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I. GE'NERA_.I.V. -INTRODUCTION |

'Solid state electrochemical methods were apnlied to the study of
the thermodynamic properties of Ga-In-Sb ]iquid alloys. The experi-
mental 1nvestigations on the ternary required that the available
"~ data on two ofvthe corresponding binaries be verified. The In-Sb
systenvhas‘been inyestigated quite thoroughly by Terpi]oWsky,]
Hoshino et ai.,? and ChatterJi and Smith3 using 1iqUid and solid _
electrolytevtechniques Also, the Ga .Sb system has been experimentally -

exp]ored on a limited basis by Danilin and Yatsenko4 using -an e]ectro]yte

5

technique, adding.to the ear]ier study by Schottky and Bever through_

1iquidus-measurements. The Ga-In system.has been someWhatxmore
thdroughly expiored by Klinedinst et'al-.6 nsing a solid state e]ectrolyte
technique, by Svirbely et a1.7 using studies of’the liquidus as
determined by resistiyity measurements, and by Denny et a].s using
eoo1ing and melting studies'df given alloy compositions followed by
vmetallographic examination of the quenched a]]oy melts.

The 11qu1dus in the Ga-In-Sb ternary system has been explored
experimenta]]y by Koster and Thomas.9 Component activities in'the
ternary'System'haVe been calculated by Blom and P]_askettT0 using
| activity data for In-Sb, GaeSb,and In;Ga,activity data for the
InSb-GaSb psuedo- binary, and liquidus data for the ternary Tn'this
study, activ1ties of gallium in the Ga-In and Ga Sb systems were studied

“further and the ga]iium act1v1t1es in- the Ga In] Sb system studied for

a gallium rich a]]oy
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Recent work on the Ga-In-Sb system was spurred on by the important
semiconducting properties of the intermetallics GaSb and InSb and by
Gunn-effect device applications of Ga*In]_XSb solid solutions. The

semicOnduétihg properties of GaSb are much Tike those of Ge or are superior.

<

Also, both GaSb and InSb are good candidates for 1light emitting diode
(LED) materials in the infrared region. The interest in InSb is
mainly due to the Gunn effect exhibited when a magnetic field is

applied. The greatest interest is in GaxIn]_be as a Gunn-effect

11-13

‘device material. Gunn-effect devices are useful for the

amplification of small signals, generation of microwave signals, and
generation of microwave power.

Studies of GaXIn]_be,have shown the Gunn-effect for the composition’

16

range 0.3<x<0.54. The importantvcharacteristics of Gunn effect

materials, such as the bandgap between the va]ence and conduction bands-

and the energy separation of the sub-bands of the conduction band, have

17-22

been studied by a number of methods. ‘From such data, as described

- above, and from Monte Carlo calculations of the characteristics important

12

to the operation of Gunn-effect devices, Hilsum and Rees ~ have

théorized that GaXIn be with 0.7<x<0.95 will have very favorable

1-
~ Gunn-effect characteristiCS'due to eTectron transfer between 3 sub-

Y

bands in the conduction band; in GaAs, the Gunn effect depends oh

~transfer between two sub-bands. As of 1970 efforts to fabricate a Gunn- o ®

effect device from GaXIh]_XSb have failed for values of x>0.55. The
failures have been attributed'to the lack of sufficiently 1lightly

12
dopeq n-type GaxIn]_be.
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: a-parameter'mode]v(i.e., 0

} » Because of the 1nterest shown recent]y 1n the quasi- chem1ca1

treatment, a c1oser examination was accorded th1s treatment and 1ts _

derjvat1on, By using mathematical procedures described by Guggenhe1m,23

the quasi-chemical treatment was extended to vnext-nearest'neighbors

'and third nearest neighbors for a s1mp1e cubic 1att1ce Though the

mathemat1ca1 procedures of Guggenheim were fo]]owed a new method of
bond count1ng was used. Th1s difference led to a conc]us1on different

from that reached by Guggenheim‘regarding the consolute temperature.

in addition, by going to higher order approximatiohs,the quasi4chemica1

~model was shown to yield activity coefficients'approaching those of the

th order quasi-chemical model).



-4-
REFERENCES

1. J. Terpilowsky, Akchiwam Hutnictwa I1V-4, 355 (1959).

2. H. Hoshino, Y. Nakamura, M. Shimoji, K. Niwa; Berichte der

Bunsengese]1schaft 69(2), 114 (1965). - : v
3. D. Chatterji, J. V. Smith, J. Electrochem. Soc. 120(6), 770 (1973).
4. V. N. Danilin, S. P. Yatsonko, Akad. Nauk, SSSR 2, 145 (1970).
5. W. F. Schottky, M. B. Bever, Acta Met. 7, 322 (1958).

6: K. A. Klinedinst, M. V. Rao, D. A. Stevenson, J. Electfochem.;Soc.
119, 1261 (1972). o |
7. W. J. Svirbely, S. M. Selis, J. Phys. Chem. 58, 33 (1954).
8. J. P. Denny, J. H. Hamilton, J. R. Lewis, J. Metals, p.v39 (1952)..
9. V. W. Késter, B. Thoma, Z. Metallkunde 46, 293 (1955).
10.- G. M. Blom, T. S. P]askett, J. E]ectrochem.-Soc.'llg, 1832 (1971).
113- J.'C;}McGroddy, Negative Differential Conductivity in Semiconductors ‘

in Proceedings of the Tenth International Conferenéé on the Physics

of Semiconductors, U. S. Atomic Energy Commission, 1970, p. 31.

12. C. HilsUm, H. D. Rees, A. Detailed Analysis of Three-Level Electron

Transfer in Proceedings of the Tenth Internationai.Conference on the

Physics of Semiconduchrs, U. S. Atomic Energy Commission,v1970, p. 45.

13. A. Joullie, J. Allegre, G. Bougnot, Mater. Res. Bull. 7, 1101 (1972). .
4. J.cC. McGroddy, M. R. Lorenz, T. S. Plaskett, Solid State Comm. 7,
901 (1969). |

15. A. Van der Ziel, Solid State Physical Electronics (Prentice-Hall, Inc.,
N. J., 1968), 2nd ed. | |



-5-

n16. L P. Hunter, ed Handbook of Sem1conductor E]ectron1cs (McGraw Hill
Book Company, N Y. , 1970). | o o |
17. 0. Madelung, Physics of II1I-V Compounds (John w11ey and Sons, Inc y

N Y., 1968).
18. 1. Kudman, T. E. Seidel, J. Appl. Phys. 38, 4379 (1967).

19; B. P1stou1et J L. Robert, D BarJon Proceed1ngs of the IX Internat1ona]

Conference of Physical Sem1conductors (Nauka, Len1ngrad 1968), '
Vol. 2, p. 1222.
20. M R. Lorenz, J. C. McGroddy, T. S. Plaskett, S. Porowski, IBM J.
| Res. Develop.13, 583 (1969). -
21. W. M. Coderre, J. C. Woolley Can. J. Phys.'gz,72553_(1959);'
22. S. A. Porowski, J. E. Smith, Jr., J. C. McGroddy, M. I. Nathan, -

W. Paul, Proe. CNRS Colloquium on the Prbperties of Solids under
Pnessure,'Grenoble,'CNRS No. 188, p. 217,‘1969. |

23. E. A. Guggenheim, Mixtures (Claredon Press, Oxford, 1952).



-6-

IT. THEORY

A. Introduction

The study df.the activity of Ga in Ga-In, Ga-Sb,and Ga-In-Sb melts
was conducted with the use of solid oxide electrolyte. Use of such.
oxides for the purpose of determining Gibbs energies af elevated
temperatufes.was'bioneefed by Kiukkola and wagner;] These materials have
sihce been used for the measufement of the Gibbs energies of formation:

of man’y_c_>x1'des]"9 and the partial molar Gibbs energies of components

of a]]oys]’?’]o']s

B. The Nernst Equation

As in emf measurements in aqueous e]ectro]yte app1ieatioﬁs,
the interpretétion of high temperature solid oxide electrolyte emf -
measurements utilizes the Nerhet eqUation. In the system usedvhere,'the
relevant equilibrium for the deve]opment‘of the Nernst equation is the -
| one.that'concerns the fOrhation of Ga203 form 02 and Ga(s).' The cell
ié the following: v

A B -

WIGa,Ga203Hsolid oxide e]ectrolyteHGa203,,GafA1loylw .

The Gibbs energy of formation of Gazo3 is expressed for either

half-cell as:

T Veay0y O T B T e . m

. Thus,

6(n _-w ) = 20ug, - uéaA) + 3(“02- ) “02-) - (g0, - “G’aZO- ) (2)



-But -

w_-u_=A6G = -FE (3)
U u = RT Tn — '
GaB G A aGaA 7

- 1 | ' :..--'(5)

In the experimental situation given, the Ga203 remains the on]y so1id'
and the Ga and Ga-alloy are liquid so that the following holds: Since
the‘electro]ytes used are predominantely conductors of 02' ions’With
trénsport numbers of 02~ better than.0.9§, if the exferna] circuit

: repreéented by the emf measurement Circuit has a resfstance greater
than a facfor of 103 of that of the-interné] resistance of the ce]} to.
',minfmize meter-]oading,'thén 02' wf]] equilibrate between fhe fwo
‘_halfécells giving: u, =u é_. Under the above cohdjtions,'Eq{ (2)
'jredutes to: | 5 A . ” | | N
T 3a(alloy) =~ §%% K . (6)
‘Thus, the gallium actiVitieS'tan.be obtaihed'from_thé measured concentration

cell voltages.



C. Solid Oxide Electrolytes

So]idfOXide electrolytes are materials which carry current
predominately in the form of doubly negatively Charged oxygen sublattice
vacancies.' The theory for the conductivity of these materials is
presented in several other plaCes]G'zo and only a brief review of the
, materia]lis presented here.

The crystals of 1nterest for use as so]1d e]ectro]ytes are those
ionic crystals with a large band gap between the valence and con-
duct1on bands, serv1ng to m1n1m1ze electronic conduct1on The conduction,
in such cases: is due to the ex1stence of charged defects., Ionic | |
conduct1on was f1rst stud1ed in pure crystals. In those crystals, the
defects are cneated by thermodynamic equilibrium which result in
either pairs ot interstitial atom and lattice vacancies (Frenkel defects)
or pairs of cationic and anionic sublattice vacancies (Schottky defects)
vThe 1nterst1t1a1s and vacancies are subject to d1ffus1on and thermal
mot1on. Thus, the motion of these defects 1is iandom. -However, once
charged and subjected to an external electric field these defects no |
'10ngen move randomiy but ‘with the fie]d, giving rise to the ionic
current. In pure ionic crysta1s where Frenkel defects dnminate,the

ionic current can be due td charged interstitia]s, charged vacancies, S
or both, since tne diffusivities of these defects are not in general
-equal. The same is true in erysta1s dominated by Sehottky defects.
These crystals, as ionic conddctors, are normally highly dependent

on the partial pressure of onelof the-components'over the crystal and
as such are ionic conductors over only a narrow range of partial

pressUre of that component, usually the anidnie component.



To be_useful for thermodynamic measurements, the charge carrier_
| mUstvnOt-bebambiguous but rather a single species.‘ In order to
ridothe electro]ytes of Zr02 and Thoz_of the objection of a narrow P02
range and to minimize the ambiguity of the current carrier, Ca0 and Y203
are used to dope the eTectro]ytes. The effect.is to replace the :
tetravalent Zr and Th with the divaTent’Ca and triva]ent'Y. The.effect
' iS'to create oiygen sublattice vacanCies "~ By so do1ng, the PO2 range
1s broadened s1nce the concentration of the oxygen vacancies 1s not
dependent_on.the P02 over thjs range. . Furthermore, the concentrat1on‘
of the one defect is increased greatly over that of the~other of the
defect pair, s0 that th1s defect when charged becomes the dom1nant
defect for 1on1c conduct1on purposes

- D. 202 Range ovaSZ and YDT

"A number of investigations have been conducted on earlier stabilized
z1rcon1a “and yttr1a doped thoria to this date concerning- the optimal
compos1t1ons and accompany1ng P02 range. 21- ?_ The main feature of these
~ studies is the fact that the conduct1v1ty of the e]ectro]yte increases
‘as the dop1ng oxide content is increased unt11 the doping content
‘reacheS'aboutlls’cation percent,at which point the conductivity asna_function
of doping oxide.begins to decline. This behaVior.is expected‘since
'the‘doping inttially increasesvthe anion vacanciesvavailable_for ionization
~and condUction and at some point-further doping'destroys the,crysta]]inity
of the tetravalent oxide 1attice leading to andecline in the conductivity.

vOf’itse]f;maximUm conductivity_is.highly desirable in a solid
e]ectrolyte. ‘Howeyer, increasingvthe doping oxide concentration has -the

added benefit of extendtng the useful Poz'range of the electrolyte,
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Subject to the éame upper dopant concentration. Timit. Thus
Zry.g5080.150 g5 (CSZ) and Thy oYy 1507 gp5 (YDT) have been the most
studied compositions and are the electrolytes used here.

