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ABSTRACT:

Review of literature shows that all the physico-
chemical properties of liguid gold-tin system
point to a number of znomalies. The heats of solu-
tion of gold and tin in liquid gold-tin alloys at
temperatures 275, 300, %50, 400 and 450°C are
measured in a liguid tin solution calorimeter which
has been developed to give results with an accuraéy
better than = 0,2%, The partial and integral en-
thalpies and the heat capacities of the alloys are
computed from the experimental data. The scatter
in the enthalpies does not exceed X~ 20 Cal/mole
for most of the alloys. There are anomalies in
the system at 10 and 75 At%Au. These are dis-
cussed in terms of the nature and energies of the

bonds.
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INTRODUCTION




INTRODUCTION

The nature of the liguid metals and particularly
their alloys is not well understoodgz The scarcity
of accurate physicochemical data does not help to
further our knowledge of ﬁetallic solutions. The
experimental difficulties associated with high tem-
perature liquid metal research and the complexity of
liquid alloy structure have discouraged research in
this field. However, the increasing use of liquid

(2)(3)

alloys in reactors and rockets as heat transfer
agents has created the demand for scientific know-
ledge. This has stimulated renewed interest in
liquid metal research, which, in fact, has grown many
fold during the past few yearsCE).

In addition to the interest associated with
these applications of liquid metals a theoretical
interest arises from the basic desire to discover the
factors which govern the ailoying behaviour of the
metalé. The absence of long renge order in liquids
makes the interpretation of some physical properties
much simpler. This 1s the first step towards the
understanding of the directional properties of the
s0lid state. Moredver, the data obtained in course

of such research will find direct use in many other

branches of research and industry.



The gold-tin system 1s of particular interest in
the liquid state. The equilibrium diagram shows the
existence of a number of eutectic and peritectic
reactions and four compoﬁnds(q). A1l the X-ray
investigations indicate the presence of structure

(5)

in the liguid state. Hendus concludes that some

of the structure of so0lid AuSn is retained in the
liquid alloy. The thermodynamic data of Kleppa(6)
show unusuelly high positive values for partial
excess entropy of tin. The resistivity values of

Roll and Uh1(7)

show & peak at about 25 atomic per
cent tin, a1l of which point to the anomalous nature
of the liquid gold-tin alloys. From a practical
stand point this system is particularly suitable for
investigation as most of the alloys are low melting
and the components are readily available in a highly
pure state.

During the course of this investigation some
results have been obtained on the heat of formation

of solid Cu-Ni alloys. These are presented in

Appendix I,
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" PREVIOUS WORK

2.1. Introduction

The physico-chemical properties give indirect

evidence of structure. Capacity of liquids to have

(8)

indicate strong

(9)

a volume and low heat of nelting
bonding in the liguid state. Low compressibility
of liquids and smsll changes on melting in such
properties as volume, electrical resistance, thermal
conductivity, specific heat, optical reflectivity

(10)(11)

and Hall coefficient, all indicate that the

atomic arrangéments, thermal vibrations and electronic
nature of liguild metals are very similar to those of
the solids. However, high fluidity suggests the
absence of iong range regularity of atomic arrange-
ments. X~roy investigations give a similar picture
of the liquid state 12 |

There are, however, a numbef of apparently con-
tradicting evidences of structure in the metallic

(13)

liquids. The theory of nucleation predicts the

existence of embryos i.e. clusters of atoms in the
liguids end yet the phenomena of supercooling suggests

the absence of large groupings of molecules. All the

(11)

galvanomnagnetic properties show that the free

electron theory is satisfactory for the liquid metals.

(14)

On the other hand éoft X-rey spectrap Knight
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shifts<l5} and some thermodynamic properties(l6> sugge
that the electronic structure undergoes little modi~-
fication on melting, |

The availlable physico-chemical data on the gold-
tin system and their implications are discussed in
the following sections. The theories of solutions
correlating structure with the thermodynamic pro-
perties are summarised, and a critical review of the

avallable experimental techniques is presented.

2.2, Theories of Metallic Solutions

Tﬁe theruodynamic property which limits the
stability of a phase at constant temperature and
pressure is called the Gibb's free energy_(G)(l7).
It is related to two other functions; enthalpy (H)

and entropy (3).

G’ = H had TS . . . 02-2010
H is a function of the internal energy (U), pressure

(P) and volume (V),

H = U + PV
During an alloying experiment the pressure is usually

kept constant. Hence the change in 'H' is given by:

LH = AU + PAV
P and AV being small quantities (Pav €0.002 cal/mole)

st
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OH is essentially equal to the change in the internal

energy.
Entropy is a measure of the disorder in the

(18). This disorder can arise due to atomic

systen
arrangement, occupation of available quantum levels
for vibration, excitation of electrons to higher
energy states and arrangement of the spins of the
electrons. @ These have their corresponding contri-
butions to the entropy. The first term could be
calculated from the relative position of the atoms,
The last three térms are included in the specific

heat of the phase. The relationship between the

specific heat and entropy is given by:

T
ST = ! Cp dlnT - . . 0202.2u
A 8
where, Cp = (Cdil + CV) = Cdll + Cvib(T) + Ce(T)

+ Cm(T) 2243,

In the above expression, the terms C_,,(T), ce(T) and
Cm(T) represent the vibrational, electronic and mag-

netic contributions respectively.

Cdil is the difference between the specific heat

at constant pressure and that at constant volume.

It can be shown thermodynsmically that the following
(17)

relationship between Cp and Cv is valid
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. 2 A
2 _ . IVAT.
Cdil - Cp CV - e L) . 02.2040
. . . 1 .2V
Where 4 = volume coefficient of cxpansion = 5 (£=)
vV TP,

and 3 compressibility = & <§%)T'

The contribution due to stomic vibrations in solids
is calculated with the help of the Debye theory of
(19)

specific heat A Debye so0lid is a harmonic
oscillator, At higher temperatures the real solids
become nore anharmonic. Therefore, there is a con-
tribution from the anharmonic terms in the labtice
vibrations (Canh). This term is likely to be large

in the liguids. The electronic specific heat is given

by the following equation(lg).

C (T) = 7YeT - '. .2.2.5.
Wherfe e = a constant = %Ti;ngf__,
n. = number of free electrons per atonm, TO = a constant
and R = gas constant.

The magnetic term in the specific heat is usually
inappreciable for all materials except those showing
ferrcmagnetism or antiferromagnetisn,

The free energy, enthalpy and cntropy all undergo
changes on alloying. Various aftempts have been made

Yo explain these changes with the help of statistical
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modals.

i) Ideal Solution Model
(20)

An ideal sgolution is defined as one in which
the activity (a) is equal to the mole fraction (x)

at all concentrations and all temperatures.

al = Xl V - L ‘- .2.2‘6‘

It follows from cguation 2.2.6. that

0G =ETR xlnx, AS = -Ryxlnx, oH = 0 and 4V = O.

These deductions inmply that the solution is perfectly
random, and the bond strength of unlike atom pairs

is the average of the bond strengths of like atonm
pairs. Such a solution is possible between substances
having similar atomic'siées, electrochenical properties
and co-ordination numbers. In practice very few
solutions approach ideality. This concept is useful
in providing a limitlfing law. The Bi-Sn systen is
closest to an ideal system of all the intermetallic
systems so far investigated(21>. Here &H = 25 cal/
mole.

ii) Reguler Solution Model

- The concept of a regular solution was first
. 22 23) .
proposed by Hlldebrand( >. Guggenheim<£j) introduced
a modified version of this, known as the strictly

regular solution. The assumptions involved are as
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fdllows. a) The co-crdination number (z) is in~
dependent of compositidn. b) The interaction energies
€55 ejj and eij are independernt of composition.

¢) The mixing is perfectly randon. d) The tenpera-

ture coefficient of w is zero, where

- . Y » .
W o= (eij keii %eéj) e e e e2.2.7
It follows that:
as® = o 2.2.8a:
= 2 2 . z . .
paYsi (N@w)Xin 2.8b

Where N = Avogadro's nunmber.

For such a solution, the volume change on mixing is

. zero, the Kopp?Neumann rule is valid and the contri-

bution due to non-configurational factors is zero.
Strictly speaking the regular solution model is

not internally consistent, since a non-zero value of

enthalpy implies a deviation of entropy from its ideal

value. However it may be shown that the excess en-

tropy of solutions arising from the usual nagnitude of

'w! is often negligible(gq). A nunmber of metallic
systems like Cd-Zn, Pb-Sn, Ga-In 241250 Lpo, display

regular solution behavicur.

The scope of this model has been further increased
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by allowing the constant (Hzw) in equation (2.2.8.)
to vary linearly with composition. This is known as
the sub=reguler solution model(g6>.

iii) Quad-chemical Model

N

This model has all the characteristics of a
strictly regular solution except that the mixing is
non-randomn. iccording to the Juasi-chemical theory
the number of vnlike atom pairs (ij) in a solution is
given by the following expression.

W
% 3 e‘i'gi"m‘

- - = . . . 020209¢
(M - x) () - x)

Where  zX number of 'ij' pairs,

Ni = number of 'i' atoms,
N = nunmber of 'j' atdms.

It can be shown that(25>,

e am | B+1-2x : B-1)42x ;

&G° = %zRT ((1-x)1ln oo Ty + XIn Xdﬁ+l j 2.2.10
- 2Nz w

and AH = x(l—x)(E:I—D . | I e2.2.11

: - 1

This model removes the intermnal inconsistency of
the previous modei, but liké the others it ignores the
contributions due to the non-configurational factors,

Predictions of short-range order in solid gold-

copper alloys by this theory are in good egreement
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with the results obtained by the X-ray diffraction

(2‘7).

experiments The experinental enthalpies of

formation of some alloys are also in satisfactory
agreement with theoretical values, obtained with the

help of this model and the experimentsl free energy

(28)

of formation of those alloys . However for nany

(29, 30,

other alloys this theory is not satisfactory
51). In one case it has been denonstrated that the
non-configurational factors of alloy formation are
responsible for disagreement between experinent and
L (32,33) - .

theory . This theory can be improved by
intrbducing tenperature and composition dependent
factors into eii’ eij and ejj' A successful attenpt
in this direction has becn made by Oriani and Murphy

4) | C o . .
(34) in describing the behaviour of the dilute solu-
tions of Group Ib netals in liquid tin.

iv) Average Potential Model

The basic prenise of the averége potential model
is that the theorem of corresponding states is obeyed
by both the components of the nixture. It is assumed
that
a) the total energy can be expressed as a sum of the
interactions e(rij) between 211 possible pairs of
molecules i and J, where‘rij is the distance between

then,
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b) the potential energy of a peir of moleculés is

given by the following universal function.

e(r) = é*¢(%*} . e . .é;E.lB-

where »* and e* are constants characteristic of the
nolecular species. The next step in the theory is

e* *
ii? 33? T4

and r*jj in the sclutiocn. In detcrmlnlng the rele-

vant average. values certain assumptions are nade.

to deternine the averzge values of e*

~¢) Lennard-Jones law is operative in all the phases.
This means; e* and r* are the co-ordinstes of the
mninimun of e(T).
d) The solubtion is randon.
P * >£<
e) v*; 4 = %(z*, ")
f) e* and r* are independent of environment.
The excess free energy and enthalpy are then given

by the following expressions(BB).

2G6°
IJ_XJ

ﬁa(xi—xj>+%5j2 - g RT/?Exxi-xj)+%54§g3 e e . 42.2.15

= Hi(26-’_~5/>2) + VaTCpi (82—455Xj--492xixj) - %T(}vi(_

and
A 4p23CD, (o2 2
ing = (H 4~1Cp, )(23“OF ) - % i SVPy (8 -tes Xj_4e g%

%Tzdcvl [ (x5 X )+ 1/25;; e e . W2.2.16
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Where
e*.. .
(S:' ('é';k—q% - l) . - . -.2.2-17&
11
*
f‘-‘—-‘ (-;;M - l) 'o . L4 02-2017b
ii iz iz
e*. .~le¥. . le* .
B= ( ]:_J exll JJ) . L [ .202-1’70
ii

Oriani<51) has demonstrated that the agreement
between the experimentally determined a&H and that
obtained from theory and experimental &G is good in
both the solid and liguid Au%Cu% alloys. However,
the theoretical values of excess entropy and enthalpy
for séme other systems are found fto be unsatisfactory
(29). The inspplicability of Average Potential lModel
to some of the alloy systems may be due to several
reasons. The assumptions (d), (e) and (f) are ap-
plicable only in case of atoms having similar size and
similar chemical properties. Further, there 1is
enough evidence to doubt the central-force character

of ‘the pair inberactions in metals and alloys 22? 319

56, 37)

2e3, Bquilibrium Diagram of Au-Sn System

The equilibrium diagram of gold-tin system is

drawn in Fige, 2.3¢1e There are four intermediate

phases(4). Three of these AuSn, AuSn2 and AuSn4 have
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very little solid solubility for their components.
£uSn crystallises in a Nilds type structure. The
Vothe; two compounds AuSn2 and 1‘11181:1,+ have orthorhombic
unit cells. These are the three intermetallic com-
pounds.

The other intermediate phase is an e¢lectron com-
pound(BS). It is homogeneous between 12 to 16 At%Sn.
It has a simple h.c.p. structure. The bond in it is
essentially metallic in nature. The crystal struc-
ture of gold rich solid solution is simple face-
centred cubic and that of tin rich solid solution is
tetragonal.,

The compound AuSn melts congruently at a rela-
tively high temperature of 418°¢ and all the others
melt through peritectic reactions, There are two

eutectic reactions at 280°C and 214°C and corresponding

eutectics occur at 29.7 and 94.1 At%Sn respectively.

2.4, Physical Properties of Liguid Gold-Tin Alloys

i) Viscosity

Viscosity is a functioﬁ of the interatomic forces
existing between the constituent metallic species in
the alloy. This aspect has been discussed by Yao 227,
In a nearly ideal solution the atomic shapes and sizes
are similar and the interaction between dissimilar atoms

is the same as that between similar atoms.
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The viscosity in such systems changes. linearly with
composition, Systems which have an equilibrium
diagram in the form of a simple eutectic generally
show an expansion of volume and have a positive heat
of mixing. The repulsive forces between unlike
atoms and the increased mobility of atoms due to

volume expansion are reported as being responsible

for lower viscosibty of eutectic alloys(4o’ 4L, 42,

45). The presence of comﬁound molecules in the

liguid tends to increase the visoosity(qg’ 44, 45).

This is due to the mechanical effects of the larger
size of the molecules. In addition to this, the de~
creased mobility due to contraction of volume on
alloying, increased cb~ordination number and increased
activation energy would tend to increase the viscosity.

Considerable work has been carried out on the

(40, 42, 44, 46, 47)

viscosity of liquid btin , With con-

(40, 46)

flicting results. In two cases the viscosity

near the melting point i.e, below 28000 has been re-

ported to be higher than the values predicted by the

(48)

exponential law This abnormality has been

interpreted in terms of clusters of tin containing
gbout 20 atoms each<49).

Viscosities of gold and gold-tin alloys have been



(50)

reported by Gebhardt et al over a wide range of
teunperature. The changes of viscosity and activation
enersgy have been shown in Fig., 2.4.1. The viscosity-
composition curve does not show any remarkable

change of shape at any composition. Viscosity drops
rapidly with increasing tin content and its maximum
deviation from linearity occurs at about 30 At%Sn
corresponding fo an eutectic composition. There are
small positive deviations from a smooth curve at

50 and 66 At%Sn, The activation energy at these
compositions decreases with temperature. This,
probably, is an indication of dissociation at higher
temperatures. The maximum deviation of viscosity
from linearity at 30 At%Sn could be due %o the exist-
ence of an eutectic at that composition. The probable
existence of any compound molecules around this com-
position seems to be very uqlikely, although it is
impossible to be certain, because of the lack of data
at higher concentrations of gold.

ii) Resistivity

The resistivity is a function of 'atomic structure
and electronic nature of the metals and alloys(lg).
A simple liquid metal has a positive temperature ‘co-

efficient. The resistivity of an alloy arises from
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the thermal vibration of the atoms and the lack of

(51)

periodicity in the lattice.  Nordheim has shown
that the change of resistivity due to thec latter is
'parabolically related to composition, if the atomic
volume, crystal structure and the number of free
electrons are the same for both of the components of
the solid alloy system. That fraction of resistivity
which arises from the thermal vibration is usually
linear with respect to composition, The parabolic
deviation of resistivity from linearity is also found
in the liquid alloy systems having similar components

(52)

. Simple eutectic systems show linear variation
of resistivity with composition(Bé). The presence
of a compound in the liquid alloy is indicated by
higher resistivity and lower temperature coefficient.

The electrical conductivities of liquid tin(lo’

54, 55) (10, 55)

and liquid gold are normal in every
respect. The resistivity measurements on the liquid
gold-tin alloys were\made by Roll and Uhl(7). The
deviation of resisti&ity from linearity and the tempera-
ture coefficient of resistivity have been presented in
Fig., 2.4.2. There is a prominent peak in the curve

at about 22 At%Sn, The curve is nearly linear on

both the sides of the peak. Small and relatively
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insignificant humps appear at compositions correspond-
Iing to the compounds Auan, AuSn2 and AuSn. The .
temperature coefficient is zero at the eutectic com-
position and it rises slowly on both the sides, showing
additional depressions at 38 and 60 At%Sn, The co-
efficient is small but positive at the peak value of
the resistivity.

