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1.

A B S T R A C T

The thesis concerns the development o£ a pulsatiny-fluidised 

bed system for the electrolytic copper coating of diamond particles 

of approximately 326 p. This system shows a number of advantages 

over the conventional rotating barrel method. The moot noteworthy 

are:-

1. Agglomeration of the particles is effectively eliminated,

2. Adherence of the particles to the current feeder is minimised.

3. Higher current densities can be used.

4. Smaller batches of diamonds can be handled if required.

5. Increased density of the copper coat is obtained.

6. Degree of roughness of the copper coat can be more effectively

controlled.

7. A cathode efficiency of 93% was obtained which was essentially 

independent of operating conditions.



1.0. INTRODUCTION

Diamond has made a major contribution to modern economy by 

making possible a unique engineering tool that can easily cut and 

shape hard materials with precision. The uniqueness of this tool 

arises from the fact that diamond is the hardest substance known 

to man.

The parts played by diamond in modern mass production techniques 

are many and varied, ranging from abrasive polishing pastes to wire­

drawing, to use in saws and in grinding wheels. Grinding wheel 

grits account for approximately 37% of the total industrial diamond 

utilization in the world today. Industrial diamond abrasives are 

comprised of both natural and synthetic diamond, With the advent

of synthetic diamond, particles can be produced with varying properties

according to usage.

Grinding wheels are manufactured which contain diamonds set 

in either a metal or a resin matrix depending on the type of diamond 

and the material to be ground. As far as resin bond grinding is 

concerned the most far reaching development in recent years has been 

the introduction of metal clad diamonds for these grinding wheels.

The metal coat serves three important purposes:

1. Metal adheres to resin much better than diamond does hence

the keying of the particle in this bond is improved.

2. Wheel life is prolonged because the metal coat retains t.ie

fractured particles of diamond.

3. Premature charring of the resin bond is eliminated as the

metal acts as a heat sink.

Metal coating of diamond therefore is an important aspect 

of diamond technology and as grinding enters new fields this aspect



is likely to become even more important in the future.

The two major methods of metal coating diamond at present 

are the electroless chemical deposition of metal from the liquid 

phase and the electrolytic deposition of metal. The second method 

requires as starting material diamond particles which already have 

a layer of metal daposited on them. This layer is usually prepared 

by the electroless method. The electrolytic coat is considered 

to be more effective than the electroless coat because it is a rougher 

coat and its keying with the resin is therefore superior.

Handling diamonds during the electroless coating operation 

presents no problems but during electrolytic coating numerous dif­

ficulties arise. The aim of this study was to find a problem-free 

system for handling diamond particles during electrolytic plating 

operations.

2.0. THE ORIGINAL SYSTEM AND ITS PROBLEMS

Until now, the electrolytic placing of the diamond particles 

was carried out in a barrel system. The barrel was made of an inert 

material and two metal rings were s t through the wall of the barrel. 

These rings were next to, but insulated from,each other and they 

transferred the necessary current to the inside of the barrel.

One of these rings, the current feeder,* was divided into three sections 

and the design of the electrical circuit enabled these sections to 

be alternately positively and negatively charged. The second ring

* The term "current feeder" used in place of "cathode" as the 

cathode for a particulate placing system is the total surface 

area of all the particles in contact with the negative electrode.
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reside adjacent to one another, or in contact with the current feeder 

for too long. Therefore in order to overcome these two major problems 

a system had to be developed which would reduce this time, i.e. in­

crease the movement of the particles with respect to each other and 

to the current feeder.

3.0. ELECTROCHEMICAL PRINCIPLES

Electroplating is the process of depositing a metal coat by 

means of electrolysis and therefore the development of any new system 

would have to be approached with the principles of electrochemistry 

as a foundation.

Generally the electrochemical operation is a combination of 

two kinds of processes; firstly the motion of the ions from the 

bulk of the solution to an electrode, and secondly the discharge, 

or the reaction of these ions in contact with the electrode

The first process is achieved through diffusion which causes 

the ions to move from the unchanged bulk of the solution to the im­

poverished region at the cathode.1 According to Pick's Law, the 

rate of diffusion of a constituent A in a mixture is proportional 

to its concentration gradient.

N is the molar rate of diffusion of constituent A per unit area. 
A
C. is the molar concentration of constituent A.A
Da is the diffusivity of A-

The second process is the e.ectrical migration of cations

and is superimposed on the diffusion process.



WA is the mobility of the ion of species A. 

is the valence of the ion of species A.

is the electrical potential gradient.

Normally diffusion is more important than migration.2 Thus 

in most cases the kinetics of the electrochemical processes are limited 

by diffusion and under these conditions concentration polarization 

is said to occur.

The case in question entails the deposition of copper (II)

(Cu++) ions from an electrolyte of sulphate ions, as a copper-sulphate 

plating bath (see Section 5.4.1. for formula) was used in the experiments. 

Thus we are considering the particular ca-e of the discharge at the 

cathode of the cation of a sail in low concentration in a supporting 

electrolyte with a common anion, the concentration gradients of all 

the ions at any point in the boundary layer are therefore proportional 

to each other.

The electrical neutrality equation

is valid at any point in the solution except at the electrodes.

Thus the measured current depends only on the concentration

gradient of the ion that discharges opper II) and the electroplating

process occurs as if the gradient of electrical potential does, not
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Dg is the effective diffusivity.

Usually the concentiaticn gradient in the diffusion boundary 

layer can be considered to be constant.

N. - - D. C« " C*A E 6

Cg is the concentration of the ion in the bulk of the solution.

