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SUMMARY. 

A method of coating the contact areas of electrical reed switches 

was developed which reduced the amount of precious metals required, and 

allowed the development of alloy coatings not easily produced by 

electrodeposition. 

he method consisted of printing the metals on to the reed blanks 

in the form of a paste, composed of small metal particles mixed with an 

organic vehicle. The pastes were then heated to 800°C - 1000°C in an 

inert atmosphere, to drive off the vehicle and sinter the remaining particles. 

The sintered coating had up to 80% solid density with an adhesion to the 

substrate approaching that obtained from electrodeposition. 

he work was carried out with gold powders, which were produced 

from aqueous gold chloride solution by various reducing agents. ‘he 

morphology of the gold powders was studied with the scanning electron 

microscope and a scheme of morphology changes outlined. This related the 

morphology changes to alterations in the rate of the reducing reaction. 

the best gold powders produced were spherical with a diameter of between 

1 and apn. 

The sintering of the deposits was found to be inhibited by firing 

in either vacuum or nitrogen 10% hydrogen mixture, and this was considered 

to be due to the presence of vapour phase transport of gold at the start of 

the sintering process. Firing in nitrogen or argon produced dense 

deposits with a surface finish comparable to that of worn electroplated 

reeds. the electrical resistance was slightly higher than that of 

electrodeposited metals. 

Alloys of gold with palladium, palladium and tin, palladium and 

nickel, iron and copper were examined. ‘the morphology of sintered 1% 

alloys of nickel,iron and copper with gold were found to be discontinuous. 

Key words: = 'Powder Metallurgy’ and ‘Chemical Precipitation’
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1. INTRODUCTION AND LITERATURE SURVEY. 

1.1. Reed Switches. 

1.1.1. Description and operation. The reed switch is possibly the 

simplest form of electromagnetic relay, comprising essentially of 

two cantilevers (reeds) of ferromagnetic metal sealed in a glass 

envelope. The free ends of the reeds overlap each other, and are 

separated by a small gap, as in figure 1.1. The reeds are operated by 

applying an external magnetic field so as to induce opposite polarities 

in the free tips of the reeds, which causes them to be mutually 

attractive. This attraction overcomes the stiffness of the reeds and 

bends them, making contact with each other, thus completing the electric 

circuit. Modifications to this simple switching action can be made so 

as to give a 'make! action, a 'break' action or a switching action, 

operating either on steady fields or on magnetic pulses. 

1.1.2. Construction. Practically all reed blades are now made from 

51% nickel, 49% iron, an alloy which has the desirable magnetic 

properties of high permeability and low remanence coupled with the 

necessary glass-to-metal compatipiligy ot) The reeds are usually made 

from wire, which is straightened and cut to length before one end is 

flattened to the shape of a paddle which will form the contact ena. (2) 

As the nickel/iron does not wear as well as an electrical contact, the 

tips are coated with a better contact material, often gold, but the 

choice of material depends on the proposed application of the reed. 

If, for example, the blade is to be electroplated with soft gold, then 

it is first cleaned and de-burred, before being electropolished and 

platea. (3)(51) The blades are then heat treated in dry hydrogen at 

about 900° - 950°c, (3) which diffuses the substrate into the coating 

and helps to eliminate the tendency to cold weld, and also anneals the 

blades to give them the desired magnetic and mechanical properties.
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Alternatively, the blades can be heat treated prior to being plated with 

a hard gold which is not then diffused into the reed blade. 

The reeds are then encapsulated in the glass envelope which is 

made of a soda/lime/silicate type of glass doped with ferrous oxide to 

increase absorption in the infra-red wexions) This enables the sealing 

to be carried out quickly by means of focused infra-red lamps, reducing 

the heat build-up in the reeds. The sealing is done in complex 

machinery which sets the overlap and gap distances and fills the envelope 

with inert gas, usually dry nitrogen, with a small percentage of hydrogen 

present. 

Different types of reed are made for specific applications. For 

example, the contact material can range from gold or rhodium, the 

commonest types in this country, to silver, used for high frequency 

applications, and tungsten, used for ‘heavy duty' switching. These will 

be referred to later on (1.1.5.). 

