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1.

ABSTRACT

The thermodynsmic behaviour of cuprous sulphide

in three different states was studied by determining the
bydrogen, hydrogen sulphide gas mixtures in equilibrium
with it and a solid copper phase. Pure solid cuprous
sulphide was investigated first cver the temperature
range 53’:006 - 1040°C, 4 standard free eneryy em‘bﬁ.aﬁ
for ‘its formetion was obtained which was consistent
with all previous work and can be considered ';sfrhe nost
accurate known at p:besem:. secondly ‘thin layérs of
cuprous sulphide spproximately U.003mm thick were grown
on copper at three temperatures between 710°¢ snd 840°C,
and thelr stabilities found to be the same as thoge of
bulk cuprous sulphide. In sddition some interesting
phenocmnena connécted with thelr growth were obsexrved,
recorded and compared with similar results published for
oxide layers. Lastly soaium sulphide -' cuprous mlpﬁidé
mixtures were investigatad in bobh the solid and liguid
states in the composition range O~ 36 'mleyé sodium
sulphide. Activities, pér“bial molar free enerpies, heats

and entropies of cuprous sulphide were obtained and



Z2e
digcussed from a chemical viewpoint. I1b was also ?essible
from this last investigation to obtain a value of the heab
of fusion of cuprous sulphide, snd to correct the existing

phase diagram for the sodium sulphide - cuprous salphide

syster,



GENERAL INTRODUCTION

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 exheustion
of nigh grade ores and the working of new ore deposiis have
made it necessary to put fhe subjeet of extraction
metallurgy on a sounder theoretical basis. Thermodynamics
has proved a very useful tool in.this respect and there nhas
therefore arisen a demand for accuxate high temperature
thermodynamic data on metals, alloyé and metal compeunds.
Phe aim so far has been to study simple systems and then to
apply the results obtained to the more eumglei systens aod
problemns ﬁouhd in extraction processes. Irrevious work has
been mainly concerned with metals, allqys and oxides and
although there is still much to be done in this field anl;wmwm
overall picture of the behavlour of these substances has

been obtained. The position for sulphldes is however much
worse. Some sulphides have been thsrmoﬁynamically investi-
gated in their pure state but no accurate work has been
published on sulphide mixbtures. The sbundance of sulphur
in the earth's crust maekes sulphides of extreme mebtallurgical
inportance and there is therefore an urgent need for data on

these compounds.
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Lo help him obtain and explain the necessary thermodynamic
data the metallurgist now hus the assistance of the chemist
who until recently was not actively interested in the behaviour
of inorganic substances at high temperatures. The cham;st has
now realized that besides being of metallurgicsl importance
such data is also‘of chenical interest. The results for
aixbures or solutions, both solid and molben, are of bhe
grestest interest and it is hoped that they will provide
information on the structures in bhe solid and liquld state
“and the'effécta of ionic size, charge and covalency
character of the bonds. Furbhermore new statistical
mechanical treatments may have to be developed as most
of the existing ones were worked out for mixtures of—nrganic
molecules snd may ﬁot prove suitable for this type of work,

T0 solve anﬁ of these problems it is necessary t0 have a
larze amoun®t of accurate data on numerous systens. Sulphides
hove here a great advantage over other inorzanic compounds

as they are normally molten at low temperatures. Inaccuracy
and experimental difficulties markedly increase with

- bemperature and the tyje of information the chemist needs

can therefore more easily be obtained using sulphides,
although one great disadvantage in their use is that they
can offten have an apprecliable range of composition.

Bulphides were therefore chosen for the present work

in preference to any other iype of inorganic compound,
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because of the simplicity of the experimental technique

and because the resulis could be applied to metallurgical
ags well as chemical problems. The main aim was to make an
accurate study of a two compument system, so thabt in later
years when obther gystems had been studied all the results
could be compared and a greaber un&emtapding of the factors
determining the behaviour of inorganic salt mixtures could
be obbtained. | |

Cuprous sulphide was chosen as the cenbre-plece of the
work, firstly because copper is of exbtreme industrial
imporbtance and cuprous sglyhi&e occurs in almost every
extraction process involving copper, and secondly because
it is chemically sultable as it is stoicheiometric when
861lid and in equilibriun with copper and is sufficiently
unstable ab high temperatures for ejuilibriun measurements
to be made on it. Before any results for mixtures can be
interpreted the thermodynamics of the pure components hasv
to be known, Unfortunately no reliable data existed for
this sulphide in 1ts solid state and a study of this
compound therefore became the first task.

Upon the completion of the above work it was appaxent
that with only a slight modification of the apparatus thin
£ilms of cuprous sulphide grown upon copper could also be
investigated. Alth ugh this was a ntﬁle rempoved from the
main objects of the research 1t was considered sufi’ieiently

importance to warrant investigation. Kecently work has
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bean done on wustite in which it has been assumed that ¥he
thernodynamics Qf thin films is the same as that of the
bulk phases (25). However there is experizaental evidence
which suggests tnm; this assuu@tian may be untrue (23.) R
it would be of fundamental 1mp0ri:ance in the theory of ._,urfaces
it it was found That the stabilities of thin ‘ﬁlma of cuprous
sulphide on co per were diffez:;em; “I:Q those oi hulk cuprous
. sulphlde in equilibrium with coppex, and the present work
was therefore undertaken with the aim of helping the theoreti~
ciang as well as of asseasing the validity of the sbove
agsumption. N . “ |

The final and most interesting phase of bhe work was
the study of the system cuprous sulphide -~ sodium sulphide.
It has been known for many years in exbrac‘sich metallurgy
that there iz a strong interaction between these two
sulphides but no atteapt until i has been made to obbtain
a quentitative measure of this interaction. 5Such a systen
finds 1%s maln application in deaoppe;ﬁmg Processes. l?or
example in the Urford process the sulphides of nickel and
copper ave separated by fusion with sodium sulphide, the
copper enters the sodium sulphide slag leaving purified
nickel sulphide. X¥rom a chemical Viewpbint this systen
is an example of & mixture of two salts, between »which
there is a strong interaction cmcl which have the same
divalent anion but different univalent cations. JIn



~ addition the cation-anion bond has a greater covalent
character for one of the components. It should be cmphasized
that the full imyortaneé of these characteristic properties
cennot be assessed until several sysbtems have been studied
and all the various results and characterlistic yﬁbgeﬁtiaa
compargie |
From tbis introduction it is apparent that the work
¢an be divided into three separate sections.
1. 50lid cuprous sulphids.
2. Thin fiims of cuprous sulphlide grown on copper
3o idixtures of cuprous sulphide and sodiua sulphide
Although the last two scctions are dependent upon
the £irst, for the purpose of clarity in the present
thesis sll ﬁbrée secticns will be comsidered separately
cach one having its own introductivn and discussion of

results ebcs



SECTIOR I

“SOLID CUPROUS SULPHIDEM



Je
INTRODUCTION

a) Chemical properties of cuprous sulphbides
The general chemical behaviour of cuprous sulphide is

well known, but three properties will be mentioned as they
were especially important in the present investlgation,
stolcheiometry | |

suerger has found that solid stoicheiometric cuprous
sulphlde can take up sulplmr to give & ¢0mpgané'af variable
~composition called digénite {1)s There is no gvidence that
solid cuprows sulphide is nonstoicheiometric when in
equilbrium with copper. |
strocture -

Phe existence of a low (L) and high ( /5 ) temperature
forn of cuprous sulphide has been known forx éeveral yeart.
The struc%uré of the low temperature fora has been accurately
determuined as ortherhombie. Until recently the high
teaperature form had been piven sn antifiuorite structure.
Buerger has shown however that +this is incorrect, that
the 3 forn bas hexagomal symmetry (2) snd that only a
slight displacement of certain atoms is involved in the
ngg%onmation. From sgécific heat data Buerger pointed out
that this transformation extended over & ramge of ta&%erature.
dhen 8. specimen of cuprous sulphide is slowly heated

structural changes starbt at about 78°C and continue until
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16508 when the complete transformation takes places. He
deduced from this that the oL to A +transformation
wags from an ordered to a disordered structure. 7These
terms are ralther vague but = ten‘batiire,explana#ion is that
one or both of the copper .é.tams boecome pregressively more
free o sove within a sulphur lattice, *t:hé final sbructure
being sinllar in this respect to that of silver sulphide.
Ehe coppexr cuprous sulphide phase diagrem,
wbhen a mizbture of copper Aam; cuprous sulpblide is melted
two liguld phases are formed, a copper rich and a sulphide

rich phases.

ﬁc'rmhmann and Holes (35) in 1951 determinced the amount
of copper in the sulphide phase by quenching and a.nalysins
Samples which were in equiliibrium with the metal phase.
Their reosulbts are given in Table 1. | It should be mentloned
tnab their values, which can be considered the most reliuble
at present, for the amount of copper in excess of that for
the stoicheiometric sulphide sre less than those which were

]

accepted previously.

fable 1
Temperature wt % dissolved Cuw
1150° 1.7
1250° 2.7
1350° | 36

Rosenquist in 1951 (4) was able Yo deduce from his
measurenents and from those of Sudo (5) on the activity
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of sulphur in liquid copper thé composition of the copper
rich phase. He found that there was éppbozimately 1% by
weight of sulpbur present at 1200%, which was less than
wegs previously belleved. ﬁurthermore due to the melting
point of pure copper being only 198300 this sulphur o
golubility must increase only slightly with temperature.

- b) Theory

No attempt here will be made %0 derive the fundsmental
thermodynanic equations as these can be obbtained from any
standard thernodynamic textbook., The notation adopted :
throughout tﬁis thesis will as closely as possible be that
eaployed by Guggenhein in bhis book "Thermodynamics'.

In a thermodynamic study of o pure compound the inost
inboresting quantities are the standard free enerzy ( A %)
heat ( /A H®) end emtropy ( A %) of formation. fThat is

v rw——

e

the change in these functions when the elements combine 6
sive the compound, both the reactants and products being in
some fized arbitrarily chosen standavd sfnte. In this type
of work it is normal to chocsé,the standard state for gases
as one atmosphere pressure and for solids or liquids as

the pure substsnce. Ior example, with sulphides the
reactants are a pure metal in a soli&icr liguid state

and sulptur in the form of dictomic sulphur gas at one

atmosphere pressure; the product is a pure sulphide in a
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so0lid or liguid state. UNo deparbure from this practice

will be ma&e here,

i+ Y8, .;b _ > M 1
The thérmodyna&ic quantities can be obtained in
several ways, one of which is to measure directly the
diatomic sulptur pressure in equilibrium with the metal
and sulphide as in a methoa enploying a Knudsen cell.
This entalls placing the condensed phases in a cell or
box having a small orifice, This cell is thon placed in
an evacuated chamber amd heated to the reqnired’témparasure.
When equilibriuﬁ conditions are established the partial
pressures of the various gaseous components, including
diatomic sulphur, can be determined by collecting all the
particles sumerging irom Uhe orifice in a given btime.
‘The greas disadvantagé of the method is thab the composi-
tiong and the relative amounts of all the zaseous cowpénants
" have to be known., It is offen not possible to fmlfil this
condition because many sulphides are volatile_and beeaus§~,
various palyétomic molecules or sulphur nay exiet in the-
gas phase, and this method is therefore seldomly used.
From the law:of;ma9$ action it follows that the

equilibriun constant (Ri) for reaction 1 is given by
E. = R48
R ! — )

Py &
8., .M
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a = activity of the relevant subsbtancea

932 = equilibrium diatomic selphur pressure.
| If both the metal and the sulphide are in their

pure snd hence standord states bhelr activities are equal

to unity.
1
K - T A M * &{ﬁa
1Took
82

Por sny reversible reamction at constant temperature and
pressure |
A" = -z Ink
amd A® = Az®- 1A, |

It is btherefore possible by studylng the egullibriunm
at various temperatures, and then calculating the free
a#@rgy changes abt these teuperatures, to evaluate both
the heat and entropy térms.

A praph of free ener.y change against sbsolute temperature
is,naﬂmaliztiLgtraight line tut this does not mean that the
heot and entropy chsnges arc constant. They do in fact
ehange  slizhtly with temperature, buf in such a manner that
they) conpensate one another aégét’straiﬁhm line results.

4 more usual and convenient way to cbtain the required
quantities is bo study the equilibriua between hydrogen,
hydrogen sulphide, the metal and the sulphide. From the
ratio of the partial pressures of the two gases it is then

possible to calculate the equilibriuw diatomic sulphur

"% The suffice © signifies that the STANDARD change of the
thermodynamic function 1s being considered,
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4
pregsure in equation A

Hy S + Me==H, + S + - - = * ° 2
The equilibrium constant (Kz) for this reaction is
given by
& P
- 1S i
‘KZ'” e’ .
Pa o
85 HE@

Strictly fugaclties should be used instead of partial
prossures but aslhyﬁragen and hydrogen sulphide at the
pressures used (3323 ~ 10~ abtms) are almost ideal no
appreciable error will be introduced in using parbial
pressures.

sgain the metal and sulphide e&ﬁ"be considered pdre
and their activities taxen ss unity.

A0 - .
CAGT, = — il 1y (P‘ia
P18

The free energiy equabion for the reaction between
bydrogen and &iatémic sulphur gas giving hydrogen sulphide
~is well known, a coupletie sumaary of}thﬁ literature having
been made by kichardson and Jeffes (6). The sulpbur
pressure in equilibrium with a given hydrogen, hydrogeg
sulphide gas mixture abt a certain teupsratuve can therefore

be calculated.

ﬁz* %32 EHC‘ « . . - D) [N - 5
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| _ Py w
Paa Pg

fhe required standard free energy change for equaticn 1
is now ziven by -

A Gl = - RT IB'KEKB'

¢) Previous work o
The thermodynamic behavicur of solid cuprous sulphide

at high temperatures hags interested ﬁumsrﬁus'investigators
since 1925 but the results obtalned were never satisfactory.
The first two studies were made by Jellinek and
zakawski (7) in 1925 and Britzke and Kapustinsky (8) in
1532. The method was to stream hydrogzen over heated
cuprous sulphide at various flowrabtes and to analyse the
hydrogen, hydrogen sulphide gas mixburcs formeds. The
gas compositions for no flowrate would be {those in
equilibrium with the condensed phaées and to obtain them
graphs of gés composition against flowrate were extra-
polated to zero flowrate. Ho precamtions were Gaken
against»thermal diffusion of the gases (gee page 27 Js
snd the two sets of results are in marked dissgreement
with one another and with all subsequent work, the sulphur
pressures obtained belng too high. Results with similar
inaccuracies were obtained for other sulphides these
workers investigated (e.ge ferrous sulphide) and their

work may therefore be disregarded.
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Gox Yet al' (9) made the first investigation of any
importance. Thelr apparatus consisted of a furnace,
contoining copper and cuprous sulphide, in a closed yas
circult which was initially f£filled with hydrogzen. The gas
was circulated at 60 ce/min* ﬁhrgﬁgh a 1 inch bore reaction
tube, sulphur being removed from the sulphide to form
Eydragan sulphide,iuntil the’wholé apparatus was filled
with the equilibrium gas mixture which was then analysed
chemlcally. The results were considered unsatisfactory
bocause their reproducibility was bad and because gimilar
measurements by)same workers on ferrous sulphide have since "
been shown inaccurate due o the presence of thermal
diffusion (10)e - |

Sudo's experiments (11) were the wost recent being
‘gublishea during the course of the present work. 4 flow
nethod similar to that employed by-Jellinek and Lakowski
wa.s ﬁsed, the main difference being that Sudo took adequate
precautions against {hermal diffusions. The results were
" not of the hizhest sccuracy (internal consistency + 3% of
the equilibrium constant) end were obbained at only four

temperatures within a two mundred degree rangts

= All flowratesvmentianed in this thesis have been measured

at roon teuperatures and pressures.
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A sbandard free energy equation for the formation of
cuprous sulphide can be obbained from thermal data compiled
by Belley. He has calculated (12) the standard free energy
eguation for the following reacbtion from specific heat data
and from the heat of resction measured by Von Wartemberg.