The peculigr behaviour of resistivity has been
interpreted as indicating the presence of a complex
at about 257At%8n. At higher temperatures, the
proposed complex dissociates and releases electrons
which tend to keep the temperature coefficient of
resistivity ét a low value. It has been suggested
that the liquid alloy could be regarded as a mixture
of the complex and a solubtion rich in one of the com-
ponents. The concept of molecules in a liguid
metal is somewhat unsatisfactory and an alternative

interpretation is considered in the discussion,

1ii) Other Properties

Congsiderable amount of work has been done on the

rest of the physical properties of liquid tin, with
(56)
?

and velocity of sound(60), atl

conflicting results. The surface tension
density(#2s 57, 58, 59)

show no deviation from a linear plot with temperature.
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On the other hand the th&rmal‘conductivity<lo’ 61) an

d
self-diffusion coefficient measurements show a non-
linear dependence on temperature which can be attribu-~

ted to the presence of molecular complexes. The

:
(62) 14 Hall coefficicnts L) of

optical properties
liguid tin yield values for the conduction electrons,
the effective number of which appears to be equal to
the actual number of valency electrons.

(10, ©3)

. The density of liguid gold is linear

with respect to temperature. Williams and co-

(&4) have determined the densities of liguid

workers
gold-tin alloys at BOOOC, but they point out that the
results are not accurate enough to bring out any anomaly.
Liquid gold and liquid tin both have been reported
to be dia.magnetic<65), Jan and co—workers<66)
'meésured the susceptibility of AuSn betweeh 75 and

0
7257K. Tiguid AuSn is diamagnetic.

2:5. X-ray SBtudy

The X~ray diffraction patterns of the laguid
metals and their alloys tell us about the atomic
arrangements in the liquid state. The monatomic
liquid metals give rise to simple diffraction patterns

consisting of a high intensity peak at a low value of
(sin &

T ) and a number of other peaks of decreasing
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intensity at higher angles(lg). In the liquid state,
the diffraction.pattern of a substitutional alloy re-
sembles that of its solvent, whereas that of a
simple eutectic is similar to the superimposed in-
tensity patterns of its components(67).

The diffraction pattern of pure liquid gold re-
sembles that of a simple liquid(5). Liquid tin, on
the other hand, shows a subsidiary meximum superimposed
on the high angle side of the main peak(5’ 67, 68, 69,
70, 71, 72). This hump becomes less prominent at
(69)

higher temperatures. Williems summarised all the
X-ray data on pure liguid tin along with the more re-
cent ones of his own group. He concludes that there
are two types of molecules in the liguid tin. Most
of them are molecules of white tin and they give rise’
to the main pezak, The subsidiary meximum is caused
by the clusters of grey tin molecules present in the
liquid tin. These constitute aboub 5-25% of the
total number of atoms, It is proposed that there is
a continuous inverchange of atoms between the two
gTroups. This hypothesis is supported by Paulingls

(73)

that white tin contains =bout 25% covalent

(15)

theory
linkage and by the magnetic susceptibility

measurements which lead to the conclusion that there
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is no change in elecctronic structure on melting and
that the liquid is a direct extension of the solid.

(5)

Hendus was the first experimenter to examine
the liquid gold-tin alloys by the X-ray diffraction
technique. He studied zlloys containing 50, 29.4
and-16.% At%Sn. The intensity pattern of liguid AuSn
showed double maxima. The maximum at the lower angle
occurred at  the average,(gigji) value of the components,
The position of the high anéae maximum coincided with
the (012) position of solid AuSn. The patterns pro-
duced by the other two alloys were similar to those
of pure liquid gold. Hendus coneluded that 1liquid
AuSn contained a randum liguid and another liguid having
alstructure similar to that of solid AuSn and that the
liguids at other compnsitions were random. Sauer-
wald<74) compared these results with the average wvalues
of (§l%7*) and observed that the experimental values
at 16,3 and 29.4 Ay%Sn are in agreement with the
average values within experimental errors.
Skryshevskii(67) obtained the intensity patterns
of liquid AuSn, AuSn2 and Audn, ., He confirmed the
existence of double maxima at 50 At%Sn. With in-
creasing tin content the high angle mnximum decregsed

in intensity, wherecas the low angle maximum increased
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in intensity. He concluded that the double peak
at 50 At%Sn is due to order in the liguid. He did
not believe that liquid AuSn is a mixture of two
types of molecules,

(75,76)

More recently Williams et al determined
the diffraction patterns of ligquid AuSn, AuBSHE’

Au.Sn and Au These results

Aung, 65009, 40 AUz g2>M ¢
are essentially the same as those obtained by others,
All these results have been presented in Table 2.5.1.
Williams and co-workers observed that the high angle
peek at 50 At%Sn occurred at an angle higher than
those of its components, and it increased in intensity
at the expense of the low angle peak with increasing
gold content and decreased in intensity with increas-
ing tin content. = At about 25 At%Sn the low angle
peak completely disappeared and the single peak which
remained, appeared abt an angle higher than the peaks
of both the components of the alloy.

It is proposed that.there is a compound in the
liquid alloy at 25 At%Sn and liguid AuSn is composed
of a liquid containing 75At%f&u and a random liquid.

As the gold content ‘is increased the random liquid'is

decreased and the other is increased, The random

ligquid in AuSn has a complementary composition and the
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atoms keep on interchanging between the two groups.

This concept is supported by the findings of the
(7)

resistivity measurements on these alloys.

A plot of the value of (S%EE}) for the meximum

in the X-ray diffraction pattern against composition
is shown in Fig. 2.5.1. The value of-(g%%éL) for the
high angle peak is always higher than the average’value
and it decreases gradually with decreasing tin content
of the alloy. This suggests that the compound in
solution becomes morc loose with increasing gold con-
tent, It ig possible to extend this argument to
support the views of Hendus, Thus the data from

the X-ray technigue has been interpreted as showing

the presence of a compound in the liquid, but the

exact nature of the compound is not well established.

2.6, Thermodynamic Properties

It is necessary tovunderstand the naﬁure'of the
g0lid alloys in order to evaluate correctly the
structural peculiarities of the liquid state. There-
fore the thermodynamic properties of solid alloys are
reviewed along with those of liquid alloys.

It has been pointed out in one of the previous
sections that there are four compounds andlone gold-

rich terminal solid solution in the solid state.
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TABLE 2,5,1.

X-ray Diffraction Data on Liquid Au-5Sn System

Composition Tempoc §3€§id Value Investigator
Formula At%Sn of the peaks.
-LHS 7 RHS
Sn 100 232 0.178 ‘Williams
240 0,176 0,240 Skryshevskii
280 . 0.176 Hendus
480 0.175 . Hendus
495, 0,177 Williams
AuSn4 80 300 0,180 0,235 Skryshevskii
AuSn2 66.7 360 0.180 0.227 Skryshevskii
AuSn 50 425 0.190 - 0.225 Williams
430 0.185 0.225 Skryshevskiil
440 0.191 0.222 Hendus
AuBSn2 40 412 - 0.195 0.222 Williasms:
Au2 4Sn 29.4 295 0.195 0.222 Williams
340 0.217 Hendus
AuBSn 25 655 <. 0.220 Williams
Au82Sn18 18 - 659 0,214 Williams
Au5 lBSn 16.3 750 0.210 Hendus

Au 00 1100 0.210 Hendus



Calorimetric heats of formation data at OOC, Xop =
0.125, 0.14, 0.155, 0.5, 0.667 and 0.80 were ob-
(77

tained by Howlett, Mishra and Bever and those

at 242°C xg, = 0.8 and 0.667, 350°C, xg = 0.% and
450°C, x5 = 0.13 and 0.06 were obtained by Kleppa(’®),
Biltz et al(79> determined the heats of formation

of AuSn and AuSn, at 90°¢ by aqueous solution

(80) and Kubaschew-

calorimetry. Bottema and Jaeger
ski(al) megsured the heat content of AuSn between
125°C and 308°C and 222°C and 418°C (M.P.) respectiv-
ely. These results are consistent with the calori-
metric results of Bever and colleagues and the
recalculated results (+6.4%) of Kleppa. The data
of Biltz and co—workeré‘are however 500 to 1200
cal/gram atoms different. |

The heat content of liquid AuSn Was determined
by Kubaschewski(81>. The specific héats derived
from these results are about 8% more than those
predicted by the Kopp-Neumann rule. This is an
indication of the non ideal nature of the ligquid
alloy.

The relative partial molar heat content of solid
gold in liquid tin has been reported over a wide range

of bemperature 3%» 82y 83, 84, 85, 86, 87, 88, 89, 90)
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These measurements show that the heabt-capacity of
gold in solution is nearly twice the heabt-capacity .

(29) has further shown that

of.pure gold., Oriani
the composition dependence of AEAu(S) in dilute
solutionsg of gold in tin (less than 2 At%Au) is al-
most zero, All these observations lead to the con~-
clusion that gold in solution is in a complex state
of association,

(83)

‘The Calorimetric results of Kleppa on the
heats of formation of liquid gold-~tin alloys at 55000
from O to 23.4 At¥%Au and at 450°C from O to 30.8
At%Au are the only reliable ones available.  The
values of AH derived from the e.m.f. resﬁlts of

(6)‘are not very reliable and also not in agree-

Kleppa
ment with thé calorimetric results. However réliable
data for the activityvof the components at 600°C have
been obtained from the e.m.f. results. These are in

(91)

good agreement with those of Yanko et al measured
at 269, 320 and 57000 and between 94,5 and 99.8 At%Sn.
Both the components show réther strong negative devi-
ation from ideal solution behaviour. A plot of
partial entropies‘against composition obtained from

the temperature coefficients of e.m.f. at GOOOC, is

shown in Fig. 2.6.1. Gold shows strong negative
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-deviation¥ 'This‘ could not be due to loss of randomness
caused by the existence of clusters in the liquid
alloy. On the other hand tin shows rather less pro-
nounced negative deviation and indeed positive devia-
tion at about 50 At%Au. Association in the liguid
would only decrease the entropy. Therefore there
nmust be other factors, like thermal, electronic and
magnetic specific heats, size.effects, changes of
co-ordination number etc, influencing the partial en-
tropies of the components, It has already been
pointed out that the specific heats of compenénts in
solution are much diffefent from those in the pure
state, = It is likely that the specific heat is making
a definite contribution to the entropies. |

It is not possible to generalise any more, be-
cause of the various limitations of the available
data. Nevertheless it is quite clear that the
liguid gold-tin alloys are anomalous. The available
thermodynamic data are few and more thermodynamic |
data, over a wider range of temperature and composi-
tion are‘necessary before any further attempt is

made to understand these alloys.

- .
Negative deviation in Fig. 2.6.1. corresponds to

positive AS®,
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2.7. Experimental Technidues

The changes of free energy (AG), enthalpy (AH)
and entropy (AS) accompanying the formation of an
alloy are the thermodynamic properties of importance.
In principle, these parameters can be determined by
any one of the following techniques(8>:

i) E.m.f. Technique.

ii) Bquilibrium Measurements.

iii) Calorimetric Methods.

In the methods of the first group a reaction of the
form '

(pure liquid) == A (liquid alloy) (2.7.1.)
is harnessed in an electrolytic cell and the reversible ‘
electro-motive force is measured. The - free energy
difference is then linearly related to the e.m.f.

The enthalpy is obtained from the e.m.f. and its
temperature coefficient and the entropy is calculated
from the temperature coefficient. However the e.m.f.
measurements are sometimes associated with errors of
undetectable source. This leads to a factor 6f un-
cértainty in the results. Chipman, Elliot and

(92)

Averbach have described the difficulties associa~
ted with this technigque and have suggested measures

to counter these difficulties. If the experiment is
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carried out with sufficiént care and self critism, it
ylelds good values for the free energy change. The
temperature coefficients, however, cannot be deter-
mined with muéh accurac&, and small scatters in e.m.f,
value will introduce large errors in the bvemperature
coefficient, Thus, it is not easy tdyobtain reliable
values for{}H and AS from such measurements.

The equilibrium techniques involve the measure-
ment of either the vapour pressure of one of the com-
ponents or the activity of one of the components
present in another phase in equilibrium with the
alloy; This method is again involved‘with all the
difficuities associated with the e.m.f. method. In
any case, this method is not suitable for the present
purpose. The vapour pressure technique is applic-
able only when one of the compdnents has high vapour
pressure, whereas gold and tin, both have low
vapour pressures. The technique which involves
equilibrgfating a second phase is appliéable to épecial
caées at higher temperatures. Moreover this method
is associated with difficulties due to thermal dif-
fusion,

Calorimetry consists of directly measuring the

‘enthalpy changes (BH) in a calorimeter. This
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technique involves fewest corrections and less un-
certeinty. The results can therefore be quoted with
an estimated error which can be relied upon. In
order to obtain values for AG and DS the calorimetric
values for AH must be supplemented by low temperature
heat capacity values down to the absolute zero, and
the techniques used in obtaining such data are very
much specialised.

| The foregoing discussion shows that the e.m.f.
measurements can give good vealues for NG and not very
rgliable values for AH and NS, and that the calori-
nmetric technique can give good values for HH and the
supplementary data required to obtain values for AG
and AS will necessitate the use of special experi-
mental technique and equipment. It is therefore
better to measure free energy changes by the e.m.f.
technique, the enthalpy changes by calorimetry and
to obtain the values for AS from the thermodynamic
- relationship between the three parameters.

'There are a number of calorimetric methods

available for the determination of enthalpy of forma-
tion, These could be classed under the following

heads<95).

i) Acid solution calorimetry.
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ii) Combustion calorimetry.
iii) Direct mixing calorimetry.
iv) Metal solution calorimetry.

Acid solution calorimetry was once very popular,
but at present it is hardly'used, because of its
following drawbacks.

a) The heats of sclution are 1argé compared with the
heats of formation in metal systems.

b) It is limited to low temperature measurements.

c) The rate of solution is sometimes too slow.

d) Final reaction procduct is often uncertain.

- The problems of combustion calorimetry are‘very
much similar to those of acid solution calorimetry.
The heat effects on reaction are large and the re-
action products are uvsuvally in undefined states of
oxidation,

The direct mixing calorimetry consists of mixing
two liquid metals in a calorimeter and measuring the
heats of mixing, This method requires large quanti- .
ties‘of pure metals, which are in some cases unecon-
omical., The imperfect and slow mixing of the con-
stituents, oxidation of the components and inexact
knowledge of the temperature of the added melts give

rise to most of the other difficulties.
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The principlés of metal solution calorimeter are
the same as those of acid solution calorimeter.
But it uses a liquid metal or alloy as the solvent.
It possesses the following advantages over others:
i) The heats of solution are generally of the same
order‘of magnitude as the heats of formation. Hence
multiplication of experimental errors‘inherent in
such pfocesses are reduced,
ii) The finsl state of the sclute is well defined.
iii) The side reactions are sbsent.
iv) The rate of the solution process can be enhanced
by working at reasonably high temperatures.
v) Widely different heat effects can be measured.
These aspects of calorimetry have been discussed
by Kubaschewski and Hultgren'®*),  oOut of the
various techniques available'the metal solution

calorimetry is well suited for the present purpose.

2.8, Conclusion

The structures of liquid métals are similar in
many respects to those of solids. However the proper-
ties of liquid gold-tin system show several anomalies.,
The X-rgy data show intensity peeks with subsidiary
maxima and suggest the existence of a complex in the

liquid state at sbout 25 At%Sn. A similar picture is
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given by the resistivity which shows a maximum at
22 At%Sn. On the other hand the viscosity and
density appear not to support the avove hypothesis,
In addition to these structural and physical
peculiarities the thermodynamic properties vary
widely from any simple model of & liquid alloy.
The activities show strong negative deviation. The
heat of formation is large and negative. The excess
partial entropy of tin is positive. The relative
partial heat content of gold shows strong temperature
dependence, but zero composition depehdence.
From this survey it appears profitable to
examine the thermodynamic parameters in this system
and liquid tin solution calorimetry is apparently

the most appropriate experimental technique..
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CHAPTER THREE

EXPERIMENTAL EQUIPMENT

( CALORIMETRY )




41

LXPERIMENTAL BCLUIPMENT (CALORIMETRY)

2%.1le Introduction

The heats of formation of ligquid gold-tin alloys
have been determined with the help of a liquid tin
solution calorimeter, This metalvsolution calori-
meter is essentially an isothermal calorimeter. It
has a constant temperature enviromment. The space
between.thé enviromment and the crucible containing
the solvent metal, is kept under vacuum in order to
reduce the heat transfer and the oxidation of the solvent
metal. The heat transfer coeffiqient is derived
from the rate of approach.to equilibrium of the
crucible and contents, The heat capacity of the
calorimeter is determined by altering‘the heat con-
tent of the system by a known small amount. Any
unknown heat effect is calculated in terms of the
known temperature change of the solvent metai, the
heat exchanged with the constant temperature environ-
ment and the heat capacity.of the calorimeter,

The primary aim in designing this calorimeter has
been to achieve a constant temperature egvironment
and a minimum and rational heat transfer coefficient.
The theoretical aspects of the design have been dis-

(95

cussed by Kravitz and Leach
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3.2, The Thermostat

The environment is designed so that its tempera~
ture is stable to at least & 0.001°C. It consists
of a large molten salt bath in which is immersed an
evacuated steel container. Out of the various

(889 95, 96’ 97, 98) 99)

avallable techniques a salt
bath, in addition to being cheap is easily meintained
at an uniform temperature with the help of forced

(100). The salt is a 50% mixture of

convection
sodium nitraté and potassium nitrate and is completely
fluid at 228°C. It is contained in a steel vessel
26" in diameter, 33" deep with a wall thickness of

, The thermal insulation is provided by an 8"
thick lgyer of "Selfrac" lightweight firebricks.

The thermal conductivity of these bricks is approxi-
mately 5 x 10—4‘cél/sec/cm2/cm/00 at BOOOC. The
outer container is a K" thick galvanised mild steei
vessel 42" in diamebter and 41" in depth.

