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*Thermodynamic and Structural Properties of Zinc /Copper Alloys™

Summary

The thesis, entitled as above, 1s concerned with the
measurement of thermodynamic properties of sinc copper alloys in
the liquid and solid states, and with the interpretation of these

in terms of alloy structures.

A conventional dew=point technique was used to
determine, initially, the vapour pressure of the zinc component
at a number of temperatures and, from these values, partial and
integral thermodynamic functions were calculated. Far evaluation
of the wvapour pressures,the equations of Kubaschewski and Evana’,
relating the vapour pressure of pure zinc, in sclid and liquid
states, to temperature were used as a basis. The results of

other workers were recalculated, wherever possible, to the same

basis for comparison.

In general, the present results show falr agreement
with previous work but with certain differences. For liguid

alloys, for instance, a change from negative to positive dsviation

.
O. Kubaschewski and E.L. Zvans, "Metallurgical Thermochemistry"
Pergamon Press (1958).
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from ideality is shown by the thermodynamic activity of the ginc
as high zinc contents are approached. Previously, the results
of other workers have indicated negative deviation over the whole

compositional range.

Also,characteristic minima and mexima were obtained
in the curves when Aéxzn values from the present work on liquid

and solid alloys were plotted against composition. One of

these minima, viz. that occurring at 0-43 Ny in the solid
alloys,is considered difficult to explain and probably spurious.

Otherwise, the minima occur at compositions corresponding
approximately to the centre of the 3 and ¥-phase fields and are
assoclated with the critical electron/atom ratios (1¢48 and 1+615
respectively) required, by electron theory for the formation of
the appropriate electron compounds. The peak positive value

gk
(i.e. highest maximum) in the AS g, curve for liquid alloys,

which occurs at 0-68 Ny, has analogies in at least two other

binary systems, viz. Zn/Sb and Cd Sb. This positive value of
excess entropy is considered to be assocliated with an increased
vibrational contribution to entropy, and linked with the previously

reported defect stmucture of the $-phase.

Quantitative application of quasi-chemical theory to



the partial and integral thermodynamic functions was attempted
but, after comperison with other systems, reasons are advanced
for the limited applicability. However, qualitative application,

particularly when integral properties are considered, is possible.

The partial thermodynamic functions of the second
component, i.e. copper, were calculated from the Gibbs-Duhem
relationship, and thus integral propertice obtained. For the
liquid alloys, both of the partial and the integral functions
are compared and the conclusion drawn that, in certain compositional
regions there is build up of "excess" enthalpy (staored probably
as vibrational energy) which is released again to allow the
"minimum® value to he attained at fixed compositions. Two of
these fixed compositions co-incide approximately with the eritical
electron,atom ratios necessary, according to electron theory, for
the formation of the 3 and ¥-phases in solid alloys, but it is
postulated that the true "eritical™ compositions are those
corresponding to the maximum build-up of excess enthalpy. In
addition, the variation of the partial propertises in the region
of these critical compositions suggests that the release of the
excese enthalpy 1s accompanied by a redistribution of the

vibrational energy between the two components of the solution.
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Because of the g¢lose approximation of the compositions, at which

the minimal valuce occur, to the centres of the solid 3, > and

€= phase fields, a fourth minimum, corresponding to the unexplored

b -phase field region is predicted. Also, the existence of these nin

in plots referring to liquid alloys, is taken as an indication
of the extent to which "solid"™ structures persist above liquicus

temperatures.

The above postulations and the link with electron
thaory are less clearly applicable to the solid alloys, but
sufficient similarity exists to suggest that complete analogy
may be established by further study.
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2.
w - Lingpociion

Gonaiderable attention, extending over many ,ears, has boen
given to the measurement of ihe thermodynamle properties of alloys in
birary metallic syjstems. A wide waricty of experimental methods has
been smployed in theve measurements but little attempt has been made ,
until recently, to oollate and aseess the relotive reliability of tie
wvardous resulta. However, in 1952 Lumsden (1)."'8”41 the data on
two or taree alloy aystens and later, in 1986, Kubaschewsidi and
Casterall (2) ascessed a much larger mumber of systens.

In addition, despite the plethose of resuite avallable, it is
only comparatively recently that come attention has been given to the
use of thermodynamic deta in the interpretaticn of allqy structures in
both solid and liguid states. Thus, the earlisry sulution theory of
Guggenbeim, iiushbrooke, Hildebrand and others bas been deveioped and
applied 0 metallic systeas by, {or examplo, idilliazd, Averbach and
Cohen (3) and Xlep;a (4), making use of thermodynamic neasuremente for
qualitative and quantitative interpretation.

fixasination of the relowvant literature, including the ascese-
monts of lumedsn and Kubaschewski and Catterall referred %o above,
showed Shut, although some attention ad been giwen W the deteraination
of the thermodynamic propertice of sinc-oopper allaoye, there was need for

SRt

*Jumbezs in bragkets relate %o references wiich are listed on pages
127 and 128,




furthor measuremonte, particularly in the liquid state, before a
gessonable attenpt at ocorrelation with structureo ocould be made.
Since this eystem 1ls an important, if not a key one in the application
of eicotron theory bo alloys, it was decided to carry out an
investigation with an attempt at this currelation ae objeotive.
Frevious workers on the thermodynanmice of the sinc/oopper
systen have uced a wide waricty of experimental methodse These
include nmeasurement of clsotrode potentiale (5,6), of vapour prescure
by traseportation (7), dew point (6, 9, 10, seoplestic (11) and
abeorption spectra (12)techniques,mad by eslovimetry (13, 14, 15).
The general applicution of Lhece mcthods in the metallurgionl fleld
bas been deceribed by Kubaschewski and twans (16) and will not be
discusced further et thic stape. liowever, in view of the high
measurenent temperatures negessary, porticularly for the liquic
alloye of higher oopper oontent, it wee consldered desirable to uce
a vapour pressure methol to ewaluate, 4a the firet instance, the
pertial therwmodynamic propertisz of the mpine componont. Also, by
making neasurements over a range of tempsrature for each nalloy, an
eatimute of the partial entropy term could be oblalned. Uf the
threo wapour preceure methois mentioned above, the dew-point technique
veenwd best sulted to deterazinations in both sulid and liguld statee
ovur the necessary rangee of composition and temperature and,

consequenily, was adopted for the precent investligotion.




4.

in the dewepoint technigue the sample is encloced in a
clear fused-quarts tube which is subseque:ntly ewacunted and sealed.
At ench end of thoe quorts tube are sanll diameter reeentrant tubes
of the pame material which garry thermocouplec. In operation,
the tubc with the sample located at one end, is heated to the
mecourens:t temporature and, while maintaining the sample end ad
tils tvenperature (T4 ), the other end is cooled slowly until the
dov-podnt of the wvapour in equiliiwium with the sample is reached
(Tg)e Thus the wapour prescure of the alloy at temperature Ty is
the same as that of pure sineo abt 1. The method requires,
thezefore, a pre-knovliedge of the vapour pressure of pure sine over
the teoperature range covered by the inveotigation. The adoption
of appropriate wlues for $hic 1is disoussed in Fart 4.2.

In all estinatliovs by the above method the wapour pressure
o £ the second component, vis. eoppcr, is acsumed to be negligihle
compared with that of sine. This assumption in Justified by the
known thermodynamic boebaviowr of 7n/lu alloye and by comparison
of agoepted values for the vapour prescures of the two pure motals
which, even at the highest temperaturee uced in this work, are in
the ratio of 10?‘ 1.

betalled deccriptions of the apparatus and experimeontal
procedure follow in Farte 2 and 3 respcotively.
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LMT 2 - Leccpliptlon of Apporatus
2.1 G ]
An isomeric view of the sssembled apparatus is shown in
Flie 1o It consisted essentinlly of four main itemc, vigs-
(1) a dew-polnt tube containing the alloy sample,
(11) o oultiewinding furnace %o contuin the dew=puoint tude
and provide means of applying a warinble heat gradieng,
(114) a panel of wari:ble tranaformars, ammetors, owitcheec, ete.,
to facilitate furnace eontrol, and
(iv) a twiz thermocouple arrangemest t0 measure temperatures

T3 and Tg.

In general, the apparatus wne eimilar to thet used by
previous workers usin; the dew-point tecinique and clocely rescembled
that decaribed by Undorwood and Awerbach (17).

Cele *

A sketoh of this item ies schown 4n Fig. 2. The main tube
vag made from clesy fuced-cilion ware of 10U mm. Lore anc 15 wall
vith a cloced end thermocouple sheath of the same materisl, 4 mm bore
by 1*2 mn wall, sealed into each end. The maln tube, bolow the end
of the thormocouple sheath at one ond, wasg blown out to form a well
to acooamodate the semplce Finally, a omall side-tube of dimenclons
similar to the thermocouple cheathing wos {ixed to nllow ewacuation
and sealdng of the tube. Invariably, the apparatus was oace in two
parts, the sample incerted and the parte joined Lefore evacuation and
sealing.
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Frevious workers whove determinitions were coufined %o the
solid etate used a semple in the form of a hollow cylinder which slipped
over the end of one of the thermocoupls cheaths. This wag done to
eusure scourate temperature determination and to proviie a large free
surf{ace area. RBowever , the sample-well method adopted for thece
investigations allowec determination of wvapour precsures in both
liquic and suldd statos on the same sample. hHeoults oblained with
this design of apparatue (i0, 18) a pear 'ta compare eatiefaotorily
with those obtaimed from the other (9, 17).

The important dimensione of the dewpolat tube were found
to be the distauce between the mheath tipe ("x® 1n Fig. 2) and the
distance from the tip of the cheath at the cald end to the closed
end of the tube ("y" in Fig. 2 ). It wus deeirable to have the
sample positioned at ths point of maximum temperature in the furnace
when the tip of the termocouple measuring Tg wac opposite the viewing
aporture. Thus, distance "x" une diotated by the tempersture gradieat
characterictice of the furnace, 1.:. the distance batween the viewing
apes ture anc the position of maximpm tempernture. It was likewice
desirable not to have distance "y" too great sicce, even with the
auxiliary heater in position, it was possicle t. have the closed end
at a lover tompirature than the tip of the thermocouple measuring T1a.
Thus , oondensation could take pluce away (r m the thermocouple point
and out of sight. buring vapour precsure determinations the dew

the
point tuve was located inside/heating chember of the multi-winding
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furvace (A ia Fig. 3;.

Strict cleacliness during blowing and handling of the clear
silicoewnye was obserwved ac fur as poscible, but it was found, during
use,tivit the tube gradusily becams cpague and had O be replaced.
lowover, it wus normally poeslible to cub open the dew-point tube and
roplace the sample with another two or three times Lef . re the tube
became unusaidle. In most inctonces, the sample filled the well so
completely thut, when solid, 1t coul:! not be removed except by partly
dissolving it with nitric aectid.

&3 Mudtiewindiog Turoace

The general requirements for henting in dew-pol:nt determination
are those of a chamber whioh oan be costroliled %o give a temperature
gradient along ite length and which provides means of obwerving the
ocondeusate end of the dewpoint tube. Thue, a multi-resistance wound
refyactory tube,carryin; two side~tubee for illumination and obocerwation
respectively, was found sultable whan enalosod in an insulated cape
carrying terminnls for the worious electrionl conneetlons.

A gketeoh of the fupnece used is shown in Flg. 3. The
mrin tube, 60 mm.ofd by 5 mm. wall thickness by 40U ma. in langth, was
of fused alumins. Two holes, about 25 ma. in dlametar, vare drilled
oprocite each otaer in the wall about 130U mm. from one ende lhe
drilling was achioved fnirly oconvenlently and asourately using a
diamond impreguated steel tubular bit of the appropriste (iameter.
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Flood luoricatlon with water was employec.

The tizee wain furnzce winiinge, esch of which covered
aprroximately a once=third length of the tube, were cicpouved two on
one side of the side-tubes and one on the other. The spocing of the
turne of wizre wvap aimed at compensating for he:t lozses from Lhe furnaoe
ende., Thuc the two enu windinge were graded from the open ends of
the tube in the pegueunce 16 turns at spproximately 3 turns per om.,
4 turne at approximately 25 turne per ome and § turne ot aprroximately
2 turns per om., while the osnutre winding was of oconstant spacing at
approximately 1+5 turne per ome ldchrume wire of 22 sewege (0711 mm.)
diameter wne used for all three windinge.

The ride=tuves, approximately Z5 am. o/d 4y 5 mn. wall
thicknoee Ly 175 mm. in length, were made from alundum cement and
wound cepuzately with 26 s.weg. (0457 ma.) dinmeter nichrome wire owver
an 80U mme leugth frum one ends when: the main furnace tube had buen
located in the partly filled oneing the side~tudes wore fixed 1in position
with asluncum cement, the wound ends being placed next %0 the wmll of
the mnin tube and Lhs unwound enua penetyating through holes to the
outelde of the furncce oacee Luring operation of the appapatus a smelil
curzent (0e5 to 140 amp.; in ench slde-tubs wincing miniaised looalised
hent loss at the holes in ths maln tube. General st lospes were
reduced by surrounding the maln tube with shaped high=teaperature

insulating urick and packing the rest of the casing with diatomaceous
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blocks. The ends of the maln tube were also plugged with shaped
insulsating orick which wg drilled to nccommodate the thermocouple

plwaths anc loads for the auxilliszy heater.

