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SYNOPSIS:

As part of a programme of ctudies of the thermodynanic
properties of #lloy systems, meisurements heve been made of the vavour
pressures of a number of pure metals and their alloys. The torsion-effusion
‘echinique has been employed and its applicability %o alloy studies has been
demonstrated. New vapour pressure measurements have been mude on solid
cadmium (48C - 570°K), liquid bismuth (820 - 1010°K) and 1iquid thallium
(780 - 92OOK) and the results zre assessed =nd compared with those of other
workers. Bismuth vapour pressurcs have been measured over o wide range of
liquid silver-bismuth alloys and the results used to comnute ihe thermcdynamic
nroperties of the system at lOOOOK. The rather unusuzl characteristics of
these are discussed and it is sugzested that thev are attributable te the
change of bonding and co~ordination of bismuth on alloying. A similar
evaluaztion of the thermodynamic'properties of ‘liquid silver-lead alloys is
also presented and discussed. Preliminary measuremerts on solid and liquid

silver-thallium alloys are described.
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. Intrenduction.

Interust in the thermodynzmic propertles of alloys znd their
relation Ep the character o; the commonents hac stimulated experimental work
in this field. The degire to corrcleis cxperimental heats of formation with
proposcd theorstic:) models has resultsd in a rscent emphnsis on ucoeurate
calerimetric studies, since those yield more reliable velues than are normally
obtainable using temperature coefficients of equilibrium measursments, Rowever,
there remains considerable scove for equilibrium studiezs, for the frse snergles
of formation of few system:s are thoroughly est-slished. FThile these are of
dircct significance in relation to alloy equilibria, the entropies of
formation obtainavle by combining them with calovimetric data, or from their
temperature coefficicnts, nre, like heats of formation, of great fundamental

intercst. Az part of @ programme of such studics, vapour nressure measuremonts

arc beiny made over various alloy systemo,. Tor the dvrivation of the thcormedynu—
mic properties of the alleys by this means, an accurate knowledge of the absolute
vanour pressures ¢i the pure volotile componcnis is essential, Since. the
vapour pressure data for many metals arc sparse or contradictory, an

cxperimental re-~xamination of the purc component ic oi'ten a necessary
preliminary to wor% on the alloys. The presani repert summarizes the resalts

of such expsrimental worit on four purc metals and three binary alloy system:.
While a few measurements huve been made using an elomentary Knudsen methed, the
major part o1 the work wacr done using the torsion-effusion method, This method
hus the advantage of giving a dircct, unambiguous measure of the pressure,
indcpendent of the atomicity of the vanour, which is itself = variablce with

some of thc components studied.

2. 3Syperimental,

5 dctailed description of the apparatus and a discussion of

e

. . - 1 . . ps
the technique nzs been published cloewhere T3 a brief nccount will suffice

nere. Specimens are encloned within o graphite efftusion cell suspended,
cnslde a vertical vacuum chamber, from a Tine tungoten wire, The cell in

savided with two similar orifices, whieck are so disvosed thuat the effusing
? h L

vanour cazuses ~ rotntion of tho cell about the ¢xlg ot susponsion, the

ot Available Com
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the orifice length »nd radius resnuctively), valucs nf‘; can be satisfrctorily

a1

obtainced from the cquation:

} + 0.2982.

oL

T

' L 2
. = 0,0147 ( =) + 0.349
% = ‘

Thig relnticn has been used in the present czleulations, Hensurenents were

@®

made on opectrozsconical pure meterialc, Vhere solid specimens were studied

these were usced in .. finely divided form, Alloye were prepared direcily from
the componeut metnls, The approprintc amounte of the pure metnls were scnled

together in silica cupsules under ¢ low pressure of purified -~rgon. They

-3
jo
(&)

were then melted by placing the capsules in a cimple recisionece furnace.
alloys were naintiined ‘n the molien state for anproximately one hour,
shaken vigourously several times to ensure mixing and finally cuenched into
cold water, Smull pisces werc cut from the resulting homogeneous ingots and,
e

after carefully cleanins and dryiny, loaded into the effusion cell. Chemical

analyses were made of camples of the original ingots =nd ~lso of natcrial

token frow the cffunion oell ~fser the experiment: it wos found that composition

chanrren during the run wvere insigaificent, This was achieved by keepinz the

dur~tica of individusl runs short und oy us‘ng ~lloy cenples of about

. Trestment ol nesults,

observed vanour prescured scnerally anproximated to the
usius="lancyron relntionshin ané crc, theretare, exprzaced by eguations

