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The thermodynamic behaviour of cuprous sulphide 

in three different states was studied by determining the 

hydrogen, hydrogen sulphide gas mixtures in equilibrium 

with it and a solid copper phase. Vu re solid cuprous 

sulphide was investigated, first over the temperature 

range ”0°0 —1040°0. 4 standard free eaerGy equation 
for its formation was obtained which was consistent 

with all  previous work and can be considered the most 

accurate known at present. 4econdly thin layers  of 

cuprous sulphide abproximately 0.003mm thick were grown 

on copper at three temperatures between 710°0 and 840°G, 

and their stabilities found to be the same as those of 

bulk cuprous sulphide. In addition some interesting 

phenomena connected with their growth were observed, 

recorded and compared with similar results published fer 

oxide layers. Lastly sodium sulphide — cuprous sulphide 

mixtures were investigated in both the solid and liquid 

states in the composition range 0 — 36 mole, sodium 

aulphide. Activities, partial molar free eaergiest  heats 

and. entropies of cuprous sulphide vere obtained and 

1. 



discussed from a chemical viewpoint. It was also possible 

from this last investigation to obtain a value of the heat 

of fusion of cuprous sulphide, and to correct the existing 
phase diagram for the sodium sulphide cuprous sulphide 

system,. 
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GEAS#AL IiiTRODUQTION 

The majority of present day metallurgical extraction 

processes have been developed in a slightly "ad hoc" way, 
but the recent demand for new metals, the gradual exhaustion 

of high grade ores and the working of new ore deposits have 

made it necessary to put the subject of extraction 

metallurgy on a sounder theoretical basis. Thermodynamics 

has proved a very useful tool in this respect and there as 
therefore arisen a demand for accurate high temperature 

thermodynamic data on metals, alloys and metal compounds 
The aim so far bas been to study simple systems and then to. 

apply the results obtained to the more complex systeds and 

problems 2ound in extraction processes. Previous work has 
been mainly concerned with metals, alloys and oxides and 

although there is still much to be done in this field an 

overall picture of, the behaviour of these substances has 

been obtained. The position for sulphides is however much 

worse. Some sulphides have been thermodynamically investi—

gated in their pure state but 110 accurate work has been 

published on sulphide mixtures. The abundance of sulphur 

in the earth' s crust makes sulphides of extreme metallurgical 
importance and there is therefore an urgent need for data on 

these compounds, 



To help him obtain and explain the necessary thermodynamic 

data the metallurgist now has the assistance of the chemist 

who until recently was not actively interestec1 in the behaviour 

of inorganic substances at high temperatures. The chemist has 

now realized that besides being of metallurgical importance 

such data is also of chemical interest. The results for 

oixtures or solutions, both solid and molten, are of the 

greatest interest and it is hoped that they will provide 

information on the structures in the solid and liquid state 

and the effects of ionic size, charge and covalency 

character of the bonds. Furthermore new statistical 

mechanical treatments may have to be developed as most 

of the existing ones were worked out for mixtures of organic 

molecules and may not prove suitable for this type of work. 

To solve any of these problems it is necessary to have a 

large amount of accurate data on numerous systems. Sulphides 

have here a great advantage over other inorganic compounds 

as they are normally molten at low temperatures. Inaccuracy 

aad experimental difficulties markedly increase with 

temperature and the type of information the chemist needs 

can therefore more easily be obtelred using sulphides, 

although one great disadvantage in their use is that they 

can often have an appreciable range of composition. 

Sulphides were therefore chosen for the present work 

in preference to any other type of inorganic compound, 



becauseof the s mpli.city of the experiment technique  
and because the results could be applied to metallurgical 

as well as chemical problems,. The main aim was to make an 

accurate study of a two component system, so that in later 
years when other systems had been studied all the results 
could be compared and a greater understanding of the factors 
determining the behaviour of inorganic salt mixtures could 

be obtained. 

Cuprous sulphide was chosen as the centrepiece of the 
work, firstly because copper is of extreme industrial 

importance and cuprous sulphide occurs in almost every 
extraction process involving capper, andsecondly because 
it is chemically suitable as it is stoicheiometric when 
solid and in equilibrium with copper and is sufficiently 

unstable at high temperatures for equilibrium measurements 

to be made on it. Before any results for mixtures can be 
interpreted the thermodynamics of the pure components has 

to be known, Unfortunately no reliable data existed for 

this sulphide in its solid state and a study of this 

compound therefore became the first task. 

Upon the completion of the above work it was apparent 

that with only a slight modification of the apparatus thin 
films. of cuprous sulphide grown upon copper could also be 

investigated. Alth ugh this NIMB a little removed from the 

main objects of the research it was considered sufficiently 
importance to warrant investi ation. Recently work has 
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been done on wustite in which it has been assumed that the 

thermodynamics of thin  films is the same as that of the 

bulk phases (25). However there is experimental evidence 

which suggests that this assumption may be untrue (3.) 

It would be of fundamental importance in the theory of surfaces 

if it was found that the stabilities of thin films of cuprous 

sulphide on co per were different to those of bulk cuprous 

sulphide in equilibrium with copper, and the present work 

was therefore undertaken with, the aim of helping the theoreti—

Oiansss well as of assessing the validity of the above 

assumption. 

The final ono  most interesting phade of the work was 

the study of the system cuprous sulphide— sodium sulphide* 

It has been known for many years in extraction metallurgy 

that there is a strong interaction between these two 

sulphides but no attempt until 	has been made to obtain 

a quantitative measure of this interaction. Such a system 
IL 

finds its main application in decoppelIng processes. For 

example in the Orford process the sulphides of nickel and 

copper are separated by fusion with sodium sulphide, the 

copper enters the sodium sulphide slag leaving purified 

nickel sulphide* Yr= a chemical viewpoint this system 

is an example of a mixture of two salts., between which 

there is a strong interaction and which have the same 

divalent anion but different univalent cations. In 



addition the cation-anion bond has a greater covalent 

character for one of the components. It should be emphasized 

that the full importance of these characteristic properties 

cannot be assessed until several systems have been studied 

and all the various results and characteristic properties 

comparea. 

liTom this introduction it is apparent that the work 

can be divided into three separate sections. 

1. 6olid cuprous sulphide. 

2. Thin films of cuprous sulphide drown on copper 

3. Uixtures of cuprous suldhide and sodium sulphide 

Althou h the last two sections are dependent upon 

the fir-it, for the purpose of clarity in the present 

thesis all three sections will be considered separately 

each one ha 
	its own introduction and discussion of 

results etc. 
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"SOLID CUPROUS WIPHIIMP 



INTRODUCTION 

1.fliernical.ro  ertie o 
The general chemical behaviour of cuprous sulphide is 

well known, but three properties will be mentioned a they 
were especially important in the present investigation. 
toicheiometrY 

Laerger has found that solid stoicheiometric cuprous 
sulphide can take up sulphur to give a compound of variable 

composition called diganite (1). There is no evidence that 
solid cuprous sulphide is nonstoicheiometric when in 
equilbrium with copper, 
Structure 

The existence of a low (o&) and high (/3)  temperature 
fora of cuprous sulphide has been known for several years. 
The structure of the low temperature fora has been accurately 
determined as orthorhombic. Until recently the high 

temperature form had been Given an antifluorite structure. 
Bueri;er hes shown however that this is incorrect, that 
the /3 form has hexagonal symmetry (2) and that only a.  
eight displacement of certain atoms is involved in the 
4eformations From specific heat data Buerger pointed out 
that this transformation extended aver a range of temperature. 
When a specimen of cuprous sulphide is slowly heated 
structural changes start at about 78°C and continue until 
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105°0 when the complete transformation takes place. He 

deduced from this that the oc to /3  transformation 

was from an ordered to a disordered structure. These 

terms are rather vague but a tentative explanation is that 

one or both of the copper atoms become presressively more 

free to ,dove within a sulphur lattice, the final structure 

being similar in this respect to that of silver salphide 

The copper cuprous sulphide  phase  dial5ramt  

Aen a mixture of copper and cuprous sulphide is melted 

two liquid phases are formed, a copper rich and a sulphide 

rich. phase. 

izichuhmenn and Moles (3) in 1951 determined the amount 

of copper in the sulphide phase by quenching and analysing 

samples which were in equilibrium with the metal phase. 

Their results are given in Table I. It should be mentioned 

that their values, which car' be considered the most reliable 

at present, for the amount of copper in excess of that for 

the stoicheiometric sulphide are less than those which were 

accepted previously. 

Table 1 

Temperature wt 	dissolved Cu. 

1150°  1.7 
1250°  2.7 
1350°  3.6 

Rosenquist in 1951 (4) was able to deduce from his 

measurements and from those of Sudo (5) on the activity 
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of sulphur in liquid copper the composition o the copper 

rich phase. He found that there was approximately rio by 

weiGht of sulphur present at 1200°0, which was less than 

was previously believed.. furthermore due to the melting 

point of pure copper being only 1083°0 this sulphur 

solubility must increase only slightly with temperature. 

b) Theory 

kio attempt here will be made to derive the fundamental 

thermodynamic equations as these can be obtained from any 

standard thermodynamic textbook. The notation adopted 

throughout this thesis will as closely as possible be that 

employed by Guggenheim in his book "Thermodynamics". 

In a thermodynamic study of a pure compound the cost 

interesting quantities are the standard free energy ( 6 G 

heat (,6 H°) and entropy (A 6°) of foraation• That is 

the change in these functions when the elements combine tei--

,.4ve the eompound, both the reactants and products being in 

some fixed arbitrarily chosen standard to. in this time 

of work it is normal to choose the standard state for gases 

as one atmosphere pressure and for solids or liquids as 

the pure substance. eor example, with sulphides the 

reactants are a pure metal in a solid or liquid state 

and sulphur in the form of diatomic sulphur gas at one 

atmosphere pressure; the product is a pure sulphide in a 



solid or liquid state. No departure from this practice 

will be made here:  

2 	mIS • • • 	• 	1 Ai 4- 

The thermodynamic quantities can be obtained in 

several ways, one of which is to measure directly the 

•.atomic sulphur pressure in equilibrium with the metal 

and sulphide as in a method employing a Lnudeen. cell, 

This entails placing the condensed phases in a cell or 

box having a small orifice, his cell is than placed in 

an evacuated chamber and heated to the required temperature. 

Whim equilibrium conditions are established the partial 

pressures of the various Gaseous components, including 

diatomic sulphur, can be determined by collecting all the 

particles emerging .i:rom the orifice in a given time. 

The Great disadvantage of the method is that the composi 

-aorta and the relative its of all the Gaseous components 

have to be known. It is often not possible to fulfil this 

condition because mphy sulphides are volatile and because, 

various polyatomic molecules or sulphur may exist in the 

gas phase, and this method is therefore seldomly used: 

.prom the law of mass action it follows that the 

equilibrium constant OK]) for reaction 1 is given by 

It1 	328  

Pa2 



activity oi" the relevant substance. 

= equilibrium diatomic sulphur pressure. 

If both the metal and the sulphide are in their  
pure and hence standard 5tate3 their aetivities are equal 

to unity. 

For any reversible reaction at constant tempera are and 

pressure 

13. 

z o 

and 	A G° H 
It is therefore possible by studying the equilibrium 

at various temperatures, and then calculating the free 

energy changes at these teuperatures, to evaluate both 

th,,  heat and entropy terms. 

A z;raph 	free enemy change against absolute temperature 
ant 

is noriaallystraight line but this does not mean that the 
heat aad entropy ch4inges are constant. Tiaey do in fact 

chf.let1;lightly with temperature,2 in such a manner that 
a4t. 

the 	one another aadotstraiht line results. 

A more usual and convenient way to obtain. the, required 

quantities is to study the equilibrium between hydrogen, 

hydrogen ,sulphide, the metal and the sulphide. From the 

ratio of the partial pressures of the two,  gases it is than 

possible to calculate the equilibrium diatomic sulphur  
* The suffice 0  signifies that the 0TANDAJA1) change of the 

thermodynamic function is being considered,  



pressure in equation A 

H2  kil.&=PH2 MS 	• 	• 2  

The equilibrium constant (K2) for this reaction is 

given by 

K2 = PH 

 

	

am 	P 2 

Strictly fugacities should be used instead of partial 

prossur9s but as hydrogen aad hydrogen sulphide at the 

preslures used. (p 	,z1 10'3  atms) are almost ideal no 

appreciable error will be introduced in us - partial 

pressures. 

Again the metal and sulphide can be considered pure 

and their activities taKen as unity. 

PH26) 

	

a 	La in  ( 12  
• A 40 

The free =era equation for the reaction between 

hydrogen and diatonic sulphur gas giving hydrogen sulphide 

is well known, a complete summary of the literature having 

been wade by Richardson and Jeffes (6). The sulphur 

pressure in equilibrium with a given hydrozen, hydrogen 

sulphide gas mixture at a certain temperature can therefore 

be calculated. 

%   lit2s 	• 	 4, 

2 

14. 



K3 
PH s 
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PH2 	b2  

_lae required standard free enersy change for equation 

is now aven by 

Go = 

c) Previous work 

The thermodynamic behaviour of solid cuprous sulphide 

at high temperatures has interested numerous investigators 

since 1925 but the results obtained were never. satisfactory. 

The first two studies were made by Jell irek and 

Zakowski (7) in 1925 and Britzke and Kapastinsky (8) in 

1932. The method was to stream hydroGen over heated 

cuprous sulphide at various flowrates and to analyse the 

hydrogen, hydrogen sulphide as mixtures formed. The 

Gas compositions for no .flowrate would be those in 

equilibrium with the condensed phases and to obtain them 

graphs of gas composition against flowrate were extra—

polated to zero flowrate. Bo precautions were taken 

aGainst thermal diffusion of the gases (see page z7 
and the two sets of results are in marked disagreement 

with one another and with all subsequent work, the sulphur 

pressures obtained being too high. Results with similar 

inaccuracies were obtained, for other sulphides these 

workers investigated (e.g. ferrous sulphide) and their 

work may therefore be disregarded.  
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Gox e • all (9) made the first investigation of any 

importance. Their apparatus consisted of a furnace*  

containing copper and cuprous sulphide, in a closed gas 

circuit which was initially filled•with hydrogen* The gas 

was circulated at 60 coimin* through a 1 inch bore reaction 

tube, sulphilm being. removed 'from the sulphide to form 

hydrogen sulphide, until the whole apparatus was filled 

with the equilibriuii. gas mixture which was then analysed 

chemically. The- results were considered unsatisfactory 

because their reproducibility was bad and because similar 
tke, 

measurements by/ same workers on ferrous sulphide have since 

been shown inaccurate due to the presence of thermal 

diffusion (10). • 

Sudots experiments (11) were the most recent being 

published during the course of the presnnt work. A flow 

method similar to that employed, by,Jellinek and hakowaki 

was used, the main difference being that Sudo took adequate 

precautions against thermal diffusion*  he results were 

not of the highest accuracy (internal consistency '4. Nil of 

the. equilibrium constant) and were obtained at only tour 

temperatures within a two hundred degree range.. 

All flowrates mentioned in this thesis have been measured 

at veep temperatures and. pressures. 
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A standard free energy equation for the formation of 

cuprous sulphide can be obtained from thermal data compiled 

by Kelley. Re has calculated (12) the standard free energy 

equation for the following reaction from specific heat data 

and from the heat of reaction measured by Von oartenberg. 

20u + 5 (rhombic)----->Ou2S( 	) 

4^ke = 18440 + 11.70 T lo T 11.02 x 10 2T2 	76 T 

In the region of the 0.! to 	transformation this may 

be simplified to 

AG° 	= —18880 5.601. 	• . • • 

Kelley has in addition produced values of the heat and 

entropy changes for the al- to A transformation (13) 

and a standard free energy equation for the conversion of 

rhombic sulphur to the diatomic gas (14). 
376°K 	>  

A 4'0  cals 3 56 Tau deg. 