This leet, auxlilisry heater concletod of a 15U mm. length
of ollice tubing woun. over two=-thirds of ite length from one end with
35 Bevwege (UeZ13 ) dianeter nichrume wire. Wwhen ia position, the
wounu porblon covered the cundensntion enu of the dew-point tube but
left the tip of the thormocouple sheath uncovered fur obserw:ition.

The unwounc end rocted 4n a hole cut in ths corresponiing endeplug.

<hlle adjustoments aof the currents in the maln furnace windings vere

used to estadlioh the desired heat gradient approximately, final and
mor¢ flexivle control wvas aghleved by the aumilinry heater.

To provice iilminatio~ of the condensation area one of the
sldcetubes wus fitted with o Gewntt buUld connected W a li=-wvollbl wupply.
Cbservations vere made through the oppoeite side=tube which carried a
magnifylng lens and a prism to facilitate viewing.

In operation, the furnace was given a slight inclination
dovuwards towarcs the high tomperature end $0 ensure retention of the
molten sample in the well.

Ae incdicnted previously, it wvas desirable to know the nature
of the tempernture gradient establiched in the furmace at uny glven
settling. For this rencon, tests were carried out using a long
thormocouple and cheath in plece of the dew=point tube inslle the furnaoce.
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The thermocouple wae moved back and forth along the length of ths
furnace, tempoerature reacinge being noted at one & two centimetre
iutervels. A typical plot of temperature agalnst cistance from centre
of viewing tube ic shown in Fige 5. It vas founc thot little ghunge
in locution of saxisua snd ainimum bemp: ratures ocourred with change in
setbing, thus allowlng the distence betwee: Lhe ULips of Lhe Uiermocouple
sheathe 4in the dewepulnt tule %0 be fixed at about 1%7 mm. [urtier
checks on the temperature gradicnt were made fram time (o tive, particularly

foliowing repnirs to, or replacement of, any of the main wincinge.

The wiring arrangenente necessury % cuntrol the heating
elenents of the apparatus were nade through a centrai control panel
which i choun in Flg. 4. Thie conslsted cscentially of 2 board to
vhich were fixed the wurisule wansformure, ammeterc, ;4ilot lights,
switcies and lLemparature controliers The Loard was mounted worticully
on a Lexion frame which rocted on the floor and curried = hoarigontal
chelf suitadle far holding the portable-type potentiometeor which wes
used for Leuperature nmensurement. [elow thic chelf, an: tu one side,
wig fittei a fuse bux onrrylug a maine switoh, while whind the vertical
board were loonted the control resictance (see beloy and all connecting
deads.

The wiring dlagren ir shown in Flg. 4. ndr winuing
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0. 1 (at the "hot" enu of the furvace, wae the ondy winudng
coungsobed through a temporature coutroller as weli as & wriable
traneformexr. A Xelvin and lughes Froportional .ontrolicr k. 4,
opurated by a clzomel/alumcl theraccouple located near the sample,
vas used anc Lhe wiring arze ged 80 thmt, inptend of cutting ihe
curreut off compietely on a rising temeratwre, n emn.l fixed
recistance wns switohed into the eiscuite This reduced the current
10 the winding by U*d % 1°0 amp. and the whole arrangenent reculted
in o degrce o contzol of the order of & 1°C 1o the Lemperaturc of
the sample.

It viil be coted {zoa Fig. 4 that ammeters were incorporated
10 the circults for wiacings 1, € and J,an. far e auxiliory heuter.
Ammotere in the slide=tuls clrcults were omitted since little alteration
of the curreat iz tLhece wis rececesry- Howevor, pilov lights 4in
the fopub clrouite merved 0 gdve an incleatlon of "on® or "of £°.

leands from thoe output terainalo of ths wvarisile traneformerze
eze taken % sockete screwed Lo the panelling on one clde of thw frame.
Flugs, with leads w0 the winding terainale on the furnace casing were
thon inserted 17%0 tho eppropriate sockets. It wae found dssirable
to enswre that, whore firet anc last turne of adjacent windinge vere
cloce together, the .eads were given the sume polarity to minisice
potsntial clfference and hence ayoing betwser the turns.

411l furnace terminels, furnace icads, output sockets and

control pasel switches wore laueiled G provi.e rapid ide tificetion.
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veiginaily, Chromel/ dlumel thermocuiples vere uced Lo measure
Ty anu Tge we, howover, to the clmoct continuous use to which tihey
vwere subjected, uxidation and breniage nececsitvated frequent calibration.
This stadardisation wvas onrried out by determination of the sinc
and aluzinfum poduts uving Trdanze sing anu BeAesl. Luper-purity
saluninium. L‘ouversion of the indlcated freesing pointe from millivoits
to degrees centigrade wie made uocing the Dritish Jtandard rel=tionchip
for Liteamel//Alunel thermocouples and the reguired correctiocns obtalnud
by sub.traction fram the true molting pointe, vize 4105 an. 660170
recpectively. These two currections were plotied on squared paper
agalnst indicated temperature nand a etraight lisce through tLhen
extrapolated Lo the hHighest terperature registered in the investigation.
This straight line graph wag then used to correct all indicated
lenperatures, tbe naximun coanectlon reguired Leing about 6°C.

Later, Plasinumy Platinus-13% khodium thermocouples were
substituted, these veing calibrated againot a ./ .lL. otandarised
thernocoupls (elso of PPt =13% Rh) a8 well as, iaitially, the sine
ani a.usinium polnte. The workling and standard theymocouples were
compared over the fuil range of toaperature used in the experimental
work, thue avolding the negescity for extrapolated corrections. It
wis found that only emll corrections ((»ULU = (+U20 mav), which were
constant over the full workin: temperature range, wore reguired.

Moreover, Lhe noLle metal thermocouplec were much acge stable in
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caliorntion.

the wiring arrasgement of the occe metal Lhermocouples 1is
showa in Flge 6. It will Le noted tist from the cald¢ Junction to
the potentiometer the thermocouples had a commo: negative lsade Thus,
the two Alunel wiree were joined Lo oue cuppor lend, while the two
Chromel viren were atiached to sepsrate copper leads. All three
Jolots were soldared »nd thece, the cald junctions, mmintained at U™C.
by means of pure,neiting ice in a wmouum flask. The copper leads
were taken from the cald juaction to a two-way switeh ounnected, again
gy copper leands, % the portable-type potentiometer used far meacuring
taapoerature. Uperntion of ihe two=way switch allowed either
thapmocouple to be read at wilii.

The pame wiring srrasgoments wre used with the precious
metal thersocouplec exoept tint, cince very long thermocouple vires
were ndcecsary, an cconomy wap affected hy usinz ehurt lengthe of
Pt and Ft/lih wire which were conmscted to the ¢cold Junction via
etandard cumpensating leads.

Lalibration againet the freesing polnts of ths pure mectals
was ocarried out in a small vertical furnace into which was incerted
an alundun cruclble ecarrying a fuced ~iumina thepmocoupls sheath
cloued =% one ende The pure mstal in the cpuclble was melited and
oooled at about 1°C per ninute until an arrest wae reglotered by the
tect thermocouple in the alumina sheath. Thls procedure was repeated
at leact once before the firet thermocouple was replaced by the
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seoond and again two checking resulte obtained.
whan calibration of the preglious metal thermocouples wae
made by comparicon with the leFel. stondard, all three hot junctions
vere enciogod in thinewailed slumim siwathe which, in turn, were
inverted into holes drilled in the end of a ¢ylinder of austenitiec
stainle s steel. 1This cylinder, about <5 ma diameter by 50 om
in length, acte: ss a heat regervolr and minimised temperature varintion
acrocs the clameter of the furnuce tube. The cold Junctions of the
standard tharmocouple were conneoted, without interwening compenssting
cable, by coppsr ieads vin a peccn. two-way ewitch,to the potentiometer.
A1) caliorations vere carried out with the conmections
end wiring arrangements ae clc:u;:owihh to thove ueed under

exporimental working conditionse







3.3 Exeperctdon of Allowp

The alloyo used were propared iy accurately weighling cut
pure sine (Tadanne A quality, containing 99 957 Zn) and pure copper
(t0 Beieie 1861, containing 99 961 Cu; 4n the required proportions
and melting the nixtwesin sealed, evacunted fused silica tubec.

After guenching in cold water to produce rapic solicification and
minimise cegregetion, the ailoys were annealed, still in tholr
origimml cenlaed tubes, for two daye 0 further reduce inhomoge eity.

It wvus found thet ingote of about S0 grams welght provided
anple materinl for vapour prescure deterainntion camples and, if
nocevgary, for analysis. Thue it was convenient 4o use satin
surface silion tudbing of 13 mm. bore and 1°5 om wail tShickness
wvhich gave an in ot about SU mn. long for a welight of approximately
SU grams. The pure metals were out into sm2ll ploces (about 3 mm.
in dianeter, bafure weighing so thwi falrly close puacking lo the melting
tubos was obtalned, thus keeping the total length of tubing to a
oloioun ang reducing the fursace scoomnadntion regquired for melting
and annenliing. Thie prowved particularly advantogeous in annealing
during wilch it was essentizi to keep the whole length of the tube
f2irly evenly hested. Exceesive hent gendients were liabic to
prouwe cundenpation of sinc wvapour on the colder parte oif the tudbe, time

ohanpging the ailloy composition. After muking ~ilowa ce for sealilng ,




wie
a finsl tube length of about 150 ma (i.c. ap roximately three times
the length of the fimml ingot, was obiained.

Furnace temperature during =elting varied accogding to the
meiting podint of the alloy. For alloye of high copper econtent
tempsratures of around llLU“C wore nscessary but thiz ocould be reduced
progressively W about 9UC“C as the copper content vas reduced to the
lov values of the sinc-rich s.loyse [Frequent agitaticn was oarried
out during melting with a final vigorous shake before plunging the
melting-tubs into the cold water quenching tathe Cragking of the
nelting~tuse at this stage was sometimes experlanced but was generally
avolded by ensuring rapid iomereion in the wvater.

The allcye wvere annec.ied, etill in the silioca melting tubes,
in a nichrame wound furnace controlicd to & 5°C Ly s Felvin and Hughes
Proportionnl Controlier. icro-axaminction of scotions from the
nnnealed ingots showed that a treatment of 46 hours at 650°C (450°C
in tho cace of the single allay in the €- fisld) woe adeguate to
elinminate the coring produced Gy rapld salidificatdon.

Aralytion]l checks were curried out on scome of the annealed
ingots, sampios from each end beling anclysed veparately. In thece
estimations the ocppor content was found by electrolytic deposition
and the sinc by differences 1The results agreed, within the experimental
accuracy of the analyses, with the arewoigned compooitions.
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3:2 Jetsrajostion of Vepour Preccures

Between 5 and 6 grams of allgy, in the form of several small
portions from top and bottom of the ingot, were placed in the well
at one end of the dew-point tube and the other part of the tube
fused one The whale tube wns then evacuated through the side

ars to 005 mn iig pressure and gealeds

The soaled dew-point tube was thon fitted into the multi-
winding furnace. Firet af =ll, the plug and auxiliary heater
ab tho "oold" end of the furnace were removed and fitted ower the
thermocoupl+ sheath at the condensation end of the dewe-point tube.
The end plug was then carefully inserted, at the came time feeding
the dew=point tube into the furnace. “hen the fircst plug was
fully homc the second plug vas pushed over the “"hot"™ end
thermocouple shenth. Finally, the thermocouples were placed in
position. DBefore switching on, tho leads from the auxiliary
heater, which pasced through the “oold" end plug, wore connscted
to thelr terminalc on the lower part of the furnace cacing.

Initially, the sample was melted by raicing the whole of
the dww-point tube to above the melting polint of the alloy. To
ensure that all the sample entered tha well th: furnace was tiltec
%o an angle of about 45° and then camiefully returnod to iss normsl
angle of tils before being allowed Lo 0oole The dew=point Sube wac then




romoved from the furnsoe t¢ check the sample for cumpletences of
melting anu for pordtion. The apparatus wis reascembled and the
deterain . tiun of vapour presaures coamenceds.

when determinitione vere made with the alloy in the e.lid
state about 16 hours st temperature vere ailowed (uewrlly owernight)
for equiliorium to b reaciued before condensnticn temperztures were
mensured, but only 3 t0 4 houre vere foun! %0 bo necessery when Lhe
sasplie was molten. Thus, in many instunees, it was possible to make
one estinati.n in the sulic nnd une in the idguid ctate every 24 hourc.
In genersl, estimations at successcively increasing r decressing
tomperatuzros were avolded 80 that ny progreesive erzure could more
readlily be detected.