20y + 8 (rhombie) >Cu,8( L )

AG° = = 18440 + 11,70 T log T = 11.02 x 10 ~2T° = 32,76
In the region of the ol %o f  trensformation this may
be gimplified to '

Ac® = -18880 ~5.,607. + °* * ¢ + B
Keliey has in addition produced valucs of the heab and
entropy changes for the ol %o 5 trensformation (13)
and a standard free energy equa’aien for the conversion o:E
rhombic sulpbnr to the diatomic gas (14).

Cuzs (o ) BT 5> sus (f)
Az{:l;ucg-g‘-% As = 3056 S48 gog.

2§ (rbombic) ——sy ©o
A G2 = 31360 = 1.36T log T + 5.80 % 107972 « 38.62T
Yhen these data are combined with eciuai:ian B +ne
required equabtion is obbained
200 + % B,— Cud (£ )
A G° = -33220 + 0.68F log ¥ = 2.9 x 10777% 10.1 1
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This type of calculation is useful as a gulide but never gives
results as accurate as bthe best experimental methods. This
calculation can be considered especially unreliable for two
reasons, firstly Von Jartenberg's heat of reaction (15)
was determined in 1909 by bomb calorimetry without enalyses
belng done to determine the compositions and quantities of
the reaction products, and secondly w&en.the calculated free
energy changes are Qlotted.against the absolute teumperature
a pronocunced curve is obtained which lmplies thal the
é§ecific heat dats used in the equabion for the conversion
of fh@ﬁbie#sulphur to diatomic sulphugjzg ﬁnaccurate:

Schulmann and Moles in a good plece of work in 1944 (3)
deternined thé sulphur prossures, in egquilibrium with the
two molten phases (see pages /0,// ). They bubbled known
hydrogen, hydrogsen sulphide gas mixtures turough the melts
and analysed the resulbont gas mizxbures. The gos
compositions in equilibrium with the melts were found
by making the compositious of the entiant and exit gases
the same. FPrecautlions were taken agains@ghermal diffusion,
side reactions of hydrogen sulphide and faulty gas analysiss
inlaaﬂiticn the internal uansistency of the results

é + 2k of Pﬁzs/Pﬁa 3 was zood considering the high

temperatures at which tbe results were obbai ed.e
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After analysing all the .bove data, ﬁhe imporbaht parts.
of which are shown in figure 1, it was decided to determine
accurately the sulphur pressures in equilibrium with Bolid.
cuﬁ@rmxs sulphide and copper over an extended tem;:exratai’e
range, and to make a few measaremegts in the two ligquid
phase region so that a»c:émpaxison with the results of

schuhmonn and Holes could be made.
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B ma LEUANUAL METHOD AND ¥ROCEDULE

The method employed here was gimilar to that used
by Cox and co?vfaricera. 4 closed gas aii'cui‘t; vias built, the
couponents of waich were a furixaee, a gas circulabing pump .
a dzying tube, a capillary gas flowicter, a blow-off, a
nanoneter and a gas sampling bull ui&.a).

bupmus sulphide (2 gms) inbinately mixed mth an

equill welght of copper was plaee{l in a pure recrystallized
alunina boat (Morgan Crucible Co.ltds. A KR) in the furnace.
The whole apparatus was filled with hydrogen and the sulphide

specimen. heated to a known teuperaturs. 'he gas was then
| continuously circulated, at a flowrate sufiicient to
overcome theraal diffusion, un*aii‘ the whole apparatus
contained the equilibriws hydrogen, hydrogen sulphide gasm
"“imm(?ﬁgs/l’ﬁa Y 107'-73’ Je o deveraine bthe ratio of the
partial pressures of the two gases the contents of the gas
sanpling bulb were analysed for sulpmir. The standard Iree
enerzy change for the formabtion of cuprous sulphide at this
tenperature was caleulated and b?/repéating the experiments
at various temperatures the standard heat and entropy changes
were also obtained.
&8) Apparatus
furnane (Fige3)

fYhe furnace consisted of a 1% ins. bors mullite tube
wound wniformly for 14 ins. of ite lengbth with Kanthal

resigtance wire (0.04 ins in dismeter). In thig tube was
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viuced a 1 inch bore mullibte reaction tube. Lgbestos cloth
was used as insulation and was wrapped round the winding tube
differentially =0 as Vo improve the¢ even bemperature zone
which was betber than 2 ins of * 2% (i.c. the length of
the sulphide specimen). UShe power ©o the furnaece wﬁs |
controlled by means of a vafiac, a vacuuﬁx switch and a
Kent controller. The Kenb using a thermocouple in the
fumaiae was able to keep the teuperature to % 1.5% of the
required value by propoxbtioning one third of the power, the
vacuun switch belng used to make znd break the cir;euit'z.
4his arraugecent however did not slways ‘work satisfactorily
and the teapocrature was bGhon Rept 40 the above liuits by
manual conbrol. |

Kanthal wire when it has been heated becomes brittle,
and experimenters have found that when a lznthal wound
furnace has been cooled 50 rooam beuperature the wire umay
have fractured. The present furnace ho%:we‘r was repeabtodly
heated asnd cooled to room Lemperabure without this happening.
his difference in hehavicur iz abtributed Yo the fact that
the wire used here(0.04 ins. in diaseter) was thinner than
that of the obher experimenters.

Un a similar furnece the author tried a modification,
the above mebhod Ho improve the even temperature zone,
which proved more satisiacbory. ‘;’cbié was to wind the
repistance wire diifferentially sec ‘t‘m*s when the windings

were lagged uniformly with asbestos cloth a dip was
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obtained in the middle of the temperature distributhon.
this dip was then ﬂatisfacterily renmoved by increasing
the lagging around the niddle of the furnace. /in even
temperature zone of 3.5 ins of ¥ 1.3°C was obtained by
this me"ahca..

ihe connections to the reaction tube were made by ground
glass jolints fastﬁnedvto the ends of the mullite tube by
the thermo—setbing plastic "araldite’. Although “Araldite“~
is atbacked by sulphur dioxide it iz unharvued by hydrogeﬁ '

sulphide at a partial pressure of 10'2 atmnostheres (16}.
: \

Lemperatare Measuremenﬁ
) The tempervature measureuent was made by means of a
glatinumoylatinum 13% rhodiun thermocouple* placed between
the reaction and iurmace tubes in a position which
corresponded to a point halfway between the middle and
trailing cdge of the alumina boat.

The théimcccapla was calibrated before and after t h e
equilibrium seasprements wore nade by placing a similar
thermogouple in a correspoading position ingide the reaction

fube. The two calibrabvions agreed to within 1%, and the

* Phis was supplied by Jonnson katbhey Co.Lbd. wnd was
guaranteed to measure the temperature to = 29 of the
true value in the temperature range invesiigated.



2%

temperature drop across the reaction tube was less than
3°. The effect .f gas flowrabte on ihe téézrgeraﬁure was
also studied. It was found bhat at 6u0% the bempersbure
given by & bhermocouple inside the reacbion tube did nob
altsr when the flowrate of purs hydrogen was increased

Irom zere bo 600 ce/min.

Gas Fump
The gas puup was a copy of one used abt the British

Iron and steel Hesearch isssociagtion (i.’u.i..u.su.ﬁ,o) gnd w&é

aade by sr. Leek of B. Iuidaiteite It was essentially a _double

acting pump utilizing four non-return values and is shown
diaggrammatically in E:*igitre. 4o Whe pumping power was
derived from the solemold 5 into which were fed a series
of n.. pulses (for the production of these pulses see
appendix 1) which caused ‘the iron armature .. znd hence the
two coluans of n - dibutyl phthalate (used because of its
low vapour pressure and lunertness to low pai»t;i.al pressures
of hydrogen sulphide) to oscillate. when a DeC. pulse
was passed the amm'tm rose and gas was forced through
~valves (a) and (b), when the gaul.ae was cubt oif the
armature fell under *mvif;y @m\i sas was foreed through
valves (¢) and (d}. The valves were small gluss bulbs
blown on the ends of pleces of narrow bore tubinge.

0
'
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he valve seats were canstz&cte& pieces of glass tubin..
it was important that the valve and its seat should be

w good £it so that Ghere was no leakage of zas back.

Any flowrabe between O and 500 ce/min could readily

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

reduced the maximim obbsinable flowrate.

Flowneter (Fige2)

4 capillary gas flowueter was constructed in such a
manner thet it offered little resistance to the pump.
Instead of baving & noraal U-tube device {0 measure
tne pressure drop across a capillary, the limb used
here te<m@asure the position of a liquid (n -~ dibutyl
phthalate) meniscus was inclined at an angleor 45° to
the verticals For a given displacement of this
meniscus the pressure drop across the capillary was
less, and hence the resistance olfered to the pamp

was also less, than with Ghe conventional Uype flovmeter.

Drying Tube
Caleiwa chloride and magnesium perchlorate (anhydrone)
were used as drying agents after it was discovered that

gilica geol adsorbed hydrogen sulpﬁide as well ag water.
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initially some experiments were done with rubber bungs
present in the system. The effect of thege bungs on the
hydrogeﬁ éulphide atmospnere was n‘et known so 'they were
replaced by ground glass joints and the previous results
were then checked satisfactorily,

To ensure a little flexibility in the apparstus some
- joints were made with short lengths of polyvinyl chlovide
fublnge

Any small leak or pinhole in the apparatus which
aight have alte#eci the gas composition was immediately
detécted, 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. iny oxide present in the sulphide

sanple was alego reduced in this manner.

b. Ghenicals Used
ﬁm&:ﬁﬁ

Phe hydrogen was coumcrcial "oxygen free" hydrogen
supplied Dy British Uxygen Co.Lbtd. It was dried by

caleium chloride und aagnesiun psrchlorate before use.
#hen dry it was guaranteed 99.95% pure (17.)
This was in the form of drlllings which were
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~ prepared from a piece of copper produced at Ghe Ll Paso

gaﬁnex’y of the i‘é’helga i}eége CGoe The lmpurities® in this

copper were silver o ‘ |
<< (1+00L%, Oxygen and sulphnr combined < 0+006%s

| cugmua Sulphide
Cupric sulphide was first prapared by passing hmirogem

sulghide into ar acidified {mlpkmrie acid) solution of
"analar® cupric sulphate. . Phe greﬁipi*hate was eall&c’sed,
dried, placed in a silica boat and heat;ed in. a slow strean
of bydrogen for L% hours at 750%C. The product was
euprous sulphide together with a little copper which was
ousily removed as it was only formed at the Ié?a"aing edg@ R
of the sunples Chenical analysis*® gave copper = 79.7%
and sulphurs 20.2% (Theoretical valuest— copper = 7%.86%
bulphﬁr = 20.14%) The trace el-emnts debected by spectro-
graghic analysis®® were silicon, lead aﬁd iron, all of
which were present in guantities leoss than 0403

¢s Gas spalysis. |

. Po determine the compositions of the gas mixtures the
contents of the gas sampling bulb, which were at a known
tenperature and pressure, were analy,se& for sulphur by a
method developed by Kitchener and co-workers (18). The a8
sanples were flushed out with hydrogen, into an standard

** ‘'hese analyses were kindly done by the BuI.5.Reke section
,. of the Bragg Lahoratsry.
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alkaline solution of sediua hypochlorite, whlch 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
aimtes to convert all the sulpbur to sulphate and bthen
the quantity of sodium hypochlorite remaining was estimated
iodimetrically. For these experiments the method was
porfectly satisfactory snd the results reproducible o

An indirect check on fhe mothod was ocbtained by a
colleague who used the same standard solutions employed
here (19)« He estimated the qﬁam:ity of sulphur in a
slag by the hydrogen sulphide evolution method developed
by Eitchener and co~workers for sulpher in iron (18) and -
obtained results concordant with those from combustion and
gravimetric ine%‘mda. | |

A seventeen hundred cc maupling bulb was used, the
exact volune of which was deternined by weighingt it empty
and full of water. To0 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.

Zhermal Diffusion. ,
The existence of the phenomenon called thermsl diffusion

has been known for many years but only receantly bas its
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impartanée in work uaing gas mixbures at high temperatures
“been fully realized. |

it &‘gas'mixture is left stagnant in an apparatus,
parts of which are at different Vemperatures, the components
of tie mixture will partially separate, the heavier molecules
concentrating in the colder parts of the systen.

A theory for the phenomenon hag been developed by
Gillespie (20) from kinetic emnergy considerations; it
predicts that the magnitude of the effect depends on the
temperature gradient, the difference in the molecular
welghts and the relative amounts of the components and
the average molecuiar welght of the mixture, |

These bhermal diffusion forces can be overcome by
agitating the gas which for these experiments mezns a
sufficiently high flowrate. Lrrors, however, ¢csn also
by produced byﬁfasﬁ'flﬂwnakaa if the gas is\not given
sufficient timéltc reach the equilibrium temperature
before it comes into contact with the condensed phases.
There is therefore a range of permissible flowrates}which
can be found if the gas composition is determined as &
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 dichardson (22). Darken and Gurry~ﬁaed carbon dioxide,
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carbon monoxide gas mixturcs in a vertical furnace and
found that thermal ’difi‘usian effects were much less apparent
whenvtha gas was passed up instead of down the furnace.
‘Alcock and Riahards&n'used hydrogen, hydregen sulphide gas
miﬁr!:ux’es in an apparstus ‘similar to the @resem, ones They
found Hhat for a 1 inch bore reaction tube a @as alxture
with gﬂajpﬂ 25 X 103 and a temperatare of 95(3 ¢,y thermal
diffusion was absent when a flowrate of 200 co/nin was used.
Their results were verified ifor the z:rfesezﬁ: systen with
the ald of a sample of cuprous suiphida containing radio-
active sulphur (isotope 35,), and a Geiger suller gas
counter in the gas cireult. 4 continual record of the gas-
composition could then be kept whilst the flowrate was
varied. Ho thermal éiffusxon was found with a temperstnre
of 1000% for flowrates between 27 end 550 co/min. 4
complete &escriptien of these experiments iz given in
Appendix Z. | |

It was initially decided to use this radiocactive
tracer technique for all the work because of the simplieity
of the zos snalysis and because a continual record of the
Zas coumposition could be kept, but this decision was later
reverssd for the following reasons ~ |
1) dlhe eleetronie‘equipmenﬁ aﬁailabie gave continual
trouble, in addition to which the oporator did not have
a ood knowledge of electronics (39 valves and 200 resisiors

<
and capaclitors in a sgaler) and the Harwell maintenance
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service was not as efiicient as 1t is at present.
2) ©¢he tracer bYechuique had to be gbandardized by the
chemical method and was therefore less accurate due to an
additional countlng error.
3) %he time saved when the analyses were done by & tracer
technique was less than the time taken to prepare the |
radicacuive sulphide and to perform pomal repsirs on
the counting mechanlism, |

Tracer techniques are only vecommended where normal .
nmebthods fall, for example, where it is impossible to ?ake
and snalyse gas samples (c.g. when working with very low
hydrogen sulphide pressures) or where a9veﬂy large number
of analyses have to be made.

‘The absence of thermal diffusion was further checked
using stable sulpburs It was found that there was no
apprecisble difference bebween the equilibrium gas compogi-
tions obtalned for flowrabes of 275 ce/min and 530 cc¢/min
at twé temperatures one near each end of the temperature
ranze investigated. The flowrates used for the rest of
the experiments were bebtween 325 and 500 cc/min.
ihe presence of molecules obther than hydrogen or hydrogen

gulphide in the gas phase.
it high temperatures hydrogen salphide is in equilibrium

with various gaseous polyatomic molecules or sulphur. The

presence of diatomic sulphur gas, which would have been the
.most abundant decomposition product of hydrogen sulphide at
the ﬁighest temperatures, might have been &L importance.
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when the equilibrium gas mixture was cooled leaving the
furnace the diatomic sulpbur would have combined with
hydrogen %o form additionsl hydrogen sulphide making the
nixture from which samples were taken for analysis richer
in hydrogen sulphide than that in eyuilibriuva with the
condenged phases. The greatest possible error however
due to this cause was calculated to be less than 0,1% of
the e.uilibriun constant,. ;

4% the high temperai:izma the silica in the mllite |
could nove been reduced by hydrogen to give the gas silicon
nonoxide which could have contaminated bhe copper énd
cuprous sulphide and have albered the activitics d these
subgtances. The copper and the sulphide were therefore
snalysed separately after all ti;e equilibrium mneesurements
had been made. In both samples the percentsges of silicon
and o alumina were less Than U.)% end were therefors small
enough to be ignored.