C is the concentration of the ion in contact with the electrode,e
6 is the thickne-g of the diffusion layer.

This thickness, 6, is related to 6^ the thickness of the 

hydrodynamic boundary layer hy the following relationsnip:

1/3
6 - 6o/(Sc)

S is the Schmidt dumber and is of the order of 1,000 for liquids, c
Although 6 is ten times smaller than 6q, they are proportional 

for any given state of agitation of the liquid phase. As the turb­

ulence increases 6 and hence 6 decrease following well known laws

of fluid mechanics.3
This decrease in 6 causes the molar rate of diffusion of con­

stituent A (Na) per unit area to increase.

The system developed must therefore provide conditions necessary

for increasing N^. This means that the particles Just be kept in

constant motion in order to decrease the value of 6. This turbulance 

would be caused by rapid fluid flow which would keep Cg homogeneously 

constant. The constant motion of the particJes would cause the 

hydrodynamic boundary layer to be constantly renewed and thus ion
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depletion in this layer would be considerably reduced. Current 

densities greater than previously attainable would then be possible.

4.0. UFT-P’JMP SYSTEM

In attempting to overcome the problems outlined in section

2.0, a lift-pump system was initially e visagsd (Figure 1), based

on the electrochemistry discussed in section 3,0. The electrolytic 

plating solution was circulated through the cell by a pump The 

cell itself had a venturi tube suspended in it just above the solution 

inlet. Situated approximately one centimetre or so directly above 

the venturi tube was the current feeder. Numerous positions, shapes 

(the most successful being the one shown in Figure 1) and sizes of 

current feeder were tried. The anode was a copper tube encircling 

the venturi tube. The flowing electrolyte drew the particles up 

through the vortex of the venturi tube. These particles then struck 

the current feeder and were drawn down on the outside of the venturi 

tube to the bottom of the cell where they were again pulled up into 

the venturi tube by the flowing solution, Thus particles could 

not adhere to the current feeder as they were drawn away from the 

latter after striking it. Agglomeration could not occur because 

when particles resided next to one another for any length of time 

(i.e. at the bottom of the cell) they were not being cathodicaily 

charged. This system provided the necessary turbulent flow to satisfy

the electrochemical requirements

However, this system presented a,jiew problem in that the part­

icles had to strike the current feeder in rapid succession to prevent 

the latter from becoming coated with a rough layer of copper. Wi. 

this coat was allowed to form, particle motion was disrupted. When
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the diamond particles were circulating at velocities sufficient to 

prevent the formation of this coat on the current feeder, the part­

icles struck the latter with such force that the initial electroless 

metal coat on the diamond was chipped. Using thicker electroless 

coats met with limited success.

Although the lift-pump apparatus eliminated the major hydro­

dynamic problems of the barrel system (see section 2.0), it was abandoned 

because of the above problem and the very low plating rates observed.

5.0. THE FLUID1SF.D BED SYSTEM

The failure of the lift-pump system led to experimentation 

with a fluidlsed bed. The design and operating procedure was modified 

considerably during the course of the study with an aim to Improving 

its performance.

5.1, Hydrodynamic Considerations

The phenomenon of fluidlsatlon involves a certain mode of 

contacting granular solids with fluids. The fruid can either be 

a gas or a liquid. In the present study it Is a liquid. Here 

a bed of solid particles is supported on a rigid permeable material 

in a vertical tube. The liquid is then forced upwards through the 

porous material into and through the bed. When the weight of this 

bed of particles is just supported by this flow, the bed is said 

to be inciplently fluidlsed. In this condition the individual part­

icles become somewhat disengaged from each other and readily move 

around the bed. A further increase In liquid flow will cause the 

bed to expand to accommodate this increase. A bed which has passed 

the point of incipient fluidlsatlon is known as "a dense-phase fluid- 

ised bed" or simply as a "fluidlsed bed". The solid particles in



this fluidised bed move about at random and provided the bed is not 

too wide or too deep1* the mixing of the particles is very good.

The constant motion of the particles enables the hydrodynamic boundary 

layer to be continually renewed.

The fluidised bed has many of the properties of a liquid, 

for (.cample on tilting the containing apparatus, the upper surface 

of the bed remains horizontal.

The term "particulate fluldlsaticn" as opposed to "aggregative 

fluidisation" is used to describe a llquld-fluidised bed in which 

the point of incipient fluidisation has been passed. The letter 

term is used for gas-fluidised beds in which some of the gas passes 

through the bed as bubbles. As the gas flow rate increases above

the incipient flow rate bubbles grow and appear more frequently,

until their frontal diameters are equal to the diameter of the con­

taining apparatus. Under these conditions the bed is said to be 

slugging. No bubbles are formed during particulate fluidisation, 

the liquid passing smoothly through the interstices

5.2. The Size of the Cell

As the difficulties encountered with the barrel system were 

most severe when small batches of diamond were coated, it was decided 

to develop this system primarily to handle these small batches.

The grit chosen to be coated was a 45/50 mesh (U.S. sieve series 

i.e. t 326 y) Saw-Dlamond Abrasive (SDA).

From work done by Shuster and Klsliak" it is evident that 

for the same bed expansion ratios and values of L/Dc (L is the bed 

height cm, Dt is the internal diameter of the tube cm) the large 

diameter beds exhibit a poorer performance than the smaller diameter

beds.



