearly-defined crystallographic 

form. 	After the passage of 6 C/cm2 (a theoretical deposit • 
of 2.8 um) the density of these small growths was 106/cm2 as 

shown by the electron micrograph. The density remained 

unchanged up to 12 C/cm2 when some of tha nuclei had started 

to grow into dendrites. 

On the Zn (1010) plane and at 6 C/cm2  and 100 mA/cm2  

the number of growth centres or nuclei was about 2 x108/cm2. 

Later some of the nuclei grew into tree-like dendrites. 

On the Zn (1120) plane, nuclei formed at a c.d. of 

100 mA/cm2 with a density of 108/cm2. Of these small growths 

1 in 100 grew into a tree-like dendrite of 25 /um in length at 

3 C/cm2. 
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On the Zn (2131) plane, at a c.d. of 100 mA/cm2, 
 

nuclei formed with a density of 5 x107/cm2  at 6 0/cm2. 

The results showed that the major effect of the 

substrate orientation was the lower density of the small 

growths on the basal plane as compared with the other planes. 

Vaughan and Pick (1960) concluded that nucleation 

sites in Cu were probably impurity sites and that physical 

defects act as nucleation sites primarily because such 

defects are preferred sites for impurity segregation. 

There is good evidence that for Cu (Danjanovic, 

Setty and Bockris, 1966) the most close packed atomic plane, 

(111), has a lower exchange c.d. than other planes. 	In 

zinc, the atomic packing in the basal plane is much closer 

than tnat on any other plane, and one would expect the basal 

plane to be less active and therefore produce fewer nuclei 

than any other plane. 
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1.3.2. 	The Structure and Growth of Electrodeposits on 

Polycrystalline or Amorphous Substrates. 

The detailed structure of electrodeposits has been 

studied by various techniques, such as optical microscopy, 

X-ray diffraction, 	electron diffraction 	• 	and 

electron microscopy. 	Of these techniques, electron 

diffraction is the most sensitive in showing the nature of 

the crystal orientation in the deposit, especially when 

using an electron bean at grazing incidence. Mainly from 

the extensive electron diffraction results now available, 

the relation of the deposit structure to the deposition 

conditions is now more clearly understood in a systematic 

way. 	The electron diffraction results will therefore be 

considered first. 

1.3.2.1. Electron Diffraction Studies of the Structure  

and Growth of Electrodeposits. 

The extensive electron diffraction results can 

Lest be considered under several main headngs as follows. 
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1.3.2.1(a). 'Lateral' and 'Outward' Types of Growth of 

Electrodeposits. 

With the development of the electron diffraction 

technique, it has been possible to derive very detailed 

information regarding the nature, growth and orientation of 

the electrodeposited crystals. 	This is a technique best 

suited for this purpose, since it is only the surface region 

of the crystal which contributes effectively to the coherent 

diffraction pattern. 

Systematic investigation of the structure of the 

deposited metals on opitaxially inert polycrystalline or 

amorphous substrates were made by Finch and his collaborators 

(1936-1953). The fundamental principles which govern the 

development of preferred crystal orientations of the deposits 

have been established by them. The crystal size, habit and 

orientation arc mainly influenced by (a) the substrate surface 

structure and (b) the bath conditions, 	These two factors 

are sometimes found to have opposing influences. 

Two main types of crystal growth, (1) "Lateral 

growth" and (ii) "Outward Growth", were first recognised by 

Pinch and his co-workers [Finch and Sun (1936); Finch, 

Wilman and Yang (1947); Finch and Layton (195:I.)]. 	In 

'lateral' type of growth, the crystals grow more or less 

laterally in compact block-like crystals with the most 

closely-packed atomic plane parallel to the substrate. 
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In f.c.cubic crystals this corresponds typically to (111) 

orientation, and in b.c.cubic, (110). 	In this case the 

deposition occurs without setting up regions of strong ion 

impoverishment locally. The initial crystal nuclei of the 

deposit are formed bn the substrate by two or three 

adjacent deposited atoms, the crystals then tending to grow 

at first as a single densely populated atomic sheet parallel 

to the substrate. 	In practice, a second atomic sheet begins 

to grow on the first, when the latter reaches a certain 

extent, and so on - leading to the growth of the crystals in 

three dimensions. 

The 'lateral growth' takes place only if the rate 

of supply of ions to the cathode region by diffusion and 

migration is not less than, or very much less than, the rate 

of deposition of ions on the cathode. 	It does not involve 

undue impoverishment of ionic concentration of the solution 

in the cathode region, and the ions diffuse freely to the 

cathode surface. 	The chief bath conditions favourable to 

lateral growth are:- (i) high ion concentration; (ii) low 

current density; (iii) high bath temperature and (iv) 

stirring of the bath. 	In the case of deposition on a 

random polycrystalline or amorphous substrate-surface, the 

deposit crystals grow with the closest-packed atomic plane 

parallel to the substrate and then atomic sheets grow 

sideways rapidly, but the deposits  crystals have random 
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azimuthal orientation. 

In 'outward growth' there is preferential 

deposition on any projecting part of the cathode surface, 

leading to prominent outgrowth and even dendritic growth. 

The crystals tend to grow with the most densely-populated 

atom row as common axis of orientation noloal to the 

substrate. Outward growth results when the formation of 

the deposit greatly impoverishes the ion concentration in the 

neighbourhood of the cathode, and the conditions are such 

that ion replenishment is slow. The further growth of the 

deposit is prforentially outward towards new ion-rich 

regions, that is, in a direction normal to the aubstrate. 

As the atom rows grow out rapidly into regions of undiminished 

ion concentration, the crystals will also gain slowly in 

girth as some ion replenishment occurs in the depleted 

regions. 	This leads eventually to the formation of needles 

or dendrites in which the longer axis is an atom row of close 

atomic packing, usually the closest possible atomic packing, 

normal to the substrate. For example, this gives rise to 

(110) orientation, typically, in f.c.cubic metals, and to 

ail) orientation in b.c.cubic metals. 

This outward growth is favoured by: (i) a low ion 

concentration in the bath; (ii) high c.d. leading to rapid 

ion depletion; (iii) a low bath temperature(causing only slow 

diffusion of the ions); and (iv) lack of stirring. 	The 
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optical micrograph [Finch and Layton (1951)] and later the 

electron micrograph [Matthews, Mutucumarana and Wilman(1961)] 

are clear visual examples of outward growth. 

Wilman (1955) suggested that outward growth one-

degree orientation must represent a preferential deposition 

on the crystals which grow outward most rapidly to less 

ion-impoverished regions of the solution. The crystals 

having two or more densely-populated faces normal to the 

substrate and thus the most densely populated atom row (or 

a densely populated one) normal to the substrate. 	In 

particular the often observed (110) orientation appears to 

be associated with the preferred growth of crystals having 

two 1.1111J facets simultaneously normal to the substrate in 

f.c.c. metals. 

With respect to one-dimensional orientation 

finally developed in the upper regions of thick electro-

deposits at medium or high c.d., Wilman (1955) pointed out 

that the increased energy transfer to the growing deposit 

surface can be expected to result in an even higher degree 

of mobility of the deposited ions or atoms there, than at the 

lower c,d., and hence lead to an even more pronounced 

development of plane crystal faces. 	It was uuggested, 

therefore, the preferred orientation results from the strong 

outward growth at such c.d. favouring growth of crystals 

(out of the early random shape) having simultaneously two 
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faces normal to the substrate and thus the lattice row along 

their common intersect is also normal to the substrate. 

Since the faces developed depend to some extent on the nature 

of the adsorption (even if this is transient) of compounds 

present in the bath, this could account for both usual 

outward growth orientation with the most densely populated 

row (and two of the most densely populated atomic planes) 

normal to the cathode and also the occasional observation of 

the less simple type of axio*akian. 

Matthews, Mutucumarana and Wilman (1961) outlined 

the previous literature on electrodeposition under outward 

growth conditions and they used electron diffraction and 

electron microscopy to study this type of growth in Cu 

deposits at high c.d. from 0.3 and 0.1 M CuSO4  and Ag from 

031 M AgNO3. 	Recently, Naybour (1968) observed dendritic 

growth in Zn electrodeposits from aqueous KOH solution 

saturated with ZnO on (0001), (1010), (1120) and (2311) 

faces of zinc single-crystal. He examined the deposits by 

scanning and transmission electron microscopy. The deposits 

were dondritic at 100 mA/cm2. 
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1.3.2.1(b). The Effect of Co-deposited  Hydrogen on the  

Crystal Growth in Electrodeposits. 

In electrodeposition, some hydrogen ions are in 

general adsorbed on the cathode surface in a state of dynamic 

equilibrium with the hydrogen ions in solution. The 

adsorption of hydrogen ions brought to the cathode by the 

applied electric field is stronger than the tendency for 

these ions to redissolve, when the cathode potential exceeds 

the reversible deposition potential of hydrogen ions in the 

corresponding solution. In order that they may evolve as a 

gas, the cathode must acquire a more negative potential than 

the sum of the reversible hydrogen deposition potential of 

the solution and the minimum hydrogen overvoltage of the 

cathode metal, below which the adsorbed hydrogen, either in 

the form of ions or atoms, will be accumulated on the 

cathode surface. 

A cathode metal having a higher hydrogen over-

voltage leads to a greater difficulty of the transformation 

of those adsorbed hydrogen ions or atoms into hydrogen gas. 

If these adsorbed hydrogen ions or atoms are removed as 

hydrogen gas, it is evident that there would be more free 

space on the cathode surface for the growth of the deposit 

metal crystals. 	On the other hand, the accumulation of 

adsorbed hydrogen ions or atoms on the cathode in a more 

static manner causes more hindrance to the normal crystal 

growth. 
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Sometimes amorphous deposits are found in the case 

of metals with weak cohesive forces; such as antimony, 

bismuth, arsenic, selenium, etc. (Sun, 1935; Finch and Sun, 

1936; Finch, Wilman and Yang, 1947). In these metals, the 

lattice formation is disturbed due to excessive evolution of 

hydrogen or acmalation of hydrogen ions on the cathode. 

They are found to be less resistant to the disturbances due 

to hydrogen evolution on their growth than the deposits of 

harder metals, such as nickel, gold, iron, etc. 	The metals 

with weaker cohesive forces usually show random structure 

even at a current efficiency of 80 to 90% while under 

approximately the same current efficiency, the deposit of the 

harder metals may still be highly oriented. 

Metals of higher cohesive forces, such as zinc, 

nickel, cobalt, iron, silver and gold, always give 

crystalline deposits. 	The deposit crystals are randomly 

arranged under conditions where there is an excessive 

evolution of hydrogen gas, that is the current efficiency is 

low, or there is an accumulation of adsorbed hydrogen ions 

or atoms on the cathode surface owing to the high hydrogen 

overvoltage of the deposited metal. 	In such circumstances, 

the mobility of the deposited metal atoms over the cathode 

surface, and the tendency of the outward growth of the 

deposit crystals from the projections of the cathode surface, 

are reduced. 	This leads to a random disposition of the 
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deposit crystals (Finch, Wilman and Yang, 1947). 	In some 

cases, however, by raising the current density and giving 

the cathode potential a more negative value, the evolution 

of hydrogen begins to occur and the deposit is oriented. 

1.3.2.1(c). The Effect of Rotating the Cathods during 

Electrodeposition, about an Axis Normal to  

its Surface. 

It is a general experience that during electro-

deposition, usually the 'burning' of the deposit, that is 

the dark appearance due to the inclusion of basic metal 

hydroxides, and the dendritic crystal growth tendency at 

higher c.d., is suppressed by the rotation of the cathode. 

Regarding the effects of the speed of rotation on the 

crystal orientation of the eloctrodeposits, the information 

available is limited. 

Burgers and Quanjel (1942) observed by X-ray 

examination that nickel deposited from nickel acetate bath 

at 11 mA/cm2 developed (100) orientation when the cathode 

was rotated at 100 r.p.m. 	In the absence of rotation the 

resulting textures showed uncontrollable variations. 

Wyllie (1948) found that nickel eleetrodeposits 

from a nickel chloride bath (NiC12  205 gms/l., KC1 8 gms/1. 

and NH4C1 17 gms/l.) at room temperature and 50 mA/cm
2 was 

randomly oriented on a stationary cathode, whereas on a 

cathode rotated at 25 r.p.m., other conditions remaining the 
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same, (110) orientation was developed. 

Yang (1948), in this laboratory, studied the effect 

of rotating the cathode during electrodeposition. He 

observed by electron diffraction that a silver deposit 

35,000 A thick from a cyanide bath (AgON 35 gins/l. , KON 

37 gms/1., K2CO3  33 gms/l.) at 20°C and 30 nA./cm2  on a 

stationary polished brass cathode had (110) orientation 

(characteristic of outward growth), while on a cathode 

rotated at 3,000 r.p.m., other conditions being the same, 

the Coposit consisted of (111) oriented silver (i.e. typical 

of a lateral form of growth). The current efficiency with 

and without stirring was found to be 100 and 80% 

respectively. 

He also observed that copper deposited (25,000 A 

thick) on a stationary cathode from a cyanide bath (CuAc2. 

2H20 25 gms/1., Na2SO3.H20 50 gins/1., KON 35 gms/1., Na2003  

gins/1.) at 80°C and 7.5 nA/crn2  had (110) orientation and 

the current efficiency 75%, but if the cathode was rotated 

at 37000 r.p.m. with other conditions unchanged, the current 

efficiency was increased to 90% and the deosit crystals 

showed (111) orientation. No change in orientation was 

observed, however, when copper was deposited (30,000 A thick) 

from the sarje bath at 20°C and 3 mA/cm29  whether on a 

stationary cathode or on a cathode rotated at 3,000 r.p.m. 

In both cases the deposit crystals had the same (110) 
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orientation although the current efficiency was found to 

increase from 55% on a stationary cathode to 92%  on the 

rotated cathode. From these results it was concluded that 

current efficiency was not the only factor which prevents 

the copper crystals from being arranged into the most densely 

packed (or nearly so) orientation, but both high bath 

temperature and high current efficiency are necessary for 

achieving the results. 

Further, he also observed that nickel electro-

deposited (50,000 A thick) on a stationary brass cathode 

from a nickel sulphate-boric acid bath (NiSO4.7H20 240 gms/l., 

H3B03  30 :-Ic/1.) at 20°C and 12.5 nA/cm2  had (110) 

orientation, tIle current efficiency being 90%, while if the 

cathode; was rotated at 3,000 r,p.m., other conditions 

remaining unchanged, the current efficiency dropped to only 

430, and the deposit crystals became randomly arranged. At 

a bath temperature of 52°C, the deposit from the sane bath 

and at the same c.d. showed (100) orientation on a stationary 
On a rotated cathode with 

cathode, with a current efficiency of 95,/other conditions 

,Inchanged, at 3,000 r.p.m., the current efficiency was only 

c350 and the deposit crystals were randomly disposed. 

The same phenomenon was observed in the case of 

iron electrodeposits as well, 	Thus, iron deposited (53,000 

A) from a sulphate bath (FeSO4(NH4)2SO4.7H20 350 Urns/1., 

H2SO4  2.5 gns/1.) at 20°C and 37.5 mA/on2  showed (111) 
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orientation with a current efficiency of 90% on a stationary 

cathode, while if the cathode was rotated at 3,000 r.p.m. 

with the other conditions as before, the current efficiency 

decreased to only 25% and the deposit crystals were randomly 

disposed. 

Yang(194e).  concluded that the loss of crystal 

orientation in these cases was therefore due to the 

disturbances in the lattice formation of the deposited atoms 

caused by excessive evolution of hydrogen during the 

deposition on the rotating cathode. 

The changes in the electrocleposit structure caused 

by rotating the cathode are evidently closely related to the 

changes in the ion-concentration in the oolution close to 

tho cathode surface. This is a complex mathematical problem 

which can be solved in certain ideal cases. 	Levich (1962);  

in his book "Physicochemical Hydrodyna,lics" has discussed 

1-lathematically the flow of liquid over a disc rotating about 

a normal axis through its centre. 

The papers by Albery (1966), Albery and 

Brun:e,nstein (1966), and Albery, Brucke-nstein and Napp 

(1966) describe a mathematical approach which enables 

solutions to be derived from the problem of diffusive and 

convective transfer of solution fpm the disc to the ring in 

the case of a rotating ring-disc electrode. 	The disc used 

was 0.5 inch diameter and speed about 200 radians/sec. 

("=1900 



Albery et al.(1968) using aqueous mixtures of 10-2M 

NaBr and 6 x10 2  M HC104  at 2500, found experimentally that 

the current distribution in the case of rotating ring-disc 

electrodes was uniform. They also concluded the uniformity 

of edrrent distribution in more concentrated solution. 

These results are contrary to Newman's theory 

(1966) which predicts a greater c.d. at the edge of the disc 

compared to the average c.d. 

1.3.2.1(d). The Effect of StirrinE  the Electrolyte during 

Electrodeposition, 

The effect of stirring on the structure and 

growth of electredeposits as shown by electron diffraction 

has been indicated in a general way in section 1.3.2.1(a), 

The stirring increases the degree of the maintenance of the 

sikpply of ions to the electrolyte close to the cathode surface 

and thus increases the lateral growth tendency and reduces 

the outward growth tendency. 

Although there appears to have been no systematic 

studies, the present results in section 3 provide an 

extensive detailed systematic study of the quantitative 

effect produced by a particular degree of vigorous stirring 

(maintained approximately constant) as compared with the 

observations made in the absence of stirring. In particular, 

the effect of the stirring could be expressed directly as 

the factor by which the rate of cation supply to the cathode 
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region was increased as a result of the stirring. 

In general, stirring is difficult to standardise 

and control closely, but it causes an increased flow of licuii 

carrying cations more rapidly to the regions close to the 

cathode to replenish cations removed by deposition on the 

cathode. 	The Dore vigorous is the stirring, the more effect 

it causes. 

A brief discussion of diffusion and convection 

(including natural and forced convection) at electrodes was 

given by Agar (1947). He quoted the general expression in 

of the case of forced convection, of  = constant.U-m  as having 

bcen found by many authors to apply in electrode and other 

surface reactions; (gf being the thickness of the diffusion 

layer ajacent to the cathode surface, U being the stirring 

velocity and n having a value between 0.5 and 1 depending 
e  

the type of al)paratus and stirring. 6 is found to be of 

the order of 10-3 cm. 	For a rotating cathode disc electrode 

(for which is constant over the disc, with laminar flew) he 

quoted Levich's theoretical conclusion that with a value cf 

10-5  cm2  sec-1  f_r th, liffusion const-mt 'D' nnl a value 
2 10-2  en sec-1 for the kinematic viscosity gives 

g 
Nrev. per sec 

Vetter (1967), in his recent book "Electrochemical 

Kinetics", quotes other workers and their views in a 

discussion of the effect of stirring the electrolyte and has 

0.022  
•••••=1.11,  Cm. 



referred to the cases of both laminar and turbulent flow cf 

liquid. 

Even in the absence of stirrin, natural convection 

occurs in the electrolyte during electrodeposition. 	The 

natural convection includes gravitational motion due to 

variation: in density associated with ion concentration 

changes, evolution of gas at the electrode, temperature 

gradient within the cell and adventitious causes such as 

vibration. 

Changes in concentration within the diffusion layer 

near the cathode surface with natural convection can be 

studied, for example, by interferometry (Ibl and Euller,1955) 

Ibi and 'duller (1955) demonstrated the velocity of flow of 

the electrolyte parallel to the cathode under such conditimis. 

Although the general effect of stirring on the 

electroP.eposit structure and growth has been shown by 

electron diffraction in section 3, there has been only 

qualitative conclusions derived hitherto. 	The present 

results described in section 3 include a new detailed 

systematic comparison of the structure of nickel electro—

daposits when the solution was stirred with that found in 

absence of stirring. 	These results allow a direct 

quantitative estimate to be made of the factor by which the 

stirring used increased the supply of ions immediately close 

to the cathode. 
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1.3.2.2. 	Studies of Electrodeposits by Optical Microscopy. 

Optical microscopy does not provide the details 

of the deposit structure on the atomic scale, such as 

crystal structure, habit and orientation, but it gives some 

useful inforLiation in regard to coarser features of surface 

topography and morphology, sometimes including the crystal 

size and shape when the crystals are large enough. 	sine 

advantage is that it can be used in situ to observe 

progressive changes, e.g. the way in which the crystal form 

clianges with time during electrodeposition (Danjanovic, 

Paunovic and Bockris, 1963). 

Many examples of optical micrographs illustrating 

electrodc-Nsit strucure are given in books and reviews such 

as those of Blum and Hogaboom (1949), Brenner (1963), 

Fif:cher (1954), Gray (195.3) and Lawless (1967). 

One of the more important features of crystalline 

structure of electroeposits was shown by Blum and Rawcrdn 

(1923) and Hothersall (1935). 	They made carefully polished 

and etched cross—sections and found that in certain cases 

the electrodeposit crystals continued the growth of the 

substrate crystals across the interface, and this was 

associated with good adhesion of the electrodeposit with the 

substrate. 

A more recent new kind of observation of optical 

microscopy was the observation of spiral growths, normally 
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of rare occurrence, in electrodeposits of copper on copper 

sheets which had been cold-rolled and annealed (Pick, 1955, 

Pick and Wilcock, 1958, Seiter et al, 1960). 	Detailed 

studies have also been made of the more normal stepwise 

crystal growth (e.g. Pick, Storey and Vaughan, 1960), and of 

the type of crystallographic faces produced on electro-

deposit crystals under defined cases (e.g. Seiter et al, 1960 

Pick, Storey and Vaughan, 1960, Storey and Picki 1960, 

Damjanovic, Setty and Bockris, 1966). Fuller bibliography 

and discussions of recent work are available in the recent 

review by Lawless (1967). 

1.3.2.3. Studies of Electrodeposits by X-ray Diffraction. 

The earlier studies of electrodeposits by X-rays 

include those of Glocker and Kaupp (1924), Bozorth (1925), 

Fl.olich and Clark (1925), Wood (1931 and 1935), Hume-Rothery 

and Wyllie (1943), Jacquet and weil (1949), Clark and 

Simonson (1951). 	Usually, the patterns obtained showed the 

structure of the regions down to a few thousand angstroms 

below the surface, because of the relatively higher 

penetration of the X-rays. The patterns did not show the 

structure of the initial thin layers adjacent to the 

substrate nor much evidence of the immediate surface region 

of the deosit. 

A summary of texture studies of electrodeposits is 
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given by Fischer (1954). A more recent extended review on 

the studies of electrodeposits by X-ray diffraction has been 

given by Lawless (1967). Mention will therefore be made 

here only of the demonstration by Wood (1931) that at low 

c.d. (but not at high c.d.) copper continued the orientation 

of the carefully cleaned polycrystalline substrate; 

Leidheiser and Gwathney's (1951) study of nickel deposits 

on copper single-crystal (111) and (110) faces, showing 

parallel orientation of the nickel on Cu (110) face; Orem's 

(1958) study of the single-crystal growth of Cu on copper 

crystal (100), (110) and (111) copper faces, at 30 mA/cm2; 

and Giron and Ogburn's (1961) similar study of copper 

deposits on these three Cu faces at 10 mA/cm2. 

Recently, X-ray patterns from polycrystalline 

electrodeposits have also been used to give information 

about the grain size and stresses in electrodeposits. 

Studies of Electrodeposits by Electron Microscou. 

Electron microscopy is another technique available 

for the study of the electrodeposits. 	However, there is a 

limitation in that for direct examination it must be possible 

to detach the very thin films either mechanically or 

chemically, without affecting them in any respect. On the 

other hand, replica techniques nave been used to the greatest 

extent for Characterisation of the detailed topography of the 

deposit at various stages in the growth . The technique of 
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transmission electron microscopy of a thin film of an 

electrodeposit or a deposit plus substrate is relatively 

new, being first used by Weil and Read (1950) in the case of 

stripped thin nickel deposits from copper and zinc 

substrates. The thickness of the film prepared was 

approximately 5 x 10-6 an.. For nickel-plated copper, a 

solution of 500 gns/1 Cr03  and 50 gms/1 H2SO4  dissolved the 

copper, leaving the nickel. A solution of 5% by volume of 

concentrated HC1 in water served for dissolving zinc basic 

metals. 

Reiner (1956) also examined Ni films stripped from 

.„olycrystalline copper, and he has discussed the application 

of electron microscope technique to the study of electro-
Reimer and Picker 

deposits/(1960). 	Recently, Lawless (1967) has reviewed 

the studies of electrodeposits by electron microscopy. 

Ogawa et al. (1957) were the first to study nickel 

films (prepared at 22-23mA/cm2) using aqueous solution of 

NiSO4.6H20 300 gms/1., NaOl 3.1 gn/l, and H.33103  6.2 gms/1., 

stripped from electropolished single-crystal copper 

substrates, and they observed much twinning in the lamellar 

form. 

Steinnann and Hintermann (1960) made a detailed 

s'.;udy of the effects of substrate structure, and inhibitor 

concentration, on the structure of copper electrodeposits 

on Cu foils, at 20 mA/cm2, from an acid bath. 	Stoebe et al. 
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(1964) also studied Ou deposits (at 11-54 mA/cm2) from 

various baths, on aluminium substrates. 

Dickson, Jacobs and Pashley (1965) studied 

nucleation and growth of gold electrodeposits on (111) 

surfaces of Ag films. At an average thickness of 20 A, the 

"islands" of gold covered only about 22% of the substrate 

and were mainly of the order of 200 A in diameter. At 

about 80 to 100 A thickness, the islands had coalesced to 

fern an almost continuous film. 	(111) orientation parallel 

to the silver substrate was observed together with mirror 

symmetrical orientation. They concluded that the kind of 

nucleation and growth depended vainly on the surface 

migration of gold atoms over the silver substrate and on the 

gold islands. 

Thompson (1966) studied the early stages of the 

deposition of gold and nickel on thin single-crystal copper 

films of (110) and (111) orientations. 	He also observed 

isolated nuclei in gold deposits less than 50 A thick, while 

the films had become continuous at about 100 A thickness. 

The nickel deposits, however, were continuous in the 

thinnest films observable (<20 A), though isolated nickel 

nuclei were observed in one deposit (< 50 A thick). 

Jesser (1966, cf. Lawless, 1967) examined the 

nucleation stage of Pt on (111) Au films using transmission 

electron microscopy. At the early stages (<50 A), small 
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isolated Pt nuclei occurred, but thicker films were 

continuous. 

Some evidence has been obtained (Thompson and 

Lawless, 1966) suggesting that interfacial dislocations are 

present between 200 A nickel deposit and the copper 

substrate, associated with the lattice misfit. 

1,3.3. The Structure and Growth of Electrodeposits  

Sinrle—Crystal Substrates. 

The nature of the growth of electrodeposits on single 

crystal substrates depends on the crystallographic form of 

the surface of the substrate crystal. 	In most studies, the 

surface is made highly smooth on the atomic scale by electro—

polishing, and parallel to a definite crystallographic plane. 

On the other hand, an etched surface in general tends to be 

bounded by etch—facets which may be oblique to the mean 

macroscopic surface. 

In epitaxial crystal growth, it is the orientation 

of the first very thin deposit (a few hundred angstroms or 

less) that is concerned. As for the other forms of 

deposition, epitaxy occurs if the deposit and the substrate 

lattices are not too dissimilar in spacings at the interface. 

Elese considerations are discussed in 1.3.3(a). 	The misfit 

of the two lattices introduces a corresponding degree of 

stress in the region near the interface which is probably 

responsible for disorientation effects such as those 



47 . 

established by electron diffraction and outlined below in 

1.3.3(b). 	On the other hand, systematic electron 

diffraction studies of electrodeposits on single crystale 

as a function of thickness and current density, (see 

1.3.3(0)) show that now orientations can be developed at 

above a certain thickness. 	This can be due to twinning, 

and secondary or multiple twinning, which then leads soon 

to random polycrystalline structure and eventually at still 

higher thicknesses to preferred one-degree orientation with 

axis normal to the aubbtrate. 
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1.3.3.(a) 	.p.4.taxial Crystal Growth. 

The term 'epitaxy' was introduced by Royer (1928) 

to signify the "arrangement on" or "oriented overgrowth" of one 

crystalline material on another, in such a way that there are 

certain orientation relationships between the deposit and the 

substrate lattices. 

Much of the extensive literature on epitaxial 

crystal growth is reviewed by Van der Nerwe (1949)9  Seifert 

(1953), Pashley (1956) and Fleischmann and Thirsk (1963). 

More recent discussions of epitaxy are found in the 

contributions to certain conferences, e.g. "Single-Crystal 

Fi?.ms" edited by Francombe and Sato (1964). 	Pashley (1965) 

has given a brief discussion about epitaxy. Lawless (1967) 

has given a recent review of literature on epitaxial crystal 

growth of eiect-roao-posits 

In the present case some of the main phenomena and 

theoretical considerations will be discussed briefly, followed 

by a more detailed account of epitaxy on electrodeposits on 

single-cryscal substrates. 

The first systematic studies of Barker (1906, 1907, 

1908) showed a series of epitaxially related structures in the 

growth of alkali halides upon each other. Some alkali halides 

grew epitaxially upon each other, while others did not. 	It 

was noticed that oriented growth was favoured if the molecular 

volumes of the two alkali halides are nearly equal. 



Royer (1928) repeated much of the work of Barker 

and extended it to cover many other examples of growth from 

sciution. On the basis of his results, Royer put forward 

three rules of epitaxy: 

(i) Oriented growth occurs only when it involves the 

parallelism of two lattice planes which have networks of 

identical or quasi—identical form and of closely similar 

spacings. The difference between the network spacings is 

usually expressed in terms of percentage misfit, which is 

defined as 100(b—a)/a, a and b being the corresponding lattice 

spacings in the substrate and overgrowth crystals respectively. 

The experimental results suggested that the misfits should 

not be more than about 15% for epitaxy to occur. 

(ii) In the case of ionic crystals, the overgrowth 

atoms or ions should take up positions which corresponding 

atoms or ions of the substrate material of the same polarity 

would have occupied had the substrate continued to grow. 

(iii) At about the time when Royer carried out his 

experiments, electron diffraction was discovered. 	It greatly 

increased the scope of studies of epitaxy and it soon became 

apparent that epitaxy occurs with a wide variety of deposits 

on crystal faces. 

In some cases it was found that very thin 

chemically grown layers (Aminoff and Broome, 1936, Wilman, 

1940), electrodeposited metal films (Thomson, 1930, Cochrane, 

1936, Finch and Sun, 1936) and metal layers condensed from 
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the vapour phase (Kirchner and Lassen, 1935, Brack, 1936) 

were oriented. The results of these experiments showed that 

Royer's rule concerning a good numerical fit between the 

substrate and the overgrowth is not always obeyed. A misfit 

of 38% was observed in the case of metals condensed on to 

heated rocksalt surfaces (Briick, 1936). 

Some attempts were made to explain the occurrence 

of these large misfits by considering the possibility that 

the initial layers, i.e. the small initial nuclei, may have 

grown epitaxially with a low misfit, and upon these other 

orientations may have been formed at a later stage. 	,A 

mechanism of this kind, in which the occurrence of twinning 

played a vital role, was considered in detail by Menzer (1938 

a,b,c) for the case of silver on rocksalt. 

The results of early diffraction studies led Fin= 

and Quarrell (1933, 1934) to the introduction of a further 

concept of "basal plane pseudomorphism". 	This involves the 

formation of an initial orienced film which has an abnormal 

crystal lattice dimension (or even structure). 	It was 

suggested by them that the bulk structure of the deposit 

material is constrained so that the lattice plane parallel to 

and in contact with the substrate surface is close to that of 

the substrate in size. This hypothesis is now generally 

agreed to be valid. 

Frank and Van der Merwe (1949 apb,c) followed up 



51. 

the concept of basal plane pseudomorphism and developed a 

theory of epitaxy which involves, as a necessary condition of 

orientation, the formation of an initial pseudomorphic layer. 

Van der Merwe (1949) emphasised that crystal 

orientations are not determined by long-range forces, but by 

forces between one atomic layer and the next. Hence in order 

that there shall be a definite orientation in a crystalline 

overgrowth on a single crystal substrate, there must be formed, 

as the initial stage, an immobile monolayer of regular atomic 

pattern, to be called an "embryo". 	If the formation of a 

monolayer is regarded as a process of adding atom to atom, it 

is possible, if the influence of the substrate is strong, for 

these foreign atoms to take up similar positions to those which 

the atoms of the substrate material would have occupied in 

further growth of the substrate crystal. The resulting 

monolayer homogeneously deformed to fit on the substrate, thus 

forms an embryo. 	"Orientea overgrowth" is then obtained when 

the atomic pattern and orientation of the embryo are preserved 

throughout the entire lattice of the overgrowth. 