Figure 1 shoWs the conservative and Tiberal Tower oxygen partial
pressure limits to thé'é]ectro]ytic domain of CSZ'asvderivedvfkom the
data of Schma]zreid26 and Patterson et a1;22 by Patterson.24 This
-figqre‘showsvthat the P02 in equi]ibrium with Ga in the temperature
range of interest (T<1000°C)_doe$ not 1ie within the electrolytic domain

of CSZ as defined by the conservative lower limit. . This 1imit is derived

from the earlier work of Schma]zreid.26 The later work of Patterson,

22 24

Bogren and Rapp, Patterson, and Tretyakov25 define domain bouhdaries

which place that part of the Ga,0, - Ga - Ozvequilibrium_of interest
in the electrolytic domain of CSZ. Included in Fig. 1 is the ldwer
P02 é1ectrolytiC‘dogzin bounda;g of YDT as derived from the'data3gf

- Tretyakov and Muan, = Hardaway T et al., and Lavine and Kolodney

by Patterson.24

~ Plotted also in Fig. 1 are the standakd'Gibbs energies of'formation'as o
a function of temperature of the various oxides of the species of interest
based on a single mole of 02. The Gibbs energy of formation of the oxide

of gallium and the oxide of indium are obtained from the data of

Klinedinst and Stevenson.2*3

The data for gaseous suboxide of gallium,
Ga,0(g), is derived by Seybolt.15 The data for the solid subokide‘of
:gallium, Gazo(s), and the mbst stable oxide of antimony are derived from
’Cough]in.3]' From fhis graph it is obvious that'for.the_temperafuré '
of interest (600°C<T<1000°C), thevsequioxide of gallium, Gazoé is by

far the most stable. This implies that the formation of the other oxides
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is so heavily'disfavored thét Ga2'03 is the only solid to exiStAin the

presence of the Ga and Ga-alloy melts studied hefe.
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Fig. 1 Gibbs energies of format1on on a molar 02 basis are compared to
the lower 07 partial pressure 1imits for ionic conductivity of ox1de
1ectr01ytes
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_.of the two molten electrodes.]
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III. EXPERIMENTAL APPARATUS AND PROCEDURES

A.' Introduction

In order to study the activity'of Ga in high temperature melts

‘using a solid oxide electrolyte techniqoe it is necessary to exclude

other sources of oxygen by making measurements either in a vacuum or -
in a high‘purity inert gas etmosphere. Since oxygen is the important
component in electrochemical cells using.the above technique;a Veky
1ow.oxygen partial pressure is necessary over the molten e]ectrodes.'
Because of the.simp1fcity of building and maintaining a gas tight system

and pur1fy1ng argon to the requ1s1te purity as compared to an equ1va1ent

_vacuum system, measurement under an 1nert atmosphere was chosen

Complicating factors are_the need to-1ntroduce.e1ectr1ca1 1eads

into the molten e]ectrodesand the'necessity to separate the atmospheres

B. Ga-In Cell

T. Aggaratus

An unscaled schematic of the cell is shown in Fig. 1. The main ce11

~ body was an 18-in. long tube of h1gh purity recrysta111zed alumina

11/2 in. 0D, 1 1/4 in. 1D, closed at one end. The open end was sealed
to a water-cooled stainless steel head with a buna rubber O—ring. Three
ceramic:tubes were passed through the 1ead at the vertices of an

equi]ateraT triangje inscribed in a 3/8 in. radius circle centered on

| “the head. These ceramic tubes were sealed to the head with viton 0-ring.

* )
Morganite refractories.
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.'_ The 1nher ceramic‘tube;which served as the reference e]ectrodé
compartment, was:a slip @ast high purity calcia stabilized iirconia,
2r0.85%%0.15"1.8 _
high purity alumina thermocouple in§u]ator through which the high’
pukity argon.was introduced af a point-neér the closed bottom
of the CSZ tube, as shown in Fig. 1. A tungsten e]ectrodeblead‘
was a]éo.run through this insulator to the bbttdm of the CSZ tube. The
open top of this CSZ tube was sealed to a'l/4”iﬁ. stainless steé]
Swagelok tee with a teflon front ferrule backed with a ny]on‘Sack
ferrule. The 1/8 in. tube was run throdgh the tee and sea]ed.also with
~ teflon and nylon ferrules to al/8 in. Swage]ok-reducer swaged td’the-tee
(see Fig. 1.). The side port from the sfréight'run of the tee was the.
gas outlet for the CSZ tube venting the gas to a mercury vapor trap.'
Thé‘1/8 in.vtﬁbe was sealed to a second 1/8 in. reducer swaged to a
second 1/4 in. Swagelok stainless steel tee; then thé 1/8/in. tube was
run through the straight run of the tee. The second run‘of the_straight
run wés sealed to évshorf length of pyrex tubing. The 1/8 in. pyrex:
tube was ended‘wifhin the pyrex tube wfth the tﬁngsten wire extending
 comp1ete1y thrbugh the pyrex tube. The open end of the pykexthbe was
then sealed with b]adk sealing'thusformfng a seal through whiéh the |
tungsten lead was extended but which did not seal the 1/8 in. tube.

The inlet gas was introdu;ed through the side port of the second.téé,,
routed by the tee configuration to the pyrex tube and into the']/s.in.

alumina tube. This configuration allowed a positiVe gas circulatioh

.
Zircoa Corporation.

Cay 150y go» (CSZ) tube.* Centered in this tube was a 1/8 in. 0D

hu
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iﬁ the CSZ tube electrode leads which were isolated from the stainless
steel sWagelok parts, and seals which were vacuum tight.

| The second ceramic tube was made of high purity alumina.* This
tUbe had'both ends open and serves to transport the high purity argon
blanket gas to a point near the bottom of the main cell body. In
addition, the second electrode lead was threaded'through‘this tube. The

top end of this tube was sealed to one arm of the straight run of a

- 1/4 in. stainless steel swagelok tee. The other arm was sea]ed'to‘a

short piete'of pyrex through which the tungsten lead was threaded. This
pyrex tube was sealed as in the assembly of the CSZ electrode. The

electrical Iéad for the sample e]ectrode was warpped around the tip of

the CSZ tube to insure good e]ectrica] contact with the sample 1iquid

alloy. The sjde arm of the tee was the inlet for introducing the high

purity argon to the tube.

The third ceramic tube was similar to the second tube excépt that
the Boftom}énd_wasc1osed. 'This tube served as the thermocouple well.

The gas outlet for the main cell compartment was a 1/8 in. tube
welded'to>the_center of the lead. ‘This~also led to. a'mercury‘vépbr'
trdp. ' | | o

As the bottom of the main cell body was hemisphericél,avflat
vp]atform\ made of alumina was placed at the bottom. Oh-this‘platfbkﬁ
was placed a.crucible made of high burity crystallized aluminaf* 26 mm
in height and 18 mm.in diameter, containing the alloy electrode.

-

* . .
McDanel Refractory Porcelain.-
*k ) :
Morganite Refractories.
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The furnace was wound with Kanthal A-1 wire and.powered by a propdrtiona]
confro11er utilizing a triac gate, which controlled the temperature of
the region of the sample to 0.5°C. The cell was maneuvered in a position
such that with shunts across the appropriate section of the furnace
windings, the region of the crucible had a vertical temperature
variation of #0.5°C in the sample région. In later runs to alleviate
‘the laterial temperature variation which must exist in a cell of this
- geometry due .to natural convection of the gas, tWo baffles were uséd.
These created a small compartment for the crucible, a second small
compartment above that compartment, and finally, a cpmpartment which -
was the remainder of the main combartment.- Also, initial runs indicated
the necessity of a ground shield which Was insté]]ed to alleviate
pick-up of noise from the furnace windings.

The temperature was measured'with a chromel-alumel thermocouple
referenced to the melting point of ice. The thermocouple.and cell
emfs were read with a Leeds and Northrup K-3 potentiometer. :Figures 2
and 3 show the temperatufe control and gas.ménifb]d.systems. |

| The high purity.argon_gas was provided by'purffying argon with a
Centorr gettering furnace. This furnace purified argon at rates df .
20 standard'cubic feef'per minute to 1e§s than 0.001:ppm by getferihg
the argon ovér titanium at 800°C. The total flow of argoh thfough
the gettering furnace for this experiment was 1ess'than'1 standdrd chbic
feet per minute. Since the equi]ibrfum partial pressure of 02 over

titanium at 800°C is 10733

atmospheres, and the equilibrium partial .
pressures of other impurities are equally low, the-argbn purity
is considerably lower than 0.001 ppm due to the increased residence time

in the gettefing furnace.
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. The d1str1but1on system for the argon was made of 1/4 in. sta1n1ess
stee] tub1ng us1ng sta1n1ess stee] Swage]ok f1tt1ngs where necessary
The gas flows were metered to the two electrode compartments.
The gas flon;rates were 0.12 and 6.0 cc/min in’the reference and sample,>'
compartments resoectfvely, values selected to provide one compartment
volume at’23°Cﬁper'hour. The compartments were isolated from the gas
source by Nopro be]]ows shut off valves. The final connections, from
the shut- off valve to the compartment gas 1n1ets -were made w1th corrogated
f]ex1b1e stainless steel tubing w1th ]/2 in. nom1na1 0.D.
2. Procedures _
The reference e1ectrode‘was formed by'droppjng'first Ga203gpowdervof
: 4-9's.purity* and second molten Ga of 6-9's purity** into the bottom of
the.CSZ tube.  The reference e]ectrode was placed in position in the
.head,and the gas de11very and lead feed-through assemb]y was sea]ed
to the top of the tube
“The other two tubes were'positiOned similar1y,iwith the sample
e1ectrode 1ead fed through the appropriate tube. The end of the.sample'
‘electrodev1ead was wrapped around the tip of tne CSZ -tube. The tip.of '
the CSZ tube was placed in the crucib]e containing carefully-measured
,-amountsrof Gazo3 and_in of 5-9's purity}** ‘To secure the positioning
of the crucib]e; the crucib1e was wired‘to'the'thermocouple tdbe.wtth:a'e
* short pieCerf tungsten wire. Tnis'assemb1y Was then placed in
position in thevmain cell body'and sealed to the main'ce115b0dy by the

0-ring seal.

* _ .
Ventron Corporation.
*%

Cominco Amer1can
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‘The assembled cell was.ppsitioned in the furnace, and the gas
connections were made using teflon and nylon ferrulesto a]leviate the
need for fange torques on the ceramic tube. The ce]lmcompartments were.
then‘purged for 2 hr with the purified argon at rates of at least |
50 compartment vo]umes per hour. Since argon fs s]ight]y'denser than
the major components of air, Ar was de11vered to a po1nt near the bottom
of the respect1ve compartments S1nce the gas ont]et was at the top
of the compartments, the gas atmOSphereVEt the end of the purgedpekipd
had the purity of Ar delivered by the gettering furnace.

At this point the gas flows were reduced to values corresponding
to a sing]e‘compartment volume per hour and shut off. The cell
temperature at thisvpoint was raised to the cell opérating values.

1nitiaT]y; the celltemperatures were raised and lowered rapid]y,
but prob]éms dne to the low valne of thermal shock kesistance’of CSZ
necessitated much lower temperature elevation rates.

No.set proeedure for making_measUrements was established since for
this system'there.did not appear to be any dependence on the thermal =
state of the previous measurement. However, in order to facilitate
eomparison with the data of KTinedinst, cell emfs were measured at
temperatures of 800°, 850°, 900° and 950°s One difference was that
in this study no gas flow was used except when initially purging the
cell and when the cell temperature was being 1owered Thus, 1in genera]

all data points represented a cond1t1on of no gas flow in the system
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- C. Ga-Sb, Ga-In-Sb Cells
1. AggaratuSu]vh - | | o
- The celis oontaining Ga-Sb and Ga-In-Sb differed'fkom-those for

Ga-In a}Toy studies in several important detéi]s.' The major problem,
reported by Chatterji and Smith, was antimony reacting s1ow1y with
tungsten electrode contacts. vThat difficulty is minimized'hy'ailowing
the tungsten to. contact the a]]oy melt only when a measurement was being
made. To accomp11sh this the pyrex and black wax feed through of the a]]oy-
e1ectrode lead feed through assemb]y of the Ga-In cell was rep]aced
with a s]1d]ng 1ead~feed-through assembly. This assembly consisted -
of a 1/8 in. pyrex and b]atk wax.feedéthrough placed wtthin a Swage1ok.
union bored through to slightly over 1/8 in. ThiS'union was sealed to
a 1ength of 1/8 in. stainless steel tubing with'the back ferrule
invehted and the front.ferrule'replaced}with an 0-ring with a approximate]y_
1/8¥in;X1/]2 in. wall, greesed with vacuum grease. This formed the
sliding seal for moving the tungsten 1ead in and.out»of:the'stain1ess
tubing, In order to prevent grounding of the tungsten lead, the
By 1/8'in; tubinngas connected to av1/4 in. pyrex tube with a 1/4~in.5
to 1/8 in, hored-through_union. This 1/4 in.vpynex tube was then sealed
- to-the port préviouS]y occupied by the pyrex and black wax feed-through
- (ng 4). The seal was tested with a He 1eak detector and was found
not to leak w1th1n the detector range.

