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ABSTRÄCÎ

rtrn investigation of the ttníscibility gapt| in the binary

systen Al-In has been maile. The critical telq)erature anil corrposition

were estinated as 945ot and 68.8% In, 31.29.11 (by r¡eight).

In the tern¿ry systen A1-fn-Ag the liquid-liquid partiat
niscibility regi.on has aLso been aletermined. The lowest teÍÞerature

at ¡.¡hich the trtro liquids ca$ erist in equilibriun before a third
phase appears was found to be approxi¡rately SgOoC. The ¡rter:oary gaprl

extends to 30.5 ,4" Ãg, 34.7 7í &!, 34.2 % ttç at this tanperature.

Isotherns of the trternary g¿pr¡ have been cor¡structed at sOoC intervals
oo

between 650 C and 900 C. A tern¿ry critical point does Ðot exist

i.e. the binary critical terslerature is lowered continuously on

adùition of silver.

Three verticaL sectior¡s through the ternary syste¡n vere

nade by mears of ther¡nal analysi s. Four ternary peritectic points

eíther of the first or second kind exist at approxinately

3.) 65% A8, 3z% r\ yÁ At; 2) As'fr As, 45ø ûn, Lú A].; 3) 9ø .{c,

gÙf' I,rL, afr f*; a) 4% Ae, 95i¿ In, I% LI. The correspondíng

tetr$eratures of the foüLphase i. sothermal planes are: 58go, 5060,
Oô

24J- , I48- C, respectively.

.{ terr¡ary eutectic point exists at approtdrately



3% frg, 96'fr T:n, L% tJ. Ttre correspording four-phase isotåenaI
plane lies at 143oc.

A good approxfuation to the whole terr¡ary liquirius was

obtained.

å. basal projection of the liquidus surface has been naile. ,

The identÍty of sonre of the soü.d phases present in 
I

equilibriurn r*ith lj.qui.al has been deducecl. ;
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INTRODUCTTON

lhe investigation of the system alu¡ninru¡-indiun- silver,
which had rbt been studied previously, uas suggestecl to me by

Dr. A.N. Carpbell.

The system almínunpirdiu¡n has not hitherto been ilwestigated

coqletely. The upper li¡its of the üiscibiLity gap are stíl-L unknown.

Eefore proceeilir¡g to the ternaq¡ system aluninunFindiun-

silver it was necesss,ry to cotÞlete the binary systea alu¡ninr¡F

inùiu¡n. 0n tlie other two contiguous binary syste¡ns extensive

investigatior¡s had been carriecl out in the past by a large rruriber

of ¡¿orkers. These systems are therefore consirlered to be conÞl-e tely

knor'¡n. ¡t ùiscussion of the binary systens is gíver¡ untler ttPrevious

Relevant Imrestigationsrro

It w¿s intended to insestigate the ternary system as

conqìletely as possible, but it uas clear from the begirming that the

con{r1ete ternery sl¡stem, irvo}ring photoaicrography an<l x-¡ay investi-
gation couLd rct be studied conpletely in the tine available, because

of the rather cornpl-ex natu¡e of t&e systen.

Efforts were tlirected rnainly tor.rards the deteruûr¡ation of

the liquidus, the rrternary troughsr¡ and the ternary rrgaptt.



0T¡irPT.

C0!$S1DF.é?TUri 0F I,{&TH0ÐS AltÐ rECI{i{ IQUSS

a.. The Fhase i.ule

The phase rr e (phase law) I'i1I be merely stated and

thè terns defined. ?he derivation of the phase law can be

found in any standard text on phase theory or chemic¿I ther¡rn_

dynanics (11, ?O). In rdathe atical form this 1a¡,¡ is stated as

folloræ: F F = C 2, provÍded the v¿riables are 1imited

to P, T, and Composition It Ì1tr¡st be obeyed by every systen at

equilibriun, F, F, ard C are t},e total rn¡rb e¡ of, phases, clegrees of
freed.om and. components respectively in a system at equilibriunr.

Á. phase is a homogeneous part of the system, bounded

by surfaces and separable in principle by r,rechanical rneans.

Â degree of freedom is an iatensive varlable v?rich nray

be changed inilependently at equ:ilibriun ryithout altering the

nr¡iber oÍ kind of phases present antl r,¡hich nust be specifíed

in ord.er to define the state, ofthe system corçIetely at

e quilibríur,r. .

C, a coriTfronent, is an independent conposition variable.

fhe totaL nurnbe¡ of conpoÈents is dre smallest &unìber of independent



coryosition riabl€s necessaty to define the co[q]osition of every

phase in the systen. fn aIloy systems, it is the nrnber of metaÌs

presetrt.

The phase rule is also usefulþ statetl in te¡ms of rrrules

of constructionlr of phase diagrams. In an isobaric biúa¡y system:

1, one-phase regiors ¡nay touch each other orrty at single points,

not along bountlary lLnes"

2. adjacent one-phase regions nust be se¡rerated from each other

by two-phase regions rdrich have phases that occur in ttre adjacent

one-phase regions.

3. three tr,r'o-phase rqgions rust originate qpon evelf,¡ three-phase

í sotherm.

4. tÌio three-phase Ísother¡ns may be separated by tliÕ-phase regions

if the trio phases are com¡oa to both three-phase equilibria.

In an Lsobaric temary systeùr sirril¿r rules hoIct, but

they Íay be srnnarj,zetl by the gensral staterÞnt! Á. region of the

phase diagran represeûtir¡g e{uì lÍbrit¡n of a ru¡nber of phases can

be bounded orùy by regions ¡+hich have one nÌore or one less

eErilibriwr phases than the rn¡nber of phases in the region in
questiono

Since the bourdaries beü¡een three-phase regions and

tm-phase regJ.ons are afu'rays nruledn surfaces, a three-phâse region

shov¡n in an Ísother¡rel sectÍon is ah+ays bourded by straight liræs, page 2?.

The constn¡ction of equilibrirnr phase ùiagrams from

eryerinental data Ímst co¡Þ1y with the phase n¡te if the ûiagrarn
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is to be theoretically correct. The phase nrle, in the form of
Itconst¡r¡ction rulesrl, may also serrre as a convenient labour-

sauing device.

Terns corùþrily used in phase theorX, are e:c¡llained in
section trdtr of this châpter.

b. therqal_.¡Êtralysis

Tl¡erma1 analysis is sinple in principle. If a substance

rvhich undergoes no phase change is cooleil, then tl¡e rcooling curven

i.e. teÍÞerature recortled as a function of tirne, will be a s¡ttooth

eq)onential curve (lorrual cooli¡g ) as shown in Fig. l. If a

substance unilergoes a phase change while it is cooled, such as

crystallization from a melt, a delay in cooling sets in, rftich

is due to the¡r¡al effects arising f,ronr differer¡t eDer$r contents

of the phases ir¡volved. fhe cooling curwe for a pure metal with

its coolirg tlelay or nthernal arresttr is shorvn in Figr 2, At

the trthernal arresttr (freezing point ) the tenÐerature remains

constånt until freezing is coÍÞlete whereupon the tenperature

falJ-s again elgronentiâly lrith tirne. In rnary instances the

teqrerature falls belorv the equilibriurn freeziqg tenÞerature

(under cooling). I,ihen the delayed crystallization fÍnally sets i¡'r, it
proceeds rapidly with evolution of heât r¡hich raises the te¡Ðerature

al¡nost to the eErilibr:ium freezing tenÞereture. TAis te¡E)erature

ríse is called t¡¡ecalescencetr; Fig. 3. At the coÍSrJ.etion of fr€ez-

ing, nornal cooling nray be resuned gradually, rather than abruptly,

shorcirg a rounùing t of the curve, which rnay be due to i¡r.Ilr¡rities



arrd or improper e.-;Ilerime$ia] amangement. Upon heating, slight

overheating aay occur, i.e. the ther al arrest r,¡iLl lie slightly

above the equilibrium melting te¡q)erature. ?he equilibriunr

freezing te¡q)erature lies beüreen the coolirg and heatirg Ì¡arrestsrr.

This ieiq)erature Íenge can l¡e reduced to a fraction of a degree if
the cooling and heating r¿tes are very sIor.r.

Eivariant trensfornation such as the fl'eezirg of solid-

solution gives ríse f,s ¿ ltnon-isotherrnal arresttr rather than

rra thern¡al arrestü as shor"n in Fig. 5. ln practice, undercooliirg,

recalescence and rounding of the cu¡ve r+hen solidification is
conÞlete all take pl¿ce. These effects noùlfy the ideal curve

to give the appearance of ìlig. 6. 11:e equilibrirn lj.quidus

teÍÞeratuÏe Ís usually taken to be the point of intersection of

the extrapolatëd non-isothei:H¿I arrest níth the ${poriential

(norrnal) cuwe. Thís point of intersection is a closer approrii-

ñation to the liquidus iemperature than thât given by the first
recorded t¡l¡reakft in the cooling curwe. Usua1ly, the tenTrerature

at r'¡bich nornal cooli$g resuriæs (i.e. conçletioa of solidification)

is ínùistinct (rounùiry ) ¿ue to coriqq. fleating cun'es of previously

honiogenized sarples give a r.rore ùistiûct soliCus tenÐerature.

In tr,Jo-conì)onent systeas univariant transformatioirs

such as peritectics and euteetåcs produce an isothernal

(horizont¿1) arrest, Fig. ?, curve E. Tn these transfornetio ns,

under-coolÍng and recal-escence are ofteu pronoutrced. Coolirlg cuwes



of hypo- and h]?er eutectic alloys (i.e. a11oys to the left and right
of, the eutectic conr¡rosition) are a co¡nbiiution of the solid-solution
ând eutecti-c tJG)e cÈr"ves, 5ig. ?, cü"ve H. Isothermal arrests of
the latter a1loys are a}.,ays shorter than those of the eutectic a31oy

itself, under tàe sa¡ne conditions. peritectic a11oys often ¡-ie1d very

short isothermal arrests d.tre to gradual mergírig af the arrest isrto th.e

¡:onüal curve. 0f all the transforrnations the peritectic type teÉds to

undercool most. Undercooling is also more prorounced in a eutectoid

t¡ansfo rr¿atio n than in a eutec,cic or nonotectic transforrnation. Eivar_

iant transfornations in the solid (solvus) are rarely detectable

thernally.

Þiore compl-ex cooling curr¡es a¡e obtained rrith ternar¡, and

higher order alloys. *. typical ternêry eutectic t¡4re cooling curve

is short in Fig. 8.