The theory developed by Frank and Van der Merwe 

(1949) led to predictions regarding the necessary conditions 

under which an embryo can be formed. The theory of Frank and 

Van der Merwo is based on the properties of one-dimensional 

dislocation model, consisting of a row of identical balls, 

connected by identical springs, the balls at the same time 
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being acted upon by a force, which varies periodically 

with the position on the substrate. 	It is found that 

with this model the fit or misfit of the monolayer and 

the substrate is naturally described in terms of 

dislocations. 	The embryo in a suitable substrate for 

the formation of another embryo on it, provided the 

binding between deposit atoms is not weaker than their 

binding on the substrate. 

If the atonic pattern of the embryo and that of the 

deposit do not differ in size by more than a certain 

factor (when the two lattices are isomorphic), it is 

possible for a stable, macroscopically thick, oriented 

film to grow by repetition of this process of embryo 

formation. 	This assumes, of course, that any flat 

region of the surface is completely covered by the first 

monolayer before the second is appreciable. 

It is the pattern of potential troughs, i.e. 
positions of minimum potential energy of the deposit 

atoms in the substrate force field, rather than the atomic 

pattern of the substrate surface, which must determine 

the atomic pattern in an initial atom plane of the 

deposit structure. 

The theoretical ideas of Frank and Van der Merwe 

are in good general agreement with experimental 

observations. The fact that pseudomorphic overgrowth is 



53. 

observed seems to show that ithere are cases in which slip 

does not take place during the early stages of growth. 

.Lmongst the most striking examples are the cases of aluminium 

on platinum and zinc oxide on zinc (Finch and Quarrell, 1934) 

and cobalt on copper (Menzer, 1938) and in the experiments 

of Finch and Sun (1936) where the abnormal crystal 

orientations of very thin films were in general such that the 

atomic population density in the orientation plane of the 

deposit approached that in the substrate surfrce. 

Smollet and Blackman (1951) made theoretical 

calculations in the case of alkali halide lattices, using the 

known elastic constants. They came to conclusions similar to 

those of Frank and Van der Merwe as to the degree of lattice 

misfit which can be tolerated. 

Van der Merwe (1964) has further discussed 

theoretically the interfacial misfit and binding between 

oriented films and their substrates. 

Detailed calculations of Menzer (1938), in the case 

of silver condensed in vacuum on a heated NaC1 cleavage face 

(Kirchner and Lassen, 1935, Briick, 1936) suggested that the 

initial nuclei of the deposits may have consisted of small 

crystallites having (221) faces in contact with the 

substrates. 	In the bulk of the further growth, those 

crystallites were considered to have twinned on (111) planes 

and certain of these twins would have an orientation parallel 



to that of the Nan substrate. The corresponding misfits 

(9% for Ag, 7,7; for Ni) in the (211) plane of contact with 

the substrate would thus also lie within the tolerance limit 

which is not the case for the misfits (-27% for Ag, —38% for 

Ni) suggested by the parallel (100) orientation of the bulk 

of the overgrowths. 	It was suggested that the orientations 

of the f.c.c. metallic overgrowths on ionic crystals are not 

likely to be of this type. 

The above orientations are thus such that a better 

fit can be achieved by other orientations, as was also 

pointed out by Thomson (1948) for some cases. 	These 

considerations together with the fact that deposits on a playa. 
co/leAid- wait 	euY0.1le2.--to-K.4...sulsEyccti.  

-inext substrate have a tendency to fp4 a definite plan 

show that one cannot be certain that the orientation of the 

overgrowth is the same as that of the initial embryo. 

Thomson and Cochrane (1939, pp.174-5), (see also 

Thomson, 1953) suggested that epitaxial growth can often be 

determined by a special line of atoms in the substrate 

surface, for example at the edge of a crack or at the internal 

angle at the bottom of a step on the surface. Although 

initial nuclei can often be seen to grow more or less 

preferentially at such sites, it is clear that their 

epitaxial orientation is unaffected by the presence of such 

features (Drabble, 1949). 

It is clearly initiated by the deposit atoms taking 
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up positions in the potential troughs at the crystal surface. 

The eDitaxial orientation will be initiated by the local 

atomic fitting of the first small group of deposit atoms on 

the substrate, as Elleman and Wilman (1949) illustrated in 

the case of PbC12 on a PbS cube face, and as Seifert (1953) 

has also emphasised. 	The lattice repetition and misfit are 

involved only as the nuclei grow larger (cf. Wilman, 1951). 

Pashley (1952) has pointed out that care is needed 

in some cases to define correctly the crystallographic type 

of the substrate surface on which the epitaxy occurs in a 

given orientation. 

Drabble (1949) showed, however, that considerations 

of the atonic co-ordination of the Ag+ and 01-  ions in AgC1 

indicate that the silver does indeed grow in its initial 

nuclei on the Na01 cube faces in a parallel (100) 

orientation. 

Willoms (organic materials on inorganic, 1943, 

1944, 1948, 1952) having drawn the general conclusion that, 

for oriented overgrowth to take place, there must exist the 

possibility of a strong chemical bond between the units 

(molecules or atoms) of the overgrowth and the corresponding 

units of the substrate, confirmed it experimentally. 

Willems particularly showed new cases of epitaxy between 

crystals of various organic molecular materials and 

substrates such as NaCl cleavage faces. 
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From the theoretical considerations of Van der 

Memo, one may anticipate that a preferred orientation can 

exist when one row of the closely packed units in each 

lattice is parallel, as concluded by Goche and Vlilman (1936) 

Heintze (1937), and Royer (1928). 	Seifert (1935) in his 

work on oriented overgrowth of ionic partners, concluded that 

one-•dimensional lattice fitting for a row of closely spaced 

ions of alternating sign is sufficient to Give rise to 

oriented overgrowth. 

In the case of isomorphous natural lattices of the 

deposit and substrate, the pattern of atoms in the first 

monolayer of the deposit is identical with that in a plane of 

the natural deposit lattice, and hence the next monolayer ran 

grow on to this under the conditions similar to those in 

which the first has grown on to the substrate. 

Evidently, this growth process can also take place 

for non-isomorphic lattice  latticeos  provided the lattice of the 

deposit contains planes whose atomic configuration resembles 

that of the exposed surface of the substrate. 	This condition 

c-n only be satisfied on specific crystallographic surfaces 

of the substrate. The general problem of oriented over-

growth on various surfaces of a substrate non-isomorphic with 

the deposit is exceedingly Complicated, but from similar 

theoretical considerations to those above one may anticipate 

that a two-degree orientation can exist when there is a 

similarity in spacing in one row of closely packed atoms in 
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each lattice as remarked by Wilman (1940). 

Frank and Van der Merwe (1949) suggested that thc= 

same critical misfit is not to be expected for all sorts of 

substances on all sorts of substrates. The large critical 

misfit characteristic of the oxides and iodides can be 

partly accounted for by the greater deformability of oxi(le 

and iodide ions respectively. Acharya (1948) in this 

laboratory, showed epitaxy of f.c. cubic Sb203  in (111) 
(111) 

orientation on the S14/face with a lattice misfit of about 

80%, i.e. spacings in the ratio 100:180. Wilman (1951) 

concluded that epitaxy can indeed occur such that x spacings 

of the deposit lattice nearly match y spacings of the 

substrate in a parallel direction, x c.nd y being small 

integers in the same way as occurs in certain crystal 

groupings. 

Engel (1952, 1953) put forwgrd a theory for the 

orientation of metals upon salt substrates, in which she 

attempted to explain both the observed degree of lattice 

fitting and the dependence of the orientation upon the 

substrate temperatures. 	This dependence (Briack, 1936) 

amounts to there being a minimum temperature (the epitaxial 

temperature) for the occurrence of complete orientation. 

She suggested that the first stage in the formation of an 

oriented film is that the atoms in the first layer become 

ionised, so that a two-dimensional chemical reaction occurs, 

as indeed Drabble (1949)  had considered (see above). A 



monolayer of the deposit-metal salt then exists at the 

interface between the substrate and the overgrowth. 

According to Engel's theory, the occurrence of 

orientation depends upon the possibility of suitable 

ionisation processes and upon the misfit of the intermediate 

salt with both the substrate and the deposit. 

Pashley (1956) has noted, however, that 

experimental results of Kehoe (1957) throw doubt upon Engel's 

theory of the effect of substrate temperature on the 

orientation of metals on salts. Kehoe found that good 

orientation occurred at temperatures appreciably lower thin 

Briick's (1936) epitaxial temperature. 	Ellenan (1948), in 

this laboratory, had indeed observed epitaxial orientation 

in silver condensed on a rocksalt cleavage face which had 

been heated at 5000C and cooled to room temperature. 

Similarly recent experiments on cleavage of alkali halide 

crystals in vacuum, followed immediately by condensation of 

metals, have shown that epitaxy then occurs even at room 

temperature (e.g. Ogawa et al, 1966). 	It is now agreed that 

there is no definite critical temperature for epitaxy. 

Murr and Inman (1966) in studies of epitaxial growth of Au, 

Ag, Ni and Al on NaC1 substrate, also showed that factors 

such as rate of deposition, pressure of air in the vacuum, 

and the condition of the substrate surface in respect of 

adsorbed impurities affect epitaxy considerably. 
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Fuoitaxyof Metal Electrodeposits on  Metal Crystal Faces. 

With respect to deposits on polyorystalline 

substrates, Wood (1931), by X-ray diffraction, observed that 

Ni and Cu follow the orientation of a one-degree orientated 

Cu (110) substrate. 	Clark;  Pish and Weeg (1944) also 

observed a definite orientating relationship between Zn and 

Ni on Cu and Zn on Fe. 

The earliest reported electron diffraction 

examination of an electrodeposit was that of Thomson (1931). 

He found that silver deposited on an etched copper cube facie 

rigidly followed the orientation of the copper substrate. 

Finch and Sun (1936) found by electron diffraction 

that the first thin layers of electrode;osits growing on 

random polycrystalline substrates in general also showed 

polycrystalline structure. For thin deposits on substrato:, 

prepared by electrodeDosition, parallel growth was observod 

when the deposit and the substrates nearly had the same 

lattice dimension. 	In some cases such as Cu and. Ni on (111) 

Au, some deposit crystals grew in (100) orientation as well as 

some (111) orientation. 	This (100) orientation did not 

appear to give a close fit. 

In some cases, no parallel lattice orientation 

occurred, but the orientation gave approximate fitting in 

positions of atoms of the substrate and the deposit along one 

or more lattice rows in their contact planes, such as (110) 
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Ni and Cu deposits on (111) Pe; (100) Fe on (110) Au, (110) 

Fe on (111) Au and (110) Sn on (111) Au. 

They also found direct evidence of parallel 

epitaxial growth for Cu, Ni and Co on (110) platinum foil; 

Cu on (100) Pt-foil; Co on (100) Au-foil; but not with Ni on 

(100) Au-foil. 

Cochrane (1936) made an electron diffraction study 

of the electrodeposits of Cu, Ni, Ag, Cr, Zn and Cd on 

etched (110) and (111) copper single-crystal faces, 	The 

copper was found to continue the orientation of the copper 

substrate ulp to a thickness of at least 40,000 A, if the 

c.d. was no greater than a few mA/cm
2 
 . 

The deposits of Zn of various thicknesses were 

obtained with c.d. from 8 ouA/cm2 to 1 nA/cm2. 	In all the 

cases the diffraction 	pa to 	showe.11_ polycrystalline 

zinc. 	Cd deposits also gave patterns of rings due to 

relycrystalline raetal, even at low c.d. (30/uA/cn2). 

Silver deposited for 18 hours at 15-41A/cm2 on 

etched Cu (111) and (110) faces of Cu single-crystal showed 

diffraction spots both due to Cu and Ag. There were also 

faint rings due to Ag and these passed through Ag spots. 

The Ag was deposited for periods of 34, 51 and 72 hours, at 

the above c.d. 	Some features were obtained as before, the 

copper spots becoming very faint with increasing thickness 

and the rings, due to polycrystalline Ag observed previously, 

also became fainter. When Ag had been deposited for 100 
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Ag and the rings were very faint. 

A thick layer of Cr (deposited for 20 min. at 0.2 

.:1/cry exhibits ro orientation and has the ordinary structure 

cf Cr, 	In the case of thin layers (e.g. deposited from 

1/3 sec to 20 sec at 0,,06 A/cm2), the patterns showed that 

there was orientation with (110) planes of Cr parallel to 

the (111) Cu face, on which the deposit was mrde. The <X7 

spacing ± t (110) Cr faces only differs by 2% from the. 111-411021 

Cu (111) faces. 

For nickel on the copper, it was claimed that at 
' 2 current densities of 0.3 mA/em or greater, the diffraction 

rings due to polycrystalline nickel passed through the spots 

from the substrate copper, indicating that the nickel 

lattice spacing was increased to conform to that of copper. 

This experiment was repeated by Newman (1956) who found no 

change in spacing of nickel from its normal parameter. 

Pashley (1956) has interpreted Cochrane's results as being 

fact due to the presence of both oriented and disoriented 

.iickel so that diffraction rings from nickel passed throitgh 

nickel spots, not copper spots. 	Such patterns were 

commonly observed by Lawless (1965) for nickel deposits on 

uhe (111) face of a copper single—crystal. 

Cochrane found that electron diffrFction patterns 

from de2osits of nickel and cobalt of about 60 -A thickness 
/ 2. at very low c.d. (0.025 mA/cm ) showed only spots in 
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positions corresponding to the copper substrate. 	This was 

also interpreted in terms of pseudomorphic growth, but this 

interpretation has been put in doubt by Newman (1956). 

In many of the diffraction patterns, strong 

additional spots occurred which,Cochrane showed.;  was due to 

prominent octahedral twinning of the main crystal 

orientation 	parallel to that of the substrate. Groups 

of "irrational spots" were also observed analogous to those 

found by Kirchner and Lassen from silver condensed on NaCl 

cleavage faces. 

Thirsk (1939) observed by electron diffraction 

the epitaxial growth of Au and Ag on a Fe (110) face, with 

(001) parallel to Pe (110) and a .010 row parallel to a 

[001] row of the Fe, when the deposition was carried out at 

low c.d. 	He also observed parallel growth of Ag, Ni and Co.  

on approximately (110) and (100) surfaces of Cu. 

Finch, Wilman and Yang (1947) showed by electron 

diffraction that in the first stage of the cathodic crystal 

growth the deposit structure and orientation were greatly 

influenced by the substrate. They found that Cu deposit 

of 200 A on (100) face of Cu at 20°C and 0.5 mA/cm2  from 

an acid sulphate bath continued closely the scructure of the 

substrate both in crystal orientation and in lattice 

perfection. As the thickness of the deposit increased to 

an average value of 500 A, the electron diffraction showed 

the same form as before but with fainter Kikuchi lines and 



a large number of spots, indicating a rougher deposit surface 

than the initial substrate had. They also recorded many 

cases of epitaxial growth of various metals on single crystal 

faces of Cu and Fe, 

Goswami (1950) studied the orientation of Fe, Cd 

and Zn on electropolished Cu (110) and (100) faces. 	He 

found that Fe developed with a (211) plane parallel to the 

Cu (110) surface and with a [01T] row along the Cu [001] 

direction; and on the Cu cube face the (110) Fe plane was 

parallel to the cube face, with a cube diagonal parallel to 

one or other of the Cu cube face diagonals in the surface. 

These orientations gave a close fitting of the deposit 

lattice with that of the substrate in at least one direction 

of the substrate surface. 	Cd and Zn grew with a (103) and 

(205) plane respectively parallel to the Cu (110) and with 

(203) and (101) orientation respectively on the Cu (100) 

face, in all those cases with a [100] row along a cube-face 

diagonal of the Cu surface, 

Leidheiser and Gwathmey (1951), using X-ray 

diffraction, studied Ni electrodeposits over a wide range of 

conditions on Cu (111) and (100) faces. 	The electrolyte 

used was a Watts bath containing NiSO4.6H20 - 240 g/l, Ni012. 

6H20 - 45 g/l, 
H
3
B0
3 
- 30 g/l. No experiment was conducted 

above 80 mA/ cm2. 	In experiments above 8 LIA/cm2  the 

electrolyte was stirred vigorously. 	The deposit on the (100) 
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face was monocrystalline and in parallel orientation to 

great thicknesses, whereas the deposit on Cu (ill) became 

random polycrystalline at a very low thickness. 

Setty and Wilman (1955) studied by electron 

diffraction the electrodeposits of Ag on Ag single-crystal 

electropolished (110), (100) and (111) faces. 	They found 

that the deposits continued the substrate orientation to a 

Oaickness 100,000 A if the c.d. did not exceed certain 

limits. They showed clearly that the thickness at which 

octahedral twinning was first noticeable, decreased 

systematically with increase in e,d,, and that random 

polycrystalline structure had developed about a similar 

(thickness, c.d..) locus. 

Kumar (1955) found by electron diffraction that in 

copper deposits of low thicknesses (4=2000 A) on electro-

polished (100) and (110) silver faces, the copper crystals 

grew in parallel orientation to the substrate, though 

showing some additional octahedral twinning. A "directed" 

disorientation was observed in sone cases (see 1,3.3(b).below). 

As in the results of Setty and Wilnan (1955) for Ag on Ag, 

strong additional twinning occurred at lower thicknesses 

the higher the c.d., although a small amount of twinning was 

present at lbw thicknesses even at low c.d., probably 

associated with the lattice misfit and the resultant 

interface stresses. 	The epitaxy of Ag deposits on Cu (100) 
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faces was observed and no cases of directed disorientation 

occurred. 

Oren (1958) studied by X—ray diff/action the 

epitaxy of Cu clectrodeposits at 30 mA/cm2  with the duration 

of plating extending even up to 18 hours on electropolished 

Ou (100), (110) and (111) faces. 	The general conclusions 

were (1) that the deposit on Cu (110) was monocrystalline 

with the same orientation as the substrate; (2) that the 

deposit on the (100) face consisted of crystallites having 

the same orientation as the substrate and its four twin 

orientations; and (3) that the deposit on the (111) face 

consisted of crystallites having the Sane orientation as the 

substrate and an orientation which was twin related to the 

Cu (111) face. 

Reddy and Wilman (1958) examined by electron 

diffraction the growth of Fe and Cr on (110), (100) and (111) 

faces of copper single crystal. Within a certain range of 

c.d. and deposit thickness on all the faces of the copper 

single crystals used, the growth of Fe was epitaxially 

vElazte_a- to the substrate. 	On Cu (110), the Fe deposits 

grow epitaxially, having a 5L.211 type lattice plane parallel 

to the copper (110) surface. 	In this plane the most densely 

populated type of atom row, i.e, of <11i) type (cube diagonal) 

was parallel to the most densely populated type of lattice row 

ice. of <lid> type of the copper lattice. 
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On Cu (100) the Fe deposits were strongly 

epitaxially oriented. A c1101 plane of the Fe crystals 

was parallel to the substrate, with again the most densely 

populated atom row of the Fe, (ill , parallel to that of the 

Cu, that isr  one or other of the two (110> directions of 

the Cu cube-face surface. 	One sided "directed" 

disorientation was observed prominently in many of these 

deposits (see below, 1.3.3(0)). 

On Cu (111), the Fe deposits were strongly 

epitaxial with a 1110/ plane of the Fe in contact with the 

S1111 Cu substrate, and <111> of Fe parallel to <110> in the 

copper substrate. 

At 45°C on all the three faces of the copper single 

crystal, chromium also developed the same epitaxial 

orientation as that of Fe. 

Giron and Ogburn (1961) investigated by X-ray 

diffraction the structure of copper electrodeposits from an 

acid sulphate bath at 10 mA/cm2  on Cu (100), (110) and (111) 

faces. There was evidence of twinning, although for thick 

deposits some polycrystallinity was present. 	This was in 

agreement with Barnes's (1961) results for Cu on Cu (100) 

(110) and (111) faces up to 15 mA/cm2. 

Reddy and Wilman (1963) showed clearly the effect 

of deviation of the substrate surface away from a simple main 

atomic plane. 	It was found that on a curved Cu surface, Fe 

grew with equal preference in each of the two equivalent 
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epitaxial (211) orientations on the part of the surface 

approximating closely to the Cu (110) plane. Where the 

surface curved away from this plane, the Fe (211) 

orientation (of the above two equivalent one ) having a 

cube-face diagonal most nearly normal to this element of the 

cathode surface was developed preferentially. 

The only other epitaxial study in which deposits 

on faces other than the three low-index faces were examined 

appears to be that of Lawless and Garmon (1963; see Lawless 

1967). 	In this study nickel was plated from a Watts bath at 

6000 onto electropolished surfaces of large- spherical single 

crystals at current densities from 1 to 10 mA/cm. 	It was 

found by electron diffraction that the nickel deposits grew 

accurately parallel to the substrate copper surface for all 

orientations. 	The parallel single crystal orientation 

extended to 100,000 A thickness or more on all faces except 

the (111) which showed double positioning for extremely 

thin (100 A) deposits and developed additionally some random 

polycrystalline structure at about 1000 A thickness. 

Reddy and Wilman (1965) found predominantly 

parallel growth of thin (500 A) nickel on Cu (110) and 

(111) faces, but with additional twinning becoming 

increasingly strong with increasing deposit thickness. 

Cusminsky (1965) and Sundaram (1966) found "auto" 

epitaxial growth of Cu (from M/2 CuSO4  + M/2 H2SO4  bath) on 
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copper [(100) and (110)] and Ag (from M/2 AgNO3  bath) on Ag 

[(100) and (110)] respectively, but octahedral twinning being  

detected above a (thickness, c.d.) locus similar in form to 

that observed by Setty and Willman (1955) for Ag on Ag from a 

cyanide bath. 

Bicelli and Poll (1966)by X-ray diffraction)  

studied Pb and Cd electrodeposits onto single crystal 

substrates over a range of current densities for several 

different compositions of bath, and for a range of 

thicknesses. 	Lead del,osits on Pb (100) and (110) showed 

parallel epitaxy at thicknesses of 10,000 to 80,000 A, and 

c.d. from 5 to 50 mA/cm2 	Lead on the (111) surface 

exhibited tvrinning for 50,000 A films formed at c.d. of 30 

mA/cm2 or more, the amount of twinning increasing with the 

deposit thickness, 

Cd deposits on Cd (1120) copied the substrate 

orientaTion for all conditions studied, whereas deposits on 

Cd (10T0) were parallel oriented only for low thicknesseo 

(10,000 A) and low c.d. (2 mA/cm2), becoming twinned on the 

(!.01:2) plane at 40,000 A thickness and 5 nA/cm2. 
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1.3.3(b)Directed Disorientation in Epitaxial  Crystal Growth. 

The phenomenon of a "directed disorientation of 

epitaxially oriented crystals consisting of a range of 

rotation about a definite axis was first observed by Evans 

and Wilnan (1950). 

They observed in the oxidation of a fresh cleavage 

face of a zinc blende crystal at 520°C, a rotational 

disorientation of the resulting (103)-oriented ZnO crystals 

about an axis parallel to the cube-face diagonal of the (110) 

ZnS substrate face. This was shown by a pronounced arcing 

(6°) of the spots in the electron diffraction with the beam 

along ZnS [13:0], but no appreciable arcing of the spots with 

the beam along [001]. 

They concluded that this rotation of the growing 

crystals or parts of then must be due to the deformation 

caused by the epitaxial stress between the substrate and 

overgrowth crystal lattice, due to the difference of their 

lattice constants at the interface. 	They pointed out that 

though th(J diffraction pattern did not allow the type of 

deformation to be established with certainty, it could most 

simply be explained as indicating a lamellar rotational slip 

(a process of deformation first defined and conclusively 

proved to occur by Wilman (1950, 1951)), on planes normal 

to the rotation axis. 
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Goswami (1950), in this laboratory, observed a 

similar range of disorientation, also about a [110] row of 

the f.c.c. Cu substrate surface, in a Cd electrodeposit on 

the (110) face of the copper single crystal, again apparently 

caused by deformation associated with relief of epitaxial 

stresses caused by the misfit of the two lattices at the 

interface. 

Gharpurey (1950), also in this laboratory, observed 

a similar case in Ag condensed from the vapour in vacuum upon 

an NaCl (001) cleavage face at 450°C. 	The mean sharply 

defined main orientation being also present was centred on 

orientations attained from the above by a rotation of + 10°  

and 20°  respectively, about [001] Ag row. 

Pashley (1951) suggested that electron diffraction 

patterns from AgBr formed by reaction of a Ag (110) face with 

bromine vapour also showed such a directed disorientation, 

but this was not conclusively established. The photograph 

obtained with the electron beam normal to the suggested axis 

of orientation, however, showed no diffractions other than 

tl,e spots corresponding to the undisoriented crystals. 

Kumar (1955) also observed the interesting result 

that in the iLitial parallel growth of silver cn copper (100), 

there was no disorientation, but in the electrodeposits of 

copper on silver (100) and (110) faces, there was often a 

disorientation range of several degrees about a densely 



populated lattice row of the substrate surface. This kind 

of rotation was termed a "directed-disorientation". 	In the 

case of Cu on Ag, the deposit of Cu is presumably under 

tension because its lattice spacing (3c608 kX) is less than 

that of silver (4.078 kX). 

Even in the thinnest Cu deposits on Ag (100) and 

(110) faces, the diffrc.ction patterns showed an arcing of 

the spots of up to about + 6°  to 12°, showing a 

disorientation of the deposit crystals from the initial 

parallel epitaxial orientation relative to the substrate 

lattice. 	The Cu deposits on the Ag (100) face yielded 

patterns of arcs at all azimuths, but those on the Ag (110) 

face showed little arcing when the electron beam was along 

the cube edge, but long arcs when it was along the cube-face 

diagonal, showing that the disorientation consisted of a 

range of rotation about the cube face diagonal. SubJequon. . 

growth of the deposits to thicker layers also showed 

similar disorientation in general. 

The results of Reddy (1958), and Reddy and Wilman 

(1958-9) contributed further examples of directed 

disr,rientation, here of epitaxial Fe electrodeposits on the 

Cu (110) and (100) faces, and is strongly su:Tested in the 

case of Fe on Cu (111) as shown by the arcing in the 

diffraction patterns. 

In the 21111  -oriented iron on Cu {.1101(, the axis 
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of rotation is the iron -11O direction parallel to the 

surface, the <alo) planes perpendicular to this axis are the 

most densely populated with atoms, and thus likely to undergo 

rotational slip on each other most easily. 	On the other 

hand, the rotational range might be due to flexural 

translational slip about this <110> axis, since this is 

perpendicular to a4(111) row of the Fe, which is the normal 

translational-slip direction in b.c.o. iron, and the <211> 

plane (parallel to the Cu substrate) is the normal slip plane. 

In the 4(110> oriented iron on Cu (100), the 

rotation axis was concluded to be a <111> iron row parallel 

to a Cu <I10 surface row. 
From the diffraction pattern of Fe on the Cu (111) 

face, showing "asymmetrical directed disorientation", the 

rotation axis of disorientation could not be determined, 

because of the complexity involved in taking into account 

six geometrically equivalent orientations. 

The electrodeposits of Fe on Cu (110), (100) and 

(111) faces showed, however, a distinctly different type of 

"directed-disorientation" from that observed so far. 	The 

disorientation observed not only consisted of a rotation of 

the Pe deposit crystals about a definite rotation axis (i.e. 

directed-disorientation), but that rotational disorientation 

was asymmetrical, and directed in a specific sense of 

rotation away from the main epitaxial orientation. The 
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results (Roddy, 1958, Reddy and Wilman, 1950-9), therefore 

indicate a type of disorientation of the deposit crystals, 

which appears to be a new phenomenon. They termed it an 

asymmetrical or none;sided" directed disorientation. 

The same kind of epitaxial orientation and one-

bided rotational disorientation as for Fe were also observed 

in Cr eloctrodeposits on copper crystal. This similarity 

of the results for Fe and Cr is evidently due to these metals 

having close similarity of the lattice dimension of their 

b.c.cubic structure. 

1,3.3(c)Systematic Studies of the Structure and Growth of  

Electrodeposits on a Single Crystal as a_Function of 

Current Density and Thickness. 

Setty and 
Setty (1953), Wilman (1955)l and/Wilman (1955, 1960 

did the first systematic and detailed investigation of the 

surface structure growth and orientation of clectro:qeDosits 

of a metal, in this case silver, on single—crystal faces of 

the same metal, as a function of current density, deposit 

thickness, bath temperature and concentration, and presence 

of addition agents. 	Smooth electrpolished (110), (100) and 

(111) silver single-crystal faces were used as substrates, 

and the electrolyte contained 35 g AgON, 30 g KCN and 33 g 
K2003 per litre. 

These important experimental results provided more 

precise information on cathodic crystal growth and defined 
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in detail for the first time the conditions giving rise to the 

three stages of cathodic crystal growth as suggested by Finch, 

Wilman and Yang (1947),i.e. an initial epitaxial orientation)  

then random polycrystalline structure,and finally in still 

thicker deposits, preferred one-degree orientation. .An 

additional further stage in which the twinning of the deposit 

crystals occurred was also clearly recognised. 

The results shown diagrammatically in fig. 1 suggest 

that there is always an initially auto-opitaxial orientation, 

that is, continuing the substrate lattice. The further 

growth developed twinning, followed by growth of randomly 

oriented polycrystalline metal. Eventually, further 

asposition results in the development of preferred 

orientation characteristic of the bath conditions. Below a 

certain critical current density, the silver electrodeposits 

gr,:w parallel to the substrate (in single crystal orientation) 

even up to deposit tl,icknesses of several hundred thousand 

angstroms. 	Above this "critical current density", often an 

initial stage of parallel growth, consisting of a continuation 

of the substrate lattice, there was a region in which the 

twinning of the deposit crystals on the octahedral planes 

appeared. 	The proportion of the twin crystals at the deposit 

surface increased until in the third region, the crystals were 

completely randomly disposed relative to the substrate. 

Finally, there gradually developed a preferred one-degree 
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orientation in which the deposit crystals have a particular' 

densely populated row normal to the substrate. 

Thus, the results showed a distinct region of 

twinning intermediate between the regions of parallel and 

random orientation. Setty and Wilman also found that in 

cathodic crystal growth, beyond the critical current density 

the upper limit of the deposit thickness corresponding to 

different regions, e.g. parallel, twinning and random, 

decreased with increase in current density. 	In other words, 

as the current density increased, the electrocleposit followed 

the orientation initiated by the substrate up to smaller and 

smaller thickness. 	The substrate crystal faces [e.g. (110) 

and (100)] with lower atomic density than for the (111) 

substrate, were found to have lower "critical current densityU 

The orientation of the crystals of the electro-

deposit was found to depend also on the temperature and 

concentration of the bath. The increase in temperature or 

concentration led to an increase of the "critical current 

density" up to which parallel growth was possible. 

Setty (1953) and Setty and Wilman (1966), see also 

Wilman (1955), also studied the effects cf'addition agents, 

such as carbon disulphide, thio semi-carbazide, thio-urea, 

potassium thiocyanate, and urea, on the growth of silver 

electrodeposits on the crystal of silver. They found that 

the addition agents such as these, used for promoting brighter 
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silver deposits, had widely varying effects on the mode of 

growth in respect of orientation, 	size and habit of 

deposit crystals, especially in deposits ors the silver (110) 

face. At 20°C in deposits up to 10,000 A thick, on the 

silver (110) face, the p/esence of carbon disulphide led to 

more pronounced twinning probably associated with some 

co-deposition of Ag2S. 	Thio semi-earbazide caused outgrowth 

X1114 
• 

of extensive thin lamellae parallel to the ..)11 .r,  planes of 

the substrate crystal but without twinning. Thio-urea 

caused extensive 01111s facets in addition to the (110) tips 

of the ridges along [11.0]. Urea caused very strong 

twinning at 10 mA/cm2 and alone gave development of ridges 

parallel to [1.1.0] at 60°C and 20 mA/cm2. 	Finally, KCNS 

caused little change except in the shape and size of the 

ridges observed at low current density. 	It was concluded 

t; :.t the main action of the addition agents al-)peared to be 

chiefly to modify the crystal habit and growth as a result 

of adsorption on the growing crystal surface. 