1.1.3. Uses. The current carrying capacity of a reed which ae limited 

by its ability to dissipate the heat generated by the conduction and 

switching of the load. Ina given environment, this ability is related 

to the mass of the reed blade, which is related to the radius, assuming 

cylindrical reeds of a fixed length. However, if the mass doubles, the 

radius is increased by a factor of 1.414 which increases the stiffness of 

the reed by (1.414)4. 5) Therefore, the energy required to switch large 

reeds is very high, and this limits the reed to carrying and switching 

low to medium loads (i.e., a few millivolt amps up to 250VA, depending on 

contact Gaterial(° ) Ne 

The reed relay was designed for carrying the voice paths in 

telephone switching eiroaite el) and this is still by far its largest use, 

with millions of switches now being made aunuatay. (2) \4) These are
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called upon to switch currents ranging from zero (no load or ‘dry! 

switching) to 130mA at 50 volts pio. (2)(8) In addition to the switched 

current, the reed will also have to withstand current and voltage surges 

caused by the discharge of stored energy held in long lengths 

(10-15 metres) of cabling and associated equipment. This can cause 

peak voltage surges of up to 20 times the switched voltage, and short 

ares of up to six times the switched ndveentans?) The contact physics 

of small switches is dealt with later (1.1.4.). An average telephone 

call has been calculated to use between 50 and 500 reed copaecisnee” 

and a 1000 line telephone exchange will contain about 100,000 reed 

contacts) As these exchanges have a design life of 30 years, a high 

degree of reliability, coupled with small size and low cost are called 

for. On all these counts the reed relay has advantages. Pailure rates 

of 0.15 failures per thousand per year have been eported 62 and the 

size of reed switches range from 85mm overall length to 44mm (fig. 1.2.) 66) 

With large scale mass production the cost of reed switches is lower than 

conventional electromagnetic relays, (29) but continued development has 

lowered the cost of many solid state vetayeAt2) This has resulted in 

the replacement of reeds in logic control units with solid state relays, 

but reeds maintain their role in switching speech paths due to their low 

electrical noise and high ratio of open to closed circuit Genictance <o) 

Besides taking over the switching in the central control of telephone 

exchanges, solid state relays have also displaced reeds in the logic 

cireuits of calculators and computors and the switching of incandescent 

Yamps. (23) Despite this, the reed switch is still widely used in many 

applications. It is being used increasingly for switching domestic 

appliances“), for such things as proximity switches, and with the 

development of the ring magnet, it has found use in push button dialling 

a 
for telephonesfind level indicators for tanked Liquids. (15)
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1.1.4. Contact physics. 

1.1.4.1. Switching ‘dry! currents. A ‘dry' current is one where the 

reed is not called upon to make or break currents, and only a small 

current flows when the reed is closed. This can be the least eroding 

application for reeds, which will give them an almost indefinite life 

if used within these specifications. 

when the operating magnetic field is applied to a reed switch, 

the two free reed ends are made mutually attractive (fig. 1.1), with a 

force proportional to their separation. Thus, the reeds are accelerating 

towards one another when they come into contact, and as hece is no 

damping in the system, momentum exchanges cause the reeds to bounce or 

‘chatter. (16) This results in the contact areas getting a severe 

hammering many times in excess of the number of switching cycles the 

reed has made. 

When the reed blades have finally come together, the actual 

metallic contact between the two blades is limited to a few small areas, 

irrespective of the apparent contact fea Se This is because even the 

smoothest surface has a number of irregularities on it which make contact 

first and hold the surfaces apart. As the total contact force is on 

these small areas, the local stress will be very high and deformation, 

both plastic and elastic, will occur until the local contact area is 

sufficient to bear the applied load. This small area (or collection of 

smaller areas) also bears the total electrical load, and so quite high 

current densities can develop locally. These can produce sufficient 

heat to anneal the contact areas and so get further deformation, and if 

an even larger voltage drop across the contact is allowed, melting or even 

(13) boiling of the contact metal ‘can occur. This will produce welding 

or loss of metal and if extensive, will cause difficulties when the reed 

comes to open. For this reason short surges of current, or operation
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outside the switches' specifications can shorten the operating life of 

the reeds. 

The passage of these high current densities through such small 

areas gives rise to an abnormal resistance effect, known as the 

constriction resistance. This is related to the contact spot diameter, 

not to its area, and this means that several small spots will have a 

lower constriction resistance than a single larger one of the same total 

sven ste) Contacts which have been contaminated will usually have a 

higher contact resistance, as insulating films will add their own, 

filmic resistance. In addition, the film may bear some of the 

mechanical load and so reduce the area of metal to metal contact. 

