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Modern engineering recuirements are frequently near the limits
of applicaticn of conventional materials, For many purposes,
particularly tribological, the most satisfactory solution is
freguently the application of a resistaent coating to the surface
of a comnmon metal, Tlectroceposited cermet coatings have proved
very satisfactory: some of the factors underlying the cermet
electrodeposition process have been investigated,

lectrclyte solution will
of the suspended
Neasurerient has been
» carbide, chromi
olutions of ccpper sulphate/
suiphuric acid in terms of the electrokinetic (zeta) notential and
also as surface cherge density. The method used was that of
streaming potential and streaming current measurement. The
2+
clectrolyte composition used was 1:1 Cu” :H , i.e. that of the
commen electrofiorming bath. Very high concentrations and a wide
range of temperaturc were used in order that the values of charge
in a practical plating electrolyte should be found. Measurements
were olsc made using solutions of copper sulphate, sulphuric acid
cnd potassium hydroxide separately.

The hests of adsorption of cations on silicon carbide and quartz
from the acid copper sulphate electrelyte were determined and the
adsorption shown tc be physical in nature.

Copper-based cermet materisls have been produced by electro-
depositicon at a number of current densities and temperatures using
suspensions of the zbove-nemed ceramics in the acid copper sulphate

o density was ccorreleted with the
e and to the electrical field strength
shovrn that with this electrolyte, which




18 high micro-throwing power, it was not possible to deposit non-

conducting guartz particles even although they carried a high

ositive charge.

bped

plane on the cathode, a field assisted transport through the double

layer end finally mechanical keying of the particle by electrodeposited
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Introduction.

The results of the first phase of a study of cermet electro-
5 s 1 . N .
deposlilion  were very encouraging and gave a useful insight into
the possible mechanisms of the process. The object of the present

work, which follows directly from this initial study, was to

varietions of temperature on the electrokinetic (zeta) potential

of a number of ceramic materials and to study in more detail the
relationship of the zeta potential to the codeposition of ceramics
with metal and hence to further elucidate the mechanisms of the
codeposition process. The long term aim is to achieve sufficient
understanding of the mechanism of the process that any combination
of particulate material and electrolyte can be readily evaluated by
electrochemical measurements instead of by prolonged plant tests,
to determine whether or not it might give satisfactory codeposits.

Suitable variables for measurcment may be the electrokinetic

properties of the particulate material and the deposition character-

istics of the plating electrolyte. The positions in the metal
structure at which particles are deposited may be very significant:
A
grain boundaries or any other physical features such as edges and
hollows.

At the present time there is good reason for studying this
process in detail: more specialised materials are constantly being
demanded to meet the needs of advanced technology and raw materials
of many sorts are becoming increasingly scarce. Surface coating

rocesses like this one eneble desirable properties to be obtained

the need to produce an entire article in a scarce material

o
ot

ho

fems

o+
o)

or one which is difficult to fabricate. In addition, properties

otherwise unobtainable can be achieved in meny cases.

distribution may be completely random or concentrated at dislocations,
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OMPOSITE MATERTALS.

For many purposes the ideal material for fabrication does not
exist and for centuries attempts have been made to improve upon
existine materials.  Bxamples of such attempts include iron-bound
wood, stesl reinforced concrete and more recently fibre reinforced
synthetlic plastics. Each of the attempts involved the combin-
ation of two materials which had complementary prope erties, the
resulting composite material having properties better than those
of either comp yonent. lany naturally occurring materials are
composite in structure.

Tn order to obtain improvements in properties such as high

rength and stiffness with 1ight weight, high strength at high
temperature, good oxidat ion resistance at high temperature or
resistance to abrasive wear & considerable amount of development
work has been done 1in recent years on the production of composite

1

materials. The background to the

@

development and use of such
s . a o . g

meterials was summarised in the first stage of this work. The

ceneral principles involved in preparation and application of such

aterials were considered. Yuch of the published work involved

38

plastics as matrix materials, reinforcing fibres peing of a variety
of materials. 0f particular interest was carbon fibre. A
corgiderable amount of work in which fibres or granules were

incorporated into a metallic matrix By non-electrolytic means was

The use of composite materials has enabled certaln problems to
be overcome in recent years, for example the productlon of high
trength and light weight rocket motor cases from boro n fibre/epoxy
resin. Unfortunately there have been some serious failures due

+he characteristics of these

silure of the Rolls-Royce RB 211

J

notaple as, following the very successful
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BB 1141 engine, it illustrated the potential dangers of scaling-up

operations with these new materials,

1.1 Plastic matrix materials.

Recause the uncured (liguid) matrix material can readily be
cnst around the reinforcement and subsequently cured these
materials are relatively easily produced. If the matrix and
reinforcement are carefully chosen excellent lightweight materials
are obtained for room and moderate temperature applications. of

the availsable reinforcing materials carbon fibre is very popular

because of its high specific strength. Carbon fibre/epoxy material

.
. . . . . 2
has recently found application in alrframes.
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Plastic matrix meateriels cannot be used at

ibility *to

hecause of their inherent

The use of metal as matrix material makes possible the use of
composite materials at eleva ted temperatures. It is more difficult
to fabricate composites having metal matrices than those with

stic matrices. This is particularly true for aluminium,

magnesium and the refractory mccalu.3 As metal matrix composites,
even those with alumium or magnesium, generally have lower specif'ic
vroperties, e.g. ten ile strength, stiffuness, than those with
plastic the use of metal metrixz materials is limited to those cases
where a metal matrix gives special advantages. Bxamples of such

applications are those at high temperatures, where electrical or

+hermal conductance are required, where increased strength 1is
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A great variety of metal matrix composites have been produced

nd a number of different methods used. The type of applicatio

of the finished material necessarily determines the exact nature

of +he meterial produced: if it is to be wear and abrasion resistant

w

a particulate reinforcement is suitable whereas if high strength i

required a fibrous reinforcement is necessary. For highest

terials a high and even aligned-fibre density ig regquired.

This is difficult to achieve by mechanical mixing processes as these

1

renerally involve elther powder motal lurgicel methods or the use of

. L. . L,5
als which may attack a fibre and weaken it., 77

mein non-electrelytic methods by which metal metrix composites can

A
oe produced were reviewed in the earlier work and have been well

5. 5 jjb,,"ﬁ(:"
diacussed by other workers.

matrix composites are produced by electroforming the

If metal «

oo

d upon the type of material required.
For the production of high strength materials with a high density

of aligned fibres a considerable amount of work has been done on

methods involving filament winding with concurrent electro-
- . 7,0,9-1h ..
forming. Where hiph specific strength and stiffness

sere reguirced carbon fibre was again a very popular reinforcement

7,15,16
N \ . oA . - N , _ { 9 <
although far from ideal as & reinforcement for metals. '° 77

For production of compos <ites having granular reinforcing, suitable
for abrasion and wear reslstance, the method used is a variation on
the following: the finely povrdered reinforcing material is dis-
persed in the electroplating bath, being mzintained thus by some
sorm of solution agitation. Under plating conditions the powder

is codeposited fogether #ith the metal. Much work has been done
on improving this process in recent years and the earlier work was
evelovments include ap pplication

zeroenglnes as well as 1in
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ctrodeposition processes have the great advantage over any

of +the mechanical mixing processes for production of composite
meterials that the process is carried out cold, thus avoiding thermal
damage to the reinforcement, and under conditions which cause no
mechanical damage to the reinforcement. In addition, in the case

of" +he electrodeposited anti-wear coating, it 1s possible to apply

s , , . 17
it in places where any other technique 1s impossible. !

3

Yechanism of formation of particle reinforced composites by

s

electrodepesition.

LRI

Previous work had indicated that the electrocodeposition

process for ceramic/metal composites, "cermets", was influenced by
the charge carried by the ceramic particle in suspension. It was

also shown that, as expected, the charge which a particle carried
wos changed when the concentration of electrolyte with which 1t was
in contact was changed. Tn the case of silicon carbide, on which

ation was carried out, the charge which was initially

decreased as the ionic strength of the solution was increased.

This decrease was apparently independent of the nature of the lons
vresent i.e. 1t was simply an ionic strength effect. These results

also suggested that if the concentra ation of electrolyte in contact

of cersmic was increased further the charge on

the sign reversal, becoming pesitive. A
~ositively charged particle would be more consistent with the
cathodic deposition of particles. Some indication was gained,

during a brief investigation using chromium diboride, that the

$ive charge on a ceramic partic

+ne probability that i+ would te deposited on a cathode under

slectroplating conditions. Some confirmation of this opinion was
roined, at this time, 170H Poster,



The present work has studied the effect on the charge on the

5

ceramic particle of increasing the concentration of electrolyte to
very high values and to changes in temperature. The electrolyte

copper sulphate and sulphuric acid.

fom

Trvestisations have been made using a number of ceramic materials
O O

over a range of temverature.

To find whether or not a relation could be found between the
¢ on a particle and its tendency to deposit under plating
conditions an extensive programme of electrodeposition has been

carried out.



2. THE ELECTROCHEMICAL DOUBLE-LAYER

W . ey . : .- : . .
imen a ceramic particle, or other solid material, is brought
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nto contact with an electrolyte solution a potential difference 1s
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tated solvent dipoles at the

selid surface,
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irvv chanse in this intervphase potential difference which 1is
T S A 1 IR 1 o} - -y -~ ~ 3 - + E
brought about through a in electrolyte or in temperature

necessarily be caused by alteration in the structure of the

double layer which exists between the low or nonconcucting ceramic

S amA ) 3 1 ST N, Lt mm Ay e o
narticle and the bulk of the ceolution. The structure of the double-

~ o ERI - P N Te T = R 3 e S e 4+ ad
1 from the simple capacitor model up to the currently accepted
N . . . 1

] . i T PR R RSN P B P SIS I JRSGR, )
discussed in detail in *he earlier part of this work.

current model shows the orientation of solvent dipoles, the

sresence of adsorbed anions the locus of centres of which constitute
“he inner Helmholtz plane and, on the outer Helmholtz plane, a layer

mergsing into a diffuse "Gouy-Chapman" layer which

bulk of the =molution. When a liquid stream 1s
forced, by hydrostatic pressure, through a porous diaphragn of ceramic
rarticles contained in a tube, or through a capillary tube, a potential
my 1

feorence 1s set up between the ends of the tube. This 18 the

notential which arises because the liquid stream displaces

Pfuse part of the double layer ncar to the

Under steady stzte conditions this movement of charge

~onstitutes an electric current which 1s proportional to the pressure

This current is ipated by back-conduction

tureush the liguid when no current in an external circuit.

<t thus be proporiional to the streaming potential set

uv between the ends of the tube. Streaming potential and current

n related Lo sedimentation, electroosmosis and electrophoresis;



~ 17

all are known as 3 E i i 1
all @ nown as electrokinetic phenomena, Equations relating the
measureable guantities for an electrolyte/solid interface for the

~ e . oy £ s - . . '

above vhenomena in fterms of the electrokinetic (zeta) potentisl have

e derd I Anitd 7 19 3
been derived, initially by Helmholtz 7 and later by Smoluchowski. 20

~

A ) at7 ] + 1 o] 2
A concise rederivation of their equations is given by Kortim. ! The

is shown di n fPig. 2.1.
2] The Helmholbtz-Smoluchowskl ecuations.

The ecuztions relevant to the present work are those for streaming

ace conductance is neglected the

and that for electrophoresis 1s

v = 6%XD where T is the streaming potentisl, Bis

tue electrokinetic potential, P the applied hydrostatic pressure,

Q

D the dielectric coefficient, 4k the viscosity, K the conductivity,
J
YV +the velocity of a particle in an electric field of strength X.

The subscript zero refers to the velues of viscosity and dielectric

cefficient of the continuous phase in zZero electric field. Usually

(@]

in

the calcultion of zeta po 18l the bulk values of D andlvzne

used, however, the mean value of D in the double layer may be less

in bulk and the value of'7 varies, particularly as it 1s a flunction
of’ Y the field in the double layer. For most purposes the simplified

odel of viscosity remaining at its bulk value up to the plane of’

23

shear is sufficiently accurate.

Tn the establishment of the "olassical® Helmholtz-Smoluchowski

equation certain assumptions are made : that capillary or pore

2
i

+ is large compared with =, the thickness of the double layer
- 2o n

tance can De nNeg slected. When the ionic
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Stern

1

ayer
Surface of

shear
(o)

5 —f

distance
solvation
'4 L
layer
Fig. 2.1. Potential decay curves for an electrical

double layer on a surface of potential %%.
lower curve is for strong adsorption in the

Stern layer.