Kumar (1955), also in this laboratory, used a 

complex cyanide bath (CuON + KCN + KOH) for the study of the 

crystal growth of copper electrodeposits on smooth electrn- 

polished silver single-crystal (110) and (100) faces. 	He 

also studied the crystal growth of silver deposits from n 

comae]: cyanide bath (AgON + KCIT + K2003) on an electro- 
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polished silver single-crystal (100) face and a copper single- 

crystal (100) face. 	In this case electrodeT)osits and the 

cubstrato both have the same crystal structure (f.c.cubic) 

but they are dissitilar metals, unlike the case studied by 

Setty and Wilman (1955). 

Kumar found nearly the same general form of 

dependence of deposit structure on thickness, current density, 

bath composition and temperature, as was found by Setty 

(1953) and Setty and Wilman (1955). 	Some 11:.w features were 

also brought to light. The twinning was observed even at 

earlier stages of thickness, probably due to lattice misfit 

between silver and copper. Setty and Wilman did not 

observe any twinning below a certain c,d. and deposit 

thickness, when the deposit and the substrate wore of the 

same metal, so that the effect of lattice misfit did not come 

into -play. 

It was observed in one case, that though copper 

starts growing in single crystal orientation parallel to the 

silver (100) fcce used as substrate, it was later deposited 

in a different orientation, that is, two-degree orientation 

of copper (110) parallel to silver (100) with copper [110] 

parallel to silver [011] or [oil]. Deposit crystals in 

single-crystal orientation have all three crystallographic 

axes parallel to the three cube axes of the substrate lattice, 

whereas, in "two-degree orientation", two lattice directions 
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are parallel to two directions of the substrate surface and 

other lattice rows not coplanar with these can take up one 

of several possible positions relative to that of the 

substrate lattice. 	The development of this particular case 

of a two-degree orientation was suggested as arising from 

twinning of the initial parallel growth and to a rotational 

disorientation of the deposit 	: 	lattice. 	Kumar 

(1955) also showed that in some cases Cu clectrodeposits on 

Ag showed "directed-disorientation" (see 1.3.4 above). 

Reddy and Wilman (1958), and Reddy and Wilman ( 

1963) investigated the structure and growth of iron electro-

deposits on copper single-crystal (110), (100) and (111) 

faces. 	This was the first extensive systeimtic study of the 

cathodic crystal growth of a body-centred cubic metal on a 

single-crystal substrate of a f.c.c. metal crystal, over a 

wide range of thickness and current density. 

Pour main stages of growth of the iron electro-

deposits were distinguished, characterised by a predominant 

type of orientation: (1) epitaxial (two-degree) orientation 

with a ("..111> Fe atom row along a Cu <110 row in all cases, 

and with a t2111, ;,110 and 1.105 plane respectively parallel 

to the copper p1101 	1.00 and 1111 surfaces; (2) as (1), 

but with 2111 twinning; (3) either a wide range of 

orientations or random-polycrystalline structure; (4) 

development of one-degree <111> orientation (strongly "outward 

growth"). 	The twinning was developed, in deposits of a 
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thickness, above a critical current density which appeared 

to be lower on copper t111 1.; than on .1001 and 1.110. 	This 

seems to be in reverse order to what was observed in silver 

deposits on silver by Setty and Wilman (1955). 	Under 

certain conditions, a new phenomenon, "one-sided" rotational 

displacements from the above epitaxial orientations were 

observed (see above sub-section 1.3.4). 

Reddy and Wilman (1958, 1964), also identified 

Fe(OH)2  inclusions in some of the Fe electrodeposits. 

They also studied the structure of chromium electr-)reposits 

at 500C on copper single crystal substrates and found the 

same epitaxial orientations and rotational disorientations 

as for the iron. Reddy (1958) and Reddy and Wilman (1965) 

71riefly studied nickel electrodeposits on copper (110) and 

(111) faces, and obtained orientations similar in form to 

those obtained by Kumar (1955) for silver on copper and 

copper on silver, except that the misfit of nickel on copper 

is small, thus no "directed" disorientation was noted. 

Cusminsky (1965) studied systematically the crystal 

growth of copper electrodeposits on to the smooth electro-

polished (110) and (100) faces of copper single crystals, 

from a bath containing single Cu ions, namely{N/2 CuSO4  + 

N/2 H2SO¢}electrolyte as a function of c.d. and deposit 

thickness. Though the deposits grew with the same lattice 

orientation as the substrate only up to a limiting thickness 
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before octahedral twinning began to be developed, at any 

determined c,d., a new surface habit appeared, with oblique 

plane faces, at an earlier stage well before the onset of 

twinning was observed. This deposit thickness at which 

oblique facet development occurred was shown for the first 

time to be systematically related to the current density. 

The current Joneity-thickness loci for the stage of oblique 

facet development were of similar form to that for the 

ilovelopment of twinning. 	The oblique facets observed wore 

Lastly at less than 35°  to the mean substrate surface, and 

were different in the deposits on the two substrate faces. 

It was also found that the stage of initiation of 
ocrta of 

twinning,Nthe growth with oblique facets occurred at a much 

1,Jwer thickness, at any given current density, in the electro 

-deposits on the copper (110) face than on the (100) face. 

This high degree of dependence of the structure of the 

deposits on the density of atomic packing in the substrate 

surface is analogous to that of the findings of Setty and 

Wilman (1955) in the case of silver on silver. 	Cusminsky's 

results also showed strongly layer-wise growth of Cu on the 

(100) face of Cu at 17 nA/cm2  and 50,000 A thickness. 

Sundaram (1966) studied the habit and orientation 

of silver electrodeposits on electropolished single crystal 

(110) and (100) faces using a bath containing simple ions of 

silver, i.e. N/2 AgNO3. 	The results showed systematic 
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changes in the structure of the electrocleposit crystal 

orientation. At all c.d. investigated for both the faces, 

the deposits grow initially (up to a limiting thickness) 

parallel to the substrate, but with increase in the thickness 

of the cleposit, octahedral twinning began to be developed at 

a deposit thickness depending on the c.d. for the electro—

deposition. Like Cusminskyls results, oblique facet 

development occurred in some cases at an earlier stage prior 

to the onset of twinning, and in others along with twinning. 

The occurrence of twinning and also the oblique—

facet development was at a lower thickness for any given 

c.d. in the deposits on the Ag (110) face than on the Ag 

(100) face. 	Thus the structure of the deposit seems to be 

highly dependent on the density of the atomic packing in the 

substrate surface. 

The close similarity in the curves for Cu on Cu 
(Cusminsky, 1965), and Ag on Ag (Sundaram, 1966), deposited 

from their simple salt baths, was established by Sundaram 

in terms of the number of atoms deposited per site per second 

and the thickness of the deposits. 	However, the initiation 

of twinning occurs at a higher thickness for a given c.d. in 

the case of copper than for silver ; mainly because copper is 

doubly charged and silver singly. Moreover, the ionic 

mobility of silver is greater than that of copper. This 

causes further minor differences in the condition at which 

twinning starts. 
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The results of the present work (see Results 

section below) provide a further detailed systematic study 

of the above type, in the case of nickel deposits on copper 

substrates. 



83. 

SECTION 2. 

EXPERIMENTAL DETAILS. 

2.1. Preparation of Polished Polycustalline Copper  

Substrates. 

In order to prepare smooth flat polycrystalline 

copper substrates, 114h conauctivit-y copper rod was used. 

Small pieces each of nearly 2.5 ems in length and 1.2 ems in 

diameter cut from a commercial copper rod were used as 

substrates after careful mechanical polishing ann. final 

cleaning. 

The flat surface at one end of the copper piece was 

ground in one direction on emery paper down to 4/0 (5iu 

particle size) with isopropyl alcohol as lubricant. After 

washing with water, the surface was further polished with 

liSelvyt)j eloth wet with "Bluebell" metal polish, mounted on the 

rotating die of a polishing machine. While polishing, the 

surface of the copper piece was kept wet with isopropyl 

alcohol, and the direction of abrasion was kept the same as it 

was at the time of abrading with emery paper. 	In addition, 

the surface to be polished was kept moving radially, slowly, 

to avoid deep scratches on the surface. 

After about twenty minutes of metal polishing, the 

surface looked very shiny and reflecting. Then it was 

washed thoroughly with water, followed by dehydration in 
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isopropyl alcohol and acetone. 	Since copper is very 

susceptible to oxidation; the oxide formed on the polished 

surface was removed by keeping it in concentrated hydrochloric 

acid for about half a minute, at room temperature. 

After etching away the oxide, the whole surface of 

tha copper specimen was washed thoroughly with distilled 

water, avoiding undue delay leading to reoxidation. The 

surface of polycrystalline copper thus prepared and polisaed 

was used as substrate on which nickel was electrodeposited 

in the systematic studies described below. 	The electron 

diffraction photograph from smooth polished polycrystalline 

copper is shown in Fig.2a. 	In the electron diffraction 

photograph there are some faint rings due to silica embedded 

in the polished substrate. 	The optical micrograph in pig.2b 

shows the smoothness of the polished surface. 

2.2. Preparation and Surfacing of OFHC (Oxyg2n-free, High-

Conductivity) Copper Single-Crystal. 

Single crystals are usually prepared either from 

the vapour, from a solution, from solidification of a melt 

OT from a rearrangement of atoms in the soli state (strain 

and anneal). Different methods for preparing single 

crystals have been described in the literature by Bridgman 

(1925), Gwathmey (1946), Lacombe (1951), Chalmers (1953), 

Scatty (1953). 
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The copper single crystals used in the present 
E. 

experiments were prepared by Dr White in the Department of 

Electrical Engineering, Imperial College. The method 

followed was by the solidification of the molten metal. 

In the present experiments, OFHC copper of very 

high purity was supplied by British Insulated Callender's 

Cables Ltd. The copper supplied in the form of a block 

was sawn into small pieces and put inside a pyrex glass tube 

of diameter about 1.3 ems, one end of which was closed and 

drawing it into a narrow drawn-out curving tip. Nearly six 

inches of the tube was filled with copper pieces. The 

other end was also sealed after pumping the air out of the 

tube. 

The copper thus sealed under vacuum was melted in 

P furnace in the Electrical Engineering Department. Then 

the molten copper was allowed to undergo slow controlled 

cooling by lowering it through a temperature gradient. 

When it had attained room temperature, the glass tube was 

broken and the solidified rod of copper was taken out. 

The surface of the copper rod so made was etched 

with concentrated nitric acid for 10 to 15 seconds and then 

washed with tap water. When observed carefully, the etched 

surface showed some reflecting plane facets, without any 

grain boundary, giving an indication that the copper rod 

was a single crystal. 
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The copper rod thus prepared was cut into three 

pieces each about 3 ems in length. Each of the pieces was 

examined by electron diffraction in the following way to be 

sure that it was a single crystal. A flat face was ground 

on the crystal down to grade 4/0 emery paper; then metal 

polished and washed in the same way as the polycrystalline 

substrate after polishing (see above). The polished face of 

the copper single crystal was etched with 405ailute HN63  till 

the disoriented metal was completely removed. 	The crystal 

was washed with distilled water followed by acetone and 

finally in isopropyl alcohol in the usual way. The whole 

of the etched surface after polishing was examined in the 

electron diffrp,ction camera in order to be sure that it was 

a single crystal. The uniform spot pattern obtained 

throughout the surface confirmed that the cpecimen was a 

highly perfect single crystal. 

With the help of electron diffraction patterns the 

orientation of the crystal lattice relative to the surface 

was found. 	The desired faces were then cut with a fine saw, 

.sing isopropyl alcohol as a lubricant and avoiding undue 

pressure on the crystal in clamping and sawing. The faces 

thus prepared were (100), (110) and (111). 	The surfaces were 

ground to grade 4/0 emery paper, metal polished, washed 

thoroughly and then electropolished as described below. 
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2.3. The Electropolishing of the Copper Single Crystal Faces 

The electropolishing of metals has been extensively 

studied by many workers such as Jacquet (1936, 1938, 1947, 

1948 and 1949)9  Pullisier, Markus and Mehl (1940), Von Hamos 

(1942), Honeycombe (1944), Courtel (1947), Agar and Hoar 

(1947), Wain (1948), Epelboin (1949 and 1952), Kawaski(950)9 

Nagai and Mano (1951), Rowland (1953), Hancher (1954). Sykes, 

Haddrell, Haines and Mott (1954-55). 	Wernick (1948) 

and Tegart (1956) have summarised the results of many 

investigations in monographs. 

Although electrolytic polishing is widely used the 

exact mechanism has not been fully established in any specific 

case. 	Only a general explanation has been developed, 

The metal to be electropolished forms the anode in 

an electrolytic cell, and continued solution of the metal 

occurs in such a way that irregularities on the surface 

become smooth and bright. Such behaviour is clearly a 

special case of more genexal anodic phenomena, for it is found 

that, depending on the conditions of operation and the 

solution used, a metal anode can be either etched, polished, 

partially passivated, or completely passivated (cf. Evans 

(1948), Kortum and Bockris (1951)). 

In the present experiments, the electropolishing of 

the copper single crystal faces was carried out as suggested 

by Steiner (1953) and used by Kumar (1955), Reddy (1958) and 
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Cusminsky (1965) in their experiments. 	The result was found 

to be very satisfactory, giving a nearly atomically smooth 

surface. 

In the experimental arrangement for electropolishing 

a 250 ml pyrex beaker of diameter 7 ems was used as an 

electrolytic cell with nearly 140 c.c. of 50% orthophosphoric 

acid as the electrolyte. 	The cathode was a copper plate 

of about 12 sq ems in area with several holes drilled through 

it in order to facilitate the escape of gas bubbles formed 

there. The crystal was kept wholly inside the electrolyte 

and formed the anode. 	The surface of the crystal to be 

electropolished was made to face upward. 	It was adjusted 

Lalow and parallel to the cathode plate. The surfaces being 

parallel and horizontal were kept about 2 ems apart. The 

cathode plate was also dipped inside the electrolyte. 	The 

current density was 0.07 to 0.08 amp/cm2, and the voltage 

1.9 to 2.0 volts. 	The electrical circuit is shown in Fig.3. 

It has been observed that best polishing occurs 

when the solution becomes blue due to its high Cu++  

concentration. Before working with the single crystal a 

high Cu++  concentration was obtained by dissolving 

polycrystalline copper sheet in place of copper single 

crystal as the anode. 

When the electrolyte turned fairly deep blue, the 

single crystal was electropolished. Keeping the electrolyte 
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at room temperature (az.20°C), the time for adequate polishing 

was found by trial to be 20 to 30 minutes. Before arriving 

at the right conditions of electropolishing the specimen was 

electropolished and examined in the electron diffraction 

camera a few times until an atomically highly smooth surface 

was obtained. 

In all cases of electropolishing, the switch in the 

circuit was switched on, keeping the cathode plate out cf the 

electrolyte. Then the cathode plate was dipped into the 

electrolyte and electropolished. 	The crystal was taken out 

after polishing it for the requisite time, without switching 

off the current. 	It was washed in tap water for 30 seconds, 

then in 10% orthophcsphoric acid (to avoid any precipitate of 

basic phosphate) and finally in a large amount of distilled 

water, followed by acetone to remove the water from the 

surface. After this washing procedure, the surface was 

etched with concentrated HC1 for 30 seconds to remove the 

cuprous oxide from the surface if there was any. 	In later 

experiments, the etching chemically in conc. HC1 was replaced 

by 10% potassium cyanide solution,: 

After removing the oxide, the specimen was washed 

quickly with distilled water followed by acetone, and lastly 

the surface was covered with a less volatile liquid, isopropyl 

alcohol, so as to avoid exposing the clean surface to air 

during its transference to the electron diffraction camera 
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and evacuation of the apparatus. 

Though the copper single crystal faces thus 

electropolished were very bright and smooth, still for the 

confirmation that they were atomically highly smooth they were 

examined in the electron diffraction camera. 	The electro—

polished (100), (110) and (111) faces of the copper single 

crystal were used as substrates on which nickel was 

deposited. 	The diffraction patterns Figs. 5 to 10 

obtained from these electropolished crystal faces, all 

showing well—defined Kikuchi bands and vertically elongated 

spots, indicate that the crystals had an atomically highly 

smooth surface. 

2.4, Electrodeposition of Nickel from the  Standard Nickel 

Sulphamate Solution. 

   

Ni(S03.NH2)2.4H20 	350 gm/litre 

NiC12'6H20 	5 gm/litre 

B (OH)3 	35 gm/litre. 

The standard nickel sulphamate solution of the 

above composition, supplied by British Insulated Callender's 

Cables Ltd., was used as electrolyte for nickel electro— 

deposition. 	The solution was of 'Analar' grade. 	The 

electrical circuit used for electrodeposition is shown 

diagrammatically in Fig. 4 . 	It is almost of the sane type 

as that used for electropolishing, with the difference that 

the crystal has now been made the cathode. 	Since the 
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electrodeposition involved mostly higher current density, the 

current was taken from the D.C. mains. 

A carefully cleaned 100 ml. pyrex beaker of diameter 

5 ems with nearly 60 c.c. of the electrolyte was used as the 

electrolytic cell. 	It was surrounded by a water jacket. 

A nickel sheet of diameter about 4 ems with its plane 

horizontal was made the anode. 

Before using the polished substrate as cathode for 

electrodeposition at 50°C, it was kept immersed in nickel 

sulphamate solution at 50°C for 5 mins, so that the substrate 
may acquire the bath temperature. The polished copper 

substrate surface, facing downward, was immersed two mm. 

in the electrolyte, holding the crystal (by its other end in 

the air) with a crocodile clip. 	The surfaces of the anode 

(nickel sheet) and cathode (polished crystal) wore made 

horizontal to each other. 	They were kept nearly 3 ens apart. 
The temperature of the bath was maintained as desired. 

After making the adjustments as described above, 

the current already calculated and adjusted for a particular 

current density, was switched on. 	The electrodeposition was 

carried out at a particular temperature for a known time to 

give a desired deposit thickness at the desired current density. 

Then the specimen was taken out of the electrolyte 

without switching the current off. It was immediately given 

a thorough wash with distilled water followed with acetone. 
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Finally it was covered with isopropyl alcohol and then 

transferred to the electron diffraction camera without any 

avoidable delay, and this was evacuated. 

As for the variation of the temperature of the bath, 

there was hardly any change observed more than VC at the 

lower current densities ( <300 mA/cm2) and for short periods 

of deposition (4;30 seconds). 	However, at higher current 

densities (>300 mA/cm2) and for lcnger times of deposition, 

the change observed was found to be round about 8°C. Still, 

the temperature at which the electrodeposition started was 

that nominally associated with the deposit for practical 

purposes, 

After transferring the specimen into the electron 

diffraction camera, the whole surface of the specimen was 

examined to see whether the same diffraction pattern was seen 

from all parts of the surface or not. 	The diffraction 

photographs were taken from different parts of the specimen 

at different azimuths. 	Subsequently, some of the specimens 

were also examined in the optical microscope under vertical 

and oblique illumination of the surface. 

The thickness of the electrodeposit was calculated 

from Faraday's law, but taking into account the estimated 

current efficiency, E 

Deposit thickness EW 
Utz° veki 

where w =Awoight of the electrodeposit in gms, A = area in 

sq.cms. andip = density of the metal in g/cm3. 
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This method gives the averam thickness of the deposit. 

Deviation from 100% current efficiency only 

occurred above a certain current density. The experiments 

and results on current efficiency are discussed further in 

section 3, below. 
In the present work, using electropolished (100), 

(110) and (111) faces of the copper single crystal as 

substrates, in addition to the mechanically polished 

polycrystalline copper, the structure of nickel electro-

deposits has been studied systematically by varying the 

current density, temperature, deposit thickness and the degree 

of stirring. 

For stirring?  a glass stirrer with a flat and 

slightly twisted part at its end was used. 	Its other end 

was rotated by a motor at nearly 1200 revolutions/minute. 

The speed of rotation was also controlled by a rheostat in 

series with the motor. 

After performing the necessary electron diffraction 

ex.mination of the surface of the nickel electrodeposit, 

nickel was removed from the copper substrate by boiling in 

orthophosphoric acid. The surface was repolished in the 

usual way and used as substrate again, 
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2.5. Special Precautions Necessary for Preparing Substrates  

and Electrodeposits for Electron Diffraction 

Examination. 

(i) .For sawing, the crystal should be clamped 

lightly in between two wooden pieces inside the vice to avoid 

undue pressure on the crystal. 	It should be kept wet by 

isopropyl alcohol which serves as lubricant, and at the same 71 

time it does not allow the temperature to rise much due to 

the frictional heat developed in sawing. 

(ii) The electron diffraction pattern from the 

face of a single crystal should be carefully studied in order 

to bring the desired plane on the surface. One should 

ascertain correctly from which side and end how much of the 

crystal has to be removed off before getting the required 

plane. At the same time the azimuth should be chosen so 

that there is minimum waste of the single crystal. For 

adequate accuracy the surface of the crystal should be marked 

with a line where the desired plane meets the surface, after 

studying the initial diffraction pattern. 

(iii) After sawing the crystal judiciously, the 

following operations were followed in succession. (1) The 

surface was made smooth with emery paper, starting at grade 2 

and ending up to 4/0 (5du particle size), followed by washing 

with tap water. 	(2) It wad then polished with "Bluebell" 

metal polish, keeping the surface wet with isopropyl alcohol 
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to avoid heating, then thoroughly washed with tap water. 

(3) This surface was etched in 40% HNO3 solution, washing 

with tap water was followed by acetone and then the surface 

was covered with isopropyl alcohol. If etching is not 

sufficient to remove all the disoriented and deformed metal, 

rings or arcs will also be seen in the electron diffraction 

pattern. In that case, further metal should be removed by 

further etching until a clear and well—defined spot pattern 

is obtained, which proves that the specimen is a single 

crystal. 

(iv) Better electrapolishing is attained when the 

electrolyte has become'glue 	due to 4igh OuH  

concentration. After electrc-tpolishing,the surface should 

on no account be either touched or rubbed. 

(v) The part of the crystal surface other than 

the polished face over which nickel has been deposited should 

also be taken into consideration for calculating the current 

density and the corresponding deposit thickness. 

(vi) The specimen of the electrodeposit prepared 

should not be touched or rubbed during washing; otherwise 

there might be deformation and disorientation of the crystal 

structure. 

• A- 
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2.6. The Electron Diffraction Technique. 

The electron diffraction technique has been evolved 

since its discovery in 1927. 	Thomson (1928) designed and 

built the first apparatus for the photographic recording of 

diffraction patterns, using fast electrons (accelerating 

potential of the order of a few tens of kilovolts). 

The electron diffraction camera used in the present 

work (Fig.11) is of the type designed and used by Finch and 

Wilman (1937) except that the mercury diffusion pump was 

replaced by oil diffusion pumps. 

For high tension supply a typical half-wave 

rectification circuit and saturated-diode constant-current 

output is described by Finch and Wilman (1937) and Finch, 

Quarrell and Wilman (1935), Fig. 12. 	It is intended for 

cold-cathode discharge generation of an electron beam and 

the saturated diode supplies constant current to the 

discharge tube. 	If the gas pressure does not alter, this 

means that the voltage is steady across the discharge tube. 

The spark-gap method of measuring the electron accelerating 

voltage has been followed, using 10 cm diameter brass 

spheres. 	The voltage at which the electron diffraction 

studies of the specimens were carried out was in the range 

of 50-60 icy. 

The source of electrons is the cold cathode 

discharge. The anode block is provided with a diaphragm in 
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C 

Fig. II. Diagram of the Electron 
Diffraction Camera. 

High-tension circuit with constant current output. 

Fig. 12. 



101. 

the form of a pin-hole of about 0.1 mm diameter in thin 

nickel sheet. A fine and nearly monochromatic beam of high 

energy electrons is obtained by allowing the electrons to 

pass through the anode diaphragm. 

The focussing of the electron beam on the 

fluorescent screen is done by the coaxial focussing coil. 

The current khough the focussing coil is adjusted until the 

electron image of the anode pin-hole is formed on the 

fluorescent screen at a distance of 47-50 cms.from the 

specimen. When a current is passed through the focussing 

coil a magnetic field is produced perpendicular to the 

direction of the electron beam, and the coil serves as a 

converging magnetic lens. The focal length of such a 

magnetic lens is given by 

f = 8P 

 

i2.11 	(Hz)(23  dz 

where i is the current in the coil, (Hz  )o  is the value of the 

magnetic field H on the axis of the coil when unit current 

flows, 	e/m and P is the accelerating voltage in e.mos. 

The z-axis is taken along the axis of the coil with origin 

1 1 1 
V at the centre. The ordinary lens formula y = 	+ — 

applies, where u is the distance from anode aperture to the 

coil and v is the distance from coil to screen. 

It may be noted that rays initially lying in one 

axial plane also lie in one axial plane after passing through 
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the lens, but the plane is turned through an angle 0 about 

the axis, where 

in 	(+00 
= 	(H ) dz z 	2P J 	z 

By altering the tilt of the coil a well focussed 

electron beam is allowed to fall on the specimen at a 

grazing incidence of the order of - 10  in order to obtain 

the diffraction pattern from the specimen. The electron 

diffraction pattern is recorded on a photographic plate by 

lifting the fluorescent screen, which is hinged at one side. 

The lifting operation is carried out from outside the camera 

with a rotatable knob. After exposing the plate, the inside 

of the camera is brought to atmospheric pressure by letting 

in air, and the plate is removed and developed. 

2,7. Methods of Interpretation of Electron Diffraction 
Patterns, 

Reviews of electron diffraction techniques have , 

been given by Thomson (1930), Mark and Wierl (1931), Finch, 

Quarrell and Wilman (135), Beeching (1936), Pinch and 

Wilman (1937), Thomson al:d Cochrane (1959),  Laue (1944), and 

Pinsker (1949, 1953). 

Yhe method of interpreting electron diffraction 

patterns from rotating crystals or one-degree-oriented 

polycrystalline specimens developed by 711man (1952) in this 

laboratory has been found to "Le very useful and convenient. 

0 



103. 

In addition to this, methods of interpreting the Kikuchi line 

patterns from single crystals (Wilman, 1948 alb) and spot 

patterns from single crystal groupings (Wilman, 1950, 1951) 

have also been developed by him in this laboratory. The 

electron diffraction patterns of diffuse maxima from 

molecular crystals were discovered and interpreted in this 

laboratory by Charlesby, Finch and Wilman (1939) and maxima 

of a less diffuse nature of the type recognized in X-ray 

diffraction as due to thermal oscillations in the lattice 

were recognized by Charlesby and Wilman (1942). 

A further special type of electron diffraction 

-pattern is that associated with a continuous or discrete 

"directed-disorientation" which appears to be related with 

stresses in epitaxial layers on single crystal substrates 

due to lattice misfits (Evans and Wilman, 1950; Goswami, 

1950; Gharpurey, 1950; Kumar, 1955; Reddy and Wilman, 1959 -1, 

In the present work the reflection electron 

diffraction technique was used to study electrodeposits at 

polished copper (polycrystalline, single crystal) substrates.  

The diffraction patterns obtained were in the form of either 

continuous rings from randomly oriented crystals, or spot 

patterns or arc patterns on the ring positions due to 

preferentially oriented crystals. 	The methods of 
-•_ 

interpreting the above patterns have been discussed below 

in detail. 



104. 

(i). 	The Method of Interpreting a Ring Pattern. 

In the case of diffraction from a polycrystalline 

specimen as in fig. 13, AB represents a plane of a given 

crystal. The electron beam is incident on that at the 

Bragg angle of grazing incidence 9. The incident waves 

strike the crystals oriented at all possible angles and the 

beams reflected from all lattice planes which are at the 

Bragg angle 9 to the primary beam reach the screen S. Due 

to the presence of crystals oriented at all angles, the 

diffracted electron beams form 	cotes of various radii due 

to various parallel sets of planes. 	This leads to the 

formation of a ring pattern on the screen. A particular set 

of planes (hkl) represented by AB in the diagram, gives rise 

to a ring of radius R on the screen 

R = L tan 2 8 	(1) 

where L is the distance between the specimen and the screen 

("camera length"). 

Again, the Bragg's condition of reflection from net 

planes with spacing 	gives 

2 d sin 0 ='nX 	(2) 

where k is the wavelength of the electrons and 7 is the order 

of reflection. 

From equations (1) and (2), 

[ L/R.] 	(3) 
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2 

	

A multiplying factor [1 + 	E + 	] is used  
L 

to give a still closer approximation. 

For any crystal, the net plane spacings are related 

to the Miller indices h,k,l; the axial lengths a,b,c, of the 

unit cell, and the angles 0( ,f1J,Y between the axes. 

The mathematical formulae for the net plane 

spacings of some of the symmetrical crystal systems are as 

follows 

Cubic 	1 = h
2  + k2  + 12 

d2 	a2 

1 	h2  + k2 	12 Tetragonal 
c d2 a2 

1 2 	k
2 

2 	12 Orthorhombic 
d2 	a 	c2 

Hexagonal 	2 (h2  + k
2 + hk) 	12 (4) -7 d2 	3a  

From equation (3), the net plane spacings 'd' of a 

crystal can easily be calculated by measuring the ring radii 

'R' of the diffraction pattern. 

The Miller indices hkl can also be worked out 

either mathematically from the above equations or graphically 

after calculating the net plane spacing 'd'. 

The Determination of X  

De Broglie gave a relation that the wavelength of 

the electrons is given by 

when 0 is very small. 
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= 
MV 9 

where h is Planck's constant, m and e the mass and charge of 

the electrons respectively, v their velocity and V the 

accelerating potential for the electrons. 

The energy of the electrons is expressed by 

eV = 	mv2 . 

Substituting the approximate values of h, m and e, 

h 

2meV \1

150 An 
V 	gstroms. 

Applying relativistic correction, the electron 

energy formula changes to 

c2  m o  c2 

\11 V2/C2  

where c is the velocity of light. 	Hence, 

he 	  

VeV (eV + 2 me 
c2) 

Thus, knowing all the terms in the right hand side 

of the above expression X can be calculated. 

(ii) Method of Interpreting a Spot Pattern. 

The electron diffraction spot pattern frot a single 

crystal can be interpreted in three ways:- in terms of (a) 

Bragg reflection of the primary beam from the net planes in 

the crystal; (b) Laue zones of reinforcement of the spherical 

wavelets scattered from successive lattice points along any 

eV 

x = 
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lattice row; and (c) Ewald's reciprocal-lattice construction 

for the directions of the diffracted beams. 

Bragg's law gives the condition of appearance of 

diffraction maxima as a specular reflection of the primary 

electron beam in any net plane of the crystal. Mathematically 

it is expressed as nA = 2 d sin 9, where id' is the 

distance between the net planes, 9 is the angle of grazing 

incidence X, the wavelength and n is an integer. 

In the conception of Laue (1912), the primary beam 

is considered as equivalent to a plane wave, and when this 

is diffracted from a three dimensional lattice, spherical 

diffracted wavelets are sent out by the atoms, and the mutual 

interference of these from the atoms in three sets of non-

coplanar atom rows is considered. A regular network of 

diffraction spots is obtained on the fluoresent screen or 

photographic plate from the two-dimensional lattice which is 

normal to the incident beam or nearly so. A third atom row 

which is parallel to the beam or nearly so, gives a set of 

concentric circular reinforcement zones called "Laue zones" 

with their common axis on this lattice row. 	The spots of 

the two-dimensional pattern are then superimposed on these 

circular Laue zones of reinforcement. The spots become 

brighter when they lie on one of the circular zones as 

shown in fig. 14. 
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The third method of interpretation is the Ewald 

reciprocal lattice method. The reciprocal lattice is based 

on three vectors 2!, b*, c*, as axes, such that a* is 
perpendicular to b and c and of length (be sinok )/V,  b* is 

perpendicular to c and a and of length (ca sinA )/V, and c* 

is perpendicular to a and b and of length (ab sink/)/V, where 

V is the volume of the unit cell having axes a, b, c. 

Ewald showed that if a distance 1/K is marked out from the 

origin in a direction opposite to the primary electron beam 

and if a sphere of radius 1A is drawn round that point, 

then the strong diffracted beams occur in directions joining 

the sphere centre to any reciprocal lattice point which lies 

on the sphere. 