When changdng ths setimation teaperature in the upward
direction 1% vas noogssary to suswe that the temp.rature at the
"00ld® end of the dewepolut tube was 3ls0 ralsed at a similar or
greater rate to prevent condensation cue to increascd vapour precoure
at tiw "hot" end. Howewer, it was advaniageous to disturb the exloting
heat gradient as little s poscible since meny hours could clapse
befure the furnaoe became stabiliced after an increase or cecrense in
powver input.

unce the eguilibrium wepour prescure had buen reaghed the
tenperature of the gumxiersation eni of the dew-point tube (Iz) wme
gredually lovered until a cloarly viclihle condensate wne obecrved.

This tompersture was noted and immedlately Ty wee ralced again, ucing
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the quiok-rezponne suxilisary healer ustlil re-avaporation took
place. Using these a;preximnte ocondensasion and evaporatiocn
temperatuwres as a gulde, further, more closely=-coutrolled
eooling and neating cycles were maede to reduce thy Jlffarence
betwoen thess The final difference between Lhe two temperatures
varied conaiderczaly dependini upon the maasured vanour presscure,
vis. from 16°C for low vapour precsures %0 1+ 5°C for high

vapour pressuress he wvalues adopted for Tg was the nean

of tha closest condensation end ewaporation tempersatures

Avasuseds

The results for each allqy were plotted on a graph of
log p:, agelnst 1/ypeg. Noymn ily, thely oonalstancy was such
that four or five resulis each for the soldd and liquiid allays
were sulficlent L0 estublish alose appraximsations to linesy
relationships. FPlots for a typical alloy are shown in
Fige 7.
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£zt 4 - Thersodvpanic Celculations

423 [Faxtdel Moler Frovertise of Zlne

In general, results from wapour pressure measurenents by
the dowepoint techniquo, as described in Part 3, are expressed as
two temperatures, vis. the temporature of the allay () end the
Semperature at vhich the wapour,in equilibrium with the alley,
condenses (Ty).  The vapour pressure of the volatile metal in the
alloy iz then that of the pure condensed metal at temperature Tg.
From this known wapour pgoscure and that correcponding to pure
valatile metal at T, , assuning the wvapour to behave as on idecl gas,
the aotivity of the vaporised component in the alloy is obtained.

Thezefare, in Shis iavestigation,

8z - PZn

Prrg
vhero @&, = thermodynanic activity of siso in the slley
Pza = vapour prosswro of sine in the allgy
P2n, @ vapouwr pressure of pure ainc at the ssmo temperature

Fron this activity walue othor thermodynamic functions
¢an be derived as followes~=




2Pe

vhere ¥gn © activity ooofficlient of sinc in alloy,
by, = male fraction of sino 4n alloy,
Aih e« partial molar free ensrgy of sina,
and L\.Qn = exoess partial molar free energy of sinc.
Enouledge of the wariation of wapour pressuro, and bhence
activity and partial free energy velues with temperature, allowe
partial entropy valusc to be deriveds Thus, tho folloving further

functions ocn be doriveds~

ABy, ® ABg, -Aiin = A8y - Rilalp,
and AR, ® AG, ¢ TAS;, ® AQ o TABEn
vhere A8y, * partial molar entropy of sine,
Agn = exoeos partial molar entyopy of sine,
VAN = Adeal pertial molar entropy of sine,
and AR, = partial molar enthalpy of sinoc.

In the presont investigation, therefore, vapour presswre
deternimations were carried out at several temporatures in both
iiquid and voldd states.

If the hest of vaporisation iz ascun ed to be constant
over the temperature range spanning the set of resulls bdeing considered,
then a lineor zrolationship betwoen log py, 8nd the reeiprocal of the
aebsolute temperature (’-ﬁ-) is obtained s followes~




3.
mfcw s 1) = za(g)
and, by Van't Hoff's zelationship

Sl
o ‘;# - _ _A_F_
i.e. “#‘( = constant

where A H° = onthalpy change for reaction
and K = egililrium cunstant for reaction.

The best straigbt line relasionchip, therofore, representing
tbmushnethpz:nh‘k wis doduced by the method of least
squares froa the results for emoh alloy 4in both liquid and salid
states. A sample oalculation is shown in Appendix l.

This sethod of ecslculation gave waluce for the comstants
A and B 4in the egquation »

log p,, = Ao_‘_

vhare T = 5.

The tesperatures I, and Ty, together with log pp, walues
and the oaloulated oonctants A and B for all the alloys woed in tho
precent investigation, are shown in Table 1. Thece conztants were
used as a bagis for caloulation of the partial thermodymamic
propertios of sinc in the alloys. Letadls of ths ealoulations are
given in Appendix 3 and the values obtained for the liquid and solid
alloys shown in Tables 2 and 4 respectively.




In adiition to the partial thermodynamic functions
mantioned above, Table 2 also includes ealculated valuss of the
£ o fonetions  This Dosetlon, witsh sgmis 2% . &8 woes $a
ascescing thw adherence of the purtial mnoﬁl_u properties

of the ligqui: colutions to @gmsi-chemical theory and recedives
more detailod attention in Fart 7.3.

L22

Since vapour presswe deturninitions were aade on both

diquid end salid allays 4t wus considered cssirable that tuo
standard states should be chosen. Thus, in general, the partial
propertics of the liquid salutions vere referrod to thoso of their
pure ligquid components at 12K and the solld solutions to their
solid components at 1000'K. The equntions representing the
various solutions ares
Za (Lhpe® =  Znf0u o LjagoX,
Zo(hexjsoocE =  Za{Cu « fec, boo o ¥~ oubjicuc K,
Cul(-)aacc K e CulZa o _Jago'K .,
and Cu(fe0)icocX = Cw2n o+ foo, boO oF ¥~ cublojsce. X
In acoordance with the above standard statez, therefure,
the partéal molar proporties of gzinc in Tables 2 and 4 have been
calculated for 1200° and JOOO°K respectively. Table ¢ aloco
includes valuss of Aﬁ'zl at LJ00K, Thece lact resulle vere
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used in deriving Yhe partial solar properties of the ocopper component
in ths solid alloys and are conelidered further in Part 4. 3.

As indiocsted 2bove, evaluation of tho constants A and B
requires knovledge of the wariation with temperature of ths wapour
precewsre over pure liquid gine. Also, 0 reinte the thermodynmamic
propertiss of the solid sllays $0 golid zinc at the two temporaturce
spocifisd, implies known walues of tho npmﬁ[iiiipidu sinc at
thene two temperstures, vis. 1000°Y amd JAVOX, The following
zelationohipe, given by Kubsschewski and Evane (16), were used to

obtain tbe required values.
log pmm = 1234 -~ ]’m o 210285 308 T cocesnneesdA

mpu w1124 - ‘41 - O'V‘Shsf...........n

Lquation 14 zefore to liquic sirc between meltdng point
(692+9K) and boiling point (1179°K), and eguation 13 %o solid sine
between 296K and mclting point. Thus, to obtain valuce for caldd
sinc at 100U’ end L1UDVK, considershle extrapoletion of eguation
1D was necessagy.

Fecently Chiotdi and G4ll (1¢)oompared the walues given
by the above equations with thoce by relationshipe derived by them
from the data of Kelly (20) and Stull and tinke (21)e  They
found good agreendnt at temperaturec near the dolling point but
poor agveenent near the meliing point. The relatiomshipe of
Chiottl and Gill, which aje given in Appendix 2,alonz with cthers




vhich are discuseed in Fart 5, have been labelled 2A and 28 to
owveerond wvith equatdons )i and 1B respectively. In Appendix 2
vaiues from equation 20 are compered with those from eguation 1A
and 1% can be seen that log p,, values differ significantly at
tenperatures belov about $CU“K. ¥hic difference was ascribed
Wy Chiotdi and Gill % consideration given by ‘ubssehewski and
Zvans %o effucion date of Vanoe and Whitman (22) who applied a now
cussectlon Jar uwse of a @ilnirieald spervure in this ype of
experdment. Chiostil and Gill prefcx Lo nwgieod these remulte
untll) confirmtion 4s (o thooming. lowswory A4t would appeay
from references quoted by Hubaschaweki and iwans Lhat consideration
was given to the resulle of Vance and Ubltman only in eonstructing
egmtion 1B. Joreover, the only recults from thic rejationship
ueed in the present investigation (vis. log p,, st 1000K = 2125
and at LIOUK = 2:717) are in good agreement with thoce found by
extrapolation of equation 2B of Chiotss and G411 (Vis. 2123 and
<* 713 respetively). In viev of the above argumenis, therefore,
4% wao decided $o adhore %0 ecuationo )\ and 1B, in preference to
ths more recent ones of Chiotti and G4ll, thrcughout tas present
caloulntionne
$:.3 Poctdad loler Propcxties el oonek

The particl malar properties of onsc component in a

binary sclution are connvcted with those of the other ocomponent
by a Gibbs=luhen type of relationship, vis »




B aoky) » g 40Xy = O
where N, = mole fraction of component A
N3 = molo fraction of component B
AYy © partisl molar property of component A
AYg ® partial molaz property qt component B
Thue, 0T, = -S%_.O(A-!—‘) ssviasinaasssansiihiigl
and, failing a relationship between E.. and A Y, which can be
integrated directly, the value of~X3 4c found from the ares

between the curve and the abscissa vhen ;!_ values are plotted

2 L]
as ardinates againot A X, In order that the integral bLe

dofinite a value for Ai‘g sust be known at ons compoeition and,
in general, the integretion ic ccrried cut from .z_ s O
.00 §, ©o 0 or iy = ), at vhich point ATB a O

This procedure involves extrapolation of AYy walues
% % = O and acourate intogration can only be performed if ~AXy
approschos a finite walue at this composition. This is not
true if AX, ropresents A Oy = RT in sy, since the walue of
in 8y approaches mainus infinity at 4, = 0. [lowever, velues
m?,-ar in>, oan be used since )\ = - 4o alwys
finito. Siallarly, A8, ASy and A H Wvalues oan aloo be
ucods

Throughout the present work use was made of the Gibbs-lLubon
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relationship shown in equation (4.3.1), with graphical integration,
%o obtain tha partial nolar properties of the copper component fr.a
thoce of the sino.

For the liquid allays,integretions vere carriocd out, as
indicated in Graph 8 and Teble 3, to find A& Cy and  Aligy veluos
at ocompositions corresponcing to thoco of the alloys used in the
procent experimontal work. (Since the pointe on tho plots ware
Joined Wy straight lines it wos possible to calculate the O A values
4in Table 3 without ectual refersnce to Gpeph 5) From the resulte
obtained other partial propertise of oopper vere ealculated, vim

A—d'c‘ = Aim' - ?Ai.c‘,
N = AW * BT 1n K,
- A ry
and "Cu = In (’1?) e antlogmo (_3%‘.).
In the oase of the solid allays, since each phase had %0

be considered separately, a known velue of A ¥y Was required at a
datun point fop easch pbase. For the <=phase, the two resulte

froa the present investization were considered inadequate for
axtrapalation to gy = 1, and, therefors, consideraticn wvis given

to the results of othor workess (see Payt 8), which have been

plotted in Graphs 12 and 13, vhen drawing the cuwrves. Ixtrapolation
of these curves in the other direction %o the </« +> phase boundary for
the two temparatures concerned (vis. JOOU° and L10U°K gespectively)
alloved the caloulation of the AG Gu valuss at thece compositions.
From those values,the values of the conjugate alloyz in the B-phase
ficld were obtained as falliowss




ATy, * BT 2n Ny, ® ATGyp® AT 1n Moy .iieen.eu(4ede2)
i.0. A? L = ? RT 1ln o.oooooo.(‘o’o’

vhare l%‘ , and el a OFe conjugate campositions in the X and
> =phase flelds recpootively, and the idontity exprossed in equation
(4.3.2) assunes conjugate aliays t0 have egual cheaical potentinls,
i.0. ogual partial nolsr fyee energiec of mixing.

Using the two valuss of AT Gy 80 obtainod, integraticn
0 find values for the expszizcntal alloys in the B eplmse field at
both temperatures was poscible (see iInble 5 and Graph MM). From
the Aﬁ'cu volucs at the two temperatures,n value for AB'(;. for
each composition was obtained by cubtracting the AT Gy values
and dividing by the tesperasture aifference.