The tungsten 1eadeas threaded through the alloy eompartment gas
inlet tube,'now shortened to a point close to the cell head. The

lead was then threaded thkough:a 1/8 in. -alumina insulator wired
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to the elettro]yte tubes. This 1/8 in. a]umjna tube was positibned
just above the crucible so,thét’wheh_the sliding seal was pushed |
down the-]ead would move down through the tubes and into fhe alloy
melt. -Wheé the seal was pushed up the tungsten.lead was withdrawn
from the melt. |

Because it was generally desirable to minimize é]ectrode lead
and melt interactiohs;the’slidihg seal was also used oﬁ the reference
electrode 1ead;' Since the e]ectrbde‘]ead path was straight in this case,
no special changes were made in this electrode to insure_thét the lead
contacted the melt. | | |

A second change in the cell involved the change in»so1id oxide 

‘electrolyte material. Since the 1owerYP02 limit of CSZ is not’sufficjently
lower than the Ga203-Ga-02 equijibrium, a YDT tube*.18 in. long and .
1/4 in. in diameter was used as a solid oxide electrolyte.

'Another difficulty encountered inrthe'Ga—Sb cells was the hith
internal cell resistances. The internal resistances were measured to
be as large as ]04 ohms. For source impedancés of tﬁis magnitude with
potentiometers; small cell currents can flow. ~In order to minimize

12 ohms

cell currents.during measurements a Kejthley electrometer with 10
input impedance was used in place of a potentiometer to'determihe fhe
approximaté>Ce]1 emf as.shown in Figs. 5 and 6a. Accurate measurements
“of the ce]i emf were made by using the potentiometer in series with

the electrometer (Fig. 6b). This arrangement used the potentiometer
as.a source of bucking voltage to the cell and the electrometer as a null

meter. The circuit impedance was essentially that of the electrometer.

*
Zirconia Corporation
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The final modifications on the system'were in the gas de]irery
system (Fig.h7). Becaose,of the shortening of the main compartment
gas inlet tuBe and the greater reliability of racuum.evacuation,a |
mechanica] vacuum pump was added to the system to purify‘the.ce11
| atmosphere. Additional bellows shutoff valves Were'added'to iso]ate _
the two cell compartments,'the argon source, the vacuum pump, and
| mercury gas‘traps-from,eaCh:other. ‘The very fine metering-va]ves'mere
vrelocated in order that atmospheric gases might not be pulled into the
- system through packed seals. The last modification to the gas hand]ing |
system was cold trapping'the gas outlet lines in trichloroethylene
and dry ice pr1or -to the mercury vapor traps in order to minimize
any possibility of back d1ffus1on of mercury to the cell compartments
2. Procedure '

| - The reference and'aiToy electrode preparation was the same as in

the.Ga-In cells. 'The antimony‘used'was 5-9'S'purity *

The compartment atmospheres were purified by evacuat1on to 200 m1cr0ns

and back f1111ng with purified argon five t1mes

After pur1fy1ng the cell atmospheres,the temperature of the cell
was s]ow]y raised to 800°C at the rate of 70°C per hour. This rate was
~convenient s1nce a rate of 150°F per hour was recommended by Z1rcoa
to avoid thermal stress crack1ng -and recrysta111zat1on problems common

in YDT

*
Cominco American.
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Liquid alloys of Ga and Sb, and of Ga, .In and Sb were found to
equi]ibraté very slowly. Thus, once the cells reached 800°C it was
necessary to monitor periodica]]y the cell emf until a constant value
was obtained. This typically required 2 tov3 day#; though 5 days was
necessary in sbme cases in order to obtain values constaht to within
0.01 millivolt. This was in great contfast with the Ga-In alloys which
' equi]ibrated very quickly--in less than a day. After the cell emfs had _
Stabi]ized_ihlthis fashion, the alloy melts were assumed to have become
completely miXed,and data were then taken at various'temperatﬁres.v Even
the meashrements at.various temperatures required a great deal of_time,
the time reQuired'beihg a strong function of tempekature, so that it was.
necessary_to monitor periodically the emfs at each temperature until
they étabi]ized fn order to obtain the equilibrium values of the emfs.
Again,the emfs at the various temperétures were independeﬁt bf'how

the temperatures were reached.
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“IV. The Ga-In System

A. Results

- vThe‘emf measured as a functionvof temperature in the Ga-In system

is plotted in Fig. 1 for: the cdmpositions investigated, along with the

Comparablevmeasurements of the study by Klinedinst .et'alﬂ These results

: demonsttate the reproducibility of the emf emthod.

" A number of sources of instabilities in cell emf were encountered.
The main instability was characterized by a rapid drop-off in the cell

emf with time. In runs showing this effect, measurements of the internal

~ cell resistance before emf drop-off gave resistances of the order

of 10,000 ohms and after emf drop-off resistances'of the order of 10 ohms;
This'change'suggests electrolyte failure.. Thus, improvements in equipment
and operating procedure were,implemented to minimize this problem.
Further improvementsvwere imp]emented prior'tb the initiation of .
measurements on the Ga;Sb systen_based on experiences gained in the

Ga-in syefen, :These imprdvements nave been out]ined‘in the‘Equipment

and Procedures Section ITI-C. |

The emf data are_redueedito aGeInS’ defined by

i} | 2
Oatn = (1Mga)/ (1 - Xgy)
‘nThis paremeter can be expected to have‘the.formﬁ'g
Ogarn - @ + bx at c/T + dXGa/T . - ‘(1)

G

vUtilizing a least square fit on‘the__data_obtained from the emf

measurements gives:
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= 0.2862 + 0.0352x.. + 398.3/T + 220.0xéa/T-. - (2)

%Galn Ga

The rms detiation of data from this equation is *0.016 for the range
0.05<xGa<O.4O (see Fig. 2). The activities of Ga at 1223°K are
presented graphicolly in Fig. 3 along Qith the activities predicted by
Eq. (2) and compared to the data of Klinedinst, et_é].4 Using the
Gibbs-Duhem equation and.assoming Eq. (2)_for the whole composition
range, the activities of'In were calculated for the experimental
compositions and are présented in Table T.

By using Eq. (2) and fundamental thermodynamic identities, the B
following equations for AHGa and A§é§ at 800°C to 950°C are derived ffom
thé data of.this work: |

o i , | o |

Mg, = (791.4 + 437.1x., ) (1 - xg, ) cal/g-atom | (36)_
=XS '_ 2 : . . o

ASg; = -(0.5687 + 0.0699xGa)(1 - Xg,)" cal/g-atom o (3b)

| By extrapolating Eqs. (3) over the whole composition range the following

equations are derived, again using the Gibbs-Duhem equation.

e
AH" = (791.4 + 218.6xGa) xGa(i - xGa)“ | ,(4;)

Xs _ _ Ny ' ;v _
‘ AS_ = -(0.5687 + 0°0350xGa) xGa(l xGa) o (4b)
Equation (4a) shows that the integral heat of mixing has a maximum at
XGa ='0.53 with a value of 226 cal/g-atom: AHGa and AHMvare piottéd'in

Fig. 4.
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.. Table 1. 'Experimental emf measurements.

- X(GA) T(K) ‘ EMF(MV) A(GA) vA(I'N)

0.0499 1073.8 73.816  0.0913 0.9514

11232 77.322  0.0910 0.9514
1174.8 81.532  0.0893 0.9513
12245 85.880  0.0870 0.9513
10.1003  1073.4 53.898  0.1741  0.9048
1124.4  56.537  0.1737  0.9047
1174.0  59.495  0.1713  0.9046
 1223.9 62.335  0.1698  0.9045
0.2009 1073.7 35.941  0.3118  0.8182
1124.2 38.129  0.3070  0.8177
1174.5 40.316  0.3027 0.8173
1224.0 42.325  0.3000  0.8169
0.4089 1073.9 19.357  0.5339 0.6573
~ 1124.2 20.509  0.5299 0.6556
1174.3  21.629  0.5266 = 0.6540
12 0.5240 0.6526

1224.4 - 22.729
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B. Discussion

The Ga-In system has been investigated by Macur, Edwards, and

Wahlbeck using Knudsen effusion,] by Bros2a and Brds; Castanet,and
Laffitte using microcalorimetry at 150°C2> by Predel and Stein using

3

micrbca]qrimetry at 350°C;v and by Klinedinst, Rao and Stevenson using

solid eTectrolyté techniques from 800°C to 950°C.4 From their data;
Bros etra1.,‘conc]ude that the heats of mixing are symmetrical about
xGé‘= 0.5. The data of Prede] gnd,Stéin are not in'apparent‘agreemenf
concerning the symmetry of the results of Bros et al., thoughvthe'data
of Préde1'and Stein are not as comprehensive as those of Bfos ét al.
The heat of mixing data derived from‘Gibbs energy heasurements
by Klinedinst et a1.;'_are also not in agfeementvwith the conclusion
of Bros et al.' However, the scatter in the Gfbbs energy'data df
Klinedinst et al., is Such as to render qhestionab]é thé,derived heats
of mixing. | | |

\ The’datg'Of:Klinedinstﬁerefitted to Eq; (]) giving

aGaIn = 0.1700 - Q.9184xGa + 470.5/7 +_1186.]xGa/Tl~. v(5)

The rms deviation is *0.044 for the range.0.05€x6é<0.80. ‘From this 
equation.AHM is derived: -

AHT = (934.9 + 1178.4xg,) Xgq (1 - xGa)_ . )

The conclusions reached from the data of Bros et al., Predel aﬁd
Stein, and Klinedinst et al., contradict those reached from the data
- of Macur et al., that the heat of mixing at x.. = 0.5 is 2200 cal/mole.

. The heats for Xeq = 0.5 are found by'Brdé.et al., and Predel and Stein

a
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to be 265 cal/mole and 288 cal/mole respectively The heats calcu]ated
from an equatioh;'df'the'form of Eq. (1) with d set equal to 0, o
.fitted'to the data of Klinedinst et al. These va]ues'are symmetricalvabout
Xga = 0.5*withvarmaxfmum>heat‘of.472 ca]/moie.d Re]axing.the_symmetry
requirement gives.Eq.‘(S) which has a maximum of 395 cal/mole at
Xgqy = 0-59 and which has the value 381 cal/mole at x; = 0.5.
A comparfson of heat of'mixihg data is shown'tn Fig. 4. -Thus;-the
‘ heats derived from high temperature emf measurements bracket the heats
measured at 1ower temperatures by m1croca10r1metry The values at
- x=0. 5 are a]] 1n fair agreement exceptthoseobta1ned by Macur et a]
_'2200 ca]/mo]e obta1ned by Knudsen effus1on In add1t1on, the h1gh tempera- .
Hture emf-data and the data of Predel and Stein suggest that the maximum '
heatiqf mixing is shifted'towards the Ga rich side rather than at
'XGa = 0.5vas‘§uggested by Bros and by Bros et al.

v | C. :Conc1usion
“The uee of 561id OXide e]ectro]jtes is quite reprodutible._-However,."
derived data are extreme]y sensitive to the abso]ute errors in measure-
ment. Neverthe]ess, the entha]py of m1x1ng der1ved from the data of
th1s work is consistent w1th the data of ear]1er works ~ Though, -along
with the data of two of those works, the data of this work contradicts |
_vthe‘conclusidh of Bros and Bros et.al., ‘that the enthalpy of miXing-

s symmetric about the composition xGé = 0.5.
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V. ‘THE Ga-Sb SYSTEM

‘_A;‘ Introduct1on ' _ _

The}study of the Ga-Sb‘system waS'motivated.by‘the dearth of
thermochemical information on this III-V syStem. “Closer examination of
the eXistfng data,revealed indirect contradictibhs in concTusiohs and
derfved>data.' It has been pointed out by Sirota4'that the Tiquid metals in
clese proximity to the liquidus in compound semiconduetor systems.

exhibit short-range ohder, This observation is contradicted by the

~ low va]ues‘bf heats of mixing selected by HU]tgheh]O for the Ga-Sb

system, Which.are more cbnsistent with a more randomly mixed 1iquid” The
_der1ved resu]ts of this study show Targe negative heats of m1x1ng, which
are more cons1stent w1th liquids with short range. order

| The act1v1t1es in the'ga—Sb system have been_prev1ous]y studied
| by use of a chloride electrolyte.  This techniqde, as pointed out by
Chatterji and SmithJ has the disadvantage of being ambiguous‘with |
hegahd to the charge of the ionic carrier'in the e]ectrolytetb For the

* or Ga+3.

cells of Danilin and Yatsenko3 the ionic carrier can be Ga
Thus, the value of "n" in theNernstequat1on (RT 1n a = nFE) can not .

be definitely stated. Neverthe]ess, Danilin and Yatsenko have used n = 3,
i.e., assumed Ga+3 is the ionic carrier, to arrive at the conclusions

that the GaeSb liquid alloy system has Very strong negative devfations
’trom the'ideal. This led them to sbggest that these deviations can be
_:aecounted fer by complexes hesemb]ing md]ecu]es' This conc]usion is

_ 1n contrast to the conclusion of Schottky and Bever5 that the system is
c]ose to 1dea1 Schottky and Bever pointed out that the 11qu1dus |

measured,by Koster and Thoma2 is very nearly that pred1cted by an_1deaT

mixing model. ' o ~
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B. - Results