At Ehe Uorm
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Deovocriisients A0 omd 4 vere o lueted uning the method of le: ot zquares,
Tn othe ¢ se of the pure setals: as o checl on thelr eonglstenyy, verage vielues

. . . . . ; .~r' R i
il hont off mublime Vion,  FNE Wave alen boen calouleicd frow

OB

- n

ciesl results usine the Third

me bhiod,  the relovaent

the various expor

thermodyninmic 4 ta belws taken from Chull

“or the wileoyn, the results have beern used to compute Lhe

3 . K r M i D ~ 0. B 3 (. T
thermodynamic properties of the licuid phuase at 10C07H, Aetivitics -nd portinl
free encrries of solution of thu volalbile comvonent have been caleulated dipectly
from the observed pressurcs, using valucs for the purs component obbsined in
= s milarshanner, Correeponding vazlues for the silver component were

s . , .4 \ . .
evalunted by means of the a function™, The volatile partials were
exbtr-»olntcd smoothly to NA? = 1 lor this purpose, thus the supercooled 1liuid
&

ig odomted as the standnred ctate Yoo the silver comnonent. Virdlur prrtisd

: . .0, v
re czloulated =t 100C and 950K and snmoothed valuws of these

f'ree cnergsics

vere asced to cstimate wrertial eatropics st the intorasdi ste tempersture of

c,. . ) . ) . . . .
10007 K. Pert’ sl Lesin of snclution were thoy snitimeted using the Gibbhs-leluheltz

velues wors obhiined by the uoual summation of purtinls.

rel-tionshin.

4. Result: und Discuscion,

4.1, Golid Cadmiung,

tleasurcnentis werc made of the vapour preszure of solid
: O . . . . :
cadmiun between 480 nnd 570K, including a few obzervations using the Knudsen
method. The values obtained with the two indcpendent techniques arc in foced
axreement with each other, The coefficients of the vapour pressure-temperature
cquation obtoined by treatment of the combined results nre «iven below in
table I3 together with the standard heat of zublimatinan, Also tzbulnted
ars the eguivilent valuss obtained by cimilarly trezting the earlicr reocultes
con? cnd ol A1 6 - - 17
of Bgeriton’ =nd ol O'lonnell ~nd the results of Borg #nd Birchenzll' -nd
Nes: 3 Vit & . ; ] 1

of Nesmeyanov =nd Tl'icheva’ reportoed cince the present work was begun, All
these workers uszd the Jnudsen method, an isotonu exchange version toing
cantoyad by the Huusian workers,

The rosults of the present investiz:ition ars in good agrocomunt

v

with vheo o of Sopmoond Zivenensll nd hoth anper to cubsbtanticote thoe Lards

ives hoelter woreoment 1t the

cork oot pecrton, Shis o oroun o1t
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sublinmation of

Compurison of vapeur pressures and stancord h

s6lid cadifium,

PR
| 3 ANH
A ) “Hong

¥,cals)

Prezent work 450 = 562 9.404 6146 26,90 + 0.10
7 - 551 3.241 5055 76,35 + 0.09
26.60 G.10
26.95

Borg and Birchonall 47

0'Donnell 473 ~ 513 9.413 607
-
[

5 - na3 9.056 535

o0
1+

=3

I+
o
o
(1)

Soerton A

\

Moomsyanov and
Ilticheve 411 - 481 3,744 5722 26.54
’/

|+
(@]
.
(V]
)

Tompuiation ot vepour »ressures vwiish should obtiin for the calit otate, from

the higher liguis® vapour nesusures on’ the nprooriate free energy functlion:o,

s bt the temperature coet'ficient of the verouy rrecsure or the solid

than h o generally been fonmd exverimontelly. Thus
whils the computed valuss wrree well with ths prosent ones at the higher
temreratures investiczted,thoey indiented thet prsssures should bu slightly
higher than those obscerved 3 the lover temprraturcs; this would be in

ot Ehe duss e workers and of O'Tonnell

G

in the Jow—tomneraturs range, Full details may be found in o paper’ bazed

4.2, Liquid Bismuth,

Sxictiny vanour pressures for liquid bismuth were pavticularly
contradictory and, ns 4 prelinminary te work eon silver-bismuth alloys, new
measuvennts were nnde over the temocrature runge 520 - 1010°K using the
vorzion efffizion methed, Coefficients for the vapour nressure equetion,
riclded by the present investiation, arc giveon in tohle 2, together with
thcoe 2kt ined by onowr Jenet sevore frentimonts of the results of other workers,
Por the mirrone of Canporicon, toennd viluzny of the latont hont of
Sooopication; enleulsb . d sinely Crom the tonpercture cocfficients ov cach st