2 8 (rhombic) 

AGO  = 31360 — 1.36T log T + 5.80 x 1C3T2  is 38.62T 
When these data are combined with equation B the 

required equation is obtained 

52----> Qui) ( 	) 
LX Go = .33220 * 0.68T log I' — 2.9 z 	IQ.1  

Gut(oct) 

L it°  = 134o mt: 
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This type of calculation is useful as a guide but never Gives 

results as accurate as the best experimental methods. This 

calculation can be considered especially unreliable for two 

reasons, firstly Von dartenberg s heat of reaction (15) 

was determined in 1909 by bomb calorimetry without analyses 

being done to determine the compositions and quantities of 

the reaction products, and secondly when the calculated free 

energy changes are plotted against the absolute temperature 

a pronounced curve is obtained which implies that the 

specific heat data used in the equation for the conversion 

of rhombic sulphur to diatomic sulphur/is /Inaccurate. 
k 

iichahmann and goles in a good piece of work in 1944 (3) 

determined the sulphur pressures, in equilibrium with the 

two molten phases (see pages/0)// ). They bubbled known 

hydro6en, hydrogen sulphide gas mixtures through the melts 

and analysed the resultant gas mixtures. The gas 

compositions in equilibrium with the melts were found 

by making the compositio4s of the entrant and exit gases 

the same. krecautions were taken ag 	emal diffusion, 

side reactions of hydrogen sulphide and faulty as analysis; 

in addition the internal consistency of the results 

240 of pii2s/P 	was Good considering the 

temperatures at which the results were obtained, 
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`Ater analysing all the .bove data, the important parts 

of which are shown in 2i,,;ure 1, it was decided to determine 

accurately the sulphur pressures in equilibrium with solid 

cuprous sulphide and copper over an extended temperature 

ranee, and to make a few measurements in the two liquid 

phase region so that a comparison with the results of 

i.ichuhannn and goles could be made. 



EXkzaMliNTAL Ulaii0D AND iqt001.4DURE  

The method employed here was similar to that used 

by Cox and co-workers. A closed gas circuit was built, the 

components of which were a furnace, a gas circulating  

a drying; tube, a capillary gas flowmeter, a blow-off 

manometer and a gas sampling bulb (Age2). 

Cuprous sulphide (2 gas) intimately mixed with an 

equal weiht of copper was placed in a pure recrystallized 

alumina boat (Morgan crucible Co.iltd. A RR) in the furnace. 

The whole apparatus was filled with hydrogen and the sulphide 

specimen heated to a known temperature. The gas was then 

continuously circulated, at a flowrate sufficient to 

overcome therqal diffusion, until the whole apparatus 

contained the equilibrium hydrogen, hydrogen sulphide gas 

aixture(p 	P 	107'). To determine the ratio of the a H2  
partial pressures of the two gases the contents of the gas 

sw ipling bulb were analysed for sulphur. The standard free 

energy change for the formation of cuprous sulphide at this 

temperature was calculated and b'repeating the experiments 

at various temperatures the standard heat and entropy changes 

were also obtained. 

a) Apparatus  

kurnane (Fig.3)  

The furnace consisted of a 1% ins. bore mallite tube 

wound uniformly for 14 ins. of its length with Kanthal 

resistance wire (0.04 ins in diameter). In this tube was 
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)leced a 1 inch bore mullite reaction tube. Asbestos cloth 

was used as insulation and was wrapped round the winding tube 

differentially so as to ixaprove the even temperature zone 

which was better than 2 ins of 2°U (i.e. the length of 

the sulphide specimen). The power to the furnace was 

controlled by means of a variac, a vacuum switch and a 

Kent controller. The Kent using a t ermocouple in the 

furnace was able to keep the temperature to 1.5°0 of the 

required value by proportioning one third of the power, the 

vacuwa switch being used to make and break the circuit. 

This arraage„lent however did not always work satisfactorily 

and the temperature was then kept to the above liwits by 

manual control. 

Lanthal wire when it has been heated becomes brittle, 

and experizenters have found that when a k nothul wound 

furnace has been cooled tw rooa temperature the wire may 

have fractured. The present furnace however was repeatedly 

heated and cooled to room teaperature without this happening. 

This difference in behaviour is ttributed to the fact that 

the wire u,ed here(0.04 ins. in diameter) was thinner than 

that of the other experimenters. 

0n a similar furnace the author tried a modification, 

the aoove method to improve the even temperature zone, 

which proved more satisfactory. This was to wind the 

resistance wire differentially so that when the windives 

were lagged uniformly with asbestos cloth a dip was 
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obtained in the. middle of the temperature distributions 

This dip was then satisfactorily removed, by increasing 

the lagging around. the middle of the furnace. Jn even 

temperature zone of .3.5 ins Qg 1.3.°0 was obtained by 

this me hod. 

'.0he connections to the reaction tube 1, ere made by Ground 

Glass joints fastened to the ends of the mullite tube by 

the thermo-setting plastic "Araldito". AlthouGh "Araldite" 

is attacked by sulphur dioxide it is unharmed by hydrogen 

sulphide at a partial pressure of 10-2  atmo hares (16). 

Temperature kiessurement 

The temperature measurement was made by means of a 

platinum-platinum l3 rhodium thermocouple* placed between 

the reaction and furnace tubes in a position which 

corresponded to a. point halfway between the middle and 

trailing edge of the alumina boat. 

The thermocouple was calibrated before and -after t h e 

equilibrium measurements wore made by placing a similar 

thermocouple in a correspondinG position Inside the reaction 

tube. The two calibrations aGreed to within 1°k; and the 

* This was supplied by Johnson iiiatthey Qo.litd. ?and was 
Guaranteed to measure the temperature to T 2°U of the 
true value in the temperature range investiGated. 
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temperature drop across the reaction tube was less than. 

300. The effect 	 as flowrate on ithetomperature was 

also studied. It Was found that at .6U00 the temperature 

riven by a thermocouple inside the reaction tube did not 

alter when the flowrate of pure h',7drogea was increased 

from zero 'to 4500 cc/min, 

Shx...s.Am2 
The gas puwe was a 'copy of one used at the British 

Iron and -,teel AeLearch ,o3sociation (B.i.6.h.A.) and weg 

faLde by r. Leek of B.I*Aca.A• It was essentially a double 

acting pump utilizing four non—return values and is shown 

draraatically in kigure 4. The purnpin Dower was 

derived from the solenoid into which were fed a series 

of D.O. pulses (for the production of these pulses see 

Appendix 1) which caused the iron armature and hence the 

two coludins of n — dibutyl phthalate (used because of its 

low vapour pressure and inertness to low partial pressures 

of hydrogen sulphide) to oscillate. When a D.G. pulse 

was passed the ariiature rose avid 6as was forced through 

valves (a) and (b), when thp pulse vas cut off the 

armature fell under gravity amt. as was forced through 

valves (c) and (d). The valves were small zlass bulbs 

blown on the ends of ,jeces of narrow bore tubinG. 



FlGli. 
GAS PUMP 
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The valve seats were constrActed pieces of glass tubin.6. 

It was important that the valve and its .seat should be 
good fit 80 thatthere was no leakage Of gaz back.  

Any flowrate between 0 and 500 cc/min could readily 

be obtained by altering the frequency of the D.O. pulses, 
but it was found that any impedance in the gas circuit 
such as narrow bore taps and capillary tubing greatly 

reduced the maximnm obtsinable flowrate. 

Flowmeter (Fig.2) 
A capillary gas flowaeter was constructed in such a 

manner that it offered little resistance to the pump. 
Instead, of having a noraal U—tube device to measure 

the pressure drop .  across a capillary, the 11m1 used. 

here to measure the position of a liquid (n dibutyl 

phthalate) meniscus was. inclined at an angleoi 450  to 

the vertical For a given displacement of this 

meniscus the pressure drop across the capillary was 

less, and hence the resistance offered to the pump 

was also less tban  with the conventional type flowmeter. 

Drying Tube 
Oalcium chloride and maGaesiumperchlorate (anhydrone) 

were used as drying agents after it was discovered that 

silica gal adsOrbed hydrogen sulphide as well as water. 
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initiallysoma experimwereents 	done with rubber bungs 

present in the system. The effect of these bungs on the 

hydrogen sulphide atmosphere was not known so they were 

replaced by ground glass joints and the previous results 

were then checked. satisfactorily 

To ensure a little flexibility in the apparatus some 

joints were made with short lengths of polyvinyl chloride 

Any small leak or pinhole in the apparatus which 

might have altered the gas composition was immediately 

detected, due to a reduction in pressure in the apparatus 

caused by the admittance of atmospheric oxygen which was 

converted to water vapour in the furnace and then absorbed 

by the drying tube. Any oxide present in the sulphide 

sample was also reduced in this manner. 

b. 0 hemicals Used 

Hidr°60n 
The hydrogen was coaaercial "oxygen free" hydrogen 

supplied by British Oxygen 0o.Ltd. It was dried by 

calcium chloride and magnesium perchlorate before use. 

ihen dry it was guaranteed 99.95V pure (17.) 
Vopper 

This was in the fora of drillings which were 
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prepared from a piece of copper produced at the 1l Paso 

Refinery of the khelps Dodge Go. The impurities* in this 

copper were silver 

u.009 11  oxygen an salphur combined < 0.006.b. 

14RE-0112.11211that 
Gupric sulphide was first prepared by passing hydrogen 

sulphide into an acidified (sulphuric acid) solution of 

"Analar".  cupric sulphate. The precipitate was collected, 

dried, placed in a silica boat and heated in a slow streau 

of hydrogen for 14 hours at 75006. The product was 

cuprous sulphide together with a little copper which was 

easily removed as it 'was only formed at the leading ed4b 

of the sample. Ghedical analysis" gave copper 79.74 
and sulphur 20.2% (Theoretical valuest copper 79.86A 
sulphur = 20.11) The trace elements detected by spectro-

graphic analysis" were silicon, lead and iron, all of 

which were present in quantities loss than 0.03,k, 

c. Gas analysis.  

To determine the compositions of the gas mixtures the 

contents of the gas sampling bulb, which were at a known 

temperature and pressure, were analysed for sulphur by a 

method developed by Kitchener and co-workers (18). The gas 

samples were flushed out with hydrogen, into an standard 

" These analyses were kindly done by the B.I.S.R.A. section 
of the Bragg Laboratory. 



alkaline solution of sodium bypochlorite, which absorbed 

the hydrogen sulphide and. at room temperatures oxidized 

some of the sulphide to sulphur giving the solution a 

turbid appearance. The solution was boiled for five 

minntes to convert all the sulphur to sulphate and then 

the quantity of sodium hypochlorite reaninine was estimated 

iodiaetrically. For these experiments the method was 

perfectly satisfactory and the results reproducible to 

An indirect check on the method was obtained by a 

colleague who used the same standard solutions employed 

here (19). He estimated the quantity of sulphur in a 

slag by the hydrogen sulphide evolution method developed 

by Kitchener and co-workers for sulplisr in iron (18) and 

obtained results concordant with those from combustion and 

iravimetric methods. 

A seventeen hundred cc sampling bulb was used, the 

exact volume of which was determined by weighing it empty 

and full of water. To guarantee the removal of all the 

hydrogen sulphide from this bulb it was necessary to flush 

it out with hydrogen for 1% hours at 150 cc/min. 

d) Additional Precautions taken to ensure accurate 

Thermal Diffusion.  

The existence of the phenomenon called thermal diffusion 

has been known for many years but only recently has its 
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importance in work using gas mixtures at high temperatures 

been. fully realized. 

If a gas mixture is left stagnant in mn apparatus, 

parts of which are at different temperatures, the components 

of te mixture will partially separate, the heavier molecules 

concentrating in the colder parts of the system. 

A theory for the phenomenon has been developed by 

Gillespie (20) from kinetic energy considerations; it 

predicts that the magnitude of the effect depends on the 

temperature gradient, the difference in the molecular  
weights and, the relative amounts of the components and 

the average molecular weight of the mixture. 

These thermal diffusion forces can be overcome by 

agitating the gas which for these experiments means a 

sufficiently high flowrate. 1rrors, however, can also 

by produced by fast flowuatea if the gas is not given 

sufficient time to reach the equilibrium temperature 

before it comes into contact with the condensed.pbases. 

There is therefore a range of permissible flowrates which 

can be found if the gas composition is determined as a 

function of flowrate; a constant gas composition for a 

varying flowrate proves the absence of thermal diffusion. 

ixperimental studies relevant to the present investi-

gation have been made by Darken and Gurry (21) and by Alcock 

and Aichardson (22). Darken and Curry used carbon dioxide, 
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carbon monoxide gas mixtures in a vertical furnace and 

found that thermal diffusion effects were much less apparent 

when the gas was passed up instead of down the furnace. 

Alcoek and Richardson used. hydrogen, hydrogen sulphide gas 

mixtures in an apparatus similar to the present one. They 

found that for a 1 inch bore reaction tube a gas mixture 

with pn " 	103  and a temperature of 950°0, thermal .2   
diffusion was absent when a flowrate of 200 ccimin was used. 

Thai): results were verified for the present system with 

the aid of a sample of cuprous sulphide containing radio—
active sulphur (isotope 354), and a Geiger Muller gas 
counter in the gas circuit. A continual record of the gas 

composition Gould then be kept whilst the flowrate was 

varied. No thermal diffusion was found with a temperature 
of 1000°0 fOr flowrates between 270 and 550 cc/mAn. A 

complete description of them experiments is Given in 

Appendix 2. 

It was initially decided to use this radioactive 
tracer technique for all the work because of the simplicity 

of the ,has analysis and because a continual record of the 

6as composition could be kept, but this decision was later 

reversed for the following reasons 
1) 'llhe electronic equipment available gave continual 

trouble, in addition to ,hich the operator did not have 

a 000d knowledge of electronics (39 valves and 200 resisGors 

and capacitors in a skaler) and the Rarwell maintenance 
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service was not as of icient as it is at present. 

2) The tracer technique had to be standardized by the 

chemical method and was therefore loss accurate due to an 

additional counting error. 

3) The time saved when the a..alyses were done by a tracer 

technique was less than the `time taken to prepare the 

radioacAve sulphide and to perform normal repairs on 

the countirg mechanism. 

racer techniques are only recommended where normal 

metho fail, for example, where it is impossible to take 

and 	yse gas samples (e G when working with very low 

hydrogen sulphide pressures) or where a very large number 

of analyses have to be made. 

The absence of thermal diffusion was further checked 

using stable sulphur. It was found that there was no 

appreciable difference between the equilibrium gas composi—

tions obtained for flowrates of 275 ccimin and 530 cc/min 

at two temperatures one near each end of the temperature 

range investigated. The flowrates used for the rest of 

the experiments were between 325 and 5UU cc/min. 

he presence of molecules other than hydrogen or hydrogen 

sulphide in the gas phase  

At high temperatures hydrogen sulphide is, in equilibrium 

with arious gaseous polyatomio molecules or sulphur. The 

presence of diatomic sulphur gas, which would have been the 

most abundant decomposition product of hydrogen sulphide at 

the highest temperatures, mir,ht have been if importance. 



Alen the equilibrium gas mixture was cooled leaving the 

furnace the diatomic sulphur would have combined with 

hydrogen to fora additional hydrogen sulphide makinG the 

mixture from which samples were taken for analysis richer 

in hydrogen sulphide than that in eguilibrium with the 

condensed phases. The greatest possible error however 

due to this cause was calculated to be less than 04.1 of 

the eullibrium constant. 