4.0 A—S.Gu s * AW oooooo.ooooc(‘.’.‘)

Aic“n.lue.ut 000K were then derived from
AT%‘ - A?c&wo» * 'A?O. eevscssece(€:3.8)

For alloys in the Y =phase fleld a slightly different
procedure wes adopteds As befare, Aa'c. values ot JOO0K were
found by integration of the corresponding proporty of sine, use being
A e bl
extrapalated valuss at the 3/3 ¢+ ¥ and 3 ¢ ¥/> phass boundaries.
A% 1100°K the 2 ¢ >/ piase boundary ocours at a oumposition of
00590 ligy | for which meusuremente of partial sinc propertics bave
buen made over a range of temporature in the present experimental

worke Thus, & value of A'G';;‘u for the conjugate composition 4n
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the Aephase fieid at 11UU"K was rendily obtained and extrapolation
of the integration of Greph 14 to this value made posscible the
doterainstion of A (g for these conjugate compositions.  Thus,
values of A(—}'“ at (»590 %, for Swo temperatures were obtained,
ani, ap before, a value of ABcy  caloulated from equation (4.3.4).
With this datum point, integration of the AB g, curve in Geaph 15
wie used to obtain AST(y values for the other experimental
compositions in the Y ~pbase field. This procedure avoided the
extrapalotion of messured g on Yaiuse for the salid alloys in the
Ye hase fleld to a temporsture above the solidus. Ap before,
Ai‘m values at 1OOU“K were obtained using equation (4.3.5).

Further detalls of the above czluoulations can be found in
Appendix 3 and the walues obtained at the wariocues ctagoe are eset
out in Table 5.

The following relationship existe betveen any integral
molar quantity and the correeponding partisl molar quantities
AT ® ReAY, ¢ g OXy
vhere AX = integral molor quantity.
This relationship was used to caloulate the integral molar
propertios of the liquid and solid ellaye which are schown in Tables
3 and 6 respectively.




The equations reprecenting the liquid and salid

solutions 2re raespectively

x.Za(-) « Qe«zxiCu(-) = [x2n, (A=x) Cuj(.)

and x  Zn(hex) ¢(1 - x)Cu(fec)=s [x2n, (1=x)Cu](foc, bee or = =ouble)
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Eaxk ® -~ Lesulis of QUbber Workerg

2ad Geaszal

When results obtainced in this investigation vere first
compared with those of other workere it wes found that significant
differences could arice due to variations in the wapour preseure
values used for pure sinc. It was decided, thorefore, to
tecalculate, as far as poccible, the recults of othsr workers, used
for comparicon to Lhe basis of Kubaschowski and Lwvane' equatdon JA
(see Part 4.2.)e¢ All the wapour pressure/tempsrature relationshipe
invalved, the comparisons and the cdurrections made are shown in
Appendix 2. Whore deterninations were carried out at more than
one temperaturo plots of corrected walues of log Pzn 88ninct +
vere used Lo obtain waluss for conctants A and B, as in the present
investigation.

All the waluce of thermodynsmic quantities calculated
from the resultes of otler warkers are shown in Table 7. Individually,
the trestment of their results wes ss follows.

$:2 Evexett, Jacobe gnd Edtchever (7) - Liguid Alloys

These investigators , ueing a transpartation method,
menpured the vapour pressures of a large numbsr of alloys ranging
from H; = 0163 %0 H, = 0792,  Determinations were confined
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to ons for euch alloy at Lemperatures ranging from 1095° to 13U3°K.
Unly thelr rosulte measured at temperstures vitidn 10 f 1200°K have
been compared with the present warke The wvapour prescure, Lemperature
relationchip for pure sino which they used for finding pz, Wwas
found by them from measurements on the pure moliten metal Lstween
660° and J010"Ke Since their values for the wapour precewres

of the alloys were found directly and did not depend upon their
valuss for pure sine, no correction wes muds to thece figures.
liovever, the values of pz,, 6t Shelr experimeutal temperatures were
derived from equation 1A and used in place of their own to caloulate
$he thermodynamic propertises IS will be noted that use of their
own eguation in this respect inwilves considerable exirapalation.

5.3 Sehelder ond Solmdd (00) = Licudd Allgre

In $hio cace the wapour prescure values for pure sinc waro
stated to be taken from lLandel$-Barnstein (24). These data are
representsd in Schneider and Colmid'e paper by a straight line
graph which, howvever, does not quite agree with that obtaimed by
the present suthor from the same data (see Appendix 2). lievertheless,
since Schneider and ‘chmid s results were also taken from their
grophe and, therefore, subjoct to the same possible errars in
rending therefrom, their linear relationship woe used in assescing
corrections. As shown in Appendix 2, the waluce given by Shis
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relationship nre cufficiently close,at temperstures adove 90K,
to those of equation JA not to require correction. The waluee of
$he constanis A and B found for the alloys from Schneider and
Schmid s linear plota of log py mmat+ vere uced in the samo
wny eg Lefore to derive thermodynamlc propertise.

S:4 laiteebel (25) - Liguid Alloye

leitgebel messured the boiling pointe of seversl alloys
in the copper/sice system bubt only twe of these were conzidered
oloce enough %0 L20U°K to warrast their use for oomparison with
the precent wvark. Taking the wapour pressurea of these alloys

as 760 mm at the temperatwre of boiling, thermodynamic properties
were caloulated usin: egumtion lA.

$:5 Kaope apd Tholagyer (€) - Ligedd Alloyy

The eemefs moasurensnts of Kleppa and Thnlmeyer vere
ccafined to a parrow renge of allays (G+800 o O-945 Nz,) ot 90'K.
In ench cace a temperature coeff icient wes reparted and this wos used
to extrepolate the results %0 120K and o ealculate A Bz, values.
In thuse cnlculations ths fallowing relationohips were uceds
O0zn 8 =nFBE = =46,020 B 0al cosvvseccconces(Be6s)
and Algy = - cg. = £ 46,020 g§ calideg uceoe. (5¢82)

where ‘, N @Dl ‘n'ﬂ‘l‘“.m ’ cal, deg
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Sa8 Axsest i sokonap (8) - Solld dileve

Using the dewv-point technique, these luvectigators
carried cut vapour presoupe determinations on s lzrge number of
allgys in the (=phase fleld. The wapour pressure/temporuture
relctionship used for pure sine was that given in an earlies
edition of Kubaschewski and Lwans' "Metallurgical Thormochemisty;®
(Appendix 2 ) and their results were reported as walues of the
oonstante A and B. Since 1% was 1ot possible, therefore, to
aprly carreations to individual results and obtain new walues
for tiece eonstants, currections at JO00“K only were applied.

Hargreaves, one of the firet vorkcre %0 uce the dew-
polnt technique, presented ads recults in graph form (log pz,
mlnst‘%) and also as a table of temperatures for each allay
corresponiing %o certain fixed wvaluer of vapour posssure. Pure
sinc vapour precgure walues werg reported to heve beoen talken fram three
sources (27, 28, 29) but no vapour pressire,/tempcrature relationship
was given. Using sppropriate waiucs from thece sources,a best
straight iine relationchip, which is chown in Appendix 2, was
obtained. Comparison of this vith equation JA enabled cosroctions
%0 be made to iorgreaves' fixed wapour precsurec. The corrected
reculte for each allay were Siwn plotted against <f= and values
for the constante A and B found by draving the best stwaight line




dhe

tirough the plotied poinde. As belure, theve cunstanis vare used
42 saleulating the theracdynaaie propertisc.

5.8 Sedsh and Exave (A9) = Soldd Allexa

Vapour pressure deterninations, invalving a eontinwus
veighing techrigue, wvere made by Seith and Kyaus on two different
perien of allgys at 2073 end 1123°K zespectively. Their results
vere reported in greph form only =8 log pg, ageinst compoe 1tion.

A% oertain cosporitional interwale (%o sult Gyepbo ) the log py,
values at both temperatures were carrected (sse below) and
extrepolated and interpolated %0 JOOOK end JAOU°K for compazison
vith the prepent vork, At the some time, o temperature coefficlent
was obtained for conversion toAdz, waluses It was found conveniont
to sghieve this by finding, ne in other cases, walues for the
conetants A and B.

In the absence of any reforence to the source of ppg
values wsed, 1% was assumed to be Lundalt-Sorustoin and log Pon
vaiues carecded accordinglye In viev of thisy and the rathes
uocertaln extrapolation to MOOK, 1% is considered thet values
of thermodynamic properties oslculated from their results should

De trented with sone recerve.
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i-zay absorption spectra vere cmployed to measure the
vapour preseures of uix alloyz in the L ephase fielde Individml
reaulls at several temperaturesz fur each allgy vwere roported and,
after cazrection, wvere plotted, the bost etraight linos drawnm,
end hencs valnes found for th conctants A and 8. The vapour
prespure wiiuee obtained from Ve temporature relationehip uoted
do not appear %o correspondi to those given in Table 111 of theiy
paper, bt the latter lmve been usced in asseseing the coarrections
epplied (Appendix 2).

The results of Wander's a.u.f+ mossuremcats have been
extrapoleded from the tomperatuze o memsuremsnt (773°K) to 1000°K
using the temperative coefficiente obtained in the cousce of thelr
investigation.

In the cnloulation of partial thermodynamic propertics
from thece resulic the relationchip exprecsed in equstions (5.6.1)
and (5.6.2) woro useds To sefor the results to solid sine at 1000°K,
the free cnexrgy and entropy of fusion waluss at this tecperature
vore added to the sppropriate thermodymamic functionse The
values used vere =779 ocal and +2+825 cal/deg respecotively and were
calculated from wapour pressure equations JA and 1B as shown in
Appendix 3.4.
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Eagh § = BECULIS OF PRESSHD JOVSSTIOATION
$:1 - Sensal

As indicated in Fart 4, the compositions (expresved
as atomic fraction of sineg, 4,,), tesperatures of messurements
(T.) and condensation tomperatures (I3) for both iiquid and
solid alloys are recorded in Table ). Also included are the
Jogaritimsof the wapowr pressures corrssponding %o Iy and the
values of the constants A and B 4in the linoer eguation,
m’&:' A 0'%. found by the method of lesst squarge fron
the results Sor each alloy.

All the thermodynanmic functicne onlculated from these
rosulte are ohown in Tables 2 %0 6 and in Gyrephs 1 to 19.
Standard otates for liquid and salid alloys are as desaribod
in Part 4. 2, wis. pure liquid components at 1200°K and pure
solid components at 1000°K respectively. In eertain instances
results of other workers, sultably eocerected, have been included
in the graphs for compariesons Throughout this Shesis teaperatures
are reported in degrees Kelvin, pressures in mm Hg and ensrgles
in oalaries.

S8 - Liguld Aligye

Gzaph 1 45 & plot of sinc and copper activitics against
atonic fraction and illustrates the bebaviour of liquid sino-
oopper alloys with respect to Racult's Law. The curve




reprecenting the activity of sinc hug been drawn using results
obtained in the present investigation and that of the ocopper has
been calouiated from Siese ucing the Gibbe-imhem relationship
as described in Port 4.3.

The activity ocurves indicate that solutions of sinc
in copper shov nogative deviation from ilaoult's Law for sinc
contents belov about 70 atomic pereent, while above this
concantration there is slight poeitive deviation. This
pattern of behavioup, at the temperature being covsidered
(3200K), 1= supported by the rosults of Schneider end Sohmid(10),
Leitgebel (28) ?n:; a lesser extont, by Kleppa and Thalmayer (8).
This corrobaration of positive deviation at high sinc contents
is more glearly seen in Graph 2, in vhich < =function wvales are
plotted against H; o In this plot,bhe upper curve rofers to
rosulte of the present work only and the lower %0 a combimation
of those derived from the vapour pressure measuremente of
Schnedder and Sohmid and the e.m.f. measurements of Klepra and
Thalmayer. The two curves also show similar trends and,in both
instances, it iz fairly certain that the waluee of the tShermodynamic
doviation beoome positive before N;, reaches a walue of one. IS
should be ptated that, although the resulte of Kleppa and

Thelmayer have deen extrapolated considerably bayond the
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temporature of measurement (vis. 900°K), the values at the lover
teaperature also indicate positive devistion at high sine
contonts, The two results atiributed to Leitgebel are enloulated
from bofling point deterasinations, the actual Semperatures being
3198° and 1188°K.

Svezots, Jacobs and Kitchener, using the Sraneportation
method, made vepour preseure determinations on a wide rangs of
liquid sirc, copper allaye, at single temperatures verying from
1069° %0 1303“K. Those of Sheir resultc obtained at temperatures
within 10° of 1200°K were recaleulated as iniicated in Pazt 5.2
and are shown plotted in Graphs 1 and 2. As 1» evident in thece
Gzraphs the welues s0 obtained are lower ten any of the othess
plotted and do not indlcate positive deviation from ideality

et high sinc oontente. In addition, the {-function walues
(Table 7. Oraph 2) show no systematic varistion with ecmposition.
The suthoes oonclude that the Shermodynamic doviation is constant
within experimental errar, and therefore, that salutions of

sing in oopper are regular.

This oonclusion is not substantiated by tho results of
the other vorkers shown in Geaphs ) and 2 The reason for $he
disorepanay may lie in the experimental method used by iverest,
Jacobs and KiSchensr. Ae demonstrated by Aleock and Hooper (30),
satisfactory conditions for the agourate deteymination of vepour




proseures by tLhe traasportutics methcd are dirficuls to MLl
for liquid metals, low pesults frequently being obtained dug
to restriction of surfuce area in contwod with the Sransporting
gns.