For this reason and the fact that batches of 18 gm of diamond 

were to be coated the cell diameter had to be reasonably small in 

order to give an acceptable ^D,. ratio.

however, the cell also had to house electrodes. The electrode 

assembly was chosen so as to present the least inhibiting influence 

on the hydrodynamics of the fluidlsed bed. The negative electrode 

(current feeder)* of the system chosen was a carbon i.'d suspended 

in the centre of the cell. This smooth rod appeared to have no 

effect on the performance of the fluidlsed bed The anode was a 

copper tube suspended in the electrolyte above the fluidlsed bee.

The dimensions finally chosen for the cell were Internal diameter 

1.90 cm and outside diameter of the current feeder 0.64 cm (see Figure 

2, 3 and Plates 1 and 2).

5.2.1. Fluid Dlscr butor

Work has been done by Grohse5 in connection with tb" fluid 

distributor as it pertains to the gas fluidlsed system. The effects 

of the distributor are expected to be basically the same in either 

a gas or a liquid flvidised bed. A porous plate gave rise to a 

well defined point of incipient fluidisatlon and there was no tendency 

to channel. With a rcreen or a multi-orifice gas distributor the 

point of Incipient fluidisatlon was not very clearly defined and 

channelling occurred. Frcm these considerations and those in Section

5.2. it was decided that the cell should be a glass tube with a porous 

sintered disc for the fluid distributor

* See note on foot of page 3.
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5.3. Mechanics of Fluldlsation

Ej:t‘=,*'°ive work has been done on the prediction of the incipient 

fluldlsation velocity and pressure drop across the bed. However, 

the relations of the basic parameters are still seml-t-mplrical.

At incipient fluldlsation the pressure drop is just sufficient to 

support the weight of the particles viz.:

Kozeny6 and Carman originated a theory pertaining to the 

flow of fluid through a fixed bed of particles under the influence

of a uniform pressure gradient.
By extending the theory of fluid flow through a parallel-sided 

passage they obtained the following equation for packed spheres:

"Y* * (e8 - p)g (i - to) (i)

AP
L

C» U0(l - to)2 (?)

Choosing Carman's8 predicted value of C - 180 and combining

equations (1) and (2)

C»i Uo(l - tb)^ 

D2 to3
1PS - p)g (1 - to)

fo
(p s - p)g D2 to3 

(1 - co) C m
(3)



Lewis^»'*1 adopted a similar procedure to arrive at the eq"ation

.P ^    ,4,
 ̂ Dp2gcoj

Leva10 used the value of 200 for C as this gave the most con­

servative value for the pressure drop

D is the diameter of the "equivalent volume sphere".
P
Thus, for a sphere 

= 6V/Ap

However, particles with an arbirary shape (e.g. the diamo id 

particles) with volume V have a larger surface area than do spheres 

of volume V. The diameter of this arbitrarily shaped particle is

given by

", ‘

A is the surface area of the arbitrarily shaped particle.

Ap is the surface of the "equivalent volume sphere".

*g is the shape factor and is a dimensionless quantity.

By replacing Dp by Dptg Leva extends equation (4) to cover

flow through beds of particles of arbitrary shape.

_ 200 Uo u ~ £0)   (5)
L D 2 <* 2 g eo3

Combining equations (1) and (5)



200 Uo u (1 - eo)2

V  *82 8 £°3
(p - p)g (1 - eo)

(P - P)g' D ' $ /  eo1U *. — '.II.. -* -     - -■ ■ —'
o 200 (1 - eo)u

(6)

5.4. The Electrodes

As stated in section 5.2. the electrode assembly was chosen 

so as to present the least inhibiting influence on the hydrodynamics 

of the system. The electrodes used are described fully below.

The current feeder was a carbon rod (see Figure 3) connected 

to an insulated metal rod. By means of this insulated rod the current 

feeder was suspended along the axis of the cell. The tip of the 

current feeder rested in the centre of the sintered glass disc (see 

Plate 2). The insulated metal rod carried the current from the 

rectifier to the current feeder. The same electrode was used for 

all the experiments. Before it could be used its volume had to 

be determined as will be seen in Section 6.1. During each run a 

small amount of copper was plated onto the current feeder and in 

order to keep the dimensions of the latter constant this copper had 

to be removed. This was easily done by dipping the current feeder 

into a dilute solution of nitric acid. if the current feeder had 

been made of metal this would not have been possible and for this

reason carbon was used.
The anodes were made out of copper sheet approximately 1 cm

thick. This sheet was rolled into a tube 1.8 cm 0/D and 18 cm long 

(see Figure 4). The anode was suspended by _ Insulated metal rod 

as shown in Pla e 2. At all times the anode was kept at a distance 

of between 0.2 and 1.2 cm above the average maximum bed height (Section
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6.1.). The Insulated metal rod carried the current from the rectiflar 

to the electrode.

From an electrochemical point of view the electrode geometry 

of the cell had its short-comings. In the cell as it was used, 

the electric field flux was greatest at the top of the cathode de­

creasing downwards (see Figure 5).

5.4.1. The Flectrolyte Solution 

The electrolytic plating bath used is a well known acid copper

plating solution of the following composition:

Copper Sulphate, CuSO^.SH^O 200 gm/1.

Sulphuric Acid, H^SO^ 8m'/̂ *

Specific Gravity, at 25®C 1.165

Gelatin 0,2 8m/1>

Two litres of this solution were required to fill the system.

A fresh solution was made up every second run. During the course 

of two runs, neitaer the copper content nor the free acid content

of the solution was depleted to any appreciable extent.

5.4.2. Electrical Supply
The electrical power supply was taken directly from a rectifier,

having a maximum output of 10A at 20V. This rectifier was capable

of continuous operation within its range of current and potential.