Vel.4.2 Switching currents. As two blades approach one another, the 

local field between them builds up untiYat very small gap distances 

(around 0.14pm) , (2°) the field strength will be strong enough to pull 

elestrons out of the eathods by field emiscions ©!) mie will take place 

preferentially at high points on the reed surface, because of the high 

local field at these points, or at areas where low electron work function 

material is present, where the electrons are easier to remove. This 

field emission current generates heat, which causes thermionic emission 

which then causes vaporization of the contact metal. The metal vapour 

is then ionized, which creates ideal conditions for arcing. 2) 

Although the period of this arcing is short, it causes a crater to be 

formed on the anode and a corresponding pip to form on the cathode. 

Qwing to the enhanced local field about this pip, it may localise the 

are on subsequent closing, thus exaggerating the damage done by the first 

arc. This causes the pip and crater system to rapidly penetrate the 

protective contact layer into the iron nickel alloy, where either 

mechanical interlock of the pip and crater create a short cirenit, (22) 

or other failure modes outlined below occur.
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As current carrying reed blades begin to separate, the area of contact 

gets less and the current density in the remaining areas gets larger 

until it is sufficient to melt the contact points and a molten bridge 

is formed. This bridge gets hotter and becomes unstable, eventually 

exploding and resulting in a net transfer of material from one electrode 

to the other. The direction and magnitude of this transfer depends on 

the conditions at the contact, and in many cases the controlling factors 

(18) (23) are not known. It is known that the molten bridge formed 

between iron/nickel contacts is about 20 times the magnitude of that of 

gora’24) and consequently material transfer, and subsequent failure is 

much faster in iron/nickel than in gold. In many cases, bridge transfer 

(24) becomes the most serious erosion mechanism. 

After a molten bridge has exploded, the gap between the separating 

reeds is filled with metal plasma, an ideal environment for moines +a?) 

Arcing similar to that on making can occur, causing the same type of 

damage, but worse, because of larger spark due to the thermionic emission 

from the still hot reeds. Thermionic emission can cause arcing even with 

a contact that has not suffered from a molten bridge. 

Both ‘arc and make' and ‘arc on break' are enhanced by the 

presence of non-resistive elements in the load circuit. Capacitance in 

the circuit will tend to give a very large current surge on contact 

closure, whilst a small capacitance and large inductance will give both 

(8) (18) a current pulse on closure and a voltage surge on opening. These 

surges can be controlled by protection circuits of resistor and capacitor 

(25) networks, but these increase the cost of the switch and are only 

fitted when they are needed. 

1el.5. Contact materials. 

dig de Dade Usual contact materials. The most commonly used contact
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material for switching low to medium energy currents is gold; either 

pure or one of the many high carat gold alloys now on the market. Its 

low contact resistance, good electrical and thermal conductivity and 

freedom from surface oxide fomariaas>) means that it can switch very 

low currents without loss. However, this metal to metal contact means 

that the pure gold is prone to cold welding, and with the small 

restoring force available in reeds, there is a tendency to fail to open. 

Because of this, pure golds are often diffused into the reed. Besides 

the improvement of the gold/substrate adhesion resulting from gold 

diffusing into the substrate, there is a reduction in the tendency to 

goldiveld resulting fromiditfusion’oflirod and niokal anto the golds'!) 

As well as hardening the gold, they form a thin oxide layer on the gold 

surface, thick enough to prevent cold welding, but thin enough to allow 

electrical conduction through it by the tunnel mechanism. Care has to 

be taken to prevent this layer from getting too thick and forming an 

insulating film. (26)(3) 

Because the diffused gold has better adhesion than plated golds, 

alloys are sometimes produced by multilayer plating followed by 

diffusion. Among the alloys which have been made by this method are 

(3)(27)(26) 1, (26)(27)(28) stn alloys of gold with silver, with nicke 

copper, (26)(29)(6) with cobalt, (26) (28) with chromium, (28) and with 

taneaneses\<” Not all these alloys are equally successful. Copper 

and silver produce soft alloys and they may not be able to hold a coherent 

oxide film when under pressure. Both metals corrode fairly easily and 

silver salts are prone to migrate under electrical Erercer 

although this is not likely to be important except in the smallest 

reeds. Nickel and cobalt both strengthen the gold and harden it, but 

only nickel appears to have been used a great deal. This may be due to
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the strong effect of cobalt on the conductivity of gold, 9? Manganese 

is probably not used because of its similar effect on the contact 

(27) resistance of gold. Besides these hardening effects, multilayer 

alloys have the advantage that they prevent the formation of iron rich 

(3) particles on the reed surface, either by acting as sinks, orasa 

barrier layer. 

