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Abstract

The previous work on the silver-oxygen system from the
thermodynamicists' view point, has been reviewed., The design
consideration of high pressure equipment in general, and of that

used here in particular, have been discussed,

Fusion points of silver and silver oxide subjected to
oxygen pressuresranging from 0.2 to 750 atm., have heen deter-
mined to derive the pressure-~temperature relation for the silver

~oxygen system. The eutectic point crresponding to
Ag (s) == liq. === Ag,0(s)
is found to be at 53000 and 530 atm.

Compositions of the silver-oxygen melts have been
measured thermogravimetrically along the silver liquidus and on
the isotherms at 9500 and 105000 in the all liquid region in the
pressure range 1 to 100 atm. The extrapolated oxygen content at
the eutectic point is 0.22 atom fraction. A phase diagram for
the silver~silver oxide system has been constructed. Thermo~

dynamic quantities for the process,
‘%‘02 (g) == 0 (lig. silver)
have been derived.

Electrical conductivities of solid silver oxide as a

function of temperature and pressure have been studied.



The effect of varying proportions of alloyed gold on
the fusion point of silver in equilibrium with oxygen has been
studied. Compositions of the Au- Ag-0 systen were measured at
105000 and in the pressure range 1 to 60 atm. to evaluate the
effect of gold concentration on the solubility of oxygen in

silver and to derive thermodynamic quantities for the process,
%-02 (g) == 0 (Au-Ag alloy).

Ancillary studies were made to examine the effect of
nitrogen pressure on the melting point of silver, and oxygen

pressure on the meltihg point of gold,
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1. HISTORICAL BACKGROUND OF HIGH PRESSURE WORK

The earliest. high pressure work may perhaps be attributed
to the Florentine Academy who, in the early 18th century, attempted
to find if water was compressible. Later experiments were carried
out by Can"r,on1n In 1762, he published experiments to prove that
water is not incompressible. Hall2 carried out a large number of
experiments over a period of several years on the melting and crystall-
ization of calcium carbonate under high pressure in order to verify
Huttons assumption that rocks exist in a fused state in the earth's
interior and published his results in 1812, PerkinsE, using a cannon
as the containing vessel, reached a pressure of 2000 kg/cm® in 1819,
Amagéékstarted his sytematic work on the compressibilities of gases
in 1869, ‘

Work aimed at the synthesis of diamond has always attraeted the
imagination of men and can be said to have started as early as 1888
when Parsonss’gggan his experiments on carbon at high temperatures and
high pressures, Tammann7 who moved in the field of high pressures
after the termination of Amagat's activities in 1893, made an extensive
study of solids under pressure, including the effect of pressures on
the transition temperature of solids, Many other properties of
materials such as the electrical resistance, thermoelectric power,
viscosity, refractive index etc., were studied under pressures by these
early workers,

The above examples were chosen to illustrate the manifold

activities the early workers initiated in the field of high pressure.
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Inheriting such a widely set stage for high pressure activities, the
later workers were confronted with the task of developing correspond-
ingly diverse techniques for carrying out fruitful investigations,

The individual who proved himself up to this immense task was
Professor P.W., Bridgman of Harvard University. Working relentlessly
from 1906 to 1961, Bridgman8 contributed to almost 21l the above
mentioned branches of high pressure activities and carried the fileld
of high pressure research to what it is to-day. His book, '"The Physics
of High Pressure™, first published in 1931 (Bell and Sons, London), is
considered to be a classic in the field. Starting with an extensive
historical survey of the early high pressure researchers, the book
covers the various aspects of high pressure activities amd illustrates
many novel high pressure techniques.

During the same period, many other researchers worked in the
various high pressure research centres all over the world. By 1955,
high pressure research reached its exciting peak when Bundy, Hall,
Strong and Wentorf had their brilliant success in producing dizmonds
from graphite in a laboratory device., Other achievements in this
field during the last six decades or so have enabled men to synthesize
rocks and minerals in the laboratory and to have a better understanding
of the geochemical structure of the earth's interior. Mechanical,
thermal, electrical and optical properties of solids under pressures
up to ca. 10¢ bars have also received extensive studyg. These and
many other developments in the field of high pressure research have

been surveyed by Bradley1o and published in the book titled "High
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Pressure Physics and Chemistry", "In this book", to quote Bradley, the
editor, "a group of international workers have combined to write a
comprehensive and advanced study covering most major aspects of this
field and including both theoretical and experimental work and static
and dynamic pressures". In the concluding section of his article
Bradley has also listed a number of leading books, review articles
and symposia in the field of high pressure research,

Comparatively recent high pressure work, particularly in the
field of metallurgy, constituted the proceedings of a symposium held
at Dallas, Texas in February 1963 and has been published under the
title, "™Metallurgy at High Pressures and High Temperatures" 11, Another
recent publication in the field covering mostly the work in the field of

polymer chemistry is due to Weale]a.

2. NOTE ON THE TITLE

The present work may not belong to the categories of the usual
high pressure topics, However, high pressure did come into the
picture as a means of introducing more and more oxygen into liquid
silver and increasing the stability range of silver oxide., It was
only by subjecting silver and silver oxide under high pressure oxyz-n
(maximum pressure 750 atm.) that it was possible to study the system
over the desired wide range of compositions (1-22 atom per cent of
oxygen). This entailed the use of relevant high pressure techniques

and equipment and this is what the title is intended to reflect.
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2. A SURVEY OF PREVIOUS WORK ON THE SOLUBILITY OF OXYGEN

IN COPPER, SILVER AND GOLD

The interaction of oxygen with some metals has been extensively
studied in connection with the study of iron and steel making processes
13’14’15, But relatively few studies of its interactions with noble
metals such as copper, silver and gold - particularly, with reference
to its solubility in these metals, have been made. The following
statement of Smithells16 accounts for such a situation

"Oxygen is soluble to some extent in most metals, an oxide phase
also appears when the limit of solubility is exceeded, The solid
solubility of oxygen in the common metals is usually considered as
small in comparison with the total amount of oxygen which may be
present in the metal, Many molten metals are capable of dissolving
large quantities of oxygen (or of their oxides, which amounts to the
same thing), but on freezing, the excess oxygen is precipitated as
oxide, The solubility of oxygen in the solid metals is of the same

order as that of hydrogen., It is, however, much more difficult to

determine accurately".

A. Copper-Oxygen System

i) The Solubility of Oxygen in the Solid

The measurement of solid solubility of oxygen in copper was first

attempted by Hanson, Marrayat and Fordl17 who placed the limit at less
8

than 0.008r, per cent oxygen at 1000°C. Vogel and Pocher1 presented
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microscopic evidence of the solid solubility and gave a saturation

value of 0.08 per cent of oxygen at 950°C. Allen and Street

quoted
the solubility limit as 0.005 per cent oxygen at 500°C. Rhines and
Mathewsonzo determined the solubility of oxygen in copper between

600°C and 1050°C. Phillips and Skinner21 also determined the solubility

in the same temperature range, but used samples of copper from different

sources, Both sets of solubility data are quoted below for comparison,

Table 1

Solubility of Oxygen in Copper

Rhines and Mathewson Phillips and Skinner
t°C o /100 g, wt.% t°C wt %
600 5.0 0.,0071 700 0,0022
800 6.6 0.0091 850 0.0025-0,0029
950 7.0 0.0100 900 0,0027-0.0035

1050 10.9 0.0156 1000 0.0044-0,0055

1050 0.0072-0,0077

The difference between the two sets of data is attributed to the
difficulties in experimental determimation of small amounts of oxygen.

Clasing and Sauerwald22 tried to determine oxygen solubility in
copper in a different way. They pretreated sheet copper in hydrogen
at 7000 , embedded it with cupric oxide and then heated it at 37%°.

The cupric oxide decomposed into cuprous oxide and oxygen, the latter
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saturating the copper metal., The absorbed oxygen was then determined
by reducing the treated copper with hydrogen at 900 and weighing the
H, 0 formed, Their solubilities are: 0,0030% and 0,0091% at 600 and

900° C, respectively,

ii) The Solubility of Oxygen in the Ligquid

The earliest investigations of the copper-oxygen system in the
liquid range are due to Lucas23 and Chevillotza. Lucas believed that
liquid copper is capable of dissolving its oxide, but neither he nor
Chevillot was able to furnish convincing proof of this property.

5

Graham2 definitely established the existence of such a solubility,.

Hamp26 measured its extent and roughly outlined the copper-rich portion

27 published a temperature-composition diagram

of the system., Heyn
covering the range from O to 10 per cent cuprous oxide at atmospheric
pressure, Within these limits of composition cuprous oxide was found
to dissolve in 'liquid copper forming at 3.4 to 3.5 per cent, an
entectic which melted at 1065°C, Slade and Farrow28 extended these
studies to mixtures of higher oxygen content, They observed that
between 20 and 95 per cent of cuprous oxide, the metal oxide forms
two liquid phases at a monotectic reaction temperature of 1195° C.,

23 and Vogel and Pocher supported

Investigations by Roberts and Smith
the above results, but the latter authors placed the monotectic reaction
temperature at 1200°C, with the concentration of two liquid layers

at 1.5 and 10.2 per cent oxygen respectively. -

Rhines and Mathewson presented a graphic summary of the results

obtained by various investigators with the help of a copper-oxygen
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equilibrium disgram. They also presented a provisional pressure-
tenmperature diagram of the system coppér-cu?rous oxide; the dissocia-
tion pressure of cuprous oxide calculated by SockdaleBo And‘data
of Randall, Neilsen and WeétB1 were used for drawing the diagram,

The temperature composition diagram is reproduced below,

1400
. Liquid A + Liquid B
1300 Ligurd A -
1200 Eg%ﬁ : Ligvid B+Cei;0”
2 -
Liquid A+Cuy0 hE
1100 5 A ‘
Cee (©) Solid Solution -
o L~ 0142 at l050°C. - . -
T°C 1000 N ) )
. : Cu(©)Cuz0 . v
900 - ’ | 7hi's Freld Replaced by
Cu(O)+Cul
.| Below375°C. According
800 7o R Vogeland WFocker®
;
700 —
Cu(0)Solid Solvtion
= 006 % ot 600°C
6 0 0 1 1 L | 1 L i 1 !
0 20 4o 60 80 100

. Percentage of Cuprous Oxide by Weight

Fig.1. Copper-cuprous oxide constitutional diagranm.
(After Rhines and Mathewson),

By means of gas mixtures designed to give low oxygen potentials,
the solubility of oxygen in molten copper has been studied in the low

oxygen concentration range: Girardi and Siebert:(1090“-130090)32,

!
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Sano and Sakao (1115° -1256° )>21>% and Tomlinson and Young (1085°
1500")35 have equilibrated liquid copper with CO/CO, gas mixtures.
Toop (130d’-160d’)36 levitated small copper beads in a stream of
CO/CO, gas mixtures. Hofman and Schneider (112d’)37 and Belton and
Tankins>® used H, /H, 0 gas mixtures in their equilibrium experiments.
The results of all these authors are in reasonably good agreement
with the exception of those of Girmrdi and Siebert which are lower
and probably could be attributed to the loss of a significant amount
of oxygen before being analysed, due to the quenching technique
used,

Studies of Tomlinson and Young (and others) using CO/CO, gas

mixtures were based on the reaction,
coO + 0 = CO

for which the equilibrium constant K is given by

p
K = <0,

Poo X atom %9 x N

where fo is the activity coefficient of dissolved oxygen O and is based
on the infinitely dilute solution as the standard state.

From their experimental results, Tomlinson and Young found that
the liquid copper in the copper-rich end deviates positively from
Raoult's law and that log fo is independent of temperature and can

be represented by the following relation:

log fo = -0.041 atom % O
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The standard free energy change for the reaction,
20, (g) = O (in liquid copper)
is given by the relation,

AG® = -U46, LhO + 18,6 T + 150 cals.

B, Silver-Oxygen System

The early silversmith observed that after silver had been melted
in air and allowed to solidify, vigorous evolution of a gas took place
with the accompaniment of severe '""spitting" of the silver. He even
used the degree of " epitting™ as a rough measure of the purity of
the silver, Another important phenomenon, which probably caused
considerable trouble to the smith, was what he called "fire stain" 39.
Faced with the problem of improving the strength of the silver without
loss of colour or ductility, the smith alloyed small quantities of
copper with the silver, However he found that when such an alloy was
heated in the air during working, it was left with some dull stains
which were difficult to remove.

It is now well known that silver is unique, amongst metals, in
its behaviour towards oxygen. Large quantities of oxygen dissolve
" readily in molten silver and most of it is expelled during solidifica-
tion, causing the " gpitting", Oxygen moves with great rapidity in
silver, its rate of migration being very roughly equivalent to an
apparent bulk diffusion coefficient as high as 1073 to 10~ cm? /sec.
As a result, when a sheet of the silver~copper alloy is annealed in

the air, a large quantity of oxygen diffuses into the hot sheet and
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copper is oxidized, both on and under the surface. Whilst the oxide
on the surface can easily be dealt with by pickling in dilute acid,
that below the surface remains as a dull stain.

" $pitting" and "fire stain", therefore, can easily be explained
away in the light of the present knowledge, Nevertheless, these two
phenomena are probably the earliest observations of the interaction

of oxygen with silver.

i) The Solubility of Oxysgen in the Solid

Following Dumasb'O observation Za 1878 that silver, which has been
melted in air, does not release all of its oxygen on solidification,
several investigators subsequently studied the solubility of oxygen
in so0lid silver. The solubility was shown to be proportional to the
square root of oxygen pressure, Among the earlier publications, that
of Steacie and Johnson41 has been the subject of considerable
discussion, This is because, their four isobaric solubility-temperature
plots showed solubility minima at 400°C., Steacie and Johnson accounted
for these minima on the assumption that, below 400°C the dissolved
oxygen exists in the form of Ag, O and above this temperature, as
oxygen atoms, since Ag, O dissociates. S:i_monsL}2 also has put forward
similar views and suggested that the minimum is due to a balance
between (1) increase in solubility of Ag, O with increase in temperature
and (2) dincrease in dissociation pressure of the oxide with increase
in temperature,

Domanskier made a thermodynomic analysis of oxygen solubility in

solid silver on the basis of the experimental data of Steacie and
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Johnson. After discussing the three possible modes of the solubility
of gases in metal, namely, dissolution in molecular form, in atomic
form or through chemical combination, he indicated the possibility

of oxygen dissolving in solid silver to give the chemical compound
Ag, 0. On the basis of thermochemical data and toking into account
the great quantitative superiority of silver over the dissolved
oxygen, he ruled out the possiblity of Ag, &, formation as well as the
existence of free oxygen atoms not combined with the metal., He put

forward a linear relation for the logarithm of the activity coefficient

of Ag, O:
= +
1n ngzO b mT
where ngzO is pressure-independent,

Fichenauer and Mﬂlleruq, while studying the diffusion of oxygen
in solid silver proposed that surface adsorption might have been
responsible for the solubility anomaly reported by Steacie and Johnson,
Podgurski and Dav:i.esL}5 studied the solid solubility of oxygen in
silver and the thermodynamics of the internal oxidation of a silver-
copper alloy. They particularly considered the solubility anomaly
reported by Steacie and Johnson and concluded that the oxidation of
trace impurities, like Cu present in the sample, were responsible for
the solubility anomaly, In their view, Steacle and Johnson started
with a dilute Ag-Cu alloy partially saturated with oxygen and that
the reported degassing pretreatment of the silver sample at 500°C
could not possibly remove all the oxXygeh associated with copper; at

80C° C however, this oxygen could be removed from the dilute alloys.
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Studies on the effects of oxygen on the grain-growth restraint in
silver by Chast.onl+6 and Klein and Hugginsl"7 zlso support the above
views,

Solubility relations advanced by various workers are given below,

a) Steacie and Johnson,

log Ny = -1.05 - EQ%Q + 1 log p,

where, N atom fraction of oxygen

0

P pressure of oxygen in atm,

b) Simonms,

log 2 = 0,003%34 (¢t - 300),

where, 2 g. of Ag, 0 per 1000g Ag

and t = 0Og,

¢) Eichenauer and Miller,

log 8 = =0.597 - 55%2 + % log p,
where, S = solubility of oxygen in cubic ecm.

(stp) per g. Ag end p is in torr.

d) Podgurski and Davies,

log § = =0,840 - ;g%g + % log p,
where, S = solubility of oxygen in cu.cm,

and p is in torr,

ii) The Silver-Silver Oxide Equilibrium

The solid reaction, Ag,O(s) = 2Ag(s) + 1 0, , has been exten-

sively studied. As early as 1887, Le Chatelier s
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showed that the dissociation of Ag, O into Ag and O, was reversible,
The pressure-temperature relationship for the reaction was studied

by Lewishg, Keyes and Hara50 o1 and Ottosa. Lewis

, Benton and Drake
obtained three equilibrium points in the temperature range 202 -445° (G,
corresponding to equilibrium pressures of 20,5- 207 atm, Keyes

and Hara determined six equilibrium values in the temperature range
37405000 ¢, corresponding to the pressure range 74,3-388.3 atm,

Combining their results with those of Lewis, Keyes and Hara gave an

equation for dissociation pressure as,
B s s
log p_in 6.2853.