The emfs measuked as a function of temperature in the Ga-Sb system
are given in Table 1 and plotted in Fig. 1 for the compdsitions investi-
gated. 'Tablejl also contains the activities and activity coefficients
of Ga. Since the emf dafa were reproducib]e to 0.5 mV, the error in
the activities and activity coefficients are #2%. The activity'coéfficients'
are éhown in Fig. 2 as a function of composition. |

In making these measurements care was taken to remain in the sing]é-
phase ]iquid'region. For this reason measurements ét'the Tower tempera-
tures were hot made for those compositions near *Ga = 0.5. Furthermore,
' measurements wéke not made at temperatures higher than 800°C as Sb has
a significant partial pressure for those temperatures. o

| It is important to note that equilibrium-was;assumed to have been

reached.when the emf values remained constant over a period of seyefal-
hours. The time for initially homogenizing the components of the melt
varied from 2 to.5 days. The time constant for eduilibration after a
temperaturé changé was 1.4 hrs at 997°K and 14 hrs at 922°K. Because
of the 1ong.equi]ibration times, at least one data point was repeated
for each compoéition.‘ | | |

It shou]d.be pointed out that the depolarization rate is rapid.
By passing current through thé cell momentarily and watﬁhing fhe emf

return to the.initial value, it was found that the largest time

" constant measured was less than 10 min.
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Table 1. Experimental data.

xGa (c;rc) e(l‘:{;) aGa o .YGa
0.2000° 797.9 75.0 0.0873 0.4368
| 772.6  77.7 0.0753 = 0.3767
/747.8 80.0  0.0654 0.3269
723.1 83.8 0.0534 0.2672
699.6 88.9 0.0416 0.2078
676.8 - 96.2 0.0294 0.1472
0.4000 ~ 803.1 40.7 0.2682 0.6706
| 775.1 41.5 0.2526 0.6315
749.7 43.3  0.2292 0.5730
. 721.9 47.5 0.1901 0.4751
0.5998  797.0 20.7 0.5101 0.8503
o 771.8  21.4 0.4905 0.8178
749.5 22.5 0.4657 0.7763
1 0.7998  800.5 8.6 0.7577 0.9474
. 775.8 9.3 0.7380 0.9177
749.7 10.9 0.6905 0.8634
725.3 12,9 0.6380 0.7677
700.3 15.8 0.5688 0.7112
672.8 19.0 0.4967 0.6211
648.9 23.6 0.4108 0.5136
0.8998  752.8 4.6 0.8555 0.9507
724.2 4.8 0.8443 © 0.9390
699.3 5.5 0.8212 0.9126
670.5 6.7 0.7816 0.8687
7 8.2 0.7339 0.8156

649.
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C. Discussion
The data 6f this work supports the conclusion that the sysfem
is highly nonideal, deviating negatively. Howéver,'the agreement with
the data of Dani]in and Yatsenko is poor. The differences can be
attributed tb the ambiguity of the ionfc carrier in.the.ch]oride

1 ion to be the current carrier would

e]ectro]yté since postulating the Ga+
result in emf values three times the value that were measured in this
work. Thus, the larger emf values of Danilin and Ytsenko can be
explained by mixed conduction in thé e]ectro]yte,by both Ga+]'and-

Ga+3.

As suggested by Danilin and Yatsenko, the data of this WOfk cén
.be explained by postulating molecular comp]éXes. In this case a minimum
of three'complexes are'required."Firsf, ]et us examine the elements
themselves. Galliumare agfoup‘III metal with two common valences, +1
and +3. Antimony is a group V metal having three common valencies,
-3, +3,and +5. The electron affinities of Ga’and Sb are'calculated
from the electronegativities of Pau]ing,7'which are proportional to
| the sum ofvthe e1ectr§n affinity and ionization poténtia1.6 These are
shown in Table 2. Thus, postulating a valence of -1 is not unreasonab]é
for éither Ga or Sb. |

Postu]ating valences of -1 for either Ga or Sb suggests the complexes
GaSb3 and GaSSb in addition to GaSb which follows frbm thevexaminatiohvof ‘
the commonly known valences. Using these species in the chemical theofy
Qf Dolezalek requires that the equilibrium cohstants K]3,'K]],énd K51

- be defined by
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Table 2. Electron affinity calculations.

Element Electronegativity Ionization Potential Electron

Affinity
Ho 2.1 13.598 eV 0eV
Ga 1.81 | 5.999 eV . 5.7 eV

Sb-. S 1.9 : 8.641 eV 3.7 eV

* r o7
From Pauling.’ -
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- -1,-3
Ki3 = 2ga.sb.26asb
| 1°P3
3 21 -1
K11 = 2ga.sb. 2Ga 2sb
1°P3
5 -1
Kgqy = aGaSSb]aGa_aSb .

In the chemfcal theory the chehiﬁa] species exhibit'idea1‘behayior,and the
deviations ffom ideality are due to the differences befween the-"trheﬂ
and "apparent"imo]e fractions. Thus, the speties_dctivity coefficients
are assumed equal to unity, and the "apparentf mole ffactions "x" are
related to the true mole fractions "z" in the following manner:

%6a * ZGasb, * Zgasb * *Zga

| 5
1 *'3zea5b3 * Zgasp t szcassb'

Sb

XGa

Zsh * 325ash. * Zgasb T ZGa.Sb

Lo 3 5
b T * 32gash, * Zgasb * *Zga b

‘Using tria] and errbr tovfit the daté of thisywofk, the-equilibrium
éonstants were determined as a function of temperature and interpreted
astibbé ehefgy of formation. When these Gibbs enekgies are -assumed
to vary 1iﬁear1y with temperature, the entha]bies and entrOpfes.ofF
reaction shown in Tab]e 3 result. Using these va]ues,the'xGa wére
calculated as a funttion.of Zeo and temperaturé.l The activity’coefficients
Y6a

_plotted in Fig. 3.

thice»that the entropies of formatjon necessary for this model are

= zGa/xGa'were calculated for temperatures of 923°K and 1023°K and

extremely large. This may be due to the narrow rénge of temperature

measurement.
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| Table 3. bEntholpy and entropy of formatfon .
of melt species necessary to model the

data of this work.

Reaction AHf (kcal/g-atom) AS(eu)
Gay + 3 Sby > Gash o Cz2a
Gaz + Sb2‘+.GaSb2v : =-25.3 .. =22.5
SGaR + sz -+ Ga5Sb2 _ -77.6 -72.3

Table &. Comparison'of enfhélpies'of mixing.

ca]/g-atom g

Xea AH cal/g-atom ., AH cal |
- According to Hultgren of this Work
0.1 .79 -1554

- 0.2 -150 -2959

0.3 -206 -4623

0.4 28 -6024
0.5 =255 -6874
0.6 -244 -7382
0.7 -209 -7712
0.8 -153. -7606
0.9 -81. - -5499
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The éhehical theory assumes that there are no physical interactions
»betweeh the mo]ecu]ar species, only chemica]_interactions. Thué; the
'entha]py'of mixing will be due entirely to the enthalpies of formation.
Aécordihgly, the enthalpies of mixing are calculated for a temperaturé
of 997°K and listed in Table 4 and COmbared to the enthalpies of mixing

9 measured by reaction calorimetry at 1003°K, as revised

by Hu1tgren et a1.10 N

of Yazawa et al.,
The more recént wokk Qf Predel and Stein vindicates
that AH = -258 ca]/g-atom at Xga = 0.5.

There are three main explanations for the great discrepancies: Thé
first is that the chemicaf theory is at best jﬁst a‘ébnéeptual formalism
to account for deviations from jdeality, that quantities other than o
activities cannot be calculated from the equations developed from that
formalism. The second exp]anation is that due to the’very}slow
equi]fbration of these melts--2 to 5 days at 1073°K for full homogenization
-bof the melt as measuréd by waiting for thé cé]l emfs to reach steady. |
state va]ues-;reéctioﬁ calorimetry would be very diffitu]t to perform
accurately. The third explanation is that a systematic error was.
introduced-by some undetermined cause in the experimental method.

The-procéss of forming the three Ga-Sb complexes would exp]éih the
' s]ow‘equilibratibn times exhibited by these cells. Sihée the compTexés‘-
are'larger}molecules, the diffusion times necessany fof homogeniiatioh
and equilibration are increased. Another possibility is thét the rate

of complexing is low so that the rate of equilibration would be slow.
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, D." Conclusion |

:The.Ga}Sb ]iqu{d ailoyisyStem shows large negatiye deviatiené from
the”ideaj.t-This can be modeled by postulating complekes‘df GaSbé,
GaSb, and Gassb. In eddifion, these complexes'can explain the short
range order of the III;V'1iquids near the Tiquidus reported by other
bbservers;dsHowever, derived enthalpy of mixing data are much different
from those repdrted earlier and, when coupled with the extremely large
' hypothesized ehtropies of formation, casts some doubt as to‘the vaiidity

of the experimental'data obtained in.this investigation.
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Fig. 1. ‘The measured emfs of various compositions at Ga-Sb alloys
contrasted to the data of Danilin and Yatsenko.
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VI.  THE Ga-In-Sb SYSTEM
A Results _

:The activity of gallium in a Ga-In-Sb 1iquid alloy with composition
*Ga = 0.708, XIn = 0.102, and Xsp = 0.190 wes found‘to be strongTy.
depressed below that of an ideal Tiquid alToy, as expected:from the
results of.Ga-Sb'allby melt activity studies; In»this'preliminery ahd
. cursory study'of As:Ga—Infsb system,the melt equilibration times were
found‘to.be extreme]y 1eng;a$ in the Ga-Sb studies. Table 1 gives the
measured emfs and calculated activities and'activity ceefficients of
Ga for this cell. | _

The time constant for the melt to reach full homogenization ahd
equi]ibration at 800°C Was meesured to‘be 3 days. |

| B. .Conclusion

The experimental result is a strongly negative deviatiOnﬁof.ga11fum

activity from ideality,which becomes more hegative wfth decreasing

temperature.]



-58-

Table 1. Ga activity data for a Ga-In-Sb alloy.

T(°C) EMF (V) 2, o,
797 | 1.7 0.681 0.962
772 16.4 ©0.575  0.813

747  24.8  0.426  0.601
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VII. THE QUASI-CHEMICAL MODEL REVISITED

A. Introduction

In the system Ga-Sb, the melts are highly nqn;ideal at'temperatures
below 750°C.- fn order to take into account the ﬁon-idea]ity, the quasi-
chemical mode]ﬁwas examfned. Though this model and its extensions are
not app]icab1e to the Ga-Sb system, it is useful in the In-Sb system.
The quasiéchémica1 model was applied to the In-Sb system by Stringfellow
and Greenellandfthe data of Hoshino et a].z

~In this study, the quasi-chemical mode] and its extensions are
compared'tbvthe o-parameter model which Guggenheim3_refers to as the -
.zeroth order éppfOximation and the quasi-chemica1 model. The q—parémeter‘
model is used by Hoshino et al., to correfate their data for the In-Sb 
system. The data'expressed‘aSvai = RT 1In yi/(l - xi)? show a fair]yalineak

dependence of o on composition from x = 1 to x = 0.5 but becbme highly

.hbnlinear for x = 0.5 to x = 0. “This kind of behavidr is expectéd
because the entropy of mixing iévignored in the a-parameter model. The |
.quasi-éhemicaI-model takes the entropy of mixing‘into account‘so that the
dependenée of the quaSi-chemica] parameter w on x, app]ied to the In-Sb
system, should bé less non-linear. - As derived by Guggemheim both o and
w represent the same quantity, the atomic interaction enerQy;this is the
enefgy chahge.which.occurs when an atom or mo]ecu]g A is rep]acéd by_anfv
atom or mo]écule‘B;. | | | o
Since the data for the Ga-Sb sys£enywerefbund to be highly non-ideal,
thi§ noneidéality was assuﬁed to be:due to an'intéraétion of-Ga and.Sb

much in the same manner as in the In-Sb system. At the lower temperatures
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the activities of Ga are so depressed, however, that the first order quasi-
chemical.mode] cannot be utilized to explain them. Closer examination. |
of the quasi-chemical treatment showed, however, that the extension of

the treatment beyond the first order quaéi-chemica] model ‘might depress

the theoretical activities of the quasi-chemical model further.

- Guggenheim's extended treatment considers the interaction between next-

.neakgst-neighbors only. For liquid InSb the numbef of neafést-neighbqrs
derived frova-ray data is'5.6? implying that the simple cubic lattice
is the simplest lattice approximafionvfor that 1iquid.' Thus,fthe_
'sjmp]est'configuration to be cbnsidered which would take hext-hearest-
neighbors into consideration would be the squére configuration.

The exténded quasichemical tréatment of Guggenheim contaihs a’
contradiction; which is freely admitted in the presentation. This |
contradiction leads to thé ignoring of 3/4 of thevinteractions of
next-nearest-neighbors. The treatment presented here for the,équare
configurations téke into account all of the nearest- and next-nearest-
neighbors. This is compared to the treatment and derivation of Guggenheim.
Comparison with the Ga-Sb dafa, however,‘iﬁdicates that theofetica]
activities are still not sufficiently depressed.