Even in its alloy form, the relatively low melting point of gold 

and gold alloys causes the contact material to wear rapidly when switching 

high energy circuits. The most commonly used contact metal in these 

(6)(7)(42)(50) circumstances is rhodium, as its high melting and boiling 

points prevent heavy losses at high energy switching, whilst its small 

tendency to form films allows it to switch quite small currents without 

serious loss. Rhodium is sometimes diffused into the reed, in a similar 

manner to gold. 

1.1.5.2. Special purpose materials. Neither rhodium nor gold contacts 

are ideal for all purposes, and for some cases special reed coatings must 

be used. Where only high voltages are to be switched, tungsten can be 

used, as the voltage will be high enough to penetrate the oxide layer. 

(33) (34) The high melting point of the tungsten will reduce the damage 

done on switching to insignificant levels. This is true of reeds coated 

(54)(35) tantalum‘ >4) (7) which have also been with molybdenum, or chromium 

used for switching high power circuits. For switching very high voltages, 

up to 100,000 volts, a sprayed-on mixture of silver and tungsten has been 

claimed to be pecan 

Silver on its own is used for switching high frequency alternating 

OO) ntlat the excelente ternal current where skin effects are important, 

and electrical conduction characteristics of silver are used in switches 

where current surges of up to 15 amps are expested (ol) An almost
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perfect reed is the mercury wetted reed, which has platinum blades wetted 

by mercury held there by capillary attraction \2>) This gives many 

millions of bounce free switchings with no arcing on opening. However, 

it is necessary to have external contact protection circuits as any 

arcing from larger than average surges would damage the wettability of 

the blades and seriously reduce the reed's life. Because of the pool of 

liquid mercury on the switch, it is necessary to operate the switch 

within a few degrees of the vertical, and this, together with its much 

higher costs than other reeds, has restricted its use to situations 

where it is essential to have 'perfect' switching (i.e., going from a 

perfect conductor instantly to a perfect insulator). 

121.536 Composite contact coatings. Composite coatings have been 

used from early days in the form of underlayers to prevent the diffusion 

of iron to the surface, the usual underlayer being nickel. More 

recently, composites of gold with particles of carbon, silicon, 

phosphorous, sulphur or metal oxides? 8) have been Pocomented o-) 

whilst others have claimed carbon or air to be of values 22) Solutions 

depositing a mixture of gold and tungsten carbide 4°) have been suggested 

to improve reed life, but this seems unlikely at low loads. 

Japanese workers have suggested the use of complex multilayer 

(41) deposits of gold and rhenium as a way of preventing transfer of 

material by the molten bridge, by balancing heat flows. This method 

seems too complex for popular use, as is likely of another Japanese 

(42) suggestion for an aluminium/nickel/gold multilayer. Possibly a 

more practical line of work is the incorporation of a low electron work 

function element in the gold to enhance the possibility of planar 

erosion as opposed to the pip and crater method mentioned Rpapars ce)
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Workers in America have been experimenting with a layer of sea) in 

the gold. Of more interest is the work that Davies and Watson have 

been doing on modifying the form of an element already present after 

gold plating. (44) 

1.1.5.4. Other contact coatings. Another attempt to spread the spark 

erosion over the surface was the use of 'spiky' deposits so as to give 

many sites with enhanced local fields for field emission on closing. 

Davis 24) used palladium with pyramids 3-6um high on the surface, but 

found interlocking of the spikes took place. Annealing the palladium to 

remove the spikes was a failure as undesirable diffusion effects took 

place. 

Attempts to find economic alternatives to gold or rhodium plating 

have been made but without apparent success. Copper has been claimed to 

give improved life, with the contact resistance going down after about 

10! operavionss (2 ) Corrosion problems between plating and sealing the 

reeds may have prevented the widespread appearance of this reed on the 

market. Problems to do with plating the required thickness of ruthenium 

(32) (46) (47) or osmium may be responsible for their lack of general 

acceptance of these contact materials. 