Benton and Drake studied the reaction in the temperature range 17% -
191° C corresponding to pressure range 422 to 790 mm, Otto studied
the reaction in the temperature range 171°-281°C corresponding to
pressures 0,59 to 13,33 atm, Taking all these data into account,
Otto computed several equations relating the dissoclation pressure
and temperature., From all the available thermal data, he also
calculated the standard enthalpy and entropy of formation of the

oxide, These are given in Table 2

Table 2

Standard Enthalpy and Entropy of Formation

of Silver Oxide.

- 7.35 keal

g

"15 096 cals.

>
2]
H

298
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iii) The Solubility of Oxygen in the Liquid

Studies on the solubility of oxygen in molten silver may be
traced back to Chevillotsa, who in 1820 found that 8 g. of molten
silver saturated with air gave up 7.8 cc of oxygen on solidifying,
and to Gay—Lussacsu, who in 1830 found that 1 vol. of molten silver
evolved 22 volumes of oxygen on solidification. Accurate investigations
probably started with the classical studies of Sieverts and Hagenacker55
and Donnan and Shaw56. Sieverts and Hagenacker established that the
solubility of oxygen in molten silver was proportional to the square
root of pressure, Consequently it has been also established that
oxygen dissolves in liquid silver in atomic form amd the solution
process can be represented by the following equation:

whence K = NQKp%

where, NO is the atom fraction of dissolved oxygen, p is the pressure
of oxygen in the gas phase and K is the equilibrium constant. Their
solubility measurements at 1 atm. oxygen pressure and at different

temperatures are reproduced in Table 3,

Table 3

Solubility of Oxygen at 1 atm, in Molten Silver

t°C 973 1024 1075 1125
mg 0/100 g.Ag 305 295 277 264
c.c. O, /100 g, Ag 213.5 205.6 193.9 184.9
Atom fraction, N_ 0.02015  0.01942  0.01833  0,01750
Vol. O, : Vol., Ag 22,4 21.5 20,k 19.4
N,. O atom/10* Ag atom 206 199 187 178

0.
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Donnan and Shaw, on the other hand, deliberated on the nature of
the solute species in the solution, e.g., whether the oxygen dissolves
atomically in the solution or in the form of Ag, O, They showed that
at low concentrations of oxygen, «<ither picture will give a propor-
tionality with the square root of oxygen pressure, They tended to
believe that oxygen dissolved in molten silver exists as silver mono-
oxide, Ag, 0. The following paragraph is quoted from their paper to
present their conclusion,

"It is interesting to compare the solubility of oxygen in molten
copper, silver and gold. In the cawe of copper the solid oxide Cu, O
can separate from the solution since the dissociation pressure of
Cu, O at the melting point of copper is quite low, In the case of
silver, the solid phase Ag, O cannot separate owing to its very great
oxygen dissociation-pressure, although Ag, O can probably exist in
dilute solution in molten silver. Finally, in the case of gold, the
affinity between this metal and oxygen has become so low that even a
very dilute solution of oxide of gold in molten gold would correspond
to an oxygen-pressure many times greater than that of the atmosphere,’

Subsequent studies on the oxygen solubility in molten silver are

57

due to Parlee and Sacris”’ and Diaz, Masson and Richardson58. The

last authors in their study, int rpduced an electrochemical cell
of the type,
stainless steel, Ag(l), O, (g,p' )I Zr0, .CaOI Ag(1l), O, (g,p=1 atm)

stainless steel,

to measure the oxygen content in molten silver at various oxygen
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pressure p'., The reversible e.m.f. of the cell is given by

’ 0*¥eq
where NO(1 atm) is the atom fraction of oxygen dissolved in the liquid
silver of the reference half-cell under one atm. (barometric) oxygen
pressure and NO(Péq) is the equilibrium oxygen content of silver,
in atom fraction, in the other half-cell under oxygen pressure p'.
Solubilities obtained electrochemically agree well with those reported
in the earlier publications and confirm that Sieverts' law is obeyed
by dissolved oxygen up to at least 2 atom per cent; this composition
corresponds to an oxygen pressure of about 1 atm. at 950°C,

In passing, it may be noted that the e.m,f. technique may be
applied, in principle, to the study of silver-oxygen system at
elevated pressure, but it may encounter some difficulties in practice.
For example, it will be necessary to balance the pressures inside
and outside of the lime-zirconia tube, which acts as the solid
electrolyte, by introducing inert gas at high pressure in the
reference electrode side, namely, 1 atm, oxygen pressure side, The
difference in partizl pressure may cause diffusion of gases which
in turn may introduce uncertainty in the actual oxygen pressures,
Besides, the electrochemical characterdistics of the lime-zireonia tube,
under elevated oxygen pressures, has not been established.

Diaz et al combined their data with those of other authors and

derived the following equation:
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= ZZZ;Q - 2.281

log T

SR

From this, the following heat and entropy for the process,

nj-

%@ = 0 ,

are obtained:

-3380 cal per 2 mole of 0,

[t
o]
|1}

[
n
i

-1.3 cal deg™' at 1 g. atom %
The standard free energy chamge is given by,

AG® = <3380 + 10,44T cal,

iv) The Solubility of Oxygen in Silver under Higher Oxygen Pressure

All the studies on oxygen solubility discussed so far were at
pressure of 1 atm, or below., Studies at higher pressures have so far
entailed measuring the freezing or melting point of silver as a
function of oxygen pressure., The first study on the oxygen solubility
in liquid silver at pressures above 1 atm, was done by Allen59 in
19%2, He measured the freezing points of silver up to a maximum

pressure of 13,9 atm. by thermal arrest methodsand represented the

results by the equation,
T = 961 - 22,31 p%

where p is the pressure of oxygen in atm, This equation also shows

that the depression of freezing point is approximately proportional

1 .
to the pZ2. Allen also pointed out that by extrapolation of the melting
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point curve, the conditions under which molten silver can be in
equilibrium with silver oxide could be found., For this he took

Keyes and Hara's equation,

logp = - 22 + 6,285
for the reaction,
Ag 0(s) = 2hg(s) + 3 G (®)

and showed that it intersected with his extrapolated melting point
curve at ca., 50°C and 414 atm, Allen, then suggested that the
etitectic between the silver and silver oxide may be expected near this
temperature.

On the basis of Allen's suggestion, Vacher60 has put forward a
tentative pressure-temperature diagram for the silver-oxygen system,
Recently, Chaston61 has reviewed the silver-oxygen system and
suggested similar equilibrium diagramg, The equilibrium diagram

suggested by Vacher is reproduced at page 28.
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Baker and Johnstone62 followed Allen and determined the melting
point of silver under oxygen pressures up to 147.3 atm. Silver melts
at 736" C under 147.3 atm, of oxygen pressure, This represents a
melting point depression of 225°C and is indicative of high oxygen
solubility, These authors pointed out that the freezing point
depression versus square root of pressure plot showed linearity up
to about 4 atm, only. In view of the fact that at higher pressures
and corresponding higher.oxygen concentrations, deviation from ideality
is expected, this limit of linearity is quite reasonable,

Extrapolation of their fusion cata, as would be expected, yields

an approximate eutectic point near that given by Allen.

Gold-oxygen system : No data on the solubility of oxygen in

gold have been reported.
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4, SOME OF THE CONTRASTING FEATURES OF COPPER, SILVER AND GOLD,

The outer electronic configuration of copper, silver and gold

may be represented as

np unoccupied
ns'

(n-1)4d'"°

where n equals, 4, 5 and 6 respectively. Apparently, it would be
expected that the chemical behaviour of these elements would not be
much divergent. But this expectation has not been borne out by

facts., For example, while silver exhibits égaally 'monovalency,
copper exhibits both mono~ and divalency, and gold exhibits relatively
stable trivalency. This diversity in the chemistry of these elements
has been explained away in terms of the varying degree of stability

of the d electrons, This inherent diversity has been manifested in
many instances, For example, if the solubility of these three elements
in liquid iron is considered, it is seen that while both copper and
gold are miscible with liquid iron, silver is completely immiscible.
The solubility of oxygen in these elements provides another example of
their contrasting behaviour, The solubility of oxygen in gold is

too small to be measured, Both solid and liquid copper dissolve
oxygen but to a limited extent., The copper-oxygen system shows a
positive deviation from Raoult's Law in the liquid statej a

miscibility gap exists. ILiquid silver on the other hand dissolves a
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large amount of oxygen and from the tremendous depression of the
freezing point of silver due to the oxygen solubility, silver would
hardly be expected to exhibit a positive deviation from Raoult's Law,

It is seen, therefore, that while the study of the phase equilibria
and thermodynamies of the silver-oxygen system are important from
the metallurgical point of view the difference in behaviour of silver

from both copper and gold maekes this study all the more interesting,

5. PROPOSED INVESTIGATION

In the present work, it has been proposed to conduct investigations

broadly into the following aspects of silver-oxygen system:

(i) A study of the pressure~temperature relation for the silver
oxygen system up to an oxygen pressure as high as possible

and the establishment of the eutectic point for the system.

(i1) A study of the composition of the melt along the silver liquid
and isothermally at 950°C and 1050° C and thus to obtain thermo-
dynamic data such as activities, partial molal heats, and

entropies,

(iii) A study of the effect of alloyed gold on the solubility of

oxygen in silver,
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CHAPTER II

Experimental Section 1

HIGH PRESSURE EQUIPMENT
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1. GENERAL DESIGN CONSIDERATION OF HIGH PRESSURE EQUIPMENT

The following few pages are devoted to a brief discussion of

some of the important aspects of high~pressure equipment and design

w -~

consideration,

A, Materials of Construction

Plain carbon steels - both low and high carbon - may find high
pressure applications at low temperatures (up to 400°C). A typical
mild steel (low carbon steel) recommended to be used in the construc-
tion of gas cylinders for storage of liguifiable gases has the

following chemical compositions and physical properties63

Chemical Composition:

Carbon 0,20-0,25 per cent
Manéanese 0.45-0.75 per cent
Silicon up to 0.2 per cent
Sulphur up to 0,045 per cent
Phosphorus up to 0,045 per cent

Physical Properties:

Yield point Not less than 17 tons per sg. in.
Ultimate stress 28-%33 tons per sqe. in.
Elongation Not less than 15%.

Higher carbon content causes an increase in tensile strength and
decrease in ductility., In addition, high carbon steels are liable to

unexpected variations in plasticity., And carbon steels in general
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readily oxidize in air on heating and tend to undergo structural
changes when kept for long periods over 400°C, As a result, alloy
steels, such as nickel-chromium steels, are preferred to carbon steels
for high-pressure equipment,

Addition of nickel improves the tensile properties of steel,

For example, each one per cent addition of nickel (up to 5¥%) increases
the tensile strength approximately 2-3 tons per sq. in, over that of
the corresponding carbon steels, The addition of chromium increases
the strength and hardness of steel without increasing the brittleness;
it tends, however, to increase the susceptibility to brittleness on
prolonged heating at high temperatures., The alloy steels are preferred
also because of the fact that more uniform properties can be developed
in them through heat treatment. The properties can be altered by
adding different alloying elements in varying proportions., An alloy
steel usually has a higher ratio of yield to ultimate tensile strength
than is found with ordinary steels.,

Nickel~chromium steels are suitable for laboratory experiments.
While nickel appears to strengthen and toughen the ferrite matrix of
the steel, chromium tends to toughen the carbide (cementite and
pearlite) constituents, The optimum ratio of nickel to chromium is
2.5 to 1, The commercial high grade nickel-chromium steel contains
3.5 per cent nickel and 1.5 per cent chromium and low grade nickel=-
chromium steel contains 1.5 per cent nickel and 0.6 per cent chromium,

Other alloying elements such as titanium, vanadium, molybdenum

and tungsten are also used in minor quantities in nickel-chromium steels.
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Beside alloy steels, a number of other structural materials,
known as "high duty" alloys are available in the market for the
construction of very high~pressure equipment. These alloys have been
marketed under various trade names such as "Monel", "Inconel",
"Wimonic", "Rene 41'%*, *Carboloy" etc. Compositions of these alloys

and some of their physical properties are listed in the appendix 2.

B, The Effect of Temperature upon the Properties of Carbon and Alloy

Steel

Generally increase of temperature effects the elastic properties
adversely and plastic properties favourably. Mild steel, for example,
has a moderately high tensile strength and high ductility at room
temperature; but it tends to become brittle at liquid air temperature
and to lose most of its elastic strength when heated to about 500° C.
Many stainless steels lose their corrosion resisting properties and
undergo a coarsening of grain in the temperature range 500-850°C 650
Besides an increase of temperature may help catalyse and accelerate
the rate of some chemical reactions which have corrosive effects on
the materials of construction. Carbon monoxide, for example, reacts
with iron at elevated temperature and pressure to form the volatile
iron carbonyls.

Furthermore, all metals exhibit the phenomenon of creep - the slow
conlinuous distortion under constant load below that producing prompt

fracture - at sufficiently high temperaturej strength of the metals

depends upon the time they are under stress, varying from a maximum
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value approximately equal to the ultimate strength as given by the
normal rate of loading, for short periods, to a minimum value
approximately equal to the limiting creep stress, for a long period,
Another effect of temperature on the materials of construction
is that it causes stresses to be set up in the walls of a vessel due
to a temperature gradient. Comparatively large temperature gradients
are established when the vessels are heated or cooled externally. When
heat flow is from outside to inside, the effect of the temperature
gradient alone is to decrease the hoop stress in the outer layers of
the wall and increase it in the inver layers. The result is a higher
hoop stress in the inside layers of the vessel under a given internal
pressure than that without the temperature gradient and consequently
a heavier wall must be used. When the heat transfer is from inside
to the outside of the vessel, the reverse is the effect and consequently
a thinner-walled vessel may be used.
Assuming a steady flow of heat through the walls, an expression may
be derived for the temperature as a function of radius., Combining
this expression with the usual stress-strain relation and the equations
of equilibrium, expressions are obtained for the three principal
stresses due to temperature. The expression for the tangential stress

67a

at the inside and outside surfaces are quoted below

S _ oFAt 2K?2 1 (1)
ti - 20-m) \BET - ImK

aEAt 2 1
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where At is the temperature difference through the wall, a is the lin-
ear coefficient of expansion, K is the ratio of the outside to inside
diameter, E is the efficiency of the weld or other joints (usually
assumed to be equal to 1), m is the Poisson's ratio.

Equating the tangential stress at the inside with the yield
strength, one may derive, in principle, an expression for the maximum
temperature gradient a vessel can sustain without yielding at the

bore from the expression (1). The expression is given by

-1
sy = G2 (- ) &
For a medium sized pressure vessel the maximum permissible
temperature gradient is about 150°C, It may be shown by approximate
calculation that for a pressure vessel of 4 in., diameter and 1 in.
wall thickness and with a furnace at 1000° C surrounded by refractory,
the temperature gradient in the wall is 20°C. With this temperature
gradient and with an internal pressure of 1000 atmospheres, the stress
acting on the inner wall of the vessel is about 530 atmospheres which

in effect doubles the safety factor,

C. Effect of Gaseous Atmosphere

The effects of reactive gases on the vessel wall are determined
by pressure and temperature, Hydrogen for example, causes decarboriza-
tion of steels, the rate increasing with the temperature and the partial

pressure,
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Oxygen, in the presence of moisture, tends to attack stecls
especially at high oxygen pressures and elevated temperatures, It is
important, therefore, that dry oxygen be used in high pressure studies,

Alloying elements like chromium, nickel, vanadium, molybdenum and
tungsten make steels more resistant to hydrogen and oxygen attack.

Nitrogen may combine with iron and with some of the other alloying
elements in steels to form nitrides. Steels, therefore, are
susceptible to nitrogen attack at elevated temperatures,

Carbon monoxide at high pressures and quite moderate temperatures
attacks iron to form iron carbonyl, consequently, steel cylinders fer
carbon monoxide are often electroplated in the inside with copper,

Effects of various gases on metals have been extensively dealt

with by Smithels']6°

D. Pressure Vessels and Yield Criteria

From the consideration of the properties of construction materials
and from the theories of stress-strain distribution with a given
geometry of structure various formulae relating the dimensions of the
pressure vessel and properties of construction materials were put

66,67,67=

forward -~ In deriving these formulae the following

assumptions were made:

(a) there is no temperature gradient in the walls of the vessel,
(b) the applied pressure is a static non-fluctuating one,
(¢) there is no effect of scale, i.e., the stress depends on the

ratio of the diameters rather than the diameter itself,
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{d) the material is isotropic,
(e) there are no initial stresses in the material before the applica-
tion of a pressure,

(f) temperatures are low enough so that creep can be neglected,

The following table reproduces some of the formulae relating the
yield pressure, P, with the yield stress, f, of the wall material and
the ratio K of the outer to inner diameter of the pressure vessel,

In the case of thick-walled cylinders, substitution of the yield
stress, f, by the ultimate tensile stress, is assumed to yield the

bursting pressure in place of the yield pressure.

Table 4

Formulae of the Strength of Cylinders.68

Theory Yield Pressure, P Yield Pressure, P

as K —
1. Thin cylinders (K< 1.,20) (K-1)f lvo)

Thick cylinders

2. Maximum principal stress g;: f f

3. Maximum shear stress -—-2:1{-2-1 f 0.5¢f
. i K2 ~1

4, Meximum strain TSR T 075 f 0.8f

5. Maximum strain energy -——(%%—%f 0,63f
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The above quoted yield criteria are valid provided the assumptions
mentioned earlier are also valid, But these formulae do not predict
what would happen if the pressure is applied and released a great
many times. One would expect, for example, fatigue to result from
the cumulative effect of a large number of applications of stresses
even though none of these reach the ultimate tensile strengthj this
would lead to the failures at much lower pressures than the cylinders

will normally withstand.