A further extension of the model is to cohsidek'third-hearest—
neighbor interactions. This corresponds to using é‘cube-configuration
for-a cubic lattice as the basfc Qnit. This tfeatment does‘pékmit the
depression of the‘activitieé beyond that experimenta]]y found for Ga in

the Ga-Sb system, though the model givés a poor fit to the experimental

data.
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The-effect of such a progression to_more'compTex models'isfthat'of
approaching more closely the simple a-parameter model, so that tor the
representation of activity data for small values of the interaction
parameter the a-parameter model suffices. However, in order to»extract
excess Gibbs energy of mixing;'or entha]py of mixing and excess entropy
of mixing, using atsing1eiparameter model, the more comnlex quasi-
~ chemical models are suggested

B{ Requ1rements of Extended Qua51 Chem1ca1 Mode]s

The 1nteract1on parameter " USed by Guggenhe1m is the same
quantity as "Q" used by Stringfellow and Greene in their recent correlations
of thermoehemicaT data on metallic melts using the quasi-chemical mode1
and the same as'" " of the a-parameter corre]ations'in'popu]ar.use. |
These‘parameters are theoretica]Ty related to the energy’change'
associated with the substitution of one atom or molecule of species A in a
1attice df A with one of species B. Thus w/NA (N Ardgadro's number)
wou]d be the change 1n 1nterna1 energy for: the A lattice system w1th a
s1ng]e B. It is 1mportant to note here that these mode]s assume that
the sizes of the species considered are not significantly different in
order that volume changes due to mixing and var1at1ons in the number of
'nearest neighbors are not s1gn1f1cant

The a~-parameter def1ned by
2

a = RT(Iny,)/(1 - x,)
is a measure of excess quantities which . vary slowly with compesitton,
where YA and xA'are the activity coefficient'and md]e_fraction of speeies'A.

As pointed out by Guggenheim,when a/RT is less than 1/4, the error incurred
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in the excess Gibbs energy by assuming a constant a over'the whole
~composition rahge Is IeSS'fhan 1%._ This holds fof'mixtures for which
the species preferentially seek to surround thenselves with their own
species. The same is true df essoeiating species for which o/RT > - 0.25.
Thus, for valuesof a/RT_betWeen -1/4 and.1/4,the excess Gibbs energies
~ are accurate to within 1%, because the'energies for interaction are eot :
'sufficientIy large to cause Iarge deviations in the entrbpy from the |
'ideaI'vaIues for entropy | |

For values of the 1nteract1on energ1es 'such that |a/(RT)| > 1/4
“the. excess entrop1es of mixing become 1mportant For large negat1ve

values of o such as occur 1n III v meIts,the association of the two

species is as to appear to give two d1st1nct reg1ons (i) Xpg > 0.5 dominated

by A and assoc1ated A-B, and (ii) XA < 0.5 dominated py B and associated
A-B. Thus, as. suggested by Darken and Gurry,s Binafies'would have to

be represented;by d1fferent Ijnear functions of Xp dependihg on the
range of Xp - FUrthermore,.once a is Made dependent on xA,one mqstv

differentiate between

pp RT 1n YA/(I - xA)

-and

- 2
agp = RT 1 vp/ (%)%
These o's are related through the Gibbs-Duhemiequation.

~The first order quasi-themica]-treatment,assumes

§2 (NA - i)(NB - i) e-Zw/RT
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in contrast with the ideal case where the tota] number of nearest -
.d1ss1m11ar ne1ghbor palrs x, is given by x (N - x)(NB - ).~ (x 1s
| " the number of pairs composed of d1ssam11ar members.-.NA and NB are the
numberSIOf A and B, respectively in the total solution.) Such a treatment
inc}udes'an ekcess.entropy-of mixing by taking only nearest neighbors
into account. 'The'first order quasi-chemical mode] cannot be used to
mOdeT systems’with'highly depressed activities. This can be exp]ained
by examining the premise that only nearest neighbors aré important. For
systems where the nearest neighbor interaction is relatively weak it |
suffices to ignore the energies'of interaction.of more distant neighbors.
Furthermore, the contribution to the excess entropy by secondary ordering
. is miniscuTe. (Secondaryvordering is defined as ordering of next-nearest
neighbors by the influence of nearest neighbors.) As nearest neighbor
.interactions.become more important, however, so must.nextfnearest |
neighbor interactions. Thus, such a treatmentaneed not be dependent
on the compos1t1on

Guggenhe1m s treatment takes into account the effect of next- nearest
neighbors. H1116 paointed out a contradiction in Guggenhe1m s treatment
: Which states that the nnmber of oairs of next-nearesthneighbors is 1/4'N21,
| whereas the actual number is 1/2 NZ,. (N, 21; and 22 are the number of‘
atoms or molecules in the solution, the number of'nearest neighbors'for

: each atom, and the- number of next-nearest neighbors, respect1ve1y,

NA + N ) ) As the systems of interest here are expected to have

rZ1 = 6, a cubic lattice will be examined in detail though the treatment'
“could be appiied to other lattices as well. _Since-in the cubic system a

set of sites translates into a square with the next-nearest neighbor
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interactions corresponding to the square diagonals, a simp]er analog would

be a two dimensional square lattice. This lattice is also treated be]ow.'

1. Square Interaction Model

The treatment by Guggenheim counté fhe number of péirs of nearest
neighbors in the solution, 1/2 NZ,, and the number of neare§t neighbor
pairs associated with a square, 4. The ratio of the two gives thé number
of squares in the solution, 1/8 NZ1. Since each Squake has two diagonals,
the number of next-nearest neighbor pairs must be 1/4 NZ]. The two
dimensional analog of this is shown in Fig. 1la.

| In the'twq dimensional.ana1og Z] = 4 and 22 = 4, giving 2aneérést
neighbor_péirs, 1/2 N squares, and N next-néarest-neighbor‘paifs} It |

is obvious thét this counting systemvfok the two dimensional case skips

half of the squares and half of the next-néarest héighbor pairs.

.This counting problem can be a]]eviated by noting that each
nearest;neighbor pair is shared by two squares. Thus,vthe average
number of nearest-nefghbor pairs associated with a sduare is 2 1mp1ying
that (1/2 NZ])/2'= N squares are associated with the lattice. This
leads to 2N next-neareSt neighbor pairé being associated with the lattice
~ which 1s_equai to 1/2‘N22, the correct value. Thfs:shéffng of pairs
also extends to the sharing of the energy of interactions. Thus, in
the. two dimensibna] éase,avnearest—neighbor pair contributes 1/2 its
interaction energy to each of the two squares of which it is a.part.
The energy used in the Boltzmann factor in the‘partition funcfions are
these shared energies énd not the whole energy of interaction.v It is
to be noted that;since the next-nearest neighbors are not'shared,theirﬁ
energies are likewise not shared, and the whole energy of interaction.is

used in the Boltzmann factor.
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In the three dimensionallcase'pf a cubic latticeseach nearest-
' neighbor:pair-is shared by'four squares leading to an average of one
nearest.neighbor_pair associated with each square and giVing:a total
of 3N squares associated with the lattice. Since the square diagona]s
are not shared between squares and there are twovdiagonals to_a.square,
therevmust be 6N next—nearest neighbor pairs. Since in a cubic lattice,
21 =6 and Z, = 12, the above values are tne correct ones.

The equivalent quantities according to Gnggenheim's treatment are

- 3/4 N.and 3/2 N for the number of squares and next-nearest neighbor pairs.

As in the treatment used by Guggenheim let:
w./Z{RT

e_] 1

and

' wo/Z,RT

=27

where w /Z] Av and mz/ZzNA are the interaction energ1es of nearest

and next- nearest neighbor pa1rs of d1ss1m11ar atoms Then the Bo]tzmann

factors assoc1ated with 51ng]e pairs of dissimilar atoms in the _
’ ' | -1/4

Guggenheim treatment are 0! and’¢'] and in this treatment are n * and
¢']. The:difference in nearest neighbor'Bothmannvfactors resu]t because
only one quarter of the energy of a nearest neiéhbor pair of'dissimi]ar
atoms isvassoe1ated with any one square. | |

| An immédfate]y obvious point.to note is that thehexcess entropﬁeS'
v'will'pe smaller forvtnis treatment than for Guggenheim's treatment
becausevof the larger number of“squares being considered, i.e., the

randomness will be increased.
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Comp]ete_derivatibns of both treatments are found'in the‘v
Appendixes. In general, the princip]es set forth by Gnggenheim
for these derivations are used in the treatment advanced nere.

In Table 1 the differences of the bases for the derirations of
the two treatments are shown. The numbervof squares in a particular
configuration is broken down into three parts; the total nunber of squares,
the number of orientations of that configuration,:and the variable
- representing the fraction of squares in that particular orientatien'
~and configuration | |

In order to s1mp11fy the express1ons that occur in the part1t1on
functlon Van der Waal's law, E = E /r » is assumed for the interaction
. energy between dlss1m11ar atoms as a function of d1stance S1nce the |
separat1on of next nearest neighbor pairs is v/2 times that of nearest

neighbor pa1rs, the associated energ1es are re]ated by:

2/(22NA ) (0.) /Z] AV)/(/_) (8Z]NAV)
- This gives the relation |

9 = n]/g

Furthermore, the energy change Qf p]acing a B atom in-an A 1attice_becemes

w = m] wy = 1'25 wi for a cubic lattice. | | |
These - two treatments give different d1str1but1ons of the conf1gurat1ons.

In add1t1on the act1v1ty coeff1c1ents have d1fferent forms The

.'Guggenhe1m treatment g1ves

7 a\3/8
= [_B
o ()
B



Tab]e_]. Configurational degeneracy and Bo]tzmann factors -for square interactions.

'Guggenheim's Treatmént

This Treatment

Number in this

. Configuration - Configuration

Boltzmann's Factor in

Number in'thisb'.BOthmann's Factor in

Partition Function Configuration Partition Function

A A |

>< (3/4)_N0L' 1 N o

A A ' |
A___ A | |

><   (3/4)N4g 027! 3N4C : -' n'2/4¢] |

W s

A A B | |

>< | (3/4)Nv n%e Cae o %

BB | o

A8

>< | (3/4)N2" n4 N2 4

B o

=19~



‘Table 1. Continued.

Guggenheim's Treatment

This Treatment

Number in this

Configuration Configuration

Boltzmann's Factor in
Partition Function

Number in this Boltzmann's Factor in
Configuration Partition Function

B .

X

X

(3/4)N4g -

(3/4)N8

n"%

-1

(241

3N4g ¢

N8 | 1
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and the preSent model gives

where 8 fs the fractidn,ofrsquare}contigurations with a]].sites occupied
fby»B;v Because the B's have different values between the two treatments,
the differences between the two predicted activity coefficients are not
'yeryvlarge for w 1ess‘the'1/4 | | |

| Other thermodynam1c quant1t1es can eas1]y be derived for each
_.model, such as AGm and AHmT For example, the Gibbs energy of m1x1ng
is given by o

AGm = RT(xBlanyB +va]nXAYA)

" The entha]py of m1x1ng is determ1ned by summing the energles of
'conf1gurat1ons in the so]ut1on |

2; Cube Interaction Model

The countlng of the next- nearest neighbor interactions can be
: e*tended to inc1ude th1rd nearest ne1ghbors'in a cubic lattice. The
vlth1rd nearest neighbor pa1rs span the body diagonals of the cubes

A cube has 12 edges: wh1ch represent nearest ne1ghbor pairs. Each
edge is shared by 4 cubes so that the average number of nearestk
ne1ghbor pairs assoc1ated with a cube in a 1att1ce is 3 Since the
cubic 1att1ce ‘has 3N nearest neighbor pa1rs there must be N cubes. Each: |
cube has 12 face d1agona]s representing second nearest ne1ghbor ‘Each
face dlagona] is shared by 2 cubes 1mp1y1ng the tota] number of second
nearest neighbors as 6N. Body diagonals, representing third nearest
neighbor pairs’ are‘not shared. There are four to a cube g1v1ng a total

of 4N th1rd ‘nearest ne1ghbor pa1rs Since in a cub1c 1att1ce ZT = 6,
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Z,= 12, and Z3 = 8 (numbers of nearest, next-nearest, and third'hearest 

2
neighbors, respectively), the values derived are correct.

As before, let

wy/ (Z,RT)
n=el 1
W /(Z.RT)
p=el 2
- and -
. w,/ (Z,RT)
p=e’ °

_ whére w3/(Z3NAv) is the interaction energy of a dissimilar third’nearest'_
neighbor pair; Now since nearest neighbor_pairs’are shared by 4 cubes
and next-nearest neighbor pairs by 2 cubes, the energies contkjbuted to
a cube arg'w]/(421NAv) and wz/(ZZZNAV) by nearest and next-nearest neighbor

dissimilar pairs respectively. Consequently the Boltzmann factors

associated with these pairs in a cube are nh]/4 and ¢']/2.‘ Since the
third nearest neighbdr pairs are not shared among cubes, the interaction
-energies of such pairs of dissimi1ar species are contributed wholly to

the associated cubic configuration; the BoTltzmann factor for such

are w'].