It has been suggested that a reed with a gold amalgam contact area 

(48) would have an improved operational life. However, heating the amalgam 

(49) causes it to lose mercury, even when under pressure, and problems with 

the interdiffusion of iron and nickel may have prevented its more general 

use. 

T1265 Problems with reeds. Whilst much development has taken place 

there are still problems with the reed switch and the perfect reed has yet 

to be found. Although gold may be ideal at low switching energies, its
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use at higher power is severely restricted. Rhodium has problems with 

organic films due to its catalytic effect on any organic vapours entrapped 

(50) (24) in the envelope. Substrate preparation, and housekeeping in the 

plating shop have both been responsible for many reed failures. (51)(24) 

With rising prices, especially of gold and other precious metals, such 

failures are expensive. 

1.2. Project Outline. 

ees ls Outline of problems. Most of these problems with reeds are 

closely connected with the electroplating process. Hard wearing gold 

alloys can be made, as witnessed by developments in the field of wrought 

(52) contact metals. However, the number of alloys of gold which can be 

(53) electroplated is limited, and of these, many are not robust enough 

for industrial practice. Consequently, the choice of contact alloy 

tends to depend primarily on its plating (rather than its contact) 

characteristics. 

The area to be plated is not chosen with a view to contact wear 

problems, but with the aim of maintaining a steady current density whilst 

plating. Most reeds are plated by immersing their tips in the plating 

vat to a depth of about 2 centimeters, thus minimising the effects of 

any slight variation in depth. As this method plates both sides of the 

reed, the functional area may be as little as 5% of the total plated gold. 

Both these problems can be overcome, but not in an industrially 

acceptable manner. Stopping off or masking the reeds by hand is a very 

slow and time consuming operation, but automatic plating machines are 

expensive to develop and install. Plating solution development is a 

(relatively) straightforward operation, but it is doubtful whether the 

reed manufacturers show much enthusiasm for yet another 'new' and
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‘improved' plating solution. In any case, it was thought to be unlikely 

that this work could compete with the plating supply houses, with their 

greater manpower and resources. 

It was therefore decided to try and develop an alternative coating 

method for used switches which would allow close control of the coated 

area, and if possible allow a greater, or at least different, choice of 

alloy to be produced. 

1.2.2. Alternative coating methods. A survey of the possible alterna- 

tive coating methods showed that most of them were as restrictive as the 

plating process was. Chemical (electroless) plating would still plate 

both sides of the reed, but depth control was not so critical. However, 

(53) the plating rate is slow and the range of alloys produced is even 

more restricted. Chemical coating by the use of organo-metallies‘?4) 

could be contained only on one side of the reed, and mixed resinates 

could produce alloys on firing’), but the coating rate to achieve any 

real thickness would be very slow. 

Mechanically fixed composites in the form of bimetallic strips 

(56) are at present in use and there seems to be no problem with alloy 

development, as any wrought alloy could be used. However, the need to 

replace machinery, geared to using wire, with machines capable of 

handling strip may be holding up the general acceptance of this method. 

This method will also produce a fair quantity of scrap from the stamping 

process, which will contain a small amount of gold. This will need to 

be recovered, an operation which will tend to raise the overall cost of 

the process. Mechanically fixing the contact material onto the reed 

blades after stamping out could be triea, (24) (57) but it is not known if 

any of the present day methods were capable of handling the very small, 

thin coating that would be required. The production of the very small
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contact inserts themselves would present difficulties. 

As seen eariien,\>>) metal spraying has already been used on 

reeds, although not for gold contacts. Because of the small area of 

the reed being coated, there must be a considerable wastage of metal on 

the masking and surrounds, which could reach important proportions with 

a metal as expensive as gold. The cost could, of course, be brought 

down by alloying the gold, which would be very easy to do using this 

method. The use of hot dipped metal was not considered suitable, mainly 

because of the high melting point of the gold, and the uneven thickness 

which would result on drying. 