3. series of cooling curves fltakerr acrossü a ternâ,ry systen

rrill give a good approxiÍÌation tÕ the coÍÞlete liquidus surface ¿nd.

¡¡iII shorq eutectic and peritectic tror¡ghs as ryel1 as cor€rrÌently

melti.ng interiîediate phases, rionotectics and. syntectics ar¡d ost

isother¡nal reactions occurring i:r the soLid state.

To accentuate therr,al arrests the rtiuverse rate curve[ is
preferable. It is obtained by plotting the time inte¡wa1 in r,¡hjch

the tenÞeratu'e fells a stated nu¡nber of degrees ¿s a function

of tenÞerature. By controlliry the heating or coolirg rates the



cu'ves ìray be ¡lade linear (platonic cooliirg) and phase chairges, i.e.
derniations fror¿ the Linear path nay ì:e :nore easily detected. one such

derdce anrrrg several, for coirtrollin€ the rate of cooling is descr.j-bed

by c.,$. sr,rith (53). ?o eli¡¡rinate e).rerr¡¿I effects differentiar therÍ:al

analysis can be used to advarltagë. ?his is done by pl-otti g the

terlqlerature of the specræn against the tenrlerature difference behneen

the specinen and a neutr¿l body r,¡hich does not wrd.ergo any transfoníìations

in the te¡:Þerature range under im¡estigation and .¡hich has appro:rinately

the sarae lleat capacity. T'r.o ther¡nocouples, one for the sÞecinen and one

for the i:eutral body are required. Ðevices for recording such gnaphs

autornatíca11y are available. :in r¡in'erse rater graph is sho¡rrr in Fig. 4.

lhe peak iFdicates a transfornation. rf the derivative of the dif,ferential
curwe is Þl-otted agai:rst €eiperâ,tuïe, trar¡sfofltation teÍ$)eratures are

again accentuated. This latter nethod is lsor,¡n as the rrilerived

differentÍalrr method. A ncre detailed description of e:çeriinental

techniques and ¿ discussj"on of ¡netallogra¡ù:-ic priraÍples can be found

iil â te>it by George f". Iíehl (38).

c. þçatiog, of 8qu*da4ies of äqqid úffniscibility

Liquid-liquid ímnriscibility boundaries are iir generaì. not

detected by iher.nral airal-;rsi. s. If -che co:çonents can be deter¡iined.

accurately by chemical aralysis or o-uher reliable means, then the

location of tr¡o-liquid (or :iarltili quid ) fields is sinple. T?re system

is eqlrilibrated at each of a series of fixed tetrsleratures and sanples

f,or auatr-ysis are lÉthd.rar¡n f¡o¿r each layer at each tefiIlerature.
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In a1loy systens withdrarciqg of sanples nray be *periinentally difficult
and quenching fron the desired teiìT)erature nay be enqrloyed if quench-

irg is sufficiently rapid so tIlat the equilibriun is not shifted

appreciably.

In trïþ-co¡1rpônent sysie¡ûs it j.s Fossible to deterftine the

boundaries ¡cithout resortin€ to cheriical analysis. rlfter equilibriul .

is esteblished the sarçIe is quenched and -Lhe individrial layers are

separated at the inte¡face and r.reighed. If täe overall conposition of .

the aIIoy is accurately lñ1o0.{-i1, t'i7o such eq)erir¿ents caffied out at the

same tenÐerature but ai tt'/o differe¿t overall corçositions could

yield the coärpo si tio n of each la]'eï â,t the particular teiìtperature by

applying the ttlever principleÎ i¡r each case, and solvir¡g the ttro

equations for twû uni;rrorrryrs viz. the conposition of the fi.¡o layers.

lld s sinçle method is not applíca.ble to three or fiore co¡rponent

systei.ls.

d. ïx¡larutign of lerns

Ëutectic: Tn a birTary systein a transfor¡¡¿tíon of the type

L è g1 + ,S2 is a eutectic transforsÞ,tion The correspondirlg

terï¡¿r]' transfornì¿xtiol js !, ¿::> $1 + S2 +S3. These transforrna-

tions necessarily occur at coÌÌstant tefiÞerature. rr3.rl represents a 
:.

liquid phase" SI, 52, $3, represent iliffererit solid phases. The

arrot.r pointÍr'ig to the right represents loss of, heat.

Peritectic: In a bitar;r s]'stea a transformatíon of the type

L + q d 5, is a peritectíc. Upon heatíi:g, decc¡lpositi.on of a
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solid phase into a liquid and a ne¡y solid phase occurs i.e. the

solid phase nelts incongnrently. ff S, and S, are solid solutíons

r¿ther than pure substances the tenn trneritecticn is sometimes useal,

but usually the ter-nr rþeritecticrt is applied to both cases. In the

ternary systen ther€ are ûro corresponùing transforrnations,

1) t. + S1 "r- Sz q- 53 z) n + t e-=r 52 * S3r the

first is referreal to as r¡ternaty peritectic of the first kir¡d,tt or

sinÞly rrls¡na¡y .peritectictr, the second is referred to.as rrternary

peritectic of the second kird". (?0). The latter transformatioa can

be thought of as being intermediate beü,¡een a er¡tectic and a peritectic.

SutectoÍd and Peritectoid: In the binary syste¡n 53 e= 51 + SZ ar¡d

51 + S3f=..-:>S, represent the eutectoid ard peritectoid transformations

res¡rectively. fhey are related to the binary eutectic or per{_tectic

by replacing the liquid by a solid. The corresponùing ternary tranÉ¡.-

fonnations are 91Ê5 SZ r- 53 ,È 54 and å. + SZ .+ S3É-S4

respectively. No special ¡ame has been given to the ternary trans-

fomati.on SI+ S2: 53 r- 54 atthough such a transfornation may occur.

lforctectic: In a binary systen la: b* Sf represents a n¡onotectic

transfornation Upon coolir¡g a liquid. phase transforns into a solid

and another liquid. The correspondiqg ten¡ary transfornation is

fuq- lff + Sf -r- $2. No special n¿me h¿s beeo given to thLs

transfornation.

Syntectic: h + A: S, represents e syntectic traÐsfon¡ation

in the binary syste¡Br Àiû intertrrealiate solid phase ilecolgroses l4ron
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heating inta trr¡o im¡iscible liquids. ?he corresponding ternary

transfornìation is 11 + L]E- 

= 
51 + SZ. No special narne has

been given to this transforì ation.

Siriple diagrams of sone of the basic binary transforÍtations

are given in Fig. 26.

äu1eil Surf,ace: .¿l surface generated by the nrotíon of a tie_line (fig. ZZ).

Coring: Ðeposition of successil'e layers of a solid phase r,,hich are

not in equilíbrir¡n ¡r'ith one arother. Equi}i_briua anroqg soLials can

only be established by diffusíon through solids, r,¡hich is ræcessarily

sloir hence coring results rrith rapiil cooling rates, and is a co¡trnon

phenonenon in the iûdustrial preparation of a1Ioys.

!,ever Principle; (ty analogy,r!.ith a mechanlcal lever). In a$y systen

the anounts of the indiviciual tryo phases lshich are in equilibrir.uu

are ínversely proportional to the lengths of the tie-Iine fron the

fulc¡um to the respective gùases, r,'here the fr¡lcrum is on the tie-
l.ine at the poi¡1t r:epresentir€ the overall- colrposition of the f,*o

phases.
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CH{PITER II
PNEVIOUS RÐI.SVÂNT INI¡ê5TIGÁ.TTONS

a. fhe Pure ìþtâls

1. Silver crystallizes uith a face-centered cubíc lattice
of cetl length 4.0??2 i. tf L The interatordc ilistance ia the lattice
is 2.882 i tf ). The meltirg point of pure st-Iver is 960.5 

oc (1 ).
Sllver is not attacked by oxygen, but liquid silver dissolves olqfgen,

about twenty times the volurne of the ¡netal at the nelting point (16).

.AIl o:5ygen is rejected on solidLfication.

2. fadiu¡r crystallizes uith a face-centered tetragonal

lattice w-ith ceLl dinensions a = 4.583 îe c = 4.936 i (1). The

ínteratoa¿c distance is 3.24 ? (L). Ttre crystal structure is also

ilescribecl as ¡rcubic close-packecl rlrith some distortionrr (62). Tt¡e

neltine point of indiun ís 156.4. J .1o C. Cold air has no actfon

on inùium, but, wt¡en hot, índirxn is oxidized by air to In203.

Nitrogen and þdrogen do r¡ot react r¡ith indiur up to 9O0oC (1?). No

all.otrcpic fonns of indium have been observedo

3. Ahunirnm crystallizes u.ith a cr¡bÍc face-centered lattice
o

of cell edge 4.0??6 A (l). The mel-tir¡g point of ah¡ninmr is 6S9.?oC.

In E)ite of the presence of oxi<le fiJ:n, aLum:in:n is attacked by o:ygen

or by air at 80000 to form Â1203 (18). .{}¡nin¡m absorbs þdrogen at

high tenperairres (e.g. 1.8? dc. at 90OoCf-00 Cm. Âf). ll,hen heated

it reacts rrrith nitrogen to forn.¿I1N. Above LOoOoC alu¡aimm reacts

¡r'ith carbon to forrr Á14Ca (LS).
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b. The Binâ.re Svstens

1. îhe system inùiun¡-alwiru¡n: ?hi s binary systen was

first investigated by S. Valentine¡i anit I. puzicha (60). Fig. 9

is a rqrroiluction of their phase diagran. Their experinental

¡nethods were thernal analysis, photomicrography, x_ray powiler

{iff¡action anil electrical resístar'ce neasurenents. rhe l¿st-naned

¡nethod ûid not yieLd nuch useful data. They fourd that the ttfo
ele¡nents. are largely irn¡niscible in the solid and liquid statesr

Tt¡eir ttata shorì' a nr¡notectic ard eutectic halt at 634oC and 156oC

respectively. they detemínett the linits of the niscibilíty gaÞ

at 634oC as 13 and gB per cent irdiun þ weight respectively.

lhe low-indir¡m value they obtained b¡r ertrapolation of the l-iquiitus

cqrve. The high-irrcliurn value ttrey obtained from the CorÞosition of
the alloy ¡vhich stiLL shor¿ed a ¡rbnotectic halt on successively

iqcreasing the i¡dir¡n concentration. Aside fron these two points

they did not ileternine the miscibility gap boundary ary further.

Sçloying the så¡ne ex¡rerinrental- tech¡riques as S. Vå:lentiner

and I. Êuzicha (60), e:rcept resista¡ce ¡reasurenents, Ð. Raub and

Fl. Ergel (rt8) obtained ¡Erch the sar¿e quantitative results e:.cE t for
the ¡nÍscibiU-ty gap boundary for which t&ey found 1?.3 and 90 tror

norert per cent indium respectively at 634oC.