The
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concentration of the electrolyte is very low this condition r 2> =
K

is no longer satisfied. Conductivity also is very low and the

- Fal 0, s A
effects of surface conductance can become noticeable. Under these

- - - . o~ N . . 2l 25
conditions deviations from the classical equation can be observed., o e2

At high electrolyte concentrations, particularly in the presence of
multivalent ions, the double layer will contract and the effect of

surface conductance, which remains almost constant with concen-

06,27,28

becomes negligible. This is also true for con-

tration, g
29

centrations greater than about 10 W for small univalent ions.

0.0 TWffects on D and m of the field within the double layer.
i

Within the double layer the local electric field may be very

) . ]

high since the potential may fall as much as 100 mV in a distance

A

. - o _— - o=
of 2 nm from the surface giving a local field of 5 x 107 Vem .

wn

Calculated results show that the viscosity of water rises sharply
and +the dielectric coefficient falls with increase in the field

hence

falls sharply with %g’, with local field strength at any

~3ic

point in the double layer. This is illustrated in fig. 2.2.

7500
5000 }
D
2500 |
O N
10° 107 10

§g£, esu.cm-"1

dx

Fig. 2.2, Variation of D with field strength, from

data of refs. 3 and 32.
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In the calculation of zeta potential it is assumed that D and 07

are constant, with values of D/) and rrzo right up to a plane of shear

at which Vi suddenly becomes infinitely great i.e.

g v,

Do = P_Q_g = D . The term D f
¢ L

5 ﬁ?o ’?O s '70

LN . i, — - : N L. X
in the Helmholtz-Smoluchowski equations should therefore be replaced

D where \r is the electrostatic potential in the

N : . . . Bly
The equation of electroosmotic flow is thus given -
as
o .
v = X D .
LT “f
e
From this eaquation and the Helmholtz~-Smoluchowski eguation
v =X . Do . 5
Nl
+ ’70
o)
L = / D .
) 7Y
70 0
and
¢ . .
f :rzo D a where as usual the subscript zero
5 7
o ©
refers to values 1in zero electric field. If the presence of the
1eld had no effect on Do and r70 then the ratio 5 calculated by
Yo
. LPO?\ - )
eveluating the integral 6/ D d‘f’ should be egual to 1. In fact
calculations show that = 1ncreases towards 1 with decreasing field
Yo
%5

strenegt r ionic strength 77 assuming no specific interaction between
utl&,,v-ﬁ)tn (0] a2 5 ) t

ions. This suggests that in very dilute solutions and in low fields

use of D_and ,7 is justified in the calculation of’g. For con-
0

0.1% of small univalent counter-ione the
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rati 45- ] ret o . .
atio in many systems is about 0.5, Above this concentration

Yo

S0 ‘pj’ "f‘ ¢ . . . . . - n
specific effects become more important and ultimately reversal ol

charge can occur, 2Ir

(oY
()

o and ﬁb are used in calculations and if

under the conditions used j{ is about 0.5 then the calculated zeta
to

potentiael will be about 0.5 of the value from the interface to the

bulk of the solution, i.e. half of its "true" value.

Polyvalent heavy metal ions such as Th4+ are strongly absorbed
onto a surface o cive Yo such as glass, Thelr presence may
even cause f to be of opposite sign from Yoo which is little changed
even when ﬁ becomes markedly positive. This suggests that the
heavy metal ions are strongly bound to the surface forming a solid

1

Stern layer. It has been shown that absc

=

ption of singly charged

24 7
P . .. ~ N 0,5 \ . "
iong can similarly take place. =L (Surfaces other than glass

heve a negative value of YO' At the interface between water
and an inert solid water molecules will orientate such that there
are always more with thelr oxygen end towards the interface owlng

to dispersion interactions. The solid will thus become slightly

AN
X0

(

negative. ) Because of the strongly bound Stern layer the

electrokinetic movement of liqguid and ions must be possible only

N

onable to suppose that § can be

{2

outside this leyer and it is reac
caleulated from this plane of strongly bound ions rather than from
the plane of negative ions or orientated dipoles which determine

Y, - 32 Tn the current work high concentrations of electrolyte have
o)

i would
Y

O

n used. As indicated above, under such conditions

@
[

become much less than 1 and would be likely to reverse in sign as

the electrolyte concentration was increased.

2.5 The effects of surface conductance.

o

Surface conductance, which is assoclated with an increased

Y

B

concentration of ions at a charged surface, may appreciably reduce

the value of electrokinetic effects. Consider an ionogenic

material, such as glass, placed in an agueous solution of an
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electrolyte. The surface of the glass will contain silicic acid

. . ot + . .
groups from which some cations, e.g. H® or Na , can split off into

o

the water while the silicate group remains part of the solid sheet.
e slass will now have a negative charge which, although it will
cause redistribution of the ions of the electrolyte near the surface,
will not alter its actual conductivity. Only the mobile cations
(forming a diffuse double la ver) added to the system by the ionisation
of ‘the silicate groups will alter the conductivity. This increment
is known as the surface conductivity. It is generally in the order
of 1 x 10 “SU cm and increases only slightly with increase in
electrolyte concept“atlon;“ it is therefore significant only when

very dilute solutions are used. In the present work solutions,
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te solution has a conductivity in the order of
0 ;om . For such solutions the effect of surface con-
ductivity was neglected.

For the conditions used in this work 1t was considered that use
of +the Helmholtz-Smoluchowski equations was justified. The ceramic

material was studied by streaming and these eguations can satis-

{actorily be applied to results from streaming measurements made on
Y 1 - . ~ r4 b 4 . - | 1 s 39
diaphragms prepared from the )7/um powders used.

2. Calculation of zeta potential and surface charge density.

Zeta potentials were calculated from both streaming potential
and streaming current measurements by use of the Helmholtz-
Smoluchowski equation for streaming. Surface charge densities
were calculated using these values of zeta potential and the
calculated double-layer thicknesses in the equation for surface
charge density due to Smecluchowskl. Calculation of zeta potential,
whether from streaming current or streaming potential measurements

Pwl.T

irvolved determination of the mean value of the ratio stresming
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potential (or current) to hydrostatic pressure over the pressure

. - B I . .
range used i.e. the mean value of T Or P where E wasg the streaming

votential, I the streaming current and P the hydrostatic pressure.

To speed the calculation of these ratios and also the calculation

of ‘he zeta potentials from the very large amount of experimental

a computer was used: (ICL 1903, with 16K store). The program,

which is given in appendix 1, was written to include a "leas%®

-
el

sauares ! procedure to determine — oY =
, k 2 or 3

from the experimental data
snd also to include all necessary conversion factors to give the

zeta poiential in milivolts.

2.0, Calculation of zeta potentials using streaming potential

The Helmholtz~Smoluchowski equation wes used in the form

e electrokinetic (Zeta) potential, E the streaming

the hydrostatic pressure applied between the ends of

the diaphragm, n7TMe viscosity of the solution, K the conductivity

of the solution and D its dilelectric coefficient. This equation

4

is the one used in the earlier work.

o0..2. Calculation of zeta potentials using streaming current
asurements.,
The streaming equation was modified to allow calculations to
be made using current measurements. I the resistance of the cell

circuit is R, the resistance of the measuring circuit r and the

cell constant" of the streaming cell is C

A
. | I s
then K = il x0 ana 2 =1 (R + ).
Hence £ =I R +1r)xh v O which rearranges to
P o' R

Ui

+

N
NN
]

wnere T is the observed streaming current.
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Tt was required that zeta potentials calculated from streaming
current data should be expressed in milivolts as usual: the

appropriate conversions used in the change from potential to current

ssurenents are given in appendix 1.

2.00.%, Calculation of swrface charge density.

. Py - - L T 1 - L 3 .
The surface charge density on the ceramic was calculated using
the expression

g = 4D due to Smoluchowski,

where q is the surface charge density in esu cm , D is the dielectric

coefficient, 4 is the double layer thickness in cm anduf is the zeta

potential calculated as in 2.4.7. and 2.4.2., above.

One appreciable adventage obtained by expressing the results

in terms of surface of as zeta poitential is
+ +the dielectric coefficient D is eliminated between the two

=g . 400ad .

(N
I
=~
=
-3

:xi

el B
g~

jesiics:

= g . )4.” ol R

.
"
[
)
.
=
3
=
.

i
-

and i) .07K =qg . d

nence the dielectric constant, appearing in the denominator in both
expressions, can be eliminated. The advantage of this is twofold,

a5 dieleciric constant changes with concentration of

<

with temperature it is necessary to make the (very

measurements of it for each solution and each concencentration

2
(_J
]
[
=
e
ol
=
ot
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and secondly the dielectric coefficient within the double layer is
ot a constant, (see sections 2.1. and 2.2.).

The thickness, d, of the double layer is siven by the
b s &

relationship

— i a

5= (3x 10 x1z] x &)



where C is the molar concentration of a Z : Z electrolyte and @

.. 0
1s in cm.LF




CHAPTER 3, MEASUREMENT OF ZETA POTENTIAL AND SURFACE CHARGE DENSITY.

Determination of zeta potential and surface charge density on

the ceramic particles under investigation was via streaming current
and streaming potential measurements. The measurements were made
using vertical columns of the particulate materials. It was decided
in this phase of the work that much higher electrolyte concentrations
should be used than hitherio and that studies should be made over a
ranze of temperatures. In order that sufficiently large streaming
currents and potentials should be generated, at the higher electro-
ivte concentrations, for accurate measurement 1t was necessary to

vse higher hydrostetic pressures than in previocus wWork. The cell

sed in the earlier work inherently allowed very accurate measure-

merts at low values of hydrostatic pressure. However 1t was
cumberscme to use and hed s tendency to draw in air if pressures
appreciably in excess cof 100 mm Hg were used. For these and other

reasons the cell design was considerably changed.

%.1. Design of the improved streaming apparatus.
o L - 2. i

2 4.1. The general design of the cell is shown in Fig. 3.1.

This cell was very much larger than the original cell. It had
a considerably longer powder column in order that much higher hydro-
stztic pressures could be used without an increase in liquid flow
rate and turbulence. I+ consisted of two vertically mounted
flenged glass tubes, (Quickfit ?G415), 15 mm in internal diameter

0 mm in length. The ceramic powder diaphragm occupied the

48]
I
5
(o}
—
-

upper of these tubes and was, as in previous work, retained by a

filt

@
ja)
o
0]
t
[®)
e
=)
D

r-paper (Whatman 541) supported on a sheet of

C

verforated platinum. The filter-paper and platinum sheets were
clamped between the flanges of the tubes, and the joint was made

L. e s - 9 0y
solution-tight by means of a seallng compound, ("Bostik 1").

Tlectrical measurements were made using platinum electrodes coated

S

with platinum black: these were mounted above and below the



! RIBRER
TR T
l L ‘J .-_)IL\' \;
(o DTS
é SOREY CIIP

P ——Cy /
= s

77N

Wy et
W)

i ]
7y
2R ERY
L B ¥,
J
ELECTRODE >

DIAFHRAGH
\
I0WER
TLECTRODE r . _._\\\ \, _'—_]
¢ P Y v
- I *.@,*—'“J 70
LIEASURING
CLRCUIY
THERIOCOURLE

o INOWNY
ANNY}

%«2 e

OUILEL FOR &\3 70 PYROMETER GAUGE

STHEAWING
SOLUTION

Fig. 3.1. General design of the streaming cell.
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diaphragm of ceramic and as close to it as possible without touching.
The verforated platinum sheet supporting the diaphragnm also acted

~

a5 the lower electrode This electrode system proved to be very

0

setisfactory in service and did not appear to suffer from polarisation

or from other problems.
streaming potential and streaming current.

Stresming potential wes measured using a SH meter (Pye, model

ey ‘\ . - . : 5 . -
£91) as a high-impedance milivoltmeter, for the higher potentials,

and a precision dial potentiometer (Pye 7565 Universal Precision
Potentiometer) for the lower ones. Measured values of potential

were identical whether measured by pH meter or potentiometer: the

o sensitive electronic gelvancmeter,

urements in the region of the polarity
change .

Streamins currents re measured using an electronic microamneter.

&

“lectricel connections were made throughout using earthed
coaxial leads, the guard being earthed to reduce the likelihood of

electrical interference.

%2.,1.3. Application of hydrostatic pressure between the ends of the

diaphragm.

Hydrostatic pressure of up to 220 mm Hg was applied by the

simple but effective method of raising the solution reservoir, a b

(-

litre aspirator, using a rope and pulley and measuring the pressure

o+

directly by means of a survevor's tape. This system was checked

sgainst & manometer for various flow rates and was found to be

£

satisfactory. Meny advantages were gained over the use Ol & pump

€]

and menometer, principally that any desired pressure was readily

obtained and meintained steady and that the solution at no time

my

came into ccntact with mercury in & mancmeter. This latter was

perticularly important as solutions of high concentrations were to
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T « :
This system for applying pressure was well suited to the total-
solution-loss system which was preferred to a recirculatory one as

the possibility of contamination was reduced.