5.5. Calculated and Measured Incipient Fluid Velocity

The particles used had an average diameter of 326 m and a 

density of 3.592 gm/cm* when coated with a thin electroless metal 

coat. The measured viscosity and density of the electrolytic platingI
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solution were 1.06, 10-2 gm/cm sec. and 1.08 gm/cm3 respectively. 

Equation (3) Is

(Pg - P)g D2 eo3 
Uo (1 - e0) Cii

and inserting the constants

c ■ 180

V - 1.06,  10-2 gm/cm sec.

p - 1.09 gm/cm3

D - 3.26.  10~2 cm

g - 981 gm/cm sec2

13 8 - 3.592 gm/cm3

SO m 0 .58 (measured by the method given in Ref. [ 1 0 ] ) .

We obtain

U0 - 0.637 cm/sec.

However, when Leva's modified equation (6) is used

(Pg - P)g2 Dp2 »s2 £°3
Uo " C (1 - eo)u

C - 200 (See Section 5.3)

D - 1.177. IQ-2 cm
P

m 0.12 (estimated).

The reamining values being the same as those given above.

We obtain

U0 - 0.888 cm/sec.
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The measured incipient fluid velocity in the fluidised bed 

system was 0.12 1/min. For annular flow the average flow velocity 

is given by:

UD ■ Q/n (r2 - r^)

Q is the volumetric flow rate, 1/min.

r is the outer annular radius, cm

r^ is the inner annular radius, cm.

Q * 0.12 1/min.

r - cm (See Section 5.2 for the I/D of the cell)

cm (see Section 5.2 for the diameter of the cathode).

0.12. 103
60n ( ^ )  -  M - )

.0.642.21
U » 0.774 cm/sec.o

This is of the same order as the incipient fluidisation calc­

ulated from the equations developed by Leva and Carman.

However, even with the porous sintered disc, the point of 

incipient fluidisation in this system was not very well defined.

5.6. Pulsation of the Fluldlsed Bed

On putting the fluidised bed system into operation it was 

found that the problem of agglomeration had been eliminated. How­

ever, particles were still being plated onto the current feeder.
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This problem was eliminated by causing the fluidised bed to pulsate.^

A peristaltic pump was used to circulate the electrolyte and thus 

to fluidise the packed bed. The rate of flow of the electrolyte 

was controlled by a throttle which was inserted in the flow system.

The throttle was positioned on the inlet side of the pump, between 

the flowmeter and the peristaltic pump (see Plate 2 and Figure 6).

This arrangement caused the pulsations to be transmitted to the fluid­

ised bed via the flowing electrolyte. A frequency of 2.10 Hz for 

these pulses was chosen empirically, and was fixed for the duration 

of the experimental runs by setting the speed of rotation of the 

peristaltic pump. This pulsation frequency produced an amplitude 

in the fluidised bed height of 0.35 cm, equivalent to a volume fluct­

uation of 0.84 cm3.

In the pulsating bed the point of incipient fluidisation was 

impossible to determine, the reason being that the packed bed expansion 

under these conditions, was due partly to the fluid flow and partly 

to the fluid pulsation.

The reservoir (see Figure 6) effectively damped these pulsations 

and so prevented them from influencing the flowmeter readings.

6.0. THE PULSATING-FLUIDISED BED SYSTEM

The following system was finally chosen because it eliminates 

the two major hydrodynamic problems referred to above.

The pulsating-fluidised bed cell is shown in Figure 2. It 

was constructed of glass tubing of various diameters, a sintered 

glass disc acting as a combined flow distributor and bed support.

A diagram of the electrolyte flow circuit is shown in Figure

6. The large top portion of the cell acted as a reservoir, without 

which the electrolytic solution would have become depleted of copper
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Plate 4: Operating System



too rapidly during an experimental run. A plug of glass wool was 

Inserted in the mouth of the reservoir outlet. This glass wool 

plug acted as a filter, preventing meta1 flakes and other foreign 

bodies from fouling the system.

From the reservoir the solution was circulated through the 

system by a peristaltic pump. The flow to the cell was indicated 

by a rotametei with a Korannice float. The flow control was excercised 

manually by adjusting a throttle placed on the inlet side of the 

peristaltic pump. This position was selected for the throttle as 

it caut J ;he required pulsations when so situated.

6.1. The Bed Expansion Tables

Tables relating the Static Bed Height (S.B.H.) of the grit 

in the cell and the volume occupied by this grit (S'atic Bed Volume 

(S.B.V.) with the Expanded Bed Height (E.B-H.) and its volume <Expanded 

Bed Volume (E.B V.), were drawn up for volume expansions of 5, 10,

15 ar . %. The object of these tables was to facilitate rapid 

conve. -n between S.B.H. and E.B,H. during experimental runs.

6.2. Kanc,e of Experimental Conditions

A -harge of 18 gm of electroless coated grit was coated elec- 

trolytically during each experimental run. This 18 gm charge com­

prised 17 gm of diamond and 1 gm of nickel. The duration of the 

plating run was sufficient to enable approximately 17 gm of copper 

to be deposited. Thus the initial weight of the particles was almost

doubled during a run.
The .peed ol rotation of the peristaltic pu.p was set at a

constant value thus giving a constant pulsation frequency of 2.10
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Hz. With this pulsation frequency the amplitude of the bed height 

pulsations varied between 0.27 and 0.40 cm, equivalent to an average 
volume fluctuation of 0.84 cmJ.

According to Lamb et al.-' temperatures for this electrolytic 

plating bath may vary between 18 and 60°C with little effect on the 

rate of deposition. Thus the temperature was allowed to find its 

own level and this was found to vary between 22 and 45°C.