E. Methods for Improving the Strength of Thick-Walled Cylinders.

When a thick-walled cylinder at a given uniform temperature is
subjected to an internal pressure, the normal stress distribution
across the wall is not uniform; the magnitude of the stress varies from
point to point. As a result, the different layers of the metal are
utilized to different extents and the outer layers of the metal are
rather poorly utilized, The disadvantages of this non-uniform stress
distribution have been overcome by special design of the pressure

vessel, The four main types of vessels developed are described below.

i) Compound Vessels

These are made by thermally shrinking an outside cylinder onto an
inner one, The shrinkage of the outside cylinder acts like an
external pressure on the inner cylinder and the resulting hoop stresses
on the inner and the outer cylinder are respectively compressive and

tensional in character.
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When a pressure is applied intermally to such a compound cylinder,
the tensional stress due to pressure is opposed by compressive stress
due to shrinkage. The effect of the shrinkage, therefore, is to
decrease the tangential stress in the inner layers and increase it in
the outer layers and thus to achieve a more uniform distribution of
stress.

In constructing a compound vessel, advantage may be taken of
combining two different steels so as to achieve better temsile

properties.

ii) Wire-Wound Vessels.

A different method of subjecting a cylinder to initial compressive
stresses is to wind the cylinder with wire or ribbon at high tension.
When an internal pressure is applied to such a cylinder the hoop
stresses developed appose, as before, the compressive stresses due
to winding. The resulting stress distribution, as in the case of
shrinkage, is more uniform throughout the wall than in the equivalent
simple cylinder., Wire-wound vessels, however, differ from’compound
vessels in the respect that wire winding does not add-to -the longi-

tudinal strength of vessels.

iii) Autofrettaged Vessels.

The third method, namely, the autofrettage method aims at
developing initial compressive stresses in the wall of the vessel
without the help of any external agency. Here,the metal 1s over-

strained into the semi-plastic zone by applying a high internal
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pressure. Usually, the overstrain extends only partly through the
wall, the outer layers remaining in the elastic region, Upon release
of the autofrettage pressure, various layers try to contract to
various extents, The ocuter layers in thg elastic zone, for example,
tend to contract back to their original positions, but the inner
layers in the semi-plaiic zone cannot revert, This gives rise to
residual compressive stresses in the inner layers and tensions in
the outer layers, The net effect, therefore, is to even out the
distribution of stresses due to an internal pressure,

From a knowledge of the stress-strain relationship for a given
steel, it is possible to calculate the residual stresses set up by
autofrettageég. Since the effect of overstrain is to reduce the
elastic limit and increase the yield point, autofrettage may be carried
out in several stages with a low temperature (200-400°C) heat treat-
ment between the stages, This stabilizes the residual stresses and
restores the elasticity of the overstrained metal.

The autofrettaged method finds more practical applications thanm
the other two methods described above. This method is taken advantage
of in the construction of gun-barrels. It may be mentioned here that

both pressure-vessels used in the present work were made out of auto-

frettaged gun-barrels.

iv) Laminated-Wall Vessels

In this method, the vessel is constructed by starting with a
relatively thin-walled cylinder and wrapping successive layers of

sheet steel around it. FEach layer is wrapped and tightened and the
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longitudinal seam is welded before the next layer is put on, A
complete pressure vessel is made by welding together as many of these
mialtilayer cylindrical sections as are needed, and then welding heads
on the ends.

The method has several additional advantages over the ones
described above, For example, large vessels can be built up in the
field from the wrapped sections; the site of the final vessel is not
limited by the size of the largest available ingot; if failure does

occur there is less fragmentation.

F, The Safety Factor and the Critecia of Failure

In the case of a thin-walled cylinder (ratio of outside diameter
to inside diameter, K < 1.20) where the tensile hoop stress, S, is
assumed to be uniformly distributed throughout the wall cross-section
and the longtitudinal stress is half the hoop stress, the ratio of
the internal pressure, P, to hoop stress, S, is given by

2(x_ - 1)
KO

(4] lae}

Now, when S equals the elastic limit as determined by the usual tensile
test, elastic failure will begin., At higher pressure the wall will
¥ield and show a permanent set, When S equals the ultimate strength
as determined by the usual tensile test, failure by fracture of the
wall will occur. In determining the necessary wall thickness for a
given vessel and internal pressure, an allowable stress is chosen

for S, This is some fraction of either the elastic limit or the
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ultimate strength and the reciprocal of this fraction is called the
safety factor, Common values for the safety factor are 2 to 2.5 based
on the elastic limit and 4 to 5 based on the ultimate strength. The
latter being in common use, For thick-walled cylinders, the relation,
%; -1

= (5)
X,

t|tg
}

is used to calculate the ratio of the internal pressure to hoop stress.
Therefore,

2 +
K, 1

S = Peo—mr (6)
K,02 -1

If o is the ultimate strength of the wall material, the safety factor,
Fs is given by

2 4+
Vs o Yfe e )

o K2 _
< 1

=
1
]

ol
o)

X arare %

and for a pressure vessel with K= 2,

_ 0,60
Fs - P (8)

It may be noted that (8) does not take into account any deviation
from perfectness of the welded or other joints nor the effect of

factors like corrosion, fatigue etc.
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G. Some Common Sources of Hazards and Corresponding Safety Measures

Recognition of hazards peculiar to work at high pressures is the
pre~-requisite to the adoption of proper safety precautions in the
installation of a high pressure set-up., The sources of hazards and

corresponding precautionary steps are, therefore, mentioned below.

- -~

i) &plitting of Bourdon Tubes

When a compressed inflammable gas rushes into a Bourdon tube con-
taining air, an explosion may take place and the Bourdon tube may
splity the metallic particles from the gauge can cause grave inguries.
To permit the escape of gases, the case of a Bourdon Gauge is provided
with large vent openings covered with paper for dust-protection. The
danger from flying particles can be avoided if it is possible to remove
the gauge glass and leave the face open or if the glass is replaced
with Perspex as was done duriné the present work, Bourdon gauges
should be placed above the eye-level and if possible placed behind
a barrier, In the present experimental set-up, the 1000 atm. Bourdon
gauge was shielded by a thick transparent Perspex wall, Check-valves

are also installed to prevent the pressure from rising or falling too

suddenly.

ii) When the metallie container ruptures, the frictional effect may
cause very high local temperatures and the ignition of inflammable

gases.

iii) In a flow line, various pressure relief devices such as safely

valves or rupture discs are usually installed. The safety walve is
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set to a pre-determined value depending on the operating pressure and
the ultimate strength of the piping in question, The disadvantage
with the rupture disc is that the entire contents of the pressure

system are discharged.

iv) Oxygen cannot be compressed with safety in presence of oil, It
has been found that when oxygen at high pressure is rapidly admitted
into a space containing a bit of oil material, an explosion takes

place, 0il, therefore, must be avoided in a high pressure set-up

using oxygen.

v) It is desirable to have periodic inspections of the high pressure

equipment, to ensure that they are in satisfactory working condition,

2., HIGH-PRESSURE EQUIPMENT USED IN THE PRESENT STUDY

Two high-pressure set-ups were used for the present studyj; one
for the establishment of the pressure-temperature relation for the
silver-oxygen system up to 750 atmosphere and the other for thermo-
gravimetric measurements up to 100 atmosphereg. The set-up for thermo-
gravimetry is described more conveniently in Section 3 . The
pressure circuit (for the set-up used up to 750 atm.) is shown on
page 47. The gas from the cylinder, C, passes through the filter, F,,
and the safety valve, S, to the compressor, P. After compression,

the gas enters the pressurevessel, V, through a second filter, F;.
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Fig. 3. Pressure circuit.
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Pressure gauges, G, and G, , read respectively the gas pressures
before and after compression, I and E represent the inlet and exit
valves respectively,

A photograph of the set-up is shown in the Plate No, 1 and
the sectional view of the apparatus is shown in Fig., 4 .

L)

A, Ancillary Egquipment

i) Gas~Compressor

The supply of oxygen at pressures below 140 atmospheres was
obtained directly from the normal oxygen cylinders., Oxygen at
pressures up to 250 atmospheres was obtained from specially built
cylinders filled at 3600 p.s.i. Higher pressures were achieved by
compression,

The compressor consisted of a single-stage intensifier operated
hydraulically by a Vickers' pumping unit. The hydraulic fluid was a
mixture of water and glycol. A magnetically operated directional valve
regulated the suction and discharge of the fluid in the drive cylinder
of the intensifier.

The intensifier-head (3" I.D.) was constructed of K-monel and
was water-cooled, The piston was of bronze and pressure-sealing was
accomplished by a Teflon-washer fixed to the top of the piston. The
valve chamber above the head was also made of K-monel and incorporated
poppet velves of the 'Duo-Seal™ type; the Teflon "0" rings on the

poppets insured pressure ~tight seals.
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The stroke-length was 21" and the number of strokes per min. was

20. It took about 15 min. to compress the gas from 250 atm. to 750 atm,

ii) Filters

S0lid particles in the gas stream can cause severe abrasive
damage to valve seats, TFilters, therefore,/;gﬁgiporated in the set-up.
The first filter, ¥, , was placed in the low pressure side of the
circuit and prevented dust particles from entering the compressor,
This filter, supplied by I.V. Pressure Controllers Ltd. (M del 433/1)
was made of high tensile brass,and the filter element,of sintered
bronze with a pore-size of 5 microns, The filter element was removable
for cleaning or for replacement, It could operate up to a maximum
pressure of 6000 p.s.i.

The second filter, F,, was incorporated to prevent alumina dust
from the pressure vessel from getting into the pipelines, It was a

Poroloy line filter, supplied by PPI Ltd. (Type, F-112-30), with a

pore~-size of 20 microns,

iii) Safety Valve

Any gas leaking from the high-pressure side of the set-up via
the compressor inlet valve, would flow back into the low-pressure
copper piping and inlet pressure gauge. In view of the comparatively
low volume of the copper piping, the pressure developed by the back-
flow of gas would be great enough to cause severe straining of the
piping and damage the inlet pressure gauge considerably. To eliminate

this hazard, a safety valve was incorporated in the low-pressure pipe-
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line. This valve was a spring-loaded type supplied by Hale Hamilton
Ltd. (Model R,V.3), and was set to relieve the pressure to the

atmosphere at a pressure of 3800 p.s.i.

iv) Connecting Pipes, Control Valves and Pressure Gauges

In both the experimental set-ups, cold-drawn seamless piping was
employed, For pressures up to 250 atm. copper piping with an external
diameter of ¥, in, and a bore of ¥, in. was used. Taking the
ultimate tensile strength of annealed copper as about 15 tons per
Sqe in.,, the bursting pressure for this piping becomes 1200 atm, by

the formula

o - K -1

5 = O ultinate oo £

where, K is the ratio of the outer to inner diameters, This corres-
ponds to a safety factor of 4 at a working pressure of 300 atm,

For higher pressure, i,e., up to 750 atm.,, "Monel" piping of
external diameter ¥ in, and bore ¥y in. was used. Again taking the
ultimate tensile strength of annealed 'Monel" as 30 tons per sq. in.,
the bursting pressure of this piping calculated from the above formula
is found to be 3200 atm, which gives a safety factor of 4 at a
working pressure of 800 atm,

The bursting pressures calculated on the basis of the above
formula are very approximate and can only be taken as a rough guide,
Nevertheless, they give the approximate safety factor of 4 which is

considered adequate for the laboratory pressure set-up.
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The inlet and outlet valves (I and E on page 47) were supplied
by Charles S, Madan and Co, Ltd. and were of high tensile bronze;
they were of the captured needle type., The standard working pressure
for these valves is 25,000 p.s.i., while the test pressure is 40,000
PeSele

Bourdon test gauges with scales 25 cm, in diameter calibrated
within X 0.25% were employed for pressure measurcment, Four gauges,
with ranges up to 4 atmospheres, 50 atmospheres, 300 atmospheres and

1000 atmospheres were employed.

B. Pressure Vessel

As shown in fig, 2, the pressure vessel was mounted horizontally,
The vessel was made of a cylindrical section cut from an autofrettaged
gun-barrel, The section was 1%,3 in, in length and had inner and outer
diameters 1.9 in. and 4.3 in, respectively. Both ends of the section
were threaded outside over a length of 2 in. (8 t.p.i.) to enable two
flanges of 7.5 in. outer diameter to be fitted. Nine %,in. B.S.F.
bolts of the "Unbrako" type having an ultimate tensile strength of
approximately 90 toms per sq. in. were used to bolt each 1lid to the
body of the vessel, The pressure-tight seals were achieved by means
of 'O" rings sealed in the grooves of the lids. A water jacket was
fitted on to the flanges and water-tight seals were also provided by
"O" rings.

Taking the ultimate tensile strength of the autofrettaged steel as

60 tons per sq. in. and applying the maximum principal stress criterion
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Legends of Figure 4

'Unbrako' bolt 3/4 B.S.F. ( 9 per 1id).
Phosphor-bronze assembly for power input (2).
Metal-ceramic seal (Consolidated Electrodynamics type
k1 - 901 - 0006).

Phosphor-bronze assembly for thermocouple wires and
electrical leads.

Brass Block,

Araldite resin.

Alumina sleeve.

Alumina powder ( 100 mesh ).
Asbestos wool.

Alumina thermocouple sheath,
Gold connecting leads.
Alumina boat.

Silver oxide sample.

Nichrome furnace element.
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for the bursting pressure, namely

B K -1
PB B G:J.ltimate ke +1

is found to be approximately 5120 atm. This gives a safety factor

of greater than 5 at a working pressure of 1000 atm,

i)} Introduction of Fuymmace Leads

Methods of introducing insulated leads into high-~pressure vessels
have been described by various workers7o’71’72’73. These devices,
though they differ in detail, have in common a steel or other strong
alloy plug (which is screwed onto the vessel wall) into which an
insulated electrode is inserted, Imsulators of plastic, glass or
ceramic are used,

The design of devices for introducing power leads into a vessel
containing high pressure oxygen demands additional precautions,
particularly since ferrous metals, when overheated, can burn away in
oxygen at high pressures., The first power terminal used here incorpora-
ted a single brass electrode in a steel plugj one end of the furnace
element was earthed on the vessel, However, at a pressure of 600 atm,
an electrical brealtdown occurred between the electrode and the steel
around , the latter burnt away in the escaping gas whilst the stream
of molten metal and oxygen burnt a hole through the ¥, " steel
protective cabinet in about 20 seconds. Part of the burnt steel plug
is shown in Plate No, 2, the brass electrode having disintegrated,

As a consequence of this hazard improved devices were used to

introduce power leads into the pressure vessel. To achieve electrical
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isolation from the vessel, two separate electrode assemblies were
used. (One of these is shown in Fig. 4.) The device consisted of a
phosphorbronze plug into which was inserted a standard high temperature
hermetically sealed "header' (Type No. 41-901-006, supplied by Bell
and Howell Ltd.). Both the body of the '"nheader™ and the electrode pin
are made of Ineonel X, The electrode is insulated from the body with
+a special glass-ceramic material., The device can stand a pressure
greater than 1500 atm, and is recommended for continuous operation

up to a temperature of 300°C. The sealing between the plug and the
header was achieved through an "O" ring. An exfra length of copper
rod, sufficient to protrude outside the plug, was soft-soldered on to

the electrode pin and was insulated with alumina tubing.

ii) Introduction of Thermocouple Leads

When a number of thermocouple wires or other connecting wires
are required for entry into the pressure~vessel through a single
opening, arrangements must be made such that the opening is sealed
pressure-tight and that the wires themselves are kept insulated from
each other, The resin Arzldite has been found to be successful for

such seals up to a pressure of 5000 atmospheres , and is used by

76,77 use another resin, Stycast , in place

many workers, Some workers
of Araldite, Stycast is known to have better properties than
Araldite at elevated temperatures,

In the device shown in fig, 4 the platinum and platinum-

rhodium wires for temperature and electrical measurements were of
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0.3 m.m. diameter and were sealed by Stycast into holes of 0.6 m.m.

diameter bored in the brass block,

ii) "O" Rings and Gaskets

The "O" ring seals used in the pressure vessel were of acrylic
rubber (P 90 type) and the gasket material was Klingerite 661. These

proved themselves quite satisfactory at all pressures.

C, Turnace

Factors that are usually taken into account in constructing an
.ordinary tube furnace are: (1) the maximum temperature to which the
inside of the tubular element is tc be heated, (2) probable thermal
losses at the maximum temperature, (3) the size of the tube, (4) the
length of the hot-zone required, (5) the effect of gases both on the
rate of heat losses and on the winding element, (6) the insulating
refractories and (7) whether the furnace is vertical or horizontal,

High-pressure brings in additional factors, because high-pressure
gases not only increase the rate o% heat loss through convection but

!
also cause displacement of the hot-zone.., In a vertical furnace the

hot~zone shifts upwards78. Besides this, the power required to attain
a given temperature increases with pressure; although no formal
relationship is known, Smyth and Adams78 found that a furnace which
required 10 amps at 22 volts to attain a temperature of 1400°C at 1 atm,
required 30 amps at 75 volts for the same temperature at 1200 atm,

The furnace tube used in the present pressure vessel (Fig.4 )

was of recrystallized alumina. The tube was 29 cm. in length with
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an inner and outer diameter of 1,2 and 1.6 cm respectively. The
furnace was wound linearly on a lathe at 8 turns of wire per inch,
The winding length was 25 cm, The windings were held in position
with alumina cement.