For fast electrons, 50-60 KV, X is of the order of 
0.05 A. 	The radius, 16\  , of the 'sphere of reflection' is 
small compared with the distances apart of the reciprocal- 

lattice points. 	Thus, the spot pattern on the photographic 

plate, which is distant L from the specimen, approximates to 
the array of reciprocal-lattice points in the plane which is 

perpendicular to the primary beam, but enlarged in scale by 

ratio XL : 1. When this sphere surface deviates away from 
the tangent plane at the origin, it will intersect 

consecutive parallel reciprocal lattice planes in circular 

regions. 	This corresponds to circular zones of increasing 

radii on which diffracted beams occur as observed on the plate. 
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Finch and Wilman used the term "one-degree 

orientation" when the crystals in a polycrystalline specimen 

have a certain type of lattice row [UVW] in common, but 

otherwise randomly disposed azimuthally about this common 

axis. The electron diffraction pattern obtained from such 

specimen-s 	' is analogous to that which is formed by 

rotating a single crystal round the [UVU] lattice row placed 

parallel to the orientation axis. Usually, the one-degree 

orientation pattern is in the form of arcs due to some 

spread of orientation away from the mean orientation axis. 

This leads to the formation of arcs instead of spots. 

In order to analyse a reflection electron 
oicruk s ctrx lam- lwr"14  

diffraction pattern of this type, the specimen is rotated 
aS 

and the pattern is checkedxwhether it is the same at all 

azimuths. 	If so, the orientation axis must be normal to the 

specimen surface and the Laue indices HKL of the arc which is 

centred on the plane of incidence are next determined fron 

the relative radii of the set of diffractions observed. 

This strong arc corresponds to a Bragg reflection from the 

(HKL) crystal planes which are parallel to the mean substrate 

surface. 

For the construction of theoretical pattern for an 

orientation with all(HKL) plane parallel to the substr-lte, the 

knowledge of UgV:W, 	o 	' lattice direction 

perpendicular to the (HKL) planes,is necessary. 	Wilman(1952) 



derived an expression for the ratio U:V:W for the general 

triclinic case. 	The ratio for crystals of higher symmetry 

are expressed as follows: 

L 
Hexagonal 	U:V:W 	(2H+K):(H+2104 (c/a)2 

Tetragonal U:Val = H:K: L/(c/a)2  

Orthorhombic U:V:W = H/a2: K/b2:L/c2  

Cubic U:V:W = H:K:L. 

One can easily draw the scale diagram showing the 

ring positions and the layer lines or Laue zones associated 

with the [UVW] lattice row. The layer lines are practically 

straight and normal to the projections of the [UVW] axis on 

the plate. 	The spacing between two consecutive layer lines 

being the same is given by XL/T[uvvi], where X is the wave-

length of the electron beam, L the camera length and T[uv7] 

the lattice translation vector along the [UVW] direction. 

Diffraction maxima of any given type with indices HKL occur 

at the intersection of HKL ring and layer line of Atli  order 

where 
El = Jill + AV + 

While drawing the theoretical pattern, the points 

satisfying the above conditions are marked. 	It is also 

supposed that all the symmetrically equivalent planes of the 

type b1L lead to the formation of diffractions on the ring 

position concerned. The theoretical pattern thus drawn is 

compared with 	the experimental one. 
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The present work involves the study of orientation 

and habit of electrodeposited crystals by electron 

diffraction techniques. The effective depth of penetration 

of electrons without loss of energy and thus losing their 

power for interference depends mostly on the condition of 

the surface. 	The depth of penetration of electrons in the 

case of a flat surface at grazing incidence is very small, 

whereas for rough surfaces, the depth of penetration blow 

the tips of the projected part is larger. Finch and Wilman 

(1937) showed that the depth of penetration of electrons at 

--1°  grazing incidence in atomically smooth surfaces is of 

the order of 40 A for crystals of light elements, such as 

Si, 0, 0, etc. 	This is equivalent to a penetration of abc,ut 

5000 A in the beam direction before much inelastic 

scattering occurs. 

The horizontal Laue zones on which the spots lie 

are considerably broadened as a result of small depth of 

penetration of the beam normal to the surface. But the 

vertical Laue zones due to the atom rows parallel to the 

surface Axe Oh iX42. oche-x118,:ra relatively very narrow 

Laue zones. 	The elongation of spots from an 

atomically smooth surface is greater the nearer the spots 

are to the shadow edge, as bmris:14. 

Sometimes the refraction of the diffracted beams 

at the smooth surface causes the displacement of the centres 
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of the spots towards the shadow edge. An atomically rough 

surface without faces gives rise to a transmission type of 

pattern whereas those with projecting facets form arrow head 

shaped spots if inclined faces are nearly parallel to the 

electron beam. 	In the case of smooth but corrugated surfaces 

the number of spots in a diffraction pattern is larger when 

the electron beam is incident along the corrugation. 

(iii) Identification of a Material. 

The identification of the material by electron 

diffraction technique is based on the formula d = la/R. 

From our experimental observations of )\, L and R, the value.g 

of d &e-calculated. 	Then a set of values is compared with 

the net plane spacings of known materials and the unknown 

material is identified when there is agreement between the two. 

But this is subject to 	s,.)me error in the measurement of 

R and XL. 	In order to alloid the error involved in 

determining XL, the diffraction pattern from the unknown 

material is obtained in the presence of a material of known 

lattice dimension, from which, with its R: values, XL can be 

calculated. Then the lattice dimension of the unknown 

material is calculated with accuracy. 
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RESULTS. 

The electrolyte used throughout these experiments 

consisted of Ni(,903.NH2)$1120 — 350 g/l, Ni012.6H20 — 5 el, 

B(OH)3 	35 g/i. 	It was supplied by British Insulated 

Callender's Cables Ltd., who obtained it commercially from 

liessrs.Albright and Wilson Ltd. 	In all cases the nickel 

electrodeposits had the face—centred cubic structure. 

3.1. Current Efficierley Measurements, 

The current efficiency of a reaction is the ratio 

of the actual amount of material deposited to that e..,cpected 

theoretically on the basis of Faraday's laws of electrolysis. 

In the following experiments the measured rate and the 

theoretical rate of deposition are plotted against the c.d., 

and the current efficiency is thus the ratio of the 

c)rdinates of these loci. 

For the study of the variation of current 

efficiency with respect to current density, the electrolysis 

was carried out in a pyrex crystallising dish of diameter 

8 cm., see Fig. 15. 	The depth of the electrolyte was 4,2 

cm. 	The cathode was a polished polycrystalline copper disc 

of diameter 4.7 cm. and thickness 3 mm. A nickel sheet 

nearly 0.5 :an. thick and 5.2 cm in diameter forming the anode 

was adjusted horizontal with its plane almost in the bottom 

of the bath. 	The cathode plate with its polished lower 

face inside the bath faced downward towards the anode. 
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Electrodeposition Bath. 

Water Bath. 

Fig, 	15. 
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Their faces were adjusted parallel or nearly so, to each 

other. The cylindrical sides of the cathode were also in 

contact with the electrolyte to 3 mm height;  and deposition 

of the metal occurred on that also. 

The electrolysis was carried out for one ninute, 

nickel being deposited on the weighed cathode. 	From the 

i.icrease in the weight of the cathode, the thickness of 

nickel deposited in angstrons per second was calculated. 

This experiment was done at various cd. and the 

corresponding rates of deposition were determined. 

Results were obtained at 20°  and 50°C with the 

unstirred bath,and 50°  and 60°C with the stirred bath. 

While stirring the electrolyte, the axis of the spirally 

twisted glass stirrer was adjuste:t1 vertically at about 1.8 ego 

from the side of the bath (see Fig.14), 	The stirrer rotated 

about 1,200 r.p.m. 	The four sets of results ar;) shown in 

Fig.16(&). 	Tile variation of current efficiency with c.d. 

at tem;:,eratures 20°0 (bath unstirred), 50°C (bath stirred 

and unstirred) and 60°C (bath stirred) is shown in Fig.16(b). 

In all these sets of results the fall in current 

efficiency below 100;:,  was accompanied by evolution of oxygen 

at the anode and hydrogen at the cathode, and formation of a 

greenish hydroxide layer on the cathode. 
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3.1(a). Current Efficiency with the Nickel Sulphamate Bath, 

at Room Temperature (2:=20°O) and Unstirred. — — 

Observed rates of deposition are shown by curve 1 

in Fig.16(a). 	It is seen that there is 100% current 

efficiency up to nearly 40 mA/cm2  c.d. At higher c.d. the 

experimental curve starts to branch off below the 

theoretical straight line, with a gradual rise to its naximum 

peak round about 45 mA/cm2. 	Then it falls to its lowest 

value at about 300 mA/cm2. With further increase in cued. 

the curve again rises. 

3.1(b). Current Efficiency with the Nickel Sulphamate Bath 

at 5000 an'' Unstirred. 

The observed rates of deposition are shown by curve 

2 in Fig.16(a), 	In general nature, curve 2 resembles curve 

with the difference that the current efficiency js found 

to be 100% up to about 270 mA/cm2. After that it sarts to 

branch off below the theoretical straight line;  i.e. there 

is loss than 1100 efficiency, 

The measured rate of deposition becor:es a maximum 

at around 375 rA/cm2 and then starts to decrease. 	The trend 

in decrease continues up to about 480 mA/cri2. 	after that, 

the curve shows an abrupt rise. 
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3.1(c). Current Efficiency with the Nickel Sulphamate Bath 

at 50oC and Stirred. 

Curves 3 and 4 in Fig.16(a) were obtained in two 

sets of experiments, and show a variation. 	The upper curve 

4 is near to the straight line graph of the theoretical rate 

of deposition. 	This disagreement between the two curves 3 

and 4 is attributed to a difference in the degree of stirrings., 

presumably associated with an appreciable difference in the 

position of the stirrer. 	In the case of curve 3, above 

about 360 mA/cm2, an extensive greenish deposit (nickel 

hydroxide) was seen on the cathode, increasing in amount with 

increase in c.d. 	For curve 4, much loss of this hydroxi'le 

was observed at similar c,d,, thus it seems clear that the 

large fall in efficiency is associated with much of the 

c.qthodo bedoming covered with oxide and the effective c.d. 

.heing very nueh increased. 

The branching of both the curves 3 and 4 from thcJ 

theoretical line starts at about 360 mA/cr2. 	The maximum of 

curve 3 is at about 380 mA/em2 c,d. and the curve then fell e; 
, 

to its lowest possible position at around 500 nA/cm-0 
 
and tben 

rises rapidly. 	The upper curve 4 after separating from the 

theoretical line does not show any marked peak and trough 

like curves 1, 2 and 3, 	It simply rises continuously below 

the theoretical line. 
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3.1(d). Current Efficienoz with the Nickel Sulphamate Bath  

at 60°C and Stirred. 

Curve 5 was obtained with the stirred bath at 60°C. 

The deviation of the experimental curve 5 from that of the 

theoretical line starts at about 400 mA/c1-112. 	The curve 

rises always below the theoretical straight line without 

forming any crest and trough unlike the curves 1, 2 and 3. 

3.2, Blectrodeposition of Nickel on a R'Atating  Cathode. 

The substrate used as cathode was a solid 

cylindrical piece of polycrystalline copper of 1.2 cm in 

diameter and nearly 2,5 ems long, 	The lower end of the axis 

of the driving motor was attached to a snail hollow metall1Lc 

cylLader of length nearly 2 cm and inner diameter 1.4 cm. 

One of the flat surfaces of the copper substrate was 

mechanically polished, cleaned and made oxide free, in the 

usual way (see 2,1). 	It was kept in nickel sulphamate 

solution at 50°C for 5 minutes. 

The copper piece was then fixed by screws to the 

lower end of the vertical axis of the driving motor, so that 

the polished copper surface faced downward parallel to the 

horizontal anode. 	The distance between the electrodes was 

kept about 3 em. 	The height of the cathode was adjusted in 

such a way that on-y 2 mm of its length was inside the 

electrolyte in addition-to the horixontal surface facing the 

anode. 	During the experiment the cleet!cf:oal connection to 
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the rotating cathode (at about 1200 r.p,m.) was made through 

a slip ring. The results on the stationary cathode on 

unstirred and stirred baths were also obtained under 

similar conditicrs, 

The experimental results are shown in Table 1, ana 

also, for comparison, the results under similar conditions 

on a stationary cathode in the unstirred and stirred baths 

at 50°C. 	Typical electron diffraction photographs are 

shown in Fig,17. 

It is seen that both the stirring and cathode 

rotation have similar type of effect in promoting the 

'ateral growth type of orientation, with (100) plane 

,arallel to the cathode. 
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Current 
Density 

Deposit 
Thickness 

Table 1. 

Orientation * Nickel 

mA/cm2  A Cathode Rotated Bath Stirred Bath ' 
Unstirred 

Soluion Cathode Cathode 
Unstirred Stationary Stationary 

240 49,000 S(100) S(100)*  S(100 

+ tr (210) 

300 10,200 S(100)-4-  S(100) S(110) 
+ tr;:111twin. 

or 	(111) 

+ M(210) 
+ tr. 
twinning 
or 	(111) 

300 15,300 S(100) S(100) S(110) 

+ 1111 	twin. 
or (111) 

+ M 111.1 
twinning 
or (111) 

300 81,600 S(100)1F S(100)t  Random 
+ P(110) + 
F(210) 

400 22,000 S(100)-*  M(100) S(110) + 
+ F(110) + M(210) (210f 
+ F(210) + F(110) 

S=strong, ii = medium, P = faint, tr = trace. 

4:. Strong refraction of the electron beams by smooth plane 
surface of this type. 

-4- = Observed after etching away the oxide on the rough 
deposit, with 55 H2SO4 for 10-15 secs. 
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3.3. The Decree of Uniformity of Current Density Over 

the Cathode Surface. 

In all the present experiments, the electron bear 

vas used at grazing incidence of about * to I°  to determine 

tie deposit surface structure. 	The beam thus impinges on a 

length of about 2 to 1 cm respectively, from the bottom edge 

of the specimen upwards; as compared with the diameter of 

the specimens used of the order of 1 an. 	The diffraction 

pattern is thus contributed to by both the central region 

and the outer edge region of the cathode, which may in some 

cases have different crystal orientations. 	The experiments 
(11.2.7) 

belowxwere made to test this possibility in several cases. 

In the present case, it appears that the c,d, is appreciabl7 

higheY near the edge than in the main central area, as 

indicated by visual appearance.(roughness and in certain 

cases greenish hydroxide deposit* 

Such considerations have been noted by Pinch and 

Tiayton (1951). 	They indicated that the complexity in their 

eLectron diffraction results of copper deposit was duo to ire 

inequality of the c.d. distribution. 

The degree of lack of uniformity depends upon c.d., 

e.g. Wagner (1951) showed that greater uniformity of c.d, at 

different parts of the cathode is to be expected at low c.d. 

Is the mean c.d. is increased, a larger proportion of the 

current is carried by the edges and corners of the cathode; 

since th'i current lines pass in part outside the space 
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between the electrodes. Likewise, non-uniform current 

distribution results if the electrodes are not plane. 

In addition, the current distribution depends on 

the composition of the bath. As first pointed out by 

Pfannhauser (1901), the higher the polarisation, i.e. the 

slope of the potential-c.d. curve for the cathodic process, 

the more uniform is the current distribution. 

Consequently, as explained by numerous authors, 

notably by Foerster (1923), Barth (1923), Haring and Blum 

(1923), Gardam (1937) and Agar and Hoar (1947), the current 

distribution in an electrolytic cell is determined by (a) 

the polarisation curve (electrode potential plotted versus 

c.d.); (b) specific electrical conductivity; and (c) linear 

dimensions, such as breadth of electrodes, distance between 

anode and cathode and distance between crests and troughs of 

profiled electrodes. 	Moreover, Kasper (1940, 1942) showed 

how the current distribution can be calculated quantitatively 

if a linear relation between electrode potential and current 

density is assumed. 

Using an unstirred bath at 500C the nickel deposits 

on polycrystalline copper substrates always show lateral 
2  (See Fica 18) 

growth of (100) type at c.d. up to 220 ra/crak. 	Beyond that, 

very minute traces of outward growth type of orientations, 

such as (210) or (110) start appearing with the main (100) 

orientation in some cases. Evidently at this stage the 
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outer edge region of the cathode (of higher c.d.) begins to 

show traces of a more outward growth typo of orientation. 

In the stirred bath, the other conditions remaining the saLle, 

this stage occurs at about 300 mA/cn2, again giving traces 

of (210) with the main (100) orientation as is evident from 

the diagram, Fig.38. 

In the above transition regions, the outer part 

of the deposit surface roughly within 2 mu from the edges 

of the 1.2 cm diameter cathode looks rougher than the 

central part. 	Some blackish rough deposits are also 

observed near the edges. 	The electron diffr- ction patterns 

from the central and edge regions of the deposit surface 

show indeed appreciably different orientations (see Table 2). 

The orientation of the nickel in the central region is of 

the type which would have been expected towards the lower 

aide- of tiliQ b.M.abluil c.d., 	.c.c.;0.4 3.t1 tile; edge -.region the 

nickel crystal orientation is the same as on the higher side 

of t71-.e tra-19ition (1.(1. 	Thr,  agrees with the suggested 

increase in c.d. from the central to the edge region of the 

cathode surface. 

When the electron beam was incident across the 

middle region of the deposit it gives mainly the diffraction 

pattern from the main central region of nearly uniform c.d., 

together with a minor component from the narrow outer part 

of the deposit surface where the c.d. is higher. 	If the 
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sa-le deposit surf-co is examined by allowing the beam to 

graze the surface near the edge, it gives patterns 

predominantly showing the orientations which were ce-mori 

towards thu higher c.d, side of the transition region. 

Some of the typical experimental results are shown 

in Table 2. 

Some typical electron diffraction photographs 

corres•onding to the central and the edge region of the sal7o 

deposit surfaces are shown in Fig.19. 
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Temp, 

UNSTIRRED BATH. 

Substrate 	c.d. 	Deposit 
-1A/ail2 thickness 

A 

Orientation of the nicker 
der,osit. 

Central 	Cuter part 
part 

50 Polycryst 270 10,000 (100) (100)+(110) + 
Cu (210) 

50 270 30,000 (100) (100)+(110)+W) 

50 

20 ft 

300 

30 

45,000 

30,000 

(110) 

(100) 

R* 

(110)+(210) 

50 Cu(110) 320 60,000 P+T* R* 

50 Cu(110) 260 61,000 (100) (110)+(210) 

STIRRED BATH 

Tenp 
oC  

Substrate 	c,d, 
-1A/cm2  

Deposit 
thickness 

A 

Orientation of thy, nickel 
rlerosit 

Central 	Outer part 
part 

50 Polycryst 440 30,000 (110)+ R* 
Cu (210) 

50 11 400 30,000 (100) (110) 	+ (210) 

20 ;1 50 10,000 (100) (110) 	+ (210) 

50 Cu(111) 460 47,000 (100) (100) + (110) + 
(210) 

* P+T = parallel growth with strong twinninG. 

* R = random polycrystalline nickel after etching away 
the nurface hydroxide. 
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Symbols Used in Figs.18, 38, 54, 64, 68, 79, 87, 102,  

108, 116, 122, 126 and 131.  

[Il = Parallel (100) single-crystal orientation on the 

Cu (100) face. 

- Parallel (110) single-crystal orientation on the 

Cu (110) face. 

= Parallel (111) single-crystal orientation on the 

Cu (111) face. 

R = Random polycrystalline surface structure. 

Surface hydroxide layer; the structure observed after 

etching away the hydroxide is denoted by the 

symbol inside the circle. 

r or R 

r- > Small amount or much random polycrystalline Ni. 

B ch.) One-degree (111) orientation. 

4  r'i.One-degree (100) orientation. 

or T - - Little or much 1111i twinning. 
d. 1-':,One-degree (11O) orientation. 

---.
, 

ne-degree (210) orientation. 

.:. Close-packed hexagonal structure (only observed 

in one deposit). 
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(a) 
	

(b) 

Fig,19. Nickel 3lectrbdeposit 13ojnoo A thick at 
170 mA/cm2  on polished polycrystalline Cu, 

unstirred bath, 5000. 

(a) Pattern from the central part. 

(b) Pattern from the outer part. 
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3.4. The Structure and Growth of Nickel Electrodeposits 

on Mechanically Polished Polycrystalline Copper  

SubstrT,tes,_from the.  Standard 	pApp.amate 

Solution at 50°C 

An electron diffraction study was made of the 

structure, growth and orientation of nickel electrodeposits 

on smoctn mechanically polished polycrystalline copl-,er 

substrates, with a wide range of current densities from 1 

to 600 rJ/cm2, and deposit thickness from 200 to 1029000 A. 

The results at room temperature N20°C) are described later 

in section 3,8. 

Pig.2(a9b) shows the typical electron diffraction 

pttern with its optical micrograph from the smooth 

mechanically polished polycrystallthe copper used as 

substrate. 

3,4.1.Nickel depoeits on Uo.lyorystailine co-ope7::  using  the 

sulphamate bath at 50°C. and unsti=ed. 

FiE.18 shows diagrammatically the orientation o2 the 

nic1:31 crystals in the surface region (to a depth of the 

order of 100 A) of the electrodeposits at the various c,d. 

and thicknesses studied. 	This makes clear the nature of ti-le 

dependence of the structure of the nickel electrodeposIts on 

the current density and thickness, 

On the basis of the results obtained, the whole 

diagram has been divided into four main regions marked in 
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-.0'ig.18 as I, II, III and IV. 	In each region the nickel has 

a particular type of crystal orientation. The lines 

indicate the positions of the relatively narrow zones of 

transition of the deposit structure from that of one region 

to that of the neighbouring region. The region II has been 

further divided into the two sub-regions II(A), II(B); and 

region III into III(A), III(B); and region IV into IV(A), 

IV(B). 

The spread of the electrodeposit crystal 

orientation from the mean, as shown by the angular spread of 

the arcs from their mean positions in the electron 

diffraction pattern, has been found to decrease with 

increasing deposit thickness, for the types of orientations 

observed. 	The shortening of the arcs, as the deposit 

thickness increased, is more rapid below 40,000 A thickness. 

1.yond that, it gradually tends to beco-_le constant. 	Fig,20 

(a to f ) show . the variations of the angular spread of the 
(210) 

arcs for the orientations (100)/and (110), in relation to 

deposit thickness, at various current densities. 	Fig.21 

shows the angular spread of the arcs (i.e. of (100) 

orientation,) in relation to current density, at constant 

thickness. 

The deposit thicknesses plotted in Fig.18 were 

estimated taking into account the current efficiency, at each 

cpd., as estimated in section 3.1. 
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Region I; Nickel in a mixture of (111) and (100) orientations 

This is a very small region extending from 1 to 75 

mA/cm2, and deposit thickness up to about 5,000 A at 1 mA/cm
2 

and decreasing as the c.d. increases, to zero at about 

75 mil/cm2(Seg-Fil 12). 

The diffraction patterns such as Figs. 22 and 23 

show an arc centred on the plane of incidence, on both the 

111 and 200 ring positions. 	This indicates that some of 

the nickel crystals were oriented with a (111) and some with 

a (100) plane parallel or nearly so to the substrate surface. 

The other arcs in these photographs correspond to one-degree 

(111) and (100) orientations respectively, that is, with 

random azimuthal crystal orientation. ;,t 1 mA/cm2 and 

500 A thickness (or presumably less), the (111) orientation 

1 F1 more pronounced than the (100), see Fig.22. 	At higher 

thickness or c.d. the converse is found, e.g. Fig.23. Fig. 

24 (a and b) snows the theoretical diffraction positions for 

one-degree (111) and (100) orientations. 

In the diffraction patterns, the arcs centred on the 

plane of incidence have an angular spread from the mean 

positions which decreases with increasing thickness. The 

deposit is very bright up to about 3,000 A thickness at 

1 mA/cm2. 	Thicker deposits are less bright, due to their 

rougher surface. 
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Region II(A); Nickel in (100)  orientation without twinning. 

Figs. 25, 26 and 27 show typical diffraction 
(seeFilig) 

patterns. 	This regionxwas studied up to 102,000 A deposit 

thickness and occurs above region I. Heres  the results show 

very strong one-degree (100) orientation of the nickel 

crystals, without any other orientation being also present. 

In deposits thicker than 5,000 A, it occurs in a narrow 

region of c.d, up to 30 mA/cm2 

As before5  the spread of the arcs corresponding 

to (100) orientation becomes shorter with increasing 

deposit-thickness, as shown in Fig.20. 	The surface becomes 

rougher with increasing thickness and so less bright. 	On 

the other hand, deposits of the order of 30,000 A or more 

in thickness show diffraction arcs strongly drawn out 

vertically towards the shadow edge, indicating relatively 

smooth cube faces on the 1.00) oriented crystals (see ig.27) 

Region II(B); Nickel in (100)  orientation with different 

amount of V.117f twinning. 

Representative photographs of deposits in this 
(see  Ficd  . ta) 

region are shown in Figs. 28 to 32. 	This is a wider regionx 
• 

lying between c.d. 30 and 270 mA/cm2. 	The thicknesses 

btudied extend up to 102,000 A. 	It is a region 

predominantly of one-degree (100) orientation. 	The (100) 

orientation is accompanied by 'L1111 twinning, as shown by 

the two arcs on the 111 ring position below the 200 
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Arc on either side of the plane of incidence. 

Fig.24(e) shows the theoretical pattern to be 

expected from the twins which combine to form one-degree 

(221) orientabioa. 	Besides the 111 arcs referred to, the 

expected arcs on the 200 and 220 ring positions are seen in 

Fig.28(a). 	The %111 twinning occurs sometimes in small 

amount and in other cases in a larger amount. 

Fig.28(b) shows an optical nicrograph from the 

deposit which yielded the diffraction photograph shown in 

Fig.28(a). 	This shows an appreciably rough surface with 

projections of the order of 2 microns in :diameter. 	The 

surface of the deposits is very smooth and bright up to 

:bout 30,000 A. 	Thicker deposits become duller and less 

:fright, due to increasing degree of roughness, but the 

diffraction patterns then show arcs strongly drawn out 

vertically towards the shadow edge, indicating smooth (100) 

faces on the (100) oriented nickel crystals (see Fig.27), 

Figs. 29 (alo) and 30 (a, b) show typical electron 

micrographs from carbon rep:Acas of Ni deposits at 200 

mA/cm2 and thickness 10,200 A and 61,200 A respectively. 

The deposit surface is seen to be uneven and no well defined 

crystals faces can be recognised. 	Pig. 30(b) seems to 

show crystal grains of about 400 A. aatxnelenr. 
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Region III(A); Nickel12a.inly_92.-Eartly in (210) orientation 

with small amount of (100) and (110). 

Fig.33(a) is typical of the deposits in this 

narrow region between c.d. 270 and 600 mA/cn . 	The 

diffraction patterns obtained from deposits show a mixture 

of (100), (110) and (210) orientations (see Figs. 18 and 24). 

The deposit surface, even at a few thousand angstroms 

thickness, is less bright above 300 mA/cn2. 	The optical 

iicrograph corresponding to the diffraction pattern in 

Fig.33(a) is shown in Fig.33(b). 

Region III(B); Nickel mainly .7La (110)  orientation. 

Pig.34 shows the (110) orientation of nickel 

electrode posits in this region (cf. Figs. 18 and 24). 	In 

the lower part of it extending between c.d. 270 and 600 

Wari2, and above sub-region III(A), mainly ono-degree (110) 

orientation occurs with a trace of (210) at lower thicknesses. 

The deposit surface becomes rougher above 300 nA/cn2. 

The upper part of this sub-region is a legion 

aaere one--degree (110) orientation occurs exclusively, lying 

z.t the higher thicknesses, mainly between 270 and 320 mA/cn2, 

but decreasing in width with increase in deposit thickness. 

Region IV; Nickel deposits showing a surface hydroxide layer. 

In this region which lies on the right hand side 

of the broken line curve in Fig.18, there was evolution of 

gas during electrodoposition of nickel. 	The surface of the 
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deposits was covered with a greenish rough coating, probably 

nickel hydroxide. 	Sometimes, around the edges, black 

deposits were also observed. 	The diffraction patterns 

obtained from these rough surfaces were diffuse haloes, e.g. 

Fig.35. 	The pattern does not correspond to Ni0 (f.c.cubic, 

a = 4.17 A), but indicates the presence of nickel hydroxide. 

The two strongest rings have radii of 0.88 and 1.50 

cm, corresponding to spacings of 2.80 and 1.65 A (both + a 

few %). 	The ratio of these is close to 1.73, thus these 

rings could be the 100 and 110 diffractions of Ni(OH)2  

agreeing well also with the spacings calculated from a = 

3.117 A for Ni(OH)2. 	Two very faint additional diffuse 

rings occur at radii about 1.0 and 1.3 cm, presumably 

correspond to 10t, and 11t type of diffractions. 	Gerner 

(1938) found indeed by electron diffraction that Ni(OH)2  is 

formed when German silver (a nickel alloy) is immersed in 

water. 

After the deposits had been etched in 5% dil. H2SO4  

for 15-20 sec., the underlying metal surface was exposed 

and yielded electron diffraction patterns characteristic of 

f,c.cubic metal. 

This region sets in roughly at 320 mA/cm2 around 

24,000 A deposit thickness and extends to 600 mA/cn2 or more. 

The orientation of the metallic electrodeposits is different 

in the two sub-regions IV(A) ((110)-oriented nickel with 

(210)) and IV(B) (random nickel), which are discussed below 

separately. 
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Region IV(A); Nickel in mainly (110) orientation below 

the surface hydroxide. 	
cse,FIlla) 

In the lower part of this region the deposits 

were rough surfaced and showed strong (110) orientation, with 

either a small proportion or much of the nickel in (210) 

orientation as in Fig.36, Above about 11,000 A and 500 

mA/cm2 there is only very little (210) orientation. 	This 

region extends from nearly 320 to 600 mA/cm2 and deposit 

thicknesses of about 6,000 to 30,000 A. 

Region IV(B); Nickel in random orientation below the 
surface.. hydroxide, 

This sub—region occurs at higher deposit 

thicknesses than sub—region IV(A) and continues up to large 

thicknesses (.N70,000 A or more) with the same structure, 

The deposit surface was rough and the diffraction photograph 

from it is shown in Fig,37 	Here, the metal crystals in the 

surface region of the deposit are randomly oriented, givin7 a 

cing pattern. 	Thus it is evident that the nickel crystals, 

though oriented in the lower part of the deposit, are no 

longer deposited preferentially in any definite orientation 

at deposit thicknesses Like those defined by the lower limit 

of region IV(B) (joining the points roughly at 300 mA/cm2?  

46,000 A and 600 mA/cm2 24,000 A). 	The deposit thickness 

above which the nickel crystals grow in random orientations 

decreases with increasing c,d, 
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TIFGION 	OF F7-G. 18.  

(PoliPhed polycrystalline Cu;  unstirred bath, 50
0C.) 

Fig.22 

510 11 Ni at 1 mil/c
-2 on 

polished polycrytalline 

Cu, 11Tth unstirred, 

5CC. 

Pig,23. 

510 L. Ni at 10 1_:Vcr12  or_ 

polished 1Jolycrystal"ino 

Cu;  bath umstirrorl,, 

50°C. 
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Fig.24. Theoretical patterns of diffraction. 
One-degree (111) orientation. 
One-degree (100) orientation. 
One-degree (110) orientation. 
One-degree (210) orientation, 
One-degree (221) orientation equivalent to 
St.1111 twinning of -WE. 40o) wgiolkek 
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REGION II(B) OF  FIG. lq. 

(Polished polycrystalline Cu, unstirred bath, 50°C). 

(b)Opt.Micii.x 1130 
Fig.28. 61,200 A Ni at 100 mVom2  on polished 

polycrystalline Cu, unstirred bath, 50°C. 

(a) 

1Pwato is .yid t 

• „, 
. ilw 	e , 
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,.Ar.e  

(a) Electron Microgr. x 20,000. (b) E.M. 	x 50,000 
Fig.29. 10,200 A Ni at 200 mA/cm2  on polished 

polycrystalline Cu, unstirred bath, 50°C. 

Ir 

(a)Elcctron Microgr. x 502C00. (b)El.M..:.c.e.x 100,000 
Fig.30. 61,200 A Ni at 200 mA/om2  on polished 

polycrystalline Cu, unstirred bath?, 50°C. 
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REGION 	OF FIG. 18. 