At the high temperatures the silica in the mallite 

could have been reduced by hydrogen to Give the as silicon 

monoxide which could have contaminated the copper and 

cuprous sulphide and have altered the activitiescf these 

substances. The copper and the sulphide were therefore 

analysed separately after all the equilibrium meEsurements 
had been .ade. In both samples the percentages of silicon 

and of alumina were less than 0.1 b and were therefore small 

enough to be ignored. 

o attack whatever of the alumina boats by the solid or 
liquid sulphide could be seen which was confinmdd by the 

analysis mentioned above. Lquilibrium was approached from 

both sides (i.e. high and low sulphur pressures) and 

circulation continued for varying lenGths of time to 

ensure that true equilibrium had been obtained. The 

approach to equilibrium was very fast, 1.5 hours circulation 

being sufficient for the majority of the experiments. 
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The experiments were done in a random order to ensure 

that any harmful effects which might have become gradually 

worse with time would be iaaediately detected, 

To conclude and summarize this description of the 

work a detailed account of an equilibrium experiment will 

be given. 

is The apparatus was filled with hydrogen and the furnace 

adjusted to the required teuperaturo. 

Z. Oirculation was continued for 1.5 hours with a flowrate 

of approximately 4(C ceimins If it was required to approach 

equilibrium conditions from high sulphur pressures the 

furnace temperature was then lowered 50°0 and circulation 

continued for another 1,5 hours. 

3. The standardization of the sodium hypochlorite solution 

was checked. 

4. artuiation was stopped and the temperature and 

pressure (a combination of atmospheric pressure, and of the 

difference between atmospheric pressure and the pressure 

insidA the apparatus as measured by the manometer in the 

gas circuit) of the gas in the sampling bulb noted, The 

sample was then flushed out, using hydrogen at a flowrate 

of 150 cc/min for 1.5 hours, into a standard alkaline 

solution of sodium hypochlorite. 

5. This solution was carefully boiled, for 5 mins, excess 

10% potassium iodide solution and 6N hydrochloric acid 

solution added, and the liberated iodine titrated with 
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stavidardized (by Aaalar' potassiva iodate dried at 1 0 

overnijat) sodium thiosulphate solution. 
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e results far the present investigation are most 

conveniently summarized in a Graph of log 	against 

17 (2ig,5). In regions where there are 

no hose  changes this graph should be a straight line 

and therefore provides a useful check on the accuracy 

of the results. The results are presented in Table 2 

(page 35 ); their order represents the order in which 

they were obtained. The flowrates for the experiments 

used to confirm the absence of thermal diffusion are shawa 

in the fourth column, flowrates for all the other experiments 

were between 325 and 500 ccimia. The letters H and L 

in the last column indicate whether equilibrium was 

approached from high or low hydrogen sulphide pressures. 
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Temperature  ov, 	X&V 
flow 
rate 
in cc 

  

H or L 

         

         

         

         

1001 0.785 2.672 iJ 

708 1.019 3.170 14 

1038 0.763 2.616 510 14 

809 0.924 2.965 14 

834 0.864 2.'848 14 
670 1.060 3.258 275 H 
669 1.062 3.279 LI 

758  0.970 3.060 H 
671 1.059 3.258 550 14 

339 0.899 2.908 H 
734 0.994 3.110 14 

1040 0,762 2.614 275 14 

963 0.809 2.711 H 

930 0.831 2.751 14 

1094 0.731 2.537 14 

1094 0.731 2.530 14 

1152 0.702 2.443 
1149 0.703 2.443 14 

926 0.833 . 2.765 
894 0.851 2.816 14 

893 0.858 2.812 14 

620 1.120 3.381 14 

364 1.195 3.542 14 

527 1.250 3.659 14 

584 1.167 3.460 
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Brrors 

In the experimental determination of the equilibrium 

constant there were only two main sources of error, firstly 

the gas analysis which could have caused an error in the 

equilibrium constant of + 1,;4 and secondly the temperature 

m asurement. tfte possible nonrandom errors in this are 

as follows: 

Oalibration of the theraocouple by the makers ec 
it 	ri author ♦ 1°'► 

liven temperature zone in the furnace 	+ 2°' 

2he nonrandom error in the temperature measurement 

;say therefore be 	o, which would given error in the 

equilibrium constant of + N. ahon this is combined with 

the error in tae gas analysis the total nonrandom error 

becomes + 	The internal consistency of the results was 

It is considered unlikely that all the above non 

IN.tadaa errors exerted their maximum force in the same 

direction and it is therefore reasonable to conclude thatian 

error of + 3 0 of the average  value of the egnilibri.um 

constant is a fair estimation of the accuracy of these 

results. 

The graph of log 	sip 2) against 	proved to 

be a straight line from which it was possible to calculate 

the standard free energy equation for the reaction 
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= 9.84 + 0.0044920 Xcals 

0 040°G) 

= 9.84 + 0.15 als/aole 

A s' 	.00445 	00018 Kcals/mole deg 

Tiie standard free energy equation for the reaction 

between copper and diatoalc sulphur gas can be obtained 

if equation 0 is combined with the standard free energy 

equation given by Richardson and Jeff es (6) for the 

dissociation of hydrogen sulphide into hydrogen and 

diatoaic sulphur Gas. 

Go r. 	- 31.42 + 0.t007351: Keels. 
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DISCUSSION OF R.USULTS 

the previous work of any importance is summarized 

in Figure 1. 

The data of Shhnhmann and :doles is in good agreement 

(within 2i, of the equilibrium constant) with the present 

investigation whilst that of Sudo and that of Cox and co-

workers give slightly' hi her hydrogen sulphide pressures. 

The disggreemont of Judo is only small (5; of the 

equilibrium constant) and can partially be explained by 

the experimental method he aaploged. This was to contin-

uously pass pure hydrogen at various flowrates over a 

mixture of copper and cuprous sulphide and to analyse the 

hydrogen, hydrogen sulphide gas mixtures formed* The 

gas ,compositions for no flowrate would be those in 

equilibriva wit the condensed phases (assuming thermal 

diffusion to be absent) and to obtain them Graphs of 

against flowrate (all the measurements for one 

2 

graph having been made at one temperature) were extrapolated 

linearly to a flowrate of zero. It is possible that these 

Graphs were not strai6ht lines but curves with the gas  

compositions becoming almost constant at the lower 

flowrates, which would. mean that the equilibrium hydrogen 

sulphide pressures obtained by Sudo were too high. The 

maximum error that could have arisen from this cause is 

PE, 



39 

of the equilibrium constant, which would explain the 

discrepancy between the two sets of results, but an error 

of 2 or 3;0 is considered more probable. A difference of 

2 or f still remains unexplained, but this is well within 

the h aits of accuracy for the two sets of results'and may 

be •ignored. 

Cox and co-workers' results are badly inconsistent , 

at the lower temperatures. The preuent results lie within 

the scatter but at the higher tempeiatures Cox *et al* 

definitely obtained higher sulphur pressures. The flowrate 

they used (60 cc/min through a 1 inch bore reaction tube) 

was mach loss than that in the present investigation and 

the discrepancy between the two sets of results could be 

explained if it was too low to overcome the tbarmal 

diffusion forces. Further support for this explanation 

is provided. by the results of Alcock and Richardson and 

of Cox let al* for ferrous sulphide. .&lcock and Rio 

(10) have been able to show that a similar discrepancy 

between these two sets of results is due to thermal 

segregation of the gases is the experiments of Cox t  et all'. 

The results preselited here are consistent, therefore, 

with previous work, and it is considered that they, together 

with the results of :achuhmAra and doles provide at present 

the most accurate and complete picture for the thermodynamic 

behaviour of cuprous sulphide at elevated temperatures. 
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INTRuiniOluti  

'she reasons for startin the present peat of this 

research have already been explained is the General 

Introduction, and only a more detailed account of the 

rel,:vaat literature need now be given. 

Thin fit  m of wustite on iron 

klellner and Richardson. (23) in 1951 studied the 

nechanism of the reduction by hydrogen of wastite layers 

grown on strips of poi„crystalliae iron. ..ehe layers were 

approximately U.01 mm thick and were grown by ozidizing 

the iron with a hydro6en, ,ater vapour gun mixture. They  

WeJ:0 reduced in a streaa of pure hydrofsen for various 

luni.,,Gs of time at various -eaperatures between 60040 

and 'WOO, and then quencht)d, sectioned 'polished and 

examined under a microscope. At 900°0 a thin layer of 

iron was first formed on the wustite surface, additional 

iron produced by the reduction. was 'ben deposited next to 

the substrate metal. At 7000 reduction proceeded, as 

would be expected, from the wustite ..urface inwards. At 

intell-mediate temperatures reduction proceeded simultaneously 
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inwards from the surface and outwards frog he substrate 

metal. To explain these results, Geliner and Richardson 

suGgested that he oxide in the imaediate neighbourhood 

of the basis metal was less stable than the oxide on the 

surface, and that there was a gradation of stability 

across the wustite layer. 	observation consistent with 

this hypothesis is that of Waipmaan and siarshall (24) 

who observed. that iron in slightly oxidizing atmospheres 

sometimes remained unattacked although once oxidation hhd 

coamenced this passivitity ,reatly diminished or disappeared. 

Darken and curry (25) have recently tried to 

dater pine the thermodynamics of bulk mustite in equilibrium 

with iron by asoustius that films of wustite -exam upon iro* 

behave in the same manner as the bulk phases. A strip of 
iron was suspended in a temperature gradient and in a 

gas mixture of fixed osygen potential, which was adjusted 

so that only the hottest parts of the iron were oxidized. 

vihen the strip was removed from the iurnace a sharp boundary 

was found between the unattacked iron and that having a 

surface layer of wustite. The temperature of this boundary  
pas taken as the temperature at which bulk wustite was in 

eclutl:Mciva with iron at a known oxygen potential. In 

view of the work of Geliner and Richardson. this appears a 
dangerous assumption* The present experiments were designed 

with the aim of determining the stability of cuprous 

sulphide films thinner than the wustite ones used by  
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and Richardson. They might therefore provide data which 

would support LZellner and iiichardsan's hypothesis ae.d which 

would show the potential dan6ers of the experimental 

aethod employed by Darken and Gurr,7. 

Dardolle and Benard (26) have recently done some work 

on the mechanism of the growth of wustite layers on iron. 

..heir results were similar, in some respects, to those 

obtained by the author and were published after this section 

of the work had been completed. Lardolle and iienard grew 

their films at temperatures between 63Oand 8500 and at 

ox,y;--en pressures of 1O to IU atmospheres. ILt 65U°0 

thin tover films of oxide ,ere obtained which completely 

covered the iron surface. heir colour and hence thickness 

varied from one errata of iron to another; the grain 

boundaries were clearly defined by these different colours. 

h4;:1er temperatures (8500) the temper films were not 

for4led, instead the .aurface was covered by small isolated 

patenes of oxide which grew more readily on certain arainJ; 

the effect was sufficiently marked for phenomena eonnected 

with 'an •,rowth to be observed. In additioa, it was 

noticed that the oxide had definite directions of preferred 

orientation which were different for different grains. This 

implied that the orientation of the oxide was dependent upon 

that of the basis metal.',J.ehl and UcOandless (27) have.  



pointed out that the spacinG of the iron atoms in o(.. iron 

and in wuetite is very 	and that this similarity 

would iaive a film of oxide a preferred orientation with 

respect to a substrate of iron* The cube faces of the 

oxide and the metal would meet and ee in tae plane of the 

inuerface, and a (110 plane in the metal perpendicular 

to the interface would correspond to a (100) plane in the 

Lardolle and. Benived took La 4e A—rey photo raphs 

whici confirmed this relationship for their films. 

.1u1i3ransen acid tiuka (28) have been able to show 

thae etruetural lationehipe botweeci a film and its 

substrate can ;reatly influ:nee the stability of the 

film. ithey Grew thin films of ma,netite on on 

(unfortunately they did not mention the thickness of 

their filme) and determined the transformation temperatureA 

for the reaction 

e
3
0 	le 	FeO, 

fro.a electron diffraction photo Graphs of the surface 

taken at various temperatures* .brot known :hex*aocy.amiC 

quantities this teaperature was predicted as 57000 for 

tho bulk phases; Oulbransen and i uka found however that 

fog sotae of their thinnest films the transformation 

temperature was as low as 530G, and that on increasing 

the \thickness of the film this temperature rose to 570 



These results were explained by the fact that iron and 

wustite have the simple structural relationship shown by 

and LicOandless whilst no such relationship exists for 

iron and magnetite. The wustite films were therefore 

preferentially stabilized which caused the transformation 

temperature to have been lowered. This work therefore 

provides additional evidence of the importance of structural 

relationships at the interface and still further emphasizes 

the need for accurate stability measurements on thin films. 

Thin films of alkalie halides on various substrates  

6chultz has published a series of papers in which 

he describes some qualitative results he obtained growing 

thin films of various alkalie halides on substrates of glass, 

mica, silver, sodium chloride, sodium nitrate and calcite 

(29). Lost of the films were grown in two waye, firstly 

by crystallizing them from an aqueous solution, and secondly  

by the evaporation of the halide onto the substrate in 

vacua. Ichultz studied the films using various electron 

diffraction techniques and was able to ctetermine their 

structure and orientation. The most interesting facts he 

observed were that:- 

1) The final structures and orientations of the films 

were in most cases, although not all, the same when the 

two methods of preparation were used. 
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2) Polymorphism for some of the deposited halides was 

obtained where the crystal energies of the usual sand 

unusual structures were similar. For example caesium 
chloride had the unu al sodium chloride structure on 

substrates of lithium fluoride, sodium chloride and mica.  

With a lithium fluoride substrate this unusual structure 

was obtained for crystals 1(X) 200A high but for films with 

an average thickness greater than this, crystals were formed 

which were not in contact with the substrate and which halt 

uhe normal body centred cubic structure. 

3) Many of the films were strongly orientated, It was 

often possible to relate this orientation to atomic 

aatchin at the interface. ?or exaaple, when caesium 

chloride was evaporated onto calcite it had the sodium 

chloride structure, but when crystallised from solution 

it had its normal body centred cubic structure. Different 

orientations were obtained for these two strufturee, but 

in both cases they were consistent with the best atomic 

matching at the interface. 

4) When very thin films were crown by the evaporation 

method two different types of film were possible. If the 

atomic matching was bad the first few layers 'would 

migrate acvoss the surface to give separate crystals. 

For example a layer of caesium chloride 10A thick on 
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lithium fluoride migrated to give discrete crystals 100 

2e0A high. These crystals had the unusual sodium chloride 

type structure and were orientated with their axes parallel 

to those of the substrate. When the atomic matebing was 

good (10,0 and 2; for substrates of mica and sodium chloride 

respectively) the first few layers were bound strongly to 

the substrate and separate crystals were not obtained until 

the films were thicker than 10A, when.the bonds across the 

interface were presumably too weak to be effective. 

Thermal etchiwi 

Chalmers in an excellent paper in 1948 (30) 	ized 

all the previous work on the subject of thermal etching*  

presented. some results for surfaces of silver and put 

forward some simple explanations for the phenomenon. 

Striations have been produced on copper and silver 

surfaces when these metals have been maintained at a high 

temperature in an atmosphere containing oxygen* the higher 

the oxygen pressure the more pronounced the striations* 
Magnified these stations resembled a series of close, fine, 

parallel lines, their direction varied from grain to grain. 

They Were unstable in inert atmospheres and disappeared in 

nitrogen for example, but repppeared with the same orientation, 

although the spacing between them differed in some cases, 

when the nitrogen was replaced by oxygen. Grooves were 

normally obtained at the drain boundaries but the photo- 
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micro„raphs of silver taken by L;halmers clearly show 

that the striations were not grooves gut steps in the 
surface. Chalmers su ested that the presence of oxygen 
may have modified the equilibrium configuration of the 
surface, so that a stepped up structure in which specific 
crystallographic planes were developed resulted; the final 
state of the surface would have had less free energy than 
the original smooth surface of smaller area but of 
arbitrary orientation. Theoretically the oxygen could 
have produced this effect if it had been prefenntially 
adsorbed on certain crystal planes (the developes ones)  

thereby lowering the energy of these planes. This 

explanation is consistent with the preferential attack 
of certain grains which has been observed in the oxidation 
of many metals including copper (31), and on which all 
etching processes depend. In addition Ohalraers suggested 
that the most important mechanisms in the formation of these 

striations were the surface movement of metal atoms or ions, 

and the preferential attack by oxygen of certain crystal 
planes (the developed ones) followed by volatilization and  

condensation of the molecular oxide. 
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isaol) Ali  

The principle of the method adopted here, to study 

the stabilities of thin films of cuprous sulphide on copper, 

was to determine the compositions of hydrogen, hydrogen 

sulphide gas mixtures which were in equilibrium with the 

films, and then to compare the values obtained with those 

obtained, for the bulk phases in Section 1. 