For temperature below 900° C, Nicralloy wire (80/20 Ni~Cr) of
20 S.W.6 was used; for higher temperatures, 10% Rh-Pt alloy of the
same gauge was used, The resistances of the Nicralloy and platinum
alloy windings were 8 ohms and 2 ohms respectively at room temperature,
The constant-temperature zone of both furnaces was about 2 ecm. Since
the vessel was mounted horizontally, the constant-temperature zone
would not be affected significantly by pressure.

The free space between the furnace tube and the wall of the

pressure vessel was filled with dry alumina powder (100 mesh).

D, Temperatures Measurement and Control Gear

The electrical circuit for controlling the temperature of the
furnace is shown in Fig., 5. Manual control of the furnace temperature
is carried out with the Variac E,, the voltage being fed into the
isolation transformer, P, , which has a step-down ratio of 2:1, The
temperature controller, C, and the ballast resistance, B.R., were
meant for automatic control of temperaturej this, however, was
hardly ever employed.

The second Variac, E,, and the isolation transformer, P, , were
used for controlling the temperature of the additional (booster)

winding in the furnace of the thermogravimetric apparatus.
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Temperature was measured by means of a platinum-platinum + 13¥%
rhodium thermocouple, the e.m.f. of which was fed into a two channel
Honeywell recorder, The range of the recorder was O-1 m,v. so that
a biasing unit was necessary with the instrument., The recorder in
conjunction with the biasing unit, could also be employed to measure
differential e,m.f.'s when gold-point calibrations were necessary.

Temperature calibration of the recorder scale was made by means
of a thermocouple potentiometer (Croydon Precision Instrument Co.).

The maximum accuracy of temperature measurement was 0.5°C,
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CHAPTER III

Experimental Section 2

MEASUREMENTS AND PROCEDURE
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1, DETERMINATION OF THE PRESSURE-TEMPERATURE RELATION

FOR THE SILVER-OXYGEN SYSTEM.

A. Materials

Thin silver foils of thickness 0,052 mm and of purity 99.99
and "Specpure" silver oxide were used in the determination of the
fusion points., These materials were supplied by Johnson and Matthey.
The gold wires of 0.5 mm diameter, used for the conduction electrodes,
and the gold foil of thickness 0,076 mm used for checking the thermo-
couples were also "Specpure'; the metallic impurities like iron, silver,

copper, palladium, etc, did not exceed 3 p.p.n.

B. TFusion Temperature of Silver as a Function of Oxygen Pressure

The method employed for the determination of the fusion points
of silver was that used by Baker and Johnstone, in which fusion of a
small strip of silver was detected electrically. 62

Fig., (6 ) shows the assembly employed. The silver strip which
was 6 to 7 mm long, about 1 mm wide and 0.051 (or 0,075) mm thick
was roughened with emery paper prior to the run and was welded to two
gold wires to complete the electrical circuit « After introducing
the assembly into the pressure vessel, the vessel was flushed with
oxygen, pressurized to the desired value and heated at a rate of
15-20° per minute; when the temperature reached 15-20° below the

expected fusion point, the heating rate was adjusted to about 2

per minute. Melting of the strip was shown by the meter (A) giving
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a zero reading. The current passing through the strip was about
5 milli amps.

The thermocouple, placed zlongside the strip to measure the
temperature, was oxidized at high oxygen pressures; the extent of
oxidation being shown by the degree of blackening of the bead, which
became significant at pres ures above 60 atm, For this reason, the
thermocouples were properly checked at the gold point, The gold
point method used was that in which a strip of "specpure" gold was
incorporated in a differential thermocouple arrangement, When
checked, the blackened thermocouples were found to yield temperatures
2-2" lower than the exact melting point of gold . Throughout all
the experiments at high pressures, therefore, new thermocouples were
used after every two runs,

Fusion temperatures at oxygen pressures up to 500 atm., are given
in Table 5 and are plotted in Fig. 7. The lowest value of pressure,
namely, 0.2 atm, at which the melting point was determined, was
obtained in the air,

At pressure up to about 250 atm,, fusion temperatures are
considered to be accurate within X 1°; at higher pressures, the

accuracy is probably within * 3°,

C., TFusion Temperatures of Silver-Oxide as a Function of Oxygen Pressure

Fusion temperatures of silver oxide as a function of oxygen
pressure were determined by heating the oxide under a constant

pressure of oxygen and measuring the change in electrical resistance



66

Table 5

Fusion Temperatures of Silver under Oxygen Pressures

Oxygen Press, Fusion Temp. log p 1000
platm.) t% T°K

0.21 950.0 1.3222 0.8177
“1.00 938.0 0, 0000 0.8257
1.59 930.0 0.2014 0.8312
2,32 925.0 0.3655 0.8347
3.61 917.0 0.5575 0.8403
4,50 913.5 0.6532 0.8428
5.46 906.5 0.7372 0.8478
6.70 902.5 0,826 0.8507
8.53 896.,0 0.9309 0.8552
11.50 887.0 1.0607 0.8621
13.35 881.5 1.1258 0.8661
13.99 879.0 1.1459 0.8681
16.28 876.0 1.2116 0.8703
18.28 868.5 1.2620 0.8760
20,30 863.0 1.3075 0.880k
2k .18 857.0 1.3834 0.8850
24,38 855.0 1.3870 0.8868
27.90 850.0 1. 4456 0. 8906
30,82 846.0 1.4889 0.8940
35.20 835.5 1.5465 0.9021
37.50 833.0 1.5740 0.9045
45,00 823.0 1.6532 0.9119
59.50 801.5 1.7745 0.9305
70.00 796.5 1.8451 0.9350
76 .00 790.0 1.8808 0. 9406
80.00 781.0 1.9031 0.9487
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Table 5 contd.

Oxygen Press. Fusion Temp. log p 1000
p(atm.) +° TOK
85,00 7770 1.929% 0.9524
88.20 773.0 1.9455 0.9560
104.30 762.0 2.0182 0.9663
105.50 753.0 2.0233 0.9749
116 .50 75100 2.0664 0.9767
123.50 741.,0 2.0916 0.9864
142.5 732.5 2.1538 0.9945
143.0 733.5 2.1553 0.9940
148.0 728,0 2.1703 1. 0000
154.5 722.0 2.1889 1.005
157.3 720.0 2.1967 1,007
166.8 717.0 2.2222 1.010
172,.0 714.0 2.2355 1.013
180.0 710.0 2.2553 1.017
181.8 705.0 2.2596 1.022
189.0 702,0 2.2765 1.026
194.5 702.5 2.2889 1.025
200.0 701.0 2.3010 1.027
210.5 697.0 2.3232 1.031
214.0 691.0 2.3304 1.037
222,8 690.0 2.3479 1.038
232.0 686.0 2.3655 1.042
278.0 661,0 2. 4440 1.071
298.0 639.5 2. 4742 1.095
341.0 605.5 2.5328 1138
346.0 628.0 2.5391 1.110
k15.0 593,0 2.6180 1.155
500,0 568.0 2.6990 1.189
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on melting., The assembly used is showm in Fig.8 . The resistance
was measured between two parallel gold wires 2 mm apart, which were
buried in the oxide to a depth of about 5 mmj the oxide was contained
in an alumina boat of length 2 cmj the sample weighed about 1 g.

The heating rate in the expected region of fusion was maintained
at 2 per minute and the resistance of the sample was measured by
means of a bridge (Norma type 185 RW1). To avoid electrolysis of the
sample the bridge was connected only at the instant of each measurement,

The resistance values as a function of temperature are
plotted in Fig,9 for pressures up to 750 atm,

Owing to the non-uniform packing and the variation in geometry on
melting, the curves differ markedly. Since the melting was not sharp,
the melting point was taken just at the point where the resistance
started dropping sharply.

Justification for this conclusion was obtained by examination of
samples which were heated to temperatures just prior to this point
and also just after,

The results are not of high accuracy; fusion temperatures are
accurate within ¥ 8, Fusion temperatures of the oxide up to a

maximum pressure of 750 atm, are given in Table 6 ,
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Table 6

Fusion temperatures of silver oxide

upto 750 atmosphere

Oxygen pressure Fusion Temp. log p 1000
p (atm.) T %k T
550 802 2. 7404 1.247
650 823 2.8129 1.215
700 816 2. 8451 1.225

750 833 2.8751 1,200
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2, MEASUREMENTS OF THE CONDUCTIVITY OF SOLID SILVER OXIDE

During the determination of the fusion point of silver oxide by
measuring the changes in electrical conductivity on melting, it was
observed that the conductivity of the solid oxide increased greatly
with temperature, Although silver oxide is classified as a p-type
semi-conductor along with cuprous oxide, no conductivity measurements
on the solid oxide have been reported, It was, therefore, decided
to make a few measurements on the change in conductivity of the oxide
as a function of pressure at a constant temperature and as a function
of temperature at constant pressure.

The experimental technique was a modified version of that used
in the oxide fusion experiments.,

A pellet of silver oxide of 6 mm diemeter and 5 mm thickness was
prepared from "specpure" silver oxide by compr;ssing at a pressure of
2000 p.S.i. in a hydraulic press. The packing density of the pellet
was about 6.3 g/cc, The pellet was then placed between two thin,
circular gold foils onto which wers welded two gold wires to act as
electrode-leads, To ensure good contact between the gold-foils and
the surface of the pellet, a compressive spring was used to keep the
pellet pressed against a flat alumina base, The thermocouple was
placed in contact with one of the gold foils.

The arrangement is shown in Fig,10.
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A, Conductivity of Solid Silver Oxide at 200 and 450 atm, as a

Function of Temperature.

Conductivity measurements were made by means of a Wayne Kerr
Universal Bridge (B221) operating at 1592 cycles/sec., At thelow
resistance range the adapter of type @ 221 was used in conjunetion
with the bridge which was set at range 3 so that the bridge read
resistance directly.

At each temperature, conductivities were measured over a period
of 60 to 90 min, at different intervals of time, While the temperature
was being raised, the conductivity gradually increased; when the
required temperature was reached, it still continued increasing slowly
for another 30 min, or so until a constant value was reached. A
further 20 to 60 min. were, therefore, allowed to ensure the attainment
of complete equilibrium.

During this extended time period the temperature was controlled
within ¥ 1°, Since the conductivity was sensitive to this small
variation of temperature, readings were taken when the exact required
temperature was attained during each cycle. The two readings obtained
on heating and cooling differed slightly. A number of such pairs of
values were therefore obtained at each temperature, The average of
the readings obtained by reaching the temperature from below and of
those obtained by reaching the temperature from above, was separately
calculated, The mean of these two averages was then taken to be the
best conductivity value at the given temperature.

The results are given in Table 7 .
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Table 7(a)

Date on the electrical resistance of the silver oxide pellet at

a constant pressure and different temperatures

A. At 300 atm. oXygen pressure

Temperature Time Resistance Remarks
o¢ (min.) (Ohms)
* * %
Loo 00 5.93 + Pellet dimension:
05 2491 # 0.6 cm. dia.
09 6.03 - 0.5 cm, thickness
10 5.96 +
11 5.93% +
12 6.05 - The Wayne Kerr
15 5.95 + Bridge in conjunc-
50 6.05 - tion with the
% adapter was usged.
300 00 Lo.7 +
02 h1,9 -
05 41,3 +
10 1,3 -
11 La,4 -
12 Lo.,9 +
15 b,9 -
17 Lo,8 +
19 41,8 -
21 Lo,5 +
2L L1,7 -

contd.

* Time of starting measurements.

** 4's and -'s indicate the readings taken at exact temperatures

reached from below and above respectively.
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Table 7(a) contd.

A, At 300 atm., oxygen pressures

Temp. °C Time,min. Conductance Remarks
(m Mho)
250 00 8.26 + The Wayne Kerr
05 8.16 - Bridge alone
08 8.29 + was used.
11 8.26 -
13 8.3 +
16 8.30 -
21 8.28 -
28 8.50 +
32 8.40 -
Lo, 8.46 +
Table 7(b)

Conductivities at 300 atm. calculated from the above data :

Temp. Mean conductance Conductivity log 5~ 1000

°x ( m Mho) (Ohm-cm. )" | m°K
673 166,94 0.2950 1.4698 1,186
573 2k, 25 0.0429 2.6325 1.745

523 8.30 0.0147 2.1673 1.912
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Table 7(c)

B. At 450 atm. oxygen pressure

Temp.,OC. Time,min., Conductance Remarks
(m Mho)
212 00 2.54 - The Wayne
30 2.54 - Kerr Bridge
Lo 2.56 + alone was
%) 2.54 - used.,
45 2.56 +
50 2.54 -
275 00 14,62 -
48 14.82 +
53 14,72 -
58 14.80 +
63 14.64 -
66 14,86 +
68 .71 -
75 14,76 +
80 14.90 +
83 14,58 -
86 14,72 -
88 14,62 -
92 14,94 +
o4 14.63 -
96 14,86 +
98 14.61 -
103 14,96 +
107 14,83 +
112 14,72 -
118 14,94 +

contd,
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Table 7(¢c) contd.

Temp.,OC Time, min, Resistance,Ohms Remarks

365 00" 8.532 The Wayne
05 8.572 Kerr Bridge
o7 8.592 in conjunc-
08 8.484L tion with
10 8.538 the adapter
15 8.460 was used.
20 3.578
25 8.424
30 8.550
35 8.538
L1 8.460
45 8.460 +
50 8.500

405 00 4,925
05 4,882
10 4.930
15 4.880
20 4,912
35 4,904

Table 7(d)

Conductivities at 450 atm.calculated from the above.data -

Temp.,oK Mean conductance Conductivity o™ log o 1000
( mMho) (Ohm~cri.) =1 TOoK

485 2.55 0.0045 3,6532 2.062

548 14,77 0.0261 2.4166 1.825

638 117.51 0.2077 1.3175 1.567

678 203.87 0.3603 1.5567 1.475
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B. Conductivity of Solid Silver Oxide at 400°C as a Function of

Oxygen Pressure,

The temperature 400°C was chosen so that ithe equilibrium would be
obtained in a reasonable length of time.

To measure the conductivity at 400°C, the sample was initially
subjected to an oxygen pressure of 300 atm, at room temperature.
The temperature of the sample was then carefully raised to Loo' c.
Some of the oxygen was then let out to adjust the pressure to 300 atm,
A number of readings was taken at different intervals of time until
a constant value was obtained, This required a period of 60 to 120 min.
As before, the temperature was controlled within £ 1° and the bridge
readings were taken when the exact temperature was reached.

While taking the pressure up, measurements were also made at
500 and 700 atm, The pressure was then lowered and the measurements
were repeated at 500, 400, 300 and 200 atm, The results are given

in Table 8 .
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Table 8(a)

Data on the electrical resistance of the silver oxide pellet at

a constant temperature and different pressures

At 400 °¢
Pressure,p (atm.) Time, min., Resistance,Ohm Remarks

300 00 7.00 Increasing

L5 6.60
pressure

100 6.60

500 - 00 5.10
15 4,90
35 5.00
4s 4,90
60 5.00

700 00 4,00
35 4,20
50 4,30
68 4,25
88 4,30
120 4,25

500 00 \ 4,90 Decreasing
15 4.80 - pressure
17 L.85 +
25 5.00 +
30 4.95 -
45 5.00

contd,.
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Table 8(a) contd.

Pressure,p (atm.) Time,min., Resistance,Ohn Remarks
Loo 00 540 Decreasing
15 545 pressure
35 5.45
300 00 5.90
03 6.00
18 6.00
45 6.00
200 00 6.60
10 6.66
4o 6.66
Table 8(b)

Conductivities at 400 oC calculated from the above data :

Pressure Mean conductance Conductivity 6~ log ov log p
(p atm.) ( m Mho ) (Ohm-cm, )] ’
300 0.1515 0.2678 1.4278 2.4771
500 0.2000 0.3535 1.548%4 2.6990
200 0.2353 0.4159 1.6189 2.8451
500 0.2000 0.3535 1.5484 2.6990
400 0.1835 0.3243 1.5109 2.6021
300 0.1667 0.2946 1.4692  2.4971
200 0.1502 0.2655 1.4240 2.3010
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CHAPTER IV

Experimental Section 3

HIGH PRESSURE THERMOGRAVIMETRY
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1. GENERAL INTRODUCTION

Thermogravimetry may be defined as an experimental technique to
measure the weight changes in a sample as it is exposed to heat. The
change in weight of the sample may be recorded as a function of time
at constant temperature or as a function of both temperature and
timej the correspondin g methods are known as isothermal and dynamic
thermogravimetry., After Honda?9 built his thermobalance in 1915,
thermogravimetry has undergone immense development in its technique
and applications. This has been illustrated by an extensive review,
with 332 references, on thermogravimetric analysis by Coats and
RedfernSO. But although this technique has been developed to a high
degree of sophistication for studying systems under atmospheric and

81,82,83

vacuum conditions , thermogravimetric studies under high pressure
have been rather scarce. The three main publications on high-pressure
thermogravimetry are due to Rabatin and CardSh, Biermann and
Heinrich?5 and Baker86.