The current was kept constant at its pre-determined value 

and the mode position was adjusted so that it was kept at a distance 

of between 0.2 and 1.2 cm above the average maximum bed height.

(See Section 6.5). Under these conditions the potential assumes 

the compensating value according to Ohm's Law.

Investigations were conducted at bed expansions of 5, 10,

Ij and 20/, and currents of 1.5, 2.25 and 3.00A for each bed expansion. 

For each combination of these two variables two experimental runs 

were carried out. The bed expansions of 5 and 202 were virtually 

the limits of operation. Below 5% the bed surface was static and 

this allowed copper dendrites to grow on the surface which eventually 

would have short circuited the cell. For a normal liquid-fluidised 

bed in which the liquid flow rate is above the incipient flow rate, 

particulate fluldisation occurs. However, in this pulsating-fruiu- 

ised bed the liquid flow rate required to exceed 20% bed expansion 

gave rise to aggregative fluldisation and slugging. This slugging 

caused the current to oscillate between wide limits thus rendering 

accurate current control impossible.

6.3. Operation

The apparatus was set up as shown in Figure 6 and Plate 1.

The mirror scale was adjusted to read zero at the top of the sintered 

disc.



Approximately 30 gm of 45/50 mesh SDA grit had a 5% electro-

less nickel flash deposited on it. The particles thus had a complete

nickel coat of approximately 1 to 2 y thick. From this coated grit 

a sample of 18.000 t 0.003 gm was weighed out. The 18 gm sample 

was rinsed in a 100 ml aliquote of 51 hydrochloric acid solution, 

in order to remove any oxide layer. On the appearance of the first

bubbles the acid solution was poured off and the grit washed well

with distilled water.

The grit sample was then washed into the cell with some of 

the electrolytic plating solution. The electrodes were Inserted 

and connected to the electrical circuit. Electrolyte solution was 

then added to j cell until toe cell outlet was covered. (Plate 

3). The speed of rotation of the peristaltic pump was set and the 

throttle was closed.

The peristaltic pump was switched on. The throttle was opened 

to allow a flow rate of approximately 0.120 1/mln. With these settings 

the cell was allowed to run for 3 minutes. (Plate 4).

6.4. Static Bed Height and Volume

After three minutes the pump was switched off. The average 

bed height was read off the mirror scale and recorded. The pump 

was then switched on for a tew seconds, stopped again and another 

average bed height recorded. Three readings were taken in this 

way. The average of these three readings was called the Static 

Bed Height (S.B H.). From the Bed Expansion Tables described in 

Section 6.1, the appropriate Static Bed Volume (S.B.V.) was recorded.



6.5. Expanded Bed Height and Volume

After recording the S.B.V., the pump was again switcned on.

The average minimum and average maximum heights of the pulsating 

fluidised bed were read off the mirror scale. The mean of these 

two bed heights was termed the Expanded Bed Height (E.B.H.). From 

the Bed Expansion Tables the Expanded Bed Volume (E.B.V.) was read 

and recorded.

The anode was then adjusted to between 0.2 and 1.2 cm above 

the average maximum bed height. At this point the temperature of 

the electrolytic solution was recorded. The temperature was measured 

at the bottom of the reservoir.

The current was then switched on and adjusted to the required 

value. If the required current could not be reached immediately 

(due to the limited output of the rectifier), it was taken up in 

a step-wise fashion until the required value was reached. Higher 

currents became possible after a time because as the copper was plated 

onto the particles, so the cell resistance decreased, thereby allowing 

the current to increase at a set potential.

6.6. Bed H ight Adjustment

The required E.B.H. for the initial S.B.H. was read off the 

appropriate Bed Expansion Tables. The flow rate was then adjusted 

by means of the throttle in order to obtain a mean bed height (described 

in Section 6.5) equal to the required E.B.H.

.ts the anode was dissolved, so it had to be lowered in order 

to keep it between 0.20 and 1.2 cm above the average maximum bed 

height. The current rectifier was manually adjusted to keep the 

current constant at the pre-determined value.
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6.7. Recordings and Adjustments

After the first i hour the temperature, flow rate, mean bed 

height, potential, current and time, were recorded. The current 

was switched off and the S.B.V. was determined as outlined in Section

6.4. The pump and current were then switched on again and if neces­

sary the mean bed height was adjusted as outlined in Section 6.6 

Whan this first set of readings had been taken, the necessary adjust­

ments were made; the procedure was repeated every j hour. If a 

sample was to be taken before the end of this j hour period, then 

recordings and adjustments were made i hour before the sample was 

taken.

6.8. Sampling

A total of 4 samples were taken at convenient intervals during 

the course of each run. The samples were taken at the following 

times for runs conducted at the following currents:

Current (Amps)
Sample Time (Hours)

1st 2nd 3rd 4 th

1.50 1.00 3.75 7.00 9.50

2.25 1.00 2.75 4.00 6.25

3.00 0.50 2.00 3.25 4.50

The procedure adopted was the same as that in Section 6.4, 

but once the S.B.V. had been obtained the pump was switched on agai. 

and a sampling tube was inserted into the centre of the fluidised 

bed. [This was a glass tube (5 mm 0/D, 3 mm I/D, x 50 cm long)



attached to 40 cm (5 mm 0/D) of silicone rubber tubing. ] Solution 

and grit were pipetted into the rubber tubing and approximately 0.2 

gm of grit was retained in the tube and the rest allowed to flow 

back into the cell. The grit it; the sampling tube was then washed 

into a labled beaker and retained for a percentage coat determination 

which was carried out at a later stage. Once the sample was taken 

the S.B V. was again determined. This did not usually alter sig­

nificantly. If necessary the mean bed height was adjusted according 

to the procedure in Section 6.6. The switching-on procedure outlined 

in Section 6.7 was then followed.