Ho abtback whatever of the alumina boats by the golid or
1iquid sulphide could be seéen which was conficmdd by the
analysis mentioned above., Bquilibrium was approsched from
both sides (i.e. high and low sulphur pressures) and
eimlatioa contimmed for verying lengths of time to
ensure that true equilibrium had been obtained. The
approach t0 equilibrium was very fast, 1.5 hours ¢irculation

being sufficlent for the majority of the experiments.
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The experiments were done in a random order Lo ensure
that any haruful effects which might huave become gradually
worse with time would be inuediately detected.

To conclude and sumnarigze %his‘description of the
work a detailed eccount of an equilibrium experiment will
be given. |
1. The apparatus was filled with hydregen snd the furnace
adjusted to the required teuperature,
2e ﬁirculatién was conbimied for 1.5 hours with a Llowrate
of approximately 400 co/nmin. If it was required bo approach -
aquilibriuh conditions from high sulphur pressures the
fuxnuce temperature was then lowered 5@°L and circulaticn
continued for another 1.5 hours. }

3. Yhe sbandardization of the sodiun hypochlorite solution
was checkeds .

4, Cipculation was stopped and the temperature and
pressure (a combination of stmospheric pressure, and of the
difference between atmogpheric pressure'anﬁ the pressure
inside the apparatus as meesured by ths'manameterwin the
gas cireult) of the gus in the sampling bulb noted. The
gample was then flushed out, using hydrogen at a Llowrate
of 150 ce/min fox 1.5 hours, into a standard alkaline
solution of sodium hypochlorite.

5. ‘his solution was carefully boiled for 5 minz, excess
10% pobassium iodide solutlon and &GN hydrochloric acid
solution added, and the liberated iodine titrated with
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standardized (by 'inalar' potassium lodate dried at 170%
overnisht) sedium thiosulphabte sclution.

-
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BESULAS

The results for the present investigation are most
conveniently summarized in a graph of iog éf_ﬁ_a’fg ‘against
"—;:” (¥1g.5)s In reglons where there are (PH.?. )
no phase changes this graph should be a straight line
and therefore provides a useful check on the accuracy
of the results. The results arve presented in Table 2
(page 35 )3 their order repregents the order in which
they were obtained. The flowrabes for the experiments
used to confirm bhe absence of thermal diffusion are shown
in fthe fourth column, flowrates for all the other experiments
were between 325 and 500 ec/izﬁn. The letters H and 1
in the last column indicate whether equilibrium was
approached from high or low hydrogen sulphide pressures.
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PABLE 2
%ﬁﬁf’ggmm '—‘,l-" x10° -;13 (?ﬁas iﬁgz" Hor L
\ Py, in ce
(72 ) wia
1001 0.785 2,672 L
208 1.019 317G L
1038 0.763 24616 510 L
809 0.924 2,965 I
a8a4 - 0. 864 24848 L
670 1.060 %2258 275 H
669 1.062 34279 L
758 Ge 970 54100 B
671 1.059 34258 550 L
839 G899 2508 H
7B 0 v994 3,110 L
1040 U762 24614 275 L
963 U.809 2.711 H
930 0.831 24751 i
1094 0.731 2,537 L
1094  Ce73L 2.530 L
1152 04762 2u b4 L
1149 0,703 2.443 L
926 0833 2.765 I
a4 0+851 2.816 i
893 0.858 2.812 L
620 1.120 2,381 L
564 1.195 3542 I
527 14250 34659 I
564 _ 1.167 3460 H
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grrorsg

In the experimental determination of #h@ equilibriun
constont there were only twavmainﬁsﬁurces of error, firstly
the gas enalysis which could have caused an ervor in the
equilibriun constant of + 1, and secondly the temperature
measurenents The possible nonrandom errors in this are
ag followst= : |

Calibration of the thermocouple by the makers + 2°C

oW % v w ayghor + 1%

Even temperature zone in bthe furnace 2%

s

“he nonrandow srror in the temperature neasurement
nay therefore be ﬁ 5°0 which world give an error in the
equilibrium constant of + ¥p. #ben this is combined with
the error in tne gas analysis the total nonrandom error
becomes + 4%, The internal consistency of the results was
+ 2o, It is cansidera& unlikely thab all the above non-
vendom errors exerted their mozimum force in the sane
divection and it is therefore reasonable to conclude #hafan
error of + 3 of tha averagze value of the equilibrium
consbant is a fair estiaabion of the sccuracy of thesa
resulis. |

The graph cf log (Qﬁgaﬁpﬁa) agéinst ﬁ%r proved to
be a straight line from which 1% was possible Yo calculate

the standard free energy equation for the reaction



}12 + {}uzﬁ(ﬁ )——ﬁ.%.a:s * 2_(311?
CAg® = 9,88 + 0,004457 “Bﬁaale SUEIRCINN

(530% - 1080%) | |
AH® = 9.8 + 0.1§ Kcals/molo
As® = «0.00885 + 0.00018 Ecals/mole deg

Lhe standard free energy cequation for the reacfiun

between copper and_diatcmiczgulphnr‘gaa'aan begobtaing&‘
if equation ¢ is combined with the standard free anepgy('
equation ziven by Richardson mnd Jeffes (6) for the
dissociation of bydrogan sulphide inbo hyﬂxﬁgen and

dlatonic sulphur gas.

20u+ %8, ;cmasc/f’.) |
AG® = ~ 3142 4+ 0,007350@ Kecals.
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RISCUSSION OF RESULTS

441 the previous work of any importance is sunmarized
in figure 1. |

The data of Shhuhmaan and doles is in good agreement
(within 2. pf‘the eqﬁilibriuﬁ constant) with the present
investigation whilst #haﬁ of Sudo and that of Cox and co-
workers give slightly higher hydrogen sulphide préssuraa. '

he &inggreement of sudo is only small (55 of the o
equilibriun constant) and can partially be explained ny
the experimental method he omployed. This was t0 coutine
uously pass pure hydrogen at various flowrates over a
wixture of copper aﬁd cuprous sulphbide and bo analyse the
hydrogen, hydrogen sulphide gas mixtures formed. The
gas coémpositions for no flowrate would be those in
equilibrina wity the eondcluudAghaaea {assuming thermal

diffusion to be absent) and to obtaln them sraphs of

f%gﬁu against flowrate (all the measurenents for one
?ﬁz'
gﬁaph having been made at one bteaperature) were extrapolated
lingarly to a flowrate of zero. It is possible thab ﬁhese

zraphs were not straight Lines bub curves with the gas )
coapéaitians becaming almost constant at the lower i
flowrates, which woulﬁ.mean that the equilibrium hydrogen
sulphide pressures obtalned by Sudo were too high. The

maximm error that could have arigen from bthis cause is

~
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5% of the egquilibriun constant, which would explain the
discrepancy between the twe sets of resulis, but an error
of 2 or % is considered more probable. i dlfference of

2 or s still remains unexplained, but tnis is well within
the limits of accuracy for the two sets Of results and may
be ignored. | '

Cox and co-workers' remulbs are badly inconsistent
at the lower tesperatures. Tho present results lie within
the seatbter bubt ab the higher temperatures vox ‘et al!
definitely obtained bigher sulpbur PLOBSUreS. The flowrate
they used (60 ce}min through & 1 inch bore resaction tube)
was mich less than that in the present investigabion and
the discrepancy between the two sets of results could be
exyl&ine& if it was too low to overcamé the thexrmal
diffusion forces. Further support for this @xplanation
is provided by the results of Alcock anﬁ,ﬁichardsan and
of Cox %ebt al! for ferrous sulphide. 4lcock and Richardson
(10) bave been abie to show that a similar discrepancy
between these two sets of results is due to thormal
segregation of the gases in the exporiments of Cox 'et al',

ihe resulis presented here are consistent, therefore,
with previous work, end it is considered that they, together
with the results of schubmann and Holes provide at present
the most accurate aﬁa eamplete‘yicﬁure for The thermodynamic
behaviour of cuprous sulphidé ot elevated teamperatures.



SECLION 2

MOHTN PILMS UF CUPROUS SULSHIDE ON COPPERY
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LNRRUDUCTION

The reasouns for starbing bthe present yarﬁrui this
reacarch bave already been ax@laiae& in the General
Introduction, and only a more deballed agcount of the

relevant literature need now be glven.

Thin £ilns of wustite on irow
Gellner snd Richardson (23) in 1951 studied the

aechanisn of the reduckion by hydrogen ol wustite layers
grown on strips of pol,crystaolline irﬁnQ vhe layers were
approvimately U.Ul mm thick and were grown by oxzidizing
tne iron with a aydrogen, .aber vapour gus mixture. They
| weve rednced in a strean of pure hydrogen for various
lengius of time ab various Seaperatuares between 660°C

and 1000%, and then quenched, sectioned, polished and
cxamined under a microscope. it a00% a thia layer of
iron was first {ormed on the wustite surface, addaitional
iron preduced by Vhe reduciion was then deposlted ﬁext to
the substrate mebal. at 700°C reducticn procesded, as
would be expected, from Lhe wvusiive wwaface inwaxds. 46

tormediate tenperabures reduction proceeded simulbaneously
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inwards from the surface and cuiwards from she substrate
metale 10 explain these results, Gellner and Richardson
suggoested that bthe axiae in the imnpediaste neiahbeurhoad
of the basis metal was less steble than the vxide on the
surface, and that there was o greadation of stability
across the wustite layer. an ohaervatieﬁ'conﬁiatent with
this hypothesis is that of Chipmann and iarshell (24)
who observed that iron in slightily exidizing atmospheres ™
somsbines remained unatiacked although oncs oxidaticon bhhd o
commenced this passiv¥ity . reatly diminished or disappeared.
Darken and Gurry (2%) bave recently trie& Lo
doteraine the thermodynamics of bulk wustite in équilibrium
with iron by sssuning that £ilms of wustite gramn'upon iroh
behave in The sane wanner as the bulk phases. A strip of
iron wos suspended in s benperalure gradient and in'a
gas wixture of {ixed omygen potential, which was adjusted
50 that only thé hottest parts ef the ivon were oxidized.
When %he strip was removed from the furnace a sharp ﬁcanéany-
was found between the unabtacked iren and vhat having a
suriace layer of wustite, The tenmperature of ﬁhis boundaxry
ﬁas token as bhe temperature at which bulk wustite was in
eqnilibriua with iron at a known cxyran potential. Iﬁ
view of the work of Gellney and kichardson this appears a
d&nbezﬂus agsumptione. The preseat experimnents were designed
wiﬁﬁ'ﬁhe aim of determininz the stability of cuprous
sulphide films thinner than.the wastivte ones used by Gellnex
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53&& Hichavdeon. They might therefors pﬁavia% éata»which
gould support Gellner and ﬁichaidaaﬂ?s hgpa%basis.aﬁd\which
would show the potentlal dangers of %hé axperiman%al
aethhod employsed by Darken and Gurry. | |

Bardolle and Benard (26 have recenxly &ona some Work
on che mechanism of the grewtn of wuutite 1ayers on iron.
Yheir resul%s*were ginmilar, mn s0Re respects, tQ Those e
obbulned by the suthor and were pablishéd_aiteﬁ this section
of the work had been eampieteda :ﬁaréalle and BSenaxdl grew
ppeir films at temperatures betﬁeen 6559“ ané>$§&08 and at
ozyzen pressures of 107 -1 o 10 -3 acmogpheres, 4t 65&“8
Thin teﬁper tilms of oxide were obﬁained which completely
covercd the iron surface. Their énlaar and bence thickness
varied from one srain of iven bto another; the grain
saan&ariea were cledrly deflined by unese different colours.
At higher temperatures (dﬁﬁ.b) the Yemper filuns were nob
formed, instead she surface was covered by smsil isolated
patecies of ogide which grew mnéé readily on cerbtain grainsg
the offect was sufficienblg’markeﬂvfﬁr phenoneng connscted
with 9Lain srowth to be obmerved. ‘In additlon, it was
nojiced thab the oxide had derinite directions of preferred
orientation which were different for different grains. This
inplied that the ovientation of the oxide was dependent upon
that of the basis metals Hehl and HeCandless (27) have
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pointved out that the spacing of the iron atoms in o iron
and in wustite is very sisilar, and that this similarity
would give a £ilm of oxide & preferred orienbation with
regpect 0 a substrate of irons The cube faces of the
oxide and the mebal would meet and ve in tue plone of the
interiace, and a (110) plane in the nmetal perpendicular
%0 the interface would corvsspond to a (100) plane in the
oxide. BSamiolile and Benavd book Laﬁ@ X=18y photographs
whilcih confiramed this relabionship for their films.

dulbransen and tuka (28) haﬁe been able to show
tuat stractural relatlonsiips betveen a filn and its
substrabe can jreatly influznce the stability of the
£ilme dhey grew bthir films of majnetite on iron
{unforbunately they daid aot nention Gtho thlckness @i
| their Lilms) and deverained the btransformation teamperaturel
for bthe resction

33‘3504 + e —— 4 Fol,

fron electron diffraction photagraphs of the surface
taken ab various temperstures. IFrog known thermodynamic
guaubitlies this temperaﬁure.was predicted as 570°C for
the bulk phases; Gulbransen and iuka found however that
*%33 gsome of their thinneat‘films the trausiforaation
tenperature was as low as 530°G, and that on increasing

the thickness of the films this temperature rogpe to 570°C.



These results were explaiuned by tiie fact that iron and
wustite have the simple sbructural relationship shown by
sehl and MeCandless whilst no such relationship exists for
iron and nagnetite, The wustite films were therefore
preferentially stabilized which caused the transiormation
temperature to have been lowered. Thias work therefore
provides additional evidence of the importance of structural
relationships at the interface and still further emphaslzes
the need for accurate stabilivy measurements on thin films,

de balldes on various substrates

Behmltz has published a series of papers in which
he describes some qualitative results he obtained growing
thin £ilms of various alkalie halides on mbatra’cesv of glassg,
- mica, ailva‘r,' sodium chloride, sodium nitrate and caleite
(29). Host of the films were grown in two ways, firsbiy

by crystallizing them from an aqueous solution, and secondly
by the evaporation of the halide onto the substrate in
vacuos Schultz sbudied the f£ilms using various glecﬁmn )
diffraction tecbniques and was zble to fetermine thelir

[P ——
o

gstruecture and orientabtion. The most interesting facts he
observed were thatis- -

1) The final structures and orlentations of the £ilms
were in most cases, although not all, the same when the

ﬁm methods of preparation were useds
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2) Polymorphism for some of the deposited halides was
obtained where the crystal energies of the usual and
‘urnmsusl structures were similar. For exomple caesium
chloride bad tho umusual sodium chloride structure on
substrates of lithium fluoride, sodium chloride and mica.
With a lithium fluoride substrabe this umusual structure
was Obtained for erystals 100 - 200A high but for filus with
an aversge bthickness greater than | ﬁhis » ci:ya‘bals were formed 4
which were not in combact with the substrabe and which had
she nomal body centred cubic structure.

3) HMeny of the films were strongly orientated, 1t was
often possible to relate this orientation to abomie
aatehing at the interface. ror exauple, when caesium
chloride was evaporated onto caleite it !;aﬁ the sodiua
chloéiée sﬁrﬁc‘awe, but when érysta_llised from sclution

it had its normal body centred cuble s?:mcme, ) Pifferent
orientations were obtained for tkiese twe si:mﬁﬁurea, ,hu.t\
in both cases Ghey were consistent wi*eh the best atomic
m&tching &6 th e interface. ' ‘

4) dhen very thin films were é;roﬁza by the evaporation
method two different types of £ilm were po_ssible._» If the
atoni.c matehing was bad the first fow layers would
mig":éate acopss the surface to give sgpara‘ae crystals.