%.4.0.. Temperature controle.

Tn order to control the temperature accurately at a number of

alues it was necessary to satisfy two requirements. These were

o)
3
[
pa
ct

that the strecming solution should be raised to the required
tempercture before entering the cell and secondly that the cell
should be maintained at this temperature so that the solution was
not cooled during the streaming orocess. The former was achieved
by passing the solution, immediately prior to its entering the cell,

through a heat exchanger immersed in a thermostat bath. A suitable

heet exchanger was produced from 2 metres of 3 mm bore thin-wall
zlass tubing coiled into a spiral. The sireaming solution was

nassed from this heat exchonger directly into the top of the cell,

To mzintain the cell at the chosen temperature it was completely
enclosed in an insulated box: this was made of 20 mm thick expanded
polyntyrene sheet and one wall was an unlagged wall of the thermostat
bath. Water from the thermoctat bath was pumped through a copper-
tubing spiral, which acted as & hesting "radiator", coiled around

the cell walls. The temperature of the solution leaving the
diavhragm was measured using a chromel/constantan thermocouple mounted
immediately below the lower electrode.

The general arrang ment of the apparatus ia shown in fig 3.72.

|

¥easurement of the conductivity of the solution present in

RSN
jn.

the diaphragn.

The wvalue for solution conductivity used in calculations was
determined on the solution/diaphregn system directly. The bulk
conductivity of the sclution was also measured in each case. By

nge these two values it was possible t confirm that the neglec

fsce conductance was justified as both bulk and solution/
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(b)

Apparatus used for streaming studies.
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d by the same proportion for a given

solution, Measurement of solution/

ed the calculation of the conductivity

of solution present in the diaphragm. Measurements of conductance
of the system were made using as "conductance cell™ electrcdes the
nl~atinum alectrodes of the streaming cell. Messurements were made
while solution was streaming siowly. To determine the Ycell

of the diaphragm system pofassium chloride solutions,

the diaphragm.
as before for
orch of these solutions and the “eell constant" was calculated using
the relationship
» 14
conductance x cell constant = conductivity
Caol from Gota obtained using 0.1 and 1.0 molar potassium
chloride gave the same value for the cell constant, as expected.
thils exoression the conductivities of all the solutions
e were coleulated and thesc veluen used in calculation of the zeta
notentinl and surface charge density. All conductance measurement
made using a Philips R 9501/00 conductance bridge.

A
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terinls us

ice of electrol

-

electrolytc

. e
ant, GUartTZi powt

'/\_~

invest

short

e/

diboride

copper sulphat

icon carbide, chromium

was made using

chosen because it is

commercial



Solutions of total molar : p
olutions of total molar concentrations as follows were used:

~rnpe 28 the cooner sulphate /~uJ“hulic acid solutions were used with

the surface charge density on the

T N T
SO AnvVe ST

of +he earlier work uslng the

is that the changc in zctn potential (and surface charge

is for the systems studies an ionic s rength effect rather

Falel -
ffect.

{ A2
0
U
AU
@]
L
[=N
(@)
}.J
O
(7

Se2eh of solutions.
A1 cpared from analytical grade reagents
Using rce grade water prepared by deionisation of distilled

three-tank system: anionic, strong cationic and finally

resin The water so prepared was stored in an

> -2la s <

guord tube to exclude carborn

uacd in handling =plutions woo preparcd for usc




2l
. Preparation of ceramic powders for streaming.

In the earlier work silicon carbide of particle size 57/um had

.

used for streaming and this size shown to be very satisfactory.

S 1l
TUSe 1T Tas a Ccommon.

hased as 37 um powder (The
/

T e e
AromiIun

separated from the mixture 1Tor these

of ceramic powder disphragns.

-

red, {rom the %7 jun powder, by
/

Towder dilsrhrasms

e sedimentation throush conductance water in the upper or

e
P

oo

i

tassium hydroxide solutions,
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Conper sulphate/sulphux

ascid electrolyte was used at concen-

e
(@)

A
e Ay . - 0y -} . )
X1 to 5.28 = 10 molar (total) at temperatures

Soonner
wils OO L

Py

Copper sulphate/sulphuric acid electrolyte was used at concen-

-O - r =1 -
8 x 10~ to 5.28 x 10 molar (total) at temperatures

. o 0 .0 . 0 . Lo L L )
of 1C o L0 557 and 70°C as for the silicon carbide dilaphragms.

]

-
B} . . : o =2
Sotassium hydroxide was used at concentrations from 2.28 x 10 7 to

of concentrations and temperziurces &5 for streaming potential

were made using the copper

o
b} . - » o
&L) 2t temperatures ot <2
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streaming potential and streaming current

very similar and showed that at concentrations

concentrated into the

. If this was the sole mechanism for
variation of zeta potential and surface charge density with concen-

14 have an effect on the change of

the contact adsorption of ions on the

ceramic. Tf eations were adsorbed this would directly increase the
wositive charge on the ceramic. That such adsorption can occur has

heen demonstrated by Fuerstenau and lodi: hese workers showed
that Sy £ oo  get tential was a sufficient
that the reversel of sign of zeta porential wus @ sufficient

the Stern~Grahame model. That

srred from the results
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oceur and furthermore
Lu,h?,q.“) ,l;.,

<
o
>}
f._.l
0]
n
=t
ot
i




x is the amount adscrbed,

of clectrolvics on slass and )
yies on glass and on suspended oil droplets.
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d k3 twid
d k 1s a constant, for a "wide

sent work,

2

and glves suppor
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L o and the solution, the Gouy layer disappearlng.
contact adsorption of cations would increase the

side Stern and Gouy regions being populated by negative ions.

1

+ would ve expected that the charge on the particle

increasing - concentration but would

wOU

s available sites for ion adsorption all became

hecome
1aver thickness reached a minimuwn valuc,

.l.\.'/.,‘)’ <

surface of the 501id to the OHF.

Dl The effect of temperature.
“neresse in temperature 1ed to a decrease in the (positive)
value of the zetla potential and of the surface charge density on

stions for all of
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»'s theory of adsorption for both gaseou

$ tems an increase in temperature will lead to a

[
.
()
C

theory may be

used in this work

would cause reducti

{he ceramic, giving o net positive charge, the solution-




in the number of ions Atsead ad
15 contact adsorbed on the ceramic surface.

 caticns were conta 3 19 .
tect adsorbed the following effects would be

expected upon rai

of the system. Below the

smaller number of adsorbed

thickness being vatart Al e 40
> g constant with temperature. Above the concen-

2 reduction in adsorption would lead to

s decrease in the magnitude of net positi ha ni
he mognitude of net positive charge. This postulate
AT contact o5 . : S : - 2
of contact of ions is supported by results obtained from
on silver lodide, It was shown

o bl oy Y IR T TP ., 3 + ) :
rather then chemically, adsorbed on the surface of the silver

charge density with temperature

ions from solution, as is shown in the next section.

sepature on the adsornticn energy of dons

are inert in the sense that the
sre satisfied by bonding with

adsorpticon tends to take place
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he difference between :
fer ween chemical a . . . .
hemical and physical adsorpticn is that

b} oy Lo - 2
electron transfer ‘o Rt
ansier occurs between adsorbent and adsorbate in chemi-

sorpticn but nct in physical adsorption.

My .
There is n ing P s .
1 is no single criterion which allows distinction to be

nade experils ,
made experimentally between the twe types of adsorption in every

evertheless there P ana v R .
e ess there are Tew cases where it is uncertain which

of a ! rring

adsorption is occurring. The best single criterion 1s the
e 1 TJ oyt 3 . -

nect of adscorpuion, As chemical bonds are normally stronger than

+

~htvetnal Por 1 4 LU ) - .
pnysical forces of attraction heats of chemisorption are gener ally

Toroe =nd ¥ a4 o - et es ] N ey B £ 7]

lerge end heats of physical adsorption smell. In fact although

I ) 7 e A 3 P . 2 )

laerge heats always indicate chemisorptlon there mey be uncertainty
L 50

Al ) et £ 4 waal 3 PRI A : .

ahout the nature of a weak adsorptlon. An example of this 1s

the adsorption of hydrogen: chemisorption ge nerally gave values of

approximetely 65 kdmol -, although values of 12 kdmol 2

nave been observed, whereas heets of physical adsorption were always

R i a N : .. .
lens than ebout 8.5 kdmol . Similarly for carbon monoxide the

55

whereas that for physical

| [~y4
. A e =~ ,J(J
adsorption is always less than about 25 kdmol . Anocther

heat of chemisorption is about 8l kJmol

criterion is the temperature at which the adsorption proceeds.
Physical adsorpticn only tends to occur at teumperatures near or

DLy 3=

below the boiling peint of the adsorbate whereas chemisorption

ueually takes place at temperatures well sbhove the boiling point.
As chemisorption imvolves chemical reaction it may reguire appreciable
activiatlon energy. Because of this it may only proceed at

7 Ao LT n-t Ph‘v,qio,.,l “‘d‘“‘OI" J_ior\
ceaconable rate above a Ceriain temperature. ysical adsorption
recuires no activa ion energy snd should occur as faat as adsorbate
Ly 4 [ (=} [ 4 1T L5,
rcaches the suriace. Chemisorption will cease when the adsorbate
oL £ w7 LA

i1y the surface; it is therefore
can nio longer make direct contact with the surface; s t

BTOCESS Trnis is not the case vith physical
p .

adsornbion and under suitable conditl
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results obtalned £ " .
valned f'rom the streaming measurements have shown

positiv hars Lo .
positive charge on the ceramic materisls studied was reduced

increase in temnpe: R
icrease 1n temperature in every case. This suggested that

sorption of ( itive ) s - Cav o
P \positive ) ions was reduced with incresse of

Using ti ral .
Using the values of surface charge density obtained

it was possible to celculate the heat

iy

solutions of different concentration.

be determined using

[}
3

n expression

g is the surface charge
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The heat of adsorption, AH, can be found from a graph of lquoq

. 1 , , AT
against =, the slope of which 1s

il
This was done for both silicon carbide and guartz. Solution

concentrations of 0.01, C.1 and 0.3 molar were chosen and for each

[

a was obtained from the concentration vs.

concentration the value of

- - el . 1 s A OO
aq srapns, figs Lo3 and Lef, TOT each temperature used 1.€. 107,

1

e 0 ~:C __ a2 90° e of ] o own i
257, 40, 25 and /07C. The grapiis Oi Log1oq VS are shown 1n
figs 5.3%.1. end D 5.2 For poth silicon carbide and quartz accept~
B s Je l & e et e

13 be dravm through the calculated points,
he higher concentrations.

% 4 Calculation of AR (auso;pﬁlon) on silicon carplde.

- + - - ol R Q ~

ithin —5,. error the slopes O 10 T
> ¥ ¥ i AF sdeorntilon 13 glvel by
- Hen . went of adsorptlon 13 gLVeEn D)

same at 1 x 10 Hence the neav T

same av 1.1 X J e
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5.%.2, Calculation of AH (adsorption) on quartz

[@N

| 7 - .
Ail LOE L Vs e £ravn PUgSN B
£,06 Vs i grephs gave the same slope of 1.17 x 10

e results for AH (adsoz;t10h> were therefore -21.1 and -22.3
EA'JWO_}—' on oi G e e ; . .
idmol el licon carbide and quartz respectively irrespective of
+he concentration of the electrolyte at concentrations greater than

[33]

he

velus of approximetely -22 wJmol — indicated that the adsorption of
ions by the ceramics from these solutions at concentrations greater
than 0.01 molar was most likely to be physical in nature

During the streaming experiments 1t was observed that if after

an electrolyte of high concentration hed been streamed it was

replaced by water or a dilute solution the streaming potential (or

\/LA

current) immediately reverted to the magnitude and sign which had

heen obtained prior to the use of the concentrated solution, Ir

remical in nature this rapid des sorption of 1ons

This observation therefore supports

N - - ) SN I o 43 =t o -lhat th
+he coprclusicns, drawn crom the heat of adsorption data, that the

adsorption occurring on the ceramic 1s physical rather than chemical.

This model of the processes 0Ccu urr with temperature change

on ihe surface of the ceramic, 1.€e dsorption and desorption Ol

P seta potential and surface charge
DO UL

1 with the observed




NG N . SRR EN
HEE . . : Lot . . AN o P .
T NI TN T : - s M RSl EETEE FERS MY
oG N RS S NSRRI :M;“f b

N9

0

1

N k!

(?
°
7
6
5
N
3
.25
15
05
95

.3 5

6
&
6
>
>
8 5
>
>
5
>

(ot
w OL =+ N o «— (@] ot O [ O In S|
i Lu e @ * e ° ° ° ° a »
b= —f = =t = [@JA M MY N N N
st

perature for silicon

of surface charge density

o
=10
eciprocal tem

e of 1o

~
L

D

o

<

an
1

ith
carbicee.