The plet of ag, againct composition showe that
deviations from Facult's lav for solutions of copper in sine
are nogative over the wvhole range of composition.

Valuss for the partial molar fres energy (A0 ), the
exoers partial moley freo ensrgy (&a') and the partial molar
entropy (A5) for sirc in the 1iquid solutions are plotted
againet N, in Oreph 3. Ao indicated by the emoothed ourvos
dgawn tircughAG and AT waluse, thepe two quantities show &
progressive variation vith composition, with G rising to a
maxisum at a small poeitive value at about 80 atomic percent and,
presumably, falling again to sero at 100 atomic percert. This,
of course, is consisteut with the bebaviour indicated in Grephbs
1 and 2.

The veriation of AB8p, with composition, however, showe
further cdeviations from ideality. irom Graph 3 it would appear
that, instend of a progrescive wariation, ASg, fluctustes about

a value of approximately *1°0 with particularly large dips at
about 48, 61 and 83 atomic percent sino. &hen doviations from




Ldesal suiropy cre conaldered, however, s more systeaadic
vuriation 4s appazent. Tihls &z shown norg clearly in Oraph 4
in wvhich the partial aciar excese uatyropy (AS_‘) 45 plotted
againet sinc atoalc fraction. ﬂuuﬁ' appesre to show an
ovarall rise from a smnil negative walue at about 30 atonie
pezcent sine to a omll positive walug about 70 atomie percent
and then {21l t0 approximately the idesl velus of soro as N,
approaches unity. Gupsrimposed on this general trend arc two
distinct drops at about 48 and 61 atomio percent.

Slnooaatza wmlues, o8 indicated above, shovw e
progreseive varistion vith composition,these dips are reflected
in the partial heat of mixing (A8, ) ourve which is also shovn
in Greph 4+ Ap can bu seen from th: few awmilable results
of other workesrs plotted in Gesph ¢,eonfirmmtion of tha ebove
pattorn of AB', andAfly, values 1o uncertein.  Although
the results of Sehnelder end ‘ehmid show a similar overall trend
(4.0 emaluding the dips, to thooe of the present investigator,
their numezioal values are gonsiderably lower. On the other
mnd, the compocitions of the alloy: woed by Kleppe and Thalmayew
are a lmost entirely beyond the present range but results from
them are reasonably coufirmatory in numerionl sise and trend in
this limited reglon.

The parsial nalar properties of the copper ocomponent
and the integral molaxr properties of the mluuot& ocaloulated




fyom the papticl sim quantities, are roported in Table 3.
Graph 6 4¢ a plot of partial and fntegral enthalplies and
shows their relative varilations with composition. In the
sane plot, the broken line represents ihe nearest quasi-chemien]l curve
to the present u-u'no (see Paxt 7.3), while the oMa—QﬁM
line repzosents a plot ofAlim = 8200 Ngy,. Nz, whioch &s the
relationchip derived by Kubaschewski and Caterall (2) from
data of Semsoneiimselstjerna (13). It is obvious that the
presont results are considersoly less negative Shun thoce of
Kuimschowskl and Cabierall, showing a maximm discrepanay at
82 Hy, of sbout 800 cad. However, as indicated by Kubaschewski
and Catterall, thuir expression is o;al; approximate, having been
derived from th: head countents howun‘ IZ73°E and 293K and
the heate of farmmtion at roum tesperature. A further plot
shoving ths va_lues orAih.AG‘- anual'. from the present
investigntion 4s containsd in Graph 7. In thic greph the chain-
dotted line representa Im values for the 2n/8b aystem which is
introduced for occaparisen with the In/Cp systom.

The significance of the above plots, and also that of
Graph 8, vhich shows Alig MAS‘. values on a larger soals,
40 dtccuseed in Part 7.

S: 3. Seldd idlare

In the solid state the range of alloys eannot be




treated as a continuouc series but only as a nuubey Of ceparate
solid solutions batween which equilibriunm relationshipe exist
at oertain compositions. Thus, Oreph 9, showing wariation of
activily with composition at 1000YK, is dwawn with tweake in
the curve where two-phase fields intervens.

The curves in Greph 9 bave been drawn vith consldezation
only for points obtalined In Lhe precent irvestigation. Although
only two experimsntal poinie are awailaile from the present work
in the <=phege field the curve i: drawn through the origia and
a fourta polni,; at the <4.3pbase boundery, which muet agree vith
tie aotivity walue at tbe corresponding liail of $hs j3-phase
£islde For the renge of composition covered; the greph indicates
that solid selutions of siue in ocopper show cigative deviation from
Sdeality with the deviation @ecreszing with rising sing asontent,
The shape of the curve zuggeste thst 1deality may not be achiewved
belovw 100 atomic perocent, l.¢. unlike the liquid alloys, the
activity coefficient nowhere rises above unity.

Resulss of othey vorkssrs bave been superimposed on
Graph 9 In the +-pbace fleld, to avold confusion, not all
of the awailable data have been plotted. lHowvover, the large
ramber of plotted points, Anvolving several workers using e
v laty of expayimental methode, shows good agresmont with the
drawn curve., In the 3=phame fleld the soatier of reeults ic
somevhat greater bubt again fair agreement with the present work




15 exhiblited? Confirmition in the ¥-phace f£isld depends
salely upon tha results of Clandsy. Tha plotted wvalues,
whlch nave bien extrspalated {rom Ulander's e.m.f. mgesurements
ab 773K shov a sinilsy trend to those of the present
fnvestigation but vith & eertain diiference in numerical
value, particularly at the extremities of the phece fleld,

draph 10 shows plots of NGy ATz, end Al
agalnst Ny, The two partisl fyee eergy ousven show no
aboormalitics and will mot be discucsed fusrtior. As with
ohe ligid clloye, owewer, the psatial uwclar enteropy ahwe
characteristic dips in the 2 and wwphase fields. In this
ingtacce, w0 dipe, ob approclasetely 43¢0 and 47§ ctomic
percent sire reepecilvely, are precent in the peplase field,
vhlle that in bLhe ¥y~fisld oceure at about 61* 5 percent. This
pasttearn A= alro appirent in the plote of partiecl excess entropy
and portial heat of walution (Graph 11).

Tharnodymanic properties of soifd ailoys in the <=fisld
bave been sxtensivaly studisd, particularly in a recent
pubiication hy dzgeat and iakeman (9). Is the prevent
fuvontigation, thevefuse, only two < -alloys were included,
prinmzily o show that ths xperiassntal technigue guve results
in setisfaclory esgreencat with those of the many other vorkers
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in thls pheee field (Graph 9).  Consecuently, in Graph 11

conp rivon of antpopy and enthalpy walues with thoce from other
sources has beon mude only in the 3 and ¥~ flaldse Az vith
liquid ecllays, eonfirmstion of the trend of particsl excees
entropy and pastinl beat of solubion valuss &s uncertain. In
the 3 =field the yesulte of Bargresves and those of Geith and
¥raus (vith ons excepticn) show fairly good agreamsnt with

tho rgerent work. ¥hile the veluee criculated from (landex's
o.n.» metsuroncnde aye mich lover, thay show e sinmilar trend %o
those of the present investigsbion, with slight tendeneles in
theafy curves %0 a dowdle ¢ip in the A=fleld snd a single dip
in tha Y=field at cinlisr compoeildons o thoee given above.

As for the liquid allqys, the partind functions of
copper and Lhe integral funstlous,for both pheses,vere
onloulated froax the ngasurasd partisl sinc valuss and are reported
in Table 6. The eutbalpy values for all three are plotied
againet N, 4o Graph 16,along with the integral heate of
aixing derived by Kpbaschewski and Casterall (2), mainly from
Ulandes'a e.m.fe dnta. As anticipated from the ocomparison
already made with the partial fummtions oalculated from (lander's
ranulfa, ths intezral waluse of Xubaschewski and Catterall are
ocnniderably lowver than tho pressntly obtained walues, FHovever,




thos trends of ths rssults within eseh ;hesge field ore fairly
einilng, Thi:c applies more particularly to the yephase field
Lo vhidcih both sotc of values siow o sinimm at approximtely
Oe6d Wy The oinloua in the present recults is perhaps more
elonrly oeen in Graph 17 vhich is plotted on a cifferent veale
end which includes aiso plote of the integral excese entropy
volues. The sigrnifioance of the wariations of the various
pertinl and integrel tLhermodynsmic functious with eompocition
in dircusced in Pary 7.5
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224 Ssuszal

ixplacations of alloy structure are based upon the
premise that configuration: Send %0 positions of lowest energy.
The factorc which liait thic tendengy are determined bty the
$wo main chazacteristics of the constituent etoms, vis. the
atonic simes and the eleotronic configureationse Thus, the
interrelations of atoms in a condensed phase eare generally
held to fall into threes categories; one arising from sise
ocons iderations and two from electronic bebaviour. The effects
Adentified aze (1) a etruin enexgy effeot arising from
differences in atomic sises, (i1) an elsctro-chsmicsl effect
eontrolling the tendengy to bonding between the atem and (444)
a wmilenqy effeod which involves interaction of outer shsll

electrons.

Worikere in the field of eleotron theory have sought
$0 explsin structural effwcts interms of Opiliocuin-sones. In
thic theary atructural changes are reloated to the £illing of
outer electrunic energy levels vithin certain limited moncc.
Wien s sone, characteristic of a given structure, is filled
to such an extent that it becomes ucstable with respect to




Shat of a second styucture, vwith lower uifilled levels, then
reversion to ibe second structure occurce The rate 2% which
the oubter eieotron lewels will be occupiad, wvhen one metal is
alloyed with anobher, will depend upon Lhe wvalency of the
added metel. By thic means, certain statle phase otructures
in a nuabor of metalliic systets, h\clwnng.:/(:u eysten,

bave bwen mowocisied with fixed ¢lectzun/atom ratios, i1.e.
eisctron concentrations. The thewry takss acoount, Lherefore,
only of effect (4il) above, but appesrs to accord well with
sysbemm where the obosr bwu effecte are smnll. llowewver,
direch wxperimental cbewrvation, e.g. @antitative msssurement
of electronic evwlgivs, 46 soazce and the theory restc malinly
upon elrcumstantial evidances

An alternative approach, that of quasi-chomical theory,
considere only the bonding effect (i.es item (1i) sbove). In
thales treatamnt of solutions, interactions bhetween nearzect
neighdours oaly are ovneiderod ant the acouragy of tie rosulbs,
thorefore, will depeand uwpon iLhe relative importance o the other
%0 factors. Stroin snapgy offects, for example, must extend
bayond immadiats neighbours, partiocularly if there is a large
difference in atomic dimensions, iowever, as far as the
present investigation is coneerned, since the atomic racii of




bve

glnc and copper are relatively elose (1:37 and 1e2€ respectively
on the Goaldschmldt scale), this effect shoulu not be grest. In
contract Lo electron theory, at leastd limited quantitative
application of the theoxry can be made t© any system {ar which
eufficlent thermocdynamic date are awnilables, The limitaticns
in this cace, are to bs found in the numsber of systems for
which the available data do not egourd witk theory prediction.
iiovever, eince it iz intended to test at least to a lisited
extont, the quantitative applicition of quasie-chemieal Lheary

to the Zn/Cu system,using the resulte of ths preesnt investigation,
the theory iz giwen further consideration below.

When solid solutions of two metals A and B are
formed it is considered that turee types of bonde are present
vis. A = 8, A = A and B = B, and the numbsy of nearest neighbours
to each atom (L.0. the Co-ordination ‘umber) depends upon the
oryetali structure. Thus,atcme in a salution having a FCC
Jattice have 1< rnearest neighbours, a 3CC lattice 6 and a
CPH 6, with 6 more only silghtly furihsr off,.

Developnment of the quari-chemioal approsch to binary
solutions, which can be found ¢lsewhere (o.g. Swalin (31),
Guggenheim (3%) and Kleppa (4, ) results in the following
expression for the hex$ of mixing for a reactiom-
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%, atome pure A o N, atoms pure B = (3§ + N3) atoms ia valutich

Allg = By [y -y o )
where A, = enthalpy of aixing

i, ®» eathalpy associated with A=B bond

Ha = enthalpy accoclated with AeA bond

Hyp = entbalpy assoclated with 3«3 bond

Fpp ® mumber of A«D bonde.

Far an Adeal eolution,

Ay w 0 and, therefwe, g = +(\A * Hpa)
.0 the changes in interatomic potential energy of the Shvee
Wpes of bonds onugel out.