Foxr ea:?s;ampla a layer of caesium chleri&e JOA thick on
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Iithiua fluoride migrated to glve discrebe crystals 100 -
2004 high. These crysbtals had bhe unusual sodium chloride
‘ﬁ;fgze structure and were m:‘i'ent:m;e& with thelr axes parallel
{:o *ﬁh@sé of the sub:st.rate. | w‘mm the atomic matehing was
goa&‘(i@;é and 20% for su?ia‘braﬁses* of mics end sodium chloride
respectively) the first few layers were bound strongly to
the substrabe and separate crystals were not obtained until
the films were thicker “tmaxi 104, ::hen the bonds across the
interface were presumably oo weak to bt effective. |
g.:l,;‘gma;l aﬁchﬁ.ﬁm& |

Chalmers in ‘an excellent paper in 1948 (ZSG) sunnarized
all the previous work on the subject of thormal etehing,

presented some results for surfaces of silver and put
forward some simple explanations for the phenomenon.
Striations have been pmﬁima& on copper anmd silver
‘surfaces when these metals have been maintained at a high
tempera%;mé in an atmosphere containing oxygen, the higher
'ché 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 atwospheres and disappeared in
Hitmg;an for e?xample, but repppeared with the same orientation,
although the spacing between them differed in Some cases,
when tﬁe nitrozen was replaced by oxygen. Grooves were
noraally obtained at bhe grain boundaries but bhe photo-
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‘mierographs of gilver taken Ey Chalmers clearly show

that the striations were not grooves bub sbteps in bthe
gsuxrfaces Chalmers suggested that the presence of oxygen
may hove modified the éqailibrium;coniiguratian‘ef the
surface, so that a stepped up struc ture in which specific
crystallographic planes were developed resulbed; the final
state of the surface would have had lesgs free energy than
the original smooth surface of smaller area bubt of
arbitrary orientation. Theoretically the oxyzen could

have produced this effect if it had been prefexatially
adsorbed on certain crystal planes (the developes ones)
thereby lowering the energy of these planes. This
explanation is consistent with the preferentisl atitack

of certain graﬁns which has been observed in the axidation
of many metals including copper (31), and on which all
etching processes depend. In addition Chalmers suggested
that the most imporbtant mechanisms in the formation of these
striations were the surface movement of metal atows or ions,
and. the preferential atback by oxygen of certain crystal
planes (the develdped enea) followed by volatllization and

condensation of the molecular oxides
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{OCBDURE

Lk SHIMERT AL MAPHOD AND By

The principle of the amethod adopted here, to study
the stabilities of thin £ilms of cuprous sulphide on copper,
was to determine the comgcsi*t;ims of hydrogen, hydrogen
gulphide gas mixtures which wers in equilibrium with the
films, and then %o compare the values obtained with those
obtained for the bulk phases in Section 1. |

Phe apparatus was almost the same as that in Section
1, the only ditference belung that a small bulb was
introduced into the gas c¢ircult between the f&ma@e}
and pump. | ' |

4 piece of pure copper foil (4 cms x 5 cms x V.01 ins)
was placed in the furnace and neated in a stream of hydrogen
for two hours at 900%, This annealed the copper and
reduced any oxide film. The small bulb was filled with
hydrogen aulphide which was then disperssd tbroughaut the
rest of the gas circuis by cﬁrcula‘aig?. 4ll the hydrogen
sulphide in exceas of bthat necessary/form the equilibriun
gas mixture reacted with the copper and formed a film of
cuprous sulphide. Ihe time necessary foi' the attalnment
of equilibx;imn conditions wos vsken as the same as that
for the bulk phases in Section 1. Therefore after 1. 5
to0 2 hours circulation at 350 to 300 c¢/min a gas sample
was taken and analysed as in Section l. PThe furnace was
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thon cooled ond the copper foil removed and examined under a
nicroscope. | | , .

The quantity of sulphur which combined with the copper
wes estimabed from an approximate value of the volume of the |
apparatus and from a *blank?' partial pressure of hydrogen
sulphide, obtained f‘rém a gimilar experiment in which Ghere
was no copper foil in the furnaces The woluse of the small
bulb was adjusted vo give a film of approximately 40U atom
layers providing .he :Eilm was of uniform thickness. The
final f£ilms obtained however were bhicker than this and
grew in patches (veinfra).

The experimentally determined 'blank® partial pressure

of hydrogen mxlphide (pﬁ 8 = i._ﬁ X 3.0"3’ aimis)was in .
excellent agreement with the theoretical value |

();:Kz,;5 = 146 x 10"3 at‘m:s) obtained from the volume of
the small bulb and that of the apparatus. If in the
equilibrium experiments described in Seetlon 1 there
had been a contimuel loss of sulphur f£rom the gas phase,
and hence the sulphide sample, the gas would never have
peen able to reach its equilihrim conposition. The
excellent agréemént of the two values of this 'blank’
'parizial pressure however prove this not to have been the
cagey and ;;x?wme;s further ev;i&eﬁea of the reliahility
of the results obbained in Sectiom le
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The exact manner in which the films had grown was
not clear, all that was ’dona was to examine the final
state of the films, Ho measures were tak-én to throughly
mix the bydrogen sulphide with the hydrogen in the rest of
the gas cireuit before the gas mixture ceme into contact
with the copper specimen. Mixing effects will have _been
produced by the gas punp and large gas sampling bulb,
but in spite of these affects the gas mixture in its
first passage over the coppoer mist have been inhomogeneous
This i.nhomOganeity can be thought éf ag a voluane of gas,
with a high_ hydrogen sulphide concentration, moving round
t‘hé gava circuit. The speed of reaction shown by the bulk
phages suggests *Bna’c}ghe first passage of the gas most of
the excess sulphur in the bydrogen sulphide rich part
of the mixtm reacted with the copper, snd that the
folliowing gas deficient in hydrogen sulphide removed some
of this sulphur to give the correct equilibrium gas

. composition. To axﬁrsaa i¥ in snother way an excess of
'c.uprous sulpbide was initially formed and was later |
reduced back to copper. This fact could nob have affected
the equilibrium measurements, but in & @alitative ﬁsmsaien
of the final state of the film it might be of importanse.



Ghemicals Used.

Uopper
Johnson and datbhey Co,ltd. "gpectrographically pure”
copper foil was used, the trace elements” in which were |
zp@etr@graphically determined as silver - 0,001%, lead
"o U.O‘leo, nickel - 0,00053, iron-line just visible,
galium ~ line barvely vigible,
Hydrozen Sulnhid.e
A steady stmam of hydrogen sulphide was &,enem‘keﬁ
by continually adding dilute sulphuric scid to a sc&lntion
of sodium sulphide. The gas was dried by calcium chloride

and msgnesium perchlorate before use.

* These values were kindly sugplieﬂ by Johnason & Mabtthey Co.
© Ltd.
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Three :ilms were Investigated each at & different
temperature. The resulis oﬁﬁaina& are sunnarized in
Table 3. As the equilibrium times were ﬁifﬁ&reﬁt in cach

experiment they are uiven in the last column.

L _ ‘Igble 3
Temperature (Pﬁzﬁj o pﬁzﬁ) Equilibrium
in’*}{} : E-i%-—-‘g £41m gﬁﬁ—i—g bulk time in hours
;”2_ , phaged
713 7.05 x 107 7.01 x 1077 2
750 9.79 x 0™ 1,005 x 1072 1%
841 1224 x W2  1.281 x 1077 2%

The eq&ilibriua gas eampesitians.obtained for the
£ilns and for the bulk phases® are in agreement with one
another within the limits of ézperimental exrors It
follows therefore that the standaord free energles of
formation and hence the stubilities of these films were
very nearly the same or identical to those of the bulk
phase » )

1t had been hoped that a uniformly thin £ilm would
be oblalned bub this was not the case. Instead 1t was
found in all three experimants that the filas grew in
patches. 4n estimation of their thickness was obtained
from the quantity of sulphur removed irom the gas phase

* These values were obbtained from Section la
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and the area of copper surface covered, but a nethod using a
micmacqpe was found more satisfactory as this could be
applied to any specifiec area of the surface. Here the
| ve:ﬂ:ﬁ.cal displacenent of the microscope necessary in focusing
on the copper surface and then on the film gave the thickness
of the fiinm. ) | |
Each £ilm could be divided into three almost egual
sections which were defined by the direction of gas flow
i.e, one third which came into contact with the gas first,
a middle third and a final third. ,
Sulphide formation was ma.;:e gbundant on the first
third. Here nearly the whole copper surface was covered
by a layer of dark grey sulphide, approximately ¢.0U03 mm
thick, which still contained kowever small @ecks of |
‘bright copper. Bgcaﬁionally a single black crystal of
sulphide would rise steeply to a height of U.U1 mm but
these érygatals only covered a very small part of the
total surface.
The uiddle third was not so badly abtbacked; bthe
arsas of sulphide £ilm and of bright copper were about
equale The average thickness of the {ilms was sbtlll
04003 mm, Por this part of the surface all the films
had a slightly different appearance as each one had grown
in a characteristic aéa,y (v.infra).
- The final third was only slightly attacked but still
showed the charaeteristia properties of the middle third.
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In asddlition to these properties whole grains were covered
with thin temper films of differvent colours. Phese
temper Tilms were ignored because they could have been
formed when the specimens were cooled to room temperaﬁére
in a hydrogen sulphide rich atmosphere. _

The charaﬁteristie properties shown by the laat two
thirde of the films will now be described. They are
recorded in phatemiarcgraPES'l-G which were taken without
the surfa@eﬂheing traatéa-in'any way (polished etc.)

Tho sulphide growth for the £ilm grown at 713%C was
more pronounced at the grain boundarles from which the
sulphide grew with a dendritic structure. These éendriﬁeS'
had for a glven copper grain several directions of preferred
orientation (Photomicrographs 2,3,4). This effect was nod
80 poonounced as for the wustite films of Bardolle and
Benard but was sufficlently apparent to imply that bhere
was some simple structural relationship between the metal
and sulphide at the interface. Some grains were much more
favourable to sulphlde growth than others being completely
covered, except for small specks of copper, whilst their
neighhaurs were comparatively unattacked (Fhotoglcrographs
1,2,3). This property is consistent with previous work, v
because similar effects were recorded by Bardolle and
Benard for their wustite films snd by Gwabthmey and Benton
for oxide £ilms grown on z single eiyﬁtal of copper in |
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oxygen (31).

For the film grown at 841°C the preferential growth
away from grain boundaries aund on certain grains was not
pronounced. ¥Fabches of sulphida were obtained with an
average height of 0,003 mm (Fhotomicrograph 5), but they
nearly all had a small black crystal in their centre
rising steeply to a height U.0L mm. The dendbitic nature
of the sulphide exyetalgﬁgesa but the erystal size was
greater for this film %han far;the filmé grown at lower
temperatures. These differenésa could'have been due o
the slightly longer equilibriua tiue used in the formation
of this iilm, but it is dnﬁbtful if this would have
produced such large effects which are mainly attributed
to the fact that this film was grown at a higher tempeiature.
The most interesting effect observed foxr this L£ilm was that
many of the copper grains appeared stristed (Photomicro-
graph 6). These striasbed prains were not confined + o any
part of the surface and were not found for the other two
films. fThe striations were not thought to be slip planes,

. firstly because of the long annealing time given to the

- copper befare'ise, and secondly becsuse they did not look
like slip planes being too close together. Instesd they
were thought to be similar to the striations obtained by
Chalmers and cow-workers (3%0) for silver and by other
waﬁkars'ﬁpneoppér when in the presence of cxygeu (31) (32),
and were therefore formed by a thernal etching process.
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If the ideas of Chalmers are applied to this system the
presence of sulphur should have altered the éqnilibrium
gtate of the copper surface 80 tvhat & stépped up structure
resulted. This alteration in the eqyilibriui étaﬁe would
have been due to bhae sulphur being &dsorbe& §referentialLy
on the developed crystallographic planes and would have
_produced a surface of 1cwer?2§§givenargy. If this
Gxplanation was true@ul§hide growth éhoﬁld have been
more favourable on cerbtain anystal faces including the
developed planes, bul it has been pointed out'that at the
high temperatures at which striations %ere obtained
preferential growth on certaln grains was nol prominent,
although the dendrites in their initial stages of grcwth
were usuwally parallel to the sitristions and hence may
have grﬂwﬁ on the developed planes. Further discussion
on this poiut is however not justified because the ideas
of Chaliers can only be treated as tentabive suggestions
not as established facts. o '
The characteristic properties of the third film grown
at an inténmediate tenperature (79000) were, as would be
expected, similar to those for the two previously mentioned

Tilms ond therefore need no further aescription¢
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1. fThe film was grown at 713% Hagnification = x 145

2. " nooowow v 733% n = x 250
3, * vooa w won3% " = X 450
4, w ow n n 215% " = & 1000

6. M woon w on mcg o = x 660
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DISCULSIoN OF RISUIDS

The previously described phenomena and results are
of interest in wiaely differing filelds; an abttempt will
now be nade to suunarize thaﬁ and to drew additional
conclusions.

| These films grow in patches which made them resemble
in neny ways the films of Sehultz and of Bardolle and
benard, and they are therefore consistent with the
proesent knowledge of surface hehaviours. Une anomaly
howover is that Gwathmey and Benton (31), who grew thin
films of oxide om a single crystal of copper at various
oxygen pressures (C.3 to 1 atms) and ab various temperatures
(roon to 1000°C), did not report a patehy appearance for
any ©f their films. The patchy stabte could have been
formed in two ways. PFirstly, if initisl nucleation of
the sulphide on the surface had been difficult, sulphide
grawth,may have taken place by the diffusion of copper
abois bthroush mucleated sulphide and then the reaction
of thege atoms with the sulphur in the gas, rather th an
by the direct rcaction between gas and mebtale ovecondly
a unifo®n thin layer of sulphide may initislly have covered
the whole surface. If it had been more unstable than the
fiims observed the thicker parts could have them grown
at the expense of the others, either by the surface
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movesert of aboms or ﬁy the transport of sulphur via
the gas pﬁase, t0 sive the observed resulitse.

There 1s evidence that the sulphide films grown ab
the lower temperatures had & preferred orientation with
respect to the basis mebal which could have been due 40
game sort of structural velotionship existing at the
intvexrfaces. Unfortunately no useful conbtribution to the
deterainabtion of this relationship c¢ould be made from
these experiments, because the erystal planes which
vfarmed}the‘eepper surface could not be identifled and
because the atomie positions in a cmprous sulphide crystal ™
were not known.

The existence of préferantial sulphide growth and
of striations, imply that surfaces of copper in The
presence of sulphur behave in.a siniisr manner to copper
and other metals in the preﬁenée 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 o oblain bﬁermn&ynémic data on
films thinner than those used by Gelluer and Richardsonas
7his bad been achieved and therefore no further work was
dons on the gualititative aspect.

Cuprous sulphide films approximately 64003 mm thick
at tenperatures between 700% and £40°C behave in the
gsame way from a thermodynamic viewpolnt as bulk cuprous
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sulphide. Gellner and Richardson postulated a gradation
of uctebiliby acruss a layer of wusbite U.01L mm thick.

It this was also vrue for & layer of cuprous sulphide
the films investigabed wowld have been unsbable 'wii‘:h’
respect %o bulk cuprous sulphide. The results presented
nere do hgt disprove the hyyathesia of &eilner and;
ilchardsen for wustite, bul Hhey do prove that such a
hy@othesié,is-nat valid Tor cuprous aulpbidé; also they
do not invalidate the experimental wmethod employed by
varken aud Gurry bub it should be used with care as

surface bebavioar is still not clearly understood.