Rabatin and Card employed a modified torsion balance as the
mass sensitive element and an optical lever photoelectric cell trans~
ducer system to develop voltage proportional to mass for automatic
recording,

In Biermann and Heinrichs' design, which was used with a pressure
range from O to 60 atm., the mass sensitive element was a toolksteel

cantilever rod rigidly fixed on one end, which undergoes varying

displacement on the free end as the sample, supported on the free end,
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changes mass, The amount of displacement was determined by a linear
variable differential transformer (LVDT) whose output was demodulated
and fed to a recording potentiometer,

Baker's mass sensitive element was a Pyrex glass spring whose
extension was proportional to the total loadj; extension of the spring
was read optically with a cathetometer,

Of these, the first two methods are quite involved so far as
their design and construction are concerned; the spring balance, on
the other hand, is simple and convenient,

The use of spring balances in high pressure thermogravimetry,
€.8., in the study of high pressure oxidation of metals by McKewan and

87 and in the study of carbonate systems by Baker is

88

relatively new., It's use otherwise, however, dates back to 1915,

89,90

Martin Fassell
McBain used spring balances for a variety of studies under
vacuum. Glass and silica (quartz) springs have been in extensive

91

use; but because of their fragility, springs of tungsten” or copper-

92 alloy have been developed,

berytlium
The sensitivity of a spring balance is dependent on the diameter

of the fibre and the coil, the number of coils per unit length of

the spring and the temperature of the spring., The range, which is the

maximum variation in mass that the balance can take for a given load and

the capacity which is simply the maximum permissible load, dictate

the sensitivity to be selected.

In order to obtain reliable results from a thermobalance, it

should possess the features suggested below,
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The balance should be capable of recording weight changes with
adequate capacity and sensitivity. It may, however, be pointed out
that the sensitivity of a balance usually decreases with increasing
capacity and that spring balances are affected more than the beam
balances in this respect.

Since a thermobalance is to be used at various temperatures, it
should be designed so that the accuracy will not be affected by
variations in ambient temperatures. Otherwise corrections must be
applied for such effects,

To obtain reproducible thermogravimetric results, it is important
that the sample~holding crucible should always be located in the same
lateral and vertical position, preferably the centre of the furnace
tube for each experiment. Likewise, the thermocouple or other
temperature sensing device should be placed in the same position for
all the experiments and should be positioned as close as possible to

the sample,
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2. THE THERMOGRAVIMETRIC SET-UP

The thermogravimetric apparatus used for measuring the solubility
of oxygen in liquid silver was an improved version of that used by

93

Baker”~ in his study of carbonate systems, The main improvements
were: jacketing of the wide length of the housing.containing the
quartz spring; the use of a larger pressure vessel incorporating a
longer furnace winding; incorporation of power terminals isolated
electrically from the vessel., The essential unit of the apparatus
was a resistance furnace enclosed in a pressure vessel fitted with a
spring-housing for the spring. The rest of the equipment was used
for measuring and controlling temperature and gas pressure and was
the same as that described earlier. A photograph of the thermogravi-

metriec set-up is shown in Plate 3 and a sectional view of the

apparatus is shown in Fig. 11.

A, Furnace

Two furnaces- were used; one for temperatures up to 950°C and the
other for the higher temperature range, Both furnaces had booster
windings to compensate for thermal losses at the top of the furnace.

The lower-temperature furnace tube was of mullite, and was 55 cm
in length with a bore diameter of 2,5 cm, The heating element was
oxidized Nichrome wire of 16 S.W.G. The furnace was wound linearly
on a lathe at 6 turns of wire per inch. The length of the main

winding was 40 cm,



L

The element of the booster winding was also Nichrome, but of
22 SW.G. The length of the booster winding was 12 cm and it was
wound over the top third of the main furnace element., Six Mullite-
strips acted as an insulator between the two elements. The winding
density of the booster was 10 turns per inch,

The resistance of the main and booster windings were respectively
5 and 18 ohms at room temperature.

The higher-temperature furnace tube was of alumina, and was 52,5 cm
in length with a bore diameter of 2,6 cm., But to minimize gas turbu-
lance, the bore diameter was reduced to 1.8 cm by sliding another
alumina tube inside it. The heating element was 10% Rhodium-Platinum
wire of 20 S, B.G. The same wire was used also for the booster winding.
The winding densities for the main and booster windings were respectively
8 and 10 turns per inch and the resistances were respectively 3.5 and
0.5 ohms at room temperature,

For both furnaces, pure alumina cement was used to keep the
furnace windings in position,

For the lower-temperature furnace, the refractory between the
furnace and walls of the vessel was Fiberfrax, This was an alumina-
silica fibre supplied by the Carborundum Co, Long staple medium
fibre was used at a recommended packing density of about 6 lbs per
cubic feet,

Owing to the fact that Fiberfrax is unsatisfactory for temperatures
above 1150° C, the central part of the higher-temperature furnace was

insulated with alumina powderj only the top and bottom portions were



95

insulated with Fiberfrox, The fiberfrax at the top part of the
furnace served to prevent transfer of alumina powder into the
furnace tube when flushing with oxygen.

The temperature distribution for the Nichrome-wound furnace at a
pressure of 30 atm, of oxygen is shown in Fig, 12. The temperature
distribution for the platinum furnace was alsec checked and found to

be similar,

B. Springs

Fused quartz springs were used to measure the weight changes., The
springs used in the present work were of type T/A9S/72 No.kO for use
with a maximum load of 10 g, and were supplied by Thermal Syndicate
Ltd, The sensitivity (about 2 cm/g) for each spring was determined
accurately by Thermal Syndicate Ltd.; careful checks, however, were
made in the laboratory and sensitivities were always found to agree
with those determined by the supplier.

The spring was maintained at a constant temperature of 18 £ 1°
by continuous water circulation around the spring-housing. Baffles
were fitted below the spring to protect it, as far as possible, from
convection currents from the furnace.

To facilitate setting-up, the spring assembly and the baffles

were fixed in a thin-walled tube which slid into the main housing,
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C. Windows

The spring housing was provided with two Perspex windows of 1 cm
thickness for observing the spring. Both windows were 1 cm wide and
were clamped against gaskets fitted to slots, 5 mm wide, in the

spring-housing,

D, Sample-Holding Crucibles

Recrystallized alumina crucibles of 1 ¢m bore and 2.5 cm length
were used to contain samples, The crucibles, each with the platinum-
suspension hook weighed usually between 3 to 3.5 g. and were hung from
the spring by means of a platinum wire of 0,3 mm diameter, The length
of the platinum wire was so adjusted as to place the crucible in the
constant temperature zone of the furnace., Together with 5 g, of

sample, the total weight did not exceed 9 g.
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CHAPTER V

Experimental Section 4

MEASUREMENTS AND PROCEDURE
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1. DETERMINATICN OF THE MELT COMPOSITION ALONG THE SILVER LIQUIDUS*

By careful adjustment of the suspension wire, the crucible con-
taining the sample was placed between the two thermocouples spaced
2.5 ¢m apart in thelot-zone of the furmace., The vessel was flushed
with oxygen several times, it was then pressurized and the furnace
temperature raised. During heating, the pressure of the gas increased
and it was necessary to let out some of the gas from time to time to
keep the pressure constant. The sample was heated to about 10-15°
below the expected melting point and then the temperature was kept
constant for about half an hour. This helped stabilize the gaseous
environment and the temperature distribution of the furnace. After
this, the initial reading of the spring was recorded, The temperature
was then raised to about 15°C above the fusion point, kept there for
about 30 minutes, then carefully lowered to the fusion point., This
ensured that the fusion temperature was as accurately obtained as was
possible, By means of the two thermocouples, near the bottom and
top of the crucible, accurate control of the sample-temperature was
maintained, The sample was kept at the fusion peint until a constant
weight was obtained; this required 3-4 hours.

It may be noted that more than 70 per cent of the oxygen dissolved
in the silver in the first 15-20 min, However, this rather protracted
length of time required to attain saturation was attributed to the
slow dissolution of the last traces of solid. Typical solubility vs.
time plots are shown in Fig.13. Compositions of the melt along the

liquidus are given in Table 9,
* page 68
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Table 9

Results of thermogravimetric measurements

along the silver liquidus

p (atm.) 7 %k N,. 10° pg,0010
2.5 1196 3.145 3.356
k.o 1188 4,027 4,380
9.0 1168 5.295 5.921

16.0 1148 6.857 7.949
20.0 1139 7.138 8.325
25,0 1128 7.961 9.470
30.0 1119 8.161 9.803
36.0 1109 8.947 10.900
45.0 1095 9.720 12.067
60.0 1075 10.727 13,650
80.0 1054 11.904 15.620

100.0 1035 12.900 17.380
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2. DETERMINATION OF ISOTHERMAIL COMPOSITIQNS

The isothermal compositions of the melt in the liquid region at
950° C and 1050° C were determined, The procedure was similar to that
above except that after recording the initial setting of the spring
at 10-15° below the fusion point, the sample was taken directly to the
required temperature., Since diffusion of oxygen into the liquid was
the rate determining factor, at these higher temperatures, constant
weight was readily obtained within the two hours. But because the
initial reading of the spring was taken at a lower temperature and the
final reading was taken at a comnsiderably higher temperature, the
change in buoyancy due to the variation in gas density had to be taken
into account., At 60 atm., for example, the initial setting of the
spring was made at about 780°C where the gas density was higher than
that at the temperature of the solubility measurement. Buoyancy
corrections have consequently been applied to the results at the highest
pressures, Changes of buoyancy resulting from the change in volume of
the silver on fusion was insignificant, whilst 'the spring itself was
protected from any buoyancy variation owing to iis housing being
maintained at constant temperature and pressure.

Compositions determined thermogravimetrically are considered to
be accurate, on an average, with X 2%,

Because of the limitation of the sensitivity of the spring
(2 em/g), accuracy of the measurements involving low weight changes

were also limited. Consequently, a Stanton Automatic balance
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(type MF-HS5) was used for measuring solubility ét 1 atm, pressure
of oxygen.

Both uncorrected and corrected compositions of the melt at 950°
and 1050° C are given in Table 10, Details of buoyancy correction are
given in Appendix 3.

Another factor which could become significant at these elevated
temperatures and therefore affect the solubility measurements
adversely, is the volati’ 1lity of silver., It is known that the vapour
pressure of a substance is dependent on an applied inert-gas pressure,

the dependence being expressed by the relation

d Vcond.
ap v
gas

where P is the pressure of the inert gasj but in view of the small

Vcond,
vapour pressure at low applied pressure is negligible. However, very

value of (of the order of 10~*) the pressure effect on the
large external pressures could, of course, result in noticable changes
in the vapour pressure. Formation of volatile oxides is more likely
to increase the loss of silver in an oxygen atmosphere; Alcock's94
study of the volatility of platinum metals in oxygen atmospheres
typically illustrate this point.

That the vapour pressure of silver increases with oxygen pressure
has been reported95’96. As a result, experiments were carried out to

see 1f the volatility could cause detectable errors in the solubility

measurements, The experiments were as follows:
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Table 10 a

Results of thermogravimetric measurements om
silver-oxygen system at 950°¢ (1223°K)

p (atm.) Nof102 No.10° NAg20.1O

1 1.870 1.870 1,943

2 2.789 2.789 2.954

b 3.549 3.549 3.820

9 5.092 5.092 5.669

16 6.453 6.376 7.308

25 7.480 7.364 8.636

4o 9.175 8.929 10. 870

60 10.186 9.716 12,059
100 11.815 10. 844 13.848

No = uncorrected atom fraction of oxygen.
No = atom fraction of oxygen corrected
for buoyancy.
NAg o= Mole fraction of silver oxide.
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Table 10Db

Results of thermogravimetric measurements on

silver-oxygen system at 1050°C(1323°K)

p (atm.) No.,10° No.10° NAgao.'lO
1 1.790 1.790 1.856
2 2.249 2.249 2,355
4 3.156 3.156 3.369
9 L4, 496 4,496 4,940

16 5868 5.727 6.468
25 6,706 6. 49k 7464
40 8.224 7.796 9.237
60 9.456 8.822 10.712
No*= uncorrected atom fraction of oxygen.
No = atom fraction of oxygen corrected

for buoyancy.

NAg = Mole fraction of silver oxide.
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In some of the high pressure measurements, the sample was heated
for a further two hours after it had attained a constant weight to see
if the weight ultimately decreased. Since no apparent diminution in
welght was observed, the volatilization of silver was considered to
be insignificant. Confirmation of this was also obtained by heating
a weighed sample of silver at 950°C and 14.5 atm. of oxygen pressure
for 5 hours in a crucible sufficiently long to eliminate loss by
spitting and weighing after cooling; less than 0.003% of the silver
was lost by volatilization., On the other hand, in measurements with
the Stanton Automatic balance where a flow of oxygen was maintained,
significant volatilization was observed., For example, when a sample
at 1050° C and under atmospheric pressure of oxygen, was kept at this
temperature for a further period of 4 hours after the attainment of
the constant weight, it lost 0.1% by evaporation. The diminution in
the\volatility under a static oxygen pressure is probably due to a
blanketing effect which inhibits diffusion of silver (or a volatile

oxide) away from the sample,
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CHAPTER VI

Experimental Section 5

GOLD-SILVER ALLOYS
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1, MEASUREMENTS ON THE GOLD-SILVER-OXYGEN SYSTEM

A, Effect of Oxygen Pressure on the Melting Point of Gold-Silver Alloys

In order to study the effect of alloyed gold on the solubility
of oxygen in liquid silver, alloys of three different compositions,
namely, 10%, 20% and 40% gold were selected.

To determine the fusion points of the alloys, the procedure
followed was the same as that for the determination of the pressure-
temperature relation for silver, except that the alloy in wire-form
was welded to the ends of two platinum wires instead of gold wires,
The alloy wires, 0.5 mm in diameter, were supplied by Johnson and
Matthey and were of purity better than 99.99%. The results are given
in Table 11. The melting points of these alloys determined under an

argon pressure of 1 atmosphere are given at the endof the Tablel1.

B. Measurements of the Oxygen Solubility in Alloys

From the smaller depressions of the melting points of the alloys
compared to those of silver it follows that the solubility of oxygen
in the @lloys must be lower than that in silver.

Isothermal solubility measurements at 1050°C were made thermo-
gravimetrically, The alloys, however, were prepared "“in situ" from
weighed amount of pure gold and silver, .0Operational procedure was
as followss

The vessel was first flushed with nitrogen several times to ensure

removal of the last traces of air, It was then pressurized with
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*
Fusion Temperatures of 10% Au-Ag alloy under Oxygen pressures

Oxygen Press. Fusion Temp. log p 1000
platm.) T °K T °K
0.21 1239.5 1.3222 0.8068
1.00 1233.5 0.0002 0.8107
2.24 1225.0 0.3502 0.8163
3.57 1223.0 0.5527 0.8177
3.62 1222.0 0.5587 0.8183
5.30 1213.0 0.72L2 0.8244
11.0 1204,0 1,044 0.8306
13.5 1201.0 1.1303 0.8326
22.5 1185.0 1.3622 0.8439
62.0 1159.0 1.7924 0.8628
80.0 1155.0 1.9031 0.8658
82.8 1154.5 1.9180 0.8662
101.8 1141,5 2.0076 0.8760
111.0 1138.0 2.0453 0.8787
121.5 1136.5 2.0845 0.8799
128.5 1129.0 2.1089 0.8857
170.0 1119.0 2.2304 0.8937
200.0 1112.5 2.3010 0.8989
220.5 1111.0 2.3433 0,9001

\ o
* Melting Temperature under 1 atm. of Argon 1is 1247 “K.
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Table 11(b)

*
Fusion Temperatures of 20% Au-Ag alloy under Oxygen pressures

Oxygen Press. Fusion Temp. log p 1000
platm.) T °k T OK
0421 1254 1,3222 0.7974
1.00 1249 0,0000 0.8006
2.58 1248 0.4116 0.8013
5430 1238 0.7243 0.8078
8.70 1236 0.9395 0.8090
23.5 1228 1.3711 0.8143
50,0 1219 1.6990 0.8203
67.0 1209 1.8261 0.8270
76.0 1209 1.8808 0.8271
98.5 1189 1.9934 0,.8410
101.0 1190 2.0043 0.8400
131.0 1199 2.1173 0.8340
150.0 1190 2.1761 0.8403
170.0 1187 2.2304 0.8425
191.0 1178 2.2810 0.8489

* Melting Temperature under 1 atm, of Argon ig 1259 °k.
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Table 11(c)

*
Fusion Temperature of 40% Au-Ag alloy under Oxygen pressureg

Oxygen Press. Fusion Temp. log p 1000
platm.) T °x T %k
0.21 1278 T1.3222 Q.7825
1.00 1277 0.0000 0.7830
3456 1277 0.5514 0.7834
9.50 1272 0.9777 0.7862
21.3 1269 1.3284 0.7880
Lbo.5 1266 1.6075 0.7899
61.0 1264 1.7853 0.7911
101.0 1258 2,0043 0.7949
139.0 1251 2.1430 0.7994
188.5 1253 2.2754 0.7981
207.0 1251 2.3160 0.7994
212.0 1250 2.3263 0. 8000

. )
* Melting Temperature under 1 atm., of Argon is 1280 K.
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nitrogen to a pressure 1 atm. higher than the oxygen pressure intended
to be used, The sample was then heated to 1050°C. During heating,
some of the nitrogen had to be let out to keep the pressure constant,
After allowing for the stabilizing period, the initial reading of the
spring was taken, Nitrogen was then let out slowly until the pressure
fell to 1 atm, Oxygen was then introduced to the desired pressure.
Vhen, for example, the desired pressure of oxygen was 25 atm,, the
oxygen was run in until the pressure gauge read 26 atm, Since the
initial reading of the spring was taken at a nitrogen pressure 1 atm,
above the required pressure (in this case at 26 atm,), no buoyancy
correction was necessa®y. The success of this method depended on the
fact that the densities of oxygen and nitrogen were nearly the same.
That the replacement of nitrogen by oxygen did not have any detectable
buoyancy effect on the spring reading was confirmed by carrying out a
blank experiment in which the slumina crucible alone was suspended,
and the nitrogen was replaced by oxygen at the same pressure. No
variation in spring reading was observed. This tedious pressurizing
procedure was necessary because normal flushing would have caused
dissolution and explosive evolution of oxygen.