For a regulsr -amonas: s Q. Ia terme of
quasi chemicnl trentawnt Shis lmplics a guapletely randos
solution and, othervine, also unchinged vibretional entropy
of the camponcale. Thue Ppg can be evalunted from simple
statisticnl gousiiepations. IS oan De ghovn theg

Fap = ML

where § = atonio fraction of componsnt A

iy = astonic fraction of component B

& = Avogaiiyo’s mumbey

$ = go~ordinstion numbersfar A and D (sssumed equal)
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Therefore, Ally = M My2i [Hy; --’(“A * )
s Wlig2yV
where V = (i3 "}'(h ¢ Hgy)] w Anteraction energy.
Hore geeraily, with etroug interaction between unlike
atoms AHy 42 negative (d.0. g 4‘%‘% ¢ Hap) ) and can be made
more negative by baving “short range order” in the solution.
Thus Ppg dncresees over random welus, henco decreasing the
mixing entropys. lepulcive notion, on the other hand, Sends
% give positive values of Allg (1.0 Hyp> i(h * Hgp) ) which
nay be made less pocitive by "clustering® of liks atamsz, i.e.
decrecsing Pop comprred $o random value, but again lerding
to a decrease in N iy- |
¥or nonepeguliar salutions ihe relntionships are
more complicatod, e.g.
Pag = Wia2igld - tavp {exp. (<2 Rov/ . )}=2 )
sxpansion of the exponential with elimimaticn of terms of
highor order Shan sec.nd glvess=
Ollg & WQigay (1 - B ia}’_) ssseranss TE)
N TR 0" e V) coossssces (7.242)
Al g® -‘Ua“o‘(?- g QL) sssssssuss (Vollol)




The curresponding partisl propecdlse are glwen by
A& a ZI‘!oV:'!u {1 * (%L) & (1 - ”B)} ........(7.2.4)

£ = L oy { $EBY)5 1 - a1y) } ceeeresoes(Te2e8)

AT = 2wV { 204 @) 4a - m] ......0.2.0)
Shese relutionships being symmetrioal for both componenta.

As polnted vut by Hilliard et al.(3), with reference

—X
to equation (7.2.8), a plot of ‘9_‘."&. y 1.e. Lefunction for
3

component A,egainst d (4 = 3y uahoula give a vtraight line
graph if the quasi~chemioni treatment ir applicable. The
slope of tils 1ine is p—(0V)", from vaich a velue fur oV
can be founds This walues should agree with that founi fyom
2oV u_A_E::A'_ ot i (1 - 3y) w 0

'B

In order to test the appliecability of this %o the
present resulte,and to resulis from other alloy systewms, the
plots shown in Graph 16 wvere made. L -fuotior walues for
liquid alloys in the systems Zn/Cu, Zn/Sb, C& b and Tl/Aw,
and for selid L epbnce alloye in the smystem Al/Zn, taking
the fired named metal as the A componant in esch cage, were
plotted againct (1 = 3ily). in addition, a plot for the

Zn/iu system was nado conoidering capp-r as the A component.




The L =function wvalusg used for the two plots relating to the
ZnyCu aysten were taksn from the pressnt work i.e. from
Tebles 2 and 3,while those for the other systems woro
caloulated from values of partial thersodynamic functions
given Ly Kubnschewski anc Catterall (2).

It vill be spprecisted that, since the plots
representing the precent work aro derived from indiviouml
osasurenents and not, as in the other systems, from emoothed
recults, there is a greater dogree of scatter with conseguent
greater Jifficulty in determinin; thw straight line portion
of the curva. Howewer, in viewv of the fact that only limited
appiication is attempted it is conofdored Sint the streight
lines drawvn aro reasonably repreacsntative.

Iisted in Graph 18 are the walues found for the
interaction ocoefficient (HoV) from the slope of the straight
lines anv from the intercepts ab lk(l-]la).o. In oertain
instancese there are wide differences in the oV walues from
the two sourcos. This applies particulsrly %0 the 2n/Cu and
2y 5h eystems, Also, alShough there 12 betier agreenment
botweon $he two walues foun. for ths ¢opper component in the
Zn/Cu aysten, thero ic agaln a wide differenco between these
and oithor of tho values found for the sinc componsnt. Theoe




diserepancies are taken by the author as an indication of

the limitations of quasi-chemical theory when applied S0 the
systems concernods It would appear fyom the plots in freph 1B
that, vhere a small welus of oV (positive or negative) is
forecast Ly the slope of the line, i.0. vhere the X -funetion
values o not change raplidly wvith compecition and the system

18, therefore, not far from being regulsr (e.ge Ti/Au and A)/Zn),
then reasonable agreencnt between the waluss from the two sources
oan be expected. On the other hand, for systems (e.g. Zn/Cu
and Zny/5h) showing strong ioteraction between unlike atoms

(4e0¢ largs negative walues for YNoV), only limited epplication
of quasi-chemigul theory can be considered.

The foyegoing has taken account only of partial
thermodynanic propertles, but the application of quasi-chemical
theaey can also be cuvnsidered in terms of the integral
propertiss of a solution. Thus it can be seen that, at high
tenperotures, the second term in equation (7.2.1) becomes wery
small ani the equation approaximates t0 that of a parabola in
terns of ign if YoV and Z gemain constant.

Uraph 6 includes a plot of AR, values obtained from
the present wark, against Nz,. It is obvious from this, and
from Greph 7, that the results do not approximate %o a parabolie
relationship over the whole range of cumpooition. This is




also true for the ZySb system far which the AHy, curve has been
depavn in Graph 7, again ueing wvaluos from Kubescheweki and
Catterall (2).
A guasi-chemionl fype relationechip, which is

represented by the eguation

Sy = 6200 Nzgfoy - 2568 B iy
has been estimated as the best fit for (he results of the present
work and is shoun plotted in Uzeph 6 as e broken line. It oan
be seen from this and from Greph 7 that the deviation of Al
values, in both Zn/Cu and In/Sh syctens, from the typical
quasi-chenical relationship 1o greatest towards high sinc
contentee Alero it ir in this reglon of composition that both
systems show, with respeot to the activily of tho sino cumponent,
a change from negative 40 positive deviation from ideality.
This gonnection between &y, and Al 48 to be expected since
the bebaviocur of the sinc component must influence the properties
of the solution as a vhale,and result in a tendency to more
posiiive valuce of Al Time,a changing waluo of interaction
coefficlient is obteined and quantitative expressious for
evaluating thermodynamic properties, such as Lhose in equations
(7.201) % (7.2.8), are inapplieable. It scems probable alse
that eimilsar variations of the interaction energy betweon the
component metals ic pesponsible for devistions froa strict
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quasi-chenical bebaviour elsewhsze in the composition range,
thus aceounting for the non-quantitative adherence to @uasi-
chemical theory of both partisl and integral thermodynanic
properties.

lotwithstaniing the above conclusion, one of the
values founi for Hol wme used for substitution in egquation
(7.2+5) to obtain a quasi-ghomicsl curve for exceve estropy,
for comparicon with experimental values. The large negative
valus (vig. «1480) found from the slope of the gine -L=function
plot in Graph 16 was adopted sirnce this seemsd consistent with
a system showing, by the formatlion of several intermediate
phases, a tendency to compound formetion. As Aindicated by
Kleppa (4), the quasi-chemical curve obtainod, which is plotted
along wvith tho experimental Aggzn values in Uraph 4, must
follow a typical S-shepes Further discussion on the
structural implicatiuns of these curves 1z made in Part 7.5

Z:4 Goufiguratiopal and Vibpatiomn) Entreoples

Another m:tler of relewvance in this study iz thmt
the excers entrapy of a cystem oen be regarded as being made
up of two parts, vis. a configurational part and a thermal o
vibgational part. Thuc the configuratiomal pazt depends solely

on the distribution of the A and B atoms and would be sero far
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a completely random distribution, but lowered by the presence
of edthor siort range order o clustering, both of which
reprepent a departure from ranicmness. Vibrational entropy,

gn the othar hand, depends upon ihe thermtl motion of the atoms,
their frequency increasing (e.:s due %0 intermetallic bonding)
to give negative entropy devintions or decremsing (e.g. due to
ths precence of large forelign atoms or wacsncles,) to give
positive devistione. It iz pocsible 4O make estimationsof
these two types of entropy deviations separately, #.g. Astcm
from deteradnatione of short renge apder coefficlents and AS:'“

from calormetric measuremonts.

Z‘Q. !iﬁ"‘i cﬂlﬂs"aa g‘ znffﬂ alliﬁ'

&4nce measurements of thermodynamic properties in
Shis investigation have been confined to the partial functions
of one gomponent only, wvis. sinc, it seems a;propriate o
discuss the structural implicetions of these values f{irst.

The e, /conpooition curve (Greph 1) shows somewhat
unusunl behaviour in that a change Srom negative to positive
devistion from ideality at about O 73 4z, 48 zhown. In terms
of quasi~ghemicel Lheory, thiz implies a change from eascociation
of unlike atoms and negative values of heats of salution to
that of unlike atoms and pocitive valuss of heate of salution.
This sspect as already been discucsed in Fard 7.3.




Uf more significance, perhaps, are the fluctuating
valuoe of A8 5, (Geaph 4). As incicated in Par$ 7.3, the
quasi~chemical theory predicts an Seshaped curve wvhen Shis
quantity is plotted against composition. Comparison of the
experimontal ani quasi-ghezical excess entropy eurves in Oraph &
indicates that, if e mean curve iz drewn through the experimsntel
valuss, the quasi~ciwnical prediction is followed fairly
elosely, with the exception of the positive peak at about O-CIIZ..
As shovn by Kleppa (¢), simflar AB® curves $o that of the sinc
component in Zn/Cu alloys (vithout the dipe) are obtained in the
In/ib and Cd/Cb syctems. For comparison, all three systens,
with the Zn/Cu dips in broken line, are shown in Geaph 19. Thue
1% ceems probable that the high positive value of A8 g, in the
Zn/Cu systen is s real effeat vhich requires explanation.

It oannot, of couree, be explained in terms of
configurational entropy singe both pocitive and negative
deviations from ideslity represent a departure from random
eixings and hence a decrease in entropy. Thus, K ono must conclude
that the vibratiomnl oontribution to the tobal oxcess entropy
hes suffered s suiden increase. This correspondes, 38 pointed
out in Fart 7.4. above, t0 a decreanse in ths vilrational
frequency of the atome which oan be brought about by defects in
the arystal lattice such as impurity atoms or waecsnt sites.
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It ic interesting to note, in this connection, that ume-~Fothezy
and Haynor (23) state that, in the solld alloye of copper and
sine, beyomd the sminc-rich boundary of iLhe Yephase ag about

17 eleotzons/atom (1ees O~70 liz,) & nev phase (5) furme which
bas a structure based on BCC lattice but with numerous atomio
sites wvaocant.

Kleppa, vith reference to the &n/Sb and Cd/Cb ourves,
suggests that the cunfigurpational entropy deviations are
superimposed on large positive axcess entpopy terms which,
presumnbly, are due to vidlsratiomal consideratioms. If, therefore,
an overall positive vibrational excese entropy of approxisstely
15 enls/degroe were subtrocted from the ;lotted values of the
n/lu systen sero gonfigurational excescs entropy woul: ocour a¢
o608 Nz, Le0e¢ at approximotely ths composition in Graph 1 whepe

Yga (= %2‘; io onss This implies conuilstency between the
medsursd amhmd AE,,, vaiuss, al least at tilds polat, since an
ideal colution, for wilch Y is unity, must cleo be a rogulap

one, for which Aﬁ' is sorc.

This lowering of m&xm valuss by 15 units also
obviates explanation of the emali poeitive Sz, walue at
59 lg.. However, there is at present no experimental)
evidence to Justify the sublraction of thie arbitrary quantity




frca the Aﬁ'z‘ vaiues and it 1: only farwarded as s matter
of interest.

The other features of tLhe exoese eniropy curve wvhich
zequire explanation are the dips ab Oed48 Ny, and Ue@2 ligy,e
IS seens reasonable $0 assume Lint they show a tendengy to eompound
formation which would reduce both configurationmal and vibtretioml
excess entroples. Again, there appesrs to be heze a distinct
link with elsctron theary since these compositions correspond
to the electron to otom ratios (d.e. 148 and 1:615), predicted
by the filling of energy lewels in the appropriate Billouin sones,
necesgary for the formation of the /> and ¥ electron eompounds
respectively, in the #0lid state. Since the present results
refer %0 liquid allqys it may also be taken ag an indication
of the extent to which “salld® structures porsist above tLhe
melting point.

In epite of the foregoing discussion, the writer is
of the opinion timt it ean be misleading to consider only the
partinal therrodynamic propertiee of a systen when seeking
structural enlightemment of the sulution ss a whole. Thue,
when the integrel excese entyopy curve is plotted (Graph 7)
it can be seen that the peak aoccurs at 083 'z:: vith smnll
positive waluss obtaining between about 0-77 Ny, and 1400 Hg,.
One mast,therefore, poetulate an inoreasing contribution from
vibrationnl entropy in this composition range, which, howvawver,
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does not fit go well with known structural chanzes(i.e. cccurrence
of § ephuse "dafect® structure) as previcusly postulated for the
partisl valuss. Un the other mnd, the above cosposition

sange is wezy cloce 9 that in which the activity of the sinc
cumponant shows positive deviation fram ideality and a oonnegtion
betwean incressing activity and incressin; vibratiomal propertiss
is suggested.