1. Ch
W

3

5

Fige




v
)

it

cf 10810 0f surface charge dens

)
04
=
o
=
O
o
QL
Z)
[TaN
L]
ol0]
o
€3}
R o 0 - ) " =+ TN o - o
T h_“ < L] L] o 9 * ® L) L] L] [
Oy I~ \O O D O N0 0O \O ‘O O \C
|
| alm Ny oJ S o) o 0 o~ O ", - N
[ c 3 ° . » ® L] ° s ] [ ® s
ol W ¥a N N T 0y w o\ e w
A L™ Y I o' N [T [EaY L, U N\
s O* g (X0 (! O [0 (@e] [ \C [ERN =
o} v e 'y & O e ° ? ® . °
O = =+ = = < M\ My N MY N Yo\

quartz.

perature for

procal tem

th reci

H

Wi




[ ~ar ) ey £ 4 + 1114 3 =] R 3 A5 - 3
Dol Comparison of the results obtained using acidic and alkaline

vy Yy ade oy
S50OLULI0NS,

e g T e oA E 3 . S
lne Iesu. S C Were very gSimi
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H
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TZRANNCIONS)

nges in charge on a particle are deterumined largely by total

f'ects due to the presence of

ne greatest difference betwesn the results obiained on silicon

solution reauired for charsge reversal and that of

5 4o v -1 B B
in terms of the silicic

PO S . e T K
not wicxvected, It is

cid srouns in 1 clmae anfan M an sraea 1 ionise further
SCLU grouds in tne glass suriacc,. LNese groups wilil 10Nn1se Jrtner

at the charge on the glass will

+ would be 1n neutral and much more 50

25

cauivelent concentration, A lerger
nuaber of cations must therefore be contact adsorbed on the glass

s equalled in alkaline solution

than would be necessery in acidic solution; the concentration of

ired in order to give the condition of zero charge will

thus be greater than the concentration of acid required. The

<4
Sane Wil cO

apply to guartz as to glass surfaces and similarly

ey . . - - A . L et . 1 . P B 3 oI
silicon carbide if surface rcaction with the alxali is assumed.
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. ELECTRODEPOSITION MECHANISY AT CATHODE SURFACE

is

The first step in the electrodeposition process is that in which

an ion crosses the electrified interface, i.e. the charge-transfer
reaction,

)

4 metal electrode is a

b

5 § - i PPN S - ~r - o . oA 1 + 3 - B
ions held together by an electron gas; each ion in the lattice has

associated electrons and can be regarded as a neubral atom, which

Oenas 3 . a4 =2 aral T N O R ) 4 T B £ Ty
Uonsider a nydrated unlva.Leny meval 10 at tine outer Helmholtz plane.

Ty 5 A 1 4 me N Eal a at+3 3 4 oSy ~ -
Bofore this ion can become part of a metal lattice it must gain an

o

electron and shed its hydration sheath. Deposition of an ion thus

inally incorporation

inte the lattice.

two alternative subseguent

when the neutralised ilon

this electron to the free-

5

clectron gas, becoming part of the metallic lattice and uncharged.

However in this process the ion would have to shed all of its

nydration sheath immedistcly and in one stage; calculations which

assume the direct formation of rpe-frec surface atoms give values

of the activation so much higher than experimental [igures
: . .. . 5& .
that such Tormatlon is improbable. Trhe second alternative

that when electrons have reached the ion the

narticles wnich are formed on the electrode surface are not of zero

3 Fily = T S o e . Yy afl martls 5
charge or completely denydrated but sre partially charged partially
hydrated adsorbed ions, "adionz'.

4 : 2 ae Aenvdrat e
S Stepwise denydration oi an 10n.

The surface of zn electrode contzins a variety of different

: . T NE S A o < o 3 - - -~ 1
types of site, all of wnich are presented to an ion crossing the
PR . T+ w3l T AT e devred rystal
interiace; 1t wiil pe consiuered crystadl
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water molecules in the remaining space around it.  When on a plane

ne adion is associated with the largest possible number of water

his number will decrease progressively as the adion

moves from plane to step, kink, edge and finally hole. The adion
lecses a water molecule and a metal atom neighbour with each
move until, in one of fthese steps, it is finally incorporeted in the
lattice. The deposition can thus be seen as a two-step reaction

5 = o s Y A femren EY B < 3 a < 3
consiszting of & charge transier step followed by a rate determining
o N L4 40
S 0 51 .62
[T RPN ST PR 2 G0t 300 —~
surface diffision step. ? ’ It has recently been suggested,

however, that in the electrodeposition of silver the contribution

- - v 3 Tar s N 3 : CR ;
of surface diffusion is only about one third of that of direct
iy <o L £ e S - G e =
transfer of ions from solution to step sites on a close packed
j T ed
7
14 Lo
nlane.
o T 3 - - . B AT 5 4
5.2, NWucleation o of electrodeposits,

v

The surfaces of perfect crystals may be classified as either

¥

/! » - - . - -
close-racked (low index) surfaoces or vicinal (hlgh index) surfaces.

stepped on an atomic scale whereas a

low index plane is generally considered as smooth. These steps on

nts of close-packed planes and will

3
)
@
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l._. .
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alwacys nave a

Tn a metal the atoms are arranged in @ threc dimensiocnal close

stic arrangements of atoms can be

paciked structure. The
seon as planes in the crystal znd if they are exposed in the surface

crystal faces. The atomic arrangement varies with the

lustrated in fis. 6.2.7.: the planes shown (a), (b) and

as 1l



11 the microfeatures necessary for

w111 occur on all of the faces.

of electrogrowth is different on different faces, for

cuer deposition onto single crystals the rate of deposition

coOpLer

N\ / " . -
r (111 )« (1C0) < 110Y, similarly at low current
/s Y

B . ; . . . /
density (~1 Adm ) the deposiiion overpotential increases (110) <

(100)<:(11ﬂ), There are a number of explanationsz for the different

rates of electrogrowth on different crystal f{aces. The energies

of two-dimensional nucleation on Cifferent faces has been suggested

but this is not applicable to low current densities as nucleation
€6

is unlikely to be involved. The most probable explanation is

concerned with adion bonding cnergy on the various crystal planes.

Tlhe number of underlying metel atoms which are in contact with an

(4CO> and (4110) planes would have 7, & and 5 nearest lattice atom
neignbours respectively to which it will be bonded. The situation
i similar to that in surface edion diffusion from one lattice site

lar crystal plane: an adion on the (111),
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a vicinal surface as adions

ions will first diffuse to a step and then along the step to a kink
site., This diffusion occurs readily, Assuming that the adion
can be incorporzted at a kink in the step the step will advance by
adiition of atoms at these sites until it disappears at the edge of
the electrode, fig ©.2.72.
r—— T ¥

' i

____“1 L-___ﬂl b e e e o
Fv 7N
o) (¢,
Ee2e7, the ol a step during electrogrowin,

e

ine

T P
gxiguence

steps the azdion concentration on

4

n of the surfoce covered by adions will increase and, a

SUXT

or electrogrowth, Without

a planc will build up, the propor-

[}

electron~

f'ace, it will be more difficult for

the charge-trunsler Lo oceur and ultimately deposition will
3toD. This does not hoppen for Lwo reasons. The first is that
crystals are rarely perfect, the maejority of crystals grown from a
melt will grow with defects ond imperfections in their atonic

The seccnd is that at feirly high overpotentials,
where concentration overpotenticl is compareble with activetion

overpotential, activeticon contire!
sucisation can occur. This proc
deposition rates higner ihea

of imperfections in the crystals
rroperty of sclf-gerpe

and two-dimensional

con reguires current densities and
n are normally used. The presence
is therefore important, the defects
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Such a defect is a "screw dislocation". A model of this would
appear as if a perfect crystal had been cut partially through and

Lil

the part on one side of the cut pushed up or down by one atomic

¢lative to the other side as shown in fig 6.2.3.

distance v
i £.7,.7. Fodel of a screw cislocation, showing a kink site in
the growth edgce
‘e mismatel of rhas made a step emerge on the

will odd Lo the step from ils origin to the edge.

1
L bl WY Lir's -1

be unchanged hut

the chern will advance to an

- 3 i =
GWIVer wowrn of to the surface the step will
= + L -
e : oali thazt is that ats
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9 ™ A ars+3 AN Lo .
C.2. . ihe preparation of metal matrix composites by electro-deposition.

he effect of the nature of the electrolyte on the electro-

notches i.e. levelling or smoothing power
production of composites by electroforming

B -

not a continuous deposit can be obtained.

power of the electrolyte

which is ultimately related to the thickress of the cathode diffusion
T ms-at i Mt e 3 e hpaoia e 3
larer, Trhis is beceausc on the cathode surface there are

irregularities of the same order of size as the diffusion layer

thickness. The diffusion layer will therefore vary in thickness

ct-

with the result that

he rate of mass transport of the depositing
ions will be less in the recessed regions and greater on the protrusilons.
Thus the deposit will not revrcduce the contours of the cathode
v The thickness of the diffusion layer is
determined largely by the mobility of the depositing ions, the
current dencity and the agitation of the solution. If all other
factors were equel the simple salt solution would thus be expected
to be better than the complex solution and the latter should be
improved by reducing the current density.

Tf ideal micro-throwing power is assumed, i.e. equal thicknesses

of deposition on all surfaces, then levelling can only be of a

reometric nature. The type of growth expected for deposition over

it

- . . . Y [ - . [
conducting fibres 1s shown 1n fig 6.3,
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impingement

‘(///~— boundary
conducting \\\\

fibre or _ U
particle 11/

ig 6.3.1. The geometric nature of levelling obtained from a

solution of high micro throwing power.

o
o

m

The point of schematic cross-over of the growth front results in an
impingement boundary representing the point of intersection of each
"incremental layer". This behaviour obviously results in a continuous
structure. The strength and nature of this boundary and the

mechanism of its growth has been closely examined by a number of
workers. 7619 In the most recent work 79 plating was onto a

surface having 900 notches and showed that the deposits grew out

from the two faces, meeting in an impingement boundary plane which

was clearly visible in an ectched specimen. The strength of this

boundary was not significantly different from that of the integral

<

~

N s
AePposit.

1

b

the case where micro throwing power is low and levelling is
less than ideal the recessed regions will have less metal deposited

on *them than on the remainder of the surface. The result will be

s crack of small angle emensting from the point of intersection and

ot
]
5

esulting structure will be discontinuous as shown in fig €.3.2.



conducting crack
fibre or
particle

oo o o ) . .
e formation of a crack in an electroform produced in

trolyte of low micro throwing power.

M.B. The micro throwing power of a complex electrolyte, such as
cyanide, can be improved by the use of periodic reversal of current.

—
L

‘he principle of this technigue is that during the ancdic part o

bty

the cycle the rate of dissolution is greatest in the peaks of the
cathode profile where the diffusion layer is thinnest. On this
basis the mode of deposition should revert from that of fig 6.3.2.

. o . . ; . 1
to that of fig 6.3.1. That this does happen has been demonstrated.

£.%.2. The effect of the nature of the ceramic on the

electroforming process.

Ceramic materials, as they affect this process, fall into two

classes: those that are electrical conductors and those that are

not. Then a ceramic material in fibre form is held in contact with

5 cathode surface while plating is carried out the process of keying

ihe fibre into place will be quite different in the two cases. If

micre throwing power is assumed then for a conducting fibre

. n =

tre situation will be as described in 6.3.1. and metal will be

A

bre as well as on the substrate. Fibre and

2

8]

deposited on the i
cubstrate will thus be joined together by electrodeposited metal

+he result is a permanent mechanical

fibre after a short period of time, theoretically that

keying of tne a rT o
for monolaver formation. In contrast for a nen-conducting fibre

75
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o
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l._} .
ct
)
o]

ontact
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B q o .
cathode surface the keying process 1s quite
differen T tal wa 1
1ifferent. The metal will be able 1o grow only from the cathode

ol

surfe 3 “ ) . , . .
surface and must grow to a thickness of more than the fibre radius

efore 1 e : ) ) . . .
before the Tibre is permanently keyed into the matrix, assuming

Fa)

fibres of circular cross section,

This is shown diasgramatically

advancing

‘(//-—“' growth face

non-conducting Y—f
fibre or
s
particle particle
///r* radius
Fig £.3.5. Keying of a non-conducting fibre into a metal matrix.

The time taken to achieve keying in thls way can be considerable,

for a fibre or particle of diameter A/um it would require two

-2 1

minutes at 4 Adm

Work done using the technique of simultaneous electroforming
and filament winding has given much useful information regarding
the separation required to ensure void-free deposits. When the

fibre is conducting voids are formed if the fibres are closer to-

This is a minimum distance assuming

1%,1L,80

gether than one diameter.

throwing power and an equal growth rate on all surfaces;

-
Qu
(0]
&)
[

shown in fig €.3.k.