The apparatus was almost the same as that in section 

1, the only difference being that a small bulb was 

introduced into the gas circuit between the furnace 

and pump. 

i. piece of pure copper foil (4 cms z 5 ems x 0.01 ins) 
was placed in the furnace and heated in a stream of hydrogen 

for two hours at 90000. This annealed the copper and 

reduced any oxide film. The swill  bulb was filled with 

hydrogen sulphide which was then dispersed throughout the 

rest of the gas circuit by carculation. 1l the hydrogen 
to 

sulphide in excess of that necessary/form the equilibrium 

;as mixture reacted with the copper and formed a film of 

cuprous sulphide. .be time necessary for the attainment 

o equilibrium conditions was taken as the same as that 

for the bulk phases in Section 1, Therefore after 1.5 
to 2 hours circulation at 350 to 300 cc/min a as sample 
was taken and analysed as in aection 1. The furnace was 



they cooled aud the copper foil removed and examined under a 

microscope. 

The quantity of sulphur which combined with the copper 

was estimated from an approximate value of the volume of the 

apparatus and from a 'blank' partial pressure of hydrog 

sulphide, obtained Prow a similar experiment in which there 

was no copper foil in the furnace. The Volume of the small 

bulb was adjusted. to give a film of approximately 400 atom 

layers providing ,he film was of pniform thickness. The 

final films obtained however were thicker than this and 

grew in patches (v.infra). 

The experimentally determined 'blank' partial pressure 

of hydrogen sulphide (pks  = 1.5 x 10 atms)was in 

excellent agreement with the theoretical value 

(pdis  = 1.6 x 1063  atms) obtained from the volume of 

the small bulb and that of the apparatus. If in the 

equilibrium experiments described in Section 1 there 

had been a continual loss of sulphur from the gas phase, 

and hence the sulphide sample, the as would never have 

been able to reach its equilibrium composition. The 

excellent agreement of the two values of this 'blank' 

partial pressure however prove this not to have been ,the 

case, and provides farther evidence of the reliability 

of the results obtained in Section 
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The exact manner in which the films had grown was 

not clear, all that was done was to examine the final 

state of the films. Lie measures were taken to throughly 

mix the hydrogen sulphide with the hydrogen in the rest of 

the gas circuit before the gas mivture came into contact 

with the copper specimen. aixing effects will have been 

produced by the gas pump and large gas sampling bulb, 

but in spite of those effects the gas mixture in its 

first passage over the copper must have been inhomogeneous 

This inhomogeneity can be thought of as a volume of gas,  
with a high hydrogen sulphide concentration, moving round 

the gas circuit. The speed of reaction shown by the bulk 
in 

phases suggests that/the first passage of the gas most of 

the excess sulphur in the hydrogen sulphide rich part 

of the mixture reacted with the copper, and that the 

followin; gas deficient in hydrogen sulphide removed some 

of this sulphur to give the correct evilibrium Gas 

composition. To express it in another way an excess of 

cuprous sulphide was initially formed and was later 

reduced back to copper. This fact could not have affected 

the equilibrium measurements, but in a qualitative discussion 

of the final state of the film it might be of importance. 



Chemicals Used.  
Oopver 

Johnson and. Matthey Co.Ltd. "spectrographically pure"  
copper foil was used, the trace elements* in. which were 
spectrographically determined as silver 0.001A, lead 

0.00U7, nickel - U.000%, iron-line just visible, 

galium line barely visible. 

Hxdrosen Sulphide  

A steady stream of hydrogen sulphide was generated 

by continually adding dilute sulphuric acid. to a solution 

of sodium sulphide. The gas was dried by calcium chloride 

and magnesium perchlorate before use. 

52 
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These values were kindly supplied by Johnson & Matthey Co. 
Ltd. 
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RESULT5 

Three films were iavesti ated each at a different 

temperature. The results obtained are suamarized in 

Table 3, As the e 	brium times were different in each 

experiment they are given ia the last column. 

Table 3  

Temperature 
in oo 

?13 7.05 x 10 

790 9.79 x 10"'x' 
841 1.224 x 10 

uilibrium 
time in hours 

7.01 x 10 

1.005 x 10-3  

1.241 x 6-3  

The equilibrium gas compositions obtained for the 

films and for the bulk phases* are in agreement with one 

another within the limits of experimental error. It 

follows therefore that the standard free energies of 

formation and hence the stabilities of these films were 

very nearly the same or identical to those of the bulk 

phase.  
It had been hoped that a uniformly thin film would 

be obtained but this was not the case. Instead it was 

found in all three experiments that the films grew in 

patches. An estimation of their thickness was obtained 

from the quantity of sulphur removed from the ,as phase 

s These values were obtained from Section 1. 
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and. the area of copper surface covered, but a method. using a 

microscope was found more satisfactory as this could be 

applied to any specific area of the surface. Here the 

vertical displacement of the microscope necessary in focusing 

on the copper surface and then on the film gave the thickness 

of the film. 

Bach film could be. divided into three almost equal 

sections which were defined by the direction of 6as flow 

i.e. one third which Came into contact with the gas first, 

a middle third and a final third. 

klulphide formation was more abundant on the first 

third. Here nearly the whole copper surface was covered 

'by a layer of dark grey sulphide, approximately 0.003 mm 

thick, which still contained however small specks of 

bright copper. Occasionally a single black crystal of 

sulphide would rise steeply to a height of 0.01 ma but 

these crY>tals only covered a very small part of the 

total surface. 

The middle third was not so badly attacked; the 

areas of sulphide film and of bright copper were about 

equal. The average thickness of the films was still 

0,003 mm. For this part of the surface all the films 

had a slightly different appearance as each one had grown  

in a characteristic way (v.infra). 

The final third was only slightly attacked bat still 

showed the characteristic properties of the middle third. 
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In addition to these properties whole grains were covered 
with thin temper films of different colours. These 
temper films were ignored because they could have been 
formed when the specimens were cooled to room temperature 
in a hydroGen sulphide rich atmosphere. 

The characteristic properties shown by the last two 
thirds of the films will now be described. They are 
recorded in photomicrographs 1-6 which were taken without 
the surface being treatlid in any way (polished etc.) 

The sulphide Growth for the film Grown at 713 i; was 
more pronounced at the drain boundaries from which the 
sulphide Grew with a dendritic structure. These dendrites 
had for a Given copper grain several directions of preferred 
orientation (Photomicrographs 2,3,4). This effect was not 
so pronounced as for the wustite films of l3ardolle and 
lenard but was sufficiently apparent to imply that there 
was some simple structural relationship between the metal 
aad sulphide at the interface. Some Grains were much more 
favourable to sulphide Growth than others being completely 
covered, except for small specks of copper, whilst their 
neighbours were comparatively unattacked (PhotogicroGraphs 
1,2,3). This property is consistent with previous work, 
because similar effects were recorded by l3ardolle and 
Renard for their wustite films rind by Gwathmey and Benton 
for oxide films grown on a single crystal of copper in 
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oxygen (31). 

For the film grown at 841°0 the preferential growth 

away from grain boundaries and on certain grains was not 

pronounced. ketches of sulphide were obtained with an 

average height of 0.003 mm (ehotomicrograph 5), but they 

nearly all had a small black crystal in their centre 

rising steeply to a height 0.01 maa. The dendtitic nature 
was 

of the sulphide crystals/less but the crystal size was 

greater for this film than for the films growa at lower 

temperatures. These differences could have been due to 

the slihtly longer equilibrium time used in the formation 

of this film, but it is doubtful if this would have 

produced such large effects which are mainly attributed 

to the fact that this film. was grown at a higher temperature. 

The most interesting effect observed for this film was that 

maoy of the copper grains appeared striated (Photomicro-

graph 6). These striated grains were not confined t 0 any 

part of the surface and were not found for the other two 

films. The striations were not thought to be slip planes, 

firstly because of the long annealing time given to the 

copper before use, and secondly because they did not look 

like slip planes being too close together. Instead they 

were thought to be similar to the striations obtained by 

Chalmers and co-workers (30) for silver and by other 

workers 4040opper when in the presence of oxygen (31) (32), 

and were therefore formed by a thermal etching process. 
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If the ideas of Chalmers are applied to this system the 

presence of sulpha',  should have altered the equilibrium 

state of the copper surface so that a stepped up structure 

resulted. This alteration in the equilibrium state would . 

have been due to the sulphur being adsorbed preferentially 

on the developed crystallog hic planes and would have 

. preduced a surface of lower 	energy. If this 

explanation was truebulphide owth should have been 

more favourable on certain crystal faces including the 

developed planes, but it has been pointed out that at the 

high temperatures at which striations were obtained 

preferential growth on certain grains was not prominent,  
although the dendrites in their initial stages of growth 

were usually parallel to the striations and hence may 

have grown on the developed planes. Further discussion 

on this point is however not justified because the ideas 

o Ohalmers can only be treated as tentative suggestions 

not as established facts. 

The characteristic properties of the third film grown 

at an intermediate temperature (79000 were, as would be 

expected, similar to those for the two previously mentioned 

films and therefore need no further description. 
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DI6CM:16IUR OF 11E611=6 

The previously described phenomena and results are 

of interest in widely differing fields; an attempt will 

now be made to sulamarize them and to draw additional 

conclusions. 

These films grew in patches which. made them, resemble 

in many ways the films of ..iehultz and of Bardolle and 

benard, and they are therefore consistent with the 

present knowledge of surface behaviour. tine anomaly 

however is that (Iwathmey and Benton (31), who grew thin 

films of oxide on a single crystal of copper at various 

oxygen pressures (0.3 to 1 atms) and at various temperatures 

(room to 1000°G), did not report a patchy appearance for 

any of their films. The patchy state could have been 

formed in two ways. Firstly, if initial nucleation of 

the sulphide on the surface had been difficult, sulphide 

growth may have taken place by the diffusion of copper 

atoms throutp. nucleated sulphide and then the reaction 

of theSe atoms with the sulphur in the gas, rather th an 

by the direct reaction between gas and metal. secondly 

a unilogh thin layer of sulphide may initially have covered 

the whole surface. If it had been more anntable then the 

films observed the thicker parts could have then grown 

at the expense of the others, either by the surface 



movement of atone or by the transport of sulphur via 

the bas phase, to Live the observed results. 

There is evidence that the sulphide films grown at 

the lower temperatures had a preferred. orientation with 

respect to the basis metal which could have been due to 

some sort of structural relationship existing at the 

interface. Unfortunately no useful contribution to the 

deterwination of this relationship could be made from 

these experiments, because the crystal planes which 

formed the copper surface could not be identified and 

uecause the atomic positions in a cwprous sulphide crystal 

wore not known. 

The existence of preferential sulphide growth and  

of striations, imply that surfaces of copper in the 

presence of sulphur behave in a similar manner to copper 

and other metals in the presence of oxygen. This aspect 

of the work was considered of great interest and of 

possible importance if followed up, but the main object 

of the research was to obtain therwodynamic data on 

films thinner than those used by Gellner and Richardson. 

his had been achieved and therefore no farther work was 

done on the qualititative aspect. 

Cuprous sulphide Tilms approximatLly b.003 mm thick 

at temperatures between 700°C and 840°0 behave in the 

same way from a thermodynamic viewpoint as bulk cuprous 
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sulphide. Gellaer and aic sds n postulated a gradation 

of L,tability across a layer of uusLite U.C11 mm thick. 

If this was also true for a layer of cuprous sulphide 

the films investi6ated would have been unstable with 
respect to bulk cuprous sulphide..The results presented 

here do not disprove the hypothesis of tkeliner and 

Aichardson for wustite, but they do prove that such a 

hypothesis s not valid ior cuprous sulphide. Also they 

do not invalidate the experimental wethod employed by 

arken an Garry but it should be used with care as 

surface behaviour is still not clearly understood. 
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INTRODUOTIOB 

The reasons for starting this research and the 

objects it was hoped to "thieve have been exolained 

in the General Introduction and they will not be 

anlarGed upon further. All that is therefore necessary 

to introduce this section is a summary of previous work 

and a suiall chapter explaining the thermodynamic 

treataeats applied to th so mixtures. 

a) Previous work 

Although there has been no work done on sulphides 

directly comparable with the present investigation two 

separate pieces of work are sufficiently important to 

be mentioned. 

.Abase diagram  

Friedrich (33) in 191k obtained a phase diaarma 

for she cuprous sulphide-sodium sulphide system, part 

of which is shown in 14°figure 6. Itmaximum was obtained 

in the 50 mol6 region from which it was deduced that a 

solid compound was formed of this composition. Further 

a rate of cooling technique 'was employed the curves for 

which showed two breaks one at the liquidus temperature 

and one at the relevant eutectic temperature. As these 

two breaks were obtained for numerous compositions it was 

concluded that there was no appreciable solid solution 
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for this system, but the work presented here has shown 

this conclusion to be wrong. 

conductivity 1Aeasurements  

Joao conductivity measureaents for molten sulphide 

mixiares were made by 6avelsberg (34) ir. 19411. The 

experiments were crude in that no attempt was made to 

use its of high purity. Iron electrodes and iron 

and porcelain crucibles were sometimes used. They 

,,.ust have been attacked by the sulphide mixtures 

einagaGed and tae resultscbtaired can therefore 

only be considered reliable on a qualitative basis.  

4 direct current arrangeaent was used which for 

electrolytic conductors caused a partial separation 

of the ions. This separation was investigated by having 

the ecll divided into compartments and analysing the 

contents after all the conductivity measurements had 

bee made. i?or molten mixtures which formed a compound 

in the solid state (Qu26 Ba 	BeS2 Ou2S) electrolytic 

conduction was obtained, and the more basic metal was 

transported towards the anode which implied that it was 

present in a aomplex anions In eeneAliemt mixtures of 

cuprous sulphide and nickel sulphide, which do not form 

a solid compound, conducted electronically. Cuprous sal 

phide in a solid and liquid state also conducted electroni—

cally. eith molten cuprous Julphide, sodium sulphide 

mixtures Savelsberg obtained, as mentioned above, 
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electrolytic conduction with the copper migrating towards, 

although no reference was made to it being deposited on, 

the anode. These results were reproducible and were well 

supported by the current potential curves and the analyses 

of the anode and cathode compartments. For example a 

current of 1 amp (at 6-7 volts) was passed for 25.5 hours 

through a molten 50 mole% cuprous sulphide mlItture at 80000. 

There was a loss of 1.0 gm (in 2 gms) of copper from the 

cathode compartment and a gain of 0.11 s (in 16 gms) 

in the anode compartment* These results led Savelsberg 

to postulate the presence of Na and CuS ions in the 

melts. 

b. Theory 

The main aim in a thermodynamic study of a series of 

mixtures is to obtain the activities of the components at 

as many temperatures and over as wide a composition range 

as possible. The experimental tecbniques for mixtures of 

organic- molecules are normally simple, and the activities 

of each molecular component can be obtained directly by 

vapour pressure measurements for example. Mixtures of 

sulphides however need a different approach as these 

techniques are normally no longer applicable and the 

activities of the molecular sulphides have to be obtained 

from the activities of the constituent metals and sulphur. 