Hocore nlon included, Jdougver, no sinmple ooonificance avtache:r e

(ﬂ.
{

]

v

valugs v
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corcarivon of the vapour preusurcs ¢ lisuid nismuth,

femporature A B INH
TUNES K (Kirend)

1011 3.579 10,107
1220 5,502 10,230

Sresent werk

xot" 110

(@]
|

"

webher and Kirseh 276 - 911 T.919 2,709
Yosiyxm&l' 913 - 71 8.514 W10, 12

Gronovaliiyi 13 743 - 977 7.709 7,522 39.0
snd Lyuoinoy 7

21Domme11t? €82 - 771 3,390 10,505 48.0

tbe nresent reculls extraralste to mive rood agreement with thoso
.- . 15 s g Cn 15 ot 1er ol
reported by Ko, d:irus 7, and Xarf :ne Bersdahl™ 7., they =re slishtly aigher

thian thooe obtained Ly Yooniynmn, us.ngs the me technisus, but remain low.r then

the valuss 9 O'Donnet o and ¢ mnt subet-aticte tuce extremsly nigh vslues

reported byppiranovakny e coad Lynhinov,

vy

2y voubining the torsion-effusion resulbts with the results o
Knudsen mcasmwrements »t similar temper tures, ©n csbtinmte wos made of the

oroportionz ol ths Two spsclon oi owand B1, present in the vanour, Applicrtion

of the third law btroatacnt yiclds the following heats of vaporiznetion.

21 {1in.) = Bi {van) AH 50 = 57013 % 0.92 ¥.cal/z.ntom
7
s s .0 . .
31 (lig.) = 4 Bi  (vap) M H = 26,36 + 0.35 K.cal/g. itonm

These values, nnd the implied dissociation energy for Bi, of 47.5
17

X.cal., are in good agreement with values selected by Breckett and Brewver on

vhe brois of & zimilir re-evaluation of the dots of Ko, ond Yosiyama,

4.3, Lisuid Silver-3ismuth Alloys

r¢ made on 14 3lloye ranging in compocsition

. . . . - a..
Trom 106 = 24 wtomin pir cent tismuth snd at tenpovstures between 9CC and 1070 K.
m

’nc vanour prescurc enurtion cocificients {or ench of these alloys, obtained

from the cxperimentzl resulss in she usurl woy, are cuw.erized below in & ble

e These rosolte hawvs been cvalusted in the monner cutlinsd in section® nnd

nirtindl nnd intesrel thermedynomic nunntities ootoined are ¢
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DUt Tnialy b oo bive cowers cllver doowddod SN VAUEs Toun thirodgh
mindrum ot Lo o= UL, but roo dn o nes Vise cowinfinite dilution, Uor silver the

]

[ ot e st o solution nre woproximsteily sero b high cilves concontr |t
they bucoms notntive ro the blemuih content incro sco, »osing throusn o ominimun

“toecn, 30 stomic pzr cont silver md tintdly show nositive volucs in the bisauco-

of Jormntion hewve ol

rich “licys. Th.. irtggrel hae

nositive volues in bismush-vich alloys but are nexwiive over the majerity of tho

corposition ronge with o ainimam vnlue of ca, - 500 0l,/s. ttam e, 45 ato
per cont bicmithn,

Little thormodynamic work has been previously donc on this syatonr
and none iv ddrectly comprranble with the present results. Mwo calorimetric
studies have been mrde of the 1lisuid alleys and the results of these arc not in

aoeerd it bhe prescnd values, since thay chow only wositive hents of formations.

. o . 16 -
exlorimetry nt 13237K by Kawnknni siven velues rising to o

ot ¢, L K,cnl - b tho wiulntomic composition, but hiz valuovs have in

tac onnt often been shown to be innccurbo, Unforitun- tely, the renerally rore

. . . . R L -
veliable tin-solution c.lorimetry of WKleppu ~ has only buen omplicd to ulloys

between ¢~ 30% cilver b 721K fhile this indicwics morc positive

.