(Polished polycrystalline Cu, unstirred bath, 50°C). 

Fig.31. 
408 A Ni at 240 rak/cn

2 on 

polished polycrystalline Cu, 

unstirrc:d bath, 50°C. 

Pigc32e 

500 A Ni at 300 mA/cn
2 on 

polished polycrystalline 

Cu, unstirred bath, 50°C. 

REGION 	OF FIG. 18. 

(a) 

Pig.33. 

Optical nicrograph x 300 

69000 A Ni 	300 mA/cm2  on polished polycrystalline 

Cu, unstirred bath;  520. 
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Fig.34. 

Yig.35. 

20,000 A Ni at 300 mA/cm on polished 
polycrystalline Cu, unstirred bath, 500C. 

REGION IV OF FIG. 18. 

2,000 A Ni at 600 mA/om2 on polished 
polycrystallinu Cu, unstirred bath, 50oC. 

REGION IV(A) OF FIG.18 

• 
Fig.36. 26,500 A Ni at 

400 ra/cm2  on polished 
polycryTtalline Cu, 
unstirred bath, 50°C. 

REGION 1.1.03) OF FTC ,:i8 

Fig.37. 61,200 A Ni at 
600 mA/cm2  on polished 
polycrystalline Cu, 

unstirred bath, 50°C. 
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NickeldaaalIamaycrutallins copper, using the  

sulrhanate bath at 50°C and stirregoroupII. 

Using the stirred bath, the surface orientation of 

the deposits was studied systematically from 1 to 600 nA/cm2 

and up to 102,000 A deposit thickness, and the results are 

shown in Fig.38. 	It is found that the variation in 

structure, growth and orientation of nickel electrodeposits 

on polycrystalline copper substrates at 50°C is a function 

of c.d. and deposit thickness, as in the case where the 

unstirred bath is used. 	The nature of the deposit surface 

orientation is different in the four divisions of the entire 

-iagram marked as regions T, II, III and IV. Each region 

is discussed separately below. 

The angular spread of orientation away from the 

:ican orientation is found to decrease with increase in 

thickness at any particulPr c.d. 	This variation is shown 

in Fig.20(a to f ). 	Pig.21 	shows the variation 

of orientation-spread with increase in c.d. at any 

particular Oeposit thickness. 

The deposit thicknesses plotted in Fig.38 were 

estimated, taking into account the current efficiency, at 

each c.d., as estimated in section 3.1. 
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Region I; Nickel in a mixture  of (111) and (100)  

orientations. 

Figs. 39 and 40 are characteristic diffraction 
(sew 'Rea) 

patterns from deposits in this region/. 	This region occurs 

only at low c.d. and deposit thickness. Here the one-degree 

(111) orientation is developed together with the cube-face 

crientation. 	At low deposit thickness (from about 1,000 A 

at 50 nA/cn2  to 4,000 A at 1 nAlcm2) the (111) and (100) 

orientations are about equally represented (see Fig.39). 

With increasing thickness and/or c.d. the amount 

of (111) orientation is reduced (see Fib; .40) and ultimately 

disappears (giving place to region II). Roughly, region 

extends from 0 to 110 nA/cn2. The deposit thickness 

exhibiting the characteristic structure of the region goes 

on decreasing with increasing c.d. 	It extends up to 4,000 	A 

1 mA/cm2  and tends to zero thickness near 140 nA/cm2. 

Region II; Nickel mainly in (100,Loriontation but sometines 

with traces of 1111 twinning and/or one-degree 

(210) orientation. 

Figs. 41, 42, 43(a), 44(a) and 45 are the tyr.ical 

electron diffraction photographs. 	Figs. 43(b) and 44(b) 

are the optical micrographs corresponding to rigs. 43(a) and 

44(a). 	Figs. 46, 47 and 48 are the scanning electron 

micrographs of the deposit surfaces. 

These electron diffraction photographs and 

micrographs define the surface crystalline structure and the 
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degree of surface roughness respectively. The optical 

micrographs (see Fig. 43(b) and 44(b)) evidently consist of 

projections ,about 4 microns in diameter in the case of 

de:,osits about 50,000 to 102,000 A thick. 	In this region 

II, the crystals developed mainly cube-face orientation, 

i.e. the nickel crystals tend to grow preferentially with 

(100) planes parallel to the mean substrate surface or 

nearly so. 

The refractive drawing out of the arcs vertically 

in the case of thick deposits ('"740,000 A) indicates that 

the crystals have developed smooth cube faces (see Figs. 

'1.3(a), 44(a) and 45). 	The specimens are bright even up to 

1)5,000 A and 400 mA/cm2 unlike those from the unstirred 

bath, where the roughening sets in earlier. This region 

covers a wide range of c.d. (410 mA/em2) an(''. thickness 

(102,000 A). At the earliest stage 	400 to 1,000 A 

thickness, the diffraction patterns were closely similar to 

Fjz.41 up to 350 nA/cm2  in region II. 	Though the (100) 

orientation is the most pronounced, some small traces of 

other orientations accompany it in many cases at c.d. 

between 300 and 410 mA/cm2. 

Below 266 mA/cm2  small traces of !L11111 twinning 

of the main cube-face oriented crystals may be indicated by 

several faint additional arcs in some cases. Above 280 

mA/on29 traces of one-degree (210) orientation occur in 
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varying amount, with or without the small traces of ;1113 

twinning of the main (100) orientation (see Figs. 44(a) and 

45). 

Comparing the diagrams Figs, 18 and 389  it appears 

chat stirring the bath has had an appreciable effect in 

extending the region of (100) orientation to higher c.d. 

as well as reducing the degree of roughness of the deposit. 

Using the unstirred bath, the region II extends mainly up to 

270 mA/cm2, whereas in a stirred bath it goes up to 410 

mA/cm2. This shift of 140 mA/cm2  is due to the stirring 

causing the naintenance of the supply of cations to the 

solution near the cathode surface. 	This favours the 

"lateral" t7pe of growth, in cube-face orientation, up to 

higher c.d. 

Region III; Nickel in (110) and (210) orientations 

without surface hyclroxide. 

Figs. 49, 50 and 51 show the typical surface 
(see_ F41.38) 

structures in different parts of this regior. 	In this 

'region the cube-face orientation no longer occurs. 	Some of 

the nickel crystals tend to grow with one-degree (110) and 

with (210) orientations. 	In the narrow part of this region 

above 20,000 A deposit thickness and within the c.d. range 
(110) 

410 to 445 mA/cm2, the one-degree/is less pronounced than 

the (210). 	Below 20,000 A, and between 410 and 580 mA/cm2, 

(210) and (110) orientations are nearly equal in amount. 
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Region IV; Nickel  deposits  showing surface hydroxide layer. 

This region lies on the right nand side of the 

broken line curve in Fig38. 	At c.d. within this region, 

there was evolution of gas during electrodoposition of nickel. 

The surface of the deposit was covered with a greenish rough 

coating, probably nickel hydroxide, as explained in the case 

of the unstirred bath. 	The electron diffraction pattern 

from the nickel hydroxide coated surface was similar to 

Fig.35. 

This region sets in roughly at 450 mA/cm2 and 

above 30,000 A thickness and extends to 600 mA/cm2 or more, 

The orientation of the metallic electrodoposits after 

e.Gching away the nickel hydroxide layer with 5% H2SO4  for 

1 secs, is different in the two sub-regions IV(A) ((110) 

oriented nickel with (210)) and IV(B) (random nickel), which 

are discussed below. 

Region 1V(A); Nickel in  (110)  and (210) orientaticns 

below the surface hydroxide. 

This sub-region lies between the lower part 

of region III and sub-region IV(B). 	The underlying metal 

surface after etching away the nickel hydroxide layer shows 

that some of the nickel crystals grow with one-degree (110) 

and some with (210) orientations as shown by the diffraction 

photograph in Fig,52. 	Below 5,000 A deposit thickness the 

orientations (110) and (210) are nearly equal in amount, but 

above 5,000 Ai  the (210) is more pronounced than (110). 
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Region IV(B); Nickel in random orientation below the  

surface hydroxide. 

This sub—region occurs at higher deposit 

thickness than the sub—region IV(A) and continues to large 

thicknesses (60,000 A or more), 	The diffraction. photograph 

from the deposit surfaces in this region is as shown in 

1:1g.53. 	In this sub—region, the nickel crystals in the 

surface region of the deposit (after otchinr, away the 

hydroxide) are randomly oriented and give a ring pattern. 

Thus it is evident that the nickel crystals, though oriented 

in the lower part of the deposit, are no longer deposited 

preferentially in any definite orfentation at deposit 

thicknesses defined by the lower limit of sub—region IV(B) 

(joining the points roughly at 450 mA/cu2, 50,000 A and 

600 mA/cm2, 11,000 A). 	The deposit thickness above which 

the nickel crystals grow in random orientation gee/eases 

with increasing c.d. 
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(Polished polycrys talline eu, stirred b a t h , 50°0). 

51 0 L .. Hi a t 10 rJ~/cn2 on 

p o l~shed polycrystalline 

cu,stirred bath, 50°00 

rJ 

1 70 A l\fi at 100 I1.A/ cdc.. on 

polishe~ po l ycrystalline 

eu ("ttl· -·'l, n e:] bntb t::('\°c , ';:) .L , __ :. C!. ~ , J v " 
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ft~GION II O~_FIG c 3~ o 

( 0 ) Polisho c. polycr;yst8,lline Cu, stirrc;c} b 2~th , 50 C ... 

F . ,., 1 400 ' "'\T • t 211 0 I' / 2 19 o 't. 11 l~ l 8, - -r L .... l. CD 

on polished l)olycrysta l1ine 
Cu~ stirred bath , 50 0 0. 

Fip~ o l.~2 ~ 2 ~ COO A 1ii at 100 
~ 2 1 

nA/ cn on ·j}o lishcc~ po ly'" 
crysta lline CU9 stirrc ~ 
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REGION II OF FIG. 38. 

(Polished polycrystalline Cu, stirred bath, 50°C). 

Fig.45. 

54,500 Ni at 400 mA/cD2  

on polished polycrystalline 

Cu, stirred bath, 50°C. 

Fig.46. 

Stereoscan electron 

micrograph, x 2750. 

16,200 A Ni at 240 nA/cm2  
on polished polycrystalline 
Cu, stirred bath, 50°C. 

Fig.47. 
Stereoscan electron 
micrograph x 2850. 

15,200 A Ni at 300 nA/cm2 
on polished polycrystalline 

Cu, stirred bath, 50°C. 

Fig.48. 

Stereoscan electron 
micrograph x 2500. 

61,000 A Ni at 300 nA/c.m2  

on polished polycrystalline 

Cu, stirred bath, 50°C. 
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REGION III OF FIG c 38 . 
o '\ (Polishe d polycrystalline Cu~ stirrod bath, 50 C;e 

I) 

Fig.4S . 1500 A Ni a t 500 rlli/cn L on poli s hed. 

pO].y cr ystallino Ou, stirred bath , 50°0. 

Fig .50. 1 9 ,500 A Ni at 
440 n A/ CIl..

2 on polt r~he c1 
poly~ry8tQlline OU 9 

stirr e d b ~th, 500 e. 

Fig.51. 2 7 ,000 A Ni a t 
440 1:111./ C j-J 2 on polishe d 
polycrysta11ine Cu, 
stirrod bath , 50°C. 

Fig .53o 27~OOO A Ni at 
ti 60 "!""" " / r. p 2 

t'lY] ~) o l]' s'n a 1 i " ... .t.n......, - .! V ~ 1. 1 _ _ _ '"' \. l 

polycrys t plline eU, 
stirre~ ba th, 500 e. 
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3.5. The Structure, Growth and Orientation of Nickel 

Electrode,)osits on an Atomically Smooth Electro-

2221phed (100) Face  of a Copper Cx7'stal from the 

Standard Nickel Sulphamate Solution at  50°C. 

The electron diffraction study of the structure, 

growth and orientation of nickel electrodeposits on an 

atomically smooth electropolished (100) face of . a copper 

single crystal was made over a wide range of c.d. and 

thickness, i.e. 0-600 DA and 0-617000 A respectively. 

Figs. 5 and 6 show typical electron diffraction patterns 

illustrating the atomically smooth nature of the electro- 

polished copper (100) face used as substrate. 	Two sets of 

results obtained with unstirred and stirred baths are shown 

in Figs. 54 and 6, and are discussed separately. 

3.5. i. Nickel electrodeposits on the copper 100) face, 

from the sulphamate bath at 50°C, when the bath 

is unstirred. 

     

Fig. 54 shows diagramme.tically the experimental 

results. 	It shows the surface structure, growth and 

orientation of the nickel electrodeposits at various stages 

of thickness and c.d. 	The change of the structure abc7e 

a certain c.d. divides the whole diagram into two main 

regions as described below, 
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Region I; Nickel only in a single crystal orientation, with 
axes parallel to those of the codger single crystal. 

Figs. 55 to 59 show typical electron diffraction 

photographs. 	F1.g.59 also shows .;12e optical micrograph 

corresponding to its nickel deposit diffraction pattern. 

This region Ivz)xten-ds mainly up to 250 mA/cm
2 

(see Fig 54). 	Beyond 250 mA/cm2, its upper limit of deposit 

thickness decr( aces with further increase in c.d. and 

finally is practically nil beyond 390 mA/cm2. At all 

thicknesses investigated from 100 to 61,000 A, the nickel 

deposits show single-crystal structure with the cube--axes 

parallel to those of the copper single crystal used as 

substrate. 

The square arrangement of spots when the electron 

beam is parallel to the cube edge is obtained in Figs.55(a) 

to 59(a). 	The "centred 4.2-reactangle" spot patterns with 

4/2-side horizontal, when the electron bear, is along the cube- 

face diagonal, are shown in Figs. 55(b) to 59(b). 	The 

diffraction spots lying in the plane of incidence have La -,e 

indices 200, 400, ... showing that the cube face is parallel 

to the surface or nearly so, i.e. parallel to the Cu(100) 

face. 

The diffraction pattern at 300 mA/cm2 and 500 1", is 

similar to that at 200 mA/cm2 and 
	

340 A (cf. Fig.57). 	The 

diffraction pattern at 100 mA/cm2  and 200 A (cf. Fig.55) is 
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nearly similar to those at lower cad. 	mA/cm2) up to 

30,000 A. 

The deposits at very low thickness, of the order 

of a thousand angstroms, gave patterns in which spots are 

vertically such elongated normal to the shadow edge. This 

elongation is due to refraction at, and low penetration into)  

the atomically highly smooth crystal surface, which is 

evidently parallel to the copper (100) face of the substrate. 

At thicknesses of a few thousand angstroms, up to 30,000 A 

or more, the electron diffraction spots are still mainly of 

this form, but show increasinglj some degree of fanning out 

radially from their upper ends which correspond to the 

knrefracted spot positions (as in transmission). 	This 

indl_eates an increasing:; waviness (roughening) of the surface 

form. 	The slopes of the more or less undulations tend to 

be near to (311) (or (411)?) and (310) planes, though no 

extensive facet development is indicated until much higher 

thickness of the order of 60,000 A. 

Fig.59(c) is the optical micrograph of the 61,000 

A deposit surface. 	Though there are noticeable projectione, 

the surface is not very rough. 	In appearance, the deposit 

surfaces in this region I were very bright n shiny 

-zhroughout. At 61,000 A, the "arrow—head" shape of the 

diffraction spots is evidence of the development of 

extensive oblique faces parallel to the particular types of 

planes, i.e. (511) encl. (310), 
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Region II; Nickel deposits showing the surface hydroxide  

layer. 

This region lies on the right of the broken lino 

i.e. mainly above 250 mA/cm2  in the vicinity of 30,000 A in 

Fig.54. 	In this region, the electrodeposition is 

accompanied by evolution of gas, this being more vigorous 

with increasing c.d. 	The deposit surface was coated with a 

rough greenish deposit, probably nickel hydroxide. The 

diffraction patterns fron the hydroxide-coated surfaces were 

diffuse (cf. Fig.35). 	The underlying metal surfaces after 

etching away the hydroxide layer in 50 dil. H2SO4  for 15-20 

seconds gave clear f.c.cubic nickel patterns. 	On the basis 

of the structure results, this region has been further sub-

divided into sub-regions II(A) and 11(B), which are discussed 

below. 

Sub-region II(A); The nicl-el just below the hydroxide layer 

in parallel single-crystal growth to the  

copper crystal substrate. 

Fig.60 shows typical diffraction results in this 

sub-region, which is enclosed between the broken and 

continuous lines in Fig.54. 	At low thicknesses, up to /2--  

500 A, this sub-region lies between 390 and 490 mA/cn2. 

Here the nickel deposits after etching away the surface 

hydroxide layer, show very smooth single-crystal surface in 

parallel growth to the substrate crystal, without any other 

additional structure. The diffraction pattern fron a thin 
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deposit of the order of 700 A at 400 mA/cm2 was similar to 

that in Pig.60. 

flub-region II(B); The nickel just below the hydroxide layer 

mainly in 1)arPllel growth to the copper crystal, with  

a little “111 twinning, in sone cases a little one-

degree  (110) orientation.-Plus an increasinp proportion 

of randomly oriented cr7stal. 

Typical diffraction photographs are shown in Figs. 

61 to 63. 	Within the c.d. range investigated, this sub- 

region extends mainly between 250 and 600 mA/cm2 or more 

(cf. Fig.54). 	The underlying metal surface after etching 

away the hydroxide layer in 5% dil, H23011  for 15-20 seconds, 

show single-crystal structure in parallel growth to the 

copper crystal substrate. 	However, there are additional 

1111 twinning and randon orientation both in small amount, 

at below 30,000 A (cf. Fig.61). 	The amount of random 

nickel and 1.113 twinning increases with increase in deposit 

thickness and c.d., with consequent decrease in amount of 

single-crystal growth (cf. Fig.63), 	Above 309000 A, 

between 250 and 320 mA/cm2, the parallel growth together with 

small amounts of 0.11 twinning and random nickel, is 

accompanied by some ono-degree (110) orientation also (cf. 

Fig.62), 	In some cases around 10,000 A, the extension of 

the diffraction spots in part, obliquely towards the shadow 

edge, indicates the more or less smooth but undulating form 

of the nickel crystal surface. 
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In Fig.61(a), the square arrangement of spots is 

obtained when the electron beam is along tf,e cube-edge 

direction, whereas Fig.61(b) shows the "centred IT2-

rectangle" pattern. the 4-2-side horizontal, when the beam is 

incident along the cube-face diagonal, The diffraction 

spots 200, 400, ,.., lie on the plane of incidence, showing 

that the cube-face was parallel to the surface or nearly so, 

i.e. parallel to the Cu (100) surface. 

In Fig.61(b), the 1.111 twinning is concluded by 

the presence of additional spots, e.g. two on the 111 ring 

position, one on each side of, and close to the plane of. 

incidence, i.e, near the 11 o'clock and 1 o'clock positions. 

the same is true for Fig.62, but there is presence of some 

one-degree (110) oriented nickel crystals 

3.52. Nickel electrode].osits on the copper (100) face,  from 

the sulphamate  bath at 50°C, when the bath is stirred 

vigorously. 

Fig.6,1- shows diagrammatically the experimental 

results on the surface structure of the nickel electro-

deposits, up to deposit thicknesses of 52,000 A and c.d. up 

to 600 nA/cm2. 	The change in the structure of the nickel 

electroCleposits above a certain c.d. results Am the division 

of the whole diagram into regions I and II, discussed below. 
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REGION I OF FIG. 54. 

(Cu (100), unstirred bath,50''C).  

Fig.59, 612000 A Ni at 200 mA/cm2 on Cu(100), unstirred bath, 
50°C. 
(a Beam along cube Pdge. 
b Bean along cube face diagonal. 

(e Optical micrograph x 300. 

REGION II(A) OF FIG.  54. 

(a) Bean along cube edge 	(b) Beam along cube face 
diagonal. 

Fig.60. 4,000 A Ni at 400 mA/cm2  on Cu(100), unstirred bath, 
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Fig .63. 

51 9 000 A Ni at 500 !oLA/cn
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50oC. 



174. 

Region I; Very smooth nickel deposits having a single  

crIstal structure with arcs parallel to those of 

the coffer custal used as substrate. 

Pig65 shows a typical electron diffraction 

photograph from deposits corresponding to this region (cf. 

Fig.64). 	Fig.65(a) showing square arrangement of spots is 

the diffraction pattern when the electron bear' is incident 

alon a cube-edge direction, 	rig.65(b), showing a centred 

i12-reactangle pattern with 4.2-side horizontal, is obtained 

when the electron beam is along a cube-face diagonal. In 

both the patterns, the diffraction spots lying on the plane 

of incidence show that the cube face is parallel to the 

surface or nee.rly so, and therefore parallel to the Cu (100) 

face. 

The single crystal growth of nickel parallel to 

the copper substrate crystal even up to 52,000 A has a fairly 

smooth surface. 	The elongation of the electron diffraction 

spots also shows a highly smooth surface on the atomic scale, 

the surfaue being a cube face parallel to the substrate 

surface. 	None of the deposits show any other ad'.itional 

orientation. 	The diffraction patterns from all the deposits 

in this region are nearly the same. This region extends 

nearly up to 550 mA/cm2. At 600 mA/cm2, however, this 

region lies below 15,000 A. 

Using the unstirred bath at 500C, region I, 

showing parallel growth with the substrate;  goes up to 



175, 

250 nA/cm2  (cf. Fig54). The stirring increases the upper 

limit of c.d. for region I from 250 to 550 mA/cm2  (cf. Fig.64) 

Region IT; Nickel in deoreasing proportion of single 

crystal structure with minute traces of 11,1 
twinning and increastng_EroE2rtion of random 

oriented nickel 

Figs. 66 and 67 show the typical nickel 

structure in this region, which starts at about 550 mA/om2 

and extends towards higher c.d. (cf. Fig.64). 

Fig. 66 was obtained when the electron beam was 

incident along the cube-face diagonal of the deposit surfece. 

The spot pattern is of the centred 42-rectangle form with the 

Al2-side horizontal characteristic of parallel growth. 	In 

addition a little 111A twinning and much randomly oriented 

nickel is present. The 4113 twinning is shown by the 

presence of additional spots, e-g. the two on the 111 ring 

position, one on each side of, and close to, the plane of 

incidence, i.e. near the 11 o'clock and 1 o'clock positions. 

The single crystal growth of the nickel parallel to 

the copper substrate crystal decreases in amount with deposit 

thickness, whereas the proportion of random nickel increases. 

A very minute trace of 31113 twinning is also present before 

one structure is completely random. 

There is still a tendency for the (100) oriened 

nickel crystals to be bounded by a cube face parallel to the 

substrate surface, as is shown by the noticeable elongation 
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of the diffraction spots towards the shadow edge. 	The 

randomly oriented nickel has a mean crystal size larger than 

50 A (as shown by the ring widths) and not more than about 

500 A diameter. (as shown by the absence of spottiness of 

the rings;. 

5.6. The Structure, Growth and Orientation of Nickel  

Electrodeposits on an Atomically Smooth Electropolished 

.(110) Face of a Cappr Single Crystal Substrate, fron 

the Standard Nickel Sulphamate Solution n.t 50°C. 

In the practical application of plating nickel on to 

drawn Cu wire for protection against oxidation, the Cu 

crystals at the surface of the drawn wire are likely to have 

a (110) plane parallel to the surface or inclined at a small 

angle to it (cf. the electron diffraction results such as 

those of Goddard, I-Irker and Wilnan, 1962). 	The results 

deposition on Cu (110; face described below are thus rost 

f.early analogous to this case. 

Pius. 7 and 8 show typical electron diffraction 

patterns illustrating the atomically smooth nature of the 

clectropolished copper (110) face used as substrate. 

A wide range of current density was investigated, 

i.e. fron 10 to 600 mA/cm2, and deposit thicknesses from 200 

to 62,000 A. The investigation was carried out with both 

an unstirred and stirred bath. 
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3.6.1. Nickel Electrodeposits on the Copper (110) Face, 

from the Sugzehamate  Bath at 50°C, when the bath 

is Unstirred. 

Fig,68 shows diagrammatically the experimental 

results on the (110) face of the copper single crystal 

substrate in the unstirred bath. The whole diagram has 

been divided into two main regions I and II on the basis of 

the results obtained. 	The lines indicate the positions of 

relatively narrow zones of transition of the deposit 

structure from one region to that of the neighbouring one. 

The resirlts within different regions are described below. 

Region I; Nickel mainly in a si/lE;.e  crystal orientation, 
with axeq parallel to those of the gaper crystal, 

with varying amount of  A111' twinning and one-

dggEee (100)  orientation. 

The region extends up to about 31.0 nA/cm2 for 

deposit thicknesses studied up to 61,000 A (cf. Fig.68). 
. Beyond 340 mA/cm2  , it becomes limit20. to lower and lower 

thickness (to the broken line in Fig.68), being only 2000 A 

at 600 mA/cm2, 

In region I, the nickel crystals grow mainly 

parallel to the substrate copper crystal lattice. 	In most 

cases, the parallel growth of the nickel is accompanied by 

varying amount of 111111 twinning and in region I(A) at 

10,000 A and over, with also some nickel in one-degree (100) 

orientation and some in two-degree orientvtion. Above 
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250 mA/cm29  the growth of nickel is only parallel to the 

substrate lattice and with very smooth surface without any 

additional twinning or other orientations. This part of 

the region is marked. sub-region 1(B). The diffraction 

results corresponding to these sub-regions are discussed 

below in detail. 

Sub-region 1(A); Nickel mainly in a single-crystal 
orientation with axes parallel to those of the copper 

substrate with a little or much 11111 twinning and 

increasing; amount of one-derzpe  (100) orientation after 

a few thousand angstroms deposit thickness. 

Figs. 69 to 73 show typical electron diffraction 

photographs corresponding to this region in Fig.68. From 

10 to 150 mA/cv.2 very strong 1.111 twinning is developed 

together with parallel growth even at a few hundreds 

angstrons of nickel deposit thickness (see Fig.69). 

The diffraction pattern in Fig.69 was obtained 

when the electron beam was incident along the /,110; direction 

of the (110) face of the crystal substrate. 	This gives a 

centred :f2.. rectangle spot arrangement with the 4.2-side 

vertical. 	The diffraction spots lying on the plane of 

incidence have Lauc indices of type 220, 440, 660, and so on, 

showing that the (110) face is parallel to the copper 

substrate (110) surface or nearly so. The <1.1* twinning 

is concluded by the presence of additional spots, e.g. on 

the 200 ring position one on each side of, and close to, the 

11 o'clock and 1 o'clock positions. 
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Between 10 and 150 mA/cm2  and at above 1,000 A, 

a trace of randomly oriented nickel together with the main 

narallel single-crystal growth and strong 1.111 twinning is 

also observed (see Fig:70). 	Around 10,000 A, an ad('itional 

one-degree (100) orientation and a particularly sharply 

defined two-degree (100) orientation set in (cf. Fig.71) 

and they become stronger with increasing thickness up to 
see fli-73) 2 61,000 A or more. From about 150 to 250 DA/c71 the 

parallel growth of the nickel is accompanied by a little 

111 twinning up to about 20,000 A. 

The 1111 twinning becomes stronger (as in Fig.70) 

with increase in deposit thickness. 	The diffraction 

patterns from deposits at similar thicknesses up to 150 

mA/cm2 are nearly the same. At 100 and 200 nA/cm
20  the 

deposi-Vhickness of 61,000 A yield identical diffraction 

patterns as shown in Fig.73(a,b,c). 

The plominent, sharply defined, two-degree (100) 

erientition is indicated by a very short arc or spot lying 

en the 200 and 400 diffraction arcs (of the one-degree (100) 

arc pal;tern) where they cross the plane of incidence at 

heights of 1,4 and 2.8 cm above the undeflected beam spot 

(of. Figs. 71 and 73(a)). 

Figs. 75(b) and 73(c) were obtained at an aziuth 

near to the /211/  type of direction of the electron beam 

rel.-.tive to the Cu (110) surface. 	They show that at this 

azimuth a square pattern of hk0 short arcs or spots with 
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square sides horizontal and vertical is present, associate: 

with these nickel 200 and 400 diffractions, 

Tn Fig.73(b), the main strong spots are in a knT7511 

rectangle pattern (with the WVJ-sides vertical), as is 

expected at this azimuth from the single-crystal nickel, which 

is parallel to the copper substrate lattice; and the above 

square pattern is faint. 	In Fig.73(c) from another part of 

the specimen, the square pattern is relatively such stronger, 

This particular two-degree (100) orientation is 

difficult to account for and it appears not to correspond to 

twinning and repeated twinning of the main parallel growth 

nickel orientation. 	Presumably, there must be two of these 

(100) single crystal orientations associated with the two 

azimuths of 0211> type relative to the substrate an:' the 

parallel nickel. 

At 300mA/cm2, a 51,000 A deposit yields sharp and 

very elongated diffraction spots - the single crystal spots 

and the twin spots (see Fig.72). 	This indicates that the 

inrface is very smooth and parallel to the Cu (110) 

c:abstrate surface even at 51,000 A thickness. 

Sub-region 1(B); Nickel only in a qnsie crystal orientation 
with axes parallel to those of the copper single 
crystal, 

Fig.74(a,b) shows typical diffraction photographs 

of this sub-region 	Above 250 mA/cm2, the nickel seeris to 
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grow only parallel to the copper single crystal lattice and 

without any twinning or other orientations. The elongation 

of the diffraction spots normal to the shadow edge is a clear 

indication of the deposit surface being very smooth and 

parallel to the (110) substrate surface. 

The diffraction pattern in Fig.74(a) shows spots 

in a centred !-2--rectangle arrangement, the :1-2-side vertical 

when the electron bean is incident along the [110] direction 

of the (110) face; whereas Fig.741b) is a 47873-rectangle 

snot arrangement when the bean is along a <211> direction of 

Gio_e (110) face. 

Starting at about 250 mA/cm
29  this sub-region 

becomes limited to lower and lower thicknesses with increasing 

CI:posit thickness, cf. Fig.68. 	Its apex lies at about 

50,000 A corresponding to 340 mA/cm
2. 

Region II; The deusit surface coated 7ith a nickel 

hydroxide  laxer, showirE the nickel structure 

after etchinei. 

This region lies on the right of the broken line 

in Fig368 above a few thousand angstroms deposit thickness. 

Here, evolution of gas was observed during electrodoposition. 

The surface of the deposit was covered wi'h greenish rough 

deposit, probably nickel hydroxide. 	The typical diffuse 

diffraction pattern is shown in Fig.35. After etching away 

the hydroxide in 50 dil. H2304  for 15-20 seconds, the 

underlying surface gave the f.c.cubic nickel pattern. 	This 
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region can be further sub-divided into sub-regions II(A) 

and 11(B). 

Region 11(A); After  etching away the 	 roxide layer, the 

deposit surface showing  growth of nickel only in a  

single crystal orientation with axes parallel to those 

of the copier sjagle-crystal substrate. 

This region is a very narrow strip representing 

only a few t'ousand angstroms deposit thickness at 600 DA/cm, 

with gradual narrowing down to the left, as it curves up to 

its apex at about 20,000 A, and in between the broken and 

continuous line as shown in Fig,68, 	The ..1cposit surf:lco 

within this region was covered with nickel hydroxide as 

already described. 	The hydroxide-coated surface gave a 

diffuse pattern as shown in Fig.35. After etching away the 

hydroxide layer, the underlying surface showed very smooth 

surfaced parallel single-crystal orientation of the nicLol, 

without any trace of twinning or any other orientation, as 

shown in Fig.75. 	The pattern is of centred W2-rectangle 

t7pe with the '[2-side vertical. 	The elongation of the 

diffraction spots and the presence of strong Kikuchi bands 

indicate the high degree of smoothness of the deposit 

surface on the atomic scale. 



185, 

Sub-region II(B); After etchingmyIlehydroxide layer  

the deposit surface showing single crystal nickel 

1arallel to the copper singTe-crystal substrate, with 

111 twinning and increasing amount of randomly 

oriented crystals. 

Typical diffraction photographs corresponding to 

this region are shown in Figs 76, 77 and 78. After 

etching away the hydroxide layer, the metal surface showed 

parallel single-crystal growth with strong 1.1.1i twinning 

and some random nickel at above 10,000 A (see Fig. 77). 