H
ot
=
o
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the fibre is

be formed,

The effect of in

ct
®
3
i
P
e
@)
el
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iistance on void formation.
Tlectroformed composite with conducting fibres: ideal

throwing power assumed.

non-corducting the metal will grow between the

. - 7 <.
they are separated by a minimum of L% of a fibre
when fibres are closer together than this large voids can
11

as shown in fig 6.3.5.

Copper
— deposit

. Fibre

L Substrate

5 from an acid sulphate electrolyte over

glass fibres, %X250. After G. A. Cooper

. . - . P
"Tlectroformed composite materials" J.Mat,801.(19o7>,

~



Void-free composit .
' mposites have been produced using both conducting

. . 14
B -~ A X N I
non—-conducting fibres, The results suggest that a higher

density should be possible using non-conducting fibres,

The results, obtained using fibres which are effectively

- . . . . .
spheres 1.e. as having a circular cross-section. The growth
mechanisms observed in the keying of fibres should be similar
those by which particles are keyed, the only difference being

~ varticle is not mechanically held against the cathode while

N

by metal takes place but relies upon electrostatic, van der Va

70

and

fibre

r in cross-section, are very significant in the present work.

s . . . 4
work involves the use of particles, which can be considered as

keying

als

and similar forces to hold it. The work with fibres has indicated

keying occurs is likely to be appreciable for non-conducting particles.

o,

hat o dwell-time of particle on a smocth cathode surface before

o s 18 . C s o g
Work by Foster using periocdic reversal of current has confirmed

that a2 very short time only 1s required for keying conducting

particles, As the dwell-time is longer for a non-conducing

particle there is a much greater chance that the scouring and

impacting action of the suspension will cause it to become dislodged

before being keyed into the matrix.,



7 REPARAT ? s -
/. FPREPARATION OF COPPER MATRIX CERMETS BY ELECTRODEPOSITION.

extensi mme of R,
‘tensive programme of electrodeposition was undertaken with

Hiect Aa s . R )

bject of determining whether or not the magnitude of the zeta
potential and surf: har ned + o . .

ot and surface charge density of a ceramic particle, suspended

in = vlating bati d anv a1 - 1
in a vlating bath, had any direct bearing on the probability of

Inelusd 7 ) i 1 + 4

inclusion of the particle under plating conditions. If the magnitude
Pal : Ao roe 4o el . s R - - g . L

of the charge is of significance in deposition this could be demon-

N N 41 e 1113 w At SR .
strated: the requirements would be a given formulation of plating
? plating

2nd a number of particulate materials each of which has a
dicfepent charse in the o4 : nad :
different charge in that bath.,  Suspensions of these ceramics should

=

he produced in plating baths such that each bath contained the same
number of particles of the same size, irrespective of the density

of +he ceramic, per unit volume of solution. The results of plating
£rom these solutions under controlled conditions of temperature,
current density and agitation should show whether or not the
inclusion density of ceramic obtained in the deposit depended upon
the charge carried by the ceramic particles. That the number of’
narticles of each ceramic material per unit volume, the "bath loading",

MCL

should be constant is very important, (see section 7.4.).

7.1. Plating equipment and electrolyte.

The electrolyte was the comnon acidic copper sulphate solution

as used previously: it was of composition

&3

Cu 80, . 5H.0 250g
Iy Z
. 0
H, S0 50g
Vel 4

+o one litre
glass tank of dimensions
solution was by a centrally

tirrer which also served to

¢ mm occupled one

N
hal
"
-
N
NG
]




Fal £ : 3
of the tank, Plating was

carried out onto brass strip specimens

of dimensions 50 x ¢ me: 1 i
d s 50 x 25 x 2 mm: +the specimen to be plated was suspended

30 mm from the end of the tank opposite to and with its face parallel
to that of the anode,

The D.C. supply used for plating was an un-

v 43 Ay - . . .
smoothed full wave rectified mains supply controlled, as before, by

=

means of a rehostat.

)

4 s - - 1 o k3 3 . - =
It is known that particle inclusion density varies with the

ceramic and this indicates that the number of

PR ) .o . . . e L. .
ts between particle and cathode is significant in determing
< - -l

¢}

P I o N S . .
the final inclusion density. Use of a bath loading of powder which

gives a constent number of particles irrespective of their density

and a constant rate of agitation st

ould give a constant number of

=

impacts per second between particles and cathode.
There is considerable disagreement in the literature regarding

the effect of cathode current density on particle inclusion density

o . . 1 s _— .
obtained from a given plating bath. Tt is claimed variously

86,87

that the current density is not significant, not significant

2

, e -2 853 - R

A4+ current densities above 10 Adm that lower current densitles
. . . . . s 8., 88 )

give higher inclusion densitles and that for some materials

n increase in current density gives a higher inclusion density and

The present electroplating studiles were carried out using
apparatus similar to that used in the earlier part of this work.
So that the distribution of ceramic particles in the deposit could
be seen relative to physical features in the metal structure a

‘dersble thickness of metal was deposited, usually approximately

7.2. Ceramic materials.

. e as L
The ceramic materials used were silicoen carbide, gquartz and

iboride, the same materials as were used in the streaming

(@}
)
K
[®]
3
i_J 0
g
2




For electrodeposition it was required

that each ceramic

material should be of i b . :
1 Tne same particle size and that in every case

the number of particles in suspension should be the same per unit
volume. The particle size chosen was 4.5 /um, which was the size
used 1n earlier plating work, This was separated from the commer-
cially available material (-300 mesh to dust in the cases of gquartz

nd chromium diboride) by water elutriation using the elutriator

used in 3.2, and described in appendix VI.  The size distribution

N Y el=n -

in the powder collected was determined using a metallurgical micro-
scope with a suitable eyepiece graticule in conjunction with a
stage micrometer,

f o

The three materials were of widely dif fering densities, qua 21tz
~ S . - _ . > N B . . .

2,65, silicon carbide 3.2, chromium diboride 5.1. To ensure that
the same number of particles per unit volume of electrolyte were

in each case a loading of 100 gl of silicon carbide was taken

=
)
®
ey

as o standard and the weights of all other materials were calculated

The ceramic powder was dispersed in the electrolyte by simple

vddition of the powder to the electrolyte with vigorous stirring

>

<

by paddle stirrer. Refore use the bath was stirred for approximately

siv hours to ensure complete dispersion.  When this system was

1)
i

sarticles could be detected in codeposits

+

used no &

produced from the bath and the method was considered completely

satisfactory.

7.%. Londitions used for electroplating.
7.%.1. Cathode current density.

-2 C
Current densities of 4 and 2 Adm = were used. The majority

4

of the work was carried out at b adm ¢ but in order to investigate

. ihe inclusion density an additional

-2
srbide was carrie ad out at 2 Adm .

the effect of current density on

investigation using silicon ca




Temperature.

™ “ *ad 0

Electroplating was carried out at 25 and.55OCe Control of
) i o P v ~ Al b . . » . .
the temperature was achieved by immersion of the plating bath in

+i

)
.
o

ermostat bath at the reguired temperature, which could be

0 o
17C between 20~ and 4100 °C,

ion was used to maintain all of th

@]

ceramic in suspension; dinevitably a sreater degree of agitation

o (&) greec g

was reguired for the ceramics of greater density. Speeds of

ion required for the materials used were 280, 360 and 700 REM
for ouartz, silicon carbide and chr mium diboride respectively.
This ratio between the rotation speeds is what would be expected

for suspensions of thes materiels in water: the ratio of the

D

densities in water is

(2.65-1) = (3.21) ¢ (5.1-1)

1.0 4 : 1.553 : 2.8 and the ratio
o0f speeds of rotation of the stirrer
2830 : 360 : 700

i, € 4 : 1.29 : 2.5 This was
i.e,

id a i 1 g article density and
conaidered to be very good agreement between parti sity

degree of agitation.

o

To determine the effects, if any, of a change in the stirring

i was carried out
ghe sion process an investigation was carrie

i

onn the inclu

=

¢}

1 also chromium diboride. This investigat

o
)
2
2,

using silicon carbide

involved preparation of specimens at a

. ror‘ P
carried cut at 25 L anc
) . e ‘
rrent density of L Adm ¢ with a number of stirring rates. The
cux nsl f Xelal

, . C
f i rri - were based on the rate required to Jjust
rates of stirring chosen were based

sintzin all of the ceramic 1in suspension and were 0.75, 1.5
Aiala - 4 —
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7.3.4. Preparation of specimens for plating.

Deposition was carried out using brass strip cathodes, These

=
®
H
@
§e)

repared from 25 mm strip by filing off corners, mechanical
abrasion with 320 grade corborundum paper, vapour degreasing then
30 seconds immersion in 1:1 nitric acid followed by washing in
distilled water, The prepared specimens were transferred wet to
the plating bath, electrical connection being made immediately after
immersion.

Early in the course of the work it was realised that there is
some variation, in the results obtained for inclusion density,
between specimens prepared under nominally identical conditions.

Because of this 1t was ¢

@]

nsidered necessary to produce a large number

ot specimens under each set of conditions; a minimum of eight were

w

prepared.
M,B. Some of the variations in inclusion density with current
density reported in the literature could possibly be accounted for

by variations between specimens plated under nominally identical

conditions.
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CHAPTER 8.  RESULTS OF ELECTRODEPOSITION EXPERIMENTS,

At the conclusion of the electroplating period a typical
specimen containing ceramic inclusions had a greater surface

roughness and a larger edge build-up than a specimen plated under

the same conditions but in the absence of ceramic., This was true

ithe ceramic meterials use

All specimens were sectioned both parallel to and transverse

to their surface, polished to a 1 yun diamond finish and examined
microscopically. The distribution of ceramic particles throughout
the deposit could be clearly seen. FPollowing this examination

;ere etched in ferric chloride reagent so that such
physical features as grains and nodules in the deposit could be
distinguished and the distribution of ceramic relative to them
could be determined.

A manber of specimens were plated with copper in the absence
-~

ceramic particles. The structure of the electrodeposit produced

is shown, after etching in ferric chloride reagent, in figs. 8.1-4.

21

g.1. Silicon carbide.

; 0 . . -2
prepared at 25°C with current density L Adm .

o0
o
N
s
N
.
w2
kel
)
@]
[N
=l
D
a1
o0

The surface was slightly rough and nodular with some build-up

at the edges. Examination varzllel to surface showed that there
was a high inclusion density. Initially, and up to a deposit

thickness of the order of 500 ,um the particle distribution was
/
fairly even across the specimen. As the thickness increased and

coarse and columnar a concentration

=
]
N
D

+he metal structure becanme
ticles could be seen in the boundaries between the

(apwroxiﬁatelv hexagOhal} columnar growths. These effects can be

(J)
oy
@]

Twamination transverse to suriace showed a high inclu

»
»
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ARV vt oW 3 = + N
content within and between the columnar growths as can be seen in

£5 Q 3 3 sl .
Tig. ©.C. The effect on the structure of the metal of the silicon

SN 4 . 4 . .
cerbide inclusions can be seen in fig. 8.9.: the inclusions are

- - =0 N -2
8.1.2. 25 C and current density of 2 Adm ‘.
Tn arm Pt ot a s . ..
The superficial appearance of the specimens was similar to

[T mrerared ot 4+h e . . .
those prepared at the higher current density; microexamination

showed no observable difference in inclusion density or distribution.

The superficial avpearance of the specimens was similar {fo those

produced at 25°C and 4 Adm ~.  The distribution of ceramic material

the inclusion density was noticeably less. This
can be seen in figs. 8.10-11. No detailed study wes carried out
into the change of inclusion density with temperature for silicon
carbide or for the other ceramics used.
o , R . s -0 . 4 =2
oty The effect of variation in stirring rate: 25°C and 4 Adm .

The stirring rate used for preparing cermet specimens was Jjust

cufficient to meintain the particular ceramic in suspension; this

~

was 360 r.p.m. for silicon carbide. When the stirring rate was
inereased from this no change in inclusion density was detected for
o rate increase of 50%. “nen the stirring rate was doubled the
inclusion density fell to about one tenth of its previous value,
that the increased scouring action of the suspension

was dislodging particles from the surface of the cathode before they

could become keyed by metal.  When the stirring rate was reduced to

’ S - ath g e wae NnOT
75% the inclusion density again fell sharply. This was not
surprising as a large proportion of the ceramic could be seen to

prilslis < :
csttle out of suspension, reducing the effective bath loading
oT vl > UL ~ Ao PTiio L2 =

The effect of this was evidently greater than the

effect resulting from reduced agitation.
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5.2, Chromium diboride.