values in this range fwon found in the drewenw worl, it is notuworthy

the reporied veluss sre conversed to the prercnt stindnrd stute of sunercoonlcd
liquid wilver, constant values ore obtoined [or the threc zlloyes richest in
silvir, which sugzcsts the oxistence of o muximum =~nd n £all to less positive
values ¢f Hﬁghcr silver énncentration. Since the hoot voalunas obtainud
calor;mefrically should be the mowe accurate, iu would mnnear that the present
heats are too nigative, nevertheles: it ic considered thnt che obscrved trends

are gqualit~iively substoantialed. The forms of the obscrved thernodynzmic wrener-—

ol cyztens involving opposing factors, They are congis-—

ice arg charccborict

cr

“tenes of positive wnesss conbtributionz throughout the sy

tent with thoe o

21onend avar oo of intermediate compositions Ly

Yoo PR .
[SIT VTR IR A

s b ive conte b iong, L ooyvueo, ouch s Bmic, rith oo lergo sise ond

Teney difference betuein che commonents senerally exhibite pozitive hente of

Conton ntty ele b misfit oner-ics, Llee the mixing ef such ctoms will
oo owrbed Lo oredues T wenn vilee ionsl Lruchney nd noe i T v
wr L cniPl e, Shone o vn Wil ow e oeniive connpinntions oo
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o ; siive sonbrd Lroth., sesan aatrany cad ol
romdintion ol LG cntronice of biocuth sercoto (bt Lhn av lend

wioe dieoncitticn (wosibive) domine ee i bismath-mich nilove e

ocdinstion srivset [ucontive) bueemon dowinant e the ollvir contons incrztecce,
dhe e Live emiori cuticn iz vorticulnrly rorked in o SL. rocion M, 0.5 -~ 0.8,

‘rooiently ovueh dinism in Thouic alloys rofl

rlurnes of

runsss in tae solid oites, bur the silve . =hisuud system is ~ simele cutoctic

with no such pnones,

composition ronse docs, however, anproxium~ie

o

ieor of

ilver nd bisrmuth arc sopropriate for
"u;

noof + Lowis chesooaf bhin fopm, T such chascs nrc of wigh

co—nrdin tian "nd thues onc m.y gvncceulate that negntive contributions to th

cxceus cntronics nd ho- the silvevr-bismuth lizuids -

s . A R ST PR - gt e e Ry PP . -y
Trom & pretislly ovdoved proiking cffee! acsocinted with Lewves phosce paciking
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Soind  viong. Shoonon Ludoctonse ofoouth onochrco i the colid stoie de dne

Lo tho lac’t off nny wbanilising slocsraciomicnl

stor to orovent tnmining it

[

lower btumpcraturcs. In the goid-tismuth system, whers the atomic size

ol fdenti ivh opreowent ctms, o Leves phose {(Auw,Br) is formed,
[
“hooseabilized by the clectron: between the compenente,
-
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« Liguid Silver-Load Alloys.

1N

4.

Simil r oxperimental studies to those doscribed above were made
garlicr on 2ight cilver-lond o toys. Limultancously new moasurcments wore ~lso
. o . o :
made of the vapour prascure of liguid lend botween B80 and 1050 K. These results
23

Hove now boeon cvelusted md details meity be found in o a recent publication T, The

thernodynamic propertics obtoined for the silver-lend alloys nre summarized in

Ve
cable 9 ol the sresent report for compurison with thosc of silver-bismutu.
by will bo seen that they arce of much simpler form than thosce of
tho Intier cyotem. sotlh componcents show vositive deviations from «=cultien

behnviour st wll compositicns rnd the system ic charucterised throughout bty
raalbive hents and excess entropics of formnation, Comnurison of the proesent
cnthalpy values with thoue for other temperztures obtaincd by other workers sugposts
that those lituid alloys must cxhibit ~nomalously large positive deviations from

T eumann-~Ko 5p hchaviour. The obscrved positive heats of formation may -~gain be
partly due to o misfi: encrgy arising from the large atom size disparity of

the comnonchte, Also, ni bofore, tho mixing of otoms of differing size and
valency may be expucted, through the influence on the vibrational frecuency, to
result in pocitive excess specific heats, positive contributions to the enthalpies
and the cixcess sntropies. cince the bonding of load is =lso probably somewhat
covalent in character, it is possible that ~s with bismuth, positive contributions
could again partly ariss from the disuociation on alloying of any covalent clusters
persisting in liquid lead; results for other lead alloys support this idea and

the partial properties of lead as a solvent are, in many caces, consistent with

the view that such dissociation is accelerated as the valency and ioaic size of

the solute become increasingly different from thosc of the :elvent. The

negative influences proposced in previcus systzm would not be expected in the

cilver lead lloyns lead, t,c.c, 1n polid stato, will exhibit a nimiiar
close-packing in the liguid form, so that co-ordination changes on mixing are
likely to be of minor significance.

4.5. Thallium and Silver-Thallium Alloys.

Work has begun on a comparable study of the similar system,
sllvor=thallium, As w proliminary to work on these alloyc, tho vapour
preesure ot pure ligquid thallium has first been measured. Ohservations have
boon made at tompuratures botwson 780 and 920°K. The results have baen

wated by the method of least squares and may be expressed satisfactorily by

Best Available Gy
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