SECTION 3

“HIRIURSS UF CUPROUS SULPHIDE ANY SODIUM
SULPHIDE"
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IHTRODUCTIOR

The reascns for starting this research and the
ohjects it was ﬁcpe& t0 zchigve have been explained
in the Genmeral Introduction and bthey will noit bde
enlarvged upon further. 4ll that ls therefore necessary
£0 introduce this section is a sumsary of previous work
and a suall ehapter sxplaining the thermodynamlce
treastaents applied to bthese alxbtures.
a) Frevious work |

iAlthough there has been no work done on sulphides
directly coumparable with the present investigabion %wa
separabe piaeés of work are sufficlently lwportant to
be mentioned.

| Phese diagram
¥Friedrich (33) in 1914 obtained s phase dlagran

for the cuprous sulphide-godium sulphide gystem, part
of which is shown in Figure 6. 4 mazimum was obtained
in the 50 mol@d region frow which it was deduced that a

solid compound was formed of this composition. Further
a rate of cooliﬁg technigue was employed the curves for
which showed two bresks one at the liquidus Gemperabure
and one at the relevent eutectic ilemperature. As these

two breaks were obbalned for numerous compositions 1V was

concluded that thers was no gpprecieble solid aclution
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for this system, but the work presented here has showm
this conclusion o be wronge

vonduciivity deasurements

some conductivity measureaents for molten sulphide
nixtures were made by sSavelsberg (34) in 194U. The
gxperiments were crude in that no attempt was made to
use nmedbs of high purity. Iron electrodes and iron
and porcelain crucivles were sgsometimes used. They
sust bhave been atbacked by tThe sulphide mixtures
lovestigated and toe results diained can therefore
only be considered reliable on a qualitative basis.
4 direct current arrangeuent was used which for
electrolytic conductors caused a partial separation
of the lons. Yhis separation was investigated by having
the cell divided into compartments and anmalysing the
contenta after all the conductivity measurecaents had
beer made. For molten mixbtures which formed a compound
in the solid state (%uaég Ha 83 FeS2 Guzﬁ) electrolytic
éonducticn was obtained, and the more basic metal was
trangported towards the anc?a whiggbgﬂ?lied,that it was
‘prescent io a goupliex anion. In eonsvexnt nixtures of
cuprous sulphide and nickel sulphide, which do not form
a =zolid compound, conducted electronically. Cuprous sulw-
phide in a solid and liquid sbtate also conducted electroni-
cally. «ith molten cuprous sulphide, 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 ancde and cathodes compartments. For example a
current of 1 amp (at 6-7 volts) was passed for 25.5 hours
througn a molten 50 mole® cuprous sulphide mixture at 800°C.
‘Phere wés a loss of 1.0 gm (in 2 gms) of copper from the
cathode compartment and a gain of U.4 gns (in 16 gms)
in the anode compartment. ' These results led Savelsberg
to pastuléte the presence of Na' and CuS™ ions in the
melts.
b. Theory

»The main aim in a thermodynamic gtudy of a series of
mixtures is to obtaln the activities of the components at
as nmany temperatures and over as wide a composition range
a8 possible. The experimental téahniqnes for mixtures of
organic molecules are normally simple, and the activities
- of each molecular component can be obtained direetly by
vapour pressure measurements for example. Hixtures of
sulphides however need a different approach as these
techniques are normally no longer applicable and the
acﬁiviﬁies of the molecular sulphides have 1o be obtained
from the activities of the constituent metals and sulphur.
These can be determined by bringing the mixture to eguilibrium
vwith a gas and an alloy phase the cémpositions of which give



66
the activities of the sulphur and of the two metals res—
pecitively, providing the thexrnodynamic behaviour of these
two phases 1s already known.

The experimental method employed in vhia work was
to equilibréta a cuprous sulphide-sodium sulphide mixture
with a metallic alloy phase and a‘gas mixture 03 bydrogen
and hydrogen sulphide. After equilibrium had been
established the conpositions of the three phases were
determined by analysis and the activities of the cuprous
sulphide calculateds A similar célculatien was not posslble
for the sodium sulphide becausc 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
s0lid 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; whilst
the sulphide phase should have consisted mainly of a mixture
of the stoichelometric sulphides, huﬁ it could have edntained
an excess of any of the constituent elements, The thermo-
dynamic treatuent for the present results was greatly simpli~
fied, 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 sulphlides in a solid or liquid state
(see page 79 J»

The structure of the salphide phase was not knownj

" the resultsd Savelsberg imply that ions were present but
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thée nature of the ions and the extent of their interactlion
was not clear. It is coﬂveniengﬁ 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 mixbures 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 experimentsl ones., Thermodynanics
can in this ﬁay help elucidate structures.

‘The above general thermodynamic¢ thought behind the - .

experiments will now be given a 1little 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 actlon the activity of cuprous
sulphide ( aleugs)-in a mixture is given by |

1 2
Toms < KL Wu By

k, =8 constant
a%u:and ag= the activities of copper and sulphur
regpectively,. |
- As the condensed phases were in equilibrium with a
- gas mixbure of hydrogen sulphide and hydrogen the sulphur
activity is proportional t0 the ratio of the partial

pressures of the two gases
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1 2 Py
8oy g = k2 8u { ,2:3

'ka'z snother constant, o
' The alloy phases with which the mixtures were in
equilibrium were found to be nearly pure solid copper
and hence the copper,astiviﬁy can be taken as uniﬁyh
alCuz(s:: kg g'iﬁi : | |
'(pﬁa»‘
Similarly when the results for pure solid cuprous
sulphide, here distinguished by the suffice o’ axre

cpnsi&ered.
| o 1 _ %5 o
Tougs = ¥2 P 3
Q
Eﬁz

If the pure solid is beken as the standard state
of cuprous sulphide the relative cuprous sulphide activity
in a mixture is given by '

E‘Cuzs = c“as = pﬁ aﬂ ‘Pﬁa
G&ZS Pr, %323

The four partial pressures were determined experimentally
and hence cuprous sulphide activities could be evaluated.
PThe partial molar heats, entropies and free energies

are related to the activities by the following equations.

: = RI In &, .
A Seug | ougs
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G’ % = AH £ : ""‘1‘ AS v
The equilibriun measurements for cach mixture were
made at a series of different btemperatures which meant

that the partial molar free energies could be split‘, into

their more interesting heat and entropy terms.

The integral heat, entrooy and free energybof mixing and
the partial molar functions for sodium sulphide for é mixture
with a composition of x mole % cuprous sulphide can be'expressed"‘
by integrals containing the partial molar‘funotions fbr cuproué
sulphide. To evaluate these integrals it is necessany to know
the partial molar functions for cuprous sulphide in the composition
range x to 0 mole % cuprous sulphide. It was'hqt pdssiﬁie to fulfil
this condition in the present work because measureﬁents could not
be made on mixtures containing small amounts of cupfdus sulphide
and therefore-no'furthér space will be devoted to fhis subject,
It should be emphasized before the work is described in detail,
and the results discussed, that all the thermodynamic fuhctiqns

for the mixtures defined here have pure solid cuprous sulphide as

their standard state,
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The apparatus was almost the same as that used
in Section 1 the only differeme being that for sAome of
the experiments the furnaée was vertical instesd of
‘horizontal.

The experimental procedure was also very similer
to that in Section 1. A sodium sulphide-cuprous sulphide
mixbture and a piece of pure coppér foil were held in a
pure ¢rystallized slumina boat or crucible (Morgan
Crucible Co.Ltd. A RR) in the furnace., 4 hydrogen,
‘hydrogen sulphide gas mixture was circulat:’&d at between
325 and 500 c¢/min until it was in equilibrium with the
melb; gas samples were then taken and analysed for
sulphurs This was repeated at various temperatures
until all the reguiresd equilibrium neasurements had been
- made. The furnace was then c¢ooled and the melt removed.
The two condensed phases, which were easily separated,
were then analysed to determine their amact 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 ox vertical snd whether the
nixtures were solid or molten. The time reguired when the
furnace was horizontal was l.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 2.5 and 7 hours for solid mixtures: The increase
in the equilibriun tises with the furnace in the vertical
position was attributed to a bad contact between the gas
and the aixture, caused by the fact that the gas was passed
up "bhraugh‘the furnace to minminize the effects of thermal
diffusions | : 5 ;

S

a) Chemicals wseds

Coppex |

- fhe copper was the same Johnson Matbhey CosLibds

‘spectrograpbicslly pure' copper f£oil used in section
24 |

Cuprous Sulp_hida

ﬁ‘hié was from the same sample used in Section 1

Sodium Sulphide

Several methods were tried for preparing pure sodium
sulphide from its elements but they were never satisfactory;
the main difficulties were that gsodium metal of guaranteed
purity (*Analar') could not be hought, and that when sodium
was melted in contact with sulphur a layer of sulphide
almost lmpermeable %o sulphur was formed round the sodium
netal causing further reaction to proceed very slowlys
The method finally chosen utilized sodium ethoxide as an

internediairy. This was prepared by &issolvizig 10 gms of
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reagent grade sodium obtalned from British Drug Houses
Ltd« in 50 ce of absolute alecohol, which had previously
been distilled over lime to remove the last traces of
watere The solution of‘sadium‘athoxide in alecohol was
left to stand overnight so that the undissolved impurities
present in the sodium settled to the bottom of the glasks
1% was”then decanted and divided into two equal parts.
One part was saturated with hydrogen sulphide to give
sodiun hyﬁrogenisulphide to which the other portion of sodium
ethoxide ﬁas added. Sodium sulphide was forned in solutionj
it was then precipitated by boiling off most of the
afcess alcoholland adding gﬁher{‘ The precipltate was
quickly collected and placed in a desiccator, great care
having been taken throughout the preparation to exclude
wabters | |
2 Na + 20,808 — 20,H0Na + H,
Cgﬂsﬂﬂa +‘H2§ — 02350& + NaHs
RalS + Czﬁﬁﬁﬁ&————f?02§50ﬂ + Kags
Spectrographic analysis®™ of the sulphide showed
that the trace elements were lead, iron, nickel, silver,
gluminium, magnesium end copper present in quantities
less than 0.002%, and tin and calcium present in
quan%itiés less than 0;01%41 Svidence was obtained
that the product had a sulphur content greater than

that of the pure monosulphide. This was however

* 1be B.I.S,R.a. section of the Bragg Laboratory kind
did this analysise. 58 W o
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unimportant in the present investigation and no analyses

were done to confirm it.

b, rreparation and propertiecs of the melbs,

Approximately the required compositions were obbained §
by weighing out the two sulphide powders. This was very
inaccurate and all compogsitions bad to be checked by
analysis. The powders were first gréﬁéltedﬂggwéﬁ‘aéﬁééﬁﬁéﬁgwww
of hydrogen which removed any excess sulphur or oxygen in
the sodium sulphide. 4 plece of copper foil so shaped as
to cover completely the bottom of the conbainer used, was
added and the mixbture again ﬁelted, and equilibrium measure-
ments then made. The average welghts of the metal and
nixbtures were O.4 gnse and 2 gus respectivelys |

Ko attack of the alumins containers was cobtained, bub
a\atrang reaction was obﬁained‘in some preliminary experi-—
@ents between silica and sodiun gulphide at about 600%G.,

Some important surface tension effects were obsQEVQd
for the melds because sodiunm sulphide acted as an extremely
efficient wetting agent. 4 type ol sessile drop was |
obtained for molten cuprous sulphlide, but when sodium
sulphide was added this drop tended to flatten out’axxd
the liquid started to wet the alumina surface. This
effect became 8o pronounced that a 40 mole® saéium4su1phiﬁe'
mixture crept out of a crucible 3.2 cms high and 2 cus in
diameter. In an atbempt to overcome this difficulty a
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specially made, long, recrystallized alumina crucible (8 cus
high and 2 cms in dkameter) was obbtained from Royal
worcester Porcelalin Co.Ltd. "4 495 mixture® was heated atb
a temperature just above its meliing point for 1 hour
in this crucible. The melt rose a heigh‘b of 5 cms whenk
- 1% was considered to have crept out of the even i;empérature
zone of the furnace and %0 have solidifjed. In addition
it had soaked through the walls of the crucible, indicating
that thie alumina ware is inferior to that supplied by
Morgan Crueible Co.Ltde This difficulty combined with
the fact that the limit of the gas analysis technique
(equilibrium Py 25/11»32 éf/ 10"4). was reached for 40% mixtures
zade further experiments using mixtures richer in sodium
sulphide than 4#0% difficult and therefore none were done.

1% is known that sodium has such a strong affinity
for oxygen that the oxide cannot easlly be reduced by
hydrogen and small amounts of oxide might therefore have
been expected in the melts. As nom}/of the mixtures investi-

PRS-

gated contained less than H0 mole® 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 fellowing
equilibriume

Ha 8 (in melﬁ} * B‘EQ*:'—)" i‘iagﬂ (4n melt) * HoS
dost of the sodium oxlde was therefore reduced and the
water formed absorbed by the drying tube in the gas cireuit.
* Throughout the rest of this thnesis a ture with a
somposttion of,z,aoles sodiun syiphige Wil be reforred
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A simple calculation showed that the sodium OXide activity
was less than O,0l% of that of the sulphide in all of the
mixtures, and therefore no additional measures were necessary
to remove oxygen from the hydroges or from the prep_ared
sodiua sulphide.

During the course of bthe equilibrium experiments
there were two ways by which the melts could have altered
in compeosition. The first was by the continual removal of
‘sulphur to form the gas mixbure. A check however could be
kept on this as the swount of sulphur removed in each equili-
brium experiment was that used in the gas analygis. For a
complebe series of measurements on one mixture the toﬁal
change in compcsitibn due to. this cause was never allowed
to be greater than 1 molej of cuprous sulphide. Some of
the mixtures were investigated more throughly than others
and for these a vertical furmace was used because more
aelt could be held in a crucible than a boat, which allowed
more equilibrium measurements o be made for the same chamge
in composition. | |

The second method was by the volatilization of sodium
‘sulphide from the melte. uvidance was found in the
literature that pure sodlum sulphide started volatilizing '
at about 800% (35), but the extent of this volatilization
for the mlxtures was,nﬁt known. This was first ascertained
by studying the eqnilibrium for one particular melt at a
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series of increasing temperatures. The point at which
volabilization started was the point at which a gréph of
10g'(pﬁas/pﬁziz;/wfceased to be a sfrﬁight line, due to
the welt becoming richer in cuprous sulphide. The fact
tuat volatilization had occurred was then confirmed by
ootaining a sulphur pressure higher than the original value
‘at a btemperature which corresponded to a polnt on the straight
part of the graph. Appreciable veolatilization was obtained
for aABQ%’mixture at temperalures above 850°G.but none was
detectadifor,a’l@% mixture at 900°C. No accurate equilibrium
measurements were made at temperatures greater than these
for the respective melts and volatilization can therefore
be considered to have been absent.

¢. Composition of the copper and sulphide phases
The copper foil used with the mixture having the highest

pereénﬁage of sedium sulphide (367 mixture) should have
contained the greatest amount of sodiume. Spectrcgraphic
analysis showed that it conbained less than,ﬁ.el%,seaium :
~and therefore the‘ecgper activity for all the mixtures
could be taken as unity.

The sulphide phase could have differed from a mixture
of the two stolcheiometric sulphides by combaining, firstly
an excess of eapper,:ggé secondly an excess of sulpkur due "
to the formation of a higﬁarvsulphide of sodium cauéed by
the high sulphur setivity of the cuprous sulphide. The
£irst possibility was considered very luprobable because

o gttt
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wolten cuprous sulphide ab 13.5000 only dissolves 1.7%
copper (see pgge /O ) and mostHf these experiments were
done at about 800%. The analyses described below however
proved bobth these effects to have been absent.,

The é:xlphide phase was analysed for both copper and
salphur, the asodium figure being obtained by difference.
Approximately l-zgms of the sample were weighed and
digsolved in a hydrechloric acid (one part), nitric
acid (three parts), bromine (one part) mixbure. The
excess brouine was evaporated off on a water bath and
the solution mede up accurabtely to 250 cei sauplesd
this solution were then used for analyses of copper and
sulphur.