~ S ¥ oy ~ 0 S
Specimens were prepared at 25 C with current densities of

ial appearance of the specimens was similar to those
containing silicon carbide: the surface was more rough and there was
a rather greater edge build-up. The structure in the edge build-up
istinctly dendritic.  Micro-examination showed a high inclusion
density and a distribution similar to that obtained for silicon
carbide, as can be seen in figs., 8.12 and 8,13, Etching again
showed that ceramic particles were both within and between grains,

as shown in fig. 8.1h. Jhen the stirring rate was considerably

increased the inclusion density of chromium diboride was reduced

noticeably: unforiunately it was not possible to double the stirring

rate without causing unacceptable sclution losses through splashing.
As for the case of silicon carbide a reduction in stirring rate
caused scttling oudl of the ceramic and a considerable fall in
Calyiad S aned tu
inclusion density.
E.5, cuartz.
3 5° 1t 5 densities of ) ﬂdez
Specimens were prepared at 2f T with current densities of /. Adm

3 N I h - < ~S ] e e .
In apsesrance the specimens were superficially similar to those
© usineg siliesn carbide or chromium diboride. When removed
nrepared using silicon carplde

thev were coated in quartz powder, which had

1 A = : i i O - ,‘:1 o L. -
& thick layer on the side facing the anode and stirrer

R

niclk nesr to the centre

(SR

- Jpn | 3
This laver ot quartz powder was so dense and

h coimens that it had prevented electrodeposition

N o oo r larze nodules: thig is shown

of metal excert for a number oI fairly large nodules; 1hls 18 8
meLa.l xnCe L

in fig. 8.15.




hta

were. sectioned for examination +the whole
ound to be extremely porous to an extent which made it

argely fall to pieces during hacksawi ) * et 1
SEEGE A e pleces during hacksawing. Microexamination after

ct

showed that

here was virtually no quartz powder included

in eny part of the deposit. The structure of the deposit, after

etching, is shown in figs, 8.16 and 8.17; it can be seen to be

gimilar to that of those specimens plated in the absence of ceramic

shown in figs. Z.1-4

Gl Silicon carbide and guartz mixture.
W e -1 o B S
The bhath used contained 1004 1 of silicon carbide and tne

The intention was to

charge carried by the two materials
caused a difference in inclusion density. In the event, as stated

. . . e el i ahdAdned
copmer from the plating bath used, hence the results obtained




Fig. 8.1. Electrodeposited copper, transverse section
etched in ferric chloride reagent.

x 24, enlarged x 3.

Fig. 8.2. TBlectrodeposited copper, transverse sectlon
etched in ferric chloride reagent.

e
x 150, enlarged X 3.
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Filge C.3. Electrodeposited copper, parallel to surface,

<

etched in ferric chloride reagent.

x 24, enlarged x 3.

Fig. Bl Electrodeposited copper, parallel to surface,
etched in ferric chloride reagent.

x 150, enlarged x 3.




8.5. Silicon carbide, 25%, L A am 2, parallel to
surface at thickness of BOO/um.

x 2i, enlarged x 3.

-2
Fig., 8.6. Silicon carbide, 25%, 4 A am °, parallel to
surface at thickness of 1000/um,

x 25, enlarged X 3.



Pilg. Go7.

Silicon carbide, 25°, 4 Adm . Parallel to
surface at thickness of 100q/um, etched in ferric
chloride reagent.

x 150, enlarged x J.
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me . O« ] . ~e0 -2
Fig. 8.8. Silicon carbide, 25C, L Adm —, transverse section.

x 24, enlarged x 3.

b o -2 .
Silicon carbide, 25 C, 4 Adm —, transverse section

S|
-
oQ

®
[02]
L
O
o

etched in ferric chloride reagent.

x 150, enlarged x J.




Silicon carbide,

. Transverse
section.

x 24, enlarged x 3.

Fig. 8.1,

Silicon carbide, 55 O,

—c

)y Adm . Transverse
section etched in ferric chloride reagent.
x 150, enlarged x 3.



b

1.0 [0 ~ . . . ] —
g, .12 Chromium diboride, 25 C, 4 Adm 2, Transverse
section.

x 2k, enlarged x 3.

25%, 1 Adw ©. Parallel

Fig 8.13. Chromium diboride,
to surface at thickness of 1009/um.

x 2L, enlarged X 3.



8e1b. Chromium diboride, 2500, 4 Adm"2. Transverse

section etched in ferric chloride reagent.

x 150, enlarged x 3.
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Luartz: appearance of the specimen as

Fig., 6.15.

removed from the plating bath.

x 2 actual size.
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. . . 0. L =2 . .
Mg, S.16. wuartz, 250, 4 Adm . Transverse section
etched in ferric chloride reagent.
x 24, enlarged x 3.
P S Luartz 25% . L Adm €. Trans se scection
Fig. S.17. quartz, 25°C, 4 Adm . Transverse s
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CHAPT®R 9.  DISCUSSION OF THE MECHANTISM OF PARTICLE ENTRAPMENT

AND THE RESULTS CF ELECTRUDEPOSLTION,

Specimens prepared from solutions containing suspensions of
boride were found to have high

particles., The inclusicn density

but it was reduced when the temperature

. PN o ~Cn R . .
increased from 25 +to 5570, The distribution of ceramilc

. nerticles in the metal deposit was apparently completely random

g

! Particles were within grains and between both grains and nodules;

i

. they were not confined either to grain boundaries or to any particular

. :

§ physical features. results have been reported for the

| a0

' and also silicon carbide particles

; I

i o . N y - - . .

: deposited from & The presence of inclusions did
not, in the present worlk, appear to have caused changes in the micro-

‘ structure of the clectrodeposited copper except that, with the

evcention of the snccimers plated from the bath conteining suspended

. misriz verticles, there in a much reduced proportion of stacking

\ Tavlts. These ef'fccts con be clearly seen in figs. 8.2 and 8.9.

Srecimera vrepored fron solutions containing suspensions of quartz

inclusions. However it was evident

L, nowder hoad becn transported to and, moreover, had beconme

£2ymly attoched to the surface 25 it could be clearly seen adhering

cctrogrowth from occuring evenly.

ST, The mecheniom of entrapment,
Yher o marticle is sus.ended in @ stirred electrolyte solution

is charped it will undergo
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electrophoretic transport owing to the electrical field present
under electroplating conditions. It has been established that in
the bulk of the electrolyte electrophoretic transport is negligible
but that once a particle has

de the very high field within

o
O
=
ot
=
(@]
f-q
l—.)
}_J »
o
o
IFJ .
e
o
‘r._l
=t
®
o
-y
o
5
L2
%

1

plane surface. The
assumes that the charge

ificance in the vrocess and

le mechanical process.

lrodynamic

cnce in contact with the cathode

until mechinienlly keyed by metal. The second,

knovrn herealter as "elechrochenical™ differs in thai part of the

LTOCEe R W occurs whern the particle arrives in the viecinitly of

the cathode surface. If +the charge carried by the particle is
significant then the effecet of the field on a positively charged
c will be sitraction towsrds the cathode. In a field of

. T iy e A N e e LA re -1, Voo u PN
-iyoer, strengcTth an wncereane L Lne magnitude of the charge on &

~te at which particles are transported

1 also the tencceity with
wiich they are held onito the surface. Similarly for a gilven particle

- 4 oA o . o s - " .
th the tranasport rate

and onto the cathode surface.
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9.2. The effect of increased cathode current density on particle

4in increase in the cathode current density will increase the
reie at which metal is deposited. For a particle of a given size
E g

into the matrix will therefore be

per particle or. the cathode surface. If it is assumed that
overy impsct led to an inclusion then this increase in metal deposited

of poarticle inclusion densi

. - . / - 3
increased. If alternstively {(and this

19

much more li L5 ificant rtion of particles which

1 Y- P e . . I~
th: ore keying the
situation is be a frectional

the wmass of metnl deposited in a given time

1

be Lue increascd rcolative current density

e

a be ihe norcentogse of particles striking the cathode

11y keyed, for current density X

Slig

of particles striking the cathode which

are finsly Veyed, for current density y
crual to the fractional

Then

™
in inclusion density = =
:>7

. . . . . . 9.1

uned the electricel field strength

Thisg increased field strength

S0y
e 1L

v

lectrochemical", give rise

.rticles in the region of the

111 result in more impacts
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cathode. If every particle/cathode dmpact led to

Flaen va-t Al
1.‘\. DAITTILC L

an increased

L. N I 3y . n
in thce number of

O

SR INY)

el B
! n Y & = - @
IS
P
’ a
1° SRy in fierent rom that of
derotts o factor m nuct be dintroduced hence
1 A
i ; 7
i . 7

- to goin

can be anplied gencrally and

of 4he offnct of increased cathode current density on

M

ivern

WA

\)
.
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an | keved intoc vple < 3P 4 3 i i

can be keyed into place; if the current density is- doubled then: the

 audne el . o 2

or keying will be halved. If, further, halving of the time
[k

required for keying a particle results in removal of only 25% of the

the cathode then, using eguation 9.3 (which

he form of eqguation 901)

o 4 (100 - 25)
e = 1, (100 - 2

2 7 (100 - 50)
f = 0.75 or 75

The result of doubling the current density would thus be to decrease
the inclusion density to 750 of its previous value.
doubling of the current density

resulting in the inclusion of all particles which strike the cathode

£ = 1,0 indicating that the inclusion density
would be unchanged. In *the similarly unlikely event of doubling
& J =3

o€ the current density resulting in inclusicn of exactly the same

sroportion as before of the particles which strike the cathode the

change in inclusion vould be given by

£ = 0.5 dindicating that the inclusion density

are maintained constant, resul

1t is most likely to lead to a reduced

e A R
inclusion denglty oput if

o
3
o
by
)
rx
e}
.
[oF

G.72.2. The effect for the "electroche ical mechanisn.

Lr increase in the cothode current density will give an
incresse in the rate of rmetal deposition and, as before, tnils will
reduce the time required to ey a particle. Vhen higher current
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densities are used the field strer ngth in the electrolyte is also

s aasd T A A 5 ; 1
increased and may lead to a greater rate of transport of particles
in the region of the double layer on the cathode. However, the

increase in the amount of metal deposited per unit time will, as

L
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as before it is assumed that a significant proportion of the

=

o

varticles which strike the cathode are removed before keying can

occur then an argument similar to that used for the "mechenical"
mechanism can bde applied, Assume that under a given current density,
50 of the particles were removed before keying. If the current

ty was doubled the time for keying a particle would be halved
and alsc the tenacity with which a particle was held on to the

cathode would be increased, If under these conditicns the number
ore keying was reduced to 100

of those striking the cathode (COmﬁH”Cd with 25% for the "mechanical"

1~ the rate of metal deposition an increase

1 o

of inclusion from 50~ to 90, of all impacts has becn achieved. The

fractional change in inclusion density will be given by

f==ux from which £ = 0.9, The symbels have
Y
the same meaning as previously used, The effect on the { value

of +he increased number of impacts on the cathode caused by the

risher field strength can now be illustrated.

9.72.7.1. Tnerease in the number of impacts is directly proportional
to the incresse in the current density.
1f the same thecretical conditions are used as above application
of eguation 9,3, with m = 1
) an
==z 2=2x (1 + 1) hence
2 50
f=1.0 i.e. the inclusion density is increased
by & factor of 1.8 for e dourling of current density.



98

e number of impacts is different from

it is assumed that the

the increase in current

. with m = 1.5 gives

x 1.5)) hence

A S AN
B - ‘ e s

) ~ T4 e ARSI ~ - - W 4 - » ” v =T o
he results of the calculatiors in 9.2.1. and 9.2.2. show that

in current density

trochemical

1t
an "elec

in current density would result in an

'ntly unchanged inclusion density.
s

. - L. \ . 8
The results quoted in the literaturc

AN

o
-7

show that an ilncrease

in current density seorr to give either no change in or an

[N

. . .\ .. . . . a8
increase in inclusion density except in the cases of alumina a

ste nickel which showed a decrease, Noy

in nickel solutions wags availlable

)] ) (\’]
Ny
are ocuoted s/

£ approximately + 15 mV and

rations of 1 molar nicke]

inn Trom these very low values, one positive and one negative

solution of plating con-

be For an unchersed particle

the f2l11 in

oy gy 0 e R e 3 N T b pn D) ~ 4 2
~rease of current dencity 1o fo be cxpected.