üsi¡g the technique of quenching followed by analysis of
the top and bottottr layer of the ingot, L Bucharan (10) deterrnined

the idiuin-nich liqutdus cr¡rve, Fig.Il . Itren¡at analysis was
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aÞparently ¡rot satisfactoty for tlti s putpose. He also realetend4ed

the lo¡v-indiun liquidus curve which he fou¡rd to líe at a higþer 
, . .,

terqrerature than preriously reported, Fig. 10. Similarly, he

reports 638.6oC as the Í¡ctlotectic teûÞe¡atule, i.eo 4.6oC higher

than previously reported. û¡e mi scibility gap boundaries he found 
:...::.:..

to be 20.5 and 9?.2 Þer cent indiun (by weight) respectively at

638n6oc.Becauseofoper:imentå1difficu1tiesheconsid'eredtl¡ese

values to be uncertain, lhe eutectic corposition he fou¡rd llto

conta:in less than 0.05 per cent al¡minrün¡t. The eutectic teq)eratur.e

was riot given. He obtained so¡ne values for the rniscibility gap

^ôiboundary beüt¡een 640-C ar¡d 650"C r'Ìrich are gíven in fable I.

Tå3TE T

L. BUCHANANTS DÂTÀ. Fffi. THE SySrEFt ÀLfn

In-Rich Iayer Srl-Rich Iayer

Tenqroc %tt %rn øn %n 
,.:,.

640 2.82 9?.18 2I.0 ?9.0

64s 2.69 9?.31 2O.3 zg.7 ,, .,'

650 2.77 9?.23 20.6 ?g.4

J.Mo Kuznak (41) atteryted to close ttre miscibilitl Aap¡ ,.. :.1

but he couLd carry his work only to a terq)erature of g00oc alue to |:'r"r': i

great è:eerjjnent¿l difficr:lties. ¡Iis rEsults are shor.¡n in Table lI.
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?AB',8 TI

J.}f. KI'ZI"ÍAIIIS DÁ,TA FOR THE SYSTSI{ ,{.-l-IN

hRich Iayer
I

'il rn Yd\},,

Al-Rich layer

renp oc

650

?00

800

Íl tn

18.6

.%n

81.4

96.6

oÐt

3.4

?.8

22,7 77.3

32.0 68"0

2. The $ystem Silver-Inûir¡m: F. trl¡eibke and H. fogers

(61) iwestigated this systen extensively by means of therrnal analysis,

x-ray powcler diffraction, and. photomicrography. The a( -phase (sarne

crystal structure as pure silver) exterd s to L9.4% indir¡rn (by røeight )

at room ter{reratur€, and 19.8Ø inùiun (by ¡veieht ) at 693oC. They did

not determine the cqrstal structure of tl¡e ínter¡nealiate phasesr They

fou¡¡d a d -phase l¡ring r.rithin 26.81( añ 33.1ø iniliun (by rveight) at

room req)erarure. Neither &3];î (26,2% Iu) nor Àe2ln (34.?ø) lie
rt:ithin tluis conposition rar¡ge i.e. in the honogeneous f{ -region

0tt¡er r+orkers {Z+, ZS) place the silver-rich boundary of the

o/ -phase (or l' ¡ êt a sone¡fhat *ifferent conposition i¡,11

transfoflnation terq)eratures are given Ín the diagran, Fig. 12

¡.¡hich ís essentially that of F. T,Ieibke and H. Eggers (61). (ff¡e

eutectic lies ar g7.O% I:]0, (wr. ) at 141oC. )

EarlÍer irffestigations of V.M. Goldschmidt (la) sfroweO

thât at a corposition of 26.2f" In (ggsIn, i.e. lt ) a honogeneous

phasg.exi.sts ( y' or tr') h¿ving a hexagonrl close-packed låttice

structure rvith lattice constants a = 2.95 Í, d = 4.?6 Å. o" " = 4.?9 Ao



(6I Footnote).

L.L Frevel and S. ott (21) reported three hotnogeneous

stable interrnediate phases to exist at room tenperature, a,ro having

a ho<agonal lattice and. the third a cubic faco-centered. lattice,
which presunably correspond to € , € , and y phases respectively.

According to Hì¡ne-Rothary and associates (34, ) the

-phase which $cists betrdeen 6600 and 6930C has a cubic body_

centereal crystal dtructure. No lattice paraneters were rqlorted,

the liquidus ar¡il solidus as redetermi¡ed by ttrese authors agree

u¡ell l¡ittr that of F. It¡eibke a¡rd H. &gers (61). îhey differ in
the position of the / -boundary by approxinat ely l%.

V.E. Hellner (eSrSO) irryestigated the system r,ritå the aim

of detendning the structures aird regions of the interuediate phases.

IIe found that an al1oy of a conÞo sitio$ correspondirg to ÂSrfn (Zø.2t""

rn) rvas honogeneous at lsooc ar¡d 6o0oc respectivery w'ith r¡o appreciable

differer¡ce in the crystal structure at these thro teÍ{reratures. The

transfonution at 18?oC detected therrnalty by F. Weíbke and

H. ftgers (61) he oçlains as an order-disorder transfornation

( tr ---- Í'¡ vhich is rìot shown by x-ray cliffraction due to the

nearly equal scatterj-ng of x-rays by silver and indiu¡n atots. This

homogeneous phase below le?oC ( I ' ) of corÞosition Áerln þesrunabty
r'dth a very narror¡ co¡qrosition range of exi stance ) has a crystal.

structure of the type }þrocl.

F. Ir¡eibke and H. rugers (61) did not ilerect this Þhase.

Fl¡rtheûlore, the d -phase does not exist accor¿ing to V.E. HeILuer,



iasteacl, it is to be repLaced by a heterogeneous field {'* €'
Àt higher te!Ðeratures the X -phase ranges in conposition frrm

Ag,In to Àg-In rcith a he:<agonal close-packed struct¡¡re r{ith-J -2
o

a = 2.948t c = 4.794 A ín good agreement r{irh V.M. Goldschnddt (24).

The á'-phase Lies at a corq)osition comespondirg to 4gZIn (34.?i¿ Ilî)
and is fonned by transforìmation in the solid state from the ð -p&rase.

Here too V.D. Hellner states that € ard. {' bave the sare crystal

stnrcture ¡.rith a sinrilar explanation for the transfor ¡nqtion €t-> f
at 2O4oC us for f- /' . He rq)orts the stnrcture of the f -phase

(and É') to be of tþe type /-brass ¡*.ith a lattice constant
I

a = 9.885 Í. the !. -phase e¡(ists ¿t a couposition corresponding

to Âgïnz uitl¡ ¿ lattice of the tl'tr)e C\¡412 and lattice constants

a: 6.869¡ s = 9.604¡ as reporteal by V.E. He11ne¡. (99)

3. The gysten¡ silver-Alunirum: H. GautÍer (22) r+as the

first to investigate the liquidus. He found a naxi¡rmr in the liquidus

curve at ll.lL# alu¡inrnr (þ weight ) corresponding to ÂBrÀ1.

C.R.4.. k'right (69) strowed that the ûyo metals are

coÍqrletely ¡niscible in the liquid state.

The conplete d:iagram was first establ_ished by G.T" patrenko

(46) bg thermal analysis and photonricrography. He believeil that ùistinct
corq>ounils Ag2AI (1I.11ø Â1) ant Ag3A1 (?.692 A1) erj.sted, but clid rþt

obtain a rnaxi¡¡u¡n in the Iíqrddus curye as found by H. tautier (22).

Â. lJestgreen ar¡it 3,.J, Bradley (63) aryloying x-ray

diffraction, founil a honogeneous phase correspording in coîqlosition
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to fuaÁJ. (p' ), o.i"ti¡rg only w-ithin a very narrow conposition range,

and haviug a structure of the f -røoganese ty¡re r,rith ûfenw atoms

per unÍt ce1I. In addition they found a second. Ínterneùiate phase

( f ), fraving a hexagonal close-packed crystal structure and entenil-

irg frorn 8. 5Ø alu¡¡riru¡n to L4.5"Á ÁJ- (by weight ) presr.urably at a
teìq)erature of naxi¡¡nr¡n field-s:ictth, mu Ê' and I phases are later
tlesignated by !J, Hurn-Rothery anat assocÍates (SS) as7 ^* t
respectively.

Åccorùing to A. lIestgreen and ¿I.J. Bradley (63) atisrinct

conqnuds ÀSrA1 ana ÅSrA1, do not e¡¡dst; the latter corq)ourd. vas

reported by Ic¡. tsroqiewski (g) on the basis of resistance and

te¡q)erature-coef ficient of re si starrce ÍÞasurements.

:Llthough nearly a't t investigators seemed to agree tåat a

higtr teqrerature f -nhase s(isted, there r¡as disagreeuent regarding

the transfornu,tion of ttre p -phase... According to c.J. petranko (46)

a¡d w. I{êstgreen and A.J. Bradley (66t p transforr:¡s i*o /9 
, at,

apprroxfunately 610oC. fhe fincting s of H. Hoffnan and K.E. Volk (32)

indicated that the high-terllerature f -ehase had a cubic body-

centered crystal lettice above 605oC, transforriog into a hocagonal

clos*packecl phase at sonoe tenç)erature between 60SoC and S?OoC and

not j:ño f 
t . &rese findings are in accord with ¡ûcre recent

investigations. N. Ageelr aud t. Shoyke t (Zr3r4) founl rhe p -nna"u

to break up into a mixture of tvo phases ( aL + f ) at 6IOoC, and. at

slightly belov¡ 400oC the ü{o phases supposedly recornbine to forn

a single pnase (frt ). F.E. Tischenko (56rs?) fovtù t¡1at p -phase

(which he cal1s ilgrÀL) transfo¡r,¡s ínto f 
t at 6060 C" He also
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reportedl the co¡q)ourrd ,fer*1, fraving a nelting point of ?52oC (61162)

and being stable orily above ?11oC. Below this terqrerature it sr{rposedly

rlecomposes into solid solution of alwiniu¡r in ASrÁ1. Âccordir¡g to

N. Hansen (Ze), nis conclusíons seexß to be erroneous as regards the

corpound Ag _.{1 .J2
I?re partial phase-úiagrarus of E. Crepaz (12113), N. Ageer,r

aird l. Shoyket (2r3r4),9. fshida and H. lajiri and M, Iþ¡¿s¿Lr¿ (36)

anil I. obinata ard ïf. Ifagiya (4s) gÍven in Fig. 14 r€fIect the

controver.sy of that time over this binary system. T.P. Iloar and

R.l{. Rowntree clarified some of the controversy (Sf).