The evacuated container is supported by a mild
stesl frame which is kept partially immersed in the
salt bath. The top plate of the frame supports the
insulating material for the cover of the bath., It

consists of a layer of "Sindanyo" and a 4" thick layer

of glass wool followed by a final layer of "Sindanyo'.
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This arrangement prevents the salt from saturating
the glass wool and reducing its insulgting properties,
The salt bath is heated by seven coaxial NMgO
insulated heaters clamped tolthe outside of the con-
tainer. These are 34" long,f%rdiameter, 680-watts,

250 volts, inconel sheathed industrial heating ele-~
ments supplied by A.E.TI. 5ix of these heaters are
vertical and are equispaced in groups of two. The
seventh is placed along the circumference of the
salt container at the salt level. The terminals of
the heaters are taken out through holes in the outer
container and are connected at room temperature
in parallel to a 20 Amp. Variac. This arrangement
was necessary to prevent the salt from creeping into
the insulation of the heaters and causing electrical
breakdown. The power to the variac is supplied by
8 3 EW constant voltage (I 1%) transformer. Three
1KW heaters are placed in-between the other heaters
in order to serve as boosters. These are connected
in parallel directly to the mains.

The tempersture of the salt bath is kept umi-
form by continuous stirring, The stirrer system con-
sists of a 1l2-bladed turbine, mounted on a pinion and

driven by a spur gear, both being situated at the base
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of the salt bath, The speed ratio of this combination
is 3/17. The pinion and the spur gear are mounted on
corrosion resistant alloy steel beariﬁgs, supplied by
HoffmamManufecturing Co. A %" diameter mild steel
shaft passes through a self aligning bearing mounted

on the top of the salt bath and connects the pinion

to a % h.p. synchrdnous motor. The motor drives the
pinion at 280 r.p.m. giving a net speed of 50 r,.p.m.

to the turbine. This speed has been found to be
suitable(lOl).

The salt bath is effectively divided into two
chambers by a 21" diameter, 20" deep stainless steel
cylinder mounted on the frame which carries the
vacuun container, This arrangement which directs
the flow of salt caused by the turbine forces the
salt to move upwards.in the outer chamber and down-
wards in the inner chamber. Thus fresh salt always
comes in contact with the outside wall of the bottle

and the inside wall of the salt container (Fig. 3+2.1.).

3.3, Temperature Control System

The required control of temperature is achieved
by varying the voltage applied to the control heater

which is wound round the stainless steel cylinder.
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The heater is a 42 feet long, 0.,1" diameter, 500~
waﬁts, stainless steel sheathed industrial heating
element. It is powered by the stabilised source through
a variac and a saturable reactor.

A platinum resistance thermometer, with a
temperature coefficicnt of about 0.36 2/°C (T 2:350°C)
is used to sense the temperature fluctuations of the
salt bath. The resistance bulb of the thermometer
is connected to thrée lead wires of platinum which
make electrical contact with three copper wires
through pools of mercury. These pools of mercury
are kept immersed in an ice-water bath. This
arrangement eliminates thermal and electro-chemical
e.m.f.s, which have caused a lot of trouble in the
past. The copper lead wires are comnected to a
Wheatstone bridge so that the thermometer forms one
arm of the bridge. The bridge is powered from a 6V
béttery and a Tinsley moving coil reflecting galvano--
meter (Type 45004) detects out of balance currents.

A beam of light from a 24-watt# bulb is reflected by
the galvanometer mirror andfalls on a specially’ mounted
cadmium sulphide photoconductive cell (Mullard ORP 90).
It has an internal resistance of sbout 4000{:when the

cell is fully lighted and virtually infinite resistance
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in the absence of 1light. The varying resistance of
the photocell due to changes in light intensity varies
the current drawn from a 12V battery. A magnetic am-
plifier is used to amplify the current which is then
passed through the control winding of a saturable
reactor, which is connected in series with the con-
trecl heater. The voltage (A.C.) applied to the con-
trol heater is changed with change of currcnt (D.C.)
in the éontrol winding,

The Circuit diagram is ghown invFig. 3.%¢1,

A calculation shows that a chenge of 0.001°C in
the salt temperature is represented by a change of
10_3 amps in the galvanometer, whose sensitivity is
1600 mm/uA at one meter. The photocell is placed
at a distance of 1.3 meters, so that the rectangular
image of the light spot moves about 2 mm/0,001.°C.
When the spot is fully on the cell the current in the
control heater is very small, On the other hand,
when the spot is away from the photocell, the current
is 1.2 to 1.5 amps corresponding to about 10% of the
pcwer input to the salt bath. Since the width of the
spot is'12_mm. and the fluctuations in the control
heater current is = 0,1 amps, the salt bath tempera-

ture as measured by the resistance thermometer is well
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within the required limits.

3.4, The Vacuun Systenm

It has been peinted out that the vacuum con-
tainer is in essence the constant temperature environ-
ment. It is & flanged mild steel vessel, 10" in
diameter, 12" deep and %" thick. The access is
through a 5" diameter, 20"long and %" thick flanged
cylindrical neck, giving it the general shepe of a
long necked bottle. The inner surface of the bottle
is plated with chromium in order to reduce oxidation
and prevent it from being attacked by molten tin.

The bottom half of the neck is kept immersed -in the
salt bath, so as to decrease the heat losses from the
bottle. The top quarter of the neck, conbtainirg the
vacuum seals is waber cooled. The neck supports a
54 diaméter, 4" long flanged brass cylinder which
carries the vacuum gauge heads and the connections to
the vacuum pumps (Pig., 3.2.1.).

A vacuum, better than 107 mm Hg. is maintained
with the help of an Edwards backing pump (Model |
- ISC 50B) and a 2" water cooled ©il diffusion pump.
This combination initially takes about 5 minutes to
reduce the pressure to 5 x 10_4 mn Hg. and a further

hour to reduce the pressure to a value lower than
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1072 mm Hg., as measured by a Penning type vacuum
gauge, However, sny increase in pressure due to
additions of samples is reduccd to 1077 mm Hg., in
about 10 to 15 seconds,

All ﬁhé vacuum seals at ﬁhe roon temperature
are made with necoprene rubber O-rings. The seal
in.the salt bath between the bottle and the neck is
made with a 22 gauge annealed'copper wire. The
wire is welded to form s closed loop, anneaied;
cleaned and bolted tight betweén the flanges.

A high vacuum in the bottle reduces the errors
due to oxidation of metals, brings the thermal dis-
turbances to a minimum ond decreases the heat trans-
fer coeffident by virtuelly eliminating conduction
and cohvection due to gases. According to

(102) the heat transfer coefficient (¥

Smoluschowski
is proportional to pressure (P) and k'= o when P = o,
at pressures below 0.05 mm Hg, Thus at low pressures
the heat tramsfef due to gas conduction and convection
between different parts of the calorimeter will be

greotly reduced,

%2.5, The Crucible Assecmbly

The calorimeter proper consists of a crucible to

contain the molten metal and its supports,a mechanism
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to stir the metal and an arrangement for introducing
specimens,

The molten metal is contained in a spun molyb-
denum crucible 2" in diamcter and 3" deep with a
wall thickness of 0.04", It weighs approximately
147 gms, The depth of liquid inside the crucible
is maintained at 1.7". The crucible is supported
by three steel pins, each being 1 mm. in diameter.
The total area of contact is less thaﬁ 0.2 sg. cu.
The pins are screwed into three stainless steel sup-
ports, which are suspended from a radiation shield
locgted on threc pegs situated at the bottom of the
neck. of the bottle. This radiation shield with four
lothers is suspended by three stainless steel rods
from the top plate (Fig. 3.5.1.).

The position of the crucible is such that the
centre of the metal bath is 5" distant from the side
and bottom walls and 7" distant from the top. This
arrangement leaves the metal bath at the cenftre of =
temperature uniform zone (Fig. 3.6.2.). The dis-
tribution of temperature inside the bottle has been
measured and has been found to be satisfactory.

That lS to say the vemperature reading from a bare

Pt/Pt-12%Rk thermocouple was taken as s function of
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its position inside the bottle. The- temperature was
constant to = 0,01°C.

For problems of heat. transfer the present systen
can be approximated to a case of two concentric
spheres of diamecter 10" and 2" respectively, It can

(103) L e h
be shown that the net transfer of energy by
radiation per sccond (¢) between two concentric

spheres is given by the following expression,

Qap = Ao(T) - T g i =
e1” &, ep "Ks
Where, Al = surface area of the inner sphere,
Tl = absolute_temperature.of the inner sphere,
el = emissivity of the inner sphere,
and @ = radiaticn constant.

The subscript 5 referring to the same parameters for
the outer sphere.
For our present purpose,

A

)
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A
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The factor (f(e)) containing all the terms in emis-

sivities in the equation for 'q' above is then given

by;
1 1

f(e) = '62-25
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It is easily seen that when el-is changed from one

to 0.25, f(e) is increased by 300%, whereas fle)
increases by about 5% when en is changed from one to
0.25. This anslysis shows that the condition of the
inner surface of the bottle is not very important.

On the other hand, maintemance of a bright surface
on the crucible is definitely desirable. For this
reason the crucible is always given a very good
polish before it is used for any experiment.

The metal bath is stirred in order to obtain uni-
formity in temperature and composition. The stirrer
consists of a2 36" long metal tube and a number of
blades attached to the lower end. The stirrer
shaft passes through a bearing situated in the bottom
radiation shield, a double Wilson seal mounted on the
top plate, and twb other bearings. The hollow
stirrer tube serves as a thermocouple well. The
twisting of the couple is prevented by producing an
oscillating motion, The rotating motion of a con-
stant speed motor mounted on the top plate is con-
verted into an oscillating motion with the help of a
crank and a connecting rod. The stirrer makes
96 cycles/min., In o half cycle a blade sweeps over

90° and during the other half it swings back to its
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original position.

Two types of stirrers have becn used during this
investigation. Initially the stirrer was made en-
tirely of stainless stcel; later the portion immersed
in the ligquid metal was changed to molybdenum due to
its greater resistahce to attack by tin containing
dissolved metal. The stairnless steel stirrer is
made by electron beam welding a 2" sg., 0.015" thick
stainless steel sheet to one end of a 0.275" diameter
and 0.010" thick stainless stecl tube, The sheet
is cut and bent so as to give four vertical 1" high
and O.4" wide blades. it was found to be suitable
for cxperimenfs with pure tin,lbut it is hiéhly un-~
suitable for metal baths COntéining more than 10 At%Au.
Stainless steel is badly attacked by gold-rich solu-
tions, A4 special molybdenum stirrer was prepared to
deal with these solutions. A blind hole was drilled
along the axis of a 0.41” diameter 4.,1" long molyb-
denun rod. It was ground to the required size
giving a wall thickness of 0.,020" and three blades
made out of one piece of molybdenum sheet were
mechanically pressed into position. Finaily a.
0.255" bore and 0,010" thick stainless steel tube was

brazed to the open end of the stirrer with a special
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silver-palledium alloy. The details of this stirrer
are shown in fig. 2.5.2,

The samples are added to the ealorimeter through
a 1" straight through diaphragm valve. It is
soldered to the top plate of. the vacuum systen,
which supports the crucible assembly, The valve
opens to a %" stainless steel tube which leads the
sample into the crucible. A number of bends are
given to this tube in order to reduce the speed of
the descending specimen. The top of the valve is
coﬁnected to a 12 mm, bore pyrex tube through a
Wilson seal. The free end of the btube is slightly
bent and then Jjoined to.a B.19 =socket. Another
piece of siﬁilar glass tube is closed at one end and-
is bent to form a 90° angle. The free end is joinsd
to a B.19 cone, This tube, carrying the specimen,
is connected to the addition system. The valve is
opened and the glass tube is pushed dqwn through
the wvalve. The specimen is added by rotating the
specimen tube on the ground glass joint (Fig. 3.5.3.).

There is provision for evacuating the specimen
chamber before it is connected to the main vacuun
system. A small auxiliary valve is soldered to fhe

top of the diaphragm valve. The suxiliary valve is
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connected to the backing pump for purposes of evacu-

ation.

3.6, Temperature Measuring Unit

The temperatures are measured using thérmocouples
and a potentiometer unit. A Tinsley wvernier
potentiometer (Type 4363) is used in conjunction with
a Tinsley photocell galvanometer amplifier (Type 5214)
and a Tinsley indicating galvanometer (Type SS2 45E).
The potentiometer is capable of reading 0.190100 V
in units of 1uV, 1t draws its power from a 2V
battery and is standardised against a standard cad~
mium cell. The potentiometer is connected to the
amplifier through a thermél compensator which includes
a four place sensitivity switch. The compensator is
used for backing off any unwanted e,m,f, present in
the measuring circuilt. There is provision for
varyingvthe amplification of the preamplifier. The
indicating galvanomever has a built in 10 cm scale.’
With a thermocouple of 60flresistance, the maximum
sensitivity of the nmeasuring ﬁnit, as measured by
the indicating galvanometer is about 5 cunpuV.

Howewer operating sensitivity is maintained between
2 to 3 cm4;V, as it is enough to permit the temperature

readings to be estimated to better than - 0.001°C.
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In order to reduce vibrations, the galvanometer and
the amplifier are mouhted on a wall bracket.

6 3.W.G. chromel-alumel couples are used for
measuring the temperatures. These consist of lapped
and braided conductors, braided overall with glass.
One end of the couple is welded in é carbon arc
without any flux. This Junction is attached to a
clip made out of 0.004" stainless steel sheet (Fig,
%3,6.1.) and is pushed down to the bottom of the hollow
stirrer shaft, The clip fixes the position of the
couple and also ensures good thermal_cohtact with the
tube wall. In order to minimise electrical pickup
due to the movement of the thermocouple wires, that
part of the couple near the penning gauge head 1is
protected by pt-metal foils and the rest of fhe couple
is protected fromdrzmught by a rubber tube. The free
ends of thermocouple wires are soft soldered to 26
gauge copper wires. The junctions are kept immersed
in smallvpools of o0il maintained in glass tubes.
Theserare placed in a thermos packed with wet and
finely ground ice, .The top of this cold junction is
well insulated and protected from draught. The
coﬁper wires are comnnected to the potentiometer.

It has been found that the thermocouple wires,
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as supplied, do not give reproducible results as they
show sensitivity to tempereture gradients inside the
bottle. This effect is eliminated by annealing all
couples before use. This is done electrically.

An alternating current from a variac is passed through
the couple and is gradually increased to 1.7 amps ,
méintained there for fifteen minutes and thén slowly
decreased to zero. "The effects of annealing these
coﬁples are shown in Fig, 3.6.2. where the tempers-
ture profile inside the boftle is measured with an
annesled and an unannealed thermocouple.,

The salt temperature is measured with another
chromel-alumel couple.' It is &lso fixed to a clip
and pushed down a thermocouple well, The salt
temperature can also be derived from the setting of
the Wheatstone bridge. The resistance of the |
thermométér can be measured to - 0.01fwhich is
roughly equivalent to : O.OEOC. The accuracy of
the bridge has been confirmed using a standard
Pt/Pt-13%Ei Couple.

The average thermoelectric power of a chroOmel-
alumel couple between 250 and 450°C is about_45fLV/OC.
The sensitivity of the indicating galvanometer is

usually 2 cms/MV and it is easily read to 0.5 mm.
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Thus the temperature change can be estimated to

0.0006°¢C.

%.7. Theoretical Considerations

There are in effect two surfaces in the calori-
meter; the inside surface of the bottle (surrounding)
and the outside surface of the crucible, At &

particular instant let their temperatures be TS and
T respectively, such that TS) T.  Then under
Steady state conditions the rate of heat exchange

is given by the following expression (102)

) 4 ok (1, -1 + B@, - 1) 3.7.1.

: 4

g = XKp (Tg -1
where KR’ KC and h are constants and the three

terms are due to radiation, conduction and convection

respectively. Writing AT for (Ts - 1) .
g = K22 [1 - 285 + D2 - u%)ar + ka0 + 1w
s S s "

AT is often of the order of X0,5%K. Taking 600°K for
T the terr in the squaré bracket is reduced to

1 % 0.001. Since T_ is kept constant, and contri-
butions due to conduction and convection have been

(101)

shown to be small one can neglect the time de-

pendence KC and write
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k(T - T) ... 372

n

q

(4T K + K, + h) = a constant.

where K- <SR

When a specimen is added to the calorimeter, the
temperature of the metal bath is changed. It then

follows that at = particular instant

dg dq
“SP cad _ Mmoo
d_t + dt_ - K(-LS T) » . . 050795o
where dqs = rate at which heat is absorbed by the specimen

dqcal = rate at which heat is absorbed by the
dat .
‘ calorimeter
and K(TS—T) = rate at which heat is received from

the surrounding.

At equilibrium,

and P = T = a constant.

Hence, (dt)e = K:(TS - Te) | . . . c5.7o4‘0

Using the results of 3.7.4., the equetion 2.7.3. can

be rewritten as,

dqg

dt (—9) + Cp & dt x K(T - T) . e e WB.7.5.

where Cp = Heat capacity of the cslorimeter at the
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particular instant,
Proper substitution and integration corresponding to

the temperature 'T' and time 't' gives,

T T 'Jrc
T = . - t . . . [N arer
f dagy +J( Op 4T _.}G K(T, - 1)d 3.7.6
vTo Te _ o)
But ? T, T |
.} dqsp = Bep j CpspdT * nspQTe +.(» nspCpsp(sol'n)dT
Ts o Te '

where QT = heat absorbed by a mole of specimen on
e .
solution at T,

nsb = number of moles of the specimen,

TO = initial temperature of the specimen,
T ) .
and [° B _ |
j CpspdT - (HTe HTO)sp
To

Making the necessary substitutions,

T
nsp(HTe"HTo)sp + nspQTe + j [ Cp+nspCpsp(sol'ni] ar
% Te
- J)( K(Te"'T)dt ’ ) . o . 05'7070
to '

If Cp; is the average value of the heat capacity of

the calorimeter such that
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T T
(E Cp + nspCPsp(Sol'n)] at = Cpf J ar.
Te ' Te
IlsP(HTe-HTO)Sp * IlSPQTe + Cpf(T~Te) =X

Differentiation of equation 3.7.8. gives,

dln(Te—T) = ~kdt .
where kCpy = K ' e

It follows that,
1n(Te-T) = -kt + ¢ .