These can be determined by bringing the mixture to equilibrium 

with a gas and an alloy phase the compositions f which give 
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the activities of the sulphur and of the two metals res-

pectively, providing the thermodynaidc behaviour of these 

two phases is already known. 

The experimental method employed in this vork was 

to equilibrate a cuprous sulphide-sodium sulphide mixture 

with a metallic alloy phase and, a gas mixture of hydrogen 

and hydrogen sulphide. After equilibrium bed been 

established the compositions of the three phases were 

determined by analysis and, the activities of the cuprous 

sulphide calculated. A similar calculation was not possible 

for the sodium sulphide because the activities of the 

sodium were too small to be determined from the compositions 

of the alloy phase. 

The two condensed phases could have existed in a 

solid or molten state and have had numerous compositions. 

The alloy phase should have consisted mainly of sodium and 

copper, but it could have contained a little sulphir; whilEt 

the sulphide phase should have consisted mainly of a mixture 

of the stoicheiometric sulphides, but it could have contained 

an excess of any of the constituent elements. The thermo-

dynamic treataantibr the present results was greatly simpli 

fled, because in practice the alloy phase was found to 

consist# of nearly pure solid copper and the sulphide phase 

of a mixture of the pure sulphides in a solid or liquid, state 

(see page 71 ). 
The structure of the sulphide phase was not known; 

the results cf Savelsberg imply that ions were present but 
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the nature of the ions and the extent of their interaction 

was not clear. It is convenience in the following treatment 

to derive all the thermodynamic functions for cuprous 

sulphide molecules, but it should be emphasized that this 

does not mean that the mixtures consisted solely of molecules 

and did not contain ions. Any theories later developed 

concerning the structural composition of the mixtures could 

be used to calculate expected values of the thermodynamic 

functions for cuprous sulphide molecules, which could then 

be compared with the experimental ones. Thermodynamics 

can in this way help elucidate structures. 

The above general thermodynamic thought behind the 

experiments will now be given a little more meaning as 

the mathematical treatments applied to the results to 

give exact values of the various thermodynamic functions 

will be given. 

From the law of mass action the activity of cuprous 

sulphide ( a1cu 	in a mixture is given by 

1 	.2 a  
n;u, Gi2S 	kl  

a constant 

aum  and as= the activities of copper and sulphur 

respectively. 

As the condensed phases were in equilibrium with a 

gas mixture of hydrogen sulphide and hydrogen the sulphur 

activity is proportional to the ratio of the partial 

pressures of the two gases 
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k2 - - another constant. 

The alloy phases with which the mixtures were in 

equilibrium were found to be nearly pure solid, copper 

and hence the copper activity can be taken as unity. 
1 a 	k2  

amilarly when the results for pure solid cuprous 

sulphide, bore distinguished by the suffice °I, are 

considered. 
0, o 1 a 	= k2  1T28 
o, 

2 

If the pure solid is taken as the standar& state 

of cuprous sulphide the relative cuprous sulphide activity 

in a mixture is given by 

= a Oa28 
01 
a  Ci28 

aGu 

The four partial pressures were determined experimentally 

and hence cuprous sulphide activities could be evaluated. 

The partial molar heats$  entropies and free energies 

are related to the activities by the following equations.  

 

RT1ua0u2s- 
Geu28 
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The equilibrium measurements for each 
	

r 

made at .a series of different temperatures wild. h 

that the partial molar free enerGies could be 

their more interesting heat and entropy terms. 

were 

ant 

into 

The integral heat, entropy and free energy of mixing and 

the partial molar functions for sodium sulphide for a mixture 

with a Composition of x mole cuprous sulphide can be expressed' 

by integrals containing the partial molar functions for cuprous 

sulphide. To evaluate these integrals it is necessary to know 

the partial molar functions for cuprous sulphide in the composition 

range x to 0 mole % cuprous sulphide. It was not pOssible to fulfil 

this condition in the present work because measurements could not 

be made on mixtures containing small amounts of cuprous sulphide 

and therefore no further space will be devoted to this subject. 

It should be emphasized before the work is described in detail, 

and the results discussed, that all the thermodynamic functions 

for the mixtures defined here have pure solid cuprous sulphide as 

their standard state. 
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The apparatus was almost tt e same as that used 

in Section 1 the only difference beinti; that for some of 

the experiments the furnace was vertical instead of 

horizontal. 

The experimental procedure was also very similar 

to that in Section 1 
	

sodium sulphide cuprous sulphide 

mixture and a piece of pure copper foil were held in a 

pure ;.crystallized. alumina boat or crucible (Morgan 

Crucible Go.Ltd. Z1 RR) La the furnace. A hydrogen 

hydrogen sulphide gas mixture was circulated at between 

325 and 500 cc/mm until it was in equilibrium with the 

melt; gas samples were then taken and analysed for 

sulphur» This was repeated at various temperatures 

until all the required equilibrium measurements had been 

made. The furnace was then cooled and the melt removed. 

The two condensed phases which were easily separated, 

were then analysed to determine their azact composition. 

Seven, mixtures were investigated, mostly in the liquid 

state, but a few results were also obtained for some of 

the mixtures in the solid state. The equilibrium times 

varied between 1.5 and 7 hours; they depended on whether 

the furnace was horizontal or vertical and whether the 

mixtures were solid or molten. The time required when the 

furnace was horizontal was 1.5 hours for both the solid 
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And  liquid mixtures but when the furnace was vertical 

the time increased to 2 hours for liquid mixtures and 

between 245 and 7 hours for solid mixtures: The increase 

in the equilibrium times with the furnace in the vertical 

position was attributed to a bad contact between the gas 

and the mixture, caused by the fact that the gas was passed 
up through the furnace to miptimize the effects of thermal 

diffusion: 

al Ohe iea1.o used.  
Copper 

The copper was the same Johnson datthe Uoi 

'spectrographically pure' copper foil used in Sec o 

2* 

Cuprous. Sulphide  

This was from the same sample used in Section 1 

Sodium Suleilide  

Several methods were tried for prepar ug pure sodium 

sulphide from its elements but they were never satisfactory; 

the main difficulties were that sodium metal of guaranteed 

purity ('Analar') could not be bought, and that when sodium 

was melted in contact with sulphur a layer of sulphide 

almost impermeable to sulphur was formed round the sodium 
metal causing further reaction to proceed very slowly. 

The method finally chosen utilized sodium ethoxide as an 

intermediaey. This was prepared by dissolving 10 gms of 
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reagent Grade sodium obtained from British Drug Houses 
Ltd. in 50 cc of absolute alcohol, which had previously 

been distilled over lime to remove the last traces of 

water. The solution of sodium ethoxide in alcohol was 

left to stand overnight so that the undissolved impurities 

present in the sodium settled to the bottom of the Mask. 

It was then decanted and divided into two equal parts. 

One part was saturated with hydrogen sulphide to give 

sodium hydrogen sulphide to which the other portion of sodium 

ethoxide was addeth sodium sulphide was formed in solution; 

it was then precipitated by boiling off most of the 

cess alcohol and adding 1ether. The precipitate was 

qaiekly collected and placed in a desiccator, great care 

having been taken throughout the preparation to exclude 

water. 

2 Na 	2H5OH 	+ H2  

O2H5ONa + H 	O2H50H + Nana 

Balla + 02H Oba 	 02H5OH + Na 

apectrographic analysis*of the sulphide showed 

that the trace elements were' lead, iron, nickel, silver, 

aluminium, magnesium end copper present in quantities 

less tban  U.002%, and tin and calcium present in 

quantities less than 0.01;4. Evidence was obtained 

that the product bad a sulphur content greater than 

that of th-6 pure monosalphide. This was however 

* The B.I.S.R.A. section of the Bragg Laboratory kindly 
did this analysis. 
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miimportant in the present investigation and no srnsiyses 

were done to confirm it. 

by i'reparation and properties of the melts. 

Approximately the required compositions were obtained 

by weighing out the two Sulphide powders. This was very 

inaccurate and all compositions had to be checked by 

analysis. The powders were first premelted in an atmosphere 

of hydrogen which removed Any excess sulphur or oxygen in 

the sodium sulphide. A piece of copper foil do shaped.  as 
to cover completely the bottom of the container used, was 

added and the mixture again melted, and equilibrium measure-

ments then made. The average weights of the metal and 

mixture were 0.4 gas and 2 gms respectively. 

No attack of the almn na containers-was obtained, but 

a strong reaction was obtained in some preliminary experi-

ments between Silica and. sodium sulphide at about 600°0. 

Some important surface tension effects were observed 

for the melts because sodium sulphide acted as an extremely 

efficient wetting agent. A type of sessile drop was 

obtained for molten cuprous sulphide., but hen sodium 

sulphide was added this drop tended to flatten out and 

the liquid started to wet the alumina surface. This 

effect became so pronounced that a 40 moles sodium sulphide 

mixture crept out of a crucible 3.2 ems high and 2 ems in 

diameter. In an attempt to overcome this difficulty a 
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specially made,long, recrystallized alumina crucible (8 ems 

high and 2 ems in diameter) was obtained from iioyal 

Worcester Porcelain 0o.Istd. 'L 4% mixture* was heated at 

a temperature just above its melting point for 1 hour 

in this crucible. The melt rose a height of. 5 ems whenA 

it was considered to have crept out of the even temperature 

zone of the furnace and to have solidified. in addition 

it had soaked through the walls of the crucible, indicating 

that this alumina ware is inferior to that supplied by 

aorgan crucible Oo.Ltd. This difficulty combined with 

the fact that the limit of the gas analysis technique 

(equilibrium Ns/pa 	10 ) was reached for 40% mixtures 
2 

made further experiments using mixtures richer in sodium 

sulphide than 40% difficult and therefore none were done. 

It is known that sodium has such a strong affinity 

for oxygen that the oxide cannot easily be reduced by 

hydrogen and small amounts of oxide might therefore have 

been expected in the melts. As no of the mixtures investi- 

gated contained less than 60 mele% cuprous sulphide the 

sulphur activity of the melts was kept well above that 

of pure sodium sulphide which meant that the lower 

reaction (right to left) was favoured in the following 

equilibrium. 

119.'2 (in melt) 4. H2P:7=-7211a29 (in melt) R26  
Most of the sodium oxide was therefore reduced and the 

water formed absorbed by the drying tube in theses circuit.  
* ThroUghout the rest of this thesis a mixture with a 
composition of,xmple;‘ sodium splphide will be referred 

'-- a.41L a x-4 /mix,44,,Le- 
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A simple calculation showed that the sodium oxide activity 

was less than 0 Or ii, of that 
	

sulphide in all of the 

mixtures, and therefore no additional measures were necessary 

to remove oxygen from the hydrogen or from the prepared 

sodium sulphide. 

During the course of e equilibrium experiments 

there were two ways by which the melts could have altered 

in composition. The first was by the continual removal of 

sulphur to form the as mixture. A check however could be 

kept on this as the amount of sulphur removed in each equili 

brium experiment was that used in the gas snRlysis. For a 

complete series of measurements on one mixture the total 

change in composition due to,this cause was never allowed 

to be greater than I mole/ of cuprous sulphide. Some of 

the mixtures were investigated more throughly than others 

and for these a vertical furnace was used because more 

melt could be held in a crucible than a boat, which allowed 

more equilibrium measurements to be made for the same charge 

in composition. 

The second method was by the volatilization of sodium 

sulphide from the melt. Ii;vidence was found in the 

literature that pure sodium sulphide started volatilizing 

at about WOO (35), but the extent of this volatilization 

for the mixtures was not known. This was first ascertained 

by studying the equilibrium for one particular melt at a 
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series of increasins temperatures. The point at which 

volatilization pt ted was the point at which a graph of 

7444'."  log (pi s/pli )1/T ceased to be a straight line, due to 

the melt becoming richer in cuprous sulphide* The fact 

tilat volatilization had occurred was then confirmed by 

obtaining a sulphur pressure higher than the original value 

at a temperature which corresponded to a point on the straight 

part of :the graph. Appreciable, volatilization was obtained 

for a 36 mixture at temperatures above 85000 but none was 

detected for a 10% mixture at 900°0. Do accurate equilibrium 

measurements were made at temperatures greater than these 

for the respective melts and volatilization can therefore. 

be  considered to have been absent. 

c.. Gomposition of the copper and sulohide,obases  

The copper foil used, with the mixture having the highest 

percentage of sodium sulphide (36 mixture) should have 

contained the greatest amount of sodium. Spectrographic 

analysis showed that it contained less than 0.01% sodium 

And therefore the copper activity for all the mixtures 

could be taken as unity. 

The sulphide phase could have differed from a mixture 

of the two stoicheiometric sulphides by containing, firstly 
erv- 	 ___ 

an excess of copper, and secondly an excess of sulpiltur due. ._ 

to the formation of a higher sulphide of sodium caused by 

the high sulphur activity of the cuprous sulphide. The 

first possibility was considered very improbable because 
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molten cuprous sulphide at 1150°0 only dissolves 14,7 

copper (see pqge / 0 ) and mosW these experiments were 

done at about 6000. The analyses described, below however 

proved both these effects to have been absent, 

Me sulphide phase was analysed for both copper and 

sulphur, the sodium figure being obtained by difference. 

Approximately 1-2 gas of the sample were weighed and 

dissolved in a hydrochloric acid (one part), nitric 

acid (three parts), bromine (one part) mixture. The 

excess bromine was evaporated off on a water bath and 

the solution made up accurately to 250 cc; samplesc 

this solution were then used for analyses of copper and 

sulphur. 

sulphur determination 

25cc of the copper sulphate — sodium sulphate solution 

were taken and the sulphur determined as barium sulphate. 

Due to the noninterference of the small amounts of copper 

and sodium present (36) these metals were not removed before 

precipitation. The solution was evaporated, to dryness, the 

residue was digested with concentrated hydrochloric acid 

which was then evaporated off. This was done twice to 

ensure the removal of all nitrate ions. The residue was 

dissolved in 100-200 cc of water, made neutral and 3 cc 
excess hydrochloric acid added. The sulphur was then 
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precipitated by adding a solution of 24 cc barium chloride 
solution diluted to 100 cc, quickly to the boiling sulphate 
solution. The solution was heated for five minutes and 
left to stand. overnight. The barin.3 sull?hate was collected 
using a porous porcelain crucible (supplied by 4ioyal 
.iorceterkorcelain 0o.Ltd), dried at 140G and weighed. 
A sample of pure cuprous ullphide was analysed to check the 
method; the absolute accuracy as well as the internal 
consistency of the results was found to be + l. 

Oopper determination  
5c, cc of the copper sulphate—sodium sulphate solution 

were taken and the copper detetsimed by an electrolytic 
method. The solution was evaporated to dryness, the residue 

was digested with 1 cc concentrated sulphuric acid which 
was then fumed off. This was done twice to ensure the 
reuoval of all chloride ions. The copper was then deposited 
from a 4.50 nitric acid and a 	sulphuric acid solution 
overnight using an amperage of 0.5 amps at 2.5 ,— 3 volts. 
The method was found very accurate and reliable and was 0 
checked using a piece of pure copper foil. The absolute 
accuracy as well as the internal consistency of the 
results was better than + 

The mole fractions of sodium sulphide in the mixtures 

were calculated from the copper and sodium percentages and 
c,n be considered accurate to + 1 mole. lost of the 
mixtures were cooled slowly overnight to room temperature 
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in the furnace; and if, therefore, the mixtures had contained 

excess sulphur or copper only at hiGher temperatures they 

could have altered in comnosition when they were cooled t o 

room temperature. Two of the mixtures (27.5‘i-4, and 16.& 

mixtures) ,x ere therefore quenched from 720°0 to room 

temperature in an atAosphere of nitrogen in under 10 
minutes; the analyses of these mixtures agreed with the 

others in that the sulphur percentages, when taking into 

account the possible error in them of + 170, were consistent 

with only the existence of the stoicheiometric sulphides 

and therefore there were no appreciable amounts of excess 

copper or of a hither sulphide of sodium present in any 

of the mixtures. 
as analysis 

The gas analysis technique employed in Section 1 

was not entirely suitable for the present experiments 

as it was designed by Kitchener and co—workers to minlyse 

3.0 mgms of sulphur; here it was required to analyse 0.3 

Taigas to + 	and the original technique (see paLies16.,17) 
had therefore to be modified. 