T\üo Penitectic reactions occur in this system, r¡hich have

been variously deter¡nined by different r¡'orkers: for 1* ¿ õ= F
zzooc (os); zzsoc (st); ??ooc (46)r ??s.8oc (ss); zzfc (sz,se);

tor á:=:- /-+l (at 10.0 - 10.eøg ort.), ?Is - ?z3oc (63);

zzgoc (s1); ?z2oc (5?r5g); zlsoc (46); ?z6.9oc ($). Áccorùir¡s to

Þ. Crepaz (1S) a ttrira perítectic reaction takes place at 69g00 due

to deconpos5-tiou of ASrAlr. $imilarly, the eutectíc ter¡Þerature

and corçosf.tion Ìrere variously deteflrÈned as 56fC (+S); SSSoC (ZZ);

seeoc (rs); seo 
oc (+s); at J0%.{1 (z?r46h se.oøA1 (zeJ; ss%-q]. (12);

2s.5% A1 (13).

TheI -solid solution bourdary r,¡as first ileternineil by

G.J. Petrenko (+0) ana redeterminecl by Á,. $estgreen anrl A.J. Bradley

($), W. Bro¡¡ienski (9), B. Becls¡ann (6), M. Hansen and C. Sactras (e?)

ar¡d V. Hune-lìothary, G.I,L Habbott and K.lf. C. Ãþans (¡+), with resul-rs



vhich agreed fairly weII. By nÞars of densiW ard lattice pa.raneter

neasurements, Ìr". westgreen, Ä.J. Bradley (o:), c.s. Barrett (5);

E. Jette-F. ¡'oote (¡?) and g. Kukubo (40) shor,'ett thar the øL _solid

solution is of the substÍtutio¡al type. R,T. phelps ard i{.p. navey

(+Z) disagreed r¡¡-ith rhis conclusíon

me d -phase bounäary nas determined by N. Hansen

(27,28), Apparently rro such y' 
-phase ¡ras fou¡d previously by

G.J. Petrenko (46). Ì{. Bronierrski (e,S) dia fird such a terminal

phase. I,I. Kr.oll (39) and M. Tazaki (SS) later confirned. If. H¿¡sE¡1rg

(zzrzs) riork.

G.\¡. Raynor ard D.I{. þIakenan (49) later redeterndned. the

çolid-phase boundaries. fn contrast to reports of .previous r¿orkers

they foug¡l th¿t the ú' -booodary is not snooth, but exhibíts a

narked change in úirection in the regioa of 49.4% Ág by weÍght at

a teq)erature of 526oC" fhe naxi¡r¡r¡n solÍd solubility is 55.6ø Åg

by weight at the eutectic te.E)erature of 566oC.

W. Hrüdê-Rotåary¡ G.V. Rafnor; p.hr. Reynolds and I{.8. packer

(33) confirmed tl¡e existance of a high-tetq)erature p -Þhase,

established the bolndaries and redeterndned the crystal structure,

viz. cubic boal]'-centered, and found the transforrnation teÌÞerature

P-f ß ) to bu eo:oc. Ttrey confirned ttre structure of ,/ (9 )

to be he€go'ial close-packed" ?hey also cor¡firned the stnrcture of

ê' t/ ) to be of the p -*r,g.r,u"" type, anil esrablished that

it exists at 7.7% Å1 (by rveight ot 25ø & atoric %) rs-ithin a narro¡s

range of coûsrosition.



the binary phase diagran as given in Fig. l_3 e¡nbo{ies

the results of nâr$' r,'orkers. The alumin¡,*-rich side is maín1y due

to ìío Hansen (zz,zg) ¡¡hile tt¡e sílver-cich side in its finer details
is due to W. Hrune-Rothary and associetes (33).

tlre ternary syste¡n Âg-Irts¿{l has r¡ot been in¡estigated

hitherto.



"C
 

A
lo

m
ic

 P
er

ce
nl

ag
e 

A
lu

m
in

um

oo
oW

C

õr
'\^

80
0

70
0

60
0

50
0

40
0

96
0.

5.

I

rH
E

 S
T

S
T

E
N

Í 
S

IL
V

E
R

-A
LI

JM
T

N
Iß

'

I

Q
+

L

a p

ß
+

t

a +
. 1 a

p -+ 7. 7

80

'v

30
0

90

+
M I 
ll

L_

20
0u A

g

-ß t'

55
8

r
te

Ç
o

t6
C

O

t4
00

r2
00

to
oo

B
O

O

60
0

t0

ui
i

20
 

30
 

40
 

50
 

60
 

70
 

B
O

W
ei

gh
l 

P
er

ce
nl

og
e 

A
lu

m
in

um

F
ig

. 
13

7
+

ô

66
0"

\_

\
90

.;0
0

i
19

 
l

(o
l



T}TE SYSTB{ STLV.ãXì-ALI}IINI]I-I

(Various l{orkers )

¡[

@

16

¡iþ

-:r

-l.søfsl
$-f
"l
*L

It

-ú

7f
Ë

Ð

o

ao

1) 0t0¡0¡o{o
âlt ltNtuÉ. 

^Iotarc 
fEt cañÎ

c to âo ¡o ,f¡

^TOÉIC 
rfr ctNl

Fig. 14

,w

600

s'
s
<tN
È
s
Søñ

,ø

tu

qt' \
$
I

$
I

Cttpt

\
{ I

cl
¡

I
I

,lr
I
I

-\
\

i4. ¡



CI{APTER TII

HFNR T}ITNTJ,L T F¡HN TAUES

ê¡ Puritv of l"letals

1. Silver (Johnson Matth€y, Ltd. ) highesr purity :

..]

sílver: 99,995ø Ac. 
,. j

2. Indiun (Cousolidated Mining and Srnelting Corryary

of Canada, !td. ) stanalard grade ídiurn, gg.gg% Ía, or better.

3. Álu¡¡inr¡¡n (Ðepart¡nent of ltines and ?echnica1 :

,surveys, MÍnes Branch, gttawa) Ã1, 99.994/.; Fe, 0.00J.91; Si, o.0o18l;

Cu, 0.0018%.

b" PrelimÍ¡¿rv

Ia the binary system aluñi n¡üÞindiun a nri scibility gap

in the liquitt state exists above 638.6oC (for 4I). Indications were

that the gap $Íght close betrseen goooc to gsooc. several isothernar "':: '

sections through the ternary system between 60OoC and 900oC r¡ou1d r, '. ,

shor¡ the e:ftent of the gaÞ in the tesnary diagran. To determir¡e

the ¡niscibility gap boundary in the irdiÌîiarual ísother¡nar sections

the co Þosition of the two liquid phases had to be deterüined for 
1,,,-.r 

,,:,

different overaal corqrosi.tions at the desired terÞerature. To thi s

end the alloys coulil be either quenched fro¡r the teqleraü¡re in
question or nolten alloy sanples frpn the trro Liquiit layers could

be withdrawr¡ !'or reasôns to be aliscussed later, the Latter metlrod

was fo110¡¡ed. :'] i:r: r,:.i:,ri
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The determination of the ternary niscibility gap

presented ex¡rerinental difficulties which r+ere due, first to a

lack of an accurate aethod of chenical aualysis for inùiunr in the

preser¡ce of alu¡ní"t"¡ or vice versa, ard secondly to the relatively

high te¡rqreratures at which sarryIes hatl to be ¡aithilrar¡n for analysis.

the first dÍfficulty was circr¡nrventect by taking

aalvantage of the relativeLy large iliffere¡ce in de¡rsities of the

pure metals and usirg density deter¡¡inations of the alloy together

with chenical analysis for sil-ver to attåin thê co¡q)osition of the

two layers. The <Lifficulties ar:i sirg in cormectLon uith the

Ìrithdrau-ing of ¡o1ten a1loy sarryles were eliminated by developing

a suitable pipette ¡'¡hich is shown in Fig. 16. A more det¿iled

description is given el.sewhere.

the ternary troughs can be establ-ished þ trial and

error, i.e' by guessing the course of a trough, nakir¡g up al1oys

of such colq)ositioris as \rere thought to fall on the trough,

analyzing them therÍ¡ally anil proceecling ín thí s r,ray along the

entire lergth of the trough. In the present case, however,

several vertical sections r,qhich cut the ternary trot€hs at a

constant concentration ratio of tv¡o co[Þonents serveil to

establish the cor¡rse of the troughs in the ternaly systenL rn

this vay the investigation was carrietl out systenatically and
was

nore infor¡natioqngairnd than fro¡n the trial arrl error methoil.
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These vertical sections Ì{ëre constructed f¡om therÍal analysis data.

C" ?Ìrermal 4otlvsis A¡:paratus

For thern¡al analysis a nHo skinstr resistance-type furr¡ace

(1.8-rÙ vas used. It consisted essentially of a vertical- cylinder

fifteen inches high, L 3/4 inches internal dia:neter, closed at the

bottom and packed inside l'¡ith quartz wool to a heÍght of five ir¡ches

from the bottom. îhe whole cy)-inder upon which the heatirig elerent

¡,¡as r¡ourd was thewrally ir¡sulateat.

Current r¡as drar*n from a [Surgesll variable transforfier uith
ten and tlúrty aÍÌperes at forty and &renty-five volts respectively,

¡¡-inin¡:¡n a¡d ¡axinur¡r output. Fig. 15 is a schem¿tic d:iagram of the

sinpJ.e electric circrlit of this apparatus. fhe following description

refers to the circuit w"ith $,¡itch rrctr open.

$iitch rtArr r¡t¡en in position 1, permits the rapiit preheating

of the furr¡ace to a desireil tenÞerature by cormecting the furnace

directly to the varÍ¿ble transformer. Cooliry or heating can be

initiated at a pre-set tiine by opeaing s¡rritch ttÐ . lfith switch ttAtr

in position 2, either one or both v'ater-cooled variable resistors

(3r", l}'d can be introduced into the circuit clepenilirg on the position

of switch rrB o. lr¡ith s¡¡itch ¡tAtr in the latter po sition, the current

through the heating elenent can be varied from approxinu,tely one to

thirty a,ÍÞeres, correspondir¡g to a variation in terqrerature inside

the furr¡ace fmln apprsxinately fifty to over a thousand ilegrees

centigrade.
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For purposes of esti.¡nating apprcxinately the furnace-

terry)erature from anÞere-neter readiqgs, a graph of current versus

fur¡race tenperature r¿as ¡rade. A chro¡rel-alumel thermocot¡ple was

used for temperature neasurement s. lhe cold jurrction Ìras thernbstated

at 25o J .loC. At the hot junction the therûocouple rrires l.¡ere

insulateil with smalJ- ceramic beacls and a thin [alundr¡¡nrt tube slipped

over one wire as Èeen l-n Fig" 16. The schematic diagran of the

thenocouple circuit is given in Fig. L5.