The result of solubility measurements are given in Table 12,
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Table 12

Results of thermogravimetric neasurenents on
Au - Ag -0 alloys at 1050°C(1323°K)

2 2
Mloys (iiﬁiﬁ3 10°, o/n, 10% 1, 107N 0
10% Au-Ag, 1 13.86 1.290 1.324
g/ Bag = 2 15.77 1.465 1.509
A 23.66 2.182 2.282
0.06084, 9 33,80 3,088 32.291
16 45,33 k,098 L 463
Npu™ 25 51.12 4,598 5,06k
0.0574 Lo 68.16 6.037 6.866
60 73.61 6.520 7.498
20% Au~Ag, 1 8.91 0.776 0.788
0 /0, = 2 13.92 1.209 1.239
u’ Ag " 20. 11 1.73h 1.796
0.1369 9 28.39 2.436 2.561
N = 16 38.15 3.247 3.472
Au 25 b .35 3.755 4. 060
0.1205 40 53.35 . 482 4,923
60 65.73 5.100 5.679
40 % Au-Ag, 1 3,09 0.226 0.227
0 /o = 9 13.16 0.955 0.973
Au’ A 16 17.54 1.267 1.300
0.3651 25 22.37 1.612 1.666
Nyw = 40 28.76 2.063 2.152
0.267k4 60. 35.15 2.510 2.643%

N, = Atom fraction 1, n, = number of moles 1i.
1
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CHAPTER VII

Results and Discussion
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1. THE EUTECTIC POINT

The melting temperatures of silver and silver oxide as functions
of oxXygen pressure have been combined with the pressure-temperature
relation of Keyes and Hara for the dissociation of solid silver oxideso
to obtain the eutectic point for the system ( Fig.14),

Before making further comment on this eutectic point (530°C and
530 atm,), it is worth discussing the effect of the purely mechanical
pressure exerted by the gas phase on the system, In principle, the
effect of external pressure on the melting temperature of a solid can

be calculated by using the Clapeyron equation, ije.,

T T T '

where, Vs and VL are, respectively, the molar volumes of the component

in the solid and liquid state, in equilibrium at the temperature, T,

and AH_. the heat of fusion, The significance of the estimation of this

f
effect will, therefore, depend on how accurately the molar volumes
are known as functions of applied pressure and temperature, and the
heat of fusion as a function of temperature,

For silver, the molar volumes as a function of pressure are not

97 98

known, The densities of the solid silver, as functions

and liquid
of temperature, are available,
However, using the equation (10) and by taking the molar volumes

and the heat of fusion at the melting point as temperature-independent
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constants, an approximate calculation of the effect of applied
pressure on the silver liquidus at the eutectic point is made., This

shows that the eutectic temperature is raised by about 7C, e.g.,

529x1 234 (103‘226 = 1%’28) x 1.01325 x 10

AT = degree

2855 x 4,1845 x 107

7.026 degree.

=528 x 1,3281 x 107 =

This caleculation is bound to be more approximate because of the fact
that the molar volume of the silver containing dissolved oxygen will
not necessarily be the same as that of pure silver,

It is also worthwhile to consider the effect of mechanical

pressure on the dissociation line, (Fig.14), which represents the

equilibrium,
2hg, 0 = LAg + O, (11)
whence,
K = Ejé;; (12)

Here, a, and g are, respectively, the activities of silver and silver
oxide, f is the fugacity of oxygen and K is the equilibrium constant,
At low pressures, the fugacity is replaced by pressure and the effect
of pressure on the activities of solids is considered negligible,

Therefore,
K = p (13)

However, at high temperatures, the dissociation pressure is high
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enough to affect both the activities of solids as well as the activities
of gaseous oxygen and the equilibrium constant is required to be
corrected for pressure., This entails calculating the effect of
pressure on the activities of solids and on the behaviour of the gas

as well, TFor the gas, therefore, the pressure is replaced by the
fugacity; fugacity can be obtained from the Tables of the Thermal
Properties of Gases99. The effects of pressure on the activities of

solid silver and silver oxide can be calculated by applying the

relation,

P
RT 1n a =!; v dp (14)

and assuming that the molar volumes of silver and silver oxide are
independent of temperature and pressure.

It is expected that the activities of the oxide will be more
affected by the pressure than those of silver and the overall effect
on the equilibrium constant will be dependent on how the ratio of
the solid and gaseous activities vary with pressure, In the present
instance, since the fugacity coefficient of oxygen is greater than
unity and the ratio (aqb/%gz) in equation (12) is less than unity,
these two effects tend to cancel each other, Benton and DrakéS%ave
illustrated this in their calculation of two values of the equilibrium
constant at two temperatures., Taking their calculations at 500°C, it
is seen that the corrections amount to 29% for a,*, 14% for p and

48% for 2,2 and the corrected equilibrium constant becomes 386,9 which
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is almost equal to the uncorrected value of K = p = 386,5 of Keyes and
Hara at 500°C., However, due to the various approximations applied,
Benton and Drake's corrected value of K may be subjected to an error
of 5 to 10%.

It is seen, therefore, that the pressure correction does not
appreciably alter the position of the solid dissociation line, Hence
the silver liquidus, corrected to the isobaric condition of 1 atm,
will meet the Keyes and Hara's line at a siightly lower temperature
and pressure (523°C, 495 atm,) than the experimental eutectic
parameters, Owing to the lack of relevant data, no assessment can be
made of the effect of mechanical pressure on the fusion of silver
oxide.

Comparison of the Derived Eutectic Parameters with Previous

Values:

The eutectic point obtained in the present study is different
from that suggested by Allen and later quoted by Vacher and Hansen,
As far as the temperature is concerned, Allen's value is not far
away from the present value; however, the pressure of 414 atm. is
considerably lower than the present value of 53@ atm, It may be
mentioned that the value of 414 atm. was obtained by extrapolating
Allen's linear relation of the melting point of silver with the
square root of oxygen pressure. But as was pointed out by Baker and

Johnstone and as has been observed in the present study, the ideal

behaviour of oxygen in silver is limited and consequently, the linear
of
relationship is not valid even up to the small range/pressure that
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Allen worked with, In view of this and also because of the fact that
the extrapolation was carried over a large range of pressure and
temperature,Allen's result is consequently approximate.

The present eutectic point is based on experimental data over
a wide range of pressures and temperatures up to the eutectic point and
beyond. The eutectic parameters of 530°C and 530 atm. which have been

derived here, are, therefore, considered to be the best so far,

2. THE EUTECTIC COMPOSITION

The temperature-composition relation for the silver-oxygen system
is shown in Fig.15 in terms of both Ag-O and Ag-Ag, 0. Extrapolation
of the liquidus up to the eutectic temperature, 530°C, shows that the
amount of oxygen (NO) to be about 0,22 at the eutectic point; this
corresponds to NAgzo = 0,39,

Three other values of the eutectic composition, namely, 58, 51
and 56 mole per cent of silver oxide have been suggested, Of these,
the first one has been obtained from the extrapolated phase diagram
drawn from the combined data of Sieverts and Hagenaeker, Steacie and
Johnson and Allen, The second value is due to Hennigqoo. From his
estimated values of the melting point (815°C) and the heat of fusion
(3650 cal/mole) of silver oxide, and taking 500°C as the eutectic
temperature, Hennig calculated the eutectic composition of the oxide

by using the relation,
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Fig. 15. Temperature-corposition diagram of silver-oxygen system;
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respectively.
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~log N© _ e (_1_.1) (15)
& Yag, 0 T.575 T, T 5

where NA&zo is the mole fraction of Ag, O and Te and T° are the eutectic
point and the melting point of silver oxide., But the accuracy of
the value, thus estimsted, will be restricted both by the limitations
of the data used and by the non-applicability of an ideal equation
like (15) up to the eutectic point,

The third value was calculated by Korde51011 again on the assump-

tion of the ideal behaviour, by means of the relation,

TAg - Te ' TAgZO— Te _ .
0y . T - NAg. NAg 0 (153.)
Ag Ag, O 2

In deriving the relation(1i5a), heat of fusion of silver and silver
oxide was considered close enough to be cancelled out,

It is seen, therefore, that the above three values are bound
to be approximazte, During the present research, the experimental
liquidus compositions have been established over a wide concentration
range, up to about 13 atom per cent of oxygen. The present value of
the extrapolated eutectic composition is, therefore, suggested to be
more acceptable.

Some of the melts obtained by fusion of silver oxide were quenched
and examined metallographically to see the distribution of the two
components, Two typical metallographs are shown in Plates4 and5.
It is seen that fine silver particles are dispersed amongst silver

oxide in irregular patterns. Some of the silver will have undoubtedly
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reverted to oxide during quenching.

Allen heated a mixture of silver and silver oxide, packed closely
in a steel bomb, up to 600°C, quenched the melt and took a metallograph
of it, His metallograph is similar to those shown in the present
plates and shows the same pattern of distribution of fine silver

particles amongst the silver oxide,

3., THE THREE~DIMENSIONAL PHASE DIAGRAM

From the pressure-temperature relations and the compositions of
the melts, a three dimensional phase diagram for the silver-oxygen
system has been constructed., This is shown in Fig,16. Surface ABCD
represents the equilibrium between the solid silver and silver oxide
below the eutectic point E. The space behind the surfaces ABCD and
BFGC can be regarded as the pressure-temperature region where the
solid silver oxide is stable, while the space in front of the surfaces
ABCD and BHLC can be regarded as the pressure-temperature region where
the solid silver is stablej the small solubility of oxygen in solid
silver is considered negligible, The lines EH and FK give the
composition of the liquid in equilibrium with solid silver and solid
oxide respectively., The all liquid region is represented by the
surface EKJIH; The three isobars, MN, PQ and RS have been constructed
from the data in Tables 9 and 10 and show the character of the all

liquid surface in the region studied.
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Fig.16. Phase diagram for the silver-silver oxide system.
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It may be noted that the composition of the melt along the liquidus
EH has been determined up to 100 atm, corresponding to 762 C, Because
of the limitations of the thermogravimetric method above 100 atm.,
measurements could not be made beyond this pressure; the remaining part
of the line EH has been extrapolated, For the same reason, no thermo-
gravimetric measurements could be made along EK, The fixing of the
eutectic point E has been discussed earlier (¢f, page 125). The
extrapolated composition at E is: silver 61 atom per cent and
silver oxide, 39 mole per cent,

From the trend of EK (cf. Fig.16), the melting point of silver

oxide is suggested to be ca. 1000°C at about 10* atm.
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Lk, SOLUTION OF OXYGEN IN LIQUID SILVER

In a dilute solution, oxygen is considered to dissolve in liquid

silver in atomic form, The process is represented as follows:
20, (g) = 0 (16)
therefore,

“7)

=
I
TMJCP

where, ao is the activity of the dissolved oxygen, O, p is the pressure
of oxygen in the gas phase and K is the equilibrium constant. If the

solution obeys Henry's law in the dilute range, then,

2y = fo NO (A8)

where, NO is the atom fraction of dissolved oxygen and fo is the

Henrian activity coefficient. Combination of (17) and (18), yields,

ol

fo N0 = Kp

or

a a1
N =?K-pe=k4p2

07T, (19)
Equation (19), which states that for a diatomic gas, the concentration
of the dissolved gas is proportional to the square root of the pressure
of the gas, represents the original Sieverts' Law.

From equation (17 ), we have,
a

0 - -
8 ka, kfy Ny 0)

ol

P =

ot
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1
where k = X -

Now taking the dilute solution as the referencestate such that

equation (20) becomes,

ol

pe = kN (27

for areference solution. Any deviation from the linearity represented
by the equation (21), will be attributed to the deviation of the
Henrian activity coefficient, fO’ from unity. The Henrian activity

coefficient will be given by

=2
|
I
4@
! PR
nola

(22)

o
o]
™|

a1 1
where %2 and p. ¢ represent, respectively, the values of the square

root of pressure at a given concentration, on the reference

line represented by equation (21) and the experimental curve (cf. Fig.17).
In the region where Sieverts' Law applies, ie., for values of NO

up to 0,02, the solubility constant, K, as a function of temperature

8
can be represented by the relation of Diaz et ai, namely,

N
- 0 737.6
log K = lo = - - 2,281 2
g 3 ;g — (23)
The heat of solution and entropy of solution of oxygen in silver
are respectively -3380 cal per } mole of O, and =-1.3 cal deg™ at

1 atom % (cf. page26).



134

Results of isothermal solubility measurements given in Table 10

a
are plotted in Fig.17 as p? vs N The dotted portion of the curve,

o
the 950 isotherm is meant to indicate that at ihis temperature, the
liquid region does not exist at an oxygen pressure less than 0,271 atm,
Both the isotherms show that Sieverts' law is obeyed by dissolved
oxygen up to at least NO = 0,02,

Taking dilute solution as the reference state, the activities and
activity coefficient at round compositions are calculated by means

of equations (48) and (22) respectively, These values are given in

Table 1:’7-
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Fig. 17 . Effect of pressure on the sdiubility of oxygen in liquid silver.
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Table 13

Lctivities and activity coefficients

of oxygen at round compositiouns

i
Tenp. Atom fraction p° ActivitX, Activity
°¢ of oxygen(No) ao==Kfj? coef.,
£4 = ay/N,
950 0.02 0.952 0.020 1,000
0. 0L 2.20 0.046 1.155
0.06 3.75 0.079 1.313
0.08 5.65 0.119 ., 1.483
(0.119)
0.10 8.20 0.172 1.722
(0.174)
1050 0.02 1.053 0.020 1,000
0.0k 2.50 ' 0.048 1.188
0.06 L,30 0,082 1.362
0.08 6.60 0.125 1.568
(0.126)
0.10 9.33 0.177 1.773
(0.180)

* Kis 8ieverts' constant and is equgal to 0.021 and 0.019 at
950° and 1050°C respectively .58

** Bracketted values were corrected for pressure-effects by

replacing pressure with fugacity.
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5. ACTIVITIES OF SILVER ALONG THE SILVER LIQUIDUS

Taking pure (supercooled) liquid at the specified temperature of
the freezing point of a solution as the standard state, the activity

of a pure solid, a(e), crystallizing out of a solution is given by

RT 1n a(s) = G(s) - & (1) (2h)
or,
in a(s) = 5%2— ar (25)

where AH is the heat of transition from the solid to the liguid phase.
Assuming the ligquid silver, acting as the solvent, to be in equilibrium
with pure solid silver (since solid solubility of oxygen in silver is
very small), and referring to the same supercooled liquid standard
state, the activity of the liquid silver at the liguidus, aAg(l),

is also given by (25), that is,

in aAg(l) = f%HF ar (26)

Therefore, if AH is known as a function of temperature, equation (26)
can be solved to obtain the activity of liquid silver ‘at the ligquidus.
If AH as a function of temperature is not available experimentally,

it can be estimated from the heat capacities of the solid and liquid,

given as functions of temperature, by using Kirchoff's equation,

JAH _
ST ), T 8% (27)
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where ACp is equal to (Cp(l) - Cp(s)) and is expressed as a function
of temperature, Often ACP itself is taken as a temperature-independent
constant by taking the difference between the r 2an heat capaciiies of
the solid and liquid, within the temperature range of interest,

Integration of {(27), taking AC:p as constant,yields,

;s AC i
o E 1 AN TR pe s BN
~-1n aAg(l) = 5 (T - To)-f— 5 (1n 7 1 7 ) {(28)

where AH P is the heat of fusion of silver at the melting point ‘I‘O.,
The heat capacity of solid silver is available as a function of
temperature up to the melting point, but that of the liquid silver is

given as a temperature-independent constant. They are:

5,09 + 2,04.1073T + 0,3%36,10F T2

CP(S)

7.3

il

Cp(l)

These are represented graphically in Fig.,17a fcr the temperature range
of present interest. It is seen from the figure that ACp disappears
at about 1065°K and changes sign at this point while it varies from
-0.4 cal/mole at 125%%K (m.p.) to +0.4 cal/molc at about 900°K. The
mean value of AC o within this temperature range is zero, which, in
turn, reduces ACp—term in equation (28 to zero, Therefore, in the
absence of more accurate data on the heat capacity of liquid silver,
above and below the melting point, the remaining part of the

equation (28), namely,

£(1_ 1
n e = g (3-4) (29)