Substitution of 3.7.10 in 3%.7.8. gives,

e n

3P
When QT = 0 ;
e \
nsp(HTe-HTO)Sp
Cpf _g .

) I}Te-m) + k %"(Te-m)dﬁj
o

!
to 5.708.

*

.

b
o = Zef (-1 + x { (Té-T)dt] - (5, Ey
) |
O ‘.

(T_-T)dt

0]

L

e3.7.9.

«3.7.10.

37411,

)SP 3.7.12.

L 4

05070150

e 547,14,

Equation 3.7.11l, shows that 'k' can be obtained

for any addition from a piot of log(Te-T) against 't',

The heat capacity of the calorimeter 'Cpf' is ob-

tained with the help of equétion %.7.14 by making

additions for which eguation 3,7.13 is valid or for

which @ is known. Knowing Cp,, the unknown heat
i f

e



61

effect of any addition is determined using equation

3.7.12. The additions which are intended for de-

termining Cpp are known as calibrating’additiOns.
Usually a number of additions are made to a

particular load of metals in the crucible. If

0, m, r represent the number of additions ard Cp§ is the

measured value of Cp. for the rth addition, Cp? can

be calculated with the help of the following ex-

pression.
i
n_ ~r, Y o= m_ T
Cpg = Opy + 2. Op; (m; - nj) e e e $3.7.15
i=1 '
where n; = number of moles of component 'i' in the

crucible at the end of the addition,

——

Py = partial molar heat capacity of component

131
E

_ o | E,
and Op; = Cp; + (am )y e« .« .3.7.16
When a number of calibréting additions are made

for a set of runs, the measured values are plotted
against the theoretical vealues obtained from (3.7.15.).
The value of Cp£ obtained from the average line is

then used in equation 3.7.15. to obtain values for

m
Cpf.
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3.8, Preparation of Material

Tin, gold and tungsten have been used during the
course of the presént experiments, The source and
purity of these metals are recorded in Table 5.8.1.

Tin is received in the form of 1 kg. bars.

Each bar is cut into six units by a band saw. To
prevent undue contamination, a blade is kept re-
served for this purpose oniy. The oxide layer is
removed by filing the svrface. Tin is then de-~
greased and loaded into the crucible. For cali-
brating additions, spherical pieces of tin weighing
about 0.5-0,7 gms each are éut from thé same source
as The main load.

Gold is obtained as % mm. rods and 18 S5.W.G.
wires, The rods are cleaned with acefone, cut into
suitable lengths by a clean pair of shears, and loaded
into -the crucible, The wires are cleaned, coiled into
specimens weighing about 0.6 gms each and annealcd
under vacuum (10"5 mm. Hg.) for a few hours at 600°C.
These are suitable for addition to gold-tin alloys
containing less than 70 At%Au. For additions to the
remaining alloys which were richer in gold and in
which the samples dissolved less rapidly, specimens

prepared from thin ( 0.25 mm) strips of rolled wire
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are used. .

| Specimens of tungsten are prepared by cutting
4 mm, diameter rods into pieces 0.,4~0.5 mm. long.
These are annealed at 800°C for 8 hours under
vacuum (1077 mm. Hg.), before being uscd as‘’cali-

brating additions.

3.9, Experimental Procedure

All the calorimetric experimenﬁs have been
divided into & number of runs. Each run consists
of all the additions made to a particular load of
metal, To perform a run we proceed as follows.

VThe salt bath is raised to the temperature at
which the experiment is going to be performed. The
main heater current is adjusted to the required value
.determined from previous experience, The calorimetric
assembly is cleaned with ether, and greased and olled
at the required points, The crucible is well
polished with fine silicon carbide paper, and loaded
with either tin or gold and tin. The weight is
calculated so as to have about 90 cc of liguid in
the crucible. The crucible is placed in position on
its supports and the lengths of the rods supporting
the lower radiaﬁion shieid are adjusted. A chromel-

alumel couple, prepared in the manner already
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Table 3.8.1.

Material " Source

Tin Capper Pass and
Song Ltd.

Gold Johnson Matthey

and Co. Ltd.

Tungsten  Johnson Matthey

and Co. Ltd.

FPurity %

- 99,999
 (Pass 8)

99.999

99.99

- Cu

Assay %
Sb 0.0001
b  0.0002
cu €0.0001
Fe (0,0001
Bi  0.0001
As  €0.0001
Ag  {0.0001
Cu  0.0001
¢d  0.0001
In  0.0001
Pb  0.0001
Mn  0.0001
Na < 0.0001
Zn  0.0002
Fe: 0.0040
Mo  0.0030

¢0.0001

{0.0001
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described, is pushed down the stirrer shaft. Finally
the airlock on the addition line is closed.. The
calorimetric assembly is now ready‘to go in,

The bottle which is always kept under vacuum, is
cut off from the vacuum system and high purity
(99.995%) argon is let in through a needle valve
mounted on the vacuum line. The top cover is re-
moved and the cruciblé assenbly is introdubed through
the neck. The radiation shield is located on its
pegs by bringing two marks one on the top plate and
oné¢ on the bottle neck, on the outside to proper
alignment. The vacuum system is now connected to
the bottle and the argon supply is cuf.off. In
about five minutes the pressure goes down to
5 x 10™% mn. Hg, and then it decreases more slowly.

The tin stirrer is pushed down till it touches
the solid metals in the crucible. As the metal starts
melting the stirrer is pushed further down. When it
reaches the boftom it is pulled out by about A" and
attached to the driving mechanism. In the mean
time the temperature is measured and the couple is
calibrated against the melting point of tin, if the
load happens ﬁo be pure tin. Depending upon the

temperature of operation, it takes about 1 to 4 hours
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for the yload to melt. Usually it is left overnight,
so that it méy approach the temperature of the salt
bath. |

Next morning, the stirrers are started, the
bridge is set for the reguired temperature and the
controller is put into operation. The specimen is
weighed and loaded in the addition system, which is
then evacuated and filled with argon. This opera-
tion is repeated three times before it is finally
evacuated and connected to the main system by opening
the airlock wvalve, The glass tube of the addition
system is pushed down to the bottom of the valve,
The extension of the glass tube containing the
specimen is enclosed in a ice-water bath méintained
in a Dewar Flask (Fig. 3.5.3.).

The mechanical and the electrical zeros of the
galvanometer and pfeamplifier unit are adjusted by
shorting the amplifier, The thermal zero is ad-
justed by shorting the terminals of one of the
thermocouples and backing off any potential in the-
circuit. The cold junction is packed with finely
grqund wet ice. The temperature of the metal bath
is noted as it approaches the equilibrium, Once

the steady state is reached, the different zeros and
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the sensitivity of the measuring unit are checked.
Any change in the reading due to the.drift in the
potentiometer battery voltage is recorded. A stop
clock is kept ready and the specimen is added by turn-
ing the specimen tube on the ground glass joint.
The clock is started as soon as the light spot on
the galvanometer starts moving, Readings of the
potentiometer and the galvanometer are taken at
fixed intervals of time, the total time over which
readings are taken being 12 to 25 minutes, depending
upon . the rate of solutioﬁ of the specimén. In case
of calibrating additions readings are taken after
every 15 secondé for the first three minutes and
then affer intervals of 30 seconds. During a gold
addition, however, readings are taken after every
iO scconds for the first minute. While the experi-
ment 1s being perfbrmed, the drifts of the battery
‘voltage are noted and readjusted. The potentiometer
is read to 1uV. Smaller divisions of potential are
obtained from galvanometer deflections.

When the required number of time-temperature read-
ings have been taken,‘the measuring unit is tested for
all the drifts, i.e. Galvanometer drift, potentiometer

drift ete. The addition tube is withdrawn and the
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airlock is closed, The vacuum is broken by intro-
ducing argon into the addition tube, The glass
tubes are éeparated and the next specimen is loaded.
The metal bath is then zllowed to come to equilibrium
before the next addition is made.

wWwhen the required nﬁmber of additions have been
made, the equipment is dismantled by a procedure
o@gﬁité to the one already described, except thét the
crucible assembly is withdrawn while the metal bath
in the crucible is still molten.

The readings obtained from the measuring unit
are converted into microvolts by taking due account
of the drifts. These are subtracted from the tem-
perature of the steady state and the common logarithms
of these differences are plotted against time, The
constant-'k'>o£ equation 3.7.11. is calculated from
the slope of this iine. A point lying on the average
line is chosen for the purposes of calculation and its
co-ordinates (T,%) noted. The term Er (TQ—T)dt is
analytically determined with the heip ;g the following

gxXpression.
t. k -
- A y - \ .
) mas sz > ks, t,_1) (AT +0T ) 3.9.1.
t=0 : k=1

Here, subscript 'k' represents the number of readings
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and the point (T,t) represents the kth reading.
The other term (HT --HT ) in equations 3.7.12. and

¢ .9 . (104
3,7.14. is calculated from the existing data ?

(105)

105). Hultgren and co~workers have considered
some of the most reccent measurements made on tin.

Therefore, their data have been usced in formulating
the following expression for tin, where T is greater

than 505°K.

] 51
(HT"H275.15)Sn(1) = 6,707 -~ 0.723 x 107~ + 19,9
cal/mole
e« « <3,9.2.

Similar equations have also becn formulated for

gold and tungsten.

- - =3p2
(Hy H275.15)Au(s) = 5,66T + 0.62 x 10777 - 1592,6 .

cal/mole
' '] o' ‘509050

= ~5me '

(HT—H275'15)W<S) = 5.74T7 + 0,38 x 19 “T° - 1596.1
cal/mole

. . . .5.9-’-1-.

‘The value of Te for use in these equations is ob-
tained either from the calibrated thermocouple
reading or from the bridge setting. For the sake of

uniformity the bridge setting has been adopted for
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all the calculations. Cpy of a calibrating addition
is calculated using equation 3.7.14., whereas Cpf
for any other addition is calculated with the help
of equations %.7.15. and 3.7.16. Data for these
equations are obtained by extrapolating data ob-

(21, 101, 105) and from

tained from other sources
prior experimental results. QTe, the total heat
absorbed by a mole of addition at Te is then calcu-
lated using equation 3.7.12.

| - These results have been analysed in terms of
thermodynamic properties in a following chapter on
the results, Complete details of readings obtained

during two additions have been presented in Appendix

iT.
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CHAPTER FOUR

RESULTS
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RESULTS

4,1 Introduction

The experimentsl data obtained from the calori-
meter are analysed in the following pages. The
analysis yields wvalues for the partial heat contents
of g£old and tin at several compositions and tempera-
tures. These results are treated using standard
thermodynamic equations so as to obtain partial and
integral values of enthelpy at various compositions
and temperatures. The temperature dependénce of
enthalpy is used to calculate the heat capacities

of all the alloys investigated.

4,2, Calorimetric Results

In order to obtain information on the thermo-
dynamic properties of the liquid gold-tin ailoys,
the heats of solution of solid gold in pure liquid
tin and liquid gold-tin alloys are measured. .Q,
the heat absorbed per mole of addition, is calcu~
lated with the help of equations presented in the
previous chapter. A

Q and the other related quantities associated
with edditions to initially pure tin bath have been
listed in Table ATIIT.1, With the help of these data

it is possible to obtain values for the relative partial
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molar heat contents of gold at infinite dilution.
When gold is added to the pure tin bath, a gold-tin
alloy is formed and the total heat effect, when divi-
ded by the total number of moles, will give the heat
of formation of that allby. This is mathematically

- represented by thevfollowing equation.

OHp = m=0 4,2.1.
X

Here,

m.
X, = “%":0 . 4,2,2
pom-d Ip; [ SN Iy 4y ]
> )

su,i+nsp,j
m = number of additions, and 4' and 'j' represent gold
and tin additions respectively. The vélues of I
thus obtained are fitted into an equation of the
form

vy = bx o e e, JH.2.3.
s0 as to give minimum standard deviation 's'. The
expressions used in obtaining equations with minimum
standard deviation are given in Appendix IV,
Knowing AH as a function of mole fraction, the partisl
properties are obtained with the help of standard

equations (17).
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- _ _ QAH 4,24

ﬂHl,T’Xl —ﬁ'HT, X + (l X]..) (,_ X )T,Xi . 2. sftele‘Te
_ o opE

and lhqi’T,Xi*""o = (E'X )T,Xi"‘o . . .4.2.50

from equations 4,2.5., 4.2.5., and AIV,9, one ob-

tains,

AH,

. <
= = = . a . -20 .
1,T,x:>0 b % ' 4.2.6

rx
where 'x' and 'y' represent 'ki' and 'AH' respectively.

Thus the results of 4.2,1. are directly substituted’

in 4.2.6. to obtain results for AH; , . . These
results have been listed in Table AIIT,2.
The observations of Oriani@4> justify the use

of a linear equation of the form 4,2.3. He shows
thatvthe heat of solution of gold in tin is indepen-
dent of composition up to 2 atomic %Au. Moreover
an equation of the form AIV,1l, although much more
complicated, yields results which fall within the
normél scatter.

The heat of solution of gold in pure tin at
247 and BOOOC have been measured in this calorimeter
in colaborgtion with Kravité(lOl). These results
are recalculated using the Specific heat data of
Hultgren(105>. These dabta and those of Table AIII.2

fit well on to a curve (Fig. 4.2.1.) of the following
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form.

= [6479-3 ., san+ 50x1021™2 +500x10287~12)]

4.2.7.

AR
Au(s),xAﬁao
where T = tenperature in OC.
P AH . i
The wvalues of dHAu(S),XAﬁ*O at different ﬁemperatures
are calculated from the above equation.
For many purposes values for AEAu(l) are
. =) 3 3 . ) ,1\ T
needed. = In order %o obtain this from MHAu<S),
the heat of melting of gold at different tempera-

tures is regquired. This is calculated from the

following equation formulated from the published
data(105>.

T

Al = 2955 + f (7,00 -(5.66+1.24x10‘5m))dm
1336 4.2.8.

All these results are tabulated in Table 4.2.1.
Considering the experiments in which specimens

of pure ﬁetals are added to the alloys and proceeding

according to the eguation 4.2.1.’the following ex-

pression is obtained.

n_ +n*)AH* + 2 . Q. Q.
9 X+ . . & ¢
* (ni-l-nj) ¥ “‘i"l (n5p3i+nspaj>
. m
Here n¥ +§§ n .
? Xi-_:..._.lr =1 SDa1 4.2.]-_0.‘
(n¥+n}) +-§% (n L) '
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and n{, ng and AH* represent the alloy formed by the
zeroth addition i.e. the alloy in the calorimeter at

the beginning of the experiment.

Teble 4.2.1.

Values of Heats of Solution of Gold in Liquid Tin

at Infinite Dilution.
AﬁAu (Zxperimental) 1ﬁHAu(From Average Line)

[o} - 0 ™
Tetip ~C ﬂHAu(S),XAaO Temp °C AHuu(s) AHhu(2)

XA‘JO XA-GO v
247.0  -5775 £ 12 250 5754 -8557
300.4  =5476 £ 9 275 -5580  -8400
302.3  -5461 6 300 _5477.  _8%13
351.1  -5289 ¥ 3,5 350 ~5286  -8152
400.0  -5104 £ 2.5 400 -5108  -8001
450.0  -4938 % 450 -4934  -7850

In principle AH could be expressed as a function of

AR* and x, and a value for AH* could be found using
the equations of Appendix IV. But the shape of the
AH vs. x; curve is uncertain and the eguations in-

volved are complicated (AIV.3, 4, 6, 7). Since the

number of points are small, these eguations under
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certain circumstances will introduce large errors in
the results.

Therefore these results are treated differently.
The heat evolved due to an azddition of n moles could

be expressed accurately by the following equation,
n

nQ, = j &\ﬁdn ’ - ° . 04020110
o]

Expressing AE as a linear function of x over this
limited composition range,
- n¥ + n, -
AH- = a+ bx, = a + b(""}"""-'—""‘]‘-'_> . » 04‘02012-
1 1 & *
n¥+n*+n,
i 7§ 1
Substituting 4.2.12. in 4,2.,11., the following re-

lationship is obtained.

n* n.
Q = a-+ b(1 - (Hﬂ~)ln(l + —:—i——-)) e e W4,2.13,
i ni + ng

Comparison between the equations #.2,12. and 4.2,13,

shows that,
AFI. = Q. - . . 0402c14‘-

when,

G 10 (@ s —3
X = l - ln l + ——— n . [ 04'n2.l .
1 ny n; + n5>. ‘ 2

In the equation 4.2.15., (n{ + ns_’)f?'i 5, niﬁi 0.005
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n, A
and (—i—) ¢ 1. ©Expanding the exponential term

. L *
nf + nj
n, _
in powers of (———) and neglecting the higher
n{ + ng

order terms the following relationship is obtained.

n* n* n, av
Xl - n?':+n* + 1/2 d = = x ° . . A.2.16,
17 n¥+n¥*)(n¥+n*)
377 (apemg) (ngen)
'Here, |
v n¥ - n¥+n,
av i i
X7 = h(— + ) =
% * * %
A o S I oF < A .
ni+n ni+nl+n,
n* ’ n*n
1 + % J 1
n¥ink L(nf+n#)(n?+nf+n.) 4.2.17.
i3 i3 i1
x; is calculated using 4.2,16 and 4.2.1’7.,1&1'1:1':x is
: 1

obtained from 4.2,14 and AH is computed using

Au (1) | ,
4.2.14. and 4,.2.8. The experimentally observed
quantities are in Table AIII.? and the rest are in

Table 4.2.2.