Aparb froa Whlg, Lhe partinld and integral thermodynamioc
pruparties of a golullon sre rigldly linked Gy ihe Gibbweluhem
relatdonaidp aad variatlon &n one mast lnevilably be refiected
in thoe other and explicable structurally in the ssae teras. In
erder %o dovelop thils dlgousseion further it is proposed
exusine the wariation inAH, walues alocely.

The values of partdal and inbegrel heats of aixing for
ginc/eopper solutions are shown in Graph 6, but, in Grder Lo show
tho variation of AR, values more clearly, tbe larger sgole
plot shoun in Grapi 8 has been consiructeds In this, e
continuous line hue been dpawn through Che results from the
present invegtigntdon while the Wwoken line, ¢howing the overall
treoud of results, reprecents wiaat the autike proposes (o o2ll
the "uinimum eutimlipy® curve. It will be noted tlwt up to e

ompueition of aouut Ur4d Ny both crver are oo-ingident while
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beyon: this they touch only at certain oompositionse Thus,
between about (r4) N, and U4l ly, tie messured enthelpy waiuves
doviate incressingly in a positive fashion from the winiszum curve.
Beyoni (45 i, this devistion graduslly diminiches uatil
conposition of appruximetely (49 N.n is reached, wlen once more
ninisum enthaipy i suchieveds Cimilarply, pocitive devistion is
again regirtered at 0+85 Hy,p Plsing %o a naxinum at - 60 Non
before falling back to the alninua curve at (+63 Ng.. Minimum
enthalpy is mointained Lo W6d Uy, wiere, ouce awe, pocitive
deviation beging. B eyond Shis cumposition, due W lack of
experimental points, the plot af L sctual weluos is uncertain,
axaeept that it does spprear to 2chieve a third minisum st about
83 Igye

Since the first two minima in the experimontal Ay
ourve ocour approximmtely at the centres of the O and ¥ ephmse
fielis respectively, in the solii sinc/oopper system,anu the Shird
approximately in the centre of the C -phese field, it is euggested
that there ie nleo one co=incident with the & =phase field
i.0. a8 about 79 Hyn. I8 can De seen that the valuse of
049, 0063 and 7 iy, correspond approximiely W the crivical
electron/atom ratics of 148, 1615 and 1+75 postulated by
lame-lothery for the farmation of the 3, yand j-phises respectively.
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Included in Graph 8 ic ndso an enlopged plot of
integral exce:s entropy.valuss. As expected, since the integral
exgese free energy walues exhinit a savoth waristion with composition,
theAd", ourve shows @ similar pattesn of behavicur to that of AR,

In termc of quasi-chemical theory, the positive
devistions of Hy from ibe minimal waluss can be sxplained by
poectulating increases (i.c.« decreapes in negntive valus) of the
interaction coefficlont, vhich, of course, are equiwiont to
decrenses in the nusber of AeD boudse Thus, assuaing the
varintions inAS'y 0 be due to configuratiomsl changes only, we
find decrences in opder, l.e. tendencies Lo mare rendem distribution,
between ths compositions at wiich the enthalpy achlews a miniaum
velue. It would appecy, therefore, that the bulld-up of "excees®
enthalpy detween ths stable phaces 1s scecunmcdated Ly establiishing
greater randomness Af solution until sufficient enthalpy is
accumlated to stabllise » nev "ordered” structure.

Alternagively, the "exceas" e¢nthalpy oculd bde acocamodeted
by the electrons giviag rise to increased vibrational entropy.
On the bmcie of elactron thoory, filling of clectron lewels with
increasing alectron concentration resulta in ralsing the electronic
enargy, a8 a particular sone is filled, until new lovar levels
become awailable once the gone boundary has been overcoms.

Howewor, elither expianation for thoe ogcwrrence of

®"excese™ enthalpy Aincicates that the critlioal compositions, ar
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elsetzon concerteationg, are those correspording to ths maximum
devioations on theQ By enc AB‘. curveg, These comporitione, at
045 Nguo 0060 NHyp, 0068 ¥y (7] and 078 N (?), mexk s
yodata 28 whickh rewezsicon 1o Lhe zare stlable sszangements
bogins. Alco, 4t ¢an w cuggected tmni, fur any given biaszy
eyoten, Lhsre may be g guantltative rel:2tdonshkip batween ths
minlsuz esthalpy values acd the lovest energy levels availacle
fur sleotyon accemnodation.

o meoount for the variation of the partianl
thermodyn:mic properties on the same bagin ar the integral
values, one ir foroed b0 think in terma of vibrationnl rether
than configurational entrapy eince 1% cogr no% szem poseible to
account for onz ¢oamponent becominz mere randomly dlspersed
wvhile the other Becomes lase randomly dispersed, as sugjested
by the particl curvee in Jpaph € On the other hand, it does
peen reagorable %0 rostulate that the incremasning and decressing
of Ay with respect to the alndmun walue in aseompanied by
redistribution of vitwationnl energy hetween the ccmponant atoms.
Thue, graph € wmdd indionte that, at the compocitions
corresponding %o the critienl electron/atom rntics, the oopper
atome $Ake more and the ginc atome lege Shma thelr wighted
shares (1.0, accordin? to the relative nrcpertions of the twe
etoms precent) of the tofal vibrational energy content. It is
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mge dirficult to postulate,from the shaps of the cuzves in
Graph 6, SLot, at certain points botwse: thsne ecompositions,
ths reverce holde, but shics may elso be true. Finndly,
vhezelfcore, 1L any prove prafitable o0 abtespl messurement of
alecizonic enargles with s view to disgoverin: more about Lhe
poselble ehunging potentislz of the constituent atoms In Lhe

solutfon.

In genezal, the resulis cbbained frum Che cCetarmination
of partial thermodiynanic propesties of solid aliays show
similasr trendie to Lhose of the liquid slloys but with certain
differsnces. For instance, althaugh no alloys bayond (»68 'm
were used in the deterninations 46 would appesy, from Graph 9,
that a;, values eontinwe %o show negutiwe deviution froa ideclity
in the § and cepbance fleldee Aloo, sxcens outropy velues
(Upaph 11). while stiil exhibiting charsoterictic dips in the 2
and X phase fields, tend to hawe wxe poultive values than
those oi the corresponding liquid allgys. Indeed, it would seem
that an oﬁren vibratdonal contribution must bDe preseut,giving
posiiive values w&?z‘ except whers, for configwation=l
rassons, dipe ocowr in Lhe curvese Cince, Lhowewsr, Luese excess
entropy vailues are related o noldd sing walls Chose of the
liguid allgye are reiated o liqui. sino, Lbhe resulis for the
two states are not direct.y numerically comperable.




¥ithin the Y-phose flsld in the seild stete, ths waluse

of toth pertisl excess entropy (A?.“; ard partisal excess
enthalpy (A?lm) ehow xRy clallsy Sreucs 6 Chowe of bie

crresponding liquld alloys. Thus, a ailalazua cecuss at adouat 0061 Sz-
(1.s. colncidens wiih the eyitloul elsctyoi/etom inh seguired
for tha forwillon of the appropriate electron compound) end a
viry algh value al 086 &y . Tude latier peak can again be
expluined by pombtulativy hat the defeet etructure, sai: to ooccur

Just beyond the sinceriech boundary of this plmm-fhld' » results in

an lucrenve in vibeational enirepy.

Un the other hand, the pattern of resulte in She [3-phise
field 1s mores difficult to exploine. In this cage Lheze are two
dipej at Ce43 and 0+46 N, roopectively. I% scems logical to
associate the seconc of these, np in the liquid allaye, with the
eslectron compound predicted at the elegtron/atom ratis of 1-46,
at the firet doe¢ not correupond $0 eny previously poctulated
eritionl conce tration. Althouzh 1t ir pazeibla to porutulate
8 double build-up of e~thalpy, e2ch followsd by a relessse to
lover energzy lewelr, witkin thic :inz)le phece flald, it i=
ooncidersd mare 1likely thet the fiyet dip s spurioms. It wild
be noted from Twaph 1C thet the formeifon of thi: dip derends solely
wpen the determined entzopy waiue of only cme allgy in thde
investigation 2nd 18s sxisrtencs, thrrefore, 1s comewhat doubtful.
in view of this, snd Lhe previouely discussed dizerepancier with
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Ulauder® & reeulioy 4t lo considered fhut further’ exper Lnentation

with p-plsce sllgys Lo deslzeblas

liowgver, as Defure, 1L sesmc @ure rd.cwmni $o discuss the
partial propertics of both compouents ondy in their relaticus
o Ube integral values. (uus, L turee sets @i unthelpy
velues are chown piotted in Uraph 16 fa botn 3 and ¥-pheded.
A® 4n he liquid alloys, she fluctuations of the parvial
propsrties must surely be explained by changes in ilhe
distribution of vilwntiomi energy Letweea the commonentia
Un the other band, duo W thw Lnlervening two-phase flelds
botwsen eolic pheses in a ayeten, it 14 nol pocsihle to
dizeuss varlaotions 4n the Intagral propartles in the sams

manrey ae the Jiquid elloys. Integral enthalny and excess

0Otropy waluve are shoun plotted on a diifereant soala in Graph 17.
From this and from Table 6,1t 1s clear thot there are unly
siizght jeuvencles to minime In ‘he ourves an! agrsemsnd betuween
‘as mindms An enthedpy nnd eolropy walues 1o 504 eloss. Thus,
1o the RBephase Llald tha ninlsum enthaldy occura at about

0048 Nz; aid misizua excoss snlropy at 0043 Iy, , while in the
Fepbaco fiald ths minima occur nt Ce61 and (43 Uiz, respectively.
L1809, it will bi notad that the intsgral cxcesa andiropy values
for the S=;hace alloys are slighily positive throughmt, while
thoss for the ¥-phase alligye are alighlly negzatiwe throughous.

It may be construed from this, assuming equal contribeatione from
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vibratlicnnl cources, that they-pheee alloys have lover
coafl upsticra) entroples, l.0. increased order, Gonsistent

with thely ztronger intermetallic banding tendencies.

she faregolng shows tLonl Lt Lieg not wer poscible %o
subject the resudts frzua Lhe detorsinailon: mnde on sulld allays
o G same cetailed unalysis ve Ghose {rum Lhe llquld «llays,
levertiuelece, the slmdlarities which do exlet bDetween Loth
~eqts of recults sungent that the analogy ic velid and e fulure
aloser stuly of the soldd alloys iz con sidered wortiwhile.
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kot § - SUBULL AW CORLUSION

Sad.  Summarx

The present inwestigation has been concerned with
the measurement of Lhermodynamic properties of sinc/copper
alloys in the liquid 2nd soild statos, and with the inter-
pretation of those in term: of alloy structure.

A conventionel dew-polnt technique was used to
determine, initislly, the vapour presawre of the sine component
at a mmber of temperatures and, from thece values,
thermodynumic functions were calculated. For evaluation
of the wapour pressures the eguations of Kubaschewskl and
Evans (16), relating the vapour presswre of pure sine in solid
and liquid states to temperature, were used as a basis.
Comperison with ths pesulte of other warkers, reoalculated,
vherever poscible, to the same besis, was made. In general,
falr agreement with previcus work was obtained but with certain
differences. In the liquld state, for instance, a change from
negative Lo positive deviction from ideality vwas noted in the
8z, / iz, curve at high sinc contentss, FPreviously, negative
devintion over the vhole compositional range had been reported.




Also, characteristic ninima and maximo were obtalned
vhen AB“ 2n valuse for liquid and soldd allgye wvere plotted
against composition. O(ne of the:e ninima, vis. that ocourring
ad ‘0-43 I.,“n in the salid alloys wne oonsidered difficult to
oxplain and probably spurious. Otherwvise, the minima ocourred
at compoeitions odorreeponiing appraximately to tho centre of
the 2 and > ephase flolds and were assocliated with the critical
electron/aton ratios (1+48 and 1-515 respectively) required, by
slectron theory, for the farmmtion of the aprropriate elsctzon
compounds. The pesk positive wvalus (i.e. the highest maxirun)
in thoA'ﬂ';;n ourve for 1iquid sllqys, which occurred at (»68 N, ,
wvas found %0 have analogies in at least two othey binary systeams.
(vis. 2n/Sb and C4/5b). This positive value of AB g, was
astogiated with an increased vitrationnl contribution to entropy
and linked with the previously reported defect etructure of the
§ =phase.

wantitative application of quasi-chemioal theory to the
partial and integral thermodynamic functions wne attempted and,
after comparison with other cystems, reasons advanced for the
limited applicadbility. liowever, qualitative application,
particularly when integeal properties were considered, was pousible.

The partinl thermodynsaic functions of the second




coaponent, vis copper, were osloulated from the Gibbe-iluben
relationship and, thms, integral propertics abtained.