On completion of the run the fourth sample was taken under 

the same conditions as the previous ones. The electrodes were removed 

from the cell. A small amount of copper had been plated onto the 

current feeder but this was removed by washing the current feeder 

in dilute nitric acid. The cell was disconnected from the circuit 

and the solution pouted out and the coated grit was washed into a 

labled beaker. The sintered disc and the plug of glass wool were 

washed with dilute nitric acid and the cell was then ready to be 

used again. The sintered disc was always kept under solution in

order to prevent it drying out.
The coated grit ^n the beaker was washed with distilled water,

ethanol, and then dried on a hot plate. The grit was then screened 

in order to remove any copper flakes. These flakes tended to break 

away from the anode as the latter always underwent uneven dissolution. 

If there was any chance of a large piece of copper breaking away, 

and falling into the packed bed, the run was stopped, the anode removed 

and trimmed, then replaced and the run was allowed to continue.

A check sample was then taken from the screened grit.



6.9. Calculations

Six samples of coated grit were collected. This collection 

comprised the tour samples taken during the run, plus the check sample 

taken from the screened grit, plus a sample taken from the nickel 

coated grit at the beginning of the run. The percentage metal coat 

on these samples was then determined.

The procedure adopted in determining the percentage metal 

coat was as follows: The samples were each washed three times with

distilled water and then with ethanol. They were dried, and their 

weights determined. The metal coat was then removed by heating 

the sample of coated grit in a dilute solution of nitric acid for 

15 minutes. The de-coated grit was washed three times with we ter 

and then with ethanol. The sample was dried and weighed.

For each of the samples the following value was determined:

1 Mecal Coat (P ) - ^
An sn 1

Msn 100 (7)

A was the weight of uncoated grit in the sample (gm). sn
Mar was the weight of metal in the sample (gm)

The subscript n denotes the position in the chronological sequence 

in which thr sample was collected.

(A + M ) was the initial weight of the sample (gm). sn sn
From the value the value P,;Mn was calculated. pAMn was

defined as:
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Thus it was defined as the amount of metal present in the

sample expressed as a percentage of the total weight of the coated 
sample.

From (7) sn
100 M

An (9)

Substituting (9) in (8)

P « sn X 100
ilMn 100 M

PAn + Msn

100 PAn
AMn 100 + PAn

These percentages were obtained for each of the six samples.

Thus obtaining P , ... P and the corresponding ... P.Ui. values.8 * Ab AM. AM6
P.5 and P. should agree to within 1% as they are samples taken from

the same batch. The average of P._ and P., was taken as the finalA5 A6
percentage coat for the sampl

The actual mass of copper electrodeposited was then determined. 

The nomenclature used was as given below:

Mn was the weight of metal present in the bed when sample n was taken 

(gm).

A was the weight of diamond present in the bed when sample n was 

taken (gm).

T was the total weight of diamond plus metal in the bed at the time

sample n was taken (gm).

Dn was the total weight of copper electrodeposited up to the time

sample n was taken (gm).
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Mi -
P TAMI S

100

” Ti - Mj

The first total weight to be recorded was T 1 but this value 

was known as it was weighed out at the beginning of the run. This 

value for each run was 18.000 - 0.003 gm.

D was zero as no copper had been deposited at this stage.

AI PA2

M, - M

A, ' AS2

Thus the amount of diamond in the cell was decreased by the amount 

removed la the sample.

T, * A, + M2

Similarly M,
? P&3 
100

M2 -

I

Aa m *2-

etc.

L .

■
J



The total weight of diamond removed from the cell during a run was 
approximately 1 gm.

6*10* Density Determinations

The density of the nickel coated grit and of the copper coated 

grit was then determined. The S.G. bottle technique for density 

determinations was used. The standard procedure for this technique 

was followed. Between 7 and 10 gm of sample was used for each determin­

ation. On adding distilled water to the dried sample in the S.G. 

bottle, it was found that numerous air bubbles would adhere to the 

particles. It was impossible to remove all these bubbles and thus 

erroneous results were obtained. In order to rectify this matter 

the following procedure was adopted. One or two drops of a wetting 

agent ("Teepol") were added to 500 ml of distilled water. This 

dilute solution was then used in place of the distilled water.

Duplicate density determinations were carried out on each 

nickel and each copper coated grit sample. The average variation 

among duplicate sets was t 0.01, the highest being i 0.04 . The 

average value of each of these sets was reported. See Appendix 

2 for the results.

7.0. RESULTS

The results from Run 9 (Table 1) are presented as a typical 

set of data.

The total cell current is recorded in column two. ".'his value 

was kept constant as far as possible. In this case it remained 

constant throughout the run. However, the results from a few of 

the other runs show that tie current underwent a step-wise increase



until the desired value was reached. This step-wise increase was 

necessitated by the limited output of the rectifier used.

In column three the potential drop of the cell is recorded.

This is the potential drop between the anode and the cathode, the 

latter being the pulsating fluldised bed plus the carbon rod.

The limits of accuracy of the flow rate is within 5%.

The Percentage Bed Expansion recorded in column seven is cal­

culated as follows:

Percentage Bed Expansion - xE • D «V • X

The Total Theoretical Mass of Metal Deposited (Column 11) 

is an accumulative quantity and is calculated from Faraday's Law.