There are many processes which operate in a vacuum, all of which 

seemed to be hampered by the necessity of loading and unloading the 

vacuum chamber. Although semi-continuous processes can be devised, the 

overall coating time may still be too long for a product which is being 

produced in hundreds of millions a Wesco Some reeds are already 

being made by evaporation of gold by an electron or ion beam eure 

but too much gold must be lost on the mages?) and vacuum system to make 

this an attractive proposition. Cathode splutterings ©) may be better 

as the metal is attracted to the reed by a high voltage, and losses to 

other parts of the system are low. Plating rates of dpm/min have been 

q, (20)(43) 
claimea’®2) and a variety of alloys and mixtures have been produce 

Other vacuum coating methods are unlikely to be useful. Vapour 

deposition, or gas plating, is probably insignificant, due to the 

nobility of gold and the difficulty in producing it in a gaseous form. 

Vacuum metallizing of gold is not a commercial proposition as the vapour 

pressure of gold at usable temperatures is too Tow. 602) 

Another method considered was the printing of the gold ina 

suitable carrier, followed by the removal of the carrier. Two types of
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carrier were possible, an inert organic carrier of the kind developed by 

(63) thick film printers in microelectronics, or the use of a pasty 

mercury/gold amalgam. The inert carrier could be removed by either 

burning or evaporating off at fairly low temperatures, but the mercury 

could only be removed by evaporation at high temperature under vacuum. 

This limits the alloys possible to those which will amalgamate with 

mercury, and have a lower vapour pressure. 

1.2.3. Choice of method. The final choice of method rested not only 

on the conditions outlined above, but also on its industrial feasibility. 

The method did not have to be so complex as to require skilled or trained 

men to operate it, nor must it require highly expensive capital equipment. 

To be industrially acceptable it must have a high throughput with as 

little wastage of gold as possible. Preferably it should also only use 

equipment which was available at Aston, or easily obtained or loaned. 

These considerations limited the choice of the method to either 

mechanical fixing or to printing the gold, and because of its novelty in 

this application, it was decided to work on the last idea - the printing 

of gold onto the contact faces. 

1.2.4. Thick films. The thick films at present in use in microelec- 

(64) tronic technology usually comprise of three components. There is 

the organic vehicle which gives the paste the correct rheological 

properties for printing. (65) The low boiling point constituent of this 

paste is then usually removed by drying at between 100-200°C leaving a 

higher boiling point material behind to give the paste some '‘green' 

strength. Another component is the inorganic binder, usually a glass 

which melts on firing and forms a bond between the metal and the sub- 

(66) strate, which is usually alumina. This glass has recently been 

replaced by reactive metal oxides said to give better adhesion. (67)(68)
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The final component is the metal itself, whose composition varies 

depending on the properties that are required. Gold, silver, 

palladium and other metals are used for conducting pathe,\02) whilst 

resistors are often mixtures of precious metals and metal oxides, (70) (72) 

After printing and drying, the pastes are fixed, usually in air, ona 

moving belt type of furnace with a carefully controlled thermal profile. 

The peak firing temperature is usually between 600°C and 1000°c. (72) 

1.2.5. Thick film problems. Practically all thick films are used on 

(72) alumina substrates, although similar methods are used to fix printed 

labels onto glass and pottery. Thick film has been applied to metals, 

but only to those which have a coherent film of oxide present, such as 

magnesium or stainless steal. 12) Such an oxide film, if present on 

the reed blades, would interfere with the conduction of the current. 

Other problems which may arise with the use of thick films on reeds, 

would be mechanical interlocking due to the roughness of the surface 

finish; the lack of adhesion to an oxide free metal; and the porosity 

and density of the final fired deposit. 

In development of pastes, powder production must be considered. 

Gold powder can be bought from thick film supply houses, but only in 

certain sizes and forms. It is also difficult to obtain the desired 

alloy powders, and so, control over the make-up of the pastes would be 

somewhat limited. Producing the gold powders at Aston seemed to be the 

best solution to these problems, but was not without difficulty itself, 

as almost no information on industrial methods was available. 

Lede Powder Production. 

1.3.1. Powder requirements. Before choosing the production route for 

the gold (and other metal) powders, it is necessary to state clearly in 

what form they are required. As the life of the reed is, in some cases,
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(74) a function of the thickness of the coating, a dense deposit should be 

aimed for, and so the powder itself should be dense, and of course, pure. 

As the powder will be packed together without too much vibration or 

pressure, there must be little mechanical interaction, and so the 

particles should be smooth with no re-entrant angles. Also for ease in 

packing the powders should be all one shape, and as closely graded in 

(5) size as possible. Owing to technical and economic constraints on the 

final deposit thickness, the particle size should be less than 10pm. 