4,3, Derived Results

The partial and integral enthalpies of a binary

system are related to each other by the following

equations(106); _
‘AH%,Xl i.
AE - ..é&E EaE " ‘—l . MH ) 4‘ 5 1a
J.,X:k ,j,X. o %, i L ) [ ] » e L] . [
1 1 AH J
i,x
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Table L"" 2‘ 20

Experimental Values of A, .y, &HSn(l) and A, 4y

at Different Temperatures and Compositions,

Temp °C Run No. Composition AR

au(s) Man) YBsn(1)

275

300

350

32.1
32.2
3204

32.5
32.6
2.8
55.29
35.26

32.9

32.10
32.12
33,1

33.2

33.4

32.13
33.15
35,22
35,18
35.14
35.21
35,19
35.15

At%Au

10.071
10.204
10.318

10.426
10.557
10.648
69.862
£9.930

10.765
10.887
11.009
28,878
29.085
29.254
30,511
30.652
70277
70.757
70.997
70.385
70,645
70.877

-5810

-5913
-5863

-5608
-5597
-5600
+801

-5268
-5310

~5328
—4114

—=4101

-4057
-3895
~-3906
+1054
+1071
+1108

-8630
-8733
~-8683

-8l
-8433
-8436
-2035

-8134
-8176
-8194
~6980
-6967
-6923
-6761
-6772
~1812
-1795
-1758
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Table 4.2.2. Continued

Temp °C Run No. Composition AﬁAu(s) AHAu(l) AHSn(l)

. At%Au

400 32,13 11.134 -5012  ~7905 -
52614 11,262 5063 -7956 -
32.16 * 11.390 -408%  -7876 -
33.5 29.395 -3780 -6673 -
33,6 29,544 -3760  -6653 -
33,8 29.703 ~3704  -6597 -
35,6 71.652 +1159  -1734 -
35.7 71.685 +1169  -1724 -
35.9 71.718 +1167  -1726 -
35.13 71,102 - - -5001
35,11  71.361 - - -5031
35,10 71.614 - - -5071
36,2 73,927 +1342  -1551 -
36,4 7%.964 +1259  -1634 -

425 34,1 49,634 -677 -3582 -
34,2 49,740 -586 ~3491 -
344 49,843 -546 -345]1 -

450 31.1 10.064 -4816  ~7732 -
31.2 10,196 4806  =7722 -
31.3 10.337 ~4826 =040 -
32.17 11.526 ~4940  -7656 -
32.18  11.663 -4799  =7715 -
32,20 . 11.798 -4791 -7707 -
33.9 29.888 ~3433 6349 -
33,10 30,102 ~3434 6350 -

3%.,12 30,324 -3386  -6302 -~
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Table 4.2,2. Continued

o , L - .
Temp “C Run No. Composition AHpu(s) AHAu(l) AHSn(l)

At%Au

450 34,5 49,945 -520 ~34.36 -
34,6 50,040 ~544  -3460 -
34.8 . 50,137 ~487 3403 -
34,9 50,115 - - - ~2454
35,1 71.783 +1187  -1729 -
35.2 71,814 +1234  -1682 -
35,4 71,844 +louy  -1672 . -
35,5 71.747 - - ~5007
36.6 74,033 +1412  -1504 -
36.9 74,067 +1420  -1496 -

6.10 74.101 +1455 ~1461



82

* X*
- TT - = — - | L". . .
AHy x L\Hj,xi x (1-x, )/3] //j dx, 3.1b
l
where, " AH].‘_
/J = 2 . . '3 04‘0511.100
(1 - x,)
1
H = X.ZG. l—X. Aﬁ. L] ] 3 04‘-5'2.
o Xi 1 l,Xi + ( l) J,Xi - o

At 450 C there are experimental values of QHA (1)
at seven different compositions and;SHon(l) at two
compositions, These are treated using equations
4.3.1b., 4.3.1c., and 4.3.2. and values of AH) 2u (L)
dﬁSn(l) and £H at round figure mole fractions are
anglytically computed for all compositions between
zero and 50 At%Au, The computed and experimental

values of’AﬁSn(l) at 50 At%Au agree well,

AR ., _ [-2454, Experimental
Sn(l),XAu = 0,50115 = |-2451, Computed

Beyond this range of dompositions the [3 function is
rather complex. Therefore the required thermo-
dynamic properties are obtained by gfaphically
integratiﬁg eQuation 4,3,1a. The shape of the

curve to be integrated is determined by the experi-
mental value of AESn(l) at 71.75 At%Au. The data
thus obtained are recorded in Table 4.3.1. and plotted
in Fig. 4.3.1.



Table 4.3.1.

Enthalpies of Liquid Gold-Tin Alloys at Round Figure lMole Fraction

Cal/Mole  Temp®C x,,0-0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.75
Properties u

AH 275 0.0 -863 - - - - - - -
300 0.0 -843 - - - - - =-2970 -
350 0.0 -818 -1621 -2339 - ~ - 2772 -
400 0.0 ~798 -1574 -2264 -2780 -3029 -2971 -2732 -2555
450 0.0 -781° -1532 -2195 ~2691 -2940 -2899 -2690 -2512

AHy 1y 275 -8AOO 8698 - - - - - - -
300 -8313 -8446 - - ~ - - =-2030 -
350  -8152 -8182 -7823% -6845 - - - -183%0 -
400 -BOOL  -7944 -7545 -6595 -5160 -3481 -2285 -1815 -1530
425 - - - - - -346h - - -
450  -7850 . -7740 -7287 -6349 ~5000 -3447 -2310 -1840 -1400

NHg qy 275 0.0 48.0 - - - - - - -
300 0.0 +2.0 - - - - - =-5165 -
350 0.0 +0.5 =70  -407 - - - -4970 -
400 0.0 ~4.0 -8l -408 -1193 -2577 -4000 -4872 -5632

450 0.0 -8.0 =93 415 -1152 -2433 -3783 -4675 -5850

¢8



Table 4.3%.2.

Heat Capacities of Liquid Gold-Tin Alloys at 425°C.

Property Xpu= 0al 0.2 0.3 0.4 C.5 0.6 0.7 0.75

Cal/mole/ 2 0.0

ACp 0.0 +0.34 +0.8% +1.37 +1.77 +1.78 +1.44 +0.91 +0.86
A%y (1) 3.0 +4.08 +5.10 +4.92 +3.20 +0.68 ~0.50 ~0.50 +2.60
Alpgy (1) 0.0 -0.08 ~0.24 —0.15 +0.82 +2.88 +4.34 +4.20 ~4.36

78
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- The values of AEAu(l) at 400°¢ are treated in the
same manner except that éﬂAu(l) at x, = 0.5 is ob-
tained by extrapolating experimental values at 45000
and 425°C. ﬂﬁAu(l) at z%%ﬁc is taken from the best
line parallel to the curve (AﬁAu(l) vs. XAu) at
: 45000 and drawn through the experimental points at
42500. All these results are included in Table
4,3,1, and Fig, 4.3.1.

The plot in Fig. 4.%.1l. shows that there are
humps in the curves for AﬁAu(l) at about 70 At%Au.
If smooth curves are drawn through the experimental
points, the computed values of Aﬁsh(l) around 71 At%Au
will be about 200 Cal/mole different from the ex-
perimentally obtained values. This is more than
- ten times greater than the experimental error. It
has been shown that the agreement between the computed
and experimental values of AﬁSn(l) at 50 At%Au is
very good. The experimentql values of AHAu(l) and
AﬁSn(l) around composition 71 At%Au have been plotted
along with the computed curves in Fig. 4.3.2., Fig.
4.%.3., and Fig. 4.3.4. The computed line for 350°C
in Fig. 4.3.4. has been taken as parallel to that at
40000. It is clear that the slopes of the computed

lines agree well with those of the experimental
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points. Smooth curves drawn to avoid the humps would
have slopes much different from those shown by the

(105)

computed lines. Hultgren and co~-workers have
predicted the existence of these humps. It is
therefore believed that the humps are real.

The experimental points at other temperatures
are treated using equations 4.,%.1lb., 4.3.1lc., and 4,%.2.

and reguired properties are fomputed. The values

of A, (1) end AHSn(l) at 350°C and x, = 0.7 are

Au
taken from Fig. 4.%.4. The experimental values of
QEAu(l) and.ﬂﬁsn(l> at 300°C around oy = 0,698 have
been adopted for Xy = 0.7, Because of the large
uncertainties in these two results the composition de-~
pendence has been neglected. These data appear in
Table 4.3,1. and Fig. 4.3.1.

Iﬁ has been pointed out in a previous chapter

that,

A4H

( BT)P = LCp

This éxpression shows that the integral and partial
values of specific heat can be obtained from the tem-
perature coefficients of the integral and partial

enthalpies. ﬁmgn(l) and.AHAu(l) have been plotted

against temperature in Fig., 4,3%.5. and Fig. 4.3.6,
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respectively. They clearly show the way in which
the slopes change with composition. The partial and
integral values of specific heat have been calculated
from the slopes at 42500, recorded in Table #4.3.2.,
and plotted in Fig. 4.3.7. The integral values

thus obtained are consistent with those computed

from the heats of formation of the alloys.
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CHAPTER FIVE

DISCUSSION
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DISCUSSIO

5.1 Discussion of Errors

The errors in the reported values can be sépara—
ted into two categories.
1. Random Errors, |
2., Systematic Errors.

Inspection of equations 3.7.12, 3.7.14, and 3.7.15
shows that random errors arise from uncertainties in

the corrected value of

top

Ar(oo,, = ar o+ Xk [ Ards),
o

initial temperature of the specimen (TO), the equili-
brium temperature of the tin bath (Te), the weight of
the specimen and the estimated value of Cp, for non-

calibrating additions, Uncertainty in the measure-

ment of temperature ohange‘is 0,0125 XL%)OC. nrrors
in AE depend upon the uncertalntles in AT and the

relative magnitudes of ﬂmo and k[ObAmdt. In other
words faster ;ates of solution shoﬁld lead to

smaller errors. Calibrating additions and additions
of gold to liquid tin are associated with small re-

action times, In these experiments, the uncertainties,

calculated from The scatter in the plots of log ALF
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against 't' are on the average - 0.12% in AT o
£ 0.3% in 'k’ and ¥ 0.15% in [°PATat. The last
. -bo

term is normally 1/6th Of*éTCor‘ Hence the total
error in M, .. 1s L 0.2%. The uncertainty in AT

is greater than the uncertainty introduced in it
through uncertainty in potentiél measurement.  This
difference arises from oxidation effects, time lag

in the measuring unit, thermal and compositional
non-uniformity etc. The uncertainty in the weight

of the specimen is 0.003%. Equilibrium temperature
(Te) is taken from the bridge feading vhich is read

to 0,012  This is equivalent at 350°C to an un-
certalnty of less than 0.005% in the heat content.

The error in the estimated Cpf value 1is approximately
0.005 Cal in 50 Cal, i.e. 0.01%. Thus the total
rgndom error should be under 0.25%. This is reflected
in the scatter one gets in the results. The scatter
in the experimenfal values of Cp, is always under

his value. The heats of solution of gold in liquid
tin have an average scatter of 5 cal/mcle (Table AIIT.2)
which is just under 0.2% of the total heat effect.

Uncertaintiss in the alloy additions as indicated

by the scatters in the experimental points are rela-

tively greater. Table 5.1.1. contains the R.M.S.
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value of scatter in Cal/mole as well as in percentage
of the total heat effect. In calculating the R.M.S.
value the composition dependence has been taken into
account,

Inspection of Table 5.1.1, shows that the per-
centage error is a function of total heat effect,
temperature and composition. Since the magnitude of
total heat effect (Q*) has very little effect on the
uncertainties in AT, the percentage error is less for
highen magnitudes of Q*. Changes‘of temperature
bring about changes in thermal fluctuations, rate of
solution and rate of miking. The latter two are
probébly more serious near the melting point where
the scatter is found to be greater. The rate of
solution and the rate of achieving ﬁniformity in com~
‘position and temperature are also changed by any
change in the alloy composition, Relatively greater
scatter in the reéults obtained with the alloy con-
taining 10 At%Au is most likely due to the fact that
the experiments with this alloy were carried out
with a stainless steel stirrer; which is susceptible
to attack by alloys containihg high percentage of
gold,

Random errces in the measured heats of solution



Table 5-1.10

Random Errors in the Experimental Values of the Heats of Solution of

Gold in Liquid Gold-Tin Alloys.

Approx-
imate
compo-~
gsition
Xau

0.00
0.10
0.30
0.50
0.71
0.74

+ Q*

275%¢

Cal/ %oni
mole o

o

39 0.9%

%00°¢

Cal/ %ofQ*
mole

*e

Total Heat Effect

0.15%

0+15%

R.M.S, Scatter

350°%¢

Cal/ %of@*

mole

2.5 0.1%
Tos 0.8%
Y11 o0.6%
=7 0.2%

400°¢

Cal/ %ofQ* Cal/ %ofQ*

mole

t2,5 0.1%

I20 0.7%

i 0.6%
tz 0.1%
Yuo 1.1%

*z7 1.8%

450%
Cal/ %ofQq*

0.3%

0.9%
2.0%
0.9%
0.6%
0, 3%

26
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of tin in liquid gold-tin alloys are b 3 Cal/mole
(0.3%). The error introduced into the computed
values for tin by the experimental scatter in the
heats of éblution of gold is 20 Cal/mole at 45000.
for the alloy containing 50 At%Au. Hence the maxi-
mum error in the reported value of the heats of
formation is 20 Cal/mole.

Systematic errors arise from the errors in the
reported heat capécities. For tin, gold and tungsten
the values of Cp used in the calculations have quoted
errors of = 0.05, 0,3 and 0.4% respectively. Hence

the systematic errors in AH and

Au(s), X 70
are 10 Cal/mole and 20 Cal/mole respect-

A]‘LIAu(s),:scAl'l
ively. ‘ﬂﬁAu(l) incorporates the heat of fusion of

gold which has an uncertainty of 30 Cal/mole.
Systematic error inJAﬁAu(l> is probably greater thgn
50  Cal/mole because of the unknown contribution made
by the assumption that the heat capacity of supér—
cooled liguid gold is obtained by extrapolating the
high temperature data.

There is a small systematic error introduced by
The assumption that the salt temperature is the same
as the equilibrium temperature of the calorimeter.

However, it has been observed from pure tin runs that
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the temperature difference is less than O.2°C at
35000. The error due to this, introduced through the
heat content is less than 1 Cal/mole.

The following table summaries the errors conbtri-
buted by_different varigbles in the case of solution

of gold in pure tin at 450°C.

Table 5.1.2.

is of in AF t 450°
Analysis of Errors in AHAu(l),xAﬁo at 450°¢C.

Random Errors Systematic Errors
Cal/mole : Cal/mole

A7 (0.133%)* 2,81 Heat Content of Tin 1.0
b

Cor, ATO

Heat Content of Gold 8.5

2. . ,Gold 30.0
Weight of Specimen fusion |
(0.0035%) 0,07 Temperature Difference

gﬁéTdt (0.0916%) 1.94

Equilibrium Temperature between Te and salt
of Tin (0,009%) 0.19 Temperature 0.5
Computed Heat Unknown contribution from

Capacity (0.011%)  0.24 Super Cooled Ligquid Gold x
Difference (0.355%)  0.75

TOTAT, (0.284%) *6.00 TOTAL Y (10+x%)

* 9% of the total heat effect.



95

5.2. Comparison of Results with those of ther

- Workers

The heats of solution of solid gqld in liquid
tin is plotted against temperature in Fig. 4.2.1,
albng with all the other available data, Results
obtained during this investigation appear to be less

exothermic because of the use of the recent heat

content data reported by Hultgren and co—workers(lo5)

for tin, When these results are calculated using

(104)

the heat content data of Kelley the agreement

is better. Results of Kleppa(BB).(increased by 6.4%
to correct for a calibration error) at 242, 270,

350 and 450°C; Ticknor and Bever ®2) at 240°C;

(90)

Leach and Bever at 240, 300 and 350°C and Orr,

(88)

Goldberg and Hultgren at 2"—!—500 compare well with

those reported here. Other values of Bever and co-

(82, 90) at 300 and 350°C are on the average

workers
75 Cals more exothermic. This falls within the
scatter of their experimental values. Each of

(34, 86) results at 418 and 425°C are 90 Cals

Oriani's
more negative. He used a calorimeter which is

electriéally calibrated, It is known from Kleppa's
results that eleétrical calibration at times intro-

.duces systematic errors. The data of Hultgren and
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co-workers(84’ 39)

for AﬁAu(s) at 328 and 427°C are
75 and 90 Cals more negative respectively. This is
greater than their reported scatter and it is diffi-~
cult to account for this discrepancy. However their
value at 328°C is about 40 Cals higher than the
average of all the other values.

Recently some new results on the heats of
solution of gold and tin in liquid gold-tin alloys
near the composition AuSn at the temperature 42300
have been announced by Masse(lo7). In calculating
AﬁAu(l) from AHAu(s) he ignored the temperature de-
pendence of the heat of fusion of gold. Taking this
int¢ account his results at x, = 0.5 and T = 423°¢
are -~3520 Cal/mole for AﬁAu(l)’ -2435 Cal/mole for
AﬁSn(l) and -2978 Cal/mole for AH compared with
~-3464 Cal/mole, =-2505 Cal/mole and -2984 Cal/mole
respectively obtained during the preseht investigation.,
The heat of solution of gold is more negative than
the present results. This ‘is consistent with the
behaviour of other results of Hultgren and co-workers,
If in this case the discrepancy is attributed to a
systematic error for exémple in calibration it is

difficult to explain why the value for aﬁAu(l) is

larger, aﬁSn(l) is smaller than the present results
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but AH shows excellent agreement.  However if the
composition is assumed to be in error by 0.4% the
agreement is exact. The compositions of the alloys
in the present work have been calculated from the
weights of gold, tin and any gold-tin alloy used in
the preparation of the load and it is thought that any
error will not exceed 0,1%. Masse has also com-
puted the composition in a similar manner. In spite
of this it seems likely that a part of the difference
arises from an error in the determination of the
composition, The good agreement between the two
values for the heat of formation is to be expected

as the composition dependence is small near 50 At%Au.