The quantity of sulphur to be analysed is directly 

proportional to the difference between the volumes of 

sodium thiosulphate solution used in the standardization 

of the sodium hypochlorite solution and in the actual 
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analysis, Therefore to analyse a quantity of sulphur, to 

t 3% the corresponding volume of sodium thiosulphate solution 

has to be known to 4- 	For very small amounts of sulphur 

this can be achieved if very dilute solutions or small 

volumes and a microburette are used. The latter method. was 

chosen here as a clearer end point could be obtained. 

For the smallest amounts of sulphur (0. — 0.6 mgms)  

the hydrogen sulphide was absorbed in 5 cc of A sodium 

hYPochlorite and 	sodium hydroxide solution which had 

previously been boiled to expel au dissolved oxygen. 

a small boiling tube was added and the solution boiled. in 

a /paraffin bath of 5 minutes, 1 cc of 6N hydrochloric acid 

solution and 2 cc of 106 potassium iodide solution were 
1+1 

added and the liberated iodine titrated with 2.6 sodium 

thiosulphate solution from a 10 cc microburette. For 

slightly larger amounts of sulphur (0,6 — 2.0 mgms) 

25 cc of hypochlorite solution and a microburette were 

used, in other respects the method was the same as the 

original. 

These modified techniques were compared with the 

original by placing cuprous sulphide in the furnace and 

two bulbs in the gas circuit, one large and one small. 

An equilibrium experiment was performed and the gas 

samples from the large and small bulbs were analysed by 
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the oribinal and, the modified techniques respectively. 

A sumng4ry of the results obtained (Table 4 ) shows that 

the modified techniques gave consistently lower results, 

which can be explained if there was a loss, o' .10--2 mzms 

of sulphur in each analysis. Bo. further experiients 

were done to deteriOne the cause of this disorepancy., 

because of the good consistency of the results and 

because the loss of sulphur was small!  Instead all the 

results obtained wd  the modified techniques were adjusted 

o that they were consistent with those obtained. using the 

oristrial technique* 

TABL4 4 

mantity of_sulohur to 	Kercentaiie difference between 
be analysed in sms 	to two techniques  

2.9 x 1(74 	3.3 3.0 
7.5 x 1C 	1.7 0  1.7 
203 x 10'3, 	0,1 

. 3.6 x 10 3 	0.1 

During the-course of these experiments it was 

found that if sodium bypochlorite with . a strength greater 

than, 76 was used the oxidation of the sulphide was 

incomplete, the results being 3 to 5a low, During 

the boiling process some of the precipitated sulphur 



coaiplated and would not dissolve even with continued 

boilin. This was reproducible but did not occur if 

the sae solution of hypochlorite was diluted with 

-24 sodium, hydroxide solution. 5 

el 
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The equilibrium results are iaost clearly summarized 
Section 2. by a graph of log (pli 6./pa  )against _L 

2 "2 
(Vig.7). The values obtained to-ether with the 

analyses for each mixture are iven below; the order of 
the equilibrium result represents the order in which 
they were obtained. The levters H and .L in the fourth 
column indicate whether the equilibrium was approached 
from high or low hydrogen su.lphide partial pressureS. 

The equilibrium times used for the ezperiments are 

shown in the end column together with the letter V or H 
indicating whether the furnace was vertical or horizontal. 

easurera.ents  

Table 5 

lixture lio.1 (36.8 moleX2 Hat) 
temperature i.n . --Lx 103  -log 	H or L equilibrium 

00 	 (pH  /pi/  ) 	 time in hours 
2 

724 

795 
836 

764  

0.936 
0.902 
0.964. 

3.523  

3.381 
3.310 
3.442 

H. 

1.5 

H 
	

1.5 

It 

it 

zed on next page 
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8:1.3
751
'779

?2?;

'751
787
840
816
726

898
950
969
895
786
849
749
810

700
004­
6,56

696
69.5
745
644­
&>2

565
610

Mi:x"ture I~o.2 (18.9 mole)';. l\{stJ)
2. j. 4.

0.893 3.024 L
0.921 3.095 L

0.977 }.170 L

0.951 ~.126 L
Mixture No.3 (30.0 molo)'; Na;t3)

1.004 3.408 L
0.977 ,.,351 H
0.943 }.276 L

0.899 }.187 L
0.918 3.224 L
1.001 :;.';86 L

Mixture lio.4 (9.7 molEfIO Naz3 .
0.854 2.866 L

0.818 2.807 L
0.805 2.789 L
0.856 2.867 H
0.944 3.020 L
0.891 2~931 L
0.979 3.098 L

O.92~ 2.984 L

1.028 ·}.2114- L
1.140 3.477 L
1.076 3.345 L

. Mixture No.5 (274!.5 molEf;b Baas)
1.032 3.448 L
1.053 3.444 L

0.982 :;.342 L
L.O~ }~557 L
1.lz.3 3.871 L

1.19~ 4.117 L

1.1~2 3.821 .L

5.
1.5 H
1.5 n

2.0 t1

l.§ u

1.,5 n

1.5 "
1.5 ..
a.o tJ

1.5 t,
1.5 fl

2.0 H

1.' t1

1 ..,5 "
1.5 tt

1.5 tt

1.5 n

1.5 If

1.5 II

1 • .5 fl

1.5 ..
2.0 ft

2.0 V
4.0 It

2.0 et

2.5 ft

2• .5 n

2.5 ,.
2.5 ,-

83



oont'd. 
5. 

2.5 V 
5 U 
5  

2.5.  
3.,;o 
a.5 
2.5 

to 

7.o 
2.5 
7.0  
7.0 
7.0 
5.0 
4.0 
7.0' 
6.6 
7.6. ft 

3.5 
4.0 0 

7.0  
7.0 ft 

6.6 H 
5.0  " 
4.0 ft 

194# 

T9ble 5 -,eontinned 

Na, lixturt No.5 (27 5 
1. 2. 3. 	• 	- 4. 
561 1.171 4.025 L 
796 0.935 1-1 

585 1.165 4.003 
625 1.114 3.734 
635 1,101 3.650  
567 1.163 3.986 • 
639 1.096 3,613 

Mixtur 0.6 (16.8 n 
727 1,000. 3.213 
691 1.037 3.282 
823. 0.914 3.063- L 
594 1.153 3.497 H 
5)7 1.149 3.494,  L 
625 1.114 3.418 L 
650 1.083 3.376 
767 0.961 3.149- 
650 1.083 3.375 
690 1.038 3.367.  
661 1.071 3.351 L 
563 1.196 3.564. 
676 1.054 3.320 
833 3.043. 
633 1.104 	3.402 L 

Mixture N0.0:(84 mole Vai) 
628 1.11u 3.392 
629 1.109 3.407 
629 1.109 39? 
628 1.110 388 
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Analyses for the Mixtures 

Table 6 
alixturo Vo.1 
	

No.2 
wt %Cu 62.53 62.36  62.0- = G2 42  71.69  71.52  71.52  = 71.58 

wt 	8 	24.34  24.5, = 24.44 	22.36  22.95'= 22.36 
wt 	Nu. 	= 13.1 
	6.06  

Na23 	= 36•8 
	18.9 

JIiicture bio.3 	Mixture ii.o.4 
wt; Ou 65.91  65.91  = 65.9 	75.61 75.6, = 75.61  
wt 5 	23.88 23.91 = 23.90 	21.59  21450  = 21.4 
wt Na 	= 10.10 	v= 2.94  
mole ItiagS 	= 30.0 	9.7 

Mixture 
	

Mixture NO.6  
vit cu 67.17  67.5 

virt 	23.53  23.59  
wt xa 

molep  

= 67.24  

= 23.56 
9.20  

= 27.5  

.  

71.60  71.63 	

1:: 22.23
'.=  

22.54  
= 6.00.  

18.8 

Mixture Zos7  
wt ',4) Cu 76.60  76.03  76.83  76.56 	- 76.66  

wt '',, S 	20.8 5 20.96 	 = 20.88  
wt Yo Na 	 = 	2.14'6 
Moled Na 	 . 	8.1 

Lrrors 
The internal consistency 'of these.equilibrium'results 

was 	174 of (pH  a/p), which was better than that in 
section 1 due ti'a Giaeril improvement in the experimental 
technic:3:as. The absolute accuracy however still cannot be 
considered better than t 3,o  of (p 2'/pa). 
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DISCUSSION OF 	ULT, 

a)F 	DIAGRAM FUR T ii Ou S agS SYSTSM 

The main m in this part of the discussion is to 

show the close relationship between the graph of log 

s/p42) against =kr- (fig#7) and the phase diagram 

for2the system (fig.6). It proved possible to obtain 

definite points on the phase diagram from this graph. 

If Friedrich was correct and there is no\ appreciable 

ss lid solution for this system the mixtures investigated 
when solid should have had the same sulphur activity as 

pure solid cuprous sulphide. In fact they had a lower 

sulphur activity which means that an appreciable range 

solid solution does exist. It follows that for each 

mixture Fig.7 should consist of two straight lines joined 

by a curve. I straight line represents a solid or a liquid 

phase and the curve (shown in Fig.? as AZ) represents a 

solid and a liquid phases  both of varyin6 compositions  in 

To avoid repetition the graph of log (pH s/pii  ) 
2 2 

against =fr will be referred to as Figare 7. 
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equilibrium. This type of Graph was obtained for both the 

7 and 27.5%  mixtures. 

The sulphur activities of the 9.,7.;,  and 18..8% a ixtures 

were found to be the same is the solid phase, which implies 

that a two phase region containing these two mixtures mast 
exist in the solid. There are two types of phase diagram 
which could include ouch a region. One where the two 

components (i.e. Ou2S and 0u28 1 a28) are only partially 

m,)Lscible with one—another leaving a two phase region 

under the eutectis point. The other type is that 

containing a peritectis point; here there is an extended 

region of solid solution contsining a small miscibility 

gap. from Fig.7 it is apparent that 20 to 30% mixtures 

in the solid at temperatures corresponding to points near 

the curve AX do not have the same cuprous sulphide activities 

as the 18,8% and 9.7% mixtures, and are therefore not in the 
two phase region. In addition the 20% to 30% mixtures can 

be considered to lie on the cuprous sulphide side of the 

eutectis point which means that the second alternative - 

for the phase diagram, that containing a peritectia 

point*  is the more probable. 

The above general discussion can now be enlarged 

upon to show how it was possible to obtain definite points 

on the phase diagram. 

Certain points on Figure 7 correspond to certain 
points on the phase diagram; for the purposes of clarity 
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corresponding points of special interest have here been 

identified by the same letter on the two diagrams. 

when the straight lines for the mixtures in Figure 7 
are extrapolated they cut the curve a, the temperatures 

at the points of intersection (A7B4O,D) equal those for 

points (for the respective mixtures) on the solidus and 

liquidus curves in the phase diagram. 

All the mixtures which are within the two phase 

region at the peritectic temperature cannot have a point 

corresponding to a point on the liquidus lying between. 

BL on the curve AX (21.64 7). An 18% mixture is the one 

richest in sodium sulphide which fulfils this condition, 

and. it therefore follows that at the peritectic temperature 

the mixture at the sodium sulphide rich end of the two. 

phase region cannot contain more, although it should be 

noted that it can contain less, than 1816 sodium sulphide. 

In the solid the 8 	mixture had a higher sulphur 

pressure than the 9.7% mixture which means, assuming that 
the latter mixture was in the two phase region, that the 

cuprous sulphide rich end of the two phase region must 

lie between these two mixtures. From considerations 

of the differences between the sulphur pressures of the 

mixtures and of pure cuprous sulphide the cuprous sulphide 

rich end of the two phase region was fixed at 9.7, sodium 

sulphide at 62900. 



Composition 
of mixtures 
in molei,  Na3 

Iiquidus 
temp .iii 

9.7 786 

18.8 670 

27.5 641 

Solidus 
temp. in 

C 
671 

Temperature of a 
two phase boundary 

moo  

636 

89 

One point which is not clear is the shape of the 

graph in Figure 7 for the 18.Au mixture near the 
solidification temperature. No sharp breakl corresponding 

to the change in state of the mixture were obtained, instead 

there was a slight curve over an extended temperature ran ge. 

This curve was investigated very carefully and the points can 

be considered reliable. This mixture may be expected to 

have unusual properties as it should solidify at about 

the peritoctic temperature. No simple explanation is 

available however and the effect bias therefore been 

represented by a dotted line. 

The various points on the phase diagram obtained from 

the previous reasoning are summarized. In Figure 6 and in 

Table 7 below. 
Table  

9.7 
	 629 

less than 
18 67/ 
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These results differ considerably from those of 

Friedrich in that the points on the liquidus, in some 

places, are 180°0 lower than those on Friedrich's 

diagram and that positive evidence was obtained for an 

appreciable range of solid solution. There can be no doubt 

of this existing, and most of the liquidns points obtained 

here should be accurate to 20°0. Friedrich unfortunately 

did not publish any of his cooling curves and it is therefore 

impossible to assess the reliability of the two breaks he 

obtained in each curve, especially the second one at the 

eutectic temperature from which it was initially concluded, 

that there as no solid solution for this system. If 

however both these breaks were clear there must have been 

a fault in his experimental method, because it is difficult 

to see how the present results could be so seriously in 

error,. 

odsnamic functions _for the Liquid. Ili* es 

i) Conversion of the  standard State for the itermodynamic 
functions from solid to liquid anxious sulphide. 

The calculation of the activities, partial molar free 

energies, heats and entropies of =proms sulphide qith solid 

cuprous sulphide as the standard state has been dealt with 

previously (pages 67-69 )' the values obtained are given 

in Table 8 (see page 93  ). 
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Thermodynamic functions for the liquid mixtures are 

of very little use unless the standard state of cuprous 

sulphide is taken as the pure liquid. Values of the 

functions having the liquid as the standard state can also 

be obtained for this system because these functions are 

related to those having the solid as the standard state by 

the heat of fusion of cuprous sulphide as shown b,y the 

followin6 equations. 

RiAz 
0110111.11110111111•1111•101.00,  

13 31 
%MP .10,1 

 

T 

Tf  

 

1321 loge 

The subscript 1 denotes liquid cuprous sulphide as the 

standard state. 

The subscript s denotes solid cuprous sulphide as the 

standard state. 

• It has been assumed that the specific heats of solid 
and supercooled liquid cuprous sulphide are the same. 
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li f and T = the heat and absolute texiiperature of fusion 

of cuprous sulphide. 

The thermod7namic funntions 4177fil, A21  and AG'  must be zero 

for rure liquid cuprous sulphide. The terms dependfnt on the heat 

of fusion in the uuevious equations am.14 therefore equal to the 

values that the funetions havita,the 1id as te stanaard state 

would have for the pure liquid, i. e. they equal the intereepts on 

theAV:v  AS,, and AG, axes when graphs 

of 	and 	against composition are extra- 
43 Hs  Ass 	s 

polated to pure cuprous sulphide. The values of the partial 

molar beat were considered the most suitable for the calcu 

lation of the heat of fusion. The graph used is shown in 

Figure 8 and a full discussion of the value obtained 	-7=7— 

(2.5 * 0.5 Koala) is given in Appendix 3. Values of the func—

tions having the liquid as the standard state were then cal—

culated using this value; they are summarized in Figures 8,9, 

10,11 and in .i!able 9. 
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14)  Values of the thermodynamic functions.  