¥ e

inclusion

-2
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icon carbide particles at 25 C, with current density increase,
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sests that the mechanism
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ision density.
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of an electroplating soluticn causes

.

otential
studied.,

-
S PN
surtace

the

cha: in

if » "mecnanical" mechanism is responsible for

: ) 4 I st a1 A he
the process. If, howover the mechanism 13 electrochemical the

ce charpge density on the particle and also

in the inclusion

£ie1d atrencth should cause o decren

denaity Thie woes in foct the result obtained: a marked decrease
TN NS o vRAS L NS

-2

in , from abhout 700 000 o about 400 000 cm
( ¢ fvom a temperature increase fron
Soe . C. from 2 tem
5% to 55°¢C A in ineclusion density with temperature
57 to 5O L. £ 11 ;
e/ -
y 9 . FN
an aclo suipnate baun

sulnhate in the presence
sata Lol I




held on the surface may be critical
; hecause of the ouring acti - 33
. eCcaust  the scouring action of the electrolyte and the bombarding

n suspension tending to dislodge 1it. As the
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decree of aritation was ined . . . . .
degree of agitetion was increased the resulting inclusion density

[

o]
N
]
)
O

increased to a maximun and then fell. The reason for t

o
9]
n
(e
iy
Y
d—

low not all of the ceramic particles

Ls egitation is increased 2 higher proportion of the
1. - b . . . -
kept in suspensicn and the inclusion density incre

“he particles are

1sion further increase

incresses the scourins action of the suspension on the

hey can be keyed
¥

o)
jo)
]
o
=]
0]

o+
©

]

°

that for particles of chromium™  and sub-

increase in stirring

This con readily be explained: for very fine particles the degree
) ey P v 3 P 3 v 3 Al - 3
of agltation reguirea TO 1 in suspension is small and

fives rise to very little solution movement. Before particles can

be included into the metal matrix they have to be brought to it by
movement of the solutinn: increase in aritation will increase the

cathode per unit time.

would become so high that the

uthors of these papers did not use
50 it is likely that they had not

q

- ~ - - N
sion density posaible.)

5

“ren varticles of a high density material are belng used more

in suspension than is reguired

stirring rate reguired is

wnen in the electroly

and
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nhombarding while it i ; . .
Mharding ile it is being keyed into the matrix than does a

h requires a lower degree of agitation to

keep 1t in suspension. If the inclusion density obtained with the

1 the more dense material must be much
more tightly held onto the cathode surface than the less dense one.
Tor silico: 273 né ehromst i 3 } i i

For silicon carbide and chromium diboride the rate of stirring

ol red ey o 23 A 3 B 5 ERE i
reguired to keep all the ceramic in suspension was very different:

that for chromium diboride being almost double that for silicon
carbide. Then this higher rate was used with suspensions of

silicon carbide virtually no ceramic was included in the matrix.

-

45 bhigh inclusion densities of chromium diboride were obtained

using this degree of agitation it was evident that the chromium

on the cathode surface more tightly

than that of another is if it carries a higher charge, in which

1 will be held by a rreater electrostatic force. The positive

l¢]
W
9]
¢
bd

charge carried by a chromiun Jivoride particle in the plating solution

is four times greater than that of silicon carbide and the rate of

aritation required is twice as great. The ratio of the increased

neitation is thus approximately 2:1. Agitation

used with silicon carbide, would hawve resulted
o deposit with on extremely low inclusion density: that a high

obtained indicated that the particles of

more strongly held at the cathode surface

particles of silicon carbide. his is very strong

evidence that the depoesition of ceramic particles depends upon the
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my

e simo) \ R
The simple copper sulphate electrolyte used in the current work has

a hish micr MO N w ~ . . .

a high microthrowing power and it was shown that solutions of this

4—w« S 4 . . R .
pe when used with conducting or non-conducting fibres could give

4 vold-Ffree de 4 . pd AT ) K .
a void~free deposit provided that the fibres were separated by at

he former case and by at least LO% of

the matrix wh'n it is submerged to greater than half of

its diemeter; a fibre will be keyed, via an impingement
in a very much shorter time. The same mechanism of metal
be expectel to take place around a particle as a fibre,

[ -
c.5.1. HNon~conductiy

hen o non-conducting particle arrives at the cathode surface

on +the cathode surface until sufficlent metal has grown sround it

o key it into place. Under the conditions currently used this

would toke approximately two minutes for a /um particle on a

plane surface. Durins this time the particle mus t remoin stationary:
- N Ial 4.7, 43 ] 71 -

if the surface was roush tne Tinme wrould be reduced . In the case

o

under consideration where the microthrowing power of the solution

J

hirh the advancing prowth face of metal, growing up from the

&

lower surface of the particle

7,
g )
surzested”” that the growing

the particle completely, carrying

1t forward as th metal surface advances. (Tb,gc authors used as
of the zone refining

mpurity can be carried hefore

ct

) . L . e o . . .
ihe advancing recrystallisaiion front” ). If this is so 1t milgn

had o~ nhign positive charge from solutions
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hme \ 8,4 9
has been observed by other workers1 s, 86,591,395 that

. Lo I e T~ . Fal
annot be satisfactorily deposited from the copper sulphate

ing particles, mechanism of entrapment.

D

T

[=h

conducting particle arrives at the cathode surface,

throush the double layer, it will make electrical

t and, even if the particle is a poor conductoer, met

plating bath is one which has

nently tranping the particle in a very much shorter

X 18 . . A 4 m
een confirmed by Foster = using periodic reversal of
oz P - - . .
section 6.3.2.). Ais the dwell-time of the particle

is short it 1s much more likely to be keyed into the

hefore beins dislodped Trom the cathode surface than is a

n of conductir

d4.

onducting particle. T+ has been claimed that for satisfactory

8 . (chromium) particles a plating solution

87

X ) .
microthrowing power should be used, 7 in contrast to

7,

)

~ Yy Sy [ <
Af non-conducting p¢7b1cles .

fects of rourhness were discussed in detzil in the ecarlier

the cathode surface is rough the hirh points are able
helter from the scouring effects of the electrolyte

long. Any very rough surface

O

211 time can be

5 T e e P ~ fmle A vy et
cles: once irn cecp troush Or cracrh 2 particle can
: LY . ) P S S . LY Ao PR |
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ot" courne, o mechanism of

sarticle deposition but con significantly assist in the process.
papers describing wor¥ on the mechanism of this process
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hese results, although there are some
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resulting in removal of the

ae X7 el A S Ay
se two adsorption processes take place at the inner and

~1t ey o) T4 Nl mia e 3
outer Helwholtz plancs respectively. Finally the perticle, held

ged by metal. This two-

"’”‘0

which involves field assisted transport

he outer Helmholtz plane, i1s similar to

o)

ne noticeable di

crease in incl

of the ceramic DOV

on

oyl Lricrense., Trerensed surface roughness of

clusion density, inclusion being

=% troughs and crevices in the surface
rfined Lo any obvieus physical features such as

is an elecirical conductor it is

being dislodged from

ticle Conducting particles

10 having a8

of surfact

noi keyed into placc by
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Ly |, : : 574
the change of zeta potential on silicon

not dependent upon the

te or combination of electrolytes present but

e oo Total lonid ey 1 H
wos o botal 1onle suren b T+ had also been shown that

sctors

wWilsned

T i 4~y
COncenTrations

+ o aa . R I ; PRI
-nts madge ori siLiiceon carpide,

using a range of concentre

‘. 1
. - ; p ~ 4 . - = - -
electrolyte from o = 10 to 5.2C % 10 molar and a rangé ol

show that for all the materisls studied

Loy s B A0 Lo N
+tempereture from 10 O 707 C

made the zeta potential

nore positive and an increane in

=)

ained

These 1wo effects are e

ymic, adsorption

concentration increzse and decrcasing

of adsorption

O

SRR aVal
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mozt probably physical in noture.
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LlecTroucp

sulvhate plating solutions of

particles vere readily included
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P of ride but not
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C‘tn n +he noptsd in . R
ects on the particle inclusion density of the temperature,

ensity of materiel ratio are good

lectrochemical” +ois
ECLIOCREMLCEL" o It is suggested that the proces takes

o

in three . N .
vnrec ic transport of the

athode; secondly an

electrophoretic transportation of the particle, under the high field
within the double layer, through the double layer on the ca thode

to the cathede surface. As the particle passes through the outer
to the inner Helmholiz plane its sheath of lons and water molecules
5171 become distorited, as would happen to 2 solvated ion arriving

at o plane surface (see section €.1.). Finally the particle, now

SR Conducting particles are likely

inbo the metal matrix than are non-—

conductors; quartz pa articles are not readily included in copper

o

posits rroduced from acld baths having high micro throwing power,

2
3

/\
hj

certainly not in the absence of cationic surfactantn, even although
the particles are transp orted “o the cathode surface.
¢ this work have gone some way towards allowing

ming measurements, of whether &

te combination should give good co-

+ioular ceramic

They have helped considerably in elucidating the

£ the precess for & solution of high micro throwing power.



SUGGESTIONS FOR FUTURE WORK

Further knowledge, or confirmation, of the relationship
between the following variables would be of value in the more

complete understanding of the codeposition process.

1. The effect of other plating electrolytes of high micro-
throwing power on the ceramics studied in this work
Za Current density effects
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A1 and A2 shows that 21 has the form
Cx K and that A2 has the form

. 3 . .
¢ =0 210 where C is a constant having

e EmE T 1
Casurements can be

3. PO s
r E v 107 in the data fed into the

<
S
o
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n_the Helmholtz~Smoluchowski equation.

water changes with additicn of electrolyte
so with temperature change. As a very wide concentration

3 TS cd and slso an appreciable temperature range the

A1.2.2, Dielectric coefficient
. qeias o
The dieleciric coefficient of water changes with addition ol
3 : 3 5 , RN e me ]
electrolyte and with temperature. As it proved to be extremely

difficult to obtain rel

: . ] " . A - P T y
£ 0ient measurements 1t wes lecided to use the bulk value for

e o A
ter at each . and ref. 1)
water 87T caca

o

alculaticn for
his decision caloulation
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e conductivity of the solutions used was determined
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TTTTTTUPROGRAM(WATTY T T T
TTTTTTUINPUT2=CROT T o T N
T QUTPUT3, (MONITORI=ELPO - ’ - ‘ ’

o IRACE [ TOR)=LPO
-~ EnD e e

T MASTERSHIP

.DIMENSION X(50),Y(50),R(50),#(50),A(9),P(150)
WRITE(3,11)

1 rORMAT(dQX 23HIPSWICH CIVIC COLLEGE//52X,16HCOMPUTER TCENTRE///

T taex, 32HCALCULATION OF ZETA POTENTIAL OF) -

READ( ,14) T T e
147 FORMAT(lH ,49X,30H Y T T
T WRITE(3,14) T A
B REALD (2,1)ETA, APPA,D o

t FORMAT(FO., 0,F0.0,F0.0)
© 7 READ (2,12) M
12 FORMAT(12)

NYAX=2 i e e ) o
MM=5kNMAX+24M+3 L - L
IF(%=50110,10,50 i
10 WRITE(3,13) M,ETA,APPA,D i
13 FORMAT(33X,5HFROM ,12, A6H STREAMING POTENTIAL AND PRESSURE MEASURE
IMENTS// /48X, 16HFCR ETA =  ,F7.3//54X,10HKAPPA =  ,F7,3//54X,
210HD = ,F7.3////58X,7HRESULTS///) o B
D0 20 I=1,M B i T -
20 READ(2,2) X(1),Y(I) o i
2 FORMAT(F0.0,F0.0) T ) i
Pl1)= -1 B
P(3)= 0 B ) i )
P(&)= 1 ) )
Pis)= 0 . N )
DO 3 hN=1,50 ) )
3 WiN)= f,
CALL FACFORPL (M, NMAX,MM, X ,Y,R, W, A,P) )
CALL FACFORPL (M NMAX, MM, X,Y,R,¥, 8,P) ) -
FACTOR=G+%3.14106%8,9816E+11/1,3332E+4
JETA= A{2)*ETAx APPA*FACTOR/D
Z1€Ta= LETA*1E~3%1E~H
WRITE(3,30) ZETA,A(2),A(1) - o o
30 FORMAT(33x,7HIETA = , Fi1.7,15H MV SLOFPE =, F7.3,16H INTE
\RCEPT = ,F71.3/////11/7117) B S o
90 WRITE(3,91) e
91 FORMAT(///65%,204T00 MANY DATA PQINTS/////1711) L
’ 5$70°P o e e e - R
END ) B e e e e — e
LIBRARY e - S e
READ FROM (MT,-,FSCE) R ) ,
FINISH O S T

Computer program used in the calculation of zeta potentials

from streaming daté.



APPENDIX IT

ALCULRATTION

OF ZETA POTENTIAL FROM STREAMING DATA

7nen using the program shown in Appendix I the data was fed into

the computer on cards using a data layout, with a separate card for

®

1cn ditem, as follows

o

o
i

o1

solution

conductivi

dielectric coefficient

Oy
ity
O
Lo}

o UGNLIRTIE | - A e S ; E f vy s
finger print" description of the particular

solution concentration, tewmperature snd date.

. sdentifiod according to its composition and to which

ition it was e.r. the second diaphragm of’

abel" 22 and the first silicon carbide

A2.7 The solution composLilon.