(83)

Kleppa has calorimetrically measured the heats of
formation of some liguid gold-tin alloys at 350 and
450°¢,  His results have been plotted along with

the present ones in Fig. 4.3.1. The agreement be-
tween the two sets of results is within 10 Cals.

(105) have combined the heat

Hultgren and co~-workers
content measurements of Khbéschewski(sl) with the
heat of formation measurements of Bever and co-workers
77 and obtained values for the heat of formation of
liquid AuSn. These are about 300 Cals less exo-

thermic than the results reported here and the results



o8
of Masse. ,

The value of ACp at 425°C obtained from the com=~
puted results of Hultgren et al(lOS) is 1.1 Cal/
mole/°C. Present results give 1.78 Cal/mole/°C at
42500. Congidering the fact that this particular
value of ACp is based on one value of,Aﬂﬁu (425°¢)
éhowing relatively high scatter, the agreement is
considered tb be satisfactory. However the ACp

values obtained for the other compositions should

be more relisble.

5.3, Applicability of Statistical Theories to the

Liquid Gold-Tin System

In feviewing the statistical theories of metallic
solutions in the Section 2.%., it was pointed out that
a number of structural characteristics of the solu-
tions are brought out by the various theories. It
is therefore profitable to see how far these theories
are applicable to the liquid gold-tin system and how
much they tell about:the strucioure.

It is convenient to compare the experimental
values of the function é%%g-with those predicted by
the theories. The experimental vglues obtained at -
450°C are plotted against x in Fig, 5.3.1, For an

ideal solution this function is zero. The regular
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solution theory predicts the relationship given by the

equation 2.2.8b,, where the term (Nzw) is independent

of composition. This is represented by a straight
AH _

X%, at x, = 0. In a

subregular solution the term (Nzwg is a linear func-

horizontal line drawn through

tion of x. The tangent to the experimental curve
at x5 = O suitably represents the subregular be-
haviour, The gquasi-chemical theory gives a rels-
tionship which contains an exponential term.  When
this is expanded and the higher order terms are

omitted the equation takes the following form.

( 22

Xixj zRT °* i J
The term (Nzw) is equal to the value of %% at
Xy = 0., The second term is calculated from the
first. The final relationship is then,

Q?Ej = ~7700 - 8258x;x,
This parabolic function is plotted in Fig. 5.3.1.

Relétionship between ;ﬁH

and X; as predicted by

the average potential model is given by the equation
2¢2.10, In order to evaluate this equation H, Cp

and § are computed from the heats of sublimation and
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the specific heats of tin{199), 4t #50°¢,
Hy, = ~70.200K(sl/mole, Cpy = 6.85 Cal/mole/°C;

dCp
—amé— =0 and 5 = 0.191., f is calculated from the

(67)

X-ray data and its value is -0,120, The tem-

perature coefficient of Cv is calculated with the
help of eguation 2.2.4. Values of 'V! and Volume

Coefficient of expansion () are taken from the

. (108)

Metals Handbook and Compressibility (B) is

(60)

computed from the results of Gordon Using

;égi—— is expressed as a function of 3
Au™Bn o I
and xg, . & is calculated from the experimenta

LHH

X,
Xl 3

0.116. The final relationship is given by the

These data

value of at Xgp = 1. The numerical value is

following expression,
AR L ge7s + exg - 3223,
AuSn

This is plotted in Fig. 5.3.1.

 The diagram shows that the regular solution
model and the average potential model are far from
approaching the experimental data at all compositions.
On the other hand the sub-regular and the guasi-
chemical theories approach the experimental data in

very dilute solutions and deviate strongly at higher
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concentrations.

The disagfeement with the rezgular solution model
may be partly due to the non-randomness of the solu-
tion. This is indicated by the relatively better
agreement obtained between the experimentél points
and the quasi-chemical theory which tskes into
account the order in a solution. But this theory
like the regular solmtion theory shows serious
lack of agreement with the experimental data at
higher compositions. Both of these models assume
that "zw" is independent of composition. In the
present case this is not valid as indicated by the
fact that the sub-regular solution model fits the
experimental curve better than any other. However
this theory also fails at higher concentrations of
gold. The disagreement with the theories at lower
temperatures is expected to be more serious because
of the increasingly unusual behaviour of the alloy at
the tin rich end (Fig. 4.3.1,). The common aséump—
tion of these theories, that the contribution due to
non-configurational factors is zero, must be inap-
~plicable to these systems. This conclusion is
strongly supported by the experimental heat capacities
of the alloys (Fig. 4.3.7.),



102

The average potential model takes into account

the non-configurational factors which the others ne-
glecved. In spite of this the agreement with the
experiment is extremely poor. In this theory
although the non~configurational factors have been
considered; some configurational factors have besn
omitted and it is assumed that the theorem of
corresponding states is obeyed ard the Lennard-Jones
law is operative,. There is énough evidence to
cause serious doubt about the applicability of these
assunptions to metal solutions(gg’ 31, 36, 57).
It is also unlikely that the assumption that e* and
r* (Section 2.2.) are independent of environment, is
valid for metals éhowing strong attraction for each
other like gold and tin.

None of these theories take enough vafiables
into comnsideration so as to account for the be-
haviour éf the gold-tin system. However they
strongly suggest that the co-ordination number and
the interaction parameter are domposition dependent,
that there is association iA the licuid state and
that there is most likely a larsge contribution from

the non-configurational factors.



- 103

5.4, Discussion of the Anomalies

Comparison of the present work with various
theories shows that there is the probability of a
large contribution from the non-configurational
factors. This should be strongly reflected in the
ehtropies of‘the system. Entropies can be deter-
mined by combiningkthe present results with the free
energies of these alloys. |

Kleppa(6) reported the electromotive forces of
a galvanic cell of the form su(1)/sn™t/(sn+an) (1)
at 600 and 500°C, He stated that the e.m.f. vs.
temperature relationship of all the alloys except
four were linear and presented the e.m.f. ve. tem-
perature plots for those four alloys. The electro-
motive forces taken from Kleppa's data are presented
in Table 5.4.1.

The paftial molar free energies of tin can be

calculsated using the relationship

where n = Valency of the tin ion,
F = Faraday constant,
and E = Electromotive force,

Values of the function

G
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Table 5.4.1.

Electromotive forces of the cell Sn(1)/8n't/ Sn+au) (1)
at 450°C. Extrapolated from data obbtained by

Kleppa.
sition MV sition MeVe sition M.V,
Xg ' X ’ K

on heli4 ‘ on
0.9026  3.785 0.5480 52.58 0.4426 89,02
0.8125 9.270 0.5302  59.57 0.3596  122.7
0.6815 24,62 0.5091 65.36  0,2941  154.6
0.6085 38,35 0.4982 68,27 = 0.2589 175.9
| 0.2223  198.0

are obtained from the free energy data and are plotted

against x4 A smooth curve is drawn through these

Sn*
points and values of AGSn(l) at round figure mole

fractions are taken from this plot between xg =1
and. xSn=O.25. The shape of this curve is such that
it is difficult to extrapolate it to pure gold. A

value of AG at one composition is needed in

Au(l)
order to obtaln the partial molar free energies of

gold. AG at 450°C could not be obtained from

Au(l)
the equilibrium diagram because of the presence of

an intermediate phase whose thermodynamic properties
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are not known. Therefore Aﬁﬂu(l)’ at BOOOC, xsﬁ=0.2
is obtained from the eguilibrium diagram

@8, (1), xg,=0.2 = 1363 Cal/mole at 500°C).  This
is combined with the function 'Ag,' calculated from

() Losuits at 500°C and a value of -2375 Cal/

Kleppa's
. . = 0

mole is obtained for AGAu(l)’ at 500°C, xsnéO.B.

Application of the following equation to the computed

free energy and the experimental enthalpies

(Fig, 4.3.6.) yields -2340 Cals/mole for aGAu(l) at

45000 s Xsn=0¢ 5 °

T2 & Tg.
[ oG - [ s
Tl Tl

The curve for OCSn at 450°C is extrapolated so as to
be consistent with the computed value of AGAu(l)'
Partial free energies for gold at other compositions
are calculated by proper inﬁegration(109>. Excess
free energies are obtained by subtracting the ideal
partial free energies (TRlnx) from the observed
values. These are combined with the present enthalpy
results and values for paftial excess entropies are
obtained. Enthalpies for alloys containing more

- than 75 At%Au are obtained by extrapolating the

function E_Aﬂﬁl%g. The partial and integral values
1-x
Au
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of free energy, excess free energy, enthalpy and ex-
cess entropy are presented in Tgble 5,4.2., and the

excess entropies are plotted in Fig. 5.4.1.

Table 5.4.2.

Thermodynamic Properties of Liquid Au-Sn Alloys at
45000. A, Component, Au

o e b5 e
Xau &GAu (1) AGAu (1) AHAu (1) ASAu 1)
Cal/mole Cal/mole Cal/mole Cal/mole/ C

0.0 ~-00 -8800 -7850 1.31

0.1  -11375 ~8065 -7740 0.45
0.2 ~9545 ~-7230 -7287 -0,08
0.3 = -8020 6200 -6349 ~0.08
0.4  =6450 ~5135 ~5000 0.19
0.5  -4910 -3915 ~3447 0.65
0.6  -3465 ~2730 ~2310 0.58
0.7  =2340 -1825 ~1840 ~0.02
0,75 -1825 ~1410 ~1400 0.01
0.8  (-1400)*  (-1080) (-960) (0.16)
0.9 (-660) (~510) (-275) (0.32)
1.0 0 0 0 0.00

*Extrapolated Values
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Table 5.4.2, Continued,

B. Component Sn.

' —C e
XSn AGSn(l) AGSn(l) AHSn(ZL) ASSn(l) o
" Cal/mole Cal/mole Cal/mole Cal/mole/ " C

1.0 0 . 0 0 50,00

0.9 ~180 ~30 -8 0,03
0.8 490 ~170 ~93 0,11
0.7 ~1000 490 -415 0.10
0.6  -1860  -1125 ~1152 -0.04
0.5 -3125 -2130 -2433% _0.42
O.4 -4900 -3585 ~3783 -0.,27
0.3 ~7000 -5270  -4675 0.82
0.25 8360 ~6370 ~5850 0.72

0.2 (-9850) (-7520) (-7380) (0.19)
0.1 (-14110) . (-10800)  (-11310) (-0.70)
0.0 -0 (-15700)  (-16400) (-0.97)
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Table 5.4.2. Continued.

C., Integral Propertiese e
X0 G AH As o
Cal/mole Cal/mole Cal/mole Cal/mole/ C

0.0 0 0 0 0.00
0.1 -1300 -835 -781 0.07
0.2 -2300 ~1580 ~1532 0.07
0.3 .-3105 ~2230 ~2195 0.05
0.4  =3695 ~2730 ~2691 0.05
0.5  -4020 ~3025 ~2940 0.12
0.6  -4040 ~3070 ~2899 0.24
0.7  -3740 ~2860 ~2690 0.24
0.75  ~3460 ~2650 -2512 0.19
0.8 (-3085)  (-2370)  (-2245) (0.17)
0.9  (-2005) (-1540) (~1388) (0.22)

1.0 0 0 0 0,00
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Entropies of formation of liguid alloys arise
from sources like the change of configuration,

il.e. mixing, creation of vacancies or holes, changes
in the vibrational spectrum, changes in the magnetic
properties and excitation of conduction electrons.
Ideally the excess entropy is zero. Any departure
of the configurational factor from ideality should
produce negative excess entropy, But in fact the
plot shows positive values at all compositions,

This implies that there is a positive contribution
to the entropy of formation of these alloys from all
other sources, and the magnitude of the contribution
is larger than that of the configﬁrational factor,
In order to obtain information on the atomic arrange-
ment in the liguid alloy the configurational contri-
bution to the entropy should be known, This is
separsted by estimating the contribution due to the
other changes.

Gordon(6o) has successfully accounted for the
increase in specific heat of liquid Sn, Pb, Na and
Hg in terms of creation of holes. Any change in the
concentration of holes produces chanzes in the en-

tropy of formation, which can be calculated from the
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(20)

following relationship .
V. + AV
- 28 ~ & AV
AS = (av) pdV > % AV
v

where V = the average molar volume,

This expression also takes into account a part of

the vibrational contribution.,  Lack of satisfactory
data on the volume of mixing prevents one from making
an estimation. But the relationship shows that the
sign of AV determines the sign of the A48,  High
negative value of the enthalpies of gold-tin alloys
suggest that the AV is most likely negative.

There is no established theory of the specific
heat of liquids so as to enable one to calculate the
vibrational contributioﬁ to entropy. Any attempt to
make an agpproximate estimation from the Debye theory
(19) also fails because of lack of data on compres-
sibility. In general it could be said that the
creation of polar‘bonds decreases the entropy and
vice versa. This concept is discussed by Kubaschew=
ski(8) and supported by the properties of Mg55b2 and
Mg53i2(8>' |

Liquid gold and liquid tin are diamagnetic

Gy,

(65)

and from the work of Jan et al it appears that

the liquid alloys are also diamaghetic. Therefore
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the magnetic contribution to the entfopytis negligible.
The electronic contribution is given by AreT
(Equation 2.2.5.)(19>. Values of Ye for solid gold
and white tin are 1.8 x lO"4 and 4.2 x lO’f4 Cal/mole
-2 (62)

deg respectively. The optical vproperties and

(11) show that electronically liquid

Hall coefficients
tin is similar to solid.tin. The properties of gold
being normal in all respects liquid‘gold must be
similar to solid gold in this respect. If the wvalue
of ye of the alloy containing 50 At%Au becomes close
to zero at 450°¢ an entropy change of -0,22 e.%.

would be,obtaiﬁed. This shows that the appearance

of covalent linkage in thelalloy would make a negative
contribution to the entropy. and the magnitude of the
contribution would bevof the order of 0,2 e.u.

The total effect of all the non-configurational

factors can be estimated from the relationship

AS = jﬁé%g aT.

Assuming ACp to be linear with réspect to temperature
the experimental ACp values (Table 4.3.2.) become
numerically equal to the contributions made by the
non~configurational factors to A8 (Fig. 4.%.7.).

When the non-configurational contribution is subtracted
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from £S% the excess entropy due £0 configurational
factor becomes negative, the maximumbnegative value
being 1.75 e.u,y (Fig. 5.4.1.). This value should
not exceed 1.3%38 e.u. This shows that the computed
non-configurational contribution is only approxi~
mate.

The above discussion points to the fact that
the conmtributions due to all the factors (both con-
figurational and non-configurational) are negative in
case of any change in the bond type from metallic
to polar. It is observed from Fig. 5.4.1. that at
45000 there is less pronounced positive deviation
at about 45 and 75 At%Au. The contribution due to
the non-configurational factors is again less posi-
tive at 75 At%Au but it is not any different from
the general behaviour at 45 At%Au (Fig. 4.3.7.).
When the excess entropy curve is extrapolated to
600°¢ using the ACp values there still exists a
depression (Fig. 5.4.1.) at 75 At%Au but the anomaly -
at the other composition disappears. A similar |
- pattern ié presented by the heats of formation
tabulated overleaf. The table shows that the peak
value of AH moves towards the goid rich end as the

temperature is increased. From these observations
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TABLE 5.4.2,

Heats of Formation of Au-Sn Alloys at 400, 450 and
600°C.

Temp Xia -~

°C 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.75

400 =798 -1574 2264 -2780 -3029 -2971 —2732 ~-2555
450 =781 -1532 -2195 -2691 -2940 -2899 -2690 -2512
600 =730 -1408 -1990 -2426 -267% -2683 -2555 -~

it is tempting to suggest the éxistence_of clusters
of molecules in the alloy, but the high positive
value of excess entropy does not support this idea.
Therefore it is thought that at 75 At%Au there is a
different type of bond between the atoms and these
are continuously changing position relafively
‘rapidly. Support for ﬁhis concept is found in the
viscosity data (Fig. 2.4,1.) and also in the X-ray
(Fig. 2.5.1.) and the resistivity data (Fig. 2.4.2.).
The above observations also suggest that there
is a certain amount of structure in the alloy at
about 45 At%Au, and 45000. Around this composition
the alloy is nearest to the liquidus. It is there-

fore probable that the,liquid retains a part of the
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structure of the golid which disappears rapidly with
increasing temperature (i.e. below 600°C).