The simp]ification'using Van der Waal's model gives

since the separation of third nearest neighbor pairs is V3 times ;
that of nearest neighbor pairs. Therefore, the functiqhs v and n are
n]/27-

related by y = The total .energy of interaction,w,for placing

a B atom in an A lattice is then
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| o 12 8
= + =
Wy T tug “’1(] N ON (277)
| The derivation of the thermodynam1c quantities based on th1s model
depends on the so]ut1on for values of 23 conf1gurat1ona1 variables Just
as the values of 6 configurational variables must be determ1ned in the
case of the square configurations. The problem is reduced to one of

th

solv]ng_fqr a value K wh1ch is of 4 order in an equation in the square ’

caSes and 8th order in the cub1c case. Once determined K is uéed to-

calculate the va]ues of the conf1gurat1ona1 var1ab1es The details of

th1s der1vat1on are in the Append1x

The_act1v1ty‘coeff1c1ent as derived from this model is given by

= [B
- \"B

where B repkesents'the fraction of cubic configurations with all of the

sites occupied by B.

C- Evaluation of the Models

‘To evaluate the usefulhese of these models in systems with high]y
depreesed activities,the limiting values of the activity coefficients
are plotted in Fig. 2. The Timiting values were attained by allowing.
w to approach -». Granted, for va]ues of w very large and negat1ve,
the assumpt1on that the only s1gn1f1cant interactions are those of
nearest enighbors is false. The assumpt1ons that only,next and third
'neahestvneigthfs in the square andvcube models need be considered -
ahe also false for large hegative vaiues'of w. Yet such an examination

can provide inéight into the properties of a model tompared to other models.
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Note'that the a-parameter model predicts y = O-fof a]} X as
w{or a) » -». The progression from 15t order to sduare'and cube quasi-
chemical models suggests that as one considers interactions of ever more
distantly sebarated pairs the more closely fhe predittiqns'for the
activities will approach those predfctions of the a-parameter mode].
Guggenheim has shqwn that the Ist order model reduces to the
a-parameter model when the number of nearest neighbors Z] approaches

infinity. - In the situation encounted here as w » -= the dependence

-of the interaction enefgy-on_distance effective]y disappears. Thus,
by increasfhg the comple*ity~of the approximation by including the
interaction with more distaht.atoms, the effect of w approaching -« is
to increasé the effective number of nearest neighbdrs. o |
This trend is fef]ected by the activity cdeffibients of the
different models for finité values of w. Figures 3 and 4.
demqnstrate this by comparing“the activities computéd from the 1st
order and the-square models to those computed from the o-parameter mode]“.
for ﬁT'— -3.0. A plot of the activfty coefficients computed from the
cube mode1 would be indistinguishable from the p]ot Qf the square model.
‘This indicateslthatzthough the more complex models tend to approach
the predictions of the oa-parameter model, théy do not become identical
with it for thé case of infinite complexity and finite values of w.
Further,'sinée the ehergy 6f interaction fs assumed to drop off'as
, 6 s the energ1es of interaction become small compared to thermal energ1es
and do not make significant contr1but1ons to the energy of mixing or to

the order1ng of the species.  Since, this is to be applied to 11qu1ds,-“

thermal motion would certainly randomize the pairs interacting over -
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'large distances, obliterating any drder due to interaction over 1arge
distances.u Thus, to consider more complex systems than second order

would be of 1itt]e value. . The complexity of the computations do not

justify the_sma11 grain in accuracy.

Though the activity cdefficients do not differ greAtly between
the 1st order and the square-medels, the difference‘between the
enthalpies ef mixing is considerable. Again, the effect of the
difference is a tendency to epproach the Vaiues predicted by the
a?parameter.model. This can bevseen by comparing Figs. 6 and 7.i As
before,:fhe'plot'Of the enthalpy of mixing caicu]étedvfrom the cube
model isiindisiinguiéhabie from that derived from,the square.

This difference in the enthaipy can be seen te a much smaller
exfent in the entropies. The 1st order model considers the interaction
energies of nearest neighbors and the ordering of nearest neighbors. *It‘
does not take_into account the secondary ordering of next nearest
| neighborsvbyithe nearest neighbors preferentiaiiy pairingwith'its_
other nearest neighbors. | |

In order to expiere the implications of secondary ordering,consider
a system consisting of A and B and assume that on]y‘nearest neighbor
interactions exist and that the interaction parameter is positive so
'that”at'temperature TC (consulate temperature) the so]utionvseparate 
into. two phases be]owaC and remains a eing]e solution aboVe TC. Now
given w, the a-parameter mode] predicts TC = %ﬁsand the Tst order model
predicts Tc = éfﬁ%?ﬁ for Z1.= 6. Suppose that the ordering'of'neXt-

nearest neighbors in a 1st order liquid solution is allowed to take
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place due to the hearest neighbors, A2 and A], of A]. Then the next
nearest neighbor of A1 preferentially will be A] and not B1, since BT
will be repelled away by A2 and A]. What this wi]l do is make A |
associate more preferentially with A and likewise B with B despite.vrA
thermal action to randomize the $olutidn. Therefore, the éonsolate
temperature must be greater than T, = ETZ%§§'f°rvz]'> 6. In general,
'then,'Tc shoU]d be greater than that’prediéted by the 1st order qdasi-
chemical model. Inclusion of_energies‘of interacfion for next and
third nearest neighbors was considered. These energieé can only maké
horé pfobab]e that B will not be a neighbor to A. Thué,'the thermal
action to randomize the solution is again thwarted,_making»the preditted
cdnso]ute temperatﬁre_higher. The effect of thesevcohsiderations is
less becauée of the éompiex routine for influencing that'neighbor}
Relations between Tc and w given by‘thg different dee1s are sﬁmmarized
in Tab]e 2}- ’ | |

In Figs, 9-and IO,activity coefficieni data for the In-Sb-systemv-
af 900°K ds_taken by.TerpiloWski7 and HoShino ef a1.,2 ére‘p1otted.
Plotted on the same'graphs;are the attivity coefficient curves as |
predicted by the 1st order.and square models and fitted to minimize
the error. The Terpilowski data fit well with both the 1st ordef'
model and'thé square hode], though the square modeT may have a slightly
better fit to the data.v Thé data of Hoshino et al., do not fit well with
either model at Tow In mole fractions. However, the square model does

obviously fit better than the 1st order quasi-chémica1 model .
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Table 2. The ratio of the 1nteract1on energy :
S w and the consolute temperature as
predicted by the var1ous revised

"quasi-chemical models.

Mode] . : e
. : RTc
'1st order quas1 -chemical : 2.433
v Square mode] |
- Nearest neighbor interactions . 2.088
only ‘
Include next nearest neighbor 2.065
interactions '
Cube model _
Nearest ne1ghbor-1nteract1ons ‘ 2.089
only
- IncTude next nearest ne1ghbor - 2.062
1nteract1ons :
Include third nearest ne1ghbor 2.058
1nteract1ons

a-Parameter model S 2.000
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D. Conclusions

‘Guggenheim's derivation for the second order quas%-chemica]
models is fouﬁd to be neglecting thfee qugfters of the second order ‘
ihteractioﬁs. A method has been proposed to correct this for the specific
case of cubic lattices. |

In addition,.the higher ofdér quasi—chemicéT models are found to
'give_é.better fit io the ayai]ab]é daté on the In-Sb a]]éy melt system
than the first order quasi-chemical model. These higher order models'
giVe_cé]cu1ated activitieé quite similar to those predicfed by the
a-pérameterfmodel. Due to the complexity of thoseAhigher order modeis'
the a-bérameter model is preferred for the ca]cu]atibn_of activifies.vv}
Entha]pies and entropies of mixing, however, should be calculated by the

higher order quasi-chemical models.
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(a)

(b)

XBL 752-5739

.~ (a) This is the two dimensional analog of Guggenheim's -

quasi-chemical treatment for counting second nearest
neighbor pairs. (b) This is the two dimensional analog
of the counting treatment advanced here.
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Fig. 3. The activity coefficient pr’edic.,tions of the o .parameter and the
quasi-chemical (first order) models are compared for w/RT = -3.0.
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The entha]py of mixing predictions of the o parameter and the _
quasi-chemical (first order) models are compared for w/RT =-3.0.
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The entha]py of mixing predictions of the o parameter and
the quasi-chemical (second order, this der1vat1on) mode]s are
compared for w/RT = -3 0.
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The activity coefficient data of Terpilowsky for In-Sb alloy melts
at 900°K compared with the first order quasi-chemical predictions
for w/RT = -2.8 and compared with the second order (this derivation)
quasi-chemical predictions for w/RT = -3.0.
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The activity coefficient data of Hoshino et -al., for In-Sb alloy
melts at 900°K compared with the first order quasi-chemical
‘predictions for w/RT = -2.2 and compared with the second order
(this derivation) quasi-chemical predictions for w/RT = =2.3.
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VIII. GENERAL CONCLUSIONS |

The use of oxide e]ectfo]ytes, calcia stabilized ziréonia and yttria
doped thoria in particu]ér, is shown to be viable for the measurement
of Ga activities in Ga-In-Sb 1iquid alloys by solid state electro-
chemistryQ The activities of Ga in Ga-In a]]oy melts wére_measured and
‘used to calculate heats of mixing which corre]ate'quite well with the
heats of mixing of Ga-In alloy me]té méasured'by different techniques.

| The Ga activity meaéuremehts were extended info the Ga-Sb system.

The activities of Ga were found to be highly depréssed and éorre]ating_
very Wéll»Wifhva model postulating GagSb, GaSb,and GéSb3 compieXes._ The
activity coefficients of Ga show a very marked.drop at X6a = 0;8, the
keasbn for postulating GaéSb,'and show quite low values at xGa = 0.2,
necessitating the postuTation of GaSb3; In order to shift the inflection -
points of the model, the existence in the melt of GaSb Wés necessary;
.These complexes together form a system which explains the large -
negative deviation from Raou]t'sLaw,'1ong equilibratibn times; and
earlier obsérvatibns by ther fnvestigators showing short fange.order._
Tﬁe ramifiéations'of the mode1 are large negative heats of mixing
with a minimum of -7.8 kcal/gram-atom at 997°K fdr'xGa'= 0.7.

Activitieé of Ga in the ternary alloy Ga-In-Sb melt were then
" measured for one composition, Xga = 0'7"XIn = 0.1, Xop = 0.2. The
measurements show a depressed Ga activity which deéreases_répid]y with
decreasing temperature. | |

'The higher order extensions of the quasi-chemical mode]vwere'then

examined in relation to the In-Sb alloy melt system. The derivation of

Guggenheim for the second order model was modified for a cubic lattice
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to account for the second_nearest'neighbbr interactioné,which.are
ignored in that derivation; That derivation ignored 3/4 6f those
interactions. The modifiéd second order and the derived third order

- models are found to follow very closely the activity coefficiént pre-
 dictions of the o parameter model, though not exactly. Theée,higherA
ordek quasi-chemica] models and, thus, the o parameter model; are found
to give a closer fit to the measured In activity data for the In-Sb |

. alloy melts than the first order quasi-chemical model .
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APPENDIX: QUASI-CHEMICAL MODELS
A cubic lattice is the simplest structure for which the'humbér of

nearest neighbors equals six. Therefore, assume a cubic lattice.

Further, especially for the liquid state, assume Van der Waals"forces

N - [ - ] . : (3 - *
between atom pairs, i.e., interaction energies proportional to r 6.

In a cubic lattice, the ratio of next nearest neighbor separation
ro to nearest neighbor separation'r] is ro/ry = Y2, and the ratio of
third-nearest neighbor separation rs to nearest neighbor separation is

r3/r] = v/3. Therefore, the ratio of next-nearest neighbor interaction

energy I%vand nearest neighbor interaction energy I? isvlg/l? = ]/(/?)6

‘Also, the ratio of the third-nearest neighbor " interaction energy i3
to the nearest neighbor interactioh energy is Ig/I? = 1/(/?)6 = 1/27.

This leads to the fo]]ow1ng re]at1onsh1ps among the Boltzmann faétor

-1

for nearest ne1ghbors_n » next nearest ne1ghbors ¢ s and third-

nea‘lr“est-neighbmr'sil’-1

1/8

=y =l

The 1nteract1on energ1es above refer to 1nteract1ons for pairs of atoms of

_d1ffer1ng spec1es

~Assume now that the atom1c radii of the two species are equa] 50
that coord1nat1on numbers do not change w1th compos1t1on Further
~ assume that there is no change in volume with m1x1ng. Then

‘ AUmixing - AHmixing’

It has been suggested that the Leonard-Jones potential would be more
appropriate. I agree, but at the time of my original work, I did not

think of it:

= 1/8.



Now imagine the enthalpy of mixing involved in replacing an atom
of species A in a lattice of species A with an atom of species B.
Considering oh]y nearest, next-nearest, and next-next-nearest neighbors:

0 .0 ~
AHm1x1ng Z]I] + 2212 2213, where Z], Zzand 23 are the numbers
of nearest, next-nearest, and third-nearest neighbors, respectively.