1.3.2. Production route. Most of the available powder metallurgy 

production methods were Gonsiderady 12) 78) but were eliminated due to the 

size and shape conditions outlined above. Crushing and milling were not 

feasible, due to the malleability of the gold, and the high waste losses 

which might occur. These high waste losses also excluded shotting or 

atomising the gold, which would be impractical due to the small size 

required of the final particles. Methods using molten gold were not 

considered due to the fairly high temperatures involved, and thermal 

decomposition or reduction of gaseous products were impractical because 

of the lack of the necessary equipment. This also excluded reactions 

which occurred under pressure. 

The eventual choice was between chemical precipitation from 

solution, or electrical discharge from solution. Both require only 

minimal costs, require no additional equipment, are fully controllable, 

and are (theoretically) capable of 100% metal recycling. Chemical 

precipitation was finally chosen as it seemed to be more versatile, with 

a larger range of precipitation systems being available. Electrical 

discharge would also have much the same limitations on possible alloys 

as electroplating.
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1.303% Theoretical considerations for chemical precipitation. The 

formation of precipitates in solution is an extremely complex subject, 

some of the fundamentals of which are not yet fully understood, ¢!7)(78) 

The properties of the precipitates are a function of several conflicting 

reactions, the most important of which are: the generating process, 

which in this case is the chemical reduction of gold salts; the 

nucleation of the gold particles; and the growth of these particles to 

their final size. Variations in the conditions of the reaction, such as 

the efficiency of the mixing, will alter the rates of all these reactions, 

giving different final properties. 

Ue5e Saks The reduction reaction. The rate of the reaction is 

controlled by both the thermodynamics and kinetics of the reaction. The 

thermodynamics determine whether the reaction is energetically possible, 

and the theory, with metal salts being reduced to metal, is similar to 

that of corrosion reactions, but in the reverse direction. The thermo- 

dynamic driving force is related to the differences of the electrode 

potential of the cell, the potential of each electrode being given by 

(79) (for a reversible metal ion-metal electrode) the Nernst equation: 

0 2+ Bem Betsy + BE an [oP] 
where Ey. /u is the electrode potential under the conditions used, 

Bit on is the standard electrode potential, R is the gas constant, 

T the absolute temperature, F the Faraday, z the number of electrons 

involved in the reaction and v*] the activity of the M’* ions in the 

solution. As gold is a very noble metal, with a standard electrode 

potential of +1.43 volts, (8°) there are many reducing agents available. 

However, because of the low temperature of the reactions used 

(20-100°C) the kinetics of the reaction play a most important part.
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For example, under many conditions, nickel should be precipitated from 

solution by hydrogen at one atmosphere, but the amount of nickel 

produced is negligible. This is because the molecular hydrogen has a 

stable electron configuration, with a large dissociation energy which 

must be supplied before reaction can cour, \o2) Reaction will only 

occur if energy is supplied, by working at high temperatures and 

pressures, or the activation energy is lowered by use of catalysts or 

intermediate reaction compounds, 02) 

The kinetics of a reaction are dependent on the phase and energy 

state of each of the components and on the number of elemental reaction 

steps and their activation energies. 1+ is thus very difficult to 

generalise about the reaction kinetics and experiments to determine them 

have to be carefully designed so as to eliminate the effects of mixing, 

and precipitation kinetics. 

1.3.3.2. The nucleation process. This is similar to the reduction 

reaction, in that nucleation should start as soon as the concentration 

of precipitant in the solution exceeds saturation, but due to the kinetics 

of nucleation, this does not occur until quite high super-saturation 

ratios occur. (The super-saturation ratio is the ratio of the 

concentration of material in a solution to its saturation concentration 

at that temperature. Nucleation should occur when the ratio is greater 

than one). The kinetics in this case are better understood than those 

(11) (78) ) | 
for the reduction reaction (see for example Walton, and Nielsen 

In a super-saturated solution, as a number of atoms come together to 

form an embryo nucleus, they reduce their total entropy, and release a 

quantity of free energy related to the volume of the embryo. However, 

the atoms on the surface layer are in a state of higher potential energy 

and this surface energy will tend to make the embryo redissolve. This