For the 1liquid allaoye all tlwee functions wvere compared end

the conciusion drawn that, in gertain cospositiona) regions,
there was = build-up of “excess® enthalpy (stored, probably,

es vidtwationn]l energy) vhich was relessed again to allow the
*ninimm® valus to bo resched at fimed compositions. Those
campoeitions were found % co-incide appraximately with the
eritiocnl electron/atom ratios necessnry, according to slectron
timory, for ibe farmetion of the 2 and¥-phases in salid slloys,
but it waes postulated that aht-}}\liinuul' compositions were

thoce corresponiing to the maximmm builldeup of excecs enthalpy.
In addition the varintion of the partisl properties in the

zeglon of thece gritical cumpoeitions suggested that the

releass Of the excess enthalpy wvas sccompanied Yy a redietribution
of the vibrationnl energy between the two componants of ihe
solution. Because of the close appraximation of the compositions
at vhich sinimol wvaluss ococurred, to the centres of the 3,y and
¢-phase fieclds, a fourth miniaum, corresponding to the unexplored
S-phase fiell region was predicted. Also, the existence of
these minime were taken as an indication of the extent %0
which®"salid® structures perciot 2bove liquidus terperatures.




83S.
The above postulations and the link with electron
theory were lece clesrly spplicable to the sulid alloye, but
sufficient similerity existed to suzgest thnt complete
analogy may be established Ly furthor study.

$a s Lonslusione

Structuzal features arising from the elloying of
sinc and oopper are reflected in the thermodynamic properties
of the solutions fagrmad. As fup ag the partisl functions
are concerned, the correlsotion ic somewhnt linited and mey
be mislending but the petterns of the integral enthalpy
and excess entropy waluss are wery characteristic and capabls
of close carrelsation with structure.

There io eviience that, in the liquid state “"solid®
structures poreict ani, for the formmtion of liquid, and
probably solid solutions,a mininum enthslpy can be postulateds
Positive deviatlion from this, which is asgociated with an
increase in the vibrational energy of the sclution results from
the necesscity to £ill the higher electron energy lewels in a
Srillouin sone of & particuder structure before further lower
dewvels become avallable, with the stabilising of & new atomic
arrangemsnt. In addition, accompanying the farmation of the



new structure, thore ic a marked redistribdbution of vibrational
energy batween the two componente of ihe solution.

In ternsz af quasiecheniesl theary, the positive
deviation of the entbalpy iz eguivalent $0 a decreass in
the negative wvalue of ths lateraction cosfficlient but, due
to a gystematic varistion of this coefficisnt over the whole
rangs of compositlon, no quantitetive calicuisbions, on tals
basle, oan be made.
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Calculation of Ject Ltraight iine for log Pin = A o *

Qamle v Alloy Bl = 0890
]
Lesult T ) § 1 b § 4 X g Cons tante
do  [(K) | (4 x20) (logpyy| @) | (x20) |ctate Found
) 1262 7o 923 893 | 22+92) 62774 L
& (1225 | eeaes 20742 |220386 | 66651 | I |A = 74573
3 4163 6453 «* 578 <1792 714453 i B = «5%1)
-] 1154 8+ 666 2045) | 21+240 752100 %
naé 2| 330206 10664 | 682339 | 275978
2 -T 4081 Ge 251 0BS5S | 1ue2B8 (5561 | S
L 1048 9 543 1693 | 18065 €1:-069 | O A = Be 504
1 1004 9 863 1667 | 16442 97279 | L B = =693
[ ] 7€ | 10220 12422 | 14533 | 104-448 1
7 941 | 10630 14130 | 12002 | LA2997 | D
| [
a=$y 2| 49« 507 60197 | 6,340 @ 461374 | |
- & [
8
XX m AZX o B>X
YT =m nA ¢ BXX

For solld state,
00340 = 49-507A + 49374 xlO B x §

6el97 = SA o 49507 x 10™B x 4%507
401°70C = 247°535h + (s2456670 B
405809 = 247-535A + 02450943 B

“+109 = * 0005927 D

B = -0933

A

!.19__:_?"' H" £ 20% 3 69

Similerly for liquid state.




ALLCDL R, 8.
Ssterningtion of Coprections to Lesulte of Okhex Workers
e Yapour Preggure fislationebine

-5
Relationships 10¢ Prpn(my) = A o g ¢ ClogT « D20 ¢

1A (1234 | 6620 | -1+286 ~ | FKubaschewskl end ‘wane (38)
18 1124 -8850 =00 755 - L ] ™
2A 120449 | =6678 | =1274 - Chiotts and G111 (19)
2B | 9024 | 6865 | <00 1913 |=0e 262 . " I
3 (1200 | =6670 | =1+126 - Fubaschewski and Evans (26)=195)
4 | 8095 ~6150 - - Landolt = Bornstein ﬂ’ ‘
" 8168 | 6220 - - zcr(zv,mdum omotM
7+ 996 | =050 - - Schosider and Schmid (10)
7 | 8240 | ~6193 - - Everett, Jucobs and Kitchener (7)
§ |Values of log from their Herbenariieberts and uffendeck (12)
¢ fielationshipe ured in obtaining conptants 4 end Ba=-
m pz"(-) = J2+0l8) -~ = 1081 m T 1’?55 x lm TR
Zwvaparation)
lo. ’Zd-) = eilw - oooooooo.(“@ld ”'. .W“K)

10§ Pyn(e) © 12904 - .I‘ll = 10208 log T(" 692° = 898°K)

2¢ Comparison o{rloz PZa values.

b 3 ¢ dog Pza(mm) from relationship
A l 2A 3 4 l s* 6 7 8

“6B0 | =or 950 XN

730 o0 B2 | 0| =00 36) | =00 38) | =358 | =290 | «(» 243

7656 0= 087 00 058

766 =269

800 O 22 | UL | #0398 | OeqU7 | =388 | 00435 | 0322

849 O 666 O 847

850 0676 885

900 12276 | 10265 | 010263 | )e262 (1282 (1276 | 1289

0z de 366 i 1+38)

1) d+ 565 |

930 3+633 1626 ’ !

72 1779 ; ) 1776

2000 (1°955 [ 1°949 | 1:952 | 1.945 1-90; 10948 1947
100 & 717 : ?

Q200 (20959 | 20061 | 20977 | 20970 | 2:980 |2 956 | 20979
1300 [3°339 | 3345 | 3361 | 34363 | 3378 | 3243 | 3376




3. Carrections %0 piulu.s

90.

Hesults of :acmhgan- log Py, ¥arge Cagrection applicd
[ ]
_m - st

Arpent and Weke~an 3 «0s 999 S0 ~-Ur36) o0 085

«+361 " 0-393 «00 035

303 " 0855 «» 029

0885 " 1263 U 15

1:263 " 1626 +» R0

1:626 " 1.9852 +00 VOB

Seith and Kreaus a4 Qo307 ® 2007 o> Q30
_h‘ s Iwed
Haz greaveo 5 2263 " 20009 liesults recalculas

from knoun values

PRI & SS——

Sohneider and Sfohmid ] 2e28) " 2872 adl
‘* g - e e
Everett ot al. ? Valuesof p,, only
ocaxrected

Herbenaret al. 8 058 " w269 0 (15

00269 ® 0847 0 020

847 * 1381 +» 015

1:381 * 1-555 «0» Q10

1:555 * 1776 +00 008
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&etalle of lncrpedvninde Caleulitions

Using Subaschewski and Avane' equations 1A and 1B (see Port 4.2.
and Appendix 2) =

log pwu!(liqnd state) = 2:959 mm

g Pyyjocx(salia  * ) = 2717 m

108 Pznd000°K( *® * ) = 2125 m
log @gq e :mm = log py, = 16€ Puge

e AL yBE - 2989 ...(for 1iquid alloye at 1200°K)

® Ac e &" 2*T17 .oo( . solid " " M"l)
Bs

As p—— LD ] ceoe . - " . m

= . ( )

where ALand BL = yonstants in ecuation log Pin ® A o ? for any given

in liquid state.
Asand Bs = gonstants in equation log pypy = A + & for any given

alloy in solid state.
2. Pastial Fres & ¢ 24
AaZn = AT ln 8o
= 5,49 loga,, ...(far 1iquic alloys at 1200“L)
= 5,083 log &, eee(" salda * 1300°K)
m 4,575 log By, e " ° "  * 2000°K)




e A
A.izu -
L

. 4 (Ang)
ds
- d[€575 7T (ﬂ Pza = 198 Pzo) |

as
. e5757 (log Pzp = uation )]
[}
A[4-5750(A + £ = 12034 .ﬂiﬂ e 10255 log 1)]

4
> 4575 A o 56458 « 5742 log T = (#4343 x 5742 ¥)

® 4°8575 A o 360281  seeso(for 1iquid alloys at J20UK)

alees75T (A o rl. equntios 1B)]

R i S e o S

das
. des7ar (A .i- 126 o BR . 0735 2og 7))
das
«4575A ¢ 300560  .oes{ for salid allays ai 1000°K)

Cimilarly,
£0(g) =

.'.AO(S

o)

RT in P2n. = 4575 T(log py, = equation JA)
55T [A 08-12-36 . !# + 1°255 log T]
o575 T(A o8 e 22020 o DR . 0785 10g 7)

4575 T[ «del0 = 3’9 * 00500 log 7]
e 779 onl uooo¢(ﬂ‘ IWO“K)

A§(L, W e 4e5A ¢ 500456 « 5742 1log T = 204W ...(sse 3 nbove)

- 4e375 A o 36736 ooo-oo(lt 1000’1)

A.B—(.) m * 4575 A o 39’“1 0000000000(... 3 &bo")
..OAKLS—L). + 2825




From ilaynor'e equilibr fun disgranm for the zinc/copper
system (23) the following conjugate compositions ars in

equilibrirvm -
e 100G°K 1100°K
a2
luq - v _ﬂ
. % } L u
on u - n
%o =
i o
X O350 | U880 | (=538 Qe 38% | =687 | =499
I o408 | U505 | Oe881 0383 | Gedld7 | Ce 2
Vs R 323 | 0e@77 | 20095 00554 | Oe446 | Lo2d2
- l Qo575 | 0oz | 1350 Qe 500 | GeadO | 10439

A = phaggi= A% phase boundary, :Wtu =z
X
DG Cu - - ﬂzv?tu . Q(A—d.&‘)

Sy
2y ® O

n-{Aru]:::j::: 2::: «+o{at 20008K)
m ~685 oal oooao(nm Graph 12)

iy 0 ... (a0 12007
b - [“..]'Wt: au Qo 000 (“ )

= 830 oal «.eee (Fzom Graph 13)




&-
3 = At/ pbase boundary
N L o

X

a3
= -85 + 4,575 log S-EE
= « 708 enl
or «830 + 5,033 log -
z = 660 o3)
For other compositions in Se-phace Jiéld

i
AT il i "Wt- &AT z0)

Nan/ = @8]}

@ » .‘[3/)% + X phase m:zzrbn -

Aﬁxgn = =700 = [“..]“Z"/ftu o Os6E1

s =709 -~ 1009
s < 179 gal

Noo/Mo, = 10242
ar - 660 = [”“J.W:: a 0621

= = §6C = 1360
s = 2020 cal

4.

co-.('.. Pozd ‘.3.}

oooo(l‘ 1@"!)

e oc(“ nOU"K)

oooo(at 1000“!)

essnee(Gxaph 14)

P {3 1100K)

ocooo(k.ﬂh i)

ewse -(“ ICXJO“)

ocoo(ﬂt BUO"'!!)




95
&-
& =pbases~ AtLphe.ae boundary,

AE’C’ = A?Cup ¢RT 1n Cup. eeecfgoe Part 4.3.)
s 1798 ¢ 4,575 u:%’g eeeo{8% 1000°K)
= «1569 eal
ar - 2020 + 5,003 log %ﬁ% eseo(at 1100°K)
= = 1,635 eal

For other compocitions in ¥ e=phase field at 1000°K

-x o . i Yoy = ¥
yaN -l 1569 } Sy . d(é?..;xz:;)
fizn/ 0 ® 1+ 350
s =15690 - [51'63] 'Z!V:- ::.350 .....(Graph 15)
n

NZn/Tgy = 10439
Aﬁxcn = «}509 - [Aroa]:zzl‘/zbu = e 350

= - 1569 - 210
= -1’779“1

and, meking use of equation (4.3.3)

Ag‘b‘n s e mﬂ].m.,! '-Aix JU0°K )

w ¢ 1835 = Q779 =  +0+56 oal/deg
For other compositions,

. Sanfloy = ¥

nz’\/ Cu: d@'Zn)
Vn/igy = 10439

Aitcu = ¢ 056

(Graph 15)




Notes= The unite used in the fallowing tables are

as followes~
Temperature by ¢
Vapour Precsure = lig
Free inergy caiories
s“nthalpy oalor len

snteopy calorics per degred
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