With increase in deposit thickness, the amount of randomly-

oriented nickel crystals increases with consequent decrease 

in parallel growth and 411 twinning. At about 30,000 A 

and from 340 nA/cm2 or more, the randomly-oriented nickel 

crystals predominate, with a little single-crystal 

or. 	and C1111 twinning (see Fig.76). 	Beyond 

30,000 A, the remaining onall traces of parallel growth and 

1.1 twinning gradually decrease. At about 61,000 A and 

beyond 340 mA/cm2  the nickel crystals are only randomly 

oriented (sec Fig.78). 	This sub-region II(B) lies on the 

right side of the broken line in Fig.68. 	Starting at about 

340 mA/cu2, it extends to 600 mA/cm2  or beyond. 

3.6.2. Nickel Electrodeposits on the Copper (110) face, 

from the suiphamate bath at 5000, when the bath 

was stirred vigorously. 

Fig.79 shows diagrammatically the experimental 
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(a) 
	

( b) 

Fig.74. 500 A Ni at 300 nA/cm2  on Cu (110) , unstirred ba.:Jh 

50°C. 
(a) Bean alonq. 
(b) Bean along <211> 

II (A) OF FIG. 6e. 

Fig.75. 5,000 A Ni at 500 nacm2  on Cu (110), unstir-Jod 

bath, 50°C. 
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results. The change of the main orientation in the 

neighbourhood of a certain c.d. divides the whole diagram 

Into two regions I and II as described below: 

Region I; Nickel in a single crystal orientation with axes 

Earallel to  those of the comer single crystal 

substrate, with varying  amount of VAil twinning 

and one-degree (100) orientation. 

Figs. 80 to 84 are representative diffraction 

patterns corresponding to the region I (cf. Fig.79). 

Between 150 and 500 mA/cm2 the nickel grows in single-

crystal orientation parallel to the copper single crystal 

substrate with little 111.1 twinning. 	The deposit surface 

was very smooth, giving rise to much elongation of the 

diffraction spots at up to about 50,000 A and within the 

range of 200 to 500 nA/cm2. Above about 45,000 A, 

Ldr!itional one-degree (100) orientation also sets in (sec 

ngs. 79 and 83), 	This (100) orientation becomes stronger 

with increase in deposit thickness, where the parallel growth 

diminishes in amount (see Ftg.84). 	The .111.1 twinning is 

very faint at around 34,000 A (see Fig.82), but becomes 

clearer with some increase in its amount at higher deposit 

thicknesses (cf. Fig. C3), 

At 100 mA/cm29  even at 30,600 A deposit thickness, 

the one-deree (100) orientation component is very 

pronounced (with additionally a trace of its octahedral 

twins present as shown by faint arcs near by the 111 ring) 
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and the parallel single crystal growth is reduced 

appreciably, and is accompanied by its octandoral twins (see 

Flg.80(a)). 	Fig.80(b) shows the optical m.Lcrograph of the 

specimen which yielded the diffraction pattern in Fig.80(a). 

The optical nicrograph shows that the deposit surface was 

fairly rough. 

The comparison of Figs. 68 and 79 shows that the 

stirring has extended the upper limit of c.d. for region I, 

from 340 to 520 nA/cm2, which is equivalent to about 53% 

increase in the supply of nickel ions to the solution 

immediately adjacent to the cathde. 

Region II; Nickel deposit surface  mostly  covered with 

hydroxide, and showing increasing proportion of 

random polycrystalline nickel structure. 

Figs. 85 and 86 show typical diffr-_ction 

photographs for the region, which starts at abut 520 mA/cn2  

aid extends towards higher c.d. (see Fig.79). 	The evolution 

of gas observed at c,d. higher than 530 mA/cr2 resulted in 

co-deposition of a hydroxide layer on the electrodeposited 

nickel in almost all the cases. 

The deposit at 600 mA/cm2 and 20,400 A thick with 

a little hydroxide on it, shows a large proportion of random 

polycrystalline nickel with less single crystal structure and 

a trace of L11.1 twinning of the latter (see Fig.85). 

Fig.85 shows the centred 4.2-rectangle diffraction pattern, 

the "(2-side being vertical, when the electron bean was 
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incident along the [11.0] direction of the copper (110) 

surfcce. 	Tho electrodeposit 30,000 A thick at 600 mA/cm2  

after otchin3 away the hydroxide shows only random 

polycrystalline nickel, with the disalmea...ance of the 

remaining single—crystal structure which was seen at 20,000k. 

The sane polycrystalline structure occurs also above 30,000 

A, it 600 7:11./cm2  (sec Fig.86). 

3.7. The Structure, Growth and Orientation of Nickel 

Electrodeppsits on  an Atomically Smooth Electro—

mlished (111) Face of a Copper Single Crystal 

Substrate9  from the Standard Nickel  SulDhanate  

Solution at 50°C. 

Figs. 9 and 10 show typical electron diffraction 

patterns illustrating the atomically smooth nature of the 

electropolishcd copper (111) face used as substrate. 

The detailed electron diffraction investigation 

of the structure, growth and orientation of nickel electro—

deposits was studied at thicknesses varying from a few 

hundred angstroms to 61,000 A, over a wie.e range of c.d. 

fro:a 10 to 600 mA/cm2. 	Two sets of results obtained on 

the unstirred and stirred baths are described below 

separately. 
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3.71. Nickel olectrodei)osits on the copper (111) face 

frnT,  the 	bath at 50°'-' when the bath 

wasunstirreq. 

Fig.87 shows diagrammatically the results of the 

electron diffraction study. The single-crystal growth of 

nickel C.eposits parallel to the copper single-crystal 

subsbn-Ito does not occur above 25,000 A oven at the lower 

c.d., unlike the preceding experimental results en the (100). 

Above 25,000 A, the experimental results arc more analo:--,olls 

to thrse on the polished polycrystalline copper substr-tos. 

The systematic change in the nickel orientation at a certain 

c.d. divides the diar,ram (Fig87) into different regions as 

discussed below. 

Sub-region 1(A); Nickel mainly_ln a sin le crystal 

oriontationi.   with axes_paraliel to those of the co.;2per, 

with adJitional 1111 twinnin, alit+lo randomly 

orientated nicker ancl in some cases some one-dc:.rec 

C.100) orientation. 

The electron diffraction photographs in Figs. 90 

to 94 are typical of the nickel electrode posits on the (111; 

face of copper in this region (cf. Fig.87). 	This region 

extends up to about 600 nA/cm2 or more, but beyond 280 ;:A/c

extending u-d to less and less thickness, 2000 A, 600 riA/c122. 

At 10 mA/c:12, 200 A deposits shr,w very smooth 

ourfaced growth of nickel in single crystra orientations 

parallel to the copper crystal used as substrate. 
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The parallel growth is there accompanied by strong 5111 

twinning on the surface (111) plane. 

Fig. 90(a) obtained with the bw7.71 along the cube-

face diagonal direction of the Cu (111) face corresponds to 

the centred 4-2-rectangle spot arrangenent similar to those 

in Fig. 6 from the cube-face, but with the rectangle diagonal 
normal to the shadow edge, together with the mirror 

symmetrical pattern due to the twin on the surface (111) 

plane only. Fig. 90(b) was obtained with the bean along 

a 4'21f direction, giving a 47T-rectangle spot pattern, 

with the 47-side parallel to 	shadow edge. 

At 10200 A, the parallel growth shows strong 	i‘ 

twinning (all four twins) throughout the deposit, a little 

randomly oriented nickel and some close-packed hexagonal 

nickel (the only deposit throughout this work to show any, 

cf. F1g.91). 

At above 10 rA/cm'-, up to about 250 mA/cm2, th. 

parallel growth of the nickel, with a little random 

orientation, is acco-tpanied by very strong 11.11 twinning 

(on all four octahedral planes) even at a few hundred 

angstroms deposit thickness (see Fig.92). 	Below 200 nA/cm2, 

the strong z111r twinning persists even up to 109000 A or 

more. At 200 mA/cD2, the 1.11111twianing is sell in amount 

at around 10,000 A. 	Roughly below 280 nA/ cra29  an 

additional one-degree (100) orientation sets in around 1,000A 

and becomes stronger with increasing deposit thickness (see 

Fig.93). 
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The nickel deposits follow single-crystal 

structure to a maximum .thickness of about 25,000 A and 

20,000 A at 10 mA/cm2  and 280 mA/cm2  respectively. Beyond 

280 mA/cm2, the parallel growth of nickel, with some 

additional random orientation, has a little 	twinning 

(see Fig.94). 	Hero, the upper limit of the deposit 

thickness showing single-crystal structure decreases with 

increase in c.d., anti. is reduced to about 1,500 A at 600 

mA/cm2. 	The diffraction patterns from the deposits (of 

the order of a few thousand angstroms thick) between about 

250 and 600 mA/cm2 are similar to those in Fig. 94. 

Sub-region I(B)9 Nickel mainly in one-degree (100)  

orientation with varying amount of 111:1 twinning. 

An electron diffraction photograph corresponding tr 

this region is shown in Fig. 95. 	The one-degree (100) 

orientation of nickel already developed in the region 1(A) is 

here no longer accompanied by any parallel growth single- 

L:rystal orientation. 	Beyond 25,000 A only strong one-egeee 
r 	- 

(100) orientation is seen, with varying amount of 	:1111 

twinning, cr (111) orientation, depending on the c.d. at 

around 30,000 A. 	The arcs indicating either one-degree 

(ill) orientation or most probably CL1.11 twinning are more 

pronounced towards the lower c.d. side. With further 

increase in deposit thickness, only very strong (100) 

orientation exists, together with a trace of its octahedral 

twins (see Fig.95). 
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In Fig. 05, which is a diffraction pattern from a 

thicker ,Thposit (61,000 A), the two arcs cn the 111 ring 

position;  one on each sine of, and close to, the plane of 

inciJ3nces  arc: seen clearly resolved, whereas at 305000 A 

those arcs are not resolved, which gives an impression of 

,,ne-degree (111) orientation due to coalescing of the two 

arcs. 

Sub-region II(A); Nickel in a single-cryptal orientation 

with axes  2arallel to those of -022c2222EEallaILT.te 

crystal,)  with small traces of nickel in ono-degree 

,(1101 orientation and increaplEslEn-oortion of random 

and a  little 111N  twinning. 

Fig. 96 is typical of nickel clectredeposit in 

this region, which lies below about 19.000 A and above 280 

mA/cm2 on the left of the broken line in Fig. 87. 	The 

single-cry-stal growth of nickel parallel to the copper 

crystal lattice is accompanied by a s gall mount of 111)f 

twinning, minute traces of one-degree (110) orientation, and 

much ran 'Isom orientation (see Fig.96). 	With increase in 

deposit thickness the amount of single-crystal structure 

r?ecreases, whereas that of random nickel increases. 	This 

r,Tion starts at about 280 mA/cm2. 	After 450 mA/cE14', there 

is a sharp decrease in the upper limit of the 1.eposit 

thickness in this region as shown by the broken line in 
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Sub-region 11(B); Nickel crystals in one-degree (110) and  

(210)  orientations. 

Figs. 97 and 98 are typical of this region, which 

starts above 19,000 A and extends between 290 and 410 mA/cn
2, 

Here only two orientations, that is one-degree (110) and 

(210) are developed. 	The (110) orientation is more 

pronounced in almost all the cases (see Figs. 97 and 98) 

except one at 20,000 A and 300 mk/cm2. 

Region III; Nickel deposit surface covered with hVroxide. 

The region III lying on the right hand side of 

the broken line in Fig.87 is a region whe7N-; evolution of gas 

during electrc:deposition resulted in co-deposition of 

hydroxide on the deposit surface. 	The hydroxide-coated 

surface showed a diffuse ring pattern (cf. Fig.35). 	The 

surface hydroxide was etched away in dil. 57 H2SO4  for 15-20 

seconds. 	The underlying metal surface then showed the 

f.c.cubic nickel structure on examination by electron 

giffractim. Here 3 the amount of single-crystal growth of 

Llickel decreases with increase in deposit thickness, but the 

amount of randomly oriented nickel increases. 	The complete 

random polycrystalline state is reached at earlier thicknesses 

higher c.d. than at lower c.d. 	The gradual transition 

of the structure from one form to the other leads to the 

three sub--divisions of this region, which arc described 

below separately. 
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Sub-region III(A); After etchinE away the hIlroxide, nickel 

in a small ariount of single crystal  structure showirta 

minute traces of ono-degree .(110) and, (210).  

oriontations_but.with inoreas.Lag Druortion  of randc,m. 

Fig. 99 shows a typical pattern from the nickel 

deposits after etching away the hydroxide layer. 	In this 

region (Fig.87) the nickel has partly a single crystal 

structure up to a maximum of about 16,000 I, gradually 

decreasing in amount. 	This is accompanied with increasing 

proportion :)f random nickel plus some one--degree (110) and 

(210) orientations, as the deposit thickness is increased. 

Sub-region III(B); Nickel showing one-degree (110) and 

(210) orientations after eI2111E_LITayIhe hydroxide 

laver. 

This is a very narrow sub-region alriost 

triangular in shape between sub-regions III(A) and III(0) 

(see Fig.87). 	In this sub-region, the underlying nickel 

surface after removing the hydroxide layer shnws one-degree 

(110) and (210) orientations, as shown in Fig.100. 	The 

(110) orientation is present in larger proportion than (210). 

sub-region III(C); Nickel showing only random orientation 

after etching away the surface hyOroxide  Juer. 

This sub-region starts at about 420 mA/cm2  at a 

thickness of 30,000 A9  and extends to higher thicknesses 

(cf. Fig.87). 	At higher c.d. the lower limit of thickness 

slopes down. 	In this region the electrodeposits 
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REGION JIALOF_Fl"_ 87. 

(Cu (111), unstirred bath, 50°C) 

2°6 

(a) 	 (b) 

Fib .90. 200 A Ni at 10 ra/cra2  on Cu (111), unstirred bat1L, 

50°C. 
(a) Beam along cube-face diagonal 

(b) Beam along <211 /.> 

Fig. 91. 102200 A Ni at 10 mA/cm2  on Cu (111), unstirrod 

Labh, 50°C. 
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REGION I(A) OF FIG. 87. 

(Cu (111), unstirred bath, 50°C). 

2o7 

(a) 
	

(b) 

Fig. 92. 200 A Ni at 100 mA/cm2  on Cu (111), unstirred bath 

50°C. 
(a) Beam along cube-face diagonal. 
(b) Boa:: alon7 <211> 

a) 	 (b) 

Fig. 95. 10,200 A Ni at 100 mA/cm2  on Cu (111), unstirred 

bath, 50°C. 
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REQION 'C.A.) OF giq,_ 8-7. 

(Cu (111), unstirred bath, 50°C). 

(b) (a) 

Fig. 94. 600 A Ni at 400 mA/cm2  on Cu (111), unstirred bath, 

50°C. 

(a) Beam along X110\ 

(b) Bean along ;;211.'> 

RFGIOL I(B)  OF FIG, 87. 

Fig. 95. 61,000 A Ni at 100 mA/cn
2 on Cu (111), unstirrod 

bath, 50°':i. 
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REGION II1(A) OF FIG. S7.  

• 
Fig.99. 10,200. Ni at 500 nA/cm2  on Cu(111)9  unstirred bath, 

REGION III(B) OF Fig. 67. 

Vig.100.22,400A Ni at .A,50 riL/cm2  on Cu(111), unstirred lath150°O. 

REGION III(o)OF FIG. 87, 

Fig*, LO1. 30,600 A Ni at 500 mA/cr2  on Cu (111), unstirred 

50°C 
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investigated up to 61,000 A all show ran(l.only oriented 

nickel (see Fig.101) 

3.7.2. 	Nickel deposits on 01)(111i from the sulplici.mat o bath 

at 90 °4.1,-wheri the bath-ya..,"...24tzriAjpro:usly. 

Fig.102 shows diagrammatically the uloctron 

diffraction results on growth and structure of nickel 

electrodeposits on the (111) face of thy; copper single 

crystal substrate. 	The results clearly divide the whole 

diagram into two regions I and II as discussed below 

separately. 

Region I; Nickel showing parallel single-crystal growth 

in docroasinz_proportion with increase in 

thickness?  and ehanginz to srong  one-degree 

(100) orientation. 

Fig.104 shows the typical diffraction photographs 

of nickel deposits in this region (see Fig.102), which goes 

up to about 480 mA/cia2 whereas in the unstirred bath it waz 

limited to up to 280 mi1/cn2 only. 	The trona of the r_sults 

shows that the parallel growth of the nickel probably cannot 

go beyond 30,000 A even at a few mA/cm2. The one-degree 

(100) orientation -mutt 	have started already, though 

there is no result available below 30,000 A in this region. 

At 30,600 A, the one-degree (100) orientation occurs alone 

without any additional orientation, except traces of 111A 

twinning. 	The arcs on the 200 ring position, from the 
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(100)-oriented nickel, shows increasing refraction towards 

the shadow edge with increasing deposit t?..dekness (see Fig. 

104). 

Sub-region II (A) Nickel in_parallel  growth to the 

substrate with sr!nli araounts of 	twinning, random, 

and one-degree (140) and (210) respuctively. 

Fig.105 shows the pattern from a deposit in this 

region, which is a very small region lying in between 480 

and 600 mA/cm2 or more, and represents a region of thickness 

of nearly 50000 A (cf. Fig.102). 	Fig.105 shows that the 

single-crystal growth of nickel parallel to the substrate 

crystal is accor_panicd by some 111 twinning, ono-degreu 

(110) and (210) orientations and randomly oriented nickel, 

21lb-region 11(B); Nickel mainly in one--degree (210) and 

(110) orientations with additional  small amount  of 

one-derTree_.(100)in some cases. 

Figs. 106 and 107 show the typical patterns from 

deposits in this region (cf. Fig.102). 	Though the present 

investigation goes up tc the 600 mA/cm2 and 61,000 A, this 

sub-region starts from 480 mA/cm2  and presumably extends to 

c.d, and thickness higher than 600 mA/cm2 and 61,000 A. 

At 500 mA/cm2, the nickel deposits 30,600 and 

61,000 A thick yield diffraction patterns consisting of 

one-degree (100), (110) and (210) orientations as shown in 

fig.106. 	Similar patterns were obtained at 600 mA/cm2 

and 10,r00 and 20000 A. 
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At 600 mA/cm2 and above about 30,000 A, the nickel 

deposit crystals show one--degree (110) an (21G) 

orientations, the (210) being stronger than the (110), as in 

Fig.107. 	These results indicate that roughly above 550 

mA/cm2 and 30,000 	only two orientations, one-degree (110) 

and (210) occur instead of three ((100), (110) and (210)). 

3,8. The structure;  growth and orientation of nickel 

electrodeposits on mechanically polished polycrystalline  

copper substrates from the standard nickel suiphamate 

solution at room temperature ('= 20°C). 

3.8(i). Nickel clectro(leposits from the sulphamatc bath  at 

room temperature (212000) when the bath is unstirred. 

Fig.108 shows the electron diffraction results on 

the structure, growth and orientation of nickel clectro- 

deposits under these conditions. 	On the basis of the 

results obtained, the whole diagram has been divided into 

three regions. Each of them is discussed in the subsequent 

paragraphs. 	Pig.109 shows the variation of the spread of 

arcs of one-degree (100) and (210) orientations with deposit 

thickness. 	The nature of the curves obtained is analogous 

those of the curves at 50°C. (cf. Fig.20). 
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Region I; Nickel mainly in (100) orientation with and 

without twinning, or  one-degree (1111 

orientation. 

Figs, 110 and 111 are typical photographs showing 

the results in region I (cf, Fig.108). Extending from 1 

to 40 mA/cm2 thexe is mainly one-degree (100) orientation 

with a trace of illfs twinning, or of one-degree (111), up 

to 60,000 A deposit thickness studied. 	The trace of one-

degree (210) orientation is present in a few cases near the 

boundary of the transition from region I to region II. 

The small trace of (210) might be attributed to the edge 

effect where the current density is considered to be higher 

than the inner part of the deposit surface. 

11'o 10 mA/cm2  and 500 A, the deposit surface regions 

shows one-degree (100) orientation of the nickel crystal 

(sec Fig.110). 	With increase in the deposit thickness, 

the angular spread  of the arc showing (100) orientation 

decreases (cf. Fig.109). 	At 34,000 A, the (100)oriontation 

is vary strong with some .111.1 twinning (se, Fig.111). 

Region II; Nickel in (110) and (210) orientations. 

Figs. 112 and 113 show the characteristic 

diffraction photographs from the deposit in region II (see 

Fig.108). This region lies mainly between 40 mA/cm2 and 

90 mA/cm2, with some narrowing of the region with 

increasing thickness. Up to a few thousand angstroms of 
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deposit thickness;  one-degree (110) and (210) orientations 

are present in al:lost equal but small amount, in addition 

to much randomly oriented nickel (see Fig112). 	Beyond a 

deposit thichneGo of a few thousand angstroms both the 

orientations Lecome more and more pronounced (see rig. 108) 

until at 10,000 A practically all the nickel is so oriented 

with a spread of + 25°  from the mean for the (110) and + 12 0 

for the (210) orientation, 	Above 25,000 A, the one-degree 

(110) orientation is nearly equal to, or slightly stronger 

than the (210), (see Fig.113); but above 40,000 A, the (210) 

orientation is very much stronger than (110), even towards 

the lower c.d. side, i.e. around 50 mA/cm2. 	Starting from 

about 107000 J thickness;  the patterns from the (210)- or 

(110)- oriented nickel show more :tnd more refraction from 

suooth crystal faces parallel to the substrate, with 

increasing thickness. 

Region III; Nickel deposits showins a surface hydroxide 

laye/. 

This is a region (cf Fig.10B) where evolution 

:)f gases (hydrogen and oxygen) was observed, and the surfstce 

of the deposits was coated with a rough greenish deposit, 

probably nickel hydroxide. 	This region starts around about 

90 mA/cm2  and extends to higher c.d's. 	It occurs on t?le 

right hand side of the broken line in Fig.108. The 

hydroxide-coated surface gave a diffuse pattern unlike ni'kel. 
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But when the hydroxide was etched in 5% dilute H2SO4  for 

15-20 seconds, the underlying netallic sul-face gave a 

f.c.cubic nickel pattern as discussed below. 

Sub-region III(A); NicLel in D.10) and (210) orientations 

1191°17 AIL122.11:27.11:920-12. 

Fig,114 shows an electron diffaction photograph 

typical of tho nickel olectrodeposits in this region (cf. 

Fig.108). 	Here, the two orientations (210) and (110) are 

either equal in aLlount or probably (110) orientation is 

slightly LIOTO in proportion than (210) (see Fig.114). 	This 

region extends roughly up to 30,000 A at 100 cA/un2  

Sub-region III(B); Nickel showing randor  orientation 

below the hydroxide lay2r. 

Fig.115, showing only a ring pattern, indicated 

that the nickel crystals are randomly oriented. At 100 

mA/cm2e  this region starts above 30,000 A (see Fig.108). 

Nickel clectroeposits from sul,Jhanate bath at 

room ten erature Z,n=20°C) when  the  bath is 

stirred vigorously. 

Fig,116 shows diagrammatically the structure, 

growth and orientation of nickel electrodeposits under these 

conditions. 	The results are grouped into three main 

regions, 	for the unstirred bath. 	The stirring has 

increased the upper limits of c.d. for both regions I and 

II by nearly 50r, and 20% respectively. 
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REGION I OF FIG. 108. 

(Polished ~olycrystalline Cu, unstirred ba th, 20°0)0 

Fig . 110 

570 L Ni at 10 rll-"/ cn
2 

on J olishod Dolycrys tnlline 

Ou, unstirroc1 ba th, 20°0. 

]'ig \) 111 
r. 

3 ~r ~ 000 A Ni at 10 I1A./ c n£:: 

on polishe d polycrysta lline 

Ou, uns tirr c] c1 bath, 20°C .. 

REGION II OF FIG. 108. 

Fig .11 2 

675 A Ni at 75 ELA / CD
2 on 

polish0d polycrystnllino 

C1.1. 9 unstirrGd bath , 20°0. 

Fi tS .113 

32,000 11. Ni at 50 nA/ cn
2 

on 

polished polycryst2" ~.: ::'ne 

C t . 1 b th 2' (' (l (~ u, uns lrre~ a" - ) ~. 
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REGION III(A) OF FIG. 108. 

(Polycrystalline Cu, unstirred bath, 	20°C) 

Fig.114. 

205700 A Ni at 100 mA/cn
2 on polished polycrystalline Cu, 

unstirred bath, 20°C. 

REGION III(B) OF FIG. 108. 

Fig.115. 

50,800 A Hi at 75 mA/cm2  on polished polycrystalline Cu, 

unstirred bath, 20°C. 
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Region Is Nickel mainly in (100J orientation with small or 

aluph 	, 

Fig.117 is an electron diffraction -pattern of the 

characteristic structure of nickel olectrodeposits in region 

(cf. Fig.116). 	The approximate demarcation separating 

region I from II is around 60 mA/cm2. 	In region I, the 

deposit surface is very bright in most -cases. 	It shows 

one-degree (100) orientation with trace of ;111's Lwinning. 

However, near th- boundary region of region II;to.traco of some 

one-degree (210) is also observed, together with the main 

(100) orientation, 	That the trace of (210) orientation 

along with the strong (100), arises due to th:: higher c od. 

near the edges of the s-oecimen is supported by the presence 

of strong (210) orientation in the adjoining region II. 

Region II; Nickel in f110) and (210) orientations. 

Figs, 118 and 119 show how the nickel crystals 

are oriented in the olectrodeposits within this region. 

One-degree (210) orientation always accompani,s (110) (cf, 

Pigs. 110 and 119). 	With increasing deposit thicknesses, 

(210) orientation becomes more prominent, and the diffraction 

arcs show some refraction normal to the shadow edge, 

indicating relatively smooth faces parallel to the substrate, 

At about 511000 A, the (110) orientation becomes almost 

negligible in amount compared to the strong (210) 

orientation (see Fig.119). 
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Region III; Nickel deposits showing a surface hydroxide  

layer. 

The broken line in Fig,116 separates region 

II from Iii at about 110 mA/cm2. During electrodeposition 

above 110 AA/cm2, there was evolution of gases leading to 

-io-deposition_ of nickel hydroxide with the nickel. 	The 

kiydroxide was removed by etching it away in 55'L dilute H2SO4  

for 15-20 seconds, 	The underlying metallic surface showed 

the characteristic nickel diffraction pattern, as described 

in the following uwo sub--regions. 

III(A); Nickel in (110) and (210) orientations 

below the surface hydroxide. 

Fig,120 shows the typical structure of nickel 

electrodeposits in this region (cf. Fig.116). 	Though the 

pattern shows clear rings, due to nickel deposit mostly 

polycrystalline, still thLre are very faint traces of one- 

degree (110) and (210) orientations (see Fig.120). 	These 

fairt traces are lass prominent with increasing deposit 

thickness, 

`)ub-region III(B); Nickel in random orientation  below the 

surface hydroxide, 

Fig.121 shows the typical electron diffraction 

pattern of the electrodeposit in sub-region III(B) (cf. Fig. 

i16). 	At 120 ?"A/cu 2  this region starts beyond 17,000 A. 

The ring pattern obtained from all the deposits in this 

region snows that the nickel crystals' are randomly oriented, 
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REGION I OF FIG. 116. 

(Polishoa polycrystalline Cu, stirred bath, 20°C). 

• 

• 

Fig.117 

32,400 A Ni at 50 EA/cm2  on polished polycrystalline Cu, 

stirred bath, 20°C. 

REGION II OF FIG. 116. 

10,200 A Ni at 75 mA/cm2  
on polished 
polycrystalline Cu, 

stirred bath, 20°C. 

Fig.119. 

50,600 A Ni at 100 CIA/c1-12  

on polished 

polycrystalline Cu, 

stirred bath, 20°C. 
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REGION  III(A) OF 	116. 

(Polished polycrystalline Cu?  stirred bath, 20°C).  

Fig.120. 

400 A Ni at 150 mA/cm2 on polished polycrystalline Cu, 

stirred bath, 20°C. 

REGION III(B) OP PIG. 116. 

Fig.121. 

31,500 A Ni at 130 mA/cn2  on polished polycrystalline Cu, 

stiroed bath, 20°C. 
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3.9. The Structure Growth and Orientation of Nickel  

Electrodeposits on an Atomically Smooth Electropelished.  

4100) _Face of Oop29r 9ingleCrystal_Substratfrpn 

Standard Nickel Suiphamate Solution at Room 

Temperature (":1.20°O) with the Bath Unstirred. 

Fig.122 shows diagr;-tmmatically the experimental 

results. The present electron diffraction study of nickel 

electrodeposits on the (100) face of the copper single 

crystal at room temperature extends up to 140 nA/cm2. 	The 

results are comparable to those at 5000, but it appears that 

the upper limit of c.d. giving smooth parallel single-

crystal growth has been reduced to around 105 nA/cm2  instead 

of the 250 nA/ cm2  observed at 50°C. Above 105 nA/cu2  the 

(2eposit surfaces are covered with greenish rough deposits 

f hydroxide and with the underlying nickel showing an 

increasing amount of random orientation with increasing 

thickness or c.d. 	The whole diagrqm has been divided into 

two regions. 

Legion I; Nickel in parallel single crystal f4rowth to  the 

copper single cristal substrate. 

Fig.123 shows a typical electron diffraction 

result corresponding to this region, which extends mainly up 

to 105 mA/cm2. Beyond 105 mA/cm2 the upper limit of deposit 

thickness giving only single crystal structure decreases 

with c.d. 	The nickel deposits up to 105 mk/cm2 always show 
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parallel singlo cry3tal growth without anything additional 

(see Fig.123). 	The other deposits in this region yield 

diffraction patterns similar to Fig,123. 	The elongation of 

.she diffraction spots indicates that the surface is highly 

smooth on the atomic scale. 	The deposits appear uniform, 

bright and shiny. 

The general nature of the different regions is 

almost the sane as observed at 500O. But the boundary 

separating this region of parallel growth from that giving 

surface hydroxide has shifted roughly to 105 mA/cm2 at room 

temperature ('..20°0 instead of the 250 mA/cm
2 observed at 

Region II; Nickel  deposit  showing  a  surface hydroxide  'aye?.  

This region roughly starts at 105 nA/cm2  and 

extends towards higher c.d. 	During electrodeposition9  

evolution of gases and formation of bubbles were observed 

near and on the cathode surface. 	her was a greenish 

rough deposit of nickel hydroxide on most of the deposit 

surface. Near the edge region some black deposit was also 

observed. The hydroxide layer covering the metal surface 

vas removed by etching in 5/0 dil H2SO4  for 10 secs. 	The 

underlying metal surface showed f.c.cubic nickel. 	The 

results are discussed below with reference to the typical 

diffraction photographs. 
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Region IT ; Below the hydroxide layer, the nickel in 

parallel growth and with vlain,  amount of ..L.43.1. 
twinning_:and random orientation. 

Figs, 124 and 125 show typical electron 

diffraction photographs. At 140 mA/cm2 the deposits of 

thickuesb of 2)000 A, show mainly parallel single crystal 

growth with very minute traces of 1.113- twinning and random 

nickel (see Fig.124). 	On further increase in deposit 

thickness the -random nickel becomes more pronounced, whereas 

the parallel growth is less represented. At about 9,500 A, 

the central part of the deposit surface is nainly randomly 

oriented with small traces of parallel growth and 5I1111 

--inning. 	The other part of the same surface shows only 
0 

randomly oriented nickel. At 120 mA/cn', 30,000 A deposits 

also show nearly the same structure as obtained at 140 mA/cm2 

and 9,500 A thickness, but the amount of random nickel is 

r-:. Cher more (see Fig.125). 

3.10. The Structure, Growth and Orientation of Nickel 

Elcctrodeposits on an Atomically Smooth Electropolished 

(149.) Face of a' Copper Single--Crystal Substrate,  from 

the Standard Nickel Suilahamate Solution at Room 

Tenpecature  (7f 20°C1 with the Bath Unstirred. 

Fjg.126 shows diagrammatically the experimental 

results. 	The electron diffraction study was limited to 

between 1 mA/cm2 and 140 mA/cm2, and without stirring the 
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REGION I OF FIG. 122. 

(Cu (100) unstirred bath, 20°C). 