: = . : P - o 1. LR
comoonents of the solution were gilven in terms of chemical

distinguisn

. S Ama T cmmatant at 41 molar
T The 1ve nacentrations viere 1STHE st 1 molar,
.. Ine lat: :

\
\O

: total molar

j@5

oo




concentrations were idenstifi

¢
i @)
O x 10 by 1
-
an"

AN
e
N
i
L
.
o
)
<
N

s
-}
A AO \ e
| o ctls 10 o 4
9 oy 5
}
- ’y

NS}
3
R
o

D 0% - A0 N
2.05 x 10 by 5
§

o O - /«nm;; - 7
O XU ov oo
-2
Z 08 s Al - ERUVIE
5,20 10 by 7

—
°
N
(]
i
N

== 40 by 8

P i

|

4
- AN il ; .
5.20 % 10 by 9

Py [2a RN R S

A2 W The temperature.

. OETYIO A
as ZHbxi or
mny bl 4o
. The date.
M. - . LONUU [PV L S S .
This was simply written in in full
DALY
"
nes

further reference C.f.
of silicon carbide
e with o solution of copper sulphate

. ~ D N N - e . o - .
centration U.O7¢ molar av & temperature

- o!
. (I SN -~ - L n
a solution used at 25 C.

STC2CUHI-910DEG refers to
being streamed for the first
and sulphuric acid of con-

O
10°C.
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APPENDIY ITI

STATISTICAL TREATMENT OF EXPERINMENTAL RESULTS

Example of a calculation of confidence limits.

Ia) . * 3 —
vonsliaer &

of three points 12, 16, 20.

re population mean in this case

e . N . u a . ¥ N
= 42 + 16 + 20 which is the Sample llean
B
.
= 1%

ne 4
el v

e

o L RGN
EERVE AR P AV (e

= ) 7%
= L.73

= hu73
/7
-

= 2,72

“ar {the nopulation mean:

deviation of sample menn

-
Sample

= 16 + )3 o 2,77

ts the standard devintion as a

2 15 4

. . Al
i of Af dtems in the samplie.
Gy Qx ot 4 .
P P
3 T'reeonm
; ie Podudentts” b 7ith of f'reedor
T A8 Louaent 5 G
>

Statistical
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Title K g sl . s
o nea Range Limits of variation
for 95% confidence.

[ QUL
~25DEG

—5 /|>\"? M?}roB _2}145 O O
-2 5
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F o0
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9 1,58%0 11050 11,40 71,0 572




E>)

fehd

i
4=

£

Range

for 95% confidence.

mean

0
v

-18.7

(@]
N

¢

[~

POy

(SN

-

0O
e

\O
N

O

=

LM

[N

v

jot

ou

C1!

<A

u
»
—
(e}
3
U
P
|
=
«
fopN
-
1
lbr
Ny
e
f3
£
LN NN
[a%]

o

(SR
-

2
!

-8,

N

o
[N

0.15

S

LB
LUel

L7L




v
dence.

Sigt
18

v
% conf

Limits
T

Range

é mean

b
=)

Title

<
o}

j—
9
4

DI

N
B)

=1 0

0.84

1

O
[Q¥

-
o

e
S e

l/
(K@Y

oy
(-

5
C
7
2

ON

20
-20
-20

N

[§N)

<

(A

\;
[EQN
[EQY

10

19

70.2

NTY

[EQN
ﬂ/

o}

(&N

(S
L\

(6@
(-
O
N
N
SN~
[N
o O QO
[ERVE e e
SO T D
[ [SUEERQN]




124
ation

1

con

=7
sl
/o

Limits of* va
for 95

O
o
[QN

NN
N

Q
e

N
N

L




i - °
o o

O

o REgp

Ay Qo
= g

r
id

@ G
-
O [02Y O e\ [ORY
Gy O o B B o (68)] O
O . & O (& Yy Al ™~
IS
PRGN
4+ O
ot
g X
= O
K3 G
e 1 -
80 o i anN (@}
[w) o 9 o 3 N «—
« <~ o < U o [
o5
G
O o~ rY MY
; - ¢ ° . ® oy w
,, @ TR < L [ Co N
, @ N AN [N NN —
/ = ! t 1 N
~ o oo ON | O o QO I ISV o VNS BN e}
° 3 o ) s . 5 @ 2 ° @ o ° ® u (& ] oy O (s@} oN MY
%)) IR T oSN TN S L TaNNNTe M~ O Gl N A NN
[QVEREE SV GV QN R i odoNy O O YNy T N [q¥ < O\
t 1 i i | i i i ! i i [N [QV [QM
(9] [O) [ QN Y, <& O
=~ Ny 0 3 RN ) -
Rl NS o pS) D
ot Wy ™~
-
Ny
0} o &)
—i (SR
+ h) N
. X o (GO O M~ [ew)]




123
ation
nce .,

of vari

5

t
2

Limi
for

R
s

Range

confide

ean

]

1.9

<

[EQY
(4N

78

1

)

I
O

0
U

-
N

O

Ly

On

IR

L

[QN

PN
O

N

=

N ’
A

<

QY

o

j—

w

l

769

O

~
<

2

LN




oy

RN

~J

o
|

o

~

\J1

7

b

~0R 7
I

I

40 4
Tl e

(9] A
27 .1
21.0
21 .0
29 .0

A
{
4452
L.
4

A4 A

~19.1 (N
4 4 ~ o~oQ
=17 .0 (O

]
-
7

N
N

A AT syt
11D/ -
(=N NNk 77
I P

A

Belin

of wvariation
C

onfidence.

77

[

o
L&



E f { Range  Limits of variation
> nean = .
for 95% confidence.

D
——
£
{
AN
5
)
\
1
e
‘ T
KON [@s)
1]
—
i
N
O
L
o
N
»
N
gy
o
G

o

K
°
ey

AN}
i
N
D
)

p)

7.8 2 3

J
N
5]

NN
~J
"
°
ol
N
.
e
O
.
-
)
.
—
o

N
S
]
AV]
(N}
N
"

™
C\
Y
»

E\
W
;
AW
C
\
o

N
>

N
N
1

1118 1117 & 6.8

~ .
O [

110 L83 70 10%




o e
[N 1))
0 st MW
- + 8
o g ©
= N liie!
Eoerd
€ &
» S
e}
G4 O (AN
@] W m~
i) o
2 BEQN O
+ Oy
o
SRR
0
[

K@)
(@]

Range
o

ON
n |a
@ O
© [T
& 1
N
@
0 e~
FM/
Y
C o
ot TN
oy O
[Ea
+
1 a. (e8]
s M
[OJNE# -~
[ B <
@]
9]
v
voos
Oy 2
N
y O M

i

o T
[eB]

—'

[ERY

0.2

kS
2

)
s &

~ 20
-

O

£
J 8

O

o~

i RN
e

N

@
e

0.6

N

Ny

U

N

31

21,0
063

4
1




g4 0
1) AL

Q)

(O

{92

Ne

Charge density,q
. <-2
in coulombs m

potential current

~ e
S OTEH

y

N

\O

™



128

Title Double~-laver fin ©V within Charge d.ensityzq
thickness d 957 confidence in coulombs m
in cm.
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AL Zets potential on quartz.
Ao, Zeta potential from streaming potential measurements.

Title K, 7 £

. - . s
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for 95% confidence.
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Aho/  Zeta potential on icon carbide in alkaline solution from
streaming potential measurements.
[l

{

on

ENale)
[APA,

{ { _ Hange

Ay a4 A 4 e
-120 -121 1 (S
AR o
o S
A DR
i
A LA
g
4 caen
i
- sy
— ,IIO et
70
! e/
-
703 1 € 2 )
o 16 2
90y
T e
T
—~ 7
[«
A oo O RS
-G =0 D /'o/ [Ny
7oA
=i f e
, .
A DR
Ll

e A0 1 5
r'/'“\'}:: “ :/ . -O 4 e

- ~
ol 1170




e T

Ay

in alkaline

B

\.1

\

[N

-
S




153

~ i
1< [FaN X8} od \((u

+ ° :,o N ) ~YN o <
n “— < {l [ \ ,L\M,, by

I

o
wi
<
P
B
s
PR

J
N
>
1
4
r

© © - - <

<
N
A
- 3 S
< — - = .,
3 N ° ? N 0
: o o v X
] QN e - N
[} " = -
, 3 i ! !

o BYAD o 3 ¢

p) o » ) ~- O

2 & [ \ N

S0 o © _ 2
Yy | | !

o LN O [

Q @ s s C.

- [ 3 O -

et [ -3 Al 3

) o o] -

o=
|

o -
s ~ I~ N
N [N ry Ly oD ! N




154
ariation
dence

3

Is)
[
I
-~

s B [ N N
[ = < -~

imits of v
or 955
1

Gt

4

L

N <= "

U

«

©

°

1
P

e O - €y
o o o o ° D
@ v} \ £ & N
O] R SNt S \
3 i t |

R A I T ¥e -
[ s N ° ) B a ° s [~ \ R Rl
N ¢l SRR - A < i) ) O .
e e N . i D N < ¢ O
! ! i | 1 l i | l | i
< a
A o
=l X
[ th
-— 25!
| il } . .
| 42 o BN Y e Ly £ ~ 0
] (RN
T [
!




155

hin
den

1t

v

s

L

Sran

A

)




| o
(S0 ™~
02 [ o < Ny B
a

R
o O < -

copp
£e
@]
"~
z
7
{
7.
-
P
©

.
.
.

in
i

I3}
easuremer

d

o
Q )
& (] [QV) G [QN]
o s o B .
(@) < < D N

o) " [QN] —
= 1 ! 1 i
O 1
Q a3
ord o
fan! 2
Ut B _ : ; o - < . i ~ -
2 &) I ) o) <= RN O ] Y ND ~ < = A\ A 5 N ~

2 o o @ ° Q@ s @ a » ? 9 9 ° 8 ° L » ?

H o} /5 o DI N R e B s YONG 2 3 RAREEN [N
o P - e < N RN i\
i { ! i t 1 i ! t i ! i |
~— {
@ &
Al
af o
© 9] .
42 e " o4 ] e &) e
@} -2 ° ] ° a ™~ B n/
a. i - S . o) NN )
v— /\1/ - —

@ =) 5=
et O

7

L€
-
YSIN

A

il i

o “+> - o O\ :
| ° o
| - &8




57
ions

a

d

<= . o Sy
~+ W

0

(o] G = ] =
%] [o R LN rN AN Law 3 -+
e is ® : ) >
e} uON O ] 2 D L.
a -
% ]
2 s)
m Gy
=
) & ™ = N ~ O
9] - ° N -
-+ M‘w. O [ ~ )
Ual < fas

N
C
urenme

a
a
-
2

[EAY

el

- 2 _ ¢ S ) ~ O
& o -
= w/ .././ ,4 >

. Ny WD e B S N N .
P B AR S TS =
fb IN N N0 TN oY - D = O T N WD
[SSEEERAN} = Al e <= — Sl
A T T R T B T T B

U

9
5 e it
o
-
3105

A N N Od
B = MY N v N
] o <
4 <
W & -

° ©
[N .\\m i ~ \‘
HM 2 < ~J I o e o}
..yl




o0}
LY
-~

ol

e calculati

n

4
1%

i

used

@

I

[V RN

vy
YT

ol

r

o

«— =
O <
~ N
O T

] o

i we e

e
O D
) {

0 O

< —
A wd 2
oy i i

iy N
a a °
o Ny

5

3

2MA1¢

;
Ce

..

IR ASTE
i 500

o
(o
<

1/];4

P

{
(.




..i o)
D (&9

o >
NN O

i~ i < . it b

»] 5 B e " v




M_I
4

s

160

as

-+

o)

o] =

o o

o [¢8] 4]
o 43 =
< & O
[ oy £

4
i

would be

LT

Tiile

3 ey
JoLerve

)

SN




o

It is possible thet slight errors could arise from the

following factors but these were considered to be negligible for

the reasons stated.

as when streaming pressure

was reduced to zerc the emf very guickl

ery to zerc; thers was no

&
-y
D
et
i

J

used as mat materisl throughout and any

constant factor. Measurement of the

6}
fd
D
o
T
i
2
=
34
o}
D
ct
‘J
(@]

activity of the mat in the absence of & diaphragnm

I

showed it to be consistently 0.5% of that of the diaphragm and it

Carbon dioxide by water used for streaming solutions.

This waos prevented, during storage, by a soda-lime trap.

stresming the solutions were exposed to air: no conductivity

tected at the end of the period of a streaming run.

ct

Lezching of salts from the glass.
This was minimised by soaking the glass in acid followed by

steaming out.

it

e method was described in section 3.2.1.

T 2 S 4l
Limits

The +otal mevimun error in the calculated value of the zeta

whole number i»6p, fhe error 1s

.t the

o
o
Ll
o

of hydrostatic pressure
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