Call this enthalpy of mixing @, i.e., Z]I] + 2212 + Z3I3 Thus,:

a measurement of Q immediately yields I], Iz_and'Is, provided Z}, 22,

| Z3 and the relat1onsh1ps between I],'I2 and Ig are known. For the case of

} . . ._'_ '___ - 0 0.'= ’ 0’0= 
a cubic 1att1ce Z1 = 6, 22 ]2,_23 8, IZ/I] 1/8, and I3/I] 1/27,

implying I = /(6 + 12/8 + 8/27). Therefbre,

B} e+sz/(6+12/8+8/27) RT

when one considers the three nearest levels of aeighbore‘in a cubic
lattice.

Now let us consider a cubic lattice as a case of interest since
the coordination ﬁuhber‘of the III ) meIt of In-Sb has been‘meaéured
to be 5.7 or approx1mate1y 6 the ‘coordination number of a cub1c Iatt1ce
The cubic 1att1ce has a unit ce]I consisting of 8 atoms (1n the case of
‘a meta]11cvme1t) arranged at the vert1ces,at a cube. Each atom alsq
" is at the vertex of 8 cubes or unit cells and, therefOre;viS shared:5y >
8 unit cells, making the effective number of atbms associated with
each unit cell equal to 1. Therefore, for N atoms there are.N-eubes
or unit ce]]s |

Let us now consider the energy contributions of the various
interactions to the enthaIby of a'eubfc eell. Sappose a pair of
nearest neighbars cbnsist of atoms of differing epecies.' Then the

energy of interaction is I]. Now the line connecting the two atoms |
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is an edge_of.theICUbe'and is shared with three other cubes. Thus,
the energy of interaction of that pair is shared by fouk unit cells,
and the contribution to the unit ce]l'of interest is I]/4, implying

]/4. Similarly, the interaction

that the associated Boltzmann factor is n~
energy for next nearest neighbors is shared by two unit cé]]s,'and the con-
tribution 6f this interaction to the enthalpy of the unit ce]]vis 12/2;
implying that the corresponding Boltzmann factor is ¢']/2. The
interacfidn energy for thikd—nearest non-idehtita]‘neighbqrs is not
shared bdt belongs wholly to thé unit cell within which the interaction
resides; implying that w_] is the associated Boltzmann factor.

Table 1 c0n£ains all the'different possible configurations for atoms
 0f two speciés‘arranged at the vertices of a cube."The second column
is a term repkesenting the total number of cubes corresponding to the
configﬁration in the first_co]umn. This term is composed of a-term
N which is the fota] number of cubes in a-cubi¢ matrix. The seéond
term is a variable multiplied by an integer. The variable fepesents
,the fractioh 6f cubes in'one Qrientation of the configuration in the
first column. The iﬁteger is thé number of possible orientations of
that particuiar configuration. The third co]umn lists the Boltzmann
factor associated with the particular configﬁrations.'

'The.abové basis is used to evé]uate~the thermodynamic properties

of a system having a cubic lattice. Several degréés of compliexity are
~used to deVelop models for which a partitidn fUnction may be derived.

In order that the partition function be detérﬁined,it is neceésary :
to soive for the variéb]és listed in the preceding table using‘the
constraints of the system. One of fhese constraints is the conservation

: of'species. ‘Let us count the number of B atoms associated with each
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Table T.'.Bothmann factors and configurational degeneracies
- for cubic groups in a binary system. '

Configuration Number in this Configuration Boltzmann Factor

No | 1
/ o v
FK'- v N8S . ' n'-3/4¢-3/210—]
. CNiZgg '“_4/4¢'6/2w'2 i
Lendu S wee, n6/4474/2, 2
Iiﬁggii R Naz, . n6/4,4-6/2
_N24v0 15/85°7/2,73
o e T
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Table 1. Continued.

Configuration  Number in thié Configuration Boltzmann Factor |

NGy, ERACRE
N6E, B A
N24g, A
wize, 'n-6/4¢-8/2¢32
N12€3 vh-6/4¢f8/2w-2
6/ -6/2 -4
N8£4 on 9.y
Ky et ,~8/4,-8/2
y - ~
T - ) ;12/4 -4
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‘Table 1. Continued.

Configuration

| Number in this Configuration

-Bo]tzmahn Factor |

I

CR—

lwe)

-

 Ndo

N24 o,

N2do,

N8p2
N120

0

N120

N8t

N8

A2y

_3 »
n-7(4¢-7/2w;1

‘,n‘9/4¢‘3/?w'3'
'n-4/4§-6/2w-2

| n'6/4¢f472¢’2
n-6/4¢-§/2 |

h-3/4¢-3/2w-]f
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bf.the.configurations; the tota]vmustrbe Ng- 1In the accounting we

note that the average number of atoms associated.with a unitbce11_is one;
therefOre,_thevfraction of B atoms associated with a cohfiguration is
equivalent te the average number at B atoms associated with one uﬁit'celf
of that particular configuration, as ehown in Tab]e 2. Thus,_we have that:

= Ng + 3Nz, + 3N, + N, + 9N90 + 9Nu; + 3Ny, + 3Ny + 12NE,

+ BNE, + 6NE, + ANE, + 3NE + NEg + 15Nog + 15Np; + 5No,

=
I

+ Nt + N

+ 9No 2 8

+ 9No0 1 + 3No

or

x
i

z o+ 3, + 3L, + g, vy * 9v1 + 3v, + 35, + 126, + 6E, )

655 + 48, * 35 + £, + 150 + 150, +'5p2 + 90, + 90,

+

+30, +7T +8

_ 2
.Simi1ar1y for A:
Xy = o+ 78+ 900+ 9ry + 37, + 15uy + 15v; + By, + 3g, + 128 (2)
o+ 6&2 + 653 + 4g4 + 355 + 56 +v9p0 + 9p] + 3p2 + 300
* 30, + 0, + T
N0w_feIIOWing the procedure outlined by‘Guggenheim'in.MixtUres, we
write the approximatevpartition function and maximize to determine the

- -values of the variables. The partition function is QO:
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Table 2. Fraction of B component in binary
configurations of a cubic lattice.

.Table Number in  Number B in Total B'in
Configuration Configuration Configuration

“No 0 0
N8z 1/8 - Nz
N18c0 1/4 N3z;0
_N12c] 1/4 N3C1
N4c2v 1/4 Ng -
N24\)0 ' 3/8 | _ngvO
N24v]_ 3/8 N9\)O
N8v2 : 3/8 N3\)2
NGEO v1/2 S N3F,O

: N24€] /2 N12£]
N12£2 ' 1/2' N6£2_
N12£3, 1/2 N6£3
N8£4 | 1/2 | N4E4
NGE5 _ 1/2 | B N3£5‘
N2§.6 1/2 : -NEG
N24p0 5/8 NlSpo _
N24o, 5/8 - N15p,

’ N8p2 0 . 5/8 : Nspz
N1200 3/4 o NQGO
N]20] 3/4 ‘ N90] _

- Ndo, _ 3/4 N302
N8t ' '7/8 : N7t

No 1 | N8
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362

30,
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+
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7v
28

4
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48
30

1
4
1

1 2
+26+ £
+ 0

In the partftion,function the term in front of the Boltzmann factors

rephesents the number of orientations for a given set of values of the

configurational variables. The starred configurational variables are

the values of these variables in a completely random solution and have

ot v n® tawy)n® tee ) 0® reepn® rme)nt?
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a =Xy =
6*_= xeé

* *
R
* *
Yo "MV 7
% *
Eo - g] N
* *
p0=p“=

*

Q

* O
]
Q

*

B =X

—~

I

% -
@ o >><—‘ — %

00~

Note now that there

(1-x)® (4)
= x(1 - x)7

*

To = xgxg = x2(1 - x)6

* 53 3 5
Vp = XpXp = X (1 - x)

*_ ok _ ok k% 44 4. 4
Cp= 8378 " 85 = fg = X = x (1 - x)
*

P, = *gxg = x5(] - x)3

* 2 : 2

o, = xAxg = x6(1 - *)

= x7(1 - X)

8

X

are 23 configurational variables. Equations (1)

and (2) are two constraints so that there are now 21 independent

variables (provided 25 2

23 23, n, ¢ and ¢ are known)f 'To specify com- ;

pletely the state of equilibrium we must minimize the Gibbs energy with

respect to the 21 independent variables, the configurational variables

'ex¢1uding'a and B. An'equivalent operation is the minization of the. total

Gibbs enérgy of mixing 6r RT 1n_Qo. Therefdre, it suffices to minimize

In Qo with respect to the independent variab]es; Utilizing the Stirling_-;'

approximation we obtain:
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- 159, 24

) 2, 24 2
oTg/c8 = n g 2 3
2z, 3z, 3z

oIg3d=n Ny Gy 3

o .

: 3z, 2z, 3z
TR
« z, z,
Serch = n T
. _ 5z, 7z, 9z
a1589/v§4 - 1¢ Zw 3

7z, 7z, 3z
Q52 = o Ty 2y

3z, z, 3z,
P38 = To %y 3

33 6 z] 2z 323

o’%/0=n 1y 2

v

| 8z, 6z, 6z
0‘12‘312/E]24 - 1¢ Zw 3

' 3z, 4z, 3z
Fel2 - n Ny B

3ZT 422 3;

ofeb/el? 0 o %y P

2z A22 4z,
'a4e4/£f o1
’ 2z, 2z,
g0 = g °
2402
aB/E2 ='n ]¢ 3
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1 With'appropkfate algebraic manipulations and
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5;. 7z, 9z
n

o102 = e B3
25157,2% - J7772,%%
0L389‘/0(1)2 _ n221¢3f2w3?3.
‘as3/og B} n21¢22
a369/0}2 i n3zl¢222w3z3‘
aB7/T8.¥ n21¢?2wz§

the following relationships can be derived.

o

1]

K% _no?y? £ ='eon‘T(2w2

K3 n /4283 54 = gn %
2 o - g V!
K'zaon‘1/?¢2w? £ = £n 20"
O s
e /412 o = ke ¥/ %1%

=.Kf]€én_3/4¢]/2w3.' by = Kegn ™ %o*/%
K‘1£On;5/4¢5/zw | oov= K2é0¢¢2 |

the substitution p /v,

K2,

(5)
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3 =£§ -2 : K% /202y ,v‘

€y = g W o, = Kog /2t

o &55'1/2¢°w2 EER K3£on]/4¢5/2w3
s Eon? w

B
Let us now digress to Eqs. (1) and (2 ). In order to s1mp11fy the

th configurational variable of the

mathematics, let I; represent the i
23. Let . and ass represent the'cofresponding constants of Eqs. (1)

and (2), respectively. Thus:

23
%t %3 %114
23

Xp = %3 32l

- To further simp]ify, let as3s a14, asg and 356 be. the exponents of K, n,
¢»and v in Eqs. (5) for the respective variables. Substituting into

Egs. (1) and (2).

>
|

= Za K 13 144) 15w i6 _ . ": ('Ia)

a.p a... | -
X 2: a K 13 14¢ 1$¢ j6 _ - (2a)

Factoring out -and iso]ating go, we can eqUate the two-equations to obtain
23 , 23

A}:a K13 14¢15w 6_XBZa K13 14¢15¢ i6
1 : ] o



-104-

or

23 a., a,, a. a.'
E:(XAai] _ XBaiZ) K 13n 14¢ 15¢ i6 _ 0
1

or with x = Xp >
23 ., d., d.. .
: i3 714,795,716 _
21:(31]' X(a.” + a.lz)) K n d) 1% =0

With n, ¢, ¥, and x given, it is then possible to solve for K, and then
possible to calculate the values of the configurational variables.
Further, simp]ificationvCan be attained by assuming Van der Waals beﬁavior
in which case;as pointed out éér]ier:

'ai

a.
T

= %43 %44 %
ﬁ‘:(aiT - X(aﬂ + aiz')) K n =0 . (6)

Digressing again, let the exponents of the Boltzmann factors in
Table 1 be desighated by ei], eié, ei3 for n, ¢ and ¥ respectively

for the_ith

configuration. Let
EL; = &4y +e;p/8 +reg/27

'Noticing that the number of orientations for each-configufation is equal

to ai] + 555 We may then write for the molar enthalpy of mixing

~n

23 o
- (e o 12 , 8
MM = Z]Z(aﬂ *ag) 1 (EL) a/(6 + g + 7) SN 02
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- The molar Gibbs energy of mixing may also be calculated and is
~given by' | |

_ RT :
AGm - N0 ‘" Qo

where No is the number of moles used in calculating Qo as contrasted
with N, the number of atoms used in ca]ch]ating,no. The partial molar

Gibbs energy of B is then

- ON_AG - 3 In &
AG. = — = T
,B BNB ‘ BNB

'wa a]1'of the configurational variables starred or unstarred are functions

- of x or NB’ therefore, |

23 51 o d¥ aina dl |

: n . - m ’ .