Sulpbur determination

2%ce 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 sodiun present (36) these metals were not removed before
precipltation. The solution was evaporated to dryness, the
residue was digested with concentrated hydrochlerie acid
which was Then evaporated off. This was done twice to
ensure the removal of all nitrate ioms. The residue was
dissolved in 100-200 ce of water, made neutral and 3 ce
excess hydrochloric acid added. Ths éulp&mrwas *t:hén
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precipitated by adding a solubion of 24 c¢c ¥ barium chloride
solution diluted to 100 cec, quickly {0 the boiling sulphate
solution. fThe solubion was heated for five minutes and
left to standlovernighﬂ. Pne barius sulphate was collected
using a porous porcelain crucible (supplied by itoyal
dorcester Forcelain Co.Ltd), diied at 140°C and weighed.

A sanple of pure cuprous sulphide was analysed to check the
method; bthe absolute accuracy as well as bhe. internal

congistency of the resulis was fcund to be & Lios

Copper deteraination

50 cc of Ghe copper sulphate-sodium sulphate solution
were btaken aﬂd the copper deteimimed by an electrolytic
methods ' The sclution 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 bthe
reaoval of all chléride ions. The copper was then deposited
fron a 4.5 nitric acid and a 1% sulphuric acid solution
overnight using an'ampérage 0f Ced amps at 2.5 = 5 volts,.
The method was found very accurate and reliable and was $
checked using a piece of purs copper foil. The absolute
accuracy as well as the internal consistency of the
resulbs was better than + G.3:.

The mole fraétians of sodium sulphide in the mixtures
were calculated from the copper and sodium percenbages and
cun be considered accurabe to + 1 molei. #ost of the

nixtures were cooled slowly overnight to Toou temperature
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 in the furnacej and if, therefore, the mixtures had contained
excess sulphur or copper only at‘higher temnperatures they
could have altered in couposition when they were cooled &t o
roon temperature. Two of the mixtures (27.5% and 1l8.8%
mixtures) were therefore quenched from 720°C to roem
tempersture in an atmosphere of nitrogen in under 10
minmutes; the analyses of these mixtures agreed with the
others in that the sulphur gercentages, when taking into
account the possible error in then of + 1%, were consistent
with only the existence of the stoichelometric sulphides
and therefore there were no appreciasble azmounts of excess
copper or of a higher sulphide of sodium present in any

of the mixtures.

de  Gos analysis

The gas analysls technique employed in Section 1
was not entirely suitable for the present experiments
ag it was designed by Kitchener and co-workers to analyse
340 mgms of sulphur; here it was required to anaiyse 0.3‘
mgas te + 1%, and the original technique (see pagesdd7)
had therefore to be modified.

The quantity of sulplur to be analysed is directly
proportional to the difference between the volumes of
sodiun thiosulphate solution used in the standardization
of the sodium hypochlorite solution and in the actual



analysise Therefore to analyse a quantity of sulphur to
+ ¥, the corresponding volume of sodium thiosulphate solution
has to be known %o + Lb. For very small amounts of sulphur
this can be achieved if very dilute solutions or small
volunes and a microburette are used. The latter method was
chosen here as a clearsr end point could be obtained.
| For the smallest- ‘amounts df sulphur (0.2 - 0.6 mgms)
the hydrogen sulphida was absorbed in 5 ce of sodiuvum
‘hypochlorite and "5 sodium hydroxide solution which had
previously been boiled to expel a.l dissolved oxygen.
A small boiling tube was added and the solutlion boiled in
a paraffin bath of 5 minutes, 1 cc of GN hydrochloric acid
solution snd 2 ce of 10% potvassium iodide salution were
added and the liberated iodine titrated with EG sodium
thiosulphate solution from a 10 cc microburette. For
slightly larger amounts of sulpbur (0.6 — 2.0 mgms)
25( cec 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 thé gas clreult, one large and one small.
An equillbrium experiment was performed and the gas
seaples from the large and small bulbs were analysed by
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the origiral and the modifisd techniques respectively.

A summary of the results obbtained (fable 4 ) shows that
the mnodified techriques gave consigbently lower results, -
which can be explained if there was a logs, of 1872 mgns

of sulphur in cach analysis. HNo further experiients

were done {0 debermine the cause of-this discrepaﬁcy,
becanse of the good aonsistensy of the results and
because the loss of sulphur was small. Ins ecad all the
results obtained using the modifié& techniques were adjusted
50 that they were consistent with those ebtaina&vusipgAthe
origlnal technigue, |

TABLE &
- guanbity of sulphur to Percenbaze difference between
be Eﬁag§se3 in gns. to_two_technigues
209 x 10.4 : o 503 ’ 5;0 : .
7.5 x 107+ | 147 4 17
23 x 107 0.l
36 x 1070 , | 0.1

During the course of these experiments it was
found that if sodium hypochlorite with a strength greater -
than, 'Eﬁ'wag used the oxidabion of the sulphide was
incompleteg the results beiny 3 to 5% low. During
the boiling process soime of the precipitated sulphnr
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coagulated and would not dissolve wven with continued
boilins. ‘'I'his was reproducible but did not ocecur if

the sae solution of hypochlorite was diluted with

-gl—% godiunm hydroxide solution.



RESULING ‘
The equilibrium results are wost elearl;y sﬁmmarized
as in Section 1 by a graph of log (py /Py ) againsﬁ L
(#ige7)s The values o'btaineéi tizé:haizwibh the i
analyses for each mixture are given below; the order of
the equilibrium results represents the order in waich
they were obtained. The letters H and L in the fourth
column indicate whether the equilibrium was approached
from high or low hydrogen sulphide partial pressures.
. The equilibriumltimés used for the experimentis are
shown in the end column togebher with the letter V or H
indicating whebther the furnace was vex;ﬁiéal or horizontal.

ilibriun kieasurenents

Table 5
dixture Ho.l (3648 mole% Haas)
temperature in :,’:x 107 ~10g H or L equilibrium
o - , (pﬁ /Py ) time in hours
N sl | |
l- 2. - J?t “—E'C, - sti‘

724 1,003  3.523 L - 1l.5 H
795 04936  3.38L . L 1.5
836 02902 34310 5L 1.5 »
764 0.964 3,442 H 1.5 ®

continued on next pagze
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an7
813
7oL
79
725
751
787

a16
726

898
950
- 969
895
786
849
%9
810
700
04
656

696
695
745

802

565
610

Table §,--contiﬁued

dixture ioe2 (18.9 molaﬁ»RaQS)

2e He Yu
¢.893 % 024 L
0.923 3,075 L
0977 34170 L
Ga951 54126 L
Mixture Foe3 (30.0 molei E32$)
1,004 %4408 L
0977 3351 H
G883 24276 i
0. 899 24187 L
0.918 3,224 L
1.001 34386 L
Wixbure Noe4 (947 molep Negs
0854 24866 L
0,818 2,807 L
0.805 24789 L
0+856 2,867 H
CoO44 3.020 L
0.891 2.931 L
0979 3,098 1
04923 2,984 L
1.028 3.214 L
1.140 3,497 I
1.076 3345 L
. HMixbure No.5 (275 moledh NeS
1.032 348 L.
1.033 B o lilily I
0982 3342 L
1.090  3.557 L
1.14% 34871 L
1.193 4,117 L
1.132 3.821 L

)

5.
1.5
1.5
2.0

1.5

1.5
1.5
15
2,0
1.5

2.0
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5

2.0

20
440
2.0

25 .

25
25
245

[ ¢]
1t
£
n
L1
"

1

"
"
L
"
L1

n

83



Tgble 5 - contimed

dixture 0.5 (27.5 moley Na,s) - cﬁrgt‘d-
u ’e

1. 2e B,
551 1.171 . 4.025 1 2.5 V
796 CC.935 . 34250 K 25
585 1.165 . #0003 H 2.5 M
625 114 B934 L 2.5 ™
655 1,101 34050 Lo 50
587 1,163  3.986 L 2.5
639 1,096 - 3,613 L 2,5 "
Mixture No.6 (1&.& mole > Nas8)
%29 1,%0. L Be2l3 L 7.0 ¥
891 1,037 Be282° I 2.5 ™
821 0.912; 3,063 L 2.5
544 1153 - B.4u7- H 7.0 ®
557 1.149 - 4% L 740
625 1.114 ©  3.418 L ?‘.;é}‘ |
650 1.08% - 3.576 L 5,0 "
767 06961 = 34149 I 8.0 *
650 1.083 24575 H 7.0 #
630 1.038 & . 3.387 g2 G40 "
661 1071 - 34351 L 2.0 "
563 1.196 ©  Z.584 - L 3.5
676 1.054 5520 I 4G ®
8385 06200 3,085 0 L 2.0 "
633 1.104 3,402 L 7.0 "
gixture No.§ (8.1 molef,ﬂ Nazb) g
628 1,110 - 3.392 6.0 H
629 1.109 3,407 | L 580 "
629 1,109 - 3.397 H 4,0

628 1.110 - 3.388 L 1940 "
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Analyses for the iixbures

Table ©
sixture No.d

WE 5 Un 62,55 62.3 62:3g = 62uky 71ebg 7LeS, PLiBy = TleSy

wh 5o B 24.34 ‘2*'55. = 2&.44
wh % Hoe o ' B = 13.;4
molej ﬁaas : | = 26,5
iixture No.3 |
wiiso ou 65.91 65.91 = &5.91 _
whio 3 23485 23,9, = 2%.9, ‘
whe Na ? o= 10.19
molenw Eﬁzﬁ _ = 30,0 ‘
gixture No.5
wh b ﬁa = Y2,
molep :33.25 = 275

Hi ,
wh % cu  76.6, - 76.03 76.83
wb % 8 2@.85 20,9,
wh % Na

. molejs NaES

HIDOLS

M @ NOel |

' = 6006 ‘
:3 18-9

| Mixture Wo.4
7546y 7546, = 75461

2lebg 2Le3, = 2Ly
= B9y
= 9.7

il zture No.6
71;60 71.63 = 71.6,
22523 22-54 =‘- 22'38
= '6000.
= 18.8

76&56 = ?6.66

- .2.4'6

8.1

The internal consistency of these equilibriua results
was + 1% of (py o/py )y Which was betber than that in
section 1 due tg‘a génerml improvement in the experimental

techniguee.

The absoluie accuracy however still cannot be

considered better than + %5 of (Eﬁasj pﬂa).
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DISCUSSION OF RESULTS

a) PHASE DIAGRAM FOR THE CugS - NayS SYSPii.

The main aim in this part of the discussion is to
show the c¢lose relationship between the graph of log
(py cp/pﬁ ) against —L (£ig.7) and the phase diagram
for®the syasem (fig.e). It proved possible to obtain
definite points on the phase diagram from this graph.

1f Friedrich was correct and there is noY ap’praciable
golid solution for this system the mixbures investigated
when solld should have had the same sulphur activity as
pure solid cuprous MpMdé. In fact they had a lower
sulpbur activity which means that an gppreciable ranged
solid solution does exist. It follows that for each
mixture ¥ig.7* should consist of two straight lines jolned

by & curve. A straight line reytesents a solid or a liquid

phase and the curve (shown in Fig,7 as iX) represents a

golid and a liqﬁid phase, both of varying; composition, in

» To avoid repetitien the graph of log (pH S/Pﬁ )
aga:mst —‘L‘ will be referred %o as Figure ’7¢
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equilibrium. This type of graph was obbtained for both the
Yo7 and 27.5% mixtures.

The sulphur activities of the Q.7 and 18.8% mixtures
were found t0 be the same in the solld phase, which implies
that a two phase region contuining these fwc mlxtures mst
exist in the solid. There are two types of phase disgram
which could include such a region. One where the two
components (i.e. Cu,S and cuas,na.zs) are only partially
a_iscible with one-another leaving a two phase region
under the eutectiw point. The other type is that
containing a peritectis point; here there is an extended
region of soldd solution containing a small miscibility
gape from Fig.7 it is apparent that 20% W 30% mixtures
in the solid at temperatures corresponding to points near
the curve 4X do not have the same cuprous sulphide activities
as the 18.8% and Y.7% mixtures, and are therefore not 11.1 the
two phass region. In addition the 20% to 30% mixbtures .can
be comsidered to lie on the cuprous sulphide side of the
eutee%;it point which means that the second albemmative . -
for the phase diagram, that containing a peritectis
point, is the more probasble. |

The above general disaussion can now be enlarged
upon to show how 1t was possible to obbain definite points
on the phase diagram. |

Certain points on Figure 7 correspond to certain
points on the phéasé diagram; for the purposes of clarlity
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corresponding ﬁoint:s of special interest have here been
identified by the same lebtter on the two disgrams.

iihen the straight lines for the mixtures in Figure 7
are extrapolated they cut the curve AX, the temperatures
at the points of inbex'sectiéﬁ" (ﬁ%ﬁ;c,ﬂ) equal those for
points (for the respective nixtures) ,éz: the solidus and
liquidus curves in the phage diagram.
| 41l the mixtures which are within the two phase
‘reglon at theper_itectic tenperature cannot have a point
corresponding té a point on the liguidus lying between
BX on the curve aX (Fig. 7). An 18% mixture is the one
richest in sodium sulphide which fulfils this eohdi%ian,
and it therefore follows that at the peritectic temperature
the mixture at the sodium sulphide xrich end of the two-
phase region cannot contain mére.- al'chdugh it should be
noted that it can contain less, than 18% sodium sulphides

In the solid the 8,1% mixbure 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
1ie between these two mixtures. From considerations
of the differences between the sulplur pressures of the
mixtures and of pure cuprous _snlphi&é the cuprous sulphide
rich end of the two phase region was fixed at 9.7/ sodium
sulphide at 6299, '
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One point which is not c¢lear is the shape of the
graph in Figure 7 for the 18.8% mixture near the
solidification temperature. No sharp bresks corresponding
to the change in state of the mizxture were obtained, instead
there was a slight curve over an exbtended temperature ran ge.
This curve was invsatiga&ed very carefully and the points can
‘be considered reliable. This mixture may be espected to
have unusual properties as it should solidify at about
the peritectic temperature. HNo simple explanation is
available bhowever and the effect has therefore been
represented by a dotted lins.
‘ The various points on the phase diagram obtained from
the preﬁious reasoning are smmﬁarized in Figure 6 and in
Table 7 below.

Table

Composition Iiquidus Solidus = Temperabture of a
of miytures temp.in tempe in two phase boundary
Py .

in molek Ra 8 o4 ) s in oy
947 286 671
18.8 670
275 641 656
947 629
less than o 47/

18
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fhese results differ considerably from those of

Friedrich in that the points on the liquidms, in some
placesy, are 180°C lower than those on Priedrich's

dizgram énd that positive evidence was obtained for an
appreciable range ::tf solid solution. There can be no doubt
of this existing, and most of the liguidus points obtained .
here should be accurate to % 20°C, Priedrich unfortunately . .
did not publish any of his cooling curves and it is therefore
imposaible to assess the Teliabilibty of the two breaks he
obtalned in sach curve, especially the second one at the
eutectlc temperature from which it was initially concluded
thet there was no aolié. solution for this system. I1If
however both these breaks were clear there must have been
a fanlt in his experimental method, because it is difficult

to gee how the present results could be so seriously in

eTrTTor,
b. Thermodynamic functions for the Liguid Mixbures

i) Conversion of the standard rtate for the termodynamic
functions from golid to liquid cuprous sulphide.
Phe calculation of the activities, partial molar free

energies, heats and entropies of cuprous sulphide with solid
cuprous sulphide as the standard stabe has been dealt with
previously (pages 67- 69 )3 the values obtained are given

in Table 8 (Bee page 93 )«
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Thermodynamic functions for the liquid mixbures are
of very little use unless the standard state of cuprous
sulphide is taken as the pure liquid. Values ofithe
functions having the liquid as the standard state can also
be obtained for this sysﬁém‘beeauaa these functions are
related to vhose having the solid as the stendard state by
the heat of fusion of cuprous suipﬁide as shown by the
following equations.® -

A Hy = A B, - He
A 8y = A 54 - BTy
| a P
A Gy = AxGB - He Te
t110g, ¢ = )
8,1 = an ‘
"fan }
( BT )

The subseript 1 denotes liquid cuprous sulphide as the
standard state.
The subscript s denotes solid cuprous sulpbide as the
standard state.