There are other anomalies in the liquid gold-
tin system at the tin rich end. | The heats of solu-
tion of gold in tin rich alloys become more exothermic
with increasing concentration of gold. This
phenomenon is more pronounced at lower temperatures,
(Fig. 4.3.1.). Assuming random mixing AH can be

given by the following expression

- 2 o
AH = Nzx, %o (e, o % ~heg ©snsn” ey e puaw) + AR (o iy )
: 2 o)
+ %Nzxsn(esnsn“esnsn) * * . 05.4010

‘The-eqﬁation shows that AH is a function of z and the
encrgies of Sn~-Sn, Au-Au and Au-5n bonds. Since
this'phenomenon occurs in the alloy containing less
than 10At%Au 2 and the energies of Au-5n bond are
unlikely to change appreciably. The strength of

the Sn-Sn bond is also not going to be much different
from that in pure tin. The same assumption cannot
be made for the Au-Au bond in solution, as it is in
Can environment completely different from pure gold.
This- concept has been successfully used by -Oriani and

(34) (110)

Murphy and Bever and co-workers in inter-

preting the heat effects in dilute solutions. The
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unusual behaviour of gold in solution is indicated by
its high excess partial entropy (Fig. 5.4.1.).
(111

Zener ) has pointed out that most solutes in
dilute solutions undergo vibrational changes. It
is therefore assumed that AeAuAu has a definite wvalue

end it is a linear function of Xgpne

AeAuAu = a:X:Sn . . - 050402t

Incorporating all these assumptions in equation

5.4.1. the following expression is obtained.,

= 2 -

af, (NZw)xSn + (Lza)xSnxAu
5 _10._10

Here, w = (epuan™puay éeSnSn)

and (Nzw) = Aﬂﬁu X 2h0

This expression describes the experimental results
well, when -21, -20, -18 and -17 K Calb are sub-
stituted for (Nza) for temperatures 300, 350, 400
and 45000 respectively.  The decreasing value. of
bthe constant indicates that with increasing tempera- -
ture~the solution approaches the ideal condition.
The values assigned to the constant appear to

be high. But these should be considered in relation
to the strengtn of the Au-Au bond which is given by

the heat of sublimation of gold (85 K.Cal/mole).
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Moreover the magnitude of (Nza) can be changed by

_ a non~linear function of x and re-
Audu Sn

moving the assumption that the solution is random.

making Ae

Application of guasi-chemical theory gives a vsalue
of -1 K,Cal for (Nza), but the theoretical values
of AH Au do not agree well with the experimental

curve.
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SUMMARY AND CONCLUSIONS

4 liguid tin solution calorimeter previously
reported by Kravitz has been further developed so
that under good experimentsl conditions it yields
results with an accuracy better then = 0.2%. The
heats of solubion of gold in liguid tin and gold and
tin in liquid gold-tin alloys have becn measured ab
275, 300, 350, 400 and 45000. The relative partial
and integral heat contents of the alloys calculated
from the experimental data show maximum scatter of
* 20 Cals/mole. The results for the enthalpies give
values of the heat capacity of the alloy. Values:
for the freekenergies and entropies of the liguid
gold-tin system at &SOOC have been derived from the
present results and the extrapolated high temperature
data of Kleppa.

Both the enthelpies and the entropies show
anomalies at 10 =2nd 75 At¥%Au. The behaviour at the
gold rich end is consistent with the observations of
X-ray and resistivity studies, The peculiarities
of the partial heat contents of gold at the tin rich
end have been explained on the béSis of the relative
strength of the Au~Au bond in solution.

At all compositions the properties become more
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anomalous at lower temperatures. Therefore accurate
free energy data at these temperatures will be needed
to reveal greater details of the structural pecu-~
ligrities.

Data on the volure changes on alloying and the
compressibilities of the alloys would be helpful to
have in order to be able to determine the contribu-
tions to the excess entropy arising from volume

changes.
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APPENDIX I.

Heats of Solution of Solid Copper and Solid Nickel

in Iigquid Tin and Heats of Formation of some Solid

) Copper-Nickel Alloys.

The heats of formation of some copper-nickel alloys
have been determined in the li@uid tin solution calori-
meter, The method of calculating the heat of forma-

tion from the experimental data is illustrated below.
' ‘ .

Cu(s)To ~ Cu(sol'n, XS%I)’Te . . . A

Ni(_ngow* Ni(sol'n, xgzl) T R 9

. ATt . .
(CuXNl(l_XDIs)’TO——» xCu(sol n, xs-il) T +

(1-x)Ni(sol'n, xg21) m.
| RS- LH,

XCU.'_(S), T; + (.},-x_)/Ni(s),Tw-:» (CuXNi(l_X))(s)i AH
¢ O O R ’ o

o.o L\H=XA:H AH

27773
AHl, AH2 and AH5 are determined experimentally and

]t (1-x) ©H

are described as total heat effects on solution.
The aj.loys and their components used in this

investigation were presented ‘by The International

Nickel Company (Mond) Limited.,  The specimens had

been taken from hot rolled and machined plates produced
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from alloys ﬁrepared by vacuum melting electrolytic
copper and carbonyl nickel (99.95%) in fused alumina
crucibles. The approximate content of impurities
in these samples are stated to be:

Carbon 0.002 - 0.01%

Aluminium 0.0l - 0.02%

Silicon {0.005% - 0.01%

Iron 0.01 - 0,02%

In ordef to have specimens suitable for addition
to the calorimeter small pieces are cut from the
samples and rolled into strips (1 mm. x O,1 mm.).
These are cut into suitable lengths ( 7 mm.),
pickled in dilute nitric acid to clean the surface,
sealed in evacuated tubes and annealeq for 5 to 6
hours at 700-800°C,

The results of the experiments with‘copper are
presented in Table AI,1. It conteins the total
heat effects and the relative partial molar heat con-
bents of copper. The latter is calculated using
equétions 4.2.14.,‘4.2.16. and 4.2.17. and the heat
contents tabulated by Hultgren and co—workers(l).
The values of AﬁCu(s) are plotted against mole frac-

tions of copper in Pig. AI.l. and the following

equation is obtained for the best line.



Table AT.1,.

Heat of Solution of Copper in Liquid Tin at 55000.

0.439

P Run ZIn ¥n .. Total H. -H, OH x Remarks
e . Cu Sn Ni T T Cu(s Cu.
Tempe- 1°*  x10° moles  x10° neal o & O ab 35030 %107
.831.;113:'@‘ moles moles Cal/mole cal/mole
348.7 15.% 9.8599 5.1088 - 4603.7  2129.6 2477 0.096
348.5 15,4 19,8647 5.1088 - 4541.4  2128,3 2417 0.200 . m
348.1 15.6 29.7576 5.1188 - 4489.,3  2125.3 2369 0.482 188cu(s)o0, 1
347.9 15.8 39.9575 5,1298 - 4533.8  212L,%  2h1i 0.675 Cal%mole/°¢
347.9 15.9 49.8615 5,1298 - 4495,8  2123.7 2376 0.868
350 21.2 7.8785 5.1269 - 4628.9  2137.6 2491 0.077
350 21,3 15.7237 5.1269 - 458%.8  2137.6 2446 0.230
350 21.4 2%.5757 5,1260 - 4572,8  21%7.6 2435  0.382
350 21.7 40.35%96 5.1359 - 4594.8  2137.6 o437 0.697
350 21.8 48,5049 5,1359 - 4509.2  2137.6 2372 0.858
350  23.2 7.0538 5,1261 - 4o2u,4  2137,6 2487 0.069
350 2%.4 14,0101 5.1361 - 459%,4  2137.6 2456 0.205
350 23,5 21,0812 5.1361 - 45444 21376 2007 0.340
350 25.7 28,0264 5.1446 - 4496.2  2137.6 2359 0.475
350 22.9 9.7372 5.1456 22.7525 3609.5 2137.6 =1472 0.142 xNix102=.

T¢T
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AHQu(s), 350%¢ = @510 - 29000x0u,(i 8 Cal,XCu(O.QO4)
 Hence at 350°¢C,

+
AHCu(S), ‘nl = 2510 -~ 8 Cal/mole

and the total heat effect,

AH, = 4648 L 8 Cal/mole.

The Teble AT.l. also contains one result for
the heat of solution of copper in liguid tin con-
taining nickel.,  This is however, not very accurate
because of the slow solution rate.

The results of experiments with solid nickel
are treated in the same manner and the details are
presented in Table AIL.Z2. The heats of solution of
nickel are plotted against composition in Fig. AI.1.
and the following rélationship is computed from the
average line.’

=
~i1625 + 21000%y; | ($23 Ga1, ;{04 005)

i (s), 350% ©
Hence at 35000,

AHNl(S) X l = ~ll625 - 2% Cal/mole

and the total heat effect, AH2_= ~9115 % 23 Cal/mole
The other results presented in Table AI.2. are
not very.accurate because of long solution time and

uncertain 'k' line. Howsver the dependence of
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aﬁNi(s),xsﬁi on X, 1s approximately 62 K Cal/mole.
The total heat effects on solution of alloys are
‘recorded in Table ATI.3. The average values of the
heat effects are adopted for AH5' The heats of
formation of the ailoys determined from the values
of pH, 8H, and AHy are also included iﬁaﬁ?§ ﬁ;gle.
The heats of solution of solid nickel/i%?liquid
tin at infinite dilution, when recalculeted using
the data of Kelley(g) on the heat content of tin
CQECu(s) = 2620 Cal/mole and AﬁNi(s) = =11840 Cal/
mole), are consistent with all the other experimental
data(a’ 4, 2, 6, 7, 8, 9, 10, 11, 12). Present
work suggests that the composition dependence of the
heat of solution of copper tends to change from
-29 K Cal/mole at compositions less than Xy = 0,004
to -5 K Cal/mole at higher concentrations of copper.
Whereas the composition dependence reported by
Oriani and Murphy %) is -5.2 K Cal/mole ab 425°¢
over the composition range X, = 0.00-0.02.  Com-
position dependence of ﬁﬁNi(s) found during this
investigation (21 K Cal/mole at 55000) agrees well
with those reported by Oriani and Murphy(9) (23.77
K Cal/mole at 640°C) and Day and Hultgren(ll)

(20.5 K Cal/mole at 637°C). Influence of Xy OB



Total Heat Effects

Table AT.3,

on Solution of Cu-Ni Alloys in Liquid Tin.

Compo- Run
sition No, -
of the
alloy.
At%Ni

T Tin
e
Tenpe-

rature
oC

27,24 26.2 350
550

350

26.3%
26.5

52.47 25,2
25,3

25.4

350
350
350

69.40 28.2 350
350

350

2843
28.4

T, Z0oh
Initial moles
Temp.of
the
alloy

C N
0 5.1351
0 5.1351
0 5.146%
0 5.1203
0 5,120%
o - 5,1203%
0 5.1014
0 5,1014

Znalloy

x103
moles

6.4991

13%.8081

20.8568

5.7519
12.4824
17.9032

5.6938

11.1634

16.83%90

Xloéoy

Total
Heat
Effect

- Cal/

0.063%
0.197
0.336

0.056
0.178

0.296 =~

0.056
0.165
0.274

mole

729
SH7
709

~-2995
~3007
-2816

-5836
~-5982
~-5654 -

gotal AHalloy
eat
Effect Cal/mole
ot %, FalToy”

nole
+662576  237%gs
-3000i6  #p08to0

~58245113 9202130

asT
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= 1 wi G
AHNi(S),ngl is 62 K Cal/mole compared with 16 K Cal/
mole calculated using the egquations presented by

(13)_

Alcock and Richardson These equations are
based on the assumption that the solution is perfectly
randomn. High negative value of the heat of solution
of nickel suggests the presence of a certain degree
of order in the solution. This is most likely the
major factor contributing to the difference between
theory and experiment,

The heats of formation of the alloys are plotted
against composition in Fig. AT.2. It also contains

(8, 9, 14, 15, 16)

other experimental values Pre-

sent results at 25 and 50 At%Ni agree well with other
results except those of Leach and Bevef(s)e A1l

the existing data suggest that their values for
AﬁCu(s) and AENi(s) are in error. When their re-
sults are recalculated using the heats of solution
data reported here, the recalculated values fall
within 50 calories of other results. The heat of
formation of the alloy containing 70 At%Ni is rela-
tively much higher and probably anomalous.

Quoted errors in all the results represent

average deviations from the mean.
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APPENDIX TT

Details of Two Additions.

Run, - 13,2 Date. 30.1.63,

1.
24

10.

11.

12.

Time. 12.35.

Weight of load 601.6706 gns.,

Weight of specimen ' 1.7032 gms.

Type of specinmen : % pieces of tin at 0°c.
Bridge resicstance 213,46 o

Mein hester current 12,5 amps.

Stirrer (Tin) speed 96 rpm.

Vacuun  2x 10_5mm.Hg.

Galvanometer zero a) Before Experiment O
b) After Experiment 0
Galvanometer Reading, when
connected to the standard cell
a) Before Experiment -1,8cm,
b) After Experiment -l.4cﬁ.
Balt couple (Cr/Al) Reading

a) Before Experiment 12728V,
"'Ooq' Clle

b) after Experiment 12728uV.,
"-an" Cm. '

Tin couple (Cr/Al) Reading

Before Experiment 12804#V,,
—O. 55 CmQ

Sensitivity 2.5 cns. § 1 MV, (1 mm, = 0,04MV)
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13, Drift in the battery voltage

T 4 mm. drift in the standard cell sebtbting =

1 mm. drift in the couple (TIN) reading.

For this addition, eguation 3.7.1%3. is valid.

Therefore 'Cpf' is.calculated using equation 3.7.14.

From Fig, AII.l1. -1
k = - (slope) 2.3026 = 0.000499 sec.

Teking, t = 135 sec. and T = 12757.57 MV,
(T, = T) = 46.21 MV, |

Using equation 3.9.1.,
135
kj (T -T)at = k x 6134, '775 MV,sec. = 3,061 MV,

t

° 49.271 MV,

ng, = Jf%%¥%i moles = 14,3488 x 107 moles.

From the bridge reading,

= 303,96%¢ = 597,1%.

1}

From eguation 5.9.2., (H5,7,7>1-—Hz,75 15)811 = 5’761.6 Cal/

o ‘mole

oo, - n(Hp - TO>Sp _ 14.3488 x 1077x 3761.6
. - el 59,271

(T~ + k{ (T,-T)at Cal/uV.

Taking the t’lermoelectrlc power (HB) of the couple as

42,5 [\AV/ C, = 1.09545 Cal/mV z 46,557 Cal/® c.
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Run. - 34.4 ' Date 19.3.64,

1. Weight of load 2.,27%5 gms. Tungsten
327,2%60 gns. Tin
538.5165 gms. Gold

2., UYeight of specimen _ 2.3584 gms,
3, Type of specimen : % pieces of gold specimen
4, Bridge resistance 255.66 Lt
5. Main heater current 14 Amps.
6. Stirrer (Tin) speecd 96 rpnm.
7., Vacuun 1 x 10_5 nm. Hg.
8. Galvanometer zero a) Before Experiment 0
b) After fSxperiment 0

9. Galvanometer Reading when
connected to the standard cell
| a) Beforé Experiment 0
b) After Experiment -
10. Salt couple (Cr/Al) Reading

a) Before Experiment 17564 MV.,
‘ +0,5 Cm,

b) After Experiment 17564 &V,
+1.0 Cm.

11. Tin couple (Cr/4l) Reading

Before Experiment 17670 MV, ,
R -190 Cmo

12. Sensitivity 2 Cm. = 1 pV, (1 mm. = 0,05 V)
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1%. Drift in the Battery Voltage

i’5 nm. drift in the standard cell setting =

1+

4 mm, drift in the couple (tin) reading,
Note: The drifts sre noted against appropriste time

in centimetres and are bracketted,

Since equation 3.7.13. is not valid, the quantity QT

is calculated with the help of equation 3.7.l1l2. ©

Froﬁ Fig, AIT.Z2. |

k = 0.000972 sec.”t

Taking t = 180 sec. and T = 17653.990 MV, ,
(Te—T) = 15.51 piV,

Using equation 3.9.1.,

180 .
k j (T ~1)at = k x 3011.4625 aV. = 2,927 V.,
O .
t—u
i~ T
P (GRS DRSS J (T -T)at] = (15.51+2.927)4¥. =
- T - 18,437 uV,

o
From the Bridge reading,

T = 425°¢ = 698,15°K

From eguation 3.9.3.,

(H698‘l5—H275.15)Au = 2661.,1 Cal/mole

Dy, = Qiégﬁﬁ = 11,9716 x.lo'5 moles.
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In order to obtain Cpfj4'4 we proceed as follows:
From the calibration addition,

cpf54'5 = 1,37044 x 42.5 = 58,2437 Cal/°C.

Using equation 3.7.16.,

o, = Cp§ G - (6.526 +3.2 ) = 6
Py = Py * (575 0.5 526 +3.25) = 9.77
B\ S o
a Cal/mole/ ¢,
AL ‘
The quantity ( 3gfu> -0.5 bas been obtained by
( _

X&u

<

extrapolating prior experimental data.
P b s

Now, using equation 3.7.15.,

CPELI-.LI-: CP?L‘-.B +§:C-T_Dl (ng4.4_ng4o5>
= (58.2437 + 9.776 x 11,9716 x 10~°) Cal/°C =
58.361 Cal/’C = 1.37%2 Cal/mV.
.o‘ QT - 105752 X 18.4‘57 5 - 266141

e 11,9716 x 10

= 2114.8 - 2661,1 = ~546 Cal/mole.
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APEENDIX TIT

Summary of Experimentsal Data and Results -
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Run
No.

2900
29.1

29.3
29,4
29.5
29.6
29. 7
29.8

20.0
30.1
30.2
2043
30.4
20.5
30.6
20.7
30.8
30.9

o 3

400
400
400
400
400
400
400
400

4;0

450
- 450

450
450
450
450
450
450

Sn
naxlo5

moles

5127.89
10.5950

10?2875

9.6240

5135.56
10.0859

9.294
8.9284

10:6659

Table AIII.lb.

dTOb
v

+3%8.000
-11.865
-13%.200
+38.165
-12.175
-12.960
-12.750
+34., 765

+38 .04
—10 86

+95 755
-13,265
-11.900
-12.660
+41.955
-12,.285

kx10°
sec™

0.877
0,881

0.881
0.881
Oa 925
0.913
0.893
0.888

1.120
1.130

1.150
1.143
1.152
1.175
1.115
1.114

&
kf °RTat
%

+6j254
-5.1%3
3. 474
+5.124
~4.739
-2.262
-1.,770
+5.245

+7:561
~2.302

+6.609
-2 401
~-2.168
~2.548
+5.636
-1.930

Cpf
Cal/ C

45.000
44,810
44,880
44,668
45.015
45.075
45,135
45.214

44,989

| 44,875

44,796
45.070
45.135
45,210
45.378
45.350

Rl

e

~2105
~5105

~-5088

-5124

-5102

~1OUG

4959
_49%%
4913

4934

T
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Table ATIT.5. -

Summary of Data and Results of Experiments involving additions of Gold, Tin
and Tungsten to molten Gold-Tin Alloys.