.AGB=RT‘ 2: *0_ dN'I + T 0 dN1 o
LT\ e B % 4/

9 In &y dN._; E_Jn Q&] .
oN dNB N SNB ,J o

+

’ *
Now assigning values to Ii.appropriate for alcomp1ete1y random arrangement
(regular solation) is equivaTent to maximizing Q. Therefore, for the starred
* * ...
configurational variables excluding o and B , we find
aln Qo
— =0
aIi
‘Similarly, in determining the equilibrium values of the unstarred
cdnfigurationa] variables, it was necessary'to‘minimize Tn @ with: respect

to these variables excluding o and 8, implying
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31n Q
"]

=0
811

. , . : _
“Using Eq. (2) we find that Na and No are functions of N, and the

variables already discussed and, thus, contribute to making those
differentials equal to 0. Thus, the only terms not irrelevant are

*
N, NB’ B ,and B. Performing the indicated operations, we get:

ZEB RT(]n x + 1In §;>’ . - - (8a)

Similarly for ZEA

ZGA ' RT{}n(] - x) +1n 9;] . ' - (8b)
: o4

Thus, a simpler expression for AG s

26 = RT|:X X+ (1-x) 1n U—i)—a] L (9)
B Lo
Substituting for o« and B* from Eq. (4) we also obtain
86 =RT|x Bt (1-x)In—2 | . (9a)

Furthermore, the activities and activity coefficients are

-8
8

Yo - T 8 Y
Aot B

(10)

a ——————
A a

1
x
~—
x
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This particular model may be>used to evaluate the effect.of'
'a11oﬁing for.thifd-nearést neighbors. 'Those ferms takiné that
interaction may be eliminated from this model by just ignoring the
interaction energy and its Boltzmann factor for third-nearest
neighbors. Then to evaluate the effect of a]]owing_for nekt-neafest
neighbors; their associated interaction energy and Boltzmann factor
is just ignored in this model.
biscussion

In principie,in a case of one to one correspondence if, it is possible
to ca]cu]até some quantity given some initial infdrmation,then it must
be possibie to derivé the initial information if the desired quantify is
known. That is the case here. The activities have already been ca]cu1ated
for a givén Q‘i Thus, 1f‘the activities are known, 2 may be deduced. |

The Initial Model

The method requires that the number of nearest neighbors be established
first. If Z] fs independently deterhined to be 6, then thévequations | |
developed heré'may be used: one can assume a cubic lattice and a -

Van der waa]s'reTationship for interaction.energy as a fﬁnbtioh of distance.

Suppose that the activity of B for a given mole fraction of B fs
known. Then from Eq. (15), B may be calculated,

_ 7
B = xag

But:from Eq. (10) we have

8 = e noty?
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or

£, = B(Koyh)] B | - (10a)

If we substituté this £ into Eq. (1a), we obtain

23 Kai3 qiq 3i5 %6
1 n

- xknetetrs = 5 a oy
or
22 .., 8., ., A. RN
2: ai1K 13n 14¢ 15W i6 +l.(] _ %) K4n¢4w4 =0
T _

or

22 - JUR TR 7 I o _
i3 "i4 "i5/8 "i6/27 : ‘
.%3 ko + (1 - %)_K4n1+4/8f4/27 =0 (10b)
Thus, Egs. (10b), and (6) are two equations in-two
unknowns,,K +n. These two equations can be solved simultaneously

by numerica]ltechniques to obtain Q, since @ = (6 + 12/8 + 8/27) RT 1n n.

'Square Interafio; Model

A éecond-modé1:is simpler and a11ows_for the‘neafest and next-nearest
neighbors only. Thus, in this modei'l? = /(6 + 12/8) as:iﬁatrue.in all
models presented here for the cubic lattice which take only these two
interactions into account. This model considers only those atomé'at
the corners of a Squgre. The number‘of such squares may.be determined
hy considering thé unit cell, a cdbe. A.cube.has six square facés; but
in a unit ce11 each face is shared with another unit cell, imblyihg that
each unit cell may be associated with three faces. Now in a'cubfc lattice, .
one atom may be associated with each unif cell, implying that for N

atoms there are 3N squares.
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To detérmine the Bo]tzmanh factors for each configuration,]et us
consider the re]ationship of the squares to each other. The edges of
the squares represent the nearest neighbor interactions. Each‘edgé fs
shared by four squares so that the interaction energy of dissimilaf atbms

is shared by the four squares. Thus, each dissimilar atom's nearest-

neighbor interaction contributes 1/4 of the interaction energy of the pair

| to each of the squares. Thus, the Boltzmann factor for a diSsimi]ar'_

edge pair will be n'1/4.’ The diagonals of a'square are not shared so

. that disSimilaf diagonal pairs (next nearest neighbors) will contribute

the whole of the interaction'enérgy to the associated square. This

implies that the aséociated Boltzmann factor wi]]'be ¢'].

Table 3 contains all the different possible configurations

for the square model. The second column contains terms representing
" the total number of each configuration. These terms are composed of the
‘total number of squares, 3N, the number of orientations bf the con-

- figuration, multiplicative constant, and the variable representing the |

fraction of squares in one orientation of the corresponding configuration.

The third column Tists the Boltzmann factors of the configurations.

Thus, we have a total of six configurational vériab]es.v It is
necessary to develop the relationships betweeh these variqb]és in brder
to derive meaningful thermodynamic ddta from this mode].. The simplest
reTationships are those of the conservation of the species involved.
Together all of the equations of species conservation state imp]icitly
the conservation of mass equation, so that this equation.w0u1d be :
debendent'on the speties_conservafion equations and, thus,'unnecessary.

The species conservation equations are
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.Tab1e 3. Boltzmann factors and'cohfigurationa1
Degeneracies for square-grouss in a binary system.

Configuration = Number in this Configuration Boltzmann

, I 3Na _ no¢o,
H INC 281
a o
l g 3N =440

: \

l l | 3N4E n~8/4%]
B | e

: } 3NB n0(1)0
E:I ' : .
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Ny = Noo +3NT+ 2Ny + No' + NE - o (1a)

NB‘='Nc + 2Nv + Nv' + 3NE + N8~ | _ .(lnb) N
or |

Xg = O + 30+ 2v + V't g | | S | ©{12a)

XBY=.c +2v + v +'3g + B . : ~ (12p)

In order to cut down on the writing,1et_11 represent the ith_configur_
atibna] variable and a{] and bi2 represent the corresponding tonstants

of Eqs. (12a) and (12b), respectively, giving:

Xy

~Inspection of Eqs. (11a) and (11b) reveals that two of thevsix}configurations
are hoﬁrnolldﬁger indepéndent. Fdr cohveniencé let a and B be the too
variables depehdeht on the other four.

.j,“EqQations‘(lja) and (11b) are derived by'détermining'the.total
effective number of atoms of the reépettive Sbeciés in eqch of the cdn-‘
figurations and summing and equating to the total number of each specié.v"
For example, consider spécies B. Each atom is.shafed‘by 12 squafes.in
a.cubic.1atticé; therefdre,'the faction of that atdm which -is associated
with a single équaré is 1/12.'.Thérefore, the effective number 6f 3 in
a péfticu]ar céhfiguration is the number éf_B at.the corners multiplied
‘by 1/12; Multiplying the effectfve number of B in a configurationvby the
total number of squéres with that configuration then gives the total

effective number of atoms of’B associated With that cohfiguration. These

~ values are given in Table 4.
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Table 4. Configuration numbers.

Total Number Effective Number
In Configuration B in Configuration Total Effective B

MNa 0 0
ma 112 N
NG L Y
3Nyt - 2/12 N
INgE e AN

INg 412 CNg
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| In order to derive the1relationships between the four presently
independent'variables, it is necesséry to'deterhihe the values of these
varidb]es wheﬁ in the state of equalibrium. This is done by determining
the minimum Gibbs energy for each variable. With the six Variab]es it
is possible fo develop an approximate partition function from which.
the=Gibbs-energy of mixing is easi1y obtainéb]e as a continuous function
~ of the four fndependent variables. Differentiating fhat functidh with
respect to each of the independent cOnfiguratioha] variables and equating -
with zero will give the remaining relationships between all of the
v_cbnfigurational variables at fhevstate of equilibrium.
‘ vj'Keebihgvin mind_thét z] = 6 and z, = 12,we can write the partition
: function Qo by following the procedure outlined by Gugggﬁheim in |

>Mixtures and in Table 3, as

| l:l!.-l‘ [(3Na ) 1I[ (3N )'] [(3N\) )'] [(3Nv )'J L(3NE 11147 (ang” )]
o Nplgt [(3Na)'][(3Nc)'] [(3Nv )] [(3Nv )11°L(3NE) 1] [(3NB)']

-z N(Z+v + V' +E) -zZN(z + 2v + £) (13) |
xn b _

In the partition function the term in front of thejBo1tzmanh factors

‘represents thé.numbér of'drientations for a given set of values of the

_configurationa1 variables. The starred variables are values of the con-

‘:figurational values in a complete]y:random solution and have the following

va]ugs with x = Xp> 1 -x= xA:



Now the total Gibbs energy of mixing AGm

AG
m
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= (] - X)4

X4
A
2 = x(1 - x)3

L]

XaXg

V! xz g —.xz(l - x)2

3 _
XpXg = X (1 - x)

1
A
4 4
Xg = X

?_RT In Qo_

':(13a)

is given by

- Thus, minimizing this function with respect to the independent con-

figurational variables results in

With’the'appropriaté algebraic manipulations

d31nQ

. -
—ar 0
_'a3B/c4 = n2¢4
a262/v4 - 2¢8
- aB/v! ='n2 g
og¥/et = 2t

and the substitution

£/t = K2,.the following relationships can be derived.
- X vn1/2 2
¢ = K n%
v = vn%°
Vo= vn-]/2¢2
g = Kvﬁ°¢
B =K vn1/2¢2
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Let a;3s ai4,and ;5 Be the exponents of k, n, and ¢, respectively, for the

ith component of Eq. (14) and substitute Eq. (14) into Eqs. (12a) and (12b).

Then,
| 6 a., a,, a.
XA - ? ai1K 13n 14¢ 15v
6 Qd., d., A,
Xg - ? aiZK 13n 14¢ 15v

Factoring out and isolating v, we can equate the two equations to obtain.

6 d., d., a. 6 a., d., a.
_ i3 714 15 _ ‘ i3 _"i4 15
xp T Ak Tn e xg Tagk Tn o
or ,
g_. (an - x(an + a0k 13,218,305 -
i2 = 94 j2/: n _ _

1
. With n, ¢-and « given, it is then possible to solve for K, and then
pqssib]e to - calculate the values of the configurational variables.
Fdrther simplification can be attained by assuming Van der Waals
behavior; in which case as pointed out earlier:
‘ ' a.
- 5
6 : A.n a., + 2
- i3 _"i4 8 _
’ ]Z [312 = X(a.l] +a.|2)] K n ‘ =0 . (]5) .
Now that the configurationa1 variable values have been defermined
for equilibrium, the enthalpy of mixing may be calculated by summing
up all the energies of interaction of differing species. Designating
the exponent of n and ¢ under the Boltzmann column of Table 3
as ei]‘and'eié, respectively, for the ith configuration, we now

define Ei as
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B =gy *eyp/8

Noticing that the number of orientations for each configuration is

equal to,ai] + 555 We may then write for the molar enthalpy of mixing ,

6 | , |
AHy = 3$(ai]-f as,) L(E ) 0/(6 +12/8)
- The molar Gibbs energy of mixing may also be ca]cu]ated and is
giveh by | | |
- RT ..
AG,, = ]n Qo

M No'

where Ny isfthe number of moles used in calculating Qb as contrasted
- with N, the number of atoms used in calculating S%. The partial
molar Gibbs energy of B is then

IN_AG 3 InQ

M= 9 M_pr

N

B B

A1l of the configufationa] variables starred or unstarred are functions

of x or NB | | " 
6/31n e dI°  ainga  dI
oln . n
E‘é = RT|Z[{— *'0 N1 + 51 o Nj
1 aIi B i B
. 3]; Qo dN . ) ln Qo
N dNB NB'

- : . * _
‘Now assigning values to Ii appropriate for a completely random

arrangement (regular solution) is equivalent to maximizing Qo; 'Thefefore,
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for the starred conf1gurat1ona1 variables exclud1ng a and B wh1ch are
dependent on the others, we find
9 1nQ

*

- Similarly, in determining the equilibriQm values of the unstarred

variables, it was necessary to minimize 1n Qo with respect to these
variables implying

a 1n.9o

such that I. here does not include o and B. Now by Eq. (11a)

*
it is known that a and o are independent of NB; Therefore,

3 1InQ
da
. and
21InQ
0 _
—% =0
aa .

Thus, the only relevant terms are those involving N, Np, B »and B.

Performing the indicated oberations_we get:

MGy = RT 1nx+1n(?) - (159

Similarly for'rEA:

4 | 3 ; o S
4Gy RT[]n(] - x) + 1n(°‘—*) } . (15b)
‘ (¢4 . . .
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Thus, a simpler expression for AGm is

a6 = RT[x 1nA x(Z—*>3 F(-x)1n (- x)(i;)j . (16)

Substituting for o .and 8 from Eqs. (13a), we find
N |
AG = RT|x In x(—)

m X4

Furthermore, the activities and activity coefficients are:

v : : 3
+(] - X) In (1 - X)(‘(]—%x—)‘l) } . {(16a)

. £\ 3 \3

KR o
_ g 3 T

aA-= (1 - x) <z;—%—;z;) aB,=.x(;%) |

These expressions. are useful in descr1b1ng deviations from ideality in

liquid a11oys known to exh1b1t square and cube c]uster1ng

4



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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