The potential across the therÍ¡ocoq)le leads was measured

w:itl¡ a ¡tlinneapolis Honeywell Bror¿n Recorder potentiometerrr nodel 1S3

f10V-40F1. The recorder had a potential range of zero to ten

¡nillivolts rrhich corresponded to a teíÞerature range of approxinrately

25OoC. Á. tìCahn Recoriler Controlrr was inserted into the therrnocouple

circuit and adjusted so that 100OoC corresponded approxinately to

nine nrillivolts on the recorder. The ca'l i bration r,¡as matle in terms

of ¡nillivolts of the recortler against the kro¡l-n freezirg points of

the follou:ing pure rnetals: silver, aluuirnun, antiÍìory, ziuc, cadrniun,

bisruth, tin, indiuÌn, The above meta^].s ¡yere either of highest purity,

i.e. 99.99Ø. * or sta¡darcl reagent grade. Ät the same time the

potential across the recorder leads rqas measured. with a rtTinsley

Potentio eterrr type 33878 agaj-nst a stardard cel1! ?he nu11-point

detector rn'as a rrlæeds Northrup tt galvanoneter, sensitiviw .OOoþL/wn.

Such ¡neasurements r.¡ith the potentioneter were perforrned later

periodically as ¿ check on tJle reco¡der neasurements.
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Free cooling r'¡as enployetl i.e. the tenÐerature vs time

curye was of extr)onential form. To obt¿in a slorv eaough initial rate

of, cooling fron high temÞerature, cooling ¡¡as done in üro stãges,

viz. from high terperature to approxfunately 400oC ar¡d then to noom

tenÞerature. this vas achieved by lolverirg the current first to the

ilesired value (as reail off ttre ttançreres vs. terq)eraturerr graph)

then rnhen this terq)eratu¡e (+OOoc) was nearly reached the cuìrent was

shut off and the furnace allowed to reach room tenÞerature. The

average rate of coolirg was I.soC per rninute. Infl-ection points r*rich

¡¡ere *ifficult to discern fro,-n cooling curres were .re-ínvestigated

by heating curves.

the potential could be read off the recorder-graph

to ¡¡ithin ! .01 ¡niLtivolts ¡r¡hich corresponrled. to I t.OoC. The

error in tenqlerature due to reaùir¡g off teÍ{reratures from the

gqllib¡¿f,iqu graph rtas t.soc. The teq)eratures given in the

tttherr¡al analysis datarl are considered to be accurate to lrittlin
* z. ooc.

To preve$t reaction of the ¡nolten a1loy with atÍospheríc

constÍtuents, alloys. rcere ¡nelted and cooled under argon atr oE)here in

a rrvicorri cell shor':r in Fig. 16. lhe ce11 coulil be evacuated, filled

rrith argon antl connecteil to a mercury v¿lve to allo¡ç for exlnnsion of

the gas during heating.

lhe leads of one th€rnocouple were sealed into a ground

glass stopper lr¡lLich fitted into the top of ttre cell. ?he second
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thernocor4lle was introduceil into a thennocouple well fosned by seal-

ir¡g the quartz glass thernocouple shield to a groud glass joint wLich

fitted also into arbther socket in the ceII top.

d. Isothernal.Aoparatus

îhe schenatic ci¡cuit {ia,gran of Fig. 15 ¡¡ith s,¡itch ¡rÂù

in position 2 and sr¡ritch trCtr closed refers to this apparatus. Suitch
rrcrr introduces a r4rrheelcorr ther¡nostat ir¡to the circuit. The thelr0o stat

r/as sensitive to IoC terperature fluctuatio ns.

l\¡o chromel-altrlþI thenrocor4rles nere used sinultaneously.

One, alundurrsh-ieIcled, placed in the roelt and connected to the tr8¡sr*n[

recorder (described under Ilher¡naLanalysi str ) se¡wed as a terÞerature

indicatot'. îhe second therrnocouple, quartz-glass strieliled, placeil

just above the aÌ1oy rr'as corlnected to the therno stat ani! served. as a

te¡qlerature control. lhis arrangenent nrinimized t€rq)erature

fluctuations. À the¡lnocot4rle ¡*¡ich is not innerseal in the alloy

òan follor.' teÍçreraûrre fluctuations of the heatiqg eleruent v"ith nuch

less lag in ti Þ than one r¡Lich is placed in the alloy. The therrbstat

nas câlibr¿ted in terms of the themocor4}le pLaced in the alloy, using

the same stanrlards as previously described. The thernocouple circuit
is shor¡n in Fig. 15 . the control-thennocouple ¡shich activates the

thermostat is not shown in the circuit diagram, but is shor,'n in
nig' 16 ,

.ån exanple u:ill illustrate the operation of this appa¡atus.



TO VACUUM

,1R30À¡ r\LE f

.-- TO THERMOSTAT

ALUNDUM TUBE

GLASS 'rO META-} -GROUND JOIN''
VACUUM SEAL

PORCELAIN 
-.

PORCELA¡N BEADS

lsgI!€E!!A! 4N0 rlqRMA! AryALlÞlS_cEL_!

Fie. 16

SAUEREISEN
CEMENT 

-

ALLOY PIEETTE



39

Suppose ?0ûo was the desired texperature to be kept coÌ1stant.

Firstly, u:ith srt¿itch rrån in position 1, the current through

the heating element kas adjusted rt¡it¡ the variable transforner

to give appro).inate1y ?2æ C. The value of thís current rlas

read off tÍìe ttterperature vs. currentrt graph. $econdly, rtrith

s!¡:i.tch rr¡1,r in position 2, the currelìt uas adjusted to give

approxiriately 690oC. Ifith s¡¡itcb uÀr in the 1atter position,

and switch ttct' closed the tllermostat itas set at ?00oC to

maintain this tenÞerâture co¡lstant.

ir'_ith th:is arra$gerûent current rna,s flor.ring through the

heating eler¡ient at a,ll tines, and only an adilitíonal sr:rall

current vas draÍrn ¡rhen the thernrostat closed. If the desireaL

te¡iÐerature was rrbracketed¡t closel¡' enough the teîÞerature

could be ìTÞ,i$tained constant r.rithin | 1.0oC over the entire

teaperature range of g00oC.

e. PleParation of Alloys

three ruilliliters capacit¡r zircon-ceranric crucibles

r¡ere used for melting aJloys for densiúy determinations. 'lhe

con4)onents were Ìreighed. out to t .0002 gms to give the

desired conposition r¿ith a total vol-ume of alloy of üro r:rilli1iiers.
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A.1loys vere prepared for density deternir¡ations

at lOZ composition intervals in each corq)onent throughout the

ternary systen. The al1oys ì.¡ere nelted in ax tr¿tjaxr iuduction

furnace wrder argon atmo sph.ere.

For tåerr¡al êild isothernal analysis larger saraples

of alloy r"ere used; approxiinately forty gra.ms to begin rith.
These al1oys were melted iì1 û.renty-five nù capacity tlhigh purityr

ai-undun crucibles. For thern€.I arulysis successive alloys rrcre

obtained from the original alloy by adilirg incrernents of one

conponent alor:g a line of consta¡?t ratio of concentration of the

other tvo comÞonents.
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hn uÄja,xtr i¡duction furnace ¡¡as used for neltíng the

al1oys. The furr¡ace had tlÌe dual advantage of rapidly attairdng

high teq)erature and of stÍrrirg the Ítrlten rnetal by inducecl

currents. To ensure homogeneous conqlositj.on tlie alloys r,¡ere held

at appro:rinately I000oC for ten $inutes in the induction furr¡ace.

The density-alloys r,rere then cooleil to roon teÍÞerature. The

thernal analysis and isotherrnal aualysis alIoys r,rere trênsferred.

to the preheated resistance furirace.

To prevent reaction rr:ith atmospheric constituents

all alloys were melted i a rtvícorrt ceI1 (Fig. 16) rlùich fitted
into the iriiluction furn¿ce as Í€11 â.s into the resistance furnace.

?rior to neltir€ the cell has evacuated and fiIled ¡irith argon

The arrangeinent I{¿s such tlìat the cell witÀ the r,1olten alloy and

the therÍr¡couples properly ínserted could be transferred. fro¡ìì the

induction furnace to the resístance furn¿ce ín a fiatter of seconds

v:ithout having to open the cell and re¡¡ove the alloy.



f . SaÍplir¡e

lor i so ther¡,ral analysis the alloys røere equilibrated

at the desired tenþeratu_re for fourteen hours. The cel1 top could be

renoved for sanqlling l¡itìrout having to re¡nove the thernocouple

r*hich uas in the alloy. Sainples of alloy ¡vere w.ithdrar¡u from the

top ard bottonr layers at the alesired. tenÞerature ¡¡:ith the pipette

shoun in Fie. 16. ?he depth to rrùj-ch the loner end of the pípette

tube ¡las to be íntroduced into the ¡oolten alloy coulil be controlled



by means of a cIa¡Þ r.*rich tv-as attached to the pÍpetie tube and,¡,trich

served as a stop (FÍg. 16). ?Tre part of tl.re pipette r.*rich tras intro_
duced into the alloy, a thin ¿lundun tube, },as ceinented. into the

plre*< glass pipette bu.1b.