 

Table 8 

  

Vomposition of 
the mixture in 2 EL 	A -.. 
(i0 Na(mole) 	in alai 	in :21s,/ 

mole 	de .mole 

••••••••0•01.0... 

4 Gs  
at 820°0 in 
cols/mole. 

36.8 230 2.02 1980 

30.0 74o 1.96 1400.  
27.5 730  1,90 1340 
18.9 laio 2.24 640 

18.8 1890 2.29 620 

9.? 2200 2.15 ' 150 

able•9 

Composition of 	—...— 	al  at the mixture in 	2111i 	21 a 	A G, at % Na2S (mole) 	in calgi 	in oals/ 	8200ft in 820a  0 
mole deg.mole calamole 

36.8 . 2270 0.24 — 2530  0.31 

30.0  .- 1760 •0.18 — 1950 0.41 

27.5 — 1770 0.12 1900 0.42 

18,9 — 690 0.46 1190 0.56 

.18.8 610 0.51 . 1170 0.58 

9.7 300 0.37 — 700 0,72 
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Srrors 

Any errors in these functions could have originated 

from three different sources 

1) The measurements on the mixtures 

2) ft 
	

" n pure solid cuprous sulphide 

3) " heat of fusion of cuprous sulphide 

The probable val.ues of the errors are shown in 

Table 10 below. 

Table 10  

unctionerror from 	error from 	error from 
Source 1 	source 2 	ource 3 

+200 
cis/mole 

+ 0.22 
aim/  deg, 

mole 

+ 150 . 	 350 
Eals/mole 	cals/mole 

+ 0.18 	+ 0.35 
Ualsidegs 	Ealsideg. 
mole 	mole 

 

+ 50 	+110 
e 	cals/mole 	calsimole C. 
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The errle.for the last two sources were considered 

nonrandom because they were seRe-t-em.t for each mixture 
whilst those for the.first source varied and they have 

therefore •been classified as random. To obtain a fair 

estimation of the accuracy of the results the two types 

of error have been separated in the: graphs of the 
thermodynataie functions plotted against composition (Figs. 

8,9,10,11). The dandom errors are shown in solid lines 

whilst the. nonrandom ones are superimposed in broken 

lines. The good consistency of the results is shown 

very clearly by these graphs because in ell cases the 
curves drawn lie within the random error liaits 

iii) 	sion 
If the values of these functions were only required 

for thermodynamic calculations there would be no need for 
any further discussion, but it is desirable to relate them 
to the general. chemical behatiaur of the system and to 

obtain from them some qualitative information_concerming 

the structure of the melts. However'  before this can be 

done clearly it is necessary to make some general remarks 

on;- 

1. The modern ideas cone rni  the liquid state. 

2. The dependence of the heat and entropy terms on 
structure. 

The possible ideal configurations for the present 
system. 
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40 The modern ideas concerning the liquid state.  

Ideally a mixture of this type should nave a random 

distrihttion of the constituent particles. In practice 

a certain amount of ordering may occur in pure liquids 

as well as in mixtures. Pure• liquids are considered to 

be similai to solids in that they have a similar type 

of ordering, but this orderipg only extends over a very 

short range and lacks the rigid characteristics of a 

crystalline lattice. The nonrandomness for mixtures 

also only exists over a very short range and is in no way 

permanent. It is thought of as a constituent particle 

having a greater number of like or unlike atoms as next 

nearest neighbours than in a perfectly random mixture, 

or to express it in another way that one particle in a 

Axture stays far different lengths of time in the 

co-ordination shells of different particles depending 

upon the type of the particles. 

/3) The dependence of the heat and entropy terms on struaturo  
If it is required to relate the thermodynamic functions 

to the structure of the melts it is necessary to formulate t 

an ideal structural model for the system for which it is 

possible to calculate values of the thermodynamic functions._ 

These values are then compared with the experimentally 

determined ones. It is normal when cor structiug these 
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models to assume that all heat effects are absent, that 

the vibrational entropy terms reFaain constant and that the 

various constituents are randomly distributed. 

Any deviations from these ideal configurations show 

in the heat and entropy teras which are very closely 

related to one—another, any change in one is normally 

accompanied by a change in the other. For example the 

true system may differ from the ideal model in having 

appreciable beat effects ahich means that all the bonds 

in the mixture are not energetically equal. This 

inequility produces endothermic or exothermic heat 

effects and tends to produce ordering so that the total 

energy of the system is a minimum. Heat effects are 

therefore accompanied by wall configurational entropy 

changes. It should be mentioned here that it is possible 

fur mixtures to have small heats of formation and random 

ixing, This concept was first put forward by Hildebrand 

who called such mixtures "regular", it has proved very 

useful for mixtures of organic molecules but considerable 

care should be used in its application because there is 

a tendency when thhoretically treating results to 

explain heat effects in this way without sufficient 

evidence of random mixing. 



il)The possible ideal configurOions for the system.  

For the present system three different ideal 

Configurations are of more interest than others; 

unfortunately it is only possible to calculate the 
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.Ontropies of mixing can be divided into a configurational 

term which can only be less or equal to the ideal value and 

a vibrational term which can he positive or negative 

(ideally this is zero), This Vibrational entropy term 

depends on the interatomic vibrations and is therefore 

related to the strength and type of the bonds. The 

relationship is most clearly demonstrated by considering 

the vibrational degree of freedom of a diatomic gas 

molecule, The contribution to the molar/entropy from 

the vibrations, which are normally taken as Simple 

Harmonic, can be shown to be (37)1 

where 

9 

AT(.12,10%*r_ 
Boltzmann's constant. 

Planck's constant, 

frequency of vibration 

If e strength of the bonds is increased and hence also 

the frequency of vibration 0) ) both the above terms 

decrease. Therefore an increase in the strength of 

a bond is associated with a decrease in the vibrational 

entropy. The converse is also true. 
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a0u28 = t"u28 
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thermodynamic functions for two of them assuming that 

there arena heat effects and that any changes in the 

vibrational entropy may be ignored* 

The first model is a random mixture of the molecules 

or the two constituent sulphides; for this model the 

activity curves of the molecular sulphides obey Raoultts 

Law. 

aciu28 	xett28 

d. 

R In 
S0u28 	"Lus,29 

= the mole fraction of cuprous sulphide« 

The second model is a random mixture of sodium, 

copper and sulphur atoms or ions. Due to the two 

constituent sulphides possessing two cations to the 

molecule the partial molar entropy must be double that 

in the first case. 

i.e. 
8, , 	=2 R in xou2s  

Vow ideally 
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The third model follows from the results of 

aavelsberg. The covalent nature of the Cu —2 bend • 

suggests that ideally pure liquid cuprous sulphide eau 

be considered to consist of separate sulphide molecules. 

Savelsberg's results indicate that each of the sodium 

sulphide aplecules- in a mixture combines with a molecule 

of cuprous sulphide to give 2Ne ah..d 2 OuS ions, which 

ideally should be randomly distributed - threughout the melt 

Unfortunately it is impossible to calculate the required 

thermodynamic functions for this model because there is •••.-

no aethod by which the contribution to the activity of 

the cuprous sulphide by the Cuo ions may be estimated. 

0.1artial molar heats.  

All the partial molar heats determtned here,  were 

exothermic and. constant for a given mixture over the 

temperature range investigated. The relation between 

the partial molar beats and the chemical behaviour of 

the system is most clearly understood, when the contri-
bution to this function by one molecule of cuprous 

sulphide is considered as the difference between the 

strengths of all the bonds to the two copper atoms mad 

the one sulphur atom in pure supercooled livid cuprous 

sulphide and in a mixture. This statement can be 

summarized by an equation providing only the atomic 

interactions between next nearest neighbours are considered. 
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C 

11Qu-Na D 

her of --.1c bon for one mole 	of cuprous 

sulphide 

x z the energy of the x. x bond. it has a positive value. 

The minus signs in tte above equation follow from the fact 

that an increase in the baud energy decreases the heat 

content of a substance. 

T(-2,‘..fx-x)(-Za,s 	124- 	)  = the change in - ZS on tr sferring 

one molecule of cuprous sulphide from the pone liquid to the 

sulphide mixture. 

.or all the ideal configurations of the melts it has 

been assumed that there are no heat effects and therefore 

ideally 

ku-ou. 	 tiu-S 	a Cu a + 

41-Na T6-11 	• 	• 	• 	• 	• 

The large exothermic heats obtained show that the 

mixtures were not ideal but this was predicted and can 

easily be explPined by two facts, namely the possible 

existence of a compound in the solid (Ou2S Na2G) and the 

stronger affinity of sodium compared with copper for sulphur. 
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first would have produced a certain amount of short 

range order in the melts with a strengthening of some or 
all of the bonds. In equation E this would make the values 

of the left hand berms less and of the right hand terms 

Greater, than those for the ideal dixturea, The second 

effect would have increased the strength of the s--Na 

bonds; and would cause the 46...na  Ss_na  term to have a 

value c4reater than that required by isquation E. Both 

there effects would make the partial molar heat* in 

equation D exothermic and the experimental results can 

therefore be considered in full agreement with expected 

be saviour. 

'artial molar entropies 

The experimental values of the partial molar entropy 

were less than those calculated for the ideal models. 

There are two possible explanations for this fact; firstly 

there may have been a ne6ative vibrational entropy 

contribution which could have been caused by the bonds 

hav 1 ng a greater electrovalent character la the mixtures 

than in the pure cupercooled liquid. The electrOVtie 

conduction obtained by Savelsberg and the exothermic 

partial molar heats are vonsistent with such a view. 

6econdly there may have been a considerable degree of 
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ordering in the melts which would be expected if a compound 

Na26) exists in the solid phase. Both these 

explanations may apply but at present it is impossible to 

assess their relative importance. 

Activities 

The experimentally determinea activities are almost 

equal to those calculated for the second ideal model. 

No constructuve conclusions regarding the structure of the 

melts can be made from this fact however, because the ideal 

activities are based on ideal entropies and. no heat 

effects. such assumptions for these melts have been shown 

definitely wrong and agreement with any of the ideal 

activities can only be considered coincidental. Theoretically, 

conclusions concerning the choice of an ideal model could 

be drawn from results 	dilute solutions (3 mole) 

where the assumptions may be valid, but it; was found that 
/ 

results with the necessary aocurt,'ely could not be obtained 

in this region. 

This system indicates that entropies and heats are more 

likely to lead to the correct choice of an ideal model than 

activities. This fact has been pointed out by Hildebrand 

and 6cot7t (38) who proved mathematically that any small 

deviation from an ideal model was more apparent in the 

entropy and heat than in the activity or free energy. 

In addition the deviations in the heat and, entropy often 
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tend to cancel when combined to give the free energy. 

This is true for the present system, the exothermic 

heats tend to balance the low entropies. 

It should be emphasized at this stage that present 

knowledge does not allow a useful estirintion of the magritude 

of any change in the vibrational entropy and of an 

accompanying heat effect to be made. It is therefore 

theoretically possible that one of the structural models 

is correct and that there was ideal mixing, the deviations 

shown in the activities heats and entropies being due to vi-

brational entropy changes and accompanying heat effects. 

OjDomnarison of these results with those for molten oxide 

mixtures  

A comparison with some simple BIoS syateis can be made 

by assuming that:. 

1) The activity curve has no pronounced inflexion enabling 

it to be extrapolated to the compound composition (Fig. 11) 

2) The integral free energy of formation curve for this 

system has its mirdmum at the compound composition. 

Juke to the inaccuracy of the extrapolation the activity 

of cuprous sulphide in a 50 mole ';. ixture can have any 

value between the limits 0.1 and 0.2 at 8200; the most 

likely value has been taken as 0.12. It follows from: the 

second assumption that this value equals that of the 

activity of sodium sulphide in this mixture, and that 
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the minimum value for the integral free energy of formation 
curve is —4.6 Keels at 820°C. 

A summary of the important slag systems which have been 

investigated is shown in figure 12.* It should be noted 

that the standard state of some of the components in this 

diagram was taken as the pure solid phase. This fact 

together with the inacurracy in the present results mr)kes 

a detailed comparison impossible; but it can be said 

that the activities are greater and the free energies of 

formation more positive for this sulphide system than 

for the Ca0 — 6102  and 0a0-a203  systems, and that the 

converse is true when this system is compared with the 

'e01  Si02  system. 

c) SOLID MIXTURES 

i) Thermodynamic study 

Thermodynamic meets rements were made on four different 

mixtures in the solid. state. Those on the 9,7h end 10.8/0 

mixtures proved the existence of the two phase region, but  
unfortunately they could not be used to determine partial 

molar heats and entropies of cuprous sulphide because the 

two limiting compositions of the two phase region almost 

certainly changed with temperature. These functions, with 

the solid as the standard state, could however be calculatad a 

for the 27.5ry mixture, the values obtained were 13.6Kcals/ 
This was reproduced from a paper Given by Dr. Y.D.Richardson 

at a Symposium on "The Nature of Molten slags and Salts" held 
by the Ruffield Research Group in Extraction Metallurgy R.S.M. 
London 20th Feb.1952. Published by Inat.Min. and Met. 
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mole and —13.6 cal deg mole. The heat term is considered 

reasonable when it is compared with the large exothermic 

heat of formation of solid sodium silidate (-56 Beals/mole 

(39)), but the extreme negative value of the entropy can 

only be explained by a very large change in the vibrational 
Moak 

entropy. 	the partial mOlar entropies for the silicates are 

slightly positive and no other system having negative partial molar 

entropies of such a magi  tulle is known to the author. 

One possible source of error in the results for the 27.5'io 

mixture is the equilibrium time used, the majority of the 

results were obtained by approachinG the equilibrium from 

low hydrogen sulphide pressures .the equilibrium time 

being taken as 2.5 hours; it was found subsequently that 

for different solid mixtures seven hours was necessary. 

This low value for the equilibrium time was checked by 

one experiment where the equilibrium. was approached from 

high hydrogen sulphide pressures. The experiment was 

satisfactory and the equilibrium result was in good 

agreement with the others for this mixture but this was only 

one experiment which, now after all the results have been 

analysed, is considered inadequate proof of the attainment 

of equilibrium. The partial molar heats and entropies 

obtained for the 27014 mixture have therefore been ignored, 

but the equilibrium results for this mixture at temperatures 

corresPonsiing to points near the solidus curve cannot be 

in any great error and they have therefore been used to 
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culate activities. 

The cuprous sulphide activity curve .is shown in 

Figure 13. The values obtained near the t.'o phase region 

are much greater than those obtained for the liquids of 

the same composition. This higher activity in comparison 

with the liquid mixtures is to be expected because a two 

phase re6ion is one within which there is a structural 

change and therefore in the neighbourhood of this region 

the lattice is under considerable striOn resulting in high 

activities of the components. If these activities were 

divided into their heat and entropy terms it would probably 

be found that large endothermic partial molar heats had 

produced the increases in the activities and therefore no 

conclusions regarding the structures of the mixtures could 

be made from considerations of ideal models. 

ii) X—ray powder photo rapes  

When the above thermodynamic study had been concluded-- 

it was decided to take some Xr-rgy powder photographs of 

the mixtures to verify the existence of solid solution 

and of the two phase region. The most satisfactory way 

to obtain these photographs was by means of a high 

temperatare camera but unfortunately one was not available. 

A quenching technique had therefore to be employed; all 
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the mixtures were quenched from 500°0 to room temperature 

in under 2 secs. A 9 cm camera and nickel filtered copper 

radiation were used; the 'd' values obtained together 
with those used for reference purposes are presented in 

Table 11 (see page 110 ) and in Figure 14. lull the patterns 

were complicated and had a heavy diffuse background 

presumably due to secondary emissions  which made the 

measurement of the lines difficult and therefore only 

the strongest most reliable lines were used. 