(a) 
	

(b) 

Fig.123. 11,200 A Ni at 90 mA/cm2, Cu (100), unstirred bath, 
20°C. 
(a) Beam along cube edge. 
(b) Beal along cube face diagonal 

REGIOL II OF PIG. 122. 

• 
Fig.124. 

24o0 A Ni at 140 mA/cL-I2  
on 01: (100), unstirred bath 
20°C. 

• 
Fig.125. 

30,000 A Ni a 120 vnik/c21,12 

on Cu (100), unstirred bath 
20°C. 
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bath. The general trend of the results is similar to that 

on the (110) face of copper at 50°C, with the difference 

that the region of smooth parallel single-orys*al growth 

without the formation of a nickel hydroxide layer on the 

deposit surface is limited to below about 120 mA/cm2  instead 

of up to 340 mA/cm2  at 50°C. 	The whole diagram (Fig.126) 

has been divided into two main regions taking into 

consideration the change of structure across a narrow 

transition region. 

7'_egion I; Nickel mainly in jarallei single-vystal growth 

to the ouper single-crystal substrate with 

vauing amoun 	i1. t of . 1A twinning and one-degree 

(1)0) orientation, 

Figs. 127 and 128 show typical electron 

diffraction photographs from the nickel deposits 

corresponding to this region (cf. Fig.126). 	This region 

extends from 0 to 120 mA/cm2. 

The nickel grows mainly parallel to the substrate 

crystal. However, the parallel growth is accompanied by 

varying amount of octahedral twinning at different stages of 

c.d. and deposit thickness. At 1 mA/cm2 and at 450 A, the 

nickel deposit shows sone random orientation In addition to 

single-crystal structure and1.1.1J twinning. 	At about 
-1 

5,400  A, 0110'-degree (100) orientation is developed and there 

.Ls a decrease in the amount of parallel growth. At 30 

-12A/cm29  the parallel growth with strong 1_111 twinning 

continues from 400 A to 30,000 A deposit thickness. 
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At MO mA/cm29  the deposits show very smooth 

epitaxially parallel growth up to 30,000.A. 	Only a little 

111; twinning is observed at 500 and 30,600 A deposit 

thicknesses (see F4g.127), whereas at 10,000 A there is no 

71121 twinning (see Fig,128). 	The elongation of the 

diffraction spots shows the degree of smoothness of the 

deposit surface. 

Region II; Nickel deposit showing  surface  hydroxide laver. 

This region lies above 120 nA/cm2. The 

electrodeposition is accompanied by evolution of gas and 

formation of bubbles around the cathode. The evolution 

of ga,. . increases with increase in current density. 	The 

deposit surface was coated with a greenish rough deposit 

mainly, but near the edges black deposits were also 

observed. The hydroxide layer was etched away in 5% dil. 

H2SO4. The underlying metal surface showed the nickel 

pattern as discussed below. 

Region II ; Below the hych'oxide layer, nickel in parallel 

single-custal growth with varvin- amount of 

1_1111 twinning and random orientation. 

Figs. 129 and 130 show typical electron 

diffraction results on nickel deposits above 120 mA/cm2. 

This region starts around 120 mA/cm2 but no upper limit has 

been determined. 

The nickel electrodeposits grow parallel to 
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REGION  I OF FIG. 126. 

(Cu (110), unstirred bath, 20°C). 

Fig.127. 	 Fig.128. 

500 A Ni at 100 mA/cri2 on 
	10,200 A Ni at 100 mA/c112  

electropolished Cu (110), 	on Cu (110), unstirred 
unstirred bath, 20°C. 	bath, 2000. 

REGION II OF FIG. 126. 

Fig.129. 	 Fig.130. 
2,000 A Ni at 140 nA/c112 

	
28,500 A Ni at 140 mA/cr12  

on Cu (110), unstirred 	on Cu (110), unstirree, 
bath, 20°C. 	bath, 20°C. 



239.. 

the substrate copper lattice, together with random 

orientation and 1111 twinning. 	The 11111 twinning is strong 

even up to 10,000 A (see Fig.129) at 140 mA/cm2: 	The 

a:andom orientation gradually increases with deposit thickness 

with decrease in parallel growth. At 20,500 A the nickel 

deposit becomes completely random polycrystalline, with a 

small trace of one-degree (110) orientation (see Fig.130). 

3,11. The Structure, Growth and Orientation of Nickel 

Electzodeposits on an Atomically-Smooth Electro,)olished 

(111) Face of a Copper Single--Crystal substrate, from 

the_ Standard Nickel Sulphamate Solution  at Room 

Temperature (2.120°C)i  with the Bath Unstirred. 

Fig.131 shows diagrammatically the results of the 

electron diffraction study of the surface structure of the 

nickel electrodoposits at various thicknesses (0 to 30,000 A) 

and c.d. (0 to 140 mA/cm2). 	The general nature of the 

diagram is similar to that of Fig.87, which shows the surfa,:e 

structure of the nickel electrodeposits on a Cu (111) face 

F; 50°C. 	In the present case (i.e. at 2000, the upper 

limits of thickness and c.d., defining a region where there 

is a particular type of the deposit surface structure, are 

rduccd to lower values. 	The systematic transition of 

results from one type of structure to the other at about a 

certain c.d, divides the whole diagram into regions as 

discussed below 
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Sub-region I(A); Nickel mainly in a  single-crystal 

orientation with axesp2.21allel to those of the copper 

substrate, and with 5111A twinning, _ a  little random 

and in some cases one-d2KKee (100) orientation 

Fig.152 shows a typical electron diffraction 

photograph from the deposits in this region (of. Fig.131). 

This region extends up to about 140 mA/cm2 or nore. 

Beyond about 40 mA/cm2 this region is confined to lower and 

lower thicknesses and lies between 0 and 1,000 I.  at 140 

mA/cm2. At 10 nA/cm29  the upper limit of this region is 

about 69000 a, but decreases with increase in c.d. 

In this region;  the crystals in the nickel electro-

deposits row epitaxially parallel to the substrate surface;  

with other orientations also present, e,g. twinning and some 

rr-ndom nickel. 	At 10 mA/cm2, a deposit thickness of 500 A 

is mainly a single-crystal orientation with strong 

'111 twinning and randomly oriented nickel. Between 

30 and 140 mA/c1129  the deposits of thickness of the order 

of 600 A show single-crystal orientation in parallel growth 

to the substrate, together with a little 1111-; twinning and 

small random (see Fig.132). 

At all c.d. (0 to 140 mA/cm2), the amount of single 

crystal orientation decreases with increase in thickness, 

whereas the twinning and random orientation become stronger. 

The single-crystal growth persists to a higher deposit 

thickness at lower c.d. than that at higher cad. 
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Below 50 mA/cm24  the deposits thicker than 4,000 A 

show some one-degree (100) orientation at their surf ace, in 

addition to parallel growth, with some 1111  twi-aning and 

random orientation 

Sub-region 1(B); Nickel mainly_in one-degree (log) 

orientation with varying amount of one-degree 

(111) orientation or 	tusiz 	 

A typical electron diffraction photograph from 

the deposit surface in this region (cf. Fig.131) is shown in 

Fig.133. 	The nickel deposits do not show any single-

crystal structure in cpitaxial growth on the substrate. 

A...ound 8,000 A and up to 40 mtk/cm2, the deposit surface shows 

orc-degree (100) with a little C111!; twinning or (111) 

oriented niche] crystls. 	The amount of (111) orientation 

or i1111 twinning decreases with increase in deposit 

thickness ;13.ereas that of (100) increases. 	Finally, only 

strong (100) orientation remains (see F4g.133), causing a 

drawing out of the diffraction arcs towards the shadow edge 

due to strong refraction at atomically highly smooth faces 

parallel to the substrate surface. 	This region extends 

from 0 to 40 mA/cm2 above about 6,000 A. 
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Sub-region 11(A); Nickel  in sinG12-crystal orientation with 

axes in -Parallel growth to those of the copper  

simile--crystal , with small traces of one-degree  

C110), increasrlg_prpportion of random and 1111.1 

twinni-u 

A typical electron diffraction photograph 

corresponding to this region in Fig.134 shows that the nickel 

crystals in the deposit surface are oriented parallel to the 

substrate lattice with some s.,111 twinning and random nickel 

in addition to a little one-degree (110) orientation. 	This 

region starts at about a pc.nt (80 mA/em2 and 6,500 A) where 

the regions 1(A), 1(B) and 11(B) meet, and extends up to 

140 mA/ cm2  or more. At 140 mA/cm2  it represents about 

8,00 A thickness in between 1(A) and II(B). 

Sub-region 11(B); Nickel  crystals  in one-degree (110) 
and (210) orientations. 

Pig.135 shows the typical surface structure 

related to this region (cf, Fig.131). 	In this region the 

single-crystal orientation of the nickel in the dey)osit ,  

surface region no longer exists. 	Only one-degree (110) and 

(210) orientations occur. 	At about 10,000 A, the (210) and 

(110) orientations are nearly equal, but in thicker deposits 

(e.g. 30,000 A) (110) orientation is more pronounced than 

(210) towards lower c.d. (80 mA/cm2), whereas (210) is very 

much stronger than (110) near the higher c.d (100 mA/cm2). 

Above 9,000 A this region lies between 40 and 120 mA/cu2. 

Below 9,000 A, it becomes narrower and extends to 140 mA/cm2 
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Region III; Nickel deposit surface covered with nickel 

This region, lying on the right hand side of 

the broken curve in Fig.131 (above about 120 mA/cm2) is a 

region where evolution of gas during electrodeposition 

resulted in co-deposition of nickel hydroxide on the 

deposit surface. The hydroxide-coated surface showed 

diffuse haloes (see Fig. 	). 	The surface hydroxide was 

etched away in 5% dilute H2SO4 for 15-20 seconds. 	The 

underlying metal surface had f.c.cubic nickel structure on 

examination by ele.tron diffraction as discussed below. 

Sub-region M(A); Nickel showing one-degree (110) and  

L210) orientations after etching away the  
hydroxide layer. 

This sub-region sets in at about 120 mA/cm2 (at 

above 6,000 11) and continues up to 140 mA/cm2 or more. 

The typical electron diffraction pattern from the deposit 

surface in this sub-region after etching away the hydroxic:e 

layer is shown in Fig.136. 	Here both one-degree (110) and 

(210) orientations occur simultaneously in almost equal 

proportions. 	Their prominence decreases with increase in 

the (eposit thickness. 	The upper limit of this region 

extends up to about 15,000 A at 140 mA/cm2. 
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Sub—region III(B); Nickel showing only random orientation 

after etching away the hydroxide, 

This region starts above 120 mA/cm2,ut at higher 

deposit thicknesses than sub—region 111(A). The lower 

iirnit of the deposit thickness above which this region sets 

in, decreases with increasing c,d., e.g. at 120 mA/cm2 and 

140 mA/cm21  the minimum deposit thicknesses giving rise to 

the occurrence of this region are about 20,000 and 15,000 A 

respectively. The electron diffraction pattern from the 

deposit surface in this region is shown in Fig,137, and 

indicates that the nickel in the deposit surface is 

randomly oriented polycrystalline. 
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For symbols see page I30(A). 
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(Cu (111), unstirred bath, 20°C) 

Fig.132. 
600 A Ni at 30 mA/cm2  on 

Cu (111), unstirred bath, 
20°C. 

SUB-REGION I(BL OF FIG, 131, 

Fi.133. 
30,000 A Ni at 30 mA/cm2  on 
Cu (111), unstirrea bath, 

SUB-REGION  II(A)  OF FIG. 131. II, ri3.134. 
3,600 A Ni at 100 nA/cm2  on.  

Cu (111), unstirred bath, 
50°C, 
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SUB-REGION II(B) OF FIG. 131. 

Fig.135. 
2 

10,400 A Ni at 100 r:ut/cm ~ 

on Cu (11 1 ), unstirre d bath , 
50oC~ 
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Fig .136. 

9,500 it Hi at 1 .'1· 0 nA/ cn
2 

, 

on eu (111), unstirrod bath, 

50oC ~ 

Fi {~ .137 • 
20,400 A Ni g t l /~- O Th'l/ cm2 , 

on Cu (111), lli~stirre d bath, 
50°C. 
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4. DISCUSSION. 

4,1. The Epitaxial Orientation of the Initial Thin 

22pos_ito (<12000 A). 

The nickel deposits in the present case arc always 
-40,- 

face-centred-cubic (exceptAin one deposit for some reason). 

The initial thin nickel deposits (4.1,000 A) arc mainly 

epitaxially oriented (single-crystal on copper single-

cl.ystal substrates) both at 200C and 50°C. 

On the Cu (100), (110) and (111) substrates 

(cf. Figs. 54, 68, 87, 122, 126, 131), the cube-axes of the 

nickel arc parallel to those of the 'single-crystal substrate. 

However, at low c.d. (in a range of c.d. depending on the 

bath temperature), on Cu (110), in some cases varying amounts 

of 01111 twinning occurred, and on the Cu (111) face, 

twinning with also a snail amount of random polycrystalline 

nickel was observed. 

On polycrystalline copper (cf. Figs. 18 and 108), 

the thin nickel deposits show a corresponding wide range of 

orientation of the substrate, that is, the growth of the 

nickel is also epitaxial on the polycrystalline copper. 

Nickel and copper are both face-centred-cubic 

metals, and have closely similar lattice spacings. The 

lattice mis2it of Ni (a = 3.528 A) on Cu (a = 3.6153 A) is 

small, only - 2.59%. Because of the smallness of the lattice 

misfit, the parallel single-crystal lattice orientation is 
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the one which gives the closest atomic fitting and therefore 

occurs. 

Although the nickel lattice is smaller than that 

of copper and therefore under tension, no rotational 

"directed" disorientation was observed like that which Kumar 

(1955) found in copper on Ag (100) and (110) faces (see 

Section 1). 	On the other hand, as noted above, twinning 

occurred apparently attributable to the misfit stresses, and 

a small proportion of random nickel occurred, perhaps 

nucleated in the misfitting regions of the nickel niclei as 

they grew larger and contacted neighbouring nuclei. 

The results using the stirred bath (cf. Pigs. 38, 

64, 79, 102 and 116) show that the stirring does not affect 

the development of epitaxy of the nickel on copper. 

The parallel epitaxial orientation of nickel on 

copper in the present experiments is the sane as that found 

(using other nickel baths) by other investigators at a few 

limited conditions of c.d. and thickness, e.g. Wood (1951), 

Pinch and Sun (1936), Cochrane (1936), Thirsk (1939),xWeeg 

(1944), Pinch, Wilman and Yang(1947), 	 -er and 

Gwathney (1951), Pinch and Layton (1951), Lawless and Garnon 

(1963), Reddy and Wilman (1965), Lawless (1967). 

On the Cu (100) face, in epitaxial thin nickel 

deposits, the twinning is surprisingly absent except at very 

high current densities (cf. Figs. 54 and 122), unlike on the 
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Cu (110) and (111) faces. 	At present it is not clear why 

there is absence of twinning on this fa'ae. 	It is not 

apparently connected with any special difference in the 

degree of perfection in the layerwise growth because the 

electron diffraction pattern shows highly smooth surface on the 

atomic scale. 	The interesting observation was made in the 

present experiments that on the Cu (110) face (cf. Fig.68), 

although in thin deposits the epitaxial nickel was accompanied 

by twinning, the twinning decreased as the c.d. increased, 

and finally became absent above 250 mA/cm2 (with unstirred 

bath at 50°C). 	This suggests that an annealing process is 

o-;curring at the higher c.d.;  when the rate of arrival of 

energy at the cathode surface, in the deposit formation, 

becomes larger. 	It was observed in some cases that the 

tmperzture of the cathode and the solution rose by 100C or 

more during 1 minute of deposition. 

Regarding the rise in temperature of the cathode 

in the solution during electrolysis Wilman (19554 supported 

by other observations, (Murbach and Wilman, 1953, Hunter and 

Fowle, 1954, and Wilman, 1955&oncluded that a very thin 

surface region of the cathode may attain an effective 

temperature of several hundred °C due to the net energy set 

free when the ions are neutralised there. 

On the Cu (1.11) face (cf. Fig.87), epitaxially 

oriented thin nickel deposits at 50°C and above 25 mA/cm2 
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are aivrpys accompanied by either a large or small amount of 

.51.1111 twinning and a small amount of random polycrystalline 

nickel. 	In this case, also, the degree of twinning 

decreases with increase in c.d., like that on the Cu (110) 

face, with the difference that the twinning is present at all 

c.d. up to 600 mA/cm2 or more (decreasing as the c.d. 

increases). 	It is noteworthy that at 10 mA/cm2  a nickel 

deposit about 200 A thick (cf. Fig. 91) shows twinning only 

on the surface (111) plane. 	This is as found by Setty and 

Wilman (1955) for Ag on Ag (111), and corresponds to the two 

alternative nearly equivalent epitaxial orientations on the 

copper (111) face. 
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4.2. The Effect of Current Density and Deposit Thickness on 

the Degree of Twinning in the Nickel Deposits. 

Nickel on the Cqpper C100) face. 

The present experimental results on the nickel 

electrodeposits on the Cu (100) face (cf. Fig.54) are 

noteworthy, in that they show no initial twinning associated 

with the epitaxial misfit. The relation of the later 

twinninr to the c.d. and the deposit thickness therefore 

corresponds to the growth of nickel on the Ni (100) face and 

is analogous to that of Ag on the Ag (100) face (cf. Setty 

and Vlilnan, 1955; Sundaram, 1966); and Cu on the Cu (100) 

face (cf. Cusminsky, 1965). 	In all these cases, at any c.d. 

the twinning occurs above a certain critical thickness which 

decreases with increase in the c.d., under particular bath 

conditions. 	The twinning occurring at a particular c.d. 

increases in amount with the increase in the deposit thickness 

until the deposit structure becomes random polycrystalline. 

At 20°C with an unstirred bath (cf. Fig.122) the 

Tire single-crystal epitaxial parallel growth of the nickel 

deposits on Cu (100) without any other orientation, is found 

to be accompanied by a varying amount of twinning above about 

105 mA/cm2  (or more in the case of thinner deposits <10,000A). 

Me relation of this c.d. to that found by Cusminsky (1965) 

for Cu on Cu (100) is discussed in section 4.7. 
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In the present experiments, the development of 

twinning at 50°C with an unstirred bath (cf. Fig.54) is 

similar to that at 20°C, except that the c.d. above which the 

tvy_nning for deposits of 30,000 A or more takes place is 

higher than at 20°C. The effect of using the stirred bath 

at 50°C (cf. Fig.64) is to increase still further this 

critical c.d. 

Wilman (1955), Setty and Wilman (1955), Matthews, 

Mutucumarana and Wilman (1960) concluded that if twinning is 

nucleated during the growth process (with a certain 

probability) its growth is likely to be promoted as a result 

of the "outward growth" tendency which increases with increase 

in c.d. 	The twin growth, once initiated, becomes finally 

strongly represented; because of being favourable to more 

rapid outward growth receiving more deposited ions by 

diffusion. 

Concerning the initiation of twinning, the faster 

the cations are deposited (the higher the c.d.) the higher 

the probability of some atoms not reaching the minimum 

potential energy sites of the growing deposit crystal nuclei, 

before being overlaid and hemmed in by further deposited atoms. 

Thus, an alternative set of potential troughs can be adeVed 

for growth. 	The sites in the twin lattice constitute such an 

alternative set, and thus the deposit grows partly in twin 

orientation relative to the initial growth. 
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Perhaps, above a certain rate of deposition there 

would result such twinning and stacking faults in the sequenne 

of the 	sheets of atoms in the lattice which initiate 

twinned growth (Setty and Wilman, 1955). At low c.d. the 

atoms being deposited will be most free from disturbances 

caused by deposition of other atoms in neighbouring positions, 

and they reach the positions of the lowest potential energy, 

continuing the atomic lattice of the substrate crystal. 

When the rate of deposition of atoms reaches a high enough 

value, however, many atoms are being deposited at any instant 

in any given locality and a proportion of them evidently do 

not reach the positions of lowest potential energy before 

being overlaid and built-in in positions which correspond to 

the formation of a _1.114.  twin. 

When several neighbouring atoms have formed such 

a twin nucleus, there is 14.ttle probability of the atoms in 

this becoming rearranged into the lowest energy positions, 

thus the twin nuclei grows further, and must themselves tend 

to be further twinned as growth proceeds. The higher the 

cad. or the deposit thickness the more also is the outward 

growth of projecting parts favoured, leading to a rougher 

surface, as was indeed observed from the decreasing 

elongation of the diffraction spots, and by the optical 

micrographs. This factor may then favour repeated twinning 

of the twins, leading to random polycrystalline structure 



255. 

at higher c.d. or thicker deposits in conjunction with the 

disorientating effects associated with stresses at the 

junctions of the twins as they grow together in contact with 

each other. 

In the present experiments (cf. Fig.122) at 2000 

with an unstirred bath, the c.d. above which,twinning is 

observed in relatively thick deposits on the Cu (100) face, 
decyea.s.._ 

is about 105 mA/cm2( 	increasing xdeposit thickness below 

10,000 A). Although this value of the critical c.d. is much 

higher than the 13 and 28 mA/cm2  found by Setty and Wilman, 

1955 and Sundaram, 1966 for Ag on Ag (100), and the 15 mA/cm2  

found by Cusninsky, 1965 for Cu on Cu (100), the rate of 

deposition of Ni atoms/site/sec. is comparable (see section 

4.7). 

The c,d. above which the twinning mainly occurs is 
the same as that above whic'1 the codeposition of hydroxide is 
observed on the nickel deposit surface, with vigorous 

evolution of gas during electrodeposition (not observed by 

previous workers). 	This suggests a further possible origin 

of twinning, -orobably the excessive accumulation or evolution 

of hydrogen ions or atoms on the cathode disturbs the lattice 

formation (cf. Finch, Wilman and Yang, 1947) leading to 

twinning. With further increase in deposit thickness (which 

increases the c.d. at the projecting parts) or c,d., there is 

increase in gas evolution and so in the degree of twinning 

which further gives place to random polyorystalline structure. 
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The co-deposition of hydroxide also may increase the 

effective c.d. and thereby decrease the substrate influence 

and the mobility of the deposited ions or atoms on the 

substrate. 	These effects might also be resDonsible for the 

occurrence of the twinning in the region where hydroxide is 

co-deposited. 

Nickel  on the Copper (110) face. 

In the present experiments, the development of 

twinning occurs even in the first thin epitaxial nickel 

layers and continues in the further deposition. 	There is 

thus no similarity with the results of Setty and Wilman,1955, 

Sundaram, 1966 (Ag on Ag (110)), and Cusoinsky, 1965 (Cu on 

Cu (110)). 

At 20°C with unstirred bath (cf Fig.126), the 

nickel deposits on Cu (110) show epitaxial parallel growth 

together with a varying amount of twinning at nearly all c.d. 

(from 10 to 140 mA/cri2) and thicknesd 500 to 30,000 A). 

There is no region of pure single-crystal epitaxial growth of 

nickel on Cu (110) even at lower c.d. and deposit thickness. 

This is unlike the results on nickel deposits on Cu (100). 

At 100 mA/cm2  the twinning is only a little in thin deposits 

(500 A). 	It is completely absent at 10,000 A and then 

appears at 30,000 A. 	On the other hand, the twinning is 

strongly present at nearly all thicknesses at c.d. on either 

slde of 100 mA/cu2  (i.e. <or> 100 mA/cm2). 
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The presence of twinning at all c.d. even in thin 

deposits can be attributed to the lattice misfit between Ni 

and Cu (cf. Section 4.1). 	It is in agreement with the 

observations of Kuriar (1955) of twinning in Cu on Ag (110). 

At 500C with an unstirred bath, the twinning in the 

nickel deposit on Cu (110) is present at all thicknesses 

from 200 to 60,000 A in region I(A) (cf. Fig.68). 	At 

200 mA/cm2, though the twinning is small in amount up to 

1:3,000 A or more, it becomes strong above 20,000 A. 	This 

is probably due to the outward growth tendency leading to 

roughening of the deposit surface and hence rise in effective 

c.d. locally. 	The absence of twinning in the regions 1(B) 

and II(A) can be attributed to the annealing effect due to 

the hi,:;her rate of liberation of energy during deposition at 

the higher c.d. (see Section 4.1). 

In region II(B) (cf. Fig.68), the occurrence of 

twinning around 10,000 A and more, in spite of the probable 

annealing effect during electrodeposition at higher c.d., 

can be argued to be due to two reasons. Firstly, vigorous 

evolution of gas during electrolysis and consequent 

deposition of hydroxide may lead to disturbance in the lattice 

formation, and to the mobility of atoms or ions on the 

cathode surface. 	Besides this, there would be more rapid 

roughening of the cathode due to preferential deposition on 

the projections of the cathode surface with increasing 
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thickness. This results in outward growth, and hence 

growth on twins may be promoted. Though the 

electrodeposition is occurring at higher c.d., the release 

of energy might be insufficient to cause adequate annealing 

effect to make the twinning completely absent. Around 

30,000 A (from 340 to 600 mA/cm2 or more), the single-crystal 

and twin spots are comparable in intensity but less 

prominent; the randomly-oriented nickel being developed to 

a large extent. 

Nickel on the Copper (111) face. 

At 20°C with an unstirred bath (cf. Fig.131), the 

epitaxial parallel single-crystal growth occurs and the 1111 

twinning is present in varying amount together with some 

random polycrystalline nickel in the nickel deposits on Cu 

(I11), up to about 5,000 A at 10 mA/cm2. 	The upper limit of 

deposit thickness?  up to which epitaxial parallel single-

crystal growth together with twinnir..g occurs, but is then 

followed by random or one-degree orientation, decreases with 

increase in c.d. and tends to about 2,000 A at 140 mA/cm2. 

At 50°C with an unstirred bath (cf. Fig.87) at 

10 mA/cm2, the 200 A nickel deposits show twinning on the 

surface (111) plane only. 	But thicker deposits (about 

10,000 A) have strong twinning on all the (111) planes. 

The presence of strong twinning in between 30 and 250 mA/cm2, 

and its presence in small amount between 250 and 600 mA/cm2 



259. 

in the initial thin deposits, have already been explained in 

section 4.1. 

The twinning is present with the epitaxial single 

crystal growth up to a maximum thickness 259 000 A at 10 mA/cm2  

'Zile upper limit of the deposit thickness up to which the 

twinning occurs together with parallel single-crystal growth 

decreases approximately linearly with increasing' c.d. At 

600 mA/cm2, it reduces to about 14,000 A. At higher c.d. 

(>280 mA/cm2) in thicker Ni deposits, though the amount of 

twinning is comparable to that of the single-crystal 

orientation, both of them gradually become less prominent 

than the increasing proportion of the random polycrystalline. 

The small amount of twinning persists (at both 

20°C and 50°C) in regions 1(B) (cf. Fiss.131 and 87) where the 

epitaxial single-crystal growth of nickel has disappeared, 

giving place to the one-degree (100) orientation. 	The 

presence of this type of twinning with one-degree (100) 

orientation is similar to that observed in the nickel 

(.aposits on the polished polycrystalline copper. 

Nickel on the polycrystalline copper. 

The 5111 twinning is also observed in snail amount 

la the c'eposits on polycrystalline copper, especially when 

the bath is unstirred. Both at 20 and 50°C with unstirred 

bath, (cf. Figs. 108 and 18) it is feu& to occur slightly 

above about 6,000 A in the region of cube-face orientation 
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(at 20°C between 0 and 40 mA/cm2; and at 50°C between 30 and 

270 mA/cm2). 	Initially, the arcs (mainly on the 111 ring 

position) characteristic of 11111 twinning are not clearly 

r-Jsolved. 	But at 30,000 A or above, the arcs are more clear-.y 

resolved (cf. Figs./a, tii,it7) 

With the stirred bath, both at 20 and 50°C, (cf. 

Figs. 116 and 38) the twinning is seen only in a few cases. 

Thus it can be concluded that stirring reduces the growth 

of twinning. 
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4.3. The Effect Of  Current Density and De•osit Thickness 

on the Development of the Preferred One—Degree 

Orientations of "Lateral" and "Outward" Growth Types. 

   

4.3.1, Nickel deposits on  polished polycrystalline cop;Jer. 

The mechanically polished copper surfaces used in 

the present experiments were composed of small crystals of 

copper in nearly random orientations and had relatively 

smooth though usually slightly undulating surfaces with 

some shallow abrasion grooves. 	The crystal surfaces were 

thus irregular in form and the atomic groupings would 

correspond to small crystal nuclei, adsorbing strongly the 

atoms of the first layers of the deposit. These thin 

deposits, apparently consisted of epitaxially oriented 

nickel crystals in orientations parallel to those of the 

individual copper substrate crystals and therefore likewise 

in nearly random disposition. As the deposit thickness 

increases, however, the bath conditions promote the more 

rapid growth of those crystals having certain definite 

orientations characteristic of these conditions (Finch and 

Sun, 1936; Finch and Layton, 1951; Finch, Wilman and Yang, 

1947). 
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4.3.1.(a). Development of one-degree (100)  orientation 

in Ni on polycrystalline cuper. 

There will be a tendency for those crystal 

nuclei having the most densely-populated planes of atoms 

parallel to the substrate to grow side-ways more rapidly 

than others if deposition conditions favouring lateral 

growth are used. 	The lateral extension of these planes 

enables them to receive more incident metal ions than the 

ocher lattice planes, and in the further deposition, the 

deposit crystals will soon be oriented for the most part 

with these most densely packed lattice planes parallel to 

the cathode surface. Nickel is an unusual case in which 

the lateral typo of growth results in the formation of a 

plane of slightly less than maximum possible atonic packing 

(i.e. i100i instead of 11113 ) parallel to the substrate 

(cf. Finch and Layton, 191). 

In the present experiments, there is a very close 

relationship between the current efficiency and the 

development of the (100) orientation. £t 20 and 5000, the 

current efficiency is 100% up to about 40 and 270 mA/cm2 

respectively on the polished polycrystalline copper with 

the unstirred bath. 	The cube-face orientation also at 

20 and 5000 is developed on polycrystalline copper only up 

to 40 and 270 nA/cm2  respectively. Thus it is evident that 

100 current efficiency or nearly so is essential for the 
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development of smooth and bright nickel deposits with 

cube—face orientation in the conditions stated above. 

The angular spread of the arcs from their mean 

positions corresponding to the (100) orientation decreases 

with the increase in the deposit thickness at a particular 

c.d. The variation of the angular spread of the arc, on 

the 200 ring in the plane of incidence with the increase in 

deposit thickness, is shown in Figs.20 and 109. As regards 

the magnitude of the angular spread of the arc, great 

accuracy was not attempted and thus it is arbitrarily 

defined. The intensity of the arc is maximum in the middle 

and falls off rapidly along the arc, on either side of the 

plane of incidence. Though the angular spread of the arc 

is arbitrarily defined as extending to the point where the 

intensity is negligible relative to the maximum, there is 

a general trend of decrea7e in the angular spread of the 

arc with the increase in deposit thickness, in all the 

cases. 

The angular spread of the arc decreases up to a 

certain deposit thickness and then acquires nearly a 

constant value. 	The decrease is seen to be more rcpid at 

lower c.d. (e.g. at 1 and 10 mA/cm2) than at higher c.d. 

(e.g. at 50, 100 and 240 mA/cm2). 	The flattened off part 

of the curve (for the thicker deposits) is at a level which 

rises with increase in c.d. (cf. Figs.20 a to e ). 	The 
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decrease in the angular spread is clearly associated with 

the layerwise growth and development of crystal faces, as 

in the case of vapour deposition (cf. Evans and Wilian, 1952; 

Dutta and Wilnah, 1970). 	It appears that the ions arrive 

at the crystal surface and evidently migrate to the edges 

and are retained there, so extending the face. 	The faces 

having the ions incident normally thus receive a larger 

number of ions per unit area of the face, and grow laterally 

most rapidly, so that these crystals soon preponderate. 

At higher c.d, the nucleation of a new layer on the 

existing surface layer has a higher probability than at low 

c.d., thus fewer atoms arrive at the edge and hence the 

lateral growth of a crystal face is less rapid, and the 

preferred orientation is less rapidly developed. 

In the present experiments, under conditions of 

lateral growth, atonically smooth cube faces were indicated 

by the electron diffraction study (cf. Fig. 28), although 

optical microscopy and electron microscopy had not given 

any clear indication. 