Before sa:rq:les r¡ere t¡ithdralrn argon r.¡as flushed through

the pipette and the rate of florv r'¡as the reduced suffieiently so as ïrot

to stir up the a11oy rihen the pipette lras Íntroduced into the Ìûo1ten

alloy. the slight pressure in the pipette prevented the top layer from

enterirg the piÞette if the botto¡n layer was to be sampled. j.iolten

al1oy r,ras sucked into the pipette by connecti_qq ít to a vacuum line
for a very short ti¡ïe by üreairs of a tÌ¡ree-l¿ay stopcock, and then

svitclìing back again quiclrly to the argon 1ine. Tk'o to three

nilliliters of sample r¡ere 'øithdrar¡¡n, f¡unediately after a sar,rple

rr'as ¡rithdra",¡q the pipette r-¡as resoved fr-on the celI and quickly

i¡¡rcersed in cold lr'ater. :11e tirìe required for r¡ithdrarring the salq'Ie

and quench-ing lrras usually less than thirty seconds. T.he cracked

glass Ì'as carefully renoved frorrr the a1lo¡. ¡,¡t1i"1t r¿as then chopped

up into sntall pieces orr a shear for densit¡r deterainations a¡¡ù

che¡ri"cal anaJysis.

a. Deirsity Ðete$,ìi rÞ.tion

De¡rsities r.¡ere Cetern¡ined rcith a 25 ml pycrometer i$ the

usual rnarurer. ¡rPractical¡¡ redistilled it-butyl ethe¡ rras used as a

density nrediu:r. Ðistil led l!-ater could ilot be used because sone a1lo;rs
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reacted ri¡:ith it. ¡J-l d.ensities given in table I rrere deterfüned at

{zs.oo ! 0.02)ot. Ìhe tiìüe a116wsd to reach equilibrirxi r,ias t}rirty

ni-nutes.

The volt¡ne of the plrcnoneter r!'as established froi:r the

knorm d.ensity of r¡ate¡ at 25ôC (25). The density of n-butyL ether

at the sane terryerature r,ras then determineil. The density of the

alloy r*as then calculated fro¡n the follorr'irg fo rmula after the

necessary veighings vere perforneC.

t'.1

ir{rere \" = densitf o:r1 alloy in gm/cc at 25oC

% = ðensitl¡ cf etller in gry'cc at 25oc

:i : r.'^i tht of plrnoneter pLus l,¡eight of ether,.8

l"i1e ' + il) : ir-elght of pycuôneter plus ether. plus a11oy

r,¡ = r.Ér dht of âlloy''Ii

Ëach deilsity given in ?ab1e IfI is the average of at

least tlvo separate densíiy deterainations perforned on the saite

al1oy. ?he error in the densi ty is considered to be t O.OOZ gn/cc.

À s!"qg1e-pau bal-arce rvas used, and ro correction for variation in

atmospheric pressure r+as inade. In Fig. 1? density vs. concentration

of silver in the al1oy Þ'as plotted at constant conceûtrations of

indir¡n. Fror¡ these graphs the coniposition of ternary alloys roe,s
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rtas determined after the density and the silver cor¡centration ruere

ascertained. fn practice the densities were plotteil on a large_

emugh scale so that the error in reading the graph was not larger

than the ex¡)erinental errrors. Å n¡ore detailed description is
given on page 49.

h. CheroÍcal Ânalysis

Because of the chemical sj:nilaríty of indir¡n ard aluninr.un,

the deted¡ination of one ele¡nent in the presenCe of the other by

che¡nical mear¡s is ¿ifficult.

It r.¡as atterÞted at first to ¡leternine indiu¡a in the "1't oy

by flane photometry. fhe û.{o strong lines of irdi.u¡n at 4102 I and
o

4511 Å were utilized for this pu¡po se (1+). Inùj_r¡n can apparently be

deternirietl successfully by flarne photometry w-ith an olõ'gen-acetyleûe

flane (sLr 52), and w:ith an o:qygerrhydrogen flLame (23, 43). Itre

instrunent useil in the present r'ork r,¡as a ttPerkia-Elmerr ¡uode1 L46

flarae photometer, rrrbich Has not easily adaptable for use w:ith oq,gen-

acetJ¡le¡re or oxygerrhyclrogen These triâI analyses were carried out

r.¡ith an air-acetylene flane.

the alloys were ùissolved in concentrateal nitric acid;

the fir¡al solutions were approxinntely 1U or less in nitric acid.

Standard solutions were prepared from sta¡rdard grade indirm netal.

?he analysis for irdium by this method was alvays low,

from or¡e to three per cent at both !¿ave lengths, r¿ith r¡o consistency
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in lor¡ resuLts. To ascertain if the Iov resr¿Its r,¡ere due to loss of

solution in the prelinin¡.¡y pïeparations, anaLysi s for silver (*gû1)

r¡as carri.ed out subsequent to flane photometry in each case. The

resul-ts for silver gave rrithin experinentâJ, error (?.5 parts per

thousand), the s]'ilthetic conr.:osition. .l.Iurin¿ur could not be analyzed

for at all- by this methoal, pr-esumably because of the 1o¡,¡ e¡nission

intensity of ah¡,1':rinum from aqueous solutions (15).

The lois precision olltairred rrith Lhis particular apparatus

inade it iiçossible to airalyze for i¡rdir¡n to the desired. accuracy

and the method r¡as abandoned.

åccordíng to Li. llaschk¿ and F. Sadek (ZO) t¡. $uk and

li. j.ialat (:+) inai.urn and alu¡cinuxr can be deternined in the presence

of each other by E.n.T.É.. iitration. Ttre procedure adopted was that

of C.[. 'lJilson and D.lJ. ìvilson (65) r^'hich is essentially that of

l.l. Fl-aschP,a and F. $aclek (20).

Á calculated. excess of standard S.Ð.T.4. ¡,ras added to the

aqueous sanple, containing inCirun, alu,r¡inur¿ and silver. The pll .r.ras

adjusted to 2.5 ll.ith a¡:¡aonia and. the excess E.Ð.T.A. vas back-

titrated '¡,{.t}r standard bisilut]r nitrate solution, using p]'rocatechol

violet as inalicator. tsefore the end point ¡,ras reached the pll r.ras

checkecl and re-adjusted if necessary. Åt this 1oi"- pH value on1y,

indium forrns a sufficiently strong conpl*',r.ith E.û.?.Å. ff the

pll is lorrrered to 4.5 after i¡dirm has been títrated, aluirdnut can

be deter¡rÉneil in the sane saJq)le in the same rÌanner.

In practice a very indi stinct end point h¡as obtained.
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Tit¡atíng very slor¡ly and heatiug the solution to 60oC did riot

in'prove the enal point. H. Flaschka and F. Sa<lek (20) state that

the back títration r¿ith bi sn¡¡th in the preserrce of aluninum is
characterized by a very poor erul point and only if the anount of
aluninun present is snalL is it possible to deterltdne indium in
the presence of alunrinum. Ttre direct titration of indiun w:ith Ð.¡.T"¿,.

is usually consiclered inpractical because of the slow rate of
ir¡iliu¡r¡-8.Ð.T.4. conplex fon¡ation.

Ttre precísion of resul-ts attained due to the poor end point

was such that the methocl had to be abandoned.

the method of precipitating alurrinurn and inctium by

the Èhydrüry qu:i.noline, r,reighing the¡n as a mixture of A1(CaH?NO)3 ând

In(CaH?No)3 then ignj-tlng to the oxides anil weíghing as such was

thought to be worthh¡hile investigating.

The tleternrinatíon of aluminr¡n by B-hydro:çy quinoline

is well- knob'¡r (64), (42). The pH range for quantitative ÞrecipitatiÕn

is 4.2 to 9.s (19). Similarly, ínùiurn is preciÞirated w.írh the sa¡ne

reagent (SO) tfrougtr the procedure cliffers so¡ner,¡hat from tl¡at for the

alu¡nir¡un precipitation anù the pH range for conplete precipitation

is apparently not established. lAe procedure a<lopted r¡as tÌ¡at for

the determination of inrliurn given by S.J. þle (66)"

lùhen standard solutions of irdium plus alurnirun røere

ar¡alized in this r'¡¿y the results obtained from the quirolate

precipitation were always somevl¡at lovr. t/hen the ¡nixture of quino-

lates was ignitecl to the oxiale accorúing to stardâ.rd procedure (42)



the precipitate nelted in each case before it ¡r¿s oxidized. Slow

heating and introducir€ ê strean of o:rygen into the furr¡ace ùicl rrot

elirninâte this difficulty. $Ínce the precipitates were containecl in
porous-bottom porcelain crucibles the nelting of the precipitate and

the consequent loss of precipítate through the bottom of the crucible

could not be toLerated. Thís method of anaþsis r€s not pursuecl ar4¡

further.

Á. separation of ir¡diun fro¡n alunin¡n was atte¡¡Ðteal. After

silver rr'as re¡noved as AgBr, indium was extracted r*ith etåyl ether

fron 4 M aqueous fßr (35144). It rvas found that tùl¡en the ratio of

alurj-num to Írdiunr was appro:ci¡nately 50:SO percent or higher, sone

alu¡ninr¡m ïas etftracted ¡i-ith the indiun in one extraction. thi-s r.¡as

deduced from tåe fact that the deter¡rdnation of aluminr¡n", in the

aqueous layer (quinolate) vere low and the ind,ir¡n deteru¡ination

in the orgarric layer (qui¡¡olate) was Ìrigh, ftùo or rnore extractions

increased the o.tent of co-extraction

Since the a1Ioys to be analyzed r¡ould contain ¡nore

aluniinr¡n than indir¡n in rerry instances, this nethocl of analysis

was also abandoned.

One of the earliest metl¡ods of deterrninirg iniliun l¡as

tried, uiz. tit¡ation røith ferrocyanide. The ¡aethod followecl rrras

that gfven by (68) which is essentially the sane as that of R. Belcher

and associates (?). 3:3t dinetlrylnaphthiùine ¡t¡as used, as vi sual indicator.
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Ir¡dium couLd rbt be determined satisfactorily in the presence

of ahxninun by thi-s nethod because of a very indistinct end Þoint, hence

tt¡is method was abandoned after sone triars. ichen pure inclium solutior¡s

üere titratetl, the end point was sharp.

Finrl ly, a co¡nbination of physical and chenri cal nethods wês

found to be satisfactory for the determination of conposition.

Densities of alloys varying in conposition by ten per

cent in each corporent tåroughout the ternaly systen rr'ere determined.

ard plotted versus the percentage of sí1ver at ten per cent intervals
of inùlu¡¡ as shor,¡n in Fig. 1?. Silver was deternined satisfactorily
in the preserne of indium and alruniirrm by Volhardrs rnethod (62) which

is r,¡ell knor¡n and uill not be described in detail here.

?o d.ete$¡dne the coÌÞositio¡ of an a11_oy its density and

silver content were aleterained; this fixed a point beüreen t¡ro rines

of constant-indium corposition in Fíg. l?. To obta:iû the corqrosition

of Índiun, the úistarrce betrrreen the trvo constant i!¿iur. co,,lposition

lines rvas ùivideil iato ten eqr¡al_ Þarts along the vertical given by

the perceatage of silver. The percentage of indir¡lr could.be read off
to to.S to !O.e p". cent depeñrti ng on the distance tlìe f,{,o

consta¡ú-irdirm liues were apart. The knorrledge of the percentages of
indir¡n and silver deter$ined the coryosition of the alloy.
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CHAPIIR TV

ÐI(P¡RI}IÐ{TA¿ RESUf,TS

the resuLts are given in tabulated and graphical forr,r.