140

which is much more simple and convenient, is used to caleculate the
activity of liquid silver at the liquidus., Substituting the numerical
values of the melting point (1234°K) and heat of fusion (2855 cal/'molel)]D
and converting to common logarithmic form, the following operating

equation is obtained:

log a, (1) = - 2227 + 0,505 (30)

This equation has been used to calculate the activities of silver
along the silver liquidus from the depression of the melting point
resulting from the solubility of oxygen in liquid silver, The results
are given in Table 1L,

The bracketed values of activities, 0,8397 and 0.7975, at 60
and 100 atm. of oxygen pressure respectively, are the values corrected

fo

L]

the small solid solubility of oxygen in silver at these pressures.
The approximate solid solubilities of oxygen at 60 and 100 atm. pressure,
0.002478 and 0,002568, respectively, have been calculated by using the
equation of Steacie and Johnson?1 Assuming ideal behaviour, the
corresponding mole fractions of silver are 0.9975 and 0,9974
respectively., These values are so close to unity that hardly any

error is incurred (less than 0,4%) as is evident from the pairs of
values at 60 and 100 atm., by assuming that pure solid silver is in
equilibrium with liquid silver at the liquidus, At lower oxygen

pressures, the error is even less.
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Table

14

at different compositions along the silver liquidus

{considering silver-oxygen system )

OT NAg g ylg
K (= 1-Ng)
1196 0.9686 0.9636 0.9948
1188 0.9597 0.9559 0.9960
1168 0.9471 0.9%63 0;9886
1148 0.9314 0.9164 0.9839
1139 0.9286 0.9074 0.9772
1128 0,9204 0.8964 0.9739
1119 0.918%4 0.8872 0.9660
1109 0.9105 0.8770 0.9632
1095 0.9028 0.8626 0.9555
1075 0.8927 0.8418 (0.8397) 0,9430
1054 0.8810 0.8198 (0.8177) 0.9325
1035 0.8710 0.7995 (0.7975) 0.9179

The bracketted wvalues are the activities corrected for the

solubility of oxygen in solid silver.
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6, ISOTHERMAL ACTIVITIES OF SILVER AT 950 and 1050° C

Isothermal activities of silver weredetermined from the known
activities of oxygen and melt compositions by means of the Gibbs-

Duhem relation. The following procedure was employed,
a
Since, a, = kp® (31)
then, d log a, = % d log p (32)

because k is a constant at a given temperature., Now the Gibbs-Duhem

relation is,

+ 1 = 0
NAg d log 2 N, d log ag (33)

substitution of (32 in (33 leads to

< ik =
NAg d log aAg + 2NO d log p 0
or
NO ’
j‘d log a,, = - %ST\T" d log p (34
g Ag

Integrating the equation (3) between the limits N, = 0,02 and NO = NO

corresponding to Bpg = NAg = 0,98 and g = Fpg yields

g %
N 0
d log aAg = -3 T\I’X d log p , (35)
g

0.98 N, = 0.02
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or ~N_ =N

00
NO
log (0.98) - loga, =3 == dlogp
Ag N
| As
u& = 0,02
O - .

The replacement of the activity of silver by its mole fraction at
NO = 0,02 is justified by the fact that the Sieverts' Law is obeyed
by the dissolved oxygen, at least, up to this concentration and
correspondingly Raoult's Law is obeyed by silver,

Isothermal activities of silver at 950 and 1050° C, thus determined,
the activity coefficients and the respective pressure and composition
are given in Table 15, The activity-composition relation at 950’0
and 1050°C and the relationabng tk2 silver liquidus are shown graphi-
cally in Fig. 18,

Baker1CE;eported carbonate systems as being approximately regular,
In view of the apparent similarity of the present system to the
carbonate systems, a test of regularity was made by plotting the «
function as a function of compositions (Fig.19). It is apparent that
the system is not regular. It may be mentioned that because of the
very nature of assumptions underlying the definition of a regular
solution, namely, the finite heat of mixing of solution and an entropy
of solution due entirely to perfectly random mixing, the model is
inherently self-contradictory. However, because of the negligible
magnitude of the excess entropy, many metallic solutions conform

10
to this model 3 .
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Table 15

Activities and activity coefficients of silver at 9500and 105000

) On Ag-0 basis On Ag-Ag,0 basis
Wy 2y Ylg Temp. °C Ny Yig
0.9725 0.9713 0.9988 950 0.9705 1.,0008
0.9633 0.9608 0.9974 0.9618 0.9990
0.9491 0.9432 0.9938 0.9433 1.0000
0.9368 0.9263 0.9888 0.9269 0.9994
0.9258 0.9116 0.9853 0.9136 0.9978
0.9140 0.8933 0.9774 0.8913 1.0022
0.9029 0.8750 0.9691 0.8794 0.9960
0.8906 0.8485 0.9527 0.8615 0.9849
0.9762 0.9752 0.9990 1050 0.9765 0.9937
0.9675 0.9665 0.9990 0.9663 1.0002
0.9550 0.9497 0.9945 0.9506 0.9991
0.9435 0.9379 0.9941 0.9353 1.0028
0.9338 0.9221 0.9875 0,925k 0.9964
0.9220 0.9084 0.9852 0.9076 1.0009

.8929 0.9998

o

0.9118 0.8927 0.9791
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Fig.18 . Activity of silver on the silver-oxygen basis
along the silver liquidus and at 950° and 1050°C,
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Table 16

*
Data for the plot of @ function against composition

N, a{Ag(9éo°) }{Ag(1oso°) CiAg(9so°) s%Ag(1oso°)
0.04 6.9959 0.9968 - 1.05 - 0.875
0.06 0.9877 0.9919 - 1,50 -0.972
0.08 0.9786 0.983C - 1.47 - 1.125
0.10 0.9647 0.9715 - 1.52 - 1.270
0.12 0.9454 0.9535 ~ 1,69 - 1.437

)2 = 2.303 log / Noa.

*d 1 (1= N
Ag = 1o 4. /U=N, Ag
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Other assumptions such as the constancy of the co-~ordination
number and the energy of interaction between pairs of the same
component at all temperatures and compositions, further restricts the
scope of the model, In a gas metal system, where, the gaseous species
in the liquid encounters an environment entirely different from that
of the gaseous phase and where there is large differences in the
electronegativities of the metallic and the non-metallic species, the

regular solution model is hardly expected to apply.
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7. DERIVATION OF FURTHER THERMODYNAMIC QUANTITIES

A, The Partial Molal Enthalpy and Entropy of Solution of Oxygen

in Liquid Silver

The enthalpy and entropy of solution of oxygen are determined
respectively from the slope and intercept of the plot of 2 log p
against %; These plots are shown in Fig.20., Because of the limited
accuracy of data in the dilute range no pattern of the enthalpy of
solution with composition is established, The average value of the
Aﬁb in the concentration range 0,02 to 0,10 atom-fraction of oxygen

per g.
is found to be =3500 * 200 ca]/atom.g The enthalpy and entropy values

are given in Table 18,

B. The Partial Molal Enthalpy and Entropy of Solution of Silver

These quantities are determined from the slopes and intercepts
of the plot of log aAg against-%. The plots are shown in Fig. 21,
The enthalpy and entropy data are given in Table 18,

The quantities are also plotted as a function of compositon in
Fig, 22.

Also included in the plot are the ideal partial molal entropies
of silver as a function of composition, The excess partial molal
entropy of silver are in keeping with the tendency of compound

formation, but the results, owing to the limited accuracy, are really

gualitative.
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Table 17

0

at round compositions

(VY

0

N, Temp. 192 P Flog p
°g 9K
0.02 1211 0.8260 0.930 1.9488
1223 0.8177 0.952 1.9786
1323 0.7559 1.053 0.0224
0.04 1188 0.8420 2.15 0.3324
1223 0.8177 2.20 0.342k
1323 0.7559 2450 0.3979
0.06 1157 0.8643 3.55 0.5502
1223 0.8177 3.75 0.5740
1323 0.7559 4,30 0.6335
0.08 1125 0.8889 5.18 0.7143
1223 0.8177 5.65 0.7520
1323 0.7559 6.60 0.8195
0.10 1090 0.9174 7,00 0.8451
1223 0.8177 8.20 0.9138
1323 0.7559 9.33 0.9700
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Fig.20a . Plot for the estimation of enthalpy and
entropy of solution of oxygen in silver.
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Fig.20b. Plot for the estimation of enthalpy

and entropy of solution of oxygen in silver.
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Table 18

Partial molal quantities of silver and oxygen

at round compoditions

N, - 88, - 0H ig A8 Ag AS Aigd
cal./g.atom cal./g.atom cal./g.aton cal./g.at.

/deg. /deg. /deg.

0.02 2.67 0 0.040 0.0403

0.0k L.35 46 0.052 0.0810

0.06 5.57 137 0.037 0.1231

0.08 6.47 197 0.049 0.1657

0.10 7.07 252 0.075 0.2096
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Table 19

g

——ra

3
Tgmp . _’I_a NAg aAg log aAg
K T°K
1188 0,8L420 0.96 0.9555 1,9802
1223 0.8177 0.96 0.9560 1.9805
1323 0.7559 0.96 0.9570 1.9809
1157 0.86L43 0.94 0.9255 1.966%
1223 0.8177 0.94 0.9285 1.9677
1323% 0.7559 0.94 0.9325 1.9695
1125 0.8889 0.92 0.8930 1.9°09
1223% 0.8177 0.92 0.9005 1.95L4
1323 0.7559 0.92 0.9050 1.9566
1090 0.9497L 0.90 0.8570 1.9330
1223 0.8177 0,90 0.8690 1.9390
1323 0.7559 0.90 0.8740 1.9415
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Fig.21a  Variation of activity of silver with temperature.
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8. TREATMENT OF THE SYSTEM AS SILVER-SILVER OXIDE

If the system is considered as a silver-silver oxide rather than
a silver-oxygen system, thern, at a given activity of silver, its atom
fraction, NAg’ alters from (’I—NO) to (1-NAg20), assuming that the
entire amount of the dissolved oxygen combines with silver to form
silver oxide, As a result, a different activity-composition relation
yielding different activity coefficients is obtained. (¢f. Table 15)

The activity-~composition plots for silver on this basis areshowmn
in Fig. 23 .

Identical results are also obtained by integrating a special form
of Gibbs~Duhem relation which can be derived as follows:

The equilibrium constant for the reaction,

Ag 0 = 2Ag + 30, (36)

is given by a2 p%
K = _f.:lﬁ__ (37)

Ag, O

Taking logsg,

o = + A -
log ®pg, O 2 log aAg 5 log p - log K

Differentiating,

_ 1
d log g, 0 2 d log aAg+-gdlogp (38)

Now writing the usual Gibbs-Duhem relation,

N, d log 2g + N 0 (39)

Ag A, 0 & 198 2 0
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and eliminating & log aAgZO’ the following expression is obtained
+ 1 =
NAg d log g NAgZO(Z d log g +2dlogp) =0 (4o)
or I N d log p
d log 2y, =~ Ag?'+Oz N
& Ag Ag, O
Since NAg + NAgZO = 1,
therefore,
r NA&;O
d log a, = =gl———— dlog D (41)
S he J1+ N
Ag, O
Integration of (L44) between the limits NAgzo = 0.02 to NAgzo =
NAgZO’ yields,
Mg, 0~ Yag, 0
N
Ag, O
log & = log (0.98) - 3§ —E8—— dlogp (k2)
1+ NA&;O
d —
NAgzo - OOOZ

The plots on the basis of silver-silver oxide show silver to behave
more ideally than on the basis of silver oxygen., For example at an
oxygen concentration of 10 atom percent (corresponding to 12,5 mole
per cent of silver oxide), the activity coefficients of silver on
the liquidus (817°C) and on the isotherm at 950°C are, respectively
0,952 and 0,966} the corresponding values on the basis of silver-

silver oxide, are respectively, 0,979 and 0,993. Values of

* p.145
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Fig., 23 Activity of silver 6n the silver-silver oxide basis. .
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activity coefficients of silver on the isotherm at 1050°C all become
unity. It is therefore, expected that the dissolved Ag, O will show
a fair observance of Henry's Law.

From this more "ideal' tendency of the silver-silver oxide systen,
it appears likely that in the temperature and composition range
studied here, much of the oxygen will be combined as Agy, O, An isotherm
above 1050° C would, on this basis, be shifted into the region of
positive deviation; this would be quite in conformity with the
expectation that formation of Ag, 0 would be less at higher temperatures,

The idea of considering the system as silver-silver oxide is
in line with the original suggestion of Domnnan and Shaw and also with
the recent trend of picturing dissolved oxygen in liquid metals
in the form of molecular species of the type MxOijhﬁgégier, it is
open to discussion whether Ag, O is accommodated as a covalent angular
molecule or as some form of ionic molecule, i.e., (Ag—O)-Ag+ in which
interchange of silver atom could occur, In a melt of the present
type, the presence of an ionic molecule appears to be more likely,

The behaviour of Ag, O in solution can not be interpreted thermo-
dynamically owing to the lack of activity data for the oxygen rich end
of the phase diagram; this region is inaccessible because it means

. h
carrying out measurements at pressures around 10 atm,
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9. CONDUCTIVITIES OF SILVER OXIDE

The log of conductivity, d, is plotted against-% in Fig, 24.
From the slope, the apparent activation energy obtained is 0,64 eV,
This activation energy of silver oxide is within the range of usual
activation energies of transition metal oxides, i.e., 0.1 to 0,7 eV
and close to that of cuprous oxide106 to which it is structurally

similar. Substitution of this numerical value leads to the expression,
G = 2,48 x 10" exp (~0.64/4T) 3)

for the conductivity of silver oxide.

The log 8"vs, log p plot is shown in Fig.25. The slope of the
curve at higher and lower pressure regions are respectively % and ¥, .
These show that the conductivity varies as p% to p 72.

Now the conductivity is given

0 = neyp

where n is the number of charge carriers per unit volume, e is the
absolute electronic charge and p is the mobility of charge carriers
(cn? /Vsec). Obviously,the conductivity will be determined by the
contributions due to charge carrier concentrations as well as the
mobility.
In the case of transition metal oxides the information about the

contribution due to the charge carriers and the mobility is rather
confused. The hopping model (Heikes et al1o7) suggests that the

mobility varies exponentially with temperatures and only a minor
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Fig..24 « Variation of the conductivity of

silver oxide,at constant pressure,with temperature.
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contribution is made by charge-carriers concentration. However,

the data of other workers, e.g., Van Daal and Bosman108, indicate
that the mobility is virtually constant and that the variation of

the conductivity is due to the variation of charge-carrier concentra-
tions exponentially with temperatures,

The charge-carrier concentration may be related to pressure by

the following equilibrium processes,

+

(1) 10, (g) = 07 + 20,
(=1 v 3
A
K o=
P
therefore, [VZgJ o= F?z 3
(ii) jo, = 02‘+2VAg+2e+

(@] [V, ] [e']
K, = T
p2

. +
since, [VAgj = [e ]

.
therefore, [e+j ok p/8 .

Here, O*~ and VAg represent respectively lattice oxygen and silver
vacancy in the oxide; e+ and VZg are respectively the free positive
hole and the silver vacancy associated with the positive holej K,
and K, are equilibria constants,

Now, if the positive hole is associated with the cation vacancy,

the conductivity will be dependent on the concentration of cation
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; V
vacancies and therefore, will vary as p’*. On the other hand, if
the positive hole is dissociated from the cation vacancy, as is
represented by (ii), the charge-carrier concentration and hence the

v

1
conductivity vary as p’8.
1
In case of cuprous oxide, experimental results suggested a p/B
dependence of the conductivity. However, taking into account the

109

pressure dependence of the conductivity, O0'Keefe and Moore obtained

a pressure dependence of py%.

It may be noted that the equilibrium comsiderations of the above
processes are approximate because of the assumption that the vacancy
concentration is small., In addition, the following limitations are
also to be taken into account,

At low temperatures, the defect may be frozen in a non-equilibrium
state, If the non-stoichiometry is small, the impurity may be the
determining factor in the conductivity measurements.,

Since the present measurements were carried out not with a single
crystal, but with a compacted powder pellet, the result will suffer
from certain weaknesses inherent in a powder sample, For example,
the specimen produced by pressing a microcrystalline powder is not
necessarily homogeneous. Whensuch a sample is not in equilibrium with

its atmosphere, a slow diffusion of impurities or imperfection, inward

or outward, gives rise to a surface layer over individual crystallites;

the electrical properties of these surface layers differ from those

of the bulk.
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Despite these limitations, it is significant that the activation
energy obtained is reasonable for this type of material. Obviously,
more information such as the Hall coefficient, the extent of non-
stoichiometry, the dependence of hole mobility under pressure etc,,
are required before a coherent fundamental explanation of the
conductivity behaviour of silver oxide could be offered. Measurements

on these parameters under pressure would be very useful,
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10, THE LIQUID GOLD-SILVER ALLOYS AND OXYGEN

Gold has a negligible affinity for oxygent The solubility of
oxygen in silver, therefore, is expected to be lowered by the addition
of gold, Consequently, the depression of freezing points of the
élloys as a function of oxygen pressure should also be smaller,

The log p vs.-% plots for the three alloys together with that
of silver (Fig.26) show the relative effects of oxygen pressure
on the fusion points, Fig.27 shows the solubilities of oxygen in
the alloys as well as in the pure silver, at 105030, as a function of
the square root of oxygen pressure and Fig, 28 shows the solubilities
as a function of gold concentration, All these plots bear out the
above expectations,

From the limiting slopes of £he curves of Fig, 27, the Sieverts'
constants for each of the alloys at 1 atm, oxygen pressure and 105C° C
are derived; since the Sieverts' constant, k equals No/p%, these

constants are the same as the corresponding atom fractions of dissolved

oxygen at 1 atm, These are given in Table 20.