XtxMetal Deposited (gm) " —jjr"

I is the current in amps.

r is the time for which this current flowed, in sec. 

x is the equivalent weight of copper.

F is the Faraday(96,490 ± 2.4 amp-sec.)

The Cathode Efficiency (Column 13) is obtained as follows:

Actual Mass Metal Deposited x 100 
Cathode Efficiency V«) " ■potaj Theoretical Mass Metal Deposited

The remainder of the Table is self explanatory.

Graph 1 is a plot of total weight of copper electrodeposited

up to time t (gm) versus time t (Hrs.)

Graph 2 is a plot of Rate of Plating ( ^  , in gm/hr) versus

Total Mass of the Bed at time t (gm).
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At the end of each run, the coated particles were photographed 

at magnifications of 120X and 1200X. These are presented with the 

remainder of the plating results in Appendix 2.

0, ANALYSIS AND DISCUSSION OF RESULTS

The results in Appendix 2 indicate that, apart from the initial 

dating period when erratic readings were obtained, the rate of cr-̂  er 

lepositlon is constant during the course of a run. It can thus be 

assumed that the mass and hence surface area of the particles does

tot markedly affect this rate.

Table 2 has been compiled from the 24 runs with each pair 

averaged and grouped according to bed expansion and current. The 

nost significant, factor to emerge is that the cathode efficiency does 

not show any consistent trend and remains reasonably constant with 

a mean value of approximately 93%. This compares with a mean value 

of about 97% obtained on the barrel system under similar conditions.

The density of the copper coat also remained reasonably constant 

over thr range of variables employed. The average value of 8.45 

gm/cm3 is greater than that resulting from coatings in the barrel

th. highest value attained ... 1- the region of g./c’. 

ha, been postulated" that grinding efficiency l.pro... - 1 *  1"'

.teased metal coat density.
The final tuo columns in Table 2 have been constructed In

w  effort to estimate the effect of the experiments! parameters on 

the ares of the particle, on vhlch metal Is depositing sny 1— 1 

time. TO calculate this effective cathode are. it would be n e c ­

tary to know the weighted mean anode to cathode distance based on 

the distribution of current flux, the equivalent conductivity

It

in
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TABLE 2

Bed
Exp
(I)

Current
(Amps)

Potential
(Volts)

Cathode
Eff.
(%)

Copper
Coat

Density
(gm/cm3)

Anode
to

Cathode
Distance

(cm)

Effective
Cathode
Area
(cm2)

5 1.50 10.6 91 8.28 3.0 10.7
5 2.25 13.5 92 8.43 3.2 13.2
5 3.00 15.2 98 8.21 3.3 16.4

10 1.50 8.6 91 8.76 3.1 13.7
10 2.25 11.7 95 8.56 3.6 17.5
10 3 00 13.3 94 8.48 3.9 22.3
15 1.50 10.2 92 8.51 3.6 13.5
15 2,25 14.1 93 8.26 3.5 14.0
15 3.00 15.9 88 8.40 3.6 16.8
:o 1.50 10.7 99 8.37 3.5 12.5
2C 2.25 14.5 91 8.66 3.5 13.7

20 3.00 17.6 93 8.42 3.6 15.4
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solution and the potential difference between the anode and the surface 

of the particles where plating is taking place. To simplify this 

calculation thi6 following assumptions arc madei

1. Metal is deposited only on the surface o' particles which are 

actually in physical contact with the current feeder. Hence 

the potential of the cathode Is essentially the same as that 

of the current feeder.

2. The anode to cathode separation is taken as the distance between 

the lower rim of the anode and the upper end of the current 

feeder, which is the line of maximum current density. Although 

it is not claimed that this assumption will give a very precise 

result in the calculation of effective cathode area, it sh ild 

nevertheless give a reasonable indication of the relative variation 

or this parameter with operating conditions.

The arras were calculated as follows:

Area of the cathode (cm^) -

I is electric current (amps,) 

y is the anode to cathode distance (cm)

P is the electric potential (volts)

H is the equivalent conductance of coppei sulphate in aqueous solution 
(ohm- cm* eq" )

E is the concentration of copper sulphate (gm eq. per 1000 cm ).
For these runs E m 1.6 gm eq per 1000 cm .

Due to the lack of data for the equivalent conductance of copper 

sulphate at concentrations greater than 1.0N and temperatures above
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25 C, the value at 25’C was chosen for the calculations of the cathode 

areas. The constant value for H used In these calculations was read 

off Graph 3. The information used to plot Graph 3 was obtained from 

Barrow and the Handbook of Chemistry and Physics"1*

The ca v area was found to increase with current at each 
bed expansion.

The coat roughness as shown by Plates 5A, B. C and D (See Appendix 

2; varies with the bed expansion of the run, the greater the bed ex­

pansion the smoother the coat. However, no relation was found between 

cnat roughness and density. This seems to indicate that the smoothing 

mechanism is purely mechanical. The nodules shown in Plate 5A (these 

particles were coated in a bed of 5% expansion) were not .ormed in 

a bed undergoing 202 expansion. The possible reason for this was 

that the violent movement of the particles In the bed caused them 

to collide with each other with such force that any protruding nodules 

of copper would re hammered flat. (See Plate 5D)

The puls_ting-fluidlsed bed system therefore, enables batches 

of diamond to have copper coats deposited on them which are identical

in all respects except for their roughness. The inability of the

barrel system to coat the particles in this way gives the pulsatlng- 

fluidlsed bed system a decided advantage, as grit coated in the latter

system can be u=ed to accurately test the theory concerning keying

between the metal coat and the resin bond.