ïÁBT,E TII

CO}IFGSTTTON - DÐI$ffY

ÀI1oy Colqrosition
¿s $eisht % cd.cc

DensityAl1oy Nuniber 41.qgïn

å1

LÐ

2D

3D

4Ð

51)

6D

7Ð

8Ð

9D

.tg

19D

I0Ð

1TD

0

o

0

o

0

0

o

o

0

0

0

10.00

9.98

9,97

o

10.00

20.00

30.03

39.99

50,00

60.00

69.99

79.9?

89.98

I00.00

0

10,02

20.45

100.00 2.697

89.99 2.885

?9.99 3.125

69.9? 3.477

60.00 3.860

49.99 4.268

39"99 4.891

30.00 5.666

20.02 6.704

10.01 8.352

10.648

90.00 2.884

88.00 3.t?7

69.58 3.499

Continued
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TÁBLÐ nI - Contiru¡ed

A1loy Corçrosítion
as l'treisht % gúcc

Ilerlsi fwAllov Nunber A.p AlIn

120

13n

14D

15!
16Ð

17!
18D

20Ð

21 I)

22n

23Ð

24D

25Ð

26Ð

27Ð

280

29t
30 I)

31 D

32Ð

33D

9.99

9.99

10.00

10.00

9.99

10.00

9.63

20.o0

20.00

20.00

l-9.99

20.00

22.OJ-

20.o0

20.00

20.00

29.99

30.00

30.00

30.00

30.00

30.00

40.00

s0.00

60.00

69.99

80.00

90. s6

0

10.00

20.00

30.00

40.00

M.96

59.98

?0.00

79.99

0

9.99

20.00

30.00

39.99

60.00

50.00

zl0.oo

30.00

20.00

70.00

0

79.99

70.00

60.00

50.00

39.99

33.03

20.00

10.00

o

70.00

60.00

49.99

40.o0

29.99

s"Bl_4

4.232

4.ezs

s.570

6. s93

8.130

10.334

3.180

3.430

3.782

4.I92

4.624

s.452

6.460

?.802

10.126

3.332

3.688

4.I25

4.732

5.482

Contin¡red
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IABIA III - Continuecl

:t].loy Coraposition
as l¡'eisht Ø d".

AILov r¡nber In As .{1 Densitv

34 I)

35Ð

36Ð

37D

38D

39 I)

40Ð

41 Ð

42Ð

4sÐ

44Ð

45D

46Ð

47Ð

48Ð

49Ð

50 D 60.00 o

9.116

4,343

4.825

s. ?43

6.796

8.568

4.83s

5.5?O

30.00

30,00

29.99

40.00

40.00

40.00

39.99

s9.99

60.00

s9,99

9.99

20.00

60.00

49.99

4Æ.00

6" 371

7.528

9.916

3.612

3.943

4.614

5.303

6.0?s

7.283

9.521

3.944

4.344

5.000

50.00 19.99

60.00 10.00

7û.00 0

40.00 0

40.00 49.99

40.00 59.99 0

50.00 0

30.01 29.97

40.00 20.00

10.00

50.o0

10.01 39.99

s2 D 60.00 2O.OO

51 Ð

53D

54Ð

55D

56D

50.00

50.00 19.99

50.00 30.00

49.99

49.99

40.00

49.99 0

30.00

20"00 s.886

10.00 7.O?5

40.00

20.00

10.00

o

29.99

19.99

Contirn¡ed

10.00

29.99

40.00

70.00 0

?0,00 10.00



TÀBLE IïI - Continued

Alloy Com¡rosition
as lrreì sht %

,1'l 'l nw Nrrmher

gKy' cc

Tle!1si fat

5?D

580

59D

60D

61 Ð

62 I)

63D

69.99

69.99

80.00

79.98

?9.99

90.00

90.00

20.00

30.00

0

10.01

20.00

o

10.00

10.00

o

20.00

I0.00

0

10.00

o

6. ?55

8.213

5.446

6. s50

7.855

6.238

7.52I
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b.)

TABLE TV

1Ï{Ð{Ì.{Â1.41,¡ÀIJSI,5 ÐAiA, VERTICÂ' SmTroN r

ConÞgsition !n h'eisht - Z

In ÁS A¡.
Tenp. oc renp. oc

InflLections l{alts
Terp. oC

l,iquidus

1 1.00

2 1.96

3 3.00

4 4.00

s 4"50

6 5.00

? s.50

I ?.00

9 6.s0

10 ?.00

1I ?.so

12 8.00

13 8.50

14 9,00

15 9.s0

16 10.00

98.00

96.08

94.00

92r O0

91.00

90.00

89.00

88.00

8?.00

86.00

85.00

84.O0

83.00

82.00

81.00

80.00

1.00 921.0

1.9? 88?.0

3.00 849.0

4.00 8L4.0

4.50 796.0

s.00 ??4.O

s.50 ?57.O

6.00 748.0

6.50 742.0

7.00 .?32.O

7"50 724.0

8.00 ?Lz.O

8.50 697,0

9.00 688.0

9.s0 683.0

l_0.00 678.0

884.0

822.O

779.O

?60.0

762.O

761.0 590.0

588.O

588.0

JJ¿.U
613.0
59?.O

?22.O
699.0
635.0

713.0
678.O
663.0

682.0

690.O
375.0

Coûtirn¡ed



57

TÁBI,E fV - Continued

conno siilign ín ìJeisht - %

fn Ås A1
Tenp. oc rerç. oc ?enp. oc

liouidus Inflections Haats

L7 11.01 77"99 11.00

18 13.00 ?6.00 12.00

19 13.2? 7s.46 L3.27

20 15.01 69.99 15.00

21 16.91

22 18.?6

23 20,01

24 23.00

2s 26.26

26 28"64

27 31.03

28 33.27

29 35.01

30 3?.51

s] 39.52

32 4I.I1

66.19

62.49

54.02

47.50

42.72

37.94

tÕ ôo

24.99

16.90

18.75

22.98

26.25

28.64

31.03

s5.00

3?.50

663.0

652. O

631.0

601"0

573.0

546,0

528.0

s42.0

5s9.0

570,O

s81.0

588.0

s07.0

512.0

s18.0

522.O
483.0
458.0

524.O

518.0

512.O

510.0
165.0

506.0
188.0
165.0

50?"0

591.0
506.0

600.0
s03.0

606.0
494.O

611.0

59.99 20.00

143.0

144.O

143.0
148.O

143"0
148.0

143.O
L47,O

I4s.O
1t8.0

143.0
148.0

143.0
147.0

143.0
147.0

143.0
148.O

143.0
148.0

144.0
149.0

141.0
148.0

143.0

I43.0

Continued

33.3? 33.36

zo.9? 39.51

17.79 41.10



TÁBI;E IV - Coatinuecl

..r;r.

Co@osition in Irfeisht - I";¡'-::=a:-é Tenp. oc Terq. cc Tenp. oc
In Ás A1 I¡iouidus fnfl ecti ons Hr] ts

33

34

35

36

M.4T

47.sL

48.51

50.01

11.20

s" 40

3.00

49.99

44.ß

47,30

,t8.50

621" O

629"0

63s.0

644.0

143.0

I43.0

143.0

1s4.0_
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T¡IßLE V

lHRlrAL ¿,ïIALüSIS DÂÎ.lt, V¡RTICÀL SæTIoN II

Conoosítion ín t'Jeight ø

Tn /"
^e%

AI í¿

Teqr. oc renp. oc Tengr. oc
Iåquiatus Inflections Halts

37 50.0O

s8 49.75

39 49.49

40 49.00

4l ß.75

42 48.sO

43 48.01

44 47-sO

4?.00

46. s0

50.00

49.75

49.49

49.00

.50

1.0L

2.00

2. s0

3.00

3.98

5.00

6.00

?.00

8.00

525"0

482.O

483.0

509.0

2s2.O
152.0
164.0

178.0
159.0

403.0
398.0
330.0
323. O

207,'O
166.0
143.0

L43.0

I43.0

239.0
1¡*?.0
143.0

239.0
I47.O
144"0

241. O

143.0

::
141.0

24]-.O
143"0

143.0

243.0
L41.0

148.0
143.0

45

46

48.7s

48.50

48.01

47.50

4?.OO

46.50

46.00

521-.0

528.0

1?3.0

s3?.0

533.0

528.0

824.O

482.0
192.0
150.0

154.0
192.0

500.0
447 

"A

47 46.00

Cor¡tin¡red
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TÂBLE V - Contirlred

Corpo sition in i{eight %

Í.n % As/' N-',Á
Teqr. oc Terç. ot
&¡flections Halts

Tenp. oc

Liquidus

48

49

50

51

52

53

54

55

56

5?

45,8I

45.46

45.00

44"50

44.00

43.50

43"25

4s.00

42,'50

42.2s

4L.98

4s.8I

45.46

45.00

44.50

44.00

43.50

43.25

43.00

42"50

42.2s

41.98

8.38 s20.0

9.09 516.0

10.00 510.0

11.00 524.0

12.00 s36.0

13.00 532.0

13.50 532.0

14.00 54r.0

1s.00 546.0

15.50 547.0

16.04 5s4.0

s0s.0 14?"0
447.0 143.0

505.0
1¿t8.0
14s.0

442,-0 506;0
148.0
143.0

334.0 506.0
149.0
14s.0

27s.O 506.0
148.0
14s.0

199.0 506.0
148.0
143.0

1?9.0 s07.0
148.0
143.0

Ltz.O s07.0
148.0
143.O

348.0 506.0
177.0 l_48"0

143,0

43s.0 s10.0
148.0
L43.0

510.0
148.0
14s,0

Continr¡ed

58
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T¡1BLE V - Contiüued

conpo.sígion io ifgiaht Ø Terç. oc renp. oc rerp. oc
In Ås ¿,1 liouidus InflLections l{alts

59

60

61

62

63

64

65

66

þl

68

41.50

41.00

40.50

40.00

39.00

37.50

33,.27

32.50

28.60

23.00

16.80

41.00

40.50

40.00

39.00

37.50

33.3?

32.50

28.60

23.00

16.80

18.OO

19.00

20.00

22.OO

25.00

33.36

35.O0

42.80

54.00

66.r+0

100.00

563.0

567.0

s69.0

s71. O

576.0

587.0

588.O

599.0

609.0

623.0

659. ?