A, Heats of Fusion of the Alloys

In view of the closeness of the solidus and the liquidus lines

110,17 solid alloy of a given

of the silver-gold system (Fig.29)
composition will melt to a liquid of approximately the same composition.
Then treating the alloy in the same way as a pure component (solvent)

and considering it to obey Raoult's Law in the range where the oxygen

* See Appendix 1
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LoY Au-ig 20% Au-Ag /

10% Au-Ag
O

logp

=31

0.78 0.82 0.86 0.90

1000/ T °k

Fig. 26. Pressure-temperature relation

for gold~silver alloys and oxygen system.
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10

10% Au-Ag

20% Au-Ag

Ul

4hOo% Au-Ag

Fig.27 . The effect of pressure on the so0lubility of oxygen

in liquid silver and liquid gold-silver alloys at 1050°C.
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Fig.29 . The solidus and liquidus of the gold-silver system.
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Table 20

Heats of fusion of gold-silver alloys

Alloys Melting Sieverts! AHf AHf Phase con-
points constant* from from tour values
°q at 1050°C  Sieverts' exp.46 of Njat1
(at1 atm.) k atm. from
( 0, press) calcd. Afi,
10% Au-Ag  960.5 0.012 2781 2861 0.0126
20% Au-Ag 976.0 0.009 2877 2867 0.0092
Lo% Au-Ag 1004 0.003 3546 2881 0.0028

* Timiting slopes obtained from N

-

Vs p? plots at 1 atm.

Table 21

Activity coefficients of oxygen in gold-silver alloys at 105000

% gold Dissolved f log fo Dissolved fo 1ogfé
oxygen oXygen
N, Wt. %
0 0.019 1.000 0.0000 0.2865 1,000 0.0000
5 0.015 1.238 0.0927 0.2307 1.243 0.0942
10 0.012 1.583 0.1995 0.1798 1.5934  0.2023
20 0,009 2.112 0.3247  0.1345 2.1301  0.328k
Lo 0.003 5.939 0.7738  0.0448 6.3951 0.8058
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contents obey Sieverts' law, the heat of fusion of the alloy can be

calculated from the relation,

AR
N __nge_ll__zz(_;.%) (1)
o

0

1
where N is the atom fraction of oxygen dissolved in the liquid alloy

0

at the phase contour temperature T and To is the melting point of
the alloy.

In the case of pure liquid silver, a change of 100°C alters the
Sieverts' constant by about 10%., Since at an oxygen pressure of
1 atm,, the phase contour temperature for any of the three alloys
differ from 1050°C by less than 100°, the values of Sieverts' constant
for the three aloys at 1050° C and 1 atm. pressure are not expected to
be very much different from those at the phase contour temperatures,
Therefore, substituting these values for NO in expression (44),
approximate heats of fusion for the three alloys are obtained. These
values are given in Table 20,

However, estimates of the heats of fusion of the alloys, at given

compositions, can be made from the heats of fusion of pure silver and

gold by using the following relation:

MHp (alloy) = N, AHp(Ag) + Ny AH (ha) + (L) - aa(s)) (49

In view of the degree of thermodynamic deviation in the solid and
liquid alloys being almost the same, the contribution due to the
difference in heats of mixing can be considered negligible, Expression

(45), then, becomes,



175

AH, (alloy) = NAgAHf(Ag) + NAuAHf(Au) u“6)

The heats of fusion thus calculated are also given in Table 20,

The two sets of heats compare well except those for 4O¥ Au-Ag;
a very small error in composition measurements could easily result in
such a descrepancy. To verify this, a reverse calculation was made,
that is, from the estimated heats of fusion of the alloys, the
solubilities of oxygen at the phase contour temperatures and 1 atm,
pressure were calculated, These are given in the last column of the
Table 20. It is seen again that while the phase contour values of NO
for 10% and 20% Au-Ag are slightly higher than the corresponding
values at 1050°C (and which is expected), the phase contour value of
N for 40% Au-Ag is slightly lower than the value obtained from the

0
limiting slope at 1 atm. and 1050°C.

B, The Interaction Parameter

In a dilute, multicomponent solution of several elements in the
solvent, component 1, the activity coefficient of component 2 is

expressed by the equation112,

2 3 4
Inf, (N, Ny, N, ...) =1ng,® + N €, +n € +n, €, ... (47)

.
where €3 = 2 etc, and the derivativz§ are
2 IN; N, — 1

taken from the limiting case of infinitely dilute solution., The Qg's

are called interaction parameters,

s
.
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~frequently
For convenience, common logarithms aresused and concentrations

are expressed in weight percentages; this gives the more conventional11

form of the interaction parameters. For example,
2 3 4
log £, (%2, %3, %4 ...) = €, %2 + €, %3 + e, 9dh +,,. (48)

_{9log %,

= —-—-——-—a %3 %1—%1oogt€_.

where €,

Neglecting the secondary effects which are usually small, and
adopting the infinitely dilute solution as the reference state so that

0
f, = 1, the following expression is obtained:

in f2 (Nz, N; ' Nl, .,.) = Nz tz + N} €2 + Nz, €2 L (49)

Also, if component 2 obeys Sieverts' Law in the liquid multicomponent

alloys, the activity of component 2 in an alloy of fixed composition
2

is proportional to its concentration and 62 = 0, Therefore, for a

solution of three components, as considered here,

3
nf, W, N) = §&, (50)

. Au
i.eey 1n £y (Ngy Ny ) =N, €5 (51)

Fig, 3o*shows the plots of log fy against both weight percenteges
and atom fractions of gold in the gold-silver alloys. From the

limiting slopes the interaction parameters are obtained, These are:

€ = 783
eg“ 0.019

* gsee Table 21
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Fig.30 . Plot for the estimation of the interaction parameter.
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The interaction parameters reflect both the extra enthalpy and
entropy of solution. The positive interaction parameter found here
may be attributed to the possible clustering of the two metallic species
to the exclusion of the oxygen. The opposite is the case when metallic
atoms cluster around those of the non-metal, The interaction
parameter egu = =0,267, at 1050°C for Cu-Ag-0 system114 illustrate
this,

C. The Extra Free Energy of Solution of Oxygen

The standard free energy of solution of oxygen in silver, for

the process,

20 =0 (52)
jis given by 7 A
A = -3380 + 10,LLT cals,
Ny
=-RT In K = -RT 1n -2,
p?‘

Now if the dissolution of oxygen in the liquid gold-silver alloys

is represented as

20, = 0 (in alloy) (53)
Na

K2 9 (54)
o

and AGY represents the free energy of solution of half a mole of

oxygen in the 1 atom per cent solution of oxygen in the alloy, then,
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Na

AG* = -RT 1n K* = -RT 1ln — (55)
2
P

The extra free energy of solution of oxygen due to the presence of

the alloying element is given by

&P - AG? - aG° (56)

= RT ln — (57)

Now with the dilute solution as thereferencestate, the atom
fraction of oxygen in silver is egual to its activity and at a given
temperature and partial pressure of oxygen, the activity is the same
in the Ag-0 and in the Ag~Au-O alloys. The expression (57), then,

takes the form,

& - R n f, (in alloy) (58)

By putting the values of the activity coefficients in expression
(58), the extra free energy of solution of oxygen in the three alloys

have been calculated. These are given in Table 22,
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Table 22

Extra free energies of solution of oxygen
in gold-silver alloys at 1 atm., and 1050°C.

NAu log fo Extra free
energy (cal.)
¢**TLRT 1n g,
0.0280 0.0927 - 570
0.0574 0.1995 - 1208
0.1205 0.3247 - 1965
0.2674 0.7738 - 4683
Table 23
Heats of solution of oxygen in
gold-silver alloys at 1 atm. and 1050°C
Npu = Mg (Au-ag) = Mo au-ag)
(cals.) (cals.)
0.0000 0 5500
0.0280 140 3360
0.0574 260 3240
0.1205 480 3020
0.2674 865 2635
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D, The Heat of Solution of Oxygen in the Alloy

The heat of solution of oxygen in the alloy, AH ® and the entropy
of solution, ASa, can only be obtained with certainly, if measurements
are available at a number of temperatures. There are, however, some

105,115,116 | 1o basis of which the thermodynamics of solution

models
of a non-metallic solute, X, in a binary metallic solvent, M, -l ,
can be estimated from the thermodynamic properties of the three binary

solutions, namely, M,-X, M, ~X and M, ~-M, .

105 and has been

One of these models is due to Belton and Tankins
applied particularly to the solutions of oxygen in binary metallic
solvents The main assumption in this model is that the dissolved
oxygen forms compound species of the type MO and that the amount of
the species formed by each metal is proportional to the mole fraction
of that metal present in the solution, According to this model, the
heat of solution of oxygen in the alloy, for example, is calculated as

follows

N
Mo /= =
T T, <AHO<MQ e )) (59)

Where NO is the total atom fraction of oxygen dissolved in the alloy,

and N are the mole fractions of the compound species and are

M0 27 By 0
equal to NM., NO and NMz NO respectively. AﬁO(M., ) and AT{-O(MZ) are the
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heats of solution of oxygen in the pure metals and AR, and

- .
M (%)
Aﬁﬁz(M1) are the partial molar heats of mixing in the binary metallic
solution at a given composition,

Since oxygen solubility in gold is negligible, for the present

Au-Ag-0 system, N /NO is zero. Also since, the interactions are

Au-0
only between silver and oxygen, it is assumed that all the dissolved
oxygen goes to form compound (Ag, O) with silver, Therefore expression

(59) becomes,

N
T - L50 I - A
AHO(Au-Ag) - N, <AHO(Ag) AHAg(AuD‘ (60)

In view of the fact that NAgZO/NO is almost equal to unity when
the oxygen content is small, the heat of solution of oxygen in the

alloy will be increased by an amount A Ag(Au)®

calculated from this expression ere given in Table 23,

The heats of solution

In the absence of data on the effect of temperature on the
interaction parameter, égu it is not possible to specify the separate
contribution of the extra heat and entropy to the extra free energy
of solution of oxygen in the gold-silver alloys., It is, therefore,
difficult to comment on the magnitudes of the heats of solution
obtained by the use of expression (60). However, Belton and Tankins'
model itself has some basic weaknesses. For example, it is difficult
to see how two metals having different affinities towards oxygen will
form compound species with dissolved oxygen in amounts directly in

proportion to their mole fractions, In addition, it suffers from the



183

limitation that it takes no account of an equilibrium between Ag, O
and free O atoms in the alloy, In these alloys, the effect of
preferential "squeeze in' of gold into the silver quasi-lattice would
be expected not only to reduce the total oxygen content but also to
tend to break up coﬁpounds such as Ag, O.

The above calculations of the heats of solution of oxygen in
gold-silver alloys must be considered approximate., Owing to the
experimental difficulties even in the case of pure silver the heats
of solution of oxygen are approximate (c¢f. pagel53)so that it is
unlikely that thermogravimetric measurements at different temperatures

with the alloys would yield values of dﬁb of satisfactory precision,
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Appendix 1
Ancillary studies on the effect of nitrogen pressure on the

melting point of silver, and oxygen pressure on the meltiﬂg

point of gold :

In coﬂtrast to the behaviour with\silver, oxygen dissol-
ves to a negligible extent in liquid gold. This is confirmed by
the results shown in Table 24 for the effect of oxygen pressure
on the melting point of a thin strip of gold. The gold strip
was welded to two platinuﬁ wires, and the melting temperatufe was
detected electrically by the method described earlier (cf. p. 64).
After allowance for an average error of 1.50, the melting tempera-
tures correspond roughly to thosé expected from the elevﬁting
effect of the mechanical pressure exerted by the gas; any solubi-
lity of oxygen is thus exceedingly small. Analogous results for
the gffectiof notrogen'pressure on the melting poipt of silvérare
also shown in Table 24 and confirm a negligible solubility of
nitrogen.

Table 24

Effect of gas pressure on the melting points of gold and silver

Gold Silver
Oxyge?agif§sure ?Sgg. ?Nitroge?ang?sure ?gg%.
0 1063 0 961
86.5 1062 _, 365 . 963.5
139 1065 450 967

228 . 1067.5
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Appendix 2

Properties of'high duty alloys used in the

1
present high pressure equipment,

1o K-Monel ( Ccompressor head, cf. page 48

Chemical Composition

Ni - 66%
Cu - 30%
A - 3.5%
Fe =~ 1.5%
C - 0.20 mex.

6ther metals - 5% max.

Physical Properties
%

% .
Y.S. Y. P, El. R.A. Brin. No.
Heat treated 120,000 80,000 Lo 50 325
to to to to to
160,000 120,000 15 20 350

Remarks: Corrosion resistant.
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2. Inconel (Inco Chrome Nickel) [ 'Header'and electrode pin, cf. p. 571]

Chemical Compostion

Cr - 11-15%

Ni =~ 70% maximum
Fe - 10% maximum
8i - 0.5% maximum
C - 0,15 maximunm,

Physical Properties

% % .
Y.S, Y.Po 1. R.A. Brin, NO.

Annealed 80,000 30,000 55 75 140
to to to to to

95,00 40,000 45 65 140

Cold drawn 100,000 80,000 30 270
to to to to

115,000 95,000 20 280

Remarks: Corrosion resistant; heat and oxidation resistant,
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3. Phosphor Bronze ( Power input assembly, cf. page 57 )

Chemical composition :

cu 94 %
P 0.1%
Physical properties :
%
Y. S. El.
Hard 80,000 10
Annealed 48,000 60

Remarks :

Wear and abrasion resistant.
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Appendix 3
Table 25a

Detailed data on buoyancy corrections

At 950°%

Press, Weight of Weight of Vol. of Vol. of Total Apparent

(p atm.) crucible silver cruc. silver volume  weight
e g. CeCo CeCo VeCCo 4. crease
W, £.10°
16 3.9210 5.0268 0.9850  0.4790 1.464 51,43
25 3,2585 5.0045 0.8187 0.4766 1.295 60,00
Lo 3.9420 5.0002 0.9905 0.4762 1.467 74,89
60 3.7650 5.0003 0.9460 0.4762 1.422 84,10
100 23,6547 5.0055 0.9183  0.4767 1,395 99.48
At 1050°C

9 23,7200 5.0230 0,9347  0.4784 1.413 35.07
16 3.7200 5.0230 0.9347  0.4784 1.413 46,45
25 3.,2585 5.0045 0.8187 0.4766 1.295 53.33
Lo 4 ,2070 5.0270 1.0820 0.4788 1.561 66,82

60 3.2812 5.1654 0.8244  0.4919 1.316 80,00
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Table 25b

Betailed data on buoyancy corrections

At 950°%
FY
Press. Tegp. Oxygen Oxygen (dt"d950) Ad . v True
p atm. t°C density density weight
dg d 550 (n«.r;"-c )
x10° x 10° x 10° x10°  g.x 103
16 850 5.562 5.107 0.455 0.67 50.76
25 840 8.770 7.980 0.790 1.00 59.00
40 820 14,270 12.770 1.500 2.20 72,69
60 780 22.200 19,200 3,000 L, 30 79.80
100 740 38,540 31.960 6.580 9,20 90.28
At 1050°C
o]
p atm. t°C dt.3 a1050 (dt- d1050) Ade v (Wy=Bd.v)
x 10 x 107 %102 % 107 g. x103
9 880 3.047 2.656 0.391 0.55 34,52
16 850 5.562 4,721 0.841 1.20 45,25
25 840 8.770 7.377 1.390 1.80 51.53
4o 820 14,270 11.800 2.470 3,80 63,02
60 780  22.200 17.700 4,500 5.90 74,10

* Temperature at which the initial spring reading was taken.
d = density of oxygen, g./c.c. v = Tptal volume from Table 25a.
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Appendix L

A typical calculation of composition from

the spring extension,

i) ~ Basic data:
weight of silver = 5,000 g.
sensitivity of the quartz spring = 1.930cm/g.

1
1.93

extension of the spring

spring constant = = 0,51813 g/em.

= Final spring reading - Initial spring reading

11.540 - 11,416

0,124 cm,

0.124 x 0,5181% g,

[

ii) Total oxygen dissolved

1

0.0614'25 e

iii) Weight of oxygen dissolved per g. Ag

0,06425

=.000 0.,01285 g.

iv) Weight percent oxygen dissolved

0.01285
7.01285 * 100

1.269

1

v) Atom fraction, N,, of oxygen dissolved is given by

e

+
0 nAg nO




vi)
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where n. is the number of moles. .. ..

Now taking 1 g. Ag

;I

nAg = S8 9.2696,10°

_ 0.01285 _ -

n, = =mr=-= 0.80%31.,10°
N N 0.8031 0.0797%
0O ~ 9,269 + 0,8031 . -

Conversion to NAgz 0 from NO
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