In spite of the drastic quenching the low temperature 

form of cuprous sulphide was obtained. This is in agreement 

with Buerger (40) who believes that the transformation only 

involves a slight moveAlent of certain atoms and is very 

All the patter is of the 18.8 to 35 mixtures closely 

resembled one—another but there was a pronounced difference 

between these patterns and that of pure cuprous sulphides  

when the patterns were examined closely it was found that 

two lines were common to both the 10.0% and 1.8„e mixtures, 

and that both these lines did not appear for pure cuprous 

sulphide and the 27050 and 35% mixtures. (d = 2.29 .g and 

d = 1.79 R for the 10.0% mixture, d A 2,28 2 and d 

1.80 2 for the 18. - mixture). One of the lines was found 
in the pattern of pure cuprous aulphide and the other in 

the patterns of the 27,5% and 35‘74, mixtures. These results 

indicate that a structure similar to that of cuprous 

sulphide may be present in a 10.0% and 18 8cra' mixture but 
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not in a 27.,%0 or 35;0 mixture, and that the structure of 

the 27.% and 35A mixtures may be found in 10.0i4,  and 18.10 
mixtures but not in pure cuprous sulphide. These photographs 

therefore support the existence of a two phase region 

embracing both the 10% and 18.8% mixtures. In addition all 

the Iv values obtained for the 1808 to 3% mixtures 
steadily decreased whilst the order 'of the intensitites tsf 

the lines in each photograph remained the.sane with 

increasing sodium sulphide concentration, which is consistent 

with solid solution in this composition range. 

Lastly a pattern completely different from any of the 

others was obtained tor a 49% mixture and is probably that 

of the compound. A pattern similar to the one for the 

310 mixture had been expected but the difference could 

be explained by another peritectic between these two 

compositions or by inadequate quenching and the existence 

of a two phase region at lower temperatures. This will 

not be discussed further because there is insufficient 

data from which to draw any definite conclusions. 

The quenching technique which had to be employed means 

that the results cannot be treated in a quantitative manner 

(i.e. used to calculate lattice parameters) but qualitatively 

they are consistent withs 

1. The two phase region and the ran.;a of solid solution 

deduced from the equilibrium results*  

2. The existence of a solid compound. 
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Substance Reference
CU26 (0<..) (41)

OU;i3 (I) (42)

intensity
40
40 '
40
40'040
40
70
40
40

100
100
50
40
40

6
6
7

50
100
100

60,,6
:;6

100
70
90
90
70

108
25
20
30



Table 11 - continued 

td.1  values obtained in the present investigation 

o 
Ou ° (quenched) 	3.12 A 	weak 

2.92 	8 
2.71 	" 
2.50 	n 
2.45 	ft 
2,38 	strong 
2.30 	weak 
2.19  
2.09 	Iv 
li95 	Very strong 
1.87 
1.79 	weak 
1.70 	medium 
1.28 	weak 
1.08 	n 

1O mixture 	2,36 	medium 
2.29 	very strong 
1.95 	strong 
1.87 	" 
1.79 	mediuM 
1.76 	" 
1.70 	weak 

i8& 	 very strong 
1.95 	if 
1.85 	strong 
1.80 	medium 
1.74 	strong 
1.33 	medium 

27 	e 	2.26 	very strong 
1.94  
1.83 	strong 
1.71 	weak 
1.33 	n 

35% mixture 	2.24 	very strong 
1,93 	n 
1.82 	strong 
1070 	meat= 
1.32 	weak 

111 
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18.8% NolS 

7.5% NalS 
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Table II — continued 

490 mixture 	2.57 	strong 
2.41 	weak 
2.34 	medium 
1.92 	very strong 
1.88 	weak 
1.81 
1.30 

110 great accuracy 	 claimed for the above Id' 
values due to the quenching technique employed. An 
error in them of + 0.03, A is considered possible. 
The intensities of the lines were estimated by eye; 

the values expressed diaj3raxmlaticaliy in iure 141 
are only intended to show their relative order in e ach 
photo,raph and should mot be taken as quantitatively 

accurate. 

iii) structure 

This section of the work tould be incomplete without 

a discussion of the structure of the solid solutions and 

therefore a few general remarks will be made on this 

subject. 
General chemical knowledge supplies the following 

facts. 

1) The sodium and cuprous ions are approximately the 

same size (eaulin6is radii 	0495 A "'al+ = 0.96 
A  

(45)) 
2. The crystal symmetry of the hi.  h temperature form of 
cuprous sulphide is hexagonal and the Cu — s.  bonds are 
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largely covalent in character. Facts conaistont with this 

last statedent are the weak electronegative nature of the 

sulphide ion, the possible $p and sp3  hybridisation of the 

valence electrons of the cuprous ions and the electronic 

conduction of cupzous sulphide in the solid and livid state* 

3) The strut e of sodium sulphide is antiflu4torite 

and the 	electrovalent in character due 

to the strong elect tpactive nature of the sodium ion. 

The simplest structure for the solid solutionspcons 

predominantly of cuprous sulphide, would be a cuprous sulphide 

lattice in which some of the cuprous ions have been replaced 

by sodium ions. The similar size of the two cations would 

suggest that no undue strains would be produced in the lattice  
However-another important factor to be considered is the 

covalent nature of the Cu - bonds; this could give the 

bonds preferred orientations and could increase quite 

considerably the effective radius of the ouprous ion. 
0 

For example, although its true ionic radius is 0.96 A 

when combined with oxygen by sp hybridisation as in cuprous 

oxide its effective radius becomes 1.18A (46). The sodium 

ion may therefore be replacing a much larger partlie. 

Acme definite evidence of the importance of bond character 

is provided by the system lead sulphide potassium chloride. 

Although these two compounds have the same structure and 

the corresponding ions are of similar size no appreciable 
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solid solution is obtained for this system (47) which must 

be attributed to the difference in bond type. 

The two phase region could therefore be explained, 

if sodium ions in a cuprous sulphide 3attice produce 

strains due to the difference in the character of the 

Na-6 and. Cu-S bonds. If the sodium concentration is 

gradually increased these strains should become progressi eby 

worse, until eventually the cuprous sulphide lattice breaks 

down. The new or modified structure should tend to remove 

the source of the strains. The similarity of the X-ray 

powder photographs of all the 18 to 35 b mixtures indicate 

that this new structure eeists over an appreciable composition 

range; in addition it is probable that this structure becomes 

more stable the further away the composition is from the two 

phase region. This view is supported by the sudden decrease 

in the cuprous sulphide activity with increasing sodium 

sulphide concentration shown by -aixLures richer in sodium 

sulphide than 19 molOgi 

his discussion is necessarily inadequate due to 

the absence of comparable data but it should prove useful 

as a starting point when other sulphide systems have been 

investigated. 
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1) The points of importance in the corrected phase 

diagram are: 

a) The liquidas teemperatures in the composition range 

o - 30% sodium sulphide are lower than those published 
by 2riedrich. 	 • 

b) There is an appreciable range of solid solution 

for the system which is inconsistent with the results 

obtained by Friedrich 

c) There is a two phase region for the solid mixtures 

in the composition range 10 20X, sodium sulphide. 

2) The properties of the melts differ considerably from 

those of any simple ideal model because the melts have 

appreciable exothermic partial molar heats and low partial 

molar entropies of cuprous sulphide. 

3) The heat of fusion of cuprous sulphide is 2.5+ 

005 Kcalsimole. 

4. 	he free energy of formation o the molten compound 

( 	liazS) has a value between that of molten fayalite 

and the values of the molten caldium borates and silicates. 
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ARP DIX II, 

pie/  DA, Pulsq Supnly of the. Gas Circulating Iva&  

D.C.The 	pulse supply necessary for the operation of the 
gas circulating pump was a copy of one used by MrSilcock 
when at E441/4w60,A0 and is shown diagrammatically in Figure 
15. 	The main component was a post office relay (contacts 
04_ 	ey ) Which was used to make and break the current 
to the pump solenoid. When the supplY was not in use 
contacts (;,4 -13 were closed. To start the pump working 
switch Swing closed4 the condenser Cl first became charged 
and current then flowed through the relay solenoid S1 
causing contacts (4.4 to break andito makes which in 
turn caused current to flovr through the pump solenoid 612, 
The condenser Cl  then discharged through the relay solenoid 
Si  Which continued to keep contact o, /3-dr closed, but once 
the charge was exhausted contacti, 	er  broke and a( 
made Which nut off tbs current to the pump solenoid Sr  
Condenser Cl  again became charged and the process repeated. 

Condenser 02  was used to eliminate any sparking across 

contacts /3-2 	The frequency of the pulses and hems 
the gas flovrate was controlled by the rate of charge of 
condenser Clutich could be regulated by the rheostat Al. 



FIG 15 
DC PULSE SUPPLY 
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oh confirms: the Oscines of_theggal  

The principle  

same 	in the experiments 
used, i.e. a constant gas comp° 

able sulphur 
fors  a varying 

flowrate proved the absence of thermal diffusion. 
experimental technique differed in that here a sample 
of cuprous sulphide containing radioactive sulphur was 
used and ages counter was added, to the gas circuit. 
The advaatage gained was that a continual-record of the 
gas composition could be kept. 

REAWAtiom of the 	snlnhida aoltainina 35s*  
Carrier. free rod inactive sulphur was rtg.41ved 

five Harwell in the form of an aqueous solutica of sodium 
sulphate. A sample of this' solution contepingI 1n4  VI 44* 

curie of radioactive sulphtv was added to another solutioi 
contadnIng IfitO sus of stable sodium sulphate*  and the 
liquid evaporated. The residue was transferred to an 
alumina boat and heated in a stream of hydrogen for If hours.  
at 75G C. Most of the sulphate was reduced to sulphide* 
The product was dissolved in dilute acid aid the hydrogen 
sulphide evolved passed Into an acid solution of cupric 
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sulphate. The precipitated sulphide was collected, 
washed 4 dried and placed with an excess of copper in 
the furnace, which was heated slowly to 600°C whilst 
hydrogen was slowly circulated. Cupric sulphide is 
very unstable and therefore this reduction to ouprous 
sulphide vas made to take one day so as to mintnIze the 
risk of sulphur deposition.- 

it was found in the sodium sulphate reduction 
stage that same of the resulting sulphide was always cn 
the outside of the boat and in some OWNS had stuck the 
boat to the refractory tube. Due to this and to the 
general disadvantages of handling dalinquescent sodium 
Sulphide it is tkingly recommended that this method le 
not used in any future work, instead that employed by 
Nr•Ignatowtos of B.48.R.A. Should be tried, here the 
sodium sulphate is first converted to barium sulphate 
which is then reduced to the sulphide in hydrogen at 
about 1000°Q. 

Avvii,r4oge Olgwe.101  
The gas counter consisted of an end window Geiger 

Mailer tube (G..C.. 1H2$) which was fastened by nDurofix" 
to-  the bottom of a glass hood through Which the ga.e.‘' mixture 
continuously passed. Some of the soft / 	particles 
emitted by the sulphur passed through the mica window 
of the counter end caused a pulse to be produced at the 



passed hr 	a probe 
scaer• The 	41 of coun 

Ott 
	Uzi pees 	0 

as 

Geiger Nailer 
and the mica 

sua 

Ada glass hood 
obtains 

kr the glass; *wax 
re4XXMIGU 	or 	future vorito 

Due to the perfectly r 
decay Of. a given isource graph oft rate 
against the total umber of counts tam is 

curves  therefore to every measured counting 
rye tie le a possible deviatica frau the average 

/t can be proved mathematically 

the number of ea to recorded 
the individually aed value 

of 	log it vas 
to take 10 	counts and the activity 

vas &Quoted to gi t 	ber a 
reasonable time (10 minutes)• 
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Basuittk  
The results of 	experiment in which the 

furnace was controlled at a temperature of 101600 and the 
flowrate varied whilst a continual record of the gas 
composition was kept are shown in Figure 16* With a 
flovrate of 550 cc/min and no gas asap 	b in the 
gas cir t equilibrium was reached in under half an hour, 
the t10 ate was then reduced to 350 cc/mica and at the end 

` 	hour the counting rate was still constant, Ciraulep► 
was di c+ timed for one hour; dne to thermal 

se of hydrogen sulphide built up in the 
apparatus. Whin the gas was recirculated therefore at 
270 ec/m1n a higher counting rate was initially obtained, 
but this later decreased to the original equilibrium 
value obtained with 550 cc/min. Thermal diffusion effects 
were therefore considered to have been absent when flowrates 
between 270 cc/min and 550 cc/min were used with the furnace 
at 1000°0 



aPANDri 3  

Misipt pf pisAop. of cAproup sulphide  

The method by which the heat of fusion was 

calculated from the partial molar heats was explained 

on Pages go - 9,9, • it gave a value 011, 2.5 K cols/ 

mole for the heat and 1.8 cals/deg mole for the entropy 

of fusion; these values are consistent with the partial 
molar free energies and entropies obtained because when 
the functions having the liquid as the standard state 
are plotted against composition the graphs extrapolate 
smoothly through the origin (Figs.9,10). In the calcu-
lation of the heat of fusion there are two sources of 
error to be considered firstly the extrapolation and 
secondly the uncertainty in the thermodynamics of pure 
solid cuprous sulphide. The two extreme possibilities 
of the extrapolation are shown in Figure 8 and the error 
due to this cause is not considered to be greater than I 
400 cals. The error due to the second cause is equal to 
that in the heat of formation of cuprous sulphide and may 
therefore be ± 1,0 cals. Lastly it should be mentioned 
that the heat obtained is strictly the heat required to 

convert the solid to the supercooled liquid at approximate.. 
reta- 

17250°0 below the true melting point. If the heat of 

fusion was required, the &Merinos between the specific 

heats of the solid and liquid would have to be taken into 



account and a correction applied but such a correction is 
probably small compared with the overall accuracy end it 
has therefore been ignor 	The error in. this value of 
the heat of fusion should st be greater than s 0.5 Koala/ 
mole. 

The f~owiug tab es re 	ed 
given by Dochris (2,8), shows how the heat and entropy of 
tasks depend on the structure of a compound. 

Taihafaig, 
U in Ka si 	as in caleideg•mole 

Metals 	 0.5. 5 	 l-5 
Ionic subce 	 2 4. 9 	 3 4* 13 
Molecular substance 	0.02 -• 2 	2 411. 9 

It Indicates that the values btained here are 
reasonahl but slightly lower than might have been expected. 

Kelley gave 	most likely values of the 
chat ges as 5.5 X calsfmole and 3.93 ouis/deg mole VW 
These wines were based on freezing point data obtained 
Cron the phase diagrams for several binary systems 
(Cu2Sftu2C12, Cu26.4123 etc.). This method is extremely 
unreliable because assumptions have to be made concerning 
the compOsitions and activities of the various molecular or 
ionic species present. In addition data vas ignored which 
gave low values and therefore these figures need not be 
considered accurate. 



Silver sulphide affords an interesting comparison 

with cuprous sulphide. Roseaquist (50) has calculated 

the heat and entropy of fusion of silver sulphide as 

800 eels/mole and 0.7 Gals/deg mole respectively. These 

values are very low and can be explained by the structure 

of solid silver sulphide which is thought to be a rigid 

sulphur lattice within which the silver atoms are free to 

move as in a liquid. It is possible therefore that in 

cuprous sulphide one or both of the copper atoms are free 

tb wander within a sulphur lattice, a picture which would 

be consistent with the disordered state idea for the 

structure put forward by Buerger (see page VO ) and the 

qualitative observation of Hideo Tazaki and $higeya 

Kuwabara who noticed that 'copper has a high rate of 

diffusion through solid cuprous sulphide (51). They 

grew thick films of cuprous sulphide on copper and took 

electron diffraction photographs of the surface. For 

freshly formed films they obtained the patterns of copper 

and of cuprous sulphide, but after the films had been 

heated at 10000 for a short time only the pattern of 

copper was obtainedt  indicating that the copper had been 

sufficiently free to diffuse through the cuprous sulphide 

to form a thin layer on the surface. 
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