* It has been assumed btnab the specific heats of solid
and supercooled liquid cuprous sulphide are the same.
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He and Tp = the heat and absolute temperature of fugion

of cuprous sulphbide.

The thermodynamic functions A H;, AS; and A% must be zero

2
for pure licuid cuprous sulrhide. The terws dependgnt on the heat
» -~ . - m’
of fusion in the previous eguations and therefore equal to the
valueg that the fanstionsg having Yo 223id 25 the standard shate
would have for the purc liguid, i.e. they sgual the intersgepts on j

the A¥., AS., and AG, axes when graphs

of and ~against composition are extra-
A Hs‘ ASB Aﬁs S

polated to pure cuprous sulphide. The values of the partial
molar heat were considered the wost suitable for the calcu-
lation of the heat of fusion. fhe graph used is shown in
Figure 8 and a full discussion of the value obtained -
(2.5 £ 0.5 Ecals) is given in Appemdix 3. Values of the fune-
tibna baving the liquid as the standard state vere then cale
culated using this values they.are sunmarized in Filgures 8,9,

10,11 and in Table 9.



ii) Vslues of the tiermodynaumic functions,

Gonmposition of
the nixture in
% N aaﬁ {(mole)

3648
70,0
27,5

18,9
18,8
947

Composition of

the mixture in
Hazs (mole)

3648
30.0 |
29.5
1849
18,8
947

. Lable &
As A4
_miiw ae;,%é%;
230 2.02
740 1,96
'.'?30 1.90
1810 2.2
1890 - 2.29
2200 2,15
Table
X
- 2270 .
- 1760 0.8
- 1770 0,12
- 690 0,46
610 0.51
300 037

93

4 a6
at sao°c in
cals/mole.
1980
1400
1380
640
620
150
- A oat aléat’
. 82003 in  820° ¢
cal mole
- 253  0.51
- 1950 0.1
- 1900 Ool2
- 1190 056
- 1170 0.58
- 700 0472
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Epreors

4Any errors in these funciions could have originated

from three different sources

1) The measureunents on the mixmur@s
'2} Cow

3) "

The probable values of the erroys are shown in

4]

Table 10 below.

Funcéicn

cals/mole

" pure solid cuprous sulphide

Table 10

error from grroxr from
Source 1 source 2
.+ 200 + 150
cals/mole Tals/mole
cals/degs cals/deg.

mole mole

$ U x50

cals/mole

heat of fusion of cuprous sulphide

error from
Source 3

o+ 350

cals/mole

3+ 0.)5
cals/deg.
mole

+ 110
calsg/mole

e —
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‘Lhe err&g for the last twofiszi?as were congidered
nonrandon because they were ¢eemesveant for each mixture
whilst those for the . first soﬁrce varied and they have
therefore been classified asrééﬁdcm.. %o obtain a fair
estimation of the accuracy of the results the two types
of error have veen separabed in the graphs of the
theraodynanic functions plotbted against composition (Figs.
8,9410,11). The gandom errors ave shown in solid lines
whilst the nonrandom ones are superimposed in broken |
lines. The gvod consigbency of the resiults is shown
very clearly by these graphs because in oll cases the

curves drawn lie within the rsndom error limits.

iii) Discussion

If the values of these functions were only feqnirea
for thermodynamic c¢aleculations there would be no need fox
any further discussion, but it 1s desirable to relate then
to the general chemical behaviour of the system and %o
ovbain from them some qualitative inférmatiqn,concarﬂing
the structure 02 the melts, However, before this can be
dona clearly it is necessary to maka-seme general remarks
oni= '

1. The modern ideas concerning the 1i§ni& state.

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

e The possible ideal configurations for the present
systen.



%
a() Zhe modern ideas concerning the liquid state.
Ideally a mixture of this type should have a random
-digtribbion of the constituent particles. In practice

a certain amount of orderisg may cccur in pure liquids
a8 well as in mixtures. Pure liguids are considered to
be similar to solids in that they mave a similar type
of ordering, but this ordering only exbends over a very
ghort range and lacks the rigid characteristics of a
crystalline lattice. The nonrandoaness for mixbures
also only exists over a very short range and is in no way
pernanent. It is thought of as a constituent particle
having a greater mumber of like or unlike atoms as next
nearest nelghbours than in a perfectly random mix‘bure,
or %o express it in another way that one particle in a
aixture stays for different lengths of time in the
co~ordination shells of difforent particles dependi;lg
upon the type of the particles. | .
B) The dependence of the hout and entropy terus on structure
If it is required to relate the thermodynamice functions
bo the structure of the melts it is necessary to formulate ¢

an ideal structural model £or the system for which iv is
poassible to calculate valueé of the thermodynamic functiong. _
These values are then coumpared with bhe experimentally

determined ones. It is normal when congbtructiing these
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models to aséume that all heat effects are abaexﬁ:, that
the vibrational entropy terms resain constant and that the
various cbnstiments are randonmly distributed.

Any deviationé from these ldeal configurations show
in -E;hé neat and entmﬁy verus, which are vory closely
related to one-another, any change in one is normally
* accoupanied by a change in the other. For exam'ple"the
true system may diﬁfer from the ideal model in having
apprecisble heat effects which means that all the bonds
in the mixture are noﬁ energetically ecual. This
ineqéuﬁ}y ym&ucas' endothermic or exothermic heat noTTTTT
effects and tends to produce ordering so that the total ‘
encrgy of the systea 1s a minimum. Heat effects are
therefore accompanied by small configurational entropy
changess It should be mentioned here that it is possible
for mixtures o have gmall heats of formation and random
aixing. This concept wasv first vpuf; forward by Hildebrand
who called such mixtures "regular®, it has proved very
useful ’for mixtui'es ef organic molecules but considexrsble
care should be used in its application becaiise there is
a tendency when thhoretically treating results to
explain heat effects in bhis way without sufficient
evidence of random mixing. |
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Bntropies of wixing can be divided into a configurational
tern which can only be less or equal to the ideal value and
a vibrational term whick can he pasitive or negative
(ideally i;his is zero). This yibrdtional entropy term
&epenﬁs on the interatomic vibéations and is therefore
related to the strength and type of the bonds, The
relationghip is most clearly demonstrated by considering
the v‘ibmﬁipnal degree of freedon of a diatonic gas
nolecule, The cantﬁbu’cim to the mﬂla%mtropy Lfrom
the vibrations, whieh are normally baken as Simple

Hamnonic, can be shown to be (37)s-

AT RAY
-kb(1- ) 4 R

where /4 = Boltzmann's constant.
A = Planck's constant,

Y = Zfrequency of vibration
1f the strength of the bonds is increased und hence also
the frequency of vibration () ) both tie above terms
decrease, Therefore an increase in the streangth of
a bond is associated with a decrease in the vibrati onal

entropy. ‘The converse is also true,

b)‘i‘he pessible idealgéonfi&;' rations for the sygtem.
For the present system three different ideal

configurat i ons are of more interest than others;

unfortunately it is only possible to caleculate the
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thermodynanic functions for two of them assuning that
there are no heabt effects and that any changes in the
vibrational entropy mdy be ignored. |

' fhe rirst model is a raﬁd@m mixture of the molecules
of the two conskituent sulphideé; for this model the
activity curves of the molecular sulphides obey Raoult's
Lawe o | | o

gy = Xou8 AE—

and

A sgs T T SR Ty
x&uga = the mole fraction of cuprous sulphide.

‘he second model is a random anlxture of socdium,
éoz,sp@r and sulphur atoms or ions. l}ue to the two
congtituent sulphides posscssing two cations to the
nolecule the partial molar entropy mist be double that
in the first case.

is.e.

Now 1deally '

Z\Hauzs = 0

aC‘u.zs = %128
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The third model follows from the resulis of |
Savelsberg. The covalent naaure.of the Cu —~ & bond
suggests that ldeally pure liquid cuprous sulphide can
be considered to conslst of ségaratg sulphide molecules.
Savelsberg's resul¥s indicate that sach of The sodium
sulphide molecules in a aixturs comblnes wlth a molecule
of cﬁprcﬁs sulphide to give 2Wa' and 2 Cus™ lons, which
ideally should be randomiy distributed throughout the melt.
Unfortunstely it is impossivle o calculate the required
thermodynamic.functions for this model because there is
no @ethod by wiich the contribubion to the activity of
the cuprous sulphide by the CuS™ lons msy be estimated.

S) Parbial molar heats. |
&1l the partial molar heabts debtermined here were

exothermic and constant for a given mixture over the
Semperature range investigated. The relation between
the partial molar heats and the chemical behaviour of
the system is most clearly understood, waen the conbri-
bution to this function by one molecule of cuprous
sulpbide is consi&erad.aa the difference between the
strengths of all the bonds to the two copper atoms and
the one sulphur atom in pure supercooled liquid cuprous
sulphide and in a alxture. This statement can be
sumarized by an equation providing only the atomlc

interactions between next nearest mmighbours are considered.
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/

A HQa.z.a&‘:

N Z y(”zm—ﬁa Shuad + d (gyng Bgug) |

“Uog-Na. Scu-Ba "As-la ﬁ‘saﬂaj oo 0D

piausy
sulphide

4 = the nusber of xwx honds Lor une molecule of cuprous

Bpe = = the energy of the x-x bond. It has a positive value.
The mims signs in tre above equation follow from the fact
that an increase in the bond enerpy decreases the heat

. eontent of a substance,

T(— X=X x-x)é-%uw $——— = the change in - ZE on transferring
one molecule of cuprous sulphide from the pure liquid to the
‘sulphida mixture.

For all bhe ideal configurations of the melts it has
been assmmed that there are no heat effects and therefore

ideally
9 (g Fogeoad *+ 9 Clgyog Boug) = “cu~Na Scu-na +
“Sfa BgeNg + 2+ ¢ ¢+ + e« .« <« . B
iihe large exothermic heats obtained show that the
nixtures were not ideal but this waz predicted and can
easily be explained by two facts, namely the possible
existence of a compound in the solid (G‘axafs Nazs) and the
stronger affinity of sodium compared with copper for sulphur.
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The {irst would have produced a certain amount of short
range order in the melts with a strengthening of some or
all of tﬁe bonds. In equation E this would make the values
of the left hand terms less, and of the right hand terms
greater, than those for the ideal #iixtures. The second
efiect would have increased the strength of the 3-Na
banis; and wﬁuid cause #he Zﬁ-ﬂa Eﬁ;ﬁa teim to haveva
value greater than that required by zquation ¥y Both
these effects would make the partial molsr heatd in
equation U exothermic and the experimental results can

~ therefore be consida#ed in full a%reement with expected

hebaviour.

‘ﬁ);ﬁ;&tial nolar entropies

' The experimental values of the parbtial wmolar entropy
were less than those calculated for the ideal models.
There are two possible explanations for this fact; firastly
there may have been a negative vibrational entropy -
contribution which could have been caused by the bonds

hav 1 ng a greater electrovalent character in the mixtures
thaa in the pure cupercooled liquid. The elecctrdytic
conduction obtained by Savelsberg and the exothermic
partial molar heats ave consistent with such a view.

Becontly there may have been a considerable degree of



103

ordering in the melts which would be expected 1f a compound
(Cuys Rays) exists in the sollid phase. Botbh these
explanations may apply but av preseut it is impossible to

assess thelr relative importance.

jQActiviﬁies

The experinentally determined activities azre a&ﬁ@ﬁ?
equal to those calculated for the second ideal nodel.

No constructuve conclusions regarding the structure of the
melts can be made from this fact however, hecause the ideal
activitlies are bmged on ideal enbropies and no heat

effects. BSuch assumpbions for these melts have been shown
definitely wrong and agreement with any of the ideal
activities con omnly be considered coincidental. Theoretically,
conclusions concerning the choice of an ideal model could |
be drawn from results éi;h dilute solutions (3 molei)

where theiassuﬁptians nay be valid; but 1t was found that
results with the necessary éggggg%g&y could not be obtained

in this region.

This system indicabes that enbtropies and heals are mere-
likely to lead to the correct choice of an ideal model than
scbivities. This fact has been pointed out by Hildebrand
and scott (38) who proved mathemavically that any small
deviation from an ideal model was more appavrent in the
entropy and heat than in the activity or Lree energy.

In gddition the deviations in the heat and entropy often
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tend Lo cancel when combined to give the free energy.
Thls is true for the present systen, the exotherhic
heats tend to balance the low entropies.

| 1t should be emphasized at this stage that preSent
kngylsdge does not allow a useful estimation of the magnitude
of any change in the vibrational entropy snd of an
a@campanying’heat effect to be uade. It is therefore
khecxetically possible that one of the structural models

-is c¢orrect and that there was ideal mizing, the deviations
shown in the activities hests and entropies being due to vi-

brational entropy changes and sccompanying heat effects.

| j»fCQQQarison of these results with those for molten oxide
mixtures
A comparison with some simple slag systems can be made
by assuning thati-
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
gysten has its minimum at the compound composition.
Ime to the inacemracy of the extrapolation the activity
of cuprous sulphide in a 50 mole % mixture can have any
 yalue between the 1imits O.1 and 0.2 at 820%C; the mosb
likely value has been taken as 0.l2. It follows frou the
aecond assumption that this value equals that of the

activity of sodium sulphide in this mixbure, and that
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the minimum value for the integral free energy of fomation
curve is —4.6 Keals at 820G,

A suanary of the important slag systeus which bhave been
investigated is shown in Figure 12.' It should be noted
that the standard state of some of the components in this
disgram was i\:aken as the pure solld phase. This fact
together with the inacawracy in the present results makes ’““""“‘"
a detailed comparison impoasible; but it can bé said
that the activities are greater and the free energles of
fornation more positive for this sulphlde system than
for the Cal =~ :‘31()2 and Gaﬁ~3203 systens, and that the
converse 1s true when this system 1s compared with the
'FeO' - 510, system. |

¢) SOLID MIXTURES
i) Ihermodynamic study

Themodynamie meoasurenents were made on four different
mixtures in the sclid state. Those on the %.7% and 18.8%
mixtures proved the existence of the two phase region, but
unfortunately they could not be uged to determine partial

molax heats and entroples of cuprous sulphlide because the
two limiting compositions of the two phase region almast
cerbainly changed with temperature. These functions, with

the s801id as the standard state, could however be calculaféd a

for the 27.%5 mixture, the values obtained were - 13.6Kcals/

¥ This was reproduced Irom & papor given Dy DTr» F.D.BRichardson
at a Bymposium on "Ihe Nature of Molten Slags and Salts" held
by the Kuffield Research Group in Zxtraction Hetallurgy ReS.il.

London 20th Feb.1952. Published by Inst.din. and yet.
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mole and -1%.6 cals/deg mole. The heat texm is considered
reasonable when it is compared with the large exzothermie
heat of formation of solid sodium silicate (=56 Kcals/mole
(39)), but the extreme negative value of the entropy can

only be explained by a very larpge change in the wibrational
T Mok

entropy.;f# the partial molar entropies for the silicates arve

“slightly positive and no other system having negative partial'molér
entropies of such a magnitude is known to the enthor.

One possible source of error in the results for the 27.5%
mizture is the equillbrium 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 soiid mixtures seven hours was necessary.
This lcw'value for the equilibrium time was checked by
one experiment where the aqu;libriumkwaa 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 ®his was only
one experiment which, now after all the results have been
analysed, is considered inadequate proof of tie attainment
of equilibrium. The partial molar heats and enbtroplies

. obtained for the 27.5% mixturerhave therefore been ignored,
but the equilibrium results for this mixture at bemperatures
corresponding to points near the solkdus curve cannot be

. in any great error and they have therefore been uéed to
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‘calculate activities.

‘the cuprous sulphide activity curve is shown in
Figure 13. The values obtained neaxr the two 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 rezion is one within which bhere is a structural
change and therefore in the nelgbbourhood of this region
the lattice is under consi&erable strain resulting in high
activities of tue 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 regarﬁing the structures of the mixtures could

be made from considerations of ideal models.

ii) X-ray powder photographs

Wihen the above thermodynamic study had been concluded——
it was decided to take some X-rgy powder phobographs of
the nixbures to verify the existence of solid solution
and of the two phase reglon. Ths'most satisfactory way
to obtain these photographs was by means of a high
temperature casera Sut unforbtunately one wés not available.