Run
No.

1.0
51l.1
51.2
31.3
31e4
52.0
52'1
52c 2
%243
2.4

>

52

32.6
32.7
32.8

3249

52410
32411
32.12

* The

T

450

- 450
- 450

450

275
275
275
275

300
300
300
300

350

320
320
350

Thermoelectric Power '@&' has been taken as 42.5;1V/°C for all

Sn

n.XlO3
dJ

moles
432%.56

43323.87

temperatures.

Au
3
nixlo

moles

481L.5%4
66,8842
7.2802
7. 8487

7. 6084
6.6700
5.6716

5.9959
5.9619

6.0518

6.6751
6.6558

6.6652

W
nchO5
moles

12.4247%

17.7466

'15:9072

15.6140

AT

ob
AV,

~1C.080
-11.0C0
-12.13%5
+23,640

—25 . 790
~-22.025
+2%.590
-18.450

-17.885
-15.755
+22.,915
-18,360

-16.490
-15.510
+25.710
-16.220

t "
1107 k[°PatTat Cp,

sec™

1.155
1.1%50
1.139
1.117

C.432
0.431
0.416
O.424

0.492
0,489
0.503%
0.490

0.676
0.673%
0.670
Ol666

t

~2.700
-2.425

+8.086

—5 L) 198
-2, 174
+1.765
~-1.793

-1.633
+2,086
-1.196

-1.883
+5.755
-2.585

o MV (a1/%

45.583
45.664
45.752
45.830

49,288
49,404
49.5135
49.610

49.002
49.080
49.178
49,257

47.759
47.836
47.933
48.011

Qi
e
Cal/mole

of addi-
tion.

-4816
-4806
~4826

~5810
~-5913%

_586%

~5608
-5597

~5600

~5268
-5310

5328

04T



400
400
400
400

450
450

9 450

450

350
350
550
350

400
400
400

450
450
450
450

35

[ I T B N @)

5.02

1452,.02
15.37%6
14.1165
10.0919

10.1807

11.4010

11.7335
15,2766

116.1051

16.7076

Table ATIT.3,

Contlnued

W
n xlO5

moles

12.%376

12.4105

15.2953

12.%616

12:5516

ATob

MY,

-13.385
~14.670
+23%. 950
-13.877

-10.515
-11.275
+25.110
-11.085

~-20,°745
-18.782
+22.230
-13%.070

-8.552
-10.080
+21.137

~5.940
-6.,493
+23%.23%0
-6,170

kX1O X [dbAEdt s

sec”

0.887
0.883%
0.894
0.889

1.161
1.132
1.178
1.163

0.637
0.650
0.627
0.652

0.839
0.878
0.806
0‘827

1.118
1.093
1.102
1.116

to f“if

-2 .66
-1.570
+3.272

=3.255
-1.3805
+5.680

~2.,056
~1.952
+2.556
~1.360

-1.877
-1.395
+2.879
-2.020

~1.547
_1' 579
+3.973

al/ C

46,
46.
47,
47,

477,009
477,090
47,168

877
956
033
114

47,254

+555
724
-819
.O4l

<159
.298
376
519

52.774
52.972
52.049
5%.254

S

e

Cal/mole

of addi-
tion

-5012
-5063

~4983

—4710
-4799

-4791
-4114
-4101
4057

-3780
-3'760

~3704

=54%3%
~343]

3386

TGt



Run
No.

52.15
35,14

3%.15

34,0
34,1
34,
4.3
34, 4

3445
34,6
4.7
34,8
34.9

5540
55,1
55.2
3543
35.4
5545

T

550
550
350

425

2 425

425
4.25

450
450
450
450
450

450
450
450
450
450

Q

on
naxlo5
noles

2756.8%

[ T A

16.2460
1606.72

17:7254

Au
n XlO5

moles

10.9147
10.2320
2710.49

12.5726

10.5228
11.9716

10.5391
10.2731

11.%269

-—

4084.35
6.2152
6.1208

' 5.9949

Table AITIT.3. Contlnuedl

W
n XlO5
c

moles

15.6184

12.3654

-—

11.4750

11.4729

——

QTOb

V.

-11.760
+22.,145
_90 555

~12.670
=12.895
+18.800
~-15.510

~13,465
+18.145
~-16.355

-14,550
~16.287
+20.405
-2,365

sec”

0.666

0.593
0.642

O.§4l
0.977
0.945
0.972

1.100
1,111
1.094
1.115
1.089

1l.064
1.058
1.072
1.074
1.070

bop ¥

+2.%98

~-3,060
+4.628
-2.927

~4,589
-4.,461
+5.273
-3,228
~-7.072

~4,608
~-2.781
+3.814
=4, 044
-0,919

kxlo5 k]OEQTdt Cp,

cal/%c

57.466

57.565

57.687

58.063
58.166
58. 244
58.361

57.171
57.271
57.45h
57.560

55,309

55.363
55435
55.488
55.599

U

e
Cal/mole
in addi-
tion

~5895
~5906
~677
566
~545
-520
B4
_487
—2454

1187
1234

1244
~2>007

caT



Run
No.

P
O O~J 0

AW
ASIANL AN ANY

35.10
35.11
35.12

35.13

55.14
55415
35.16
32.17

35.18
35.19
35.20
35.21
35.22

35.20
35.27
35.28

35.29

T

400
400
400

400

400
400
400
100

350
350
350
550

350
350
520
350
550

500
300
300
300

Sn
n XlO5

mnoles

19,2216
21.5939

20.4650

25?1556

21.7953
21.4954

2%.2721

9.1629
9.1015

Table A.IIIQ 5'

Conbtinued.,

W
n,x10°

moles

11.8188

11.9268

8.5297
11.8906

15.3353

16.3956

Amob |
FV.

-13.312
~11.185
+19.710
-13.715

~7.512
-8.395
+17.450
~-5.950

+11.402
+14, 385

+11.842
-10.380
+20,670
~-11.205
+13%.800

-11.767

+l6 425
+5 125

leO5
sec”

0. 45)

{ bAmat Cpy
opV Cal/°c
~5,087 56.386
-6.9%2  B6.L44
+l-975 56.518
-4,%290 56.575
“‘11991 56.906
~1.%98 57,042
+4,252 57,117
~1.861 57,245
+7.250 60,876
-3.797  ©61.022
+3.205  61.147
+6.508 61.197
~4,359 61,334
+1.912  61.429
~2.807  61.565
+4,320 61.63%6
~10.115 64,654
+3.121  64.835
+12,700 64,914

QU

e
Cal/mole
of addi-

tion

1159
1169

1167

~5071
-5031

-5001

+1108
-5086

+1071
-5055

=-5023%
+1054

-5164

+801

¢at



Table AITI.5. Contlnued

5 m
Run T_ ©Sn Au W AT kxlo k \T'dt Cp _
No. © n.xlO_3 ng XlO3 n XlO3 Qb sec” { Vv ¢ £ QTe
°¢ J ¢ MV by M al/°c Cal/mole
moles moles - moles of addi—
' tion
56,0 ~-1208.,67 3417.09 - - - - - -
36,1 400 - 6.6193 - - - - - _
36.2 400 - 6.6535 - 4,96 1.000 17.618  47.958 +1342
36,5 400 - - 10.2208 18.807 1.012 5.264 48,022 -~
36.4 400 -~ - 6.5305 - 5.195  1.000 16.4954 43,08% +1259
3645 450 - 6.1203 - - - - - -
36.6 450 - 6.0954 - 10.095 1.283% 13.052 47,409 1412
3647 450 - - 9.7770 ~ - - - -
36,8 450 - - 9.6427 19.007 1.286 4.7%4 87.5%1 -
36,9 450 - 6.0457 - 12.575 1.276 10.344 47,587 1420
36.10 450 - ©0.0254 - 12.19%2 1.277 10.811  47.643 1455

- ST
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Table AIIT.4,

Constants used in the calculation of results of tables

Constants Temp Approximate

°c Xpu=
0,0 0.1 0.3 0.5 0.7 0.74
275 - 17.34% - - - -
300 11.%7 13.07 - - 8,67 -
CPau(s) 350 10.18 11.63% 12.13 - 8,73 ~
Cals/mole/°C 400 9,82 11.29 12.19 - 8.79 9.24
425 - - - 9.77 - -

450 9.55 11.16'12.25 9.81 8.86 9.31

®Sn(l> BOO 6089 - - - 6052 -~
Cals/mole/°C 450 6.85* - -~ 6.5 6.28% -

. 0
* The same values were used for 350 and 400°C,
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APPENDIX IV

Expressions for Fitting Curves through Given Sets of

FPoints with Minimum Standard Deviation

The standard deviation from the mean value is

given by the following expresgsion:

5 s

s

i)
e
1

Bl

g =

§

Where X = the mean valué, and n = total number of
values,
Consider the equation,

Y = a + bx + cx2

to be fitted into the points (x,¥).

(T
i -
e’ 6%%%;:Ea+bX*<m?)—y12,

or (&) =%J[a+ bx + ex” - y}g.

- Three partial differentiations will then yield three

equations, which when solved will yield the following

results.
When a = 0 v = bxX + ¢x ATV, 2.
- &{402@ - EXB.EX‘?;Y f\‘
b = I~ 2 5.2 AlV.3.
& x é?,x - é}_x )
c = E:X ..:«:Xg-y —LX"%H AIV.LI-.
- - e B
X JOx - Fx7)



When c

i
(&
ed

When a = 0,.c = 0

When it is parabolic

i
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ATV.5.,
ATV,.6,.

AIV"?- |

ATV.8,
AIV. 9 .

ATV.10,
ATV,11.
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DEFINITION OF SYMBOLS

Activitbty

Atomic percent

Heat capacity

Heat capacity at constant volume

Heat capacity at constant pressure
Average value c¢f the heat capacity of the
calorimeter containing the specimen

i) Energy of interaction between two atoms
iil) Emissivity

Gibbs free energy

Enthalpy

Number of species .

Heat transfer coefricient, i.e. rate of heat

~ ex¢hange between two surfaces when the tem-

perature difference is unity

i) Boltgmann's constant

ii) Ratio of the heat transfer coefficient
and the average heat éapacity of the calori~-
neter

Heat transfer coefficient due to conducﬁion

and convection

Liquid state,

Number of additions made to the calorimeter.
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N i) 4vogadro's number

ii) With a subscript it represents number

of atoms
n Fumber of moles
Pressure
Q@ Heat absorbed by a mole of specimen on

solution in the calorimeter

q Heat absorbed

R Gas constant

r Distance between two atoms

S Entropy.

(s) Solid state

(sol'n) In solution

T Temperature in %K unless specified
AT AT o +k_i ObATdt

t. Time  °

Internal energy

Volume
W Excess interaction energy of an unlike pair
of atoms, i.e. W = (eij—%eii—%ejj)
X Mole fraction
Sz - Co-ordination number
zZX Number of unlike atom pairs in quasi-chemical

theory
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Indicates the pertisl values

i) Volume coefficient of expansion

i1) L
(l“Xl)
i) Compressibility

ii) A complex function in the Guasi-chemical

theory
Al

iii) ——s
(1-%4)

A constant in fhe expression for electronic
specific heat |

Increase in a property

A parameter in the Average Potential Model
*

evr.
ice. (=d - 1)

€i1
Viscosity

i) A parameter in the Average Potential
eX. - thei. - he*.
ij ii ddy
e*

Model, i.e. (
| ii
ii) Angle

iii) Thermoelectric power of a thermocouple

Wave length

i) A parameter in the iverage Potential
¥,

Model, i.e. (=4 - 1)
Tii

ii) Resistivity.

Summation

Standard deviation
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Subscripts

Anh Anhgrmonic contribution

c Calibrating Addition

dil It is used along with C and is defined by
wﬂﬂﬁ = Cai1

e Equilibrium wvalue

i, J Different species

k kth reading

o Initial reading

ob Chosen vzlue or observed vaiue

s Surrounding

Sp Specimen

T At temperature 'T!

x At composition 'x!

Superscripts

av Average value

e Excess over the ideal value

m, r Value at the end of the mth (or rth) addition

0 ' i) Standard state

ii) Temperature

A characteristic value
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List of Diagrams.

Fig. 2.3.1l. Equilibrium Diasgram of Au-Sn System
(After Hansen).

Fig. 2.4.1. Viscosity of Au-Sn Alloys.

Fig. 2.4.2. Reslstivity of Liquid Au~Sn Alloys.

Fig. 2.5.1. Values of (E;%él) at which peaks occur
in Liquid Au-Sn Alloys. |

Fig. 2.6.1. Behaviour of Fartial Entropies of Liguid
fu-Sn A1loys (4fter Kleppa).

Pig. 3.2.1. The Thermostat. |

Fig. 3.3.1. Control HeaterySystem.

Fig. 5.5.1, Crucible Assembly.

Fig. 3.5.2. Molybdenum Stirrer.

Fig. 3¢5.%., Specimen Addition Mechanism.

FPig. 3.6.1. Thefmocouple Clip.

Fig. 3.6.2. Temperature Profile Inside the Bottle
and the Effect of Annesling Ci/Al

Thermocouples.

R 0

Fig. 4.2.1. Variation Of‘aHAu(s),xAu with

Temperature.

Fig. 4.%3.1., Enthalpies of Liquid Au-Sn Alloys.

TFig. 4.3.2. Experimental and Computed Values of ﬁHSn(l)
at 400 and 450°¢,



Fig,

Fig.

Fig.

Fig,

Fig.

Fig,

Fig,

Fig,

Tig.

Fig.
Fig.

4.5¢‘q’o

4e%.54
4.3.6,

4.3.7,

505.10

50401.

AT.1.

AT.2,

AIT.1,
ATI.Z2.
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Ixperimental and Computed Values of

BHy () &b 400 and 450°C.

Zxperimental and Computed Values of
DBgp(qy and OB,y at 350°C.

Change Of'aﬁﬁn(l) with Temperature.
Change of éHﬁu(l) with Temperature,
Heat Capacities of ILiquid Au-Sn illoys
at 425°¢C, ‘
Applicability of Different lModels of
3olution to Liguid Au-Sn System.

Excess Entropies of Liquid Au-Sn System
at 450°C.

Composition Dependence of Heats of Solu-~
‘tion of Solid Copper and Nickel in
Liguid Tin at 350°C.

Heats of Formation of Cu~INi Alloys,
Plot of 1ogld&m against Time, Run 13.2.
Plot of 1og1dﬂT against Time, Run 34.4,



164

: WEIGHT PER CENT TIN
2 4 68101219161820-25 30 35 40 45 50 55 60 65 70 7580 90
1| I 1 F M N MY MY M - 11 1

1100
1063°
1
1000+
1 o VOGEL, REF1
' « OWEN, ROBERTS, REF 13
900y
1
1
\
800 X \
£ 1700
0 \ \
o
> 1
2 600 %
« A &
o (Av) \ k-
o 68 ag8° | j g
300 a2) [T ! E:
. \ \\ ] -
\ \ 418° l 5
antgof-H— e :
Al Y
1 \ 4 ‘\\ l
\ \
[ \ /‘/ 309° o
300 o
| T 280 o )
| 29.3 (201 : 2520 "y 0
! 14 2970 232
200(— ° (sn)
1
i
10l__|!
0 10 20 30 40 50 60 70 80 9 100
Av: ATOMIC PER CENT TIN $n

FIG. 2.3.1. EQUILIBRIUM DIAGRAM OF Au-Sn SYSTEM.
' ( AFTER HANSEN )



" Viscosity,q', C Poise.

R 1 I L1 |
%76 2030 40 B0 60 70 806 90 100
~FIG. 241, VISCOSITY OF Au—Sn ALLOYS.

'165  '

) _---:‘\ \0\

N0

-
|

TO—00.;_ 5o at 700°C|

AR - f\o«“?'q' at 500°C |

N W N OO N D
1

L
A e

!
o)
Activation energy, E',K.Cal/mole.

e N

O~

Sn



166

x10¢ 3 S
‘}50- PN

40~

7))
O

i
§~§

N
(_l}'l .

AP, Oem.
W
o
:
@

mv
7

Resistivity ,
o
!

-
o
]

0—0—"

Fn
A

™~ S —
.iﬂo.@ﬁ@/ L

o 0
=)

0 10 20 30 40 50 60 70 80 SO
Au PR t°lo XsSn.

FIG 2 4 2. RESISTIVITY OF LIOUID
' Au - Sn ALLOYS.



- e e E B — T T

_ o
. ' e ©

o022 o =
o |

cgl< '

~ 020 =
. owsk

046 T T T N S

0 1626 30 46 56 60 70 80 90 100
AU ' At °fo Sn. - sn
. FIG.2.5.1. VALUES OF (SIn8, At

'~ WHICH PEAKS OCCUR IN
LIQUID Au—Sn ALLOYS.

19T



168

O T T T T "Ta"

07 o / 1

.<L os , ideal -
1 ' L TN behaviour :

oo s e o N\ |

R X | "1/9 e o\\@ -
B P TR SRS RS MR MRS B |
0 10 20 30 40 50 60 70 80 90 100
Au At °,Sn " Sn

F'IG 2.6.1. BEHAVIOUR OF PARTIAL
ENTROPIES OF LIQUID Au- -Sn

 ALLOYS (AFTER KLEPPA).
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'FIG. 3.5.2. MOLYBDENUM STIRRER
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Depth of the bottle
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