The angular spread of the 200 arc, corresponding 

to (100) orientation obtained with the stirred bath, is 

comparatively less than that with the unstirred bath, other 

conditions remaining unchanged. (cf. Figs. 20 (a to e)). 

Though the stirring does not alter very much the magnitude 

of the angular spread, it does alter a little. 
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At 20°C (c:C. Fig . 109 ), the nature of the 

curve is similar to that at 500C (cf. Figs. 20 a--e), but 

at 2000, the minimum value of the angular spread shown by 

the flattened off part, at 10 and 50 mA/cm2, is higher than 

at 50°C. 

The effects of both the stirring and the rise in 

bath temperature are in the sense expected, that is, they 

reduce the tendency of deposition on projections. There 

is also some indication that for a constant deposit 

thickness the angular spread increases with increase in 

c.d., up to a certain c.d. and then becomes almost constant 

(see Fig.4. 

4.3.1.(b) Development of one-degree (110) and (210)  

orientations in Ni on polycrystalline copper. 

The development of one-degree (110) and (210) 

orientations on polished polycrystalline copper is 

characteristic of outward growth, that is of the region 

where the current efficiency is less than 100,":,. 	The 

conditions which tend to promote outward growth are stated 

in section 1.3.2.1(a). 	Under these conditions, the 

deposition on random-crystalline substrates will take place 

to a greater extent on the projecting parts of the cathode 

surface. 	The initial randomly disposed crystal nuclei of 

the deposit will grow outward more rapidly if they have the 

most densely populated lattice row perpendicular to the 
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substrate, and this will lead to preferential deposition, 

and growth of crystals in such an orientation. 

The one-degree (110) and (210) orientations occur 

at relatively high c.d. They occur in a narrow region 

between the regions of cube-face orientation and random 

orientation (cf. Figs. 181  38, 108, and 116). 

The form of the loci separating the lateral 

growth region from that of outward growth is roughly similar 

to the curve of Dd against the c.d., plotted by Matthews, 

Mutucimarana and Wilman (1961) from the data of Ibl and 

Trumpler (1952) in the case of Cu electrodeposita from 0.1 M 

CuSO4. Dd  is the deposit thickness at the arbitrary stage 

of deposit roughness corresponding to the first visible 

dimming of the cathode. 

In the present experiments, like the (100) 

orientation, the angular spread of the arcs from the moan 

positions showing (110) and (210) orientations also decreases 

with increasing deposit thickness (at any particular c.d.) 

and finally acquires almost a constant value. 	In thicker 

deposits, the arc on the 220 ring in the plane of incidence 

shows more refraction towards the shadow edge. 	This 

indicates that very smooth (110) faces (4eredeveloped parallel 

to the substrate. 	The decrease in the angular spread in the 

case of (110) and (210) orientations is less rapid than that 

of (100) (cf. Figs. 20(f), 89 103, 109(0). 
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The angular spread of the arcs shown is smaller 

with the stirred bath than with the unstirred :Ix 4110_ case_ 01 

-the. 0.w) Xo.:UL-r aL ca-rols-11, A.-tve, 04 cry i e_Itta t L0- t See_  rtl 20) 3  61A-1" 

development of the (110) or (210) 0141-c-mY4L P"at 

IS 	ui:cd crr cru. Sti-x YZ:n4 4C0  ticaz_v 	cr cris ON, (10 0)0"x ig-7144.. 

At relatively high c.d. (cf. Pigs.18,38,108 :10/ 

the co-deposition of hydroxide occurs, the underlying metal 

deposit surface sh=s (110) and (210) orientations in nearly 

equal proportions, but in thicker deposits only random 

polycrystalline structure is seen. The aNearance of (210) 

orientation is much more pronounced when the deposition is 

carried out at a high c.d. and especially at room 

temperature as Banerjee and Goswami 0.955)0.Lso 

4.3.2. Development of preferred one-degree orientations in 

nickel deposits on the Cu (100) face. 

At 50°C with the unstirred bath (cf. Pig. 54) 

there is an indication of the presence of a narrow outward-

growth region (between 250 and 320 mA/cm2  at about 30,000 A 

or more) where small traces of one-degree (110) orientation 

are obtained. 	The position of this region is comparable to 

some extent with that found on polycrystalline copper 

substrateS. 
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4.3.3. Development of one-degree orientations in nickel  

deposits on the Cu (110) .ace. 

It is particularly interesting to note that one-

degree (100) orientation is developed in nickel deposits on 

the Cu (110) face (cf. Fig. 68 ). 	At 500C with the unstirred 

bath, thu nickel deposits above 8,000 A and. below 200 mA/cm2 

show the beginning of the development of one-degree (100) 

orientation. 	This becomes stronger with increase in deposit 

thickness. 	Even at 200 nA/cm2  in thick del,osits (ez:60,000 A) 

one-degree (100) orientation is strongly developed together 

with the single-crystal structure (cf. Fig. 68 ), 	The 

one-degree (100) orientation appears to have developed from 

the small amount of random nickel which is seen to occur (clue 

to misfit offectsl)together with the epitaxial single crystal 

nickel deposits even a few thousand Angstroms thick. 	Once 

this one-degree (100) orientatiot, sets in, there is 

preferential deposition and so it becomes stronger with 

increasing thickness. 

4.3.4. Dpveloment afals=42gree oriented nickel in 

deposits on the Cu (111) face. 

The development of the preferred one-degree 

orientations of lateral and outward growth types at 20 an.! 50°C 

(cf. Figs .87=102 & 131) are 	noteworthy. 	There are 

regions of lateral ( i100 ) and outward ( 1110 and S  210q ) 

growths analogous to those with the polished polycrystalline 
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copper substrate (cf. Fig 18 ). 	In this case also, it can 

be concluded that a small amount of randomly-oriented nickei, 

present with the epitaxial single--crystal nickel deposit:  

gives rise to the development of one--degree 11001 , /110/s 

and 12101 orientations, depending on tLe bath conditions. 

These orientations become stronger(with the shortening of the 

arcs) with the increase in deposit thickness. 
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4,4. The Co-deposition of  Nickel Hydroxide at the Higher 

Current Densities and its Relation to Current 

At certain current densities higher than a certain 

value (at a given temperature and deposit thickness) vigorous 

evolution of gas was observed during electrodeposition of the 

nickel, and the nickel deposit surface was covered with a 

greenish rough deposit whose lattice constant corresponded 

approximately to that of Ni(OH)2  

The appearance of hydroxide, at 20°C with an 

unstirred bath, on nickel deposits on polycrystarine copper 

and on Cu (100), (110) and (111) substrates occurs at about 

80, 105, 120 and 115 mA/cm2 respectively, corresponding to 

30,000 A of the nickel deposit (cf. Figs. 108, 122, 126 and 

1-1). 	At 50°C, the onset of hydroxide co-deposition shifts 

higher c.d., i-e. 315, 250, 340 and 410, corresponding to 

the same d_ posit thickness and for the same sequence of tho 

substrate -lature as above (cf. Figs. 18, 54, 68 ri,nd 87). 

With the stirred bath at 50°C, the co-deposition 

of the nickel hydroxide on polycrystalline copper substrates 

starts at about 450 mA/cm2, corresponding to deposit thickness 

of 30,000 A (cf. Fig.38). 	However, under the same bath 

conditions, on Cu (100) and (111) substrates, no hydroxide 

co-deposition is observed even up to 600 mA/cm2  and 60,000 A 

deposit thickness (cf. Figs. 64 and 102), whereas on Cu (11.0) 
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face the Ni(OH)2  co-deposition begins to appear above 540 

mA/cm2 under similar conditions (cf. Pig.79). 

It is considered (e,g. Macnaughton, Gardam 

Halind, 1933; Glasstone, 1942; Finch, Wilman and Yang, 1947; 

Gray, 1953) that the co-deposition of hydroxide at high c.a. 

is due to the removal of hydrogen ions by deposition at the 

cathode (and evolution of hydrogen) making the electrolyte 

near the cathode region impoverished in hydrogen ions 

(increase in pH), i.e. more alkaline, leading to the 

precipitation of Ni(OH)2  on the nickel :'o posit. 	A similar 

case of hydroxide co-deposition was observed by Reddy (1958)y 

Reddy and Wilman (1959 and 1963), i.e. deposition of Ye(OH)2  

along with Fe. (cf. Banerjee and Goswami, 1955). 

The co-deposition of a substance along with the 

metal being; clectrodeposited causes (1) a decrease of the 

substrate area available for electrodeposition7  i.e. an 

increase in effective c, d.; (2) a decrease of the mobility 

of the deposit atoms or ions on the substrate surface before 

they become incorporated in the lattice; and (3) a 

diminution of the substrate influence which tends to initt 

epitaxial growth, i.e. a decrease of the value of the critical 

thickness up to which the deposit grows epitaxially. 

Though the c.d. at which the Ni(OH)2  co-deposition 

sets in iB found to vary with the copper substrate nature, 

it does not appear to follow any regular sequence, e.gc in 

relation to the atomic density of the surface plane. 
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Comparing Figs. 18, 108 and 167  it is clear that 

the hydroxide co-deposition starts in the c.d, region where 

the current efficiency falls a little below 100%. This 

co-deposition of nickel hydroxide causes an instability in the 

nature of the electrodeposition, because by reducing the 

surface area on which the metal can be deposited, it causes 

the c.d. effectively to be increased, which further increases 

the co-deposition. 

Co-deposition of hydroxide at high c.d, can be 

avoided by increasing the bath temperature and/or the degree 

of agitation. 
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4.5. 	The Effect of Bath Temperature. 

The qualitative aspects of the present results 

are in agreement with the observations and thc conclusiolis 

of thc previous workers, e.gc Glasstone (1942), Finch and 

Layton (1951), Finch, Tilman and Yang (1947;, Setty and 

Wilman (1955), Kumar (1955), and Reddy (1958). 	The results 

now, however, provide new quantitative information. 

They also observed that tlae structure of an 

electrodeposAt prepared at a high bath temperature and at a 

particular c.d. is the structure that is observed to occur 

a lower c.d. when the electrodeposition is earned out at 

room temperature. 	Increase in temperature, therefore, has 

the same effect on electrodeposit,  structure as a decrease 

in c.d. 	In other words the maximum critical c.d. for 

e14taxial growth to continue or for the co-deposition of 

hydroxide t3oci_uirto any given thickness increases with an 

increase in b.th temperature. 

An increase in temperature is known to affect not 

only the diffusion of cations to the solution near the 

cathode, but also the mobility of the deposit atoms on Vic 

substrate surface. 	The effect of temperature on electro-

dL.posit structure is, however, mainly explained in terms of 

the influence of temperature on the rate of cation cupply to 

the cathode (Finch and Layton, 1951). At room temperature, 

above a certain c.d., the rate of diffusion fails to keep 
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pace with the rate of deposition, resulting in a depletion 

of cations in the regions near the cathode, which leads to 

an outward growth tendency and/or co-deposition of hydrexf..de 

Increase in bath temperature increases the 

diffusion of the cations to the cathode surface and thereby 

reduces the outward growth tendency at any given c.d. 

Studies of the eloctrodeposit structure have not been linked 

with measurements on the diffusion rates. The latter may 

not, therefore, be solely responsible for the effect of 

t,Amperature on the structure. 	It is likely that other 

eensequences of temperature increase also play some part in 

affecting the structure and growth of electrodeposits. As 

an example, the mobility of the deposit atoms or ions on the 

surface of the growing deposit, wl'ich is also a function of 

t mperature, might affect the deposit structure, but this is 

likely to be only a minor effect. 

At first sight the deposit structure appears to 

correspond to an increase of the mobility of the ions or 

(eposited atoms at the surface of the growing crystals at 

increased temperature, so that practically all the deposit-3d 

atoms reach sites of the lowest potential energy and on a 

single-crystal sul)strate the crystal growth is followed 

without twinning to higher c.d. (Setty and Wilnan, 1955). 

A rise of bath temperature, however, increased the rate of 

c7Lffusion and dissociation of the ions. 	Possibly also there 

may be a rewiction of the number of water molecules 
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surrounding the cations and carried by them (Bockris and 

Razumnoy, 1967). 

Due to the rise in temperature, the adsorbed 

molecules, colloidal material anc foreign ions present on 

the cathoqc surface may acquire a more rapidly varying 

dynamic nature, allowing more opportunity of the access of 

the metal ions to the cathode surface and also assist their 

greater mobility over it. This will tend to promote lateral 

growth of the deposit crystals up to higher c.d. A low 

temperature or the evolution of hydrogea causes the doposit 

be oriented with a less densely-packed lattice plane 

parallel to the substrate. 

Comparing Pigs. 108 and 18, it is found that 

region I in Pig.108, where nickel deposits on polycrystalline 

copper are mainly in cube-face orientation, extends only up 

to 40 mA/cm2  when the ele,:trodeposition is carrion out at 

2000, whereas an analogous region II in Pig.18 extends to 

270 mA/cn2  when the electrodeposition is carried out at 50°‘-j. 

The increase in the upper limit of c,d. giving mainly (100) 

orientation, (lateral growth) caused by increase in 

-L,mperature, is due to the increase in the rate of arrival of 

metal ions at the cathode. 	This is due to increase in 1.oth 

the speed of the ions and that of the undissociatod molecules 

diffusing towards the cathode region, when the ion 

concentration tends to be impoverished by (Mposition, 
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The rise in temperature from 200C to 50°C causes 

an extension of the upper limit of c.d. by 19', per oC if a 

linear relation holds. 	This is concluded to correspond to 

a 19% increase in 	supply of cations near the cathode 

surface per 00 rise in temperature. 

Identical quantitative increases in the supply of 

cations per degree Centigrade rise in temperature were also 

found for the lateral growth region when the electrodepositioh 

was carried out in the stirred electrolyte;  the other 

conditions remaining the same (cf. Pigs. 116 and 38). 

At lower bath temperatures and at high c.d. the 

ion concentrction near the cathode may be reduced to such an 

extent that deposition of hydrogen and other cations occur,-

or 7letallic hydroxides or basic com2ounds arc precipitated 
-rn 

(Maenaughton, G=dam and Hamipnd, 1933), and interfere with 

the mobility of the metal ions on or near the cathode surtece. 

The increase in temperature from. 2000 to 50
o
G 

also pushes up to higher c.d. the stage of the onset of 

vigorous gas evolution and nickel hydroxide deposition cn the 

nickel rieposit surface. 	In the case of niclrel on 

polycrystalline copper stirstrates, both with unstirred and 

stirred baths;  the c.d. at the onset of vigorous gas 

evolution (for 30,000 A deposits), and the consequent 

deposition of nickel hydroxide, is pushed to higher c.d. by 

about 10% per degree Centigrade rise in temperature from the 
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value at 2000. 	Under sillailar conditions, on Cu (100), (110) 

and (111) faces, the c.d. at which the vigorous evolution cf 

gas occurs with co-deposition of nickel hyJroxi:Th, is fours'_ 

to increase by 5, 6 anc:1 8 per cent per 00 rcs,Jectivoly, above 

th..; value at 20°C. 	That 	the supply of cations in the 

cathode region is increased by 5, 6 and 8 per cent per degree 

centigraec rise in temperature. 
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4.6. 	The Effect of Vir'orous Stirring of the Bath 

or of the Rotation of the Cathode- 

At bath temperature 50°C, comparing the results on 

polycrystal5ine copper substrates (cf. Figs. 18 and 38) it 

is found that the Upper limit of c,d. for deposits thicker 

than 10,000 A in region II of mainly strong (100) 

orientation (lateral type of growth) is raised from 270 to 

410 Weil.-  duo to vigorous sirring of the bath. 	This 

extension is by about 52. The current density at which 

hydroxide deposition occur:1 (the lower limit of region IV, 

Figs. 18 and 38) is also pushed up, from 310 to about 450 

mA/cm2, that is by about 45% when the electrolyte is 

vigorously stirred during electrodeposition. 

At 20°C bath temperature, the other condition • 

remaining the same, the upper limit of the region of 

lateral typo of growth and the e„C, for hydroxide deposition 

re similarly raised by about 50 ard 40 per cont respoctivo.Ly 

due to vigorous stirring of the bath (cf. Figs 108 and 116)_ 

These extensions are in agree7cnt with the 

conclusions of Finch and Sun (1936), Finch and Layton (1951), 

and Finch, Wilman and Yang (1941). They concluded that in 

order to promote lateral type of crystal growth, there snou.id 

not be undue impoverishment of jonic concentration of the: 

electrolyte in the cathode region, that is the rate of suc,rly 

of ions to the cathode region by diffusion and migra-3io-L 
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is not less than or very much less than the rate of 

deposition of ions on the cathode. 	They also concluded 

that the stirring of the bath during electrodeposition is 

one of the main factors which tend to favour the lateral 

type of growth and preferred orientation. 

In the present results the effect of vigorous 

stirring is very marked and is defined quantitatively. 

The extension of the upper limits of the c,d. for the 

lateral-growth regions both at 500  and 20CC (cf. Figs. 18) 

38, 108, 116) by stirring the electrolyte during clectro-

deposition can be explained in the light of the conclusions 

cf Finch and his co-workers mentioned above. Since 

stirring favours lateral growth, this indicates that the 

stirring increases the degree of maintenance of the supply 

of ions to the electrolyte in the vicinity of the cathode 

surface and thus promotes lateral growth up to higher c.d. 

The supply of ions near the cathode region can 

take place in two ways, e.g. by diffusion and convection. 

Glasstone (1942) suggested that if the electrolyte is 

agitated in any manner, the effective thickness of the 

diffusion layer is diminished. 	The decrease in the 

thickness of the diffusion layer depends not only on the 

vato of agitation, but also on the type of device employed 

for stirring the solution. 	Agar (1947) quoted Levich's 

mathematical relation between the thickness of the diffusion 

layer and the speed of stirring indicating that the 
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thickness of the diffusion layer decreases with the increase 

of the speed of stirring the electrolyte. 

The general conclusion of Glasstone (1942), 

Levich (1942, 1944))  Agar (1947) and Vetter (1967) that 

stirring the electrolyte decreases the thickness of the 

diffusion layer around tree cathode surface implies a 

consequent increase in the rate of supply of cations near 

the cathode surface. While it would be difficult to 

calculate the rate of increase in the cation supply, the 

above observations in the present results provide a direct 

estimate that the increase in rate of cation supply was of 

the order of 500. 	Similarly the c.d. for hydroxide 

deposition also represents a definite degree of depletion of 

the cation supply, and is pushed howard higla ccd. by about 

— 450. 

Also, in the case of nickel deposition on copper 

(100), (110) and (111) faces used as substrate at 500C, the 

stirring extends the upper limits of all the regions to 

higher c.d. (cf. Figs. 54, 68 and 87). 	The upper limit elf 

c.d. giving opitaxial parallel growth of nickel without 

ee—dec,csition of nickel hydroxide on Cu (100), (110) ane, 

0_11) faces is extended by> 140?  60, and>/1-5 per cent 

respectively. 	The percentage increase in c.a. at which 

hydroxide is deposited is thus on (100) face more than twice 

a:: largo as that on the (110) face. 
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If the results on the polycrystalline substrates 

are compered with the current efficiency results, it is founc4  

that the nickel crystals grow with (100) orientation so long 

as thf: current eMciency is 100%, 	In the stirred bath, 

100'7. efficiency is maintained up to higher c.d., thus 

extending the region of cube face orientation up to higher 

c.d. 	Therefore, to obtain smooth, bright and non-porous 

deposits, (i.e. at 100,'; current efficiency) up to the 

highest c.d. possible, the maintenance of an efficient 

circulation of the electrolyte is of critical importance. 

The Effect of the Rotation of the Oathode  

The present results (see (1.3.2.1(c)) suggest that 

tile orientations of the electroderosited crystals on the 

rotated cathode (bath unstirred or on stationary cathode with 

bath stirred) fall into tvo categories according to whether 

(i) the crystal orientation changed to the most densely 

packed type, or (ii) the crystal orientation wac unaffected, 

The nickel clectrodeposits from the sulphamatc 

bath at 50°C on polycrystalline copper shown in Table 1 

have been obtained under three conditions, that is, with tine 

stationary and rotating cathode in the unstirred bath, and 

with the stationary cathode in the stirred bathe 	If the 

rotation of the cathode causes a marked increase in the 

current efficiency of the metal deposition, then the deposit 

crystals may change from the type of orientation 
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characteristic of the prevailing/conditiona on a stationary 

cathode to the most densely packed plane as orientation 

plane, T:rovided that the non-appearance of the latter in the 

deposit crystals on a stationary cathode is entirely due to 

a lower current efficiency. 

Fro; Table 1, comparing the structure of the 

nickel electrodoposits on the stationary cathode witch those 

on a cathode rotated at 1200 rep,m., it is found that the 

rotation of the cathoJe promotes lateral growth up to higher 

c.d., which depends on an increase in the cetion 

concentration near the cathode, leading to an increase in 

current efficlency of deposi-zdon. 	The crystal orientatf.on 

does not show any change either by stirring the electrolyte 

or by rotating the cathode if the c.d. is lying within that 

range whore current efficiency is 100%. As an example, 

the deposit at 240 rA/cm2  always shows one-degree (100) 

orientation without being affected by rotation of the 

cathode or stirring of the bath, 

With the unstirred bath at higher c.d. (7270 

mA/cm2) at 5000, the nickel crystals show outward growth 

orientation, i,e. mainly (110) orientation with or without 

(210). 	This orientation at high c.d. agrees with the 

previous observed conditions for outward growth (Finch an(' 

Sun, 1936; Finch and Layton, 1951; Finch, 'Unman and Yang, 

1947; Matthews, Mutucumarana and Wilmaar  1961: Naybour, 1;68; 
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Diggle, Despic and Bockris, 1969). 

At 300 nA/on2  and 109000 and 159000 A (see Table 

1) the change of orientation of the nickel deposit from (110) 

with the bath unstirred — outward growth 	to (100) 

. - lateral growth - when rotating the uathode, 

is in agreement with the conclusions uf Burgel-s and Quanjel 

(1942), Finch, Wilnan and Yang (1947), Wyllie (1948), and 

Pinch and Layton (1951). 	The rotation of the cathode (liks 

stirring) jrcroases the supply of cations in the region near 

thy, cathode. 	This reduces the degree of impoverishment of 

cation concentration of the solution in the cathode region 

and thus favours lateral growth, 

Similarly, in the present work, at 400 mA/cm2  on F. 

stationary cathode (bath unstirred) vigorous gas evolution 

and co-deposition of nicks] hydroxide on the surface of 

nickel deposits 22,000 A thick was obsc2ved. Cr. the other baud, 

' no co-deposited nickel hydride was observed and the 

deposit showed lateral growth orientation if the cathode was 

rotated or the bath was stirred during ciectrodeposition, 

other conditions remainins the same (see Table 1). 

In some cases (see Table 1))  the presence of a small 

amount of some additional orientations, e.g. (210), (110)2  e7A.:•, 

with the main orientation, night be due to the non-uniformity 

of the c,de all over the cathode surface (cf. 3,3), i.e. 

hiCaer c.d. near the edge of the cathode. 
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Nernst (1904) first postulated a relation between 

the current efficiency and the rotation of the cathode. 

In terms of the theory of the diffusion layer (see section T) 

the actual concentrations of the deposited cations at the 

cathode surface are controlled by two factors, that is, the 

rate of removing them by depesition (thus the c.d.) and the 

rate of replenishment throagh this diffusion layer. Under 

outward growth conditions replenishment is inferior to the 

rate of removal, at the beginning of the deposition, and these 

two rates do not become equal until the cation concentration 

falls near the cathode to a value at which equilibrium is 

reached. 	The concentrations of thu various deposited 

cations at this cathode surface are therefore tore or less 

decreased, and this is called the Ithenomenon of 

"C'Dncentration polarisation". 

Glasstone (1942 concluded that the thickness of 

the diffusion layer (g)) is reduced if thu electrolyte i3 

agitated. 	Ievich (1942, 1944) concluded (sec 1..3.2.1(d) 

that approximately, for a circular disc rotating about its 

axis 

S 
= 0_0_222 

Nori 

whore R 19 the number of revolutions per second. 

Thus at 1200 rop,o., R = 20 revs sec., and 1/40 

about one-fourth of its value on a stationary ca-uhode. 

i7orrespondingly, the cation concentration at ,,he cathode i:, 

much Inc.,-eaned. 
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The observed changes in the crystal orientation, 

due to either the rotation of the cathode or stirring, are 

thus associated with an increase in the supply of cations 

near the cathode surface. 	This reduces the outward growth 

tendency and increases the lateral growth tendency. At 

stir higher cd. it may increase the current efficiency of 

deposition, if this is less than 100%, and -may cause 

avoidance of oxide or hydroxide co—deposition. 



4.7. Ihe Dependence of the Nickel Electredeposit Structure 

on the CrystallsIgyaphie Form of  the Substrate. 

In the present experiments:  although there is 

parariel single-cr:ystal growth of the nickel on the Cu (100) 

face, up to large thickness and c.d., there is no purely 

single-crystal growth of the nickel on the Cu (110) and (111) 

faces at low c.d. and deposit thickness, like the one 

observed by Setty anr'. Wilman (1955) (Ag on Ag (100), (110 

and (111));  Gusminsky (1965) (Cu on Cu (10O), (110), and 

Sundaram (1966) (Ag on Ag (100), (110) us in nitrate both). 

The reason for the absence of initial twinning of nickel or 

Cu (100) is at present not known, though the strong 

preference for cube faces to he developed on the nickel may 

suggest a greater stability of loteral growth of the initial 

nuclei in this caee. 

The epitaxial Aisfit of -2.594n the case of 

nickel on copper seems to be responsible for the occurrence 

of the appreciable amount of twinning in the nickel on t:le 

Cu (110) and (111) faces together with the sing:le-crystal 

seructurc even at low c,d. (al -10 mA/c.Q2) and deposit 

tAickness (_-_:200 A) both at 20 and 50°C. 	Kumar (1955) also 

observed twinning at low c.do and deposit tbic.kress in tle 

electrodeposits of Ag on Cu single-crystal nnd Cu on Ag 

single-crystal. 	He collcluded that the presence of twjnAinrz 

was ale to the epitaxial mis-Z'it between Ca and Ag. 	OthcT 
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investi7ators quoted above in this section used the same 

metal as substrate and deposit, so no epitaxial misfit came 

into play, and they observed no initial twinning of the 

continued single-cryotal growth. 

On the other hand, it is interesting to note that 

no twinning or trace of any other orientation except parallel 

single crystal growth j9 observed in the nickel deposits on 

the Cu (100) face up to a certain c.d. and the deposit 

Thickness (depending on the bath conditions) in spite of the 

sa7fie epitaxial misfit being present between Ni and Cu on 0,1 

(100) as it is on the Cu (110) and (111) feces, 	That is, 

there is a region of pure single—crystal epitaxial growth 

low c.d. and deposit thickness below the twinning sets in. 

The c.d. at 20°  and 50°C above which the twinning, in the 

surfaces of deposit: 20,000 A thick or more, occurs is :about 

105 mA/cm2  and 250 mA/cm2  2espectively. 	The change froll 

single—crystal epitaxial growth above this c.d. into a region 

where twinning accompanied the epitaxial growth is similar o 

what was observed by Setty and Wilman, 1955, Cusminsky;  196!;, 

and Sundaram, 1966. 	This c.d. at 20°C for the (100) face;  

according to their observations was about 13, 25 (Ag on _/;g.  

(100)) and 15 mA/cm2 (Cu on Cu (100)) respectively, which are. 

very much lower than the present value of 105 mA/cm2  at 20°C. 

Tha current efficiency, however, is about 287, i.e. only about 

29.4 mA/cm2 was carried by the nickel ions. 
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The number of atoms per site per second deposited 

at the above c.d. values is thus calculated to be about 60;  

140 and 90 respectively in the above cases. 	But in the 

-aresent exiDori=nt:.4 9  it comes to about 70 only. 	This 

comparison shows that the number of atoms/site/sec. above 

which twinning occurs is less in the present case than for 

Ag on Ag (100) from AgNO3  solution. 	The deposition of the 

gaseous ions at the cathode probably contributes in the 

present case to cause twinning of the Ni at a lower number 

of atoms/site/sec. than would have been the case in the 

absence of gas evolution. 



5. GENERAL CONCLUSIUS. 

Prom the present detailed and systematic studies 

the striacture s  growth and orientation of the nickel 

electrodepesits in relation to current density ?  deposit 

thickness, substrate nature, temperature s  stirring of the 

baths  and rotation of the cathode; the main conclusions 

arrived at are as follows. 

1, 	The present work appears to be the first 

systematic study by electron diffraction of the nickel 

deposit structure from the sulphanate bath. 	The nickel 

deposits are consistently face-centred cubic. 	Though 

Sathyanarayana and Raua Char (1957) and Saleens  Brook and 

Outhbertson (1967) studied briefly the structure of nickel 

electrodeposits from the sulphanate bath, their studies were 

confined to morphological aspects only. 

2 	The in 	thin deposits arc mainly 

epitaxicaly criented on the copper substrates 

(polycrystalline and single crystal). 	On the other hand ?  

the presence of 51111s twinning even in thin nickel dep2sitc 

en Cu (110)s  and twinnini with some random nickel on Cu (111) 

is evidently due to the epitaxial misfit of nickel (-2.59) 

on copper. 	In spi:Ge of this epi.i,axial misfit s  the absence 

of twinning on (u (100) up to relatively higher c.d. 

(depending on the bath conditions) is particularly 
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interesting. The development of twinning and its amount at 

different stages of c.d. and deposit thickness depends on the 

crystallographic form of the substrate, other conditions 

remaining unchanged, 

3. At relatively high c,d. (up to a certain 

thickness) the nickel deposits show an absence of twinning 

on Cu (110) and the decreasing amount of twinning on Cu (ill) 

as the cod., is increased. 	This suggests that there is an 

annealing effect during electrodeposition at high c.d. 

4. The amount of twinning increases with 

increase in the nickel deposit thickness, and sometimes also 

with the increase in c.d. in the case of thicker deposits 

(>30,000 A). 

5. The evolution of gas and co-deposition of 

hydroxide play an important role in the growth of nickel 

deposits as they lead tc more random disposition of the 

deposit structure. 	Thu larger the evolution of gas, the 

quicker is the change to random orientation as the deposit 

thickness increases. 

O. 
	Thu correlation between 100;; current 

efficiency and the development of cube--face orientation 

(lateral growth) is of much importance from the practical 

point of view. 	In order to have bright, smooth and non- 

porous nickel deposits with cube-face orientation (lateral 



growth), 100% current efficiency must be majntained. 
	The 

(110) and (210) orientations (outward growth) occur in the 

region whore the current efficiency is appreciably below 100. 

The conditions of outward growth with certain modifications 

can be utilised in ardor to prepare metal powder for use in 

powder metallmrgy. 

Tbn observed improvement brought about by 

vigorous stirring of the bath, in promoting lateral growth 

up to high c.d. on polycrystalline copper, and epitaxially 

parallel growth on Cu single-crystals is also of much 

pr,Ictical use. 	The vigorous stirring increases the supply 

of cations in the cathode region. 	It also reduces the 

degree of twinning et almost all c.d. and deposit thickness, 

and makes the deposit surface smoother. 	The stage of the 

onset of gas evolution and hydroxide co-deposition also 

shifts to higher c.d. 

S. 	The rotation of the cat;lode during eloctro- 

deposition has a similar effect on the , e.posit structure to 

that of stirring the bath. 

An increase in bath temperature Paso incrc;,:ses 

tl.e supply of cations in the vicinity of the cathode. 	The 

lateral cr single-crysta7_ growth is followed Up to higher 

c.d. and del;csit thickness, and the onset of gr.s evolution, 

co-deposition of hydroxide, and the developmcnt of random 

nickel aru delayed to higher cd. 
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10. Even with the stirred bath and high 

temperature, undue increase in c,d, beyond a certain value 

is not desirable. 	As soon as co--deposition of hydroxide 

occurs, an unstable condition is set up, because the c.cl. 

rises and the co-•deposit thus increases. 	The rate of 

deposition of nickel is thus decreased rather than increased 

further. 

11. The nature of the crystal growth involves 

prominent development of particular crystallographic faces, 

mainly cube faces in the lateral growth region. The 

deposition is thus by layerwise build up of the atoms or 

ions, and presumably involves some surface mobilities of the 

adsorbed cations. 	The crystal growth process accounts for 

the observed development of preferred crystal orientation 

as the deposits grow thicker. 
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