A quenching technique had therefore to be employeds all
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the mixtures were quenched from 500°C to room temperature
in under 2 secs« A 9 cm camera and nickel f£iltered copper
K radiation were used; the 'd' values obtalned together
with those used for reference purposes are presented in
Table 11 (see page ;/0 ) and in Figure 14, All the patterns
were é.omglicate& and had a heavy diffuse background,
presumably due to secondary emission, which made the
- measurenent of the lines difficult asnd therefore only
the strongest most reliable lines were useda.

In spite of the drastic quenching the low temperature
form of cuprous sulphlide was obtained. This 1g in agreement
with Buerger (40) who believes that the tranéforma%ian only
involves a slight movement of certain atoms and is very |
rapid. |

- A1l the pattems of the 18.8 to 35/ mixbtures closely
regeunbled one-another but there was a pronounced difference
bétween these patterns and that of pure cuprous sulphide,
when the patterns were examined closely it was found that
two lines were common %0 both the 10.0% and 18.8% miﬁ:txirea,
and that both these lines did not appear for pure cuprous
sulphide and the 27,5 and 35 mixtures. (d = 2.29 & and
d = 1.79 & for the 10.0% mixture, d % 2,28 % and 4 =
1.80 & for the 18.8% mixture), One of the lines was found
in the pattern of pure cuprous sulphide and the other in
the patternas of the 27.5;% end 35% mixtures. These results
indicate that a structure similar o that of cuprous
sulphide may be present in a 10.0jc and 18.8% mixture but
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- not in a 27.5¢ or 35, mixbture, and that the structure of
the 27.5% and 35% mixtures may be fou.ﬁd in 10,0% and 18,.8%
mistmres 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 *d' velues obtained for the 18.8% tc‘ 35k mixtures
- steadily decreased whilst the order of the inbtensitites of
the lines in each photograph remained the sé.ma with
increasing sodium sulphide concentration, which is consistent
with solid solution in this composition range.

Lastly a pattern completely different £rom any of the
- others was obtained ﬁgr a 1}9‘}% mixture and is prébably that
of the compound. .& pattern similar to the ons for the
35 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 diseussed furbher beecause 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
(.0 used to calculate latbice parsmebters) but qualitatively
they are consistent withs=
1. The two phase region and the 'ran;;e of polid solution
deduced from the equilibrium results,
2. The existesce of a solid compound. |



Substance
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Cu_S (/“)

o8

(42)

(43)

(a4)

110
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Table 11 - continued

*d* values ob"fl;ai.ned in the present investigation

o ‘ o
- Cu,5 (quenched) 3el2 A weak
2” ' 552 s
2.71 "
2450 ft
2445 a
2438 strong
2&3{.} Waak
2419
2609 "
1.95 very strong
3,.8? ‘ " ’
3?9 , weak
1.70 medium
1. 28 weak
1.08 i
10% mixture 2436 medium _
. 229 very sbrong
1.95 strong
1.87 n ,
1.79 mediun
1,76 "
1,70 weak
18.8% nixture 2028 very strong
1.95 "
1.85 strong
1.80 medium
174 strong
- 1.33 madiun
27«5 mixture 2426 very strong
/a2 ' 1.94 ay
1.83 atrong
1471 weak
_ 1.33 "
35% mixture 2624 very strong
1.93
1«82 strong
1.70 mediun

1.52 _ weak
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Pable II - continued

497 mixbure 2457 strong
2e41 weak
%‘. gg madiumtr
> . very stron
- 1.88 » Wég &
1.81 .o
1.30 4 "

No grest accuracy is claimed for the above 'al
values due t0 the quenching technique :émplo;yed. An
error in them of i 0,03 & is considered possible.

The intensities of the lines were estimated by eyej

the values exﬁmsse& ‘dlagramnatically in Figure 14,

are only intended to show thelr relative order in e ach
photograph and should not be taken as quantitatively

aceurate,

iii) Structure

~ This section of the work Rould be incomplete without
a discussion of the structure of the solid solutions and
therefore a few general ‘pemarks will be made on this
mbjec‘bg | ‘

General chemical E:nowledge gupplies the following

Pacts. |
1) The sodium and wgﬁeﬁs jons are approxinmabtely the

= 0,95 4 ... = 0.96 4

P e 2 - ' : o
same size (Pauling's redil x Car

{ad
45))
2. The crystal symmetry of the high temperasture form of
cuprous sulphide is hexagonal and the Cu - & bonds are
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largely covalent in character. Facts consistent with this

last stateaent are the weak electronegative nature of the

sulphide ion, the possible apfana 393 hybridisation of the

valence electrong of the euprous ions and the electronic

conduction of cupirous sulphide in the solid and liquid stabex

3) ' The struciure of sodium sulpbide is entiflujforite

and the Na - S/are largq;y'alectﬁuvalant in character due

to the strong electrospeetive nature of the sadinm.iqn.
ﬁhﬁ‘simglest structure for the se;ia,salutions,:cansisting

predominantly of cuprous sulphide, would be & 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 latiice.

However another important factor to be considered is the

covalent nature of the Ou — & bonds; this could give the

bonds preferred orlentations and could increase quite

considerably the effective radius of the cuprous ion.

For exanmple, although its true ionic radius is 6.96'2

wien combined with oxygen by sp hybridisatlion as in cuprous

oxide i%s efiective radius becomes 1.182 (46)« The sodium

ion may thersfore be réplacing a much larger partide.

More definite evidence of the importance of bond character

is provided‘by'the‘systam 1ead sulphide -~ potassium chloride.

Although these two conpounds have the same structure and

the corresponding ions are of similar size no appreciable



114

solid solubtion is obtained for this system (47) which must
be attributed to the difference in bond type.

The two phase reglon could therefore be explained;
if sodium ions in a cuprous sulphide httice produce
strainé due to the difference in the character of the
Ng~3 and Cu-5 bands, 1f the sodium concentration is
gradually increased these strains should become prngressi#&hy
WOTSC until eventually the cuprous sulphide lattice breaks
down. The new or amodified sbrucbure should tend to remove
the source of the strains. The similarity of the I-ray
powder photographs of all the 18 to 35% mixbures indicate
that this new structure ezists over an appreciable composition
ranges ,in addition it is probable that this struciure becomes
more stable the further away the composition is from the two
phase reglon. This view is supported by the sudden decreése
in the cuprous sulphide activity with increasing sodiun
sulphide concentration shown by mixtures richer in sedium
-sulphide than 19 molejes

This discussion ié necessarily inadequate due to
the absence of comparable data‘but it should prove useful
as a starting point-when other sulphide systens have been

investlgated.



CONCLUS IO

1) 1he points of importance in the corrected éhase
diagram are s« o - .
a) The liqui&us temperatures in the compositlon range
0 - 30% sodium su;phiae are lower than those published
by ﬁ‘rieﬁricu. o ’ |
b) There is an appreciahle range of solid solution
fcr the aystem which is inconsistanﬁ wlth the results
obtained by Friedrich - o
¢) There is a two phase region for the solid mixtures
in the compositien range 10 - 20%, sodium sulphide.
2) ‘The properties of thn melts diffar canazderably from
those of any simple ideal model because the melts have
appraciablé exothermic partial molar heats and low partial
maian entropies of cuprous sulphide. . |
3) The heat of fusion of cuprous sulphide is 2.5+
G.5 Kcals/moles | ‘ » |
%s The free energy of formation of the nolten compound
(Guzg Nay8) has. a value between that of molten fayalite

and the values of the molten caldium borates and sillcates.
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The D.C. pulse supply necessary for the operation of the

gas circulating pump was a copy of ome used by Mr,ﬂcoek
vhen at Be.IlsS.Rehs and is shown dlagrammstically in Figure
15« The main component was a post office velay (contacts
A f & ) vhich was used to make snd bresk the cuwrrent
to the pump solenoid, When the Aanppl.y' was not in use
contacts <-4 were closeds To start the pump working

~ avitch 5w was closedy the condenser €1 first became charged
and current then flowed through the rg?s/w solenoid 8
causing contacts £ -4 to treak and/to makey which in
turn caused cwrent to flow through the pump solenoid B8y
The condensey C; then discharged through the relay solsnoid
, 51 m_ch continued to keép contacty ﬁ -y closed, ut once
the charge was exhausted contacts #- )  troke and < -/
made which cut off the current to the pump solenoid 8,.
Condenser C; again becume charged and the process repeateds
Condenser C, was used to eliminate any sparking across
contasts F-) o« The frequency of the pulses and henos
the gas flowrate was centrolled by the rate of charge of |
condenser C; which could be regulated by the rheostat Ry,
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" The principle of the method was axactly the
same & in the experiments in wvhich stable sulphur was
used, i.e, a constant gas composition for & varying
flowrate proved the mbsence of thermal diffusicn, The
‘gxperimental technique differed in that hére a sample
of cuprous sulphide containing radicactive sulphr was
-used and & gas counter was added to the gas circuit,
The advantage geined vas that a continual-record of the

gas composition oould be kept.

| Carrierefres radicactive sulphur was rocdved
from Harwell in the form of an aguecus solution of sodium
sulphate. A sample of this’ solution contalining 1 millie
urie of radioactive sulphur wes added to enother solution
containing %9 gue of stable so&iwn sulphaﬁa, end the
._,umd wsparatad. me residm was transferred to an
alumina boat and heated in a stream of hydrogen for 4 hours
at 75(°C, Most of the sulphate was reduced to sulphide.
The §mmt vas dissolved in dilute ‘acdd and the hydrogen
sulphide evolved passed into sn acid solution of oupric
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sulphate. The precipitated sulphide was collectad,
washed, dried and placed with an excess of copper in
the furnsce, which was heated slowly to 600°C vhilst
hydrogen was slowly circulated. Cupric sulphide is
very umnsteble and therefore this reduction to euprous
sulphide was made o take one day so as fe minimize the
risk of sulphur deposition.

It was found in the sodium sulphate reduction
stage that some of ths resulting sulphide vas alvays on
the outside of the boet and in some cases had stuck the
boat to the refractory tubs. Due to this and to the
general a.‘tsadvantasﬁa of handling delinquescent sodium
sulphide it is strongly recommended thot this method is
not used in any future work, instesd that employed by
Mr,Ignatowics of B,I.S.R.A. should be tried, here the
sodium sulphate 18 first converted to barium sulphate
‘which is then reduced to the sulphide in hydrogen at
about 1000°C, |

The gas counter consisted of an end window Geiger
Mller tube (G.E.C. EHM2S) which vas fastened by “Durofiz®
to the bottom of a glass hood through which the gas mixture
continuously passed. Some of the soft £ particles
enitted by the sulphur pessed through the mica window:

of the counter and caused a pulse to be produced at the




‘120,

anodgs Ms pulse passed through a probe unét and
was recorded by & scaler. The rate of counting wes
& measure of the partisl presswe nf",hyarném sulphide
| mmamwmpmzaams&amm
Ge&aer mar tube wos photoaensitive, and a plece nf
«mmamm&mmmmmm
windov, because mice strongly sllsorbs hydrogen sulphide,
In these experiments a sods glsss hood was usedy tut a
high background fcomnt was obtained§ due to sheerdhien W
of hydrogen sulphide by the glassy ‘pyrex? 4s mefm
recommended for wmam FESEERER T RS

mwmwrmyrmmasw
radiocactive decay of & glven source a graph of the mt;c
of .counting against tha totel number of cownts taken 18
a Ooussisn curve, therefore for every measured cownting
rate there is a possidble deviaticn from the average
mm@m It osn be proved mathematically that
e |
o atha amm vameaf ehamber afemtarmm
in a mvm t:m most of the mﬁﬁ.v:l.anauy uaamed valnaa a
na wim a gji' | | |

- raamm“eprmﬁncyof;m 1t vas

tmefwe maasaary to take m,eae cmes and t:be activity
oftmm;shwmadsustsdbogzw i‘h&nmmzna |
recsonahle time (10 minutes), |
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‘ The results of an experiment in which the
furnace was controlled at a temperature of 10169C and the
flowrate varied whilst a continuel record of the gas
composition was kept are shoun in Figure 16s With a
flowrate of 550 co/min and no gas sampling bulb in the
gas circuit equilibrium wes reaeched in under hslf an hour,
the flowrate was then reduced to 350 co/min end at the end
of en hour the counting rate was still ems#ant, Circule~
tion was discontinued for one hours due to thermal
diffusion an excess of hydrogen sulphide built up in the
apparatus, When the gas was rqcircizlate& therefore at
270 cc/min a higher counting rate was initially obtained,
but this later decreased to the qrigmal émuﬁmim
value obtained with 550 co/min. Thermal diffusion effects
were thaerefore considered to have been absant when flowrates
betwaen 270 cc/min and 550 cc/min were used with the furnace
at 2000°C,
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ugion oF cunrous Spipnlaé _

. The method by which the heat of fusion was
calculated from the partial molar heats was exj;lsined

on pages 70 -92-. It gave a value of 2.5 K cals/
mole for the heat and 1.8 cals/deg mole for the entropy
of fuslony these values are consistent with the partial
molar free energles and entroples 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 calcue
lation of the heat of fusion there are two sources of
error to be considered firétly the extrapolation and
sacehdly the uneertémty in the thermodynemics 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 +
400 ¢als, The error due to the second cause 1s equal to
that in the heat of formation of cuprous sulphide and may
therefore be # 150 cals, Lastly it should be menticned
that the heat obtagined is striectly the heét required to
convert the solid to the supercooled liquid at approximatae
1y 250°C below the true melting point., If tha/mﬁiat of
fusion was required, the differénce between the specifiec
heats of the solid and liquid would have to be taken into
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account and a correction applied, but such a corregction is
probably small compared with the overall accurscy wnd it
has therefors bean ignorgd. , The error in this value of
the heat of fusion ahcul&/mt be greater than & 0.5 Keals/
molae

The follcwing table, reproduced from a paper
given by Bockris (48), shows how the heat and entropy of
fusion depend cn the structure of a compound.

He in Keals/mole 8¢ in cals/deg.mole
Metels | . 05§ 1-5 |
Ionic substance 2«9 | 3~-13
Moleculsyx substance 0,02 = 2 29

It indicates that the values obtained here are
reasonable tut siightly lower than might have bean expected.

Reliey gave the most likely values of the
changes as 5.5 K cals/mole and 3.93 cals/deg mole (49).
These values were based on freeging point data obtained
fron the mwsma for several binary systens
(Cu 8uCu Cloy CuptmlisS etes)e  This method is extremely
unrellable because essumptions have to bs made concerning
the compositions and activitles of the various molecular or
ionic species present, In addition data was ignored which
gave low valugs and therefore these figures need not be
considered accurate,
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Silver sulphide affords en interasting comperison
with cuprous sulphide. Rosenquist (50) has calculated
zhﬁ heat and entropy of fuslon of silver sulphide as
800 ecals/mole and 0.7 cals/deg mole respectively. These
values are very low and cen be explained by the structure
of solid silver sulphdde which is thought to be a rigid
sulphur lattice within which the silver atoms are free to
move as in a liguide It is possible therefore that in
cuprous auiphida ane or both of the copper atoms are free
tb wender within a sulphur lattice, e picture which would
be consistent vith the disordered state idea for the.
 structure put forward by Buerger (see page 9,70 ) snd the
 qualitative observation of Hideo Tagzaki and Shigeya
’:Kuwahara'ﬁho noticed that copper has a high rate of
diffusion through solid cuprous sulphide (51). They
grew thick f£ilms of cuprous sulphide on copper and tock
eiéétiqn'aiffrééﬁian photographs of the surface. For
freshly formed films thay obtained the patterns of copper
end of cuprous sulphide, tut after the f£ilms had been
hested at 100°%C for a short time only the patbern of
léopper was obtaiﬁédg indicating that the copper had been
 suificiently free t6 diffuse through the cuprous sulphide
('to'rorm a ﬁhinwlﬁyar’da the surfeaces
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