Æ?.0

508.0
148.0
143.O

508.0
148.0
143"0

508.0
148.O
143.0

507.0
148.O
143.0

507.0
148.O
143.0

506.0
l-49.O
143,0

506"0
149.0
144.0

50?. o
148"0
143.0

'l:o

143.0

41.s0 17.00 s6L.0

69
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TÂB¡,,8 ,trl

ÎHÞ.1'{rlI, A¡'U,IJSLS DÀTÁ., VERTICAT SÞCÎION III

C_onÞo sition in t1¡ei sht %

'o 
ø u- ø *ø ff;uo! ,iffi;.ull* älfr: "'

70 89.11

?I 87.22

72 85.43

73 83.63

74 &t.83

7s 80.03

?6 78.23

7? 76.43

78 74.63

80 7\.O4

81 69.24

82 67.44

83 65.64

.90 9.99 639"0

3.00 9.?8 634.0

5.00 9.s? 631.0

?.00 9.37 628

9.00 9,1? 622.0

458.0

473.O

483.0

148.0
143.0

143.0
143.0

143.0

l+J.o

143.0

148.0
143.0

1¿18.0
143.0

14s.0

148 ?0
143.0

L50.0
143.0

149.0
143.0

143.0

79 ?2.84 19.00

8.97 614.0

8.7? 609.0

8.5? 605.0

8.37 601.0

8.16 595.0

7.96 s89.0

7.76 s81.0

?,s6 5?2.O

It.o0

13.00

15.00

l?.oo

21.00

23.00

25.00

27.00 ?.36 560.0 490-û

Contir¡ued
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î¿Bl,E VI - Contirr¡ed

Coreo sition in k¡eieht % ?erp.oc-¡v!!,.v
TA % Ag /" þJ 'fr Liquidus

Tern¡r.oc rerç.oc
fnflectiors Halts

84 63"8¡* 29.00 7.16 549.0

8s 62"05 31.00 6"9s s39.0

86 60.25

87 58.45

88 56.62

89 54.8s

90 s3.0s

91 sI.25

92 49.46

9s 4?.66

94 45.86

95 44.06

96 42.26

97 &.46

98 s8.6?

99 36.8?

100 35,0?

täo

:_:

148.0
143.0

--i
L43.0

l-43.0

143,0

143.0

143.0

14s.O

143"0

14s.0

14s.0

I44.O

240.0
14s.0 ?
143.0

242.4
145.0

241.0
143.0

Conti ¡ed

33.00

3s,00

37.04

39.00

41.0û

43.00

45.00

47.00

49.00

51.00

53.00

55.01_

5?.00

s9.00

61.00

6.?5

6" 5s

6.35

6.15

5.95

s.74

5.54

5.34

s.14

4.94

4.?4

4.53

4.33

4.13

3" 93

53ü."0

524.O

495.0

499.O

504"0

502.0

501.0

49O.O

368.0

222.O

227.O

5I2.0

520.O

52?.O

531,O

533.0

541"0

548.O

552.0

5s6.0

562.0

568.0

573.0

s?6,o
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T¡1BI;Ð Vf - Continued

Conposition in Irleieùt 1[ _

- 

Tery. uC Terp. oC Teqr. oC
fn . Åg AI tiouidus Inflèctions Haús

101 33.27 63.00

102 3L.4? 65.0I

103 29,6? 6?.00

104 2?.8? 69.00

105 ?6.08 ?1.00

3.33 611.0

s.lz 630.0

2.92 662.0

24I.O
14s.0

240.0
143.0

240.O
143.0

2s5.0

625. O

3" 73

3.53

584.0

597.0

TÁBT,E VII

PoI:.ITS 0¡l rrÏR0tË16rt I\i TmNAI{y SySTrþt

9-o!Þo sition ía Weíg.ht - /"Terp " 
oO

?60.o
692.O
s27.4
590.0

468.O
510.0

6LO.O
sl3.0
577.O
620.0

5.4
8.6

19.?
34.7

49.7
45.0

79.4
56. ?
34.0
28.3

89.3
82.7
60.s
30.5

49.7
4s.0

IL.7
37.0
62.2
68. s

5.3
8.?

19.8
34.8

0.6
l0.o

8.9
6.3
3.8
3¡2.

f
I
T
I

u
II

rfi
ÏII
IIÏ
ÏIT
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c.)

TABI;Ð vrII
TTIINÅRY IIGAP'! TSOI'I{E&I.IS

Tenp. oC
Co¡roosition in l{eisht Percent

Â.t-.- til-ch Layer
%Tn {Ap 'Á L'l

l fn - Rich Iåyer
9tr tn 4 t" E^^1

650Î
n

ll
It

700
t
lt
It
í

?50
ll
tt

t!

800
It

It

tl
rf

850
ll
tr

900
lt

19.1
L8.2 8.0

21.6 20"?
39.0 27.2

22.1
23,6 13,0

28,1 z]"'.Z
36.0 24.1

26.9
32.5 11.5

z$0.9 20.0
5L.2 22.5

33.6
3?,2 6.1
43"8 IL.8
46,4 12.5
56.0 16.9

40.0 60.0
46.4 5.2 48.4
56.3 10.5 33.2

48.2
59.1

80.9

'i:l
3? "733.8

77 "963.4

50.7
39.9

73.1
s6.0

39.1
26.s

66..4
56. ?
44.4
4L.4
27.L

51.8
4,9 s6.0

3.5
4.I 4.5
7"4 5.8

12.1 7.8
23.6 A?.7

3.2
7.5 7.3
3.9 6.1

I1.9 8.1
23.O 21.1

6.1
3.8 7.5
?.6 9.s

13.2 12.6
21"0 22.I

8.4
4.? 14.3
7.8 13.4

10.0 15.O
I5.0 25.3

9.2
3.9 I1.7
8.8 18.9

96.5
91.4
86.8
80.1
58.?

96. B
85" 2
90.0
80.0
55.9

93.9
88.7
82.9
74.2
56.9

91.5
8I.0
78.8
?5"0
59.7

90.8
84.4
72.3

8?.2
62.Z

12.8
32.25.6
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Ti.BlE lX

d.) BIiÁRy '!¡{¡f¡cr3tf.rry cÁ.p¡r DATå

Tenqr. oC
ilJ. - Rich layer

% t (vt.) % A1 (wt.)
In - Rich I¿yer

% TLrr lwt.) % lJ (t¡t.)

6s0

?00

750

800

8so

900

19.1
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33.6
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CHdPTffi, V

D]SCUSSIO¡¡ OF RæULTS

a.) ther¡nal Analysis

The contiguous binary systens¡ have been discussed e)rtensively

uncler r¡Previous Revelant Investigationsrt. The d.iscussion at this po.irt

u:iIl pertain to the extension of the binary transformations into the

terrary systen as they h'ere detedftir¡ed during the present irn¡estigation.

The peri.tectic reactíons wLich occur at ??g.BoC (:S) ana

693oC (34) ín the syste¡ns â.g-AI and Ag-In respectively are joiræd

in the ternary system by a rttroughr¡ wlr:ich is nearly a straight line

in the basal projection of Fig. 22. (The clirection of lor¿er

tensrerature is indicated by arrows). A three-field space therefore

joins these two binary peritectics. It fo]lor¡s that the tr*o solid

phases in equilibrium with liquiit rûust be silver-rich ter¡ciía't solid

solutions anal the ¡9 -¡ase vkich is designateal as such in both binaty

systems.

The ne-xt ûro peritectíc reactÍons r+hich occur at, 726.90 (¡S)

and 660o C(34) in ttre binary systems é,g-A1 (nie. 13) and åg-In (Fig. 12)

respectively are joined at point r¡Ar¡. å. thlrat trough leaves point ü"1.tt

at ]-ower tenÞerature, therefore, four-¡rhase equilibrÍum rRrst occur

at rtA,rr, rshich rn¡st irwolve three soLid phases of ì*xich tno m¡st be tÌ¡e

/ -phase aø 4 -phase of tPre system Á€-¿1 irig. 13). Tre third
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solid phase caruDt be predicteal r,¡ith certa-ínw because fhe e:(ister¡ce

of point trFu is not certain. It is, of course, understoott that

phases which occur in the bírnry systens and r¡Lích are said to occur

iu the ternary systen are essentially the sane in structure but not

necessarily in corposition,

The binary eutectic at 558oC (ZZ) which occurs in the systerr

Ag-À1 (Fig.t3) is ¡oined in the ternary syst€m at point ttstr by arnther

trough which enar¡Â,tes from ¡oint rr,{tr. i\t lower teÍFerature a ttrird

trough emanates from point rtss and four-phase equilibrium Ìust agil:in

Ðd. st at point rBr¡, of ¡rririch three phases are solids. T.wo of these

solid phases nl¡st be the rf' -phase ¿¡¡t c/ -phase r¡hich occur in the

bir¡ary system 4g-AI (fíg. 13). !\rtherrnore, since I occurs at polÉ€s

Itttr ar¡d lrÞü oræ of the solid equilibrÍrur*phases at t[ìrt nust then be

the tf -phase. Sínce the ./ -ptrase $rists onfy at high tenslerature

in the two bírøry systerns åg-In a¡ld Åg-À1 it is very probable that

the / -phase ôisappears at the tenperature of rrÂrt. Consequently,

the second solid equilibriün phase along the trough "AB nust be the

runkr¡orrntr phase together r¡ith f -phase and mt 4 and. { .

The 20?oC peritectic of the system Ag-In (Fig. 12) srtends

orily a short ùistance into the ternary system i.e. to point tt0[ (Fig"22),

where four-phase equilibrium enists" T!¡o of the solid equiS-ibriun

phases at rr0tt &¡st be tne 8' ard / vhich occur in the binary

systen.¡€-In (fig. fe). This latter ( -phase is r¡ot the sanre as

that tfhich occurs in the Á.g-À1 systerí and which is ilesignated by the

sane syÍrbol. The romenclatu¡e follorn'ed here i s sinply ttrat r'ihich



occurs in the binary systems. The / -phase of the bir¡ar}' syste¡[

Âg-41 (Fig. 13) irust, of course, take part in tr,¡o three-phase

equilibria; hence it nust be one of the equilibriun-phases, at the

four-phase equilibriw plane at rt0rr. ¡\s in the previous case,

the t66o0 peritectic of the system.Ae-In (Fie. 12) extends only a

short distance ínto the tern¿ry systen i.e. to the point ttÐrt.

Ihe tryo solid equilibriun phases in the three-phase space along this

short trough are I ard f¡ r'*rich follows fro¡n the binary systen

Âg-In (Fig. 12