The hydrodynamics of the puIsating-fluidlsed bed system does 

not allow the particles to reside adjacent to one another, or In contact 

with the current feeder long enough for agglomeration or adherence 

to the current feeder to take place. The two major problems encountered 

in the barre1 system are thus eliminated. The pulsating-tluidlsed
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bed system enables 18 gm batches of diamond to be successfully coated, 

whereas the smallest amount the barrel system can handle Is 50 gm. 

Current densities of 0.17 A/gm are attainable In the pulsating-fluidlsed 

bed system compared with only 0,04 A/gm in the barrel system.

is,; 6.

9.0. SCALE-UP
Scale-up from the fluidlsation point of view should present 

no problems. The present system has an inside cell diameter of 1.90 

on and with a batch of 18 gm of diamond grit the bed height varies 

between approximately 1 and 8 c«. A cell accommodating 600 gm of 

di.-nond (this is the upper limit of amounts plated In the barrel system - 

,ee Section 2.0), need have an Inside diameter of only 8 cm. Fluidlsed 

under the conditions used In these experiments the bed height would 

vaty between 10 and 16 cm. Fluidlsation of beds of comparable dimen­

sions la common practice and a reasonable amount of work has been 

done on systems In this .lie range. Ihe same random particle

movement and good mixing should be achieved in thl. larger system.'- 

It has been reported' that fluldl.atlon performance decreases a. the 

bed h e i g h t-to-dlameter ratio increases. However, for 

system thl, ratio will in fact be lower than for the present system 

(i.e. 1., as against 2.5). This ratio alone is not sufficient to 

define the performance of a fluidlsed system as performance ,1.0 ..... 
to deteriorate as the vessel diameter incase,. The nl.en.lon. 

of thl, large cell could however, be optimised with little difficulty.

Fro. the electrical point of view problems are envisaged 

in the larger system the potential drop a c t  the bed will be 

proportionally greater. Thu, potential drops =f well c r  ^  " 

occur. (18.4V was the upper potential used during these expC.e- ,.



However, on obtaining a suitable permeable material, a two compartment 

system outlined in Figure 9 could be constructed, The anode would 

then be able to encircle the cathode compartment and this would facilitate 

higher currents at lower potentials. The electrical flux lines between 

electrodes in this system would be undistorted compared to the distorted 

pattern obtained in the present system. (Figure 5).

10.0. Conclusion

The pulsating-fluidised bed system showed the following advantages 

over the barrel system:

1. The problem of agglomeration was eliminated simply by the hydrc- 

dynamic properties of the fluidised bed system.

2. The problem of adherence of the diamond particles to the current 

feeder was overcome by causing this fluidised bed to pulsate.

3. Current densities of more than 4 times those used in the barrel 

system were used in this system,

4. Small batches of diamonds each weighing 18 gm were handled 

with ease.

5. Increased densities were obtained in the copper coat.

6. It is possible to vary the roughness of the copper coat.
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LIST OF SYMBOLS

Unless specifically staged otherwise in the text, the symbols 

used have the following meanings:

A surface area of arbitrarily shaped particle.

Ap surface area of spherical particle having the same volume as

a particle with surface area A

a experimental constant.

C experimental constant.

CB concentratir n of the ion in the bulk of the solution.

Ce concentration of the ion in contact with the electrode.

Da diffuslvity of species A.

Dfc effective dlffusivity.

Dn total weight of copper deposited up to the time sample n is

taken.

Dp particle diameter.

D(. circular conduit diameter.

E concentration of copper sulphate in aqueous solution.

F Faraday (96,490 t 2.4 amp. sec.)

g Acceleration of gravity.
H equivalent conductance of copper sulphate in aqueous solution.

I electric current.

K proportionality constant.

L bed height
Mn mass of metal present in the bed when sample n is taken.

Mgn mass of metal in sample n.

Na molar rate of diffusion of species A per unit area.
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LIST OF SYMBOLS (Cont.)

p electric potential 

Q volumetric flow rate,

r outer radius .f annular conduit.

ri inner radius of annular conduit.

Sc Schmidt Number

T„ total weight of diamond plus natal t„ bed ^

sample n is taken.

U0 aupetflclal walocltp of fluldlalng fluid inc,plent fl„ld.
isation.

V volume of a spherical particle.

WA mobility of the ion of species A.

x equivalent weight of copper,

y anode to cathode distance

ZA valence of the ion of species A

^n weight of diamond present in the bed when sample n is taken.

change in pressure.

Asn weight of diamond in sample n.

thickness of the diffusion layer, 

o thickness of the hydrodynamic boundary lay ?r.

to bed voidage fraction at incipient fluidisation.

b fluid viscosity.

0 fluid density.

ps diamond density.

3V
ay electrical potential gradient.



LIST OF ABBREVIATIONS

Expandtd Bed Height.

Expanded Bed Volume.

Static Bed Height.

Static Bed Volume.

Saw Diamond Abrasive,
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The term current density as used here, is really a pseudo current 

density, as the actual current density at any given moment is impos­

sible to determine. The reason for this is that the cathode 

area is comprised of the total surface area of the diamond particles 

in contact with the current feeder at a particular moment. As this 

value is impossible to determine, the exact current density is likewise 

impossible to determine. However, for a given particle size, the 

mass of the particles is directly related to the surface area of 

these particles. Thus current per unit mass is directly related 

to current density and a low current per unit mass would imply a 

low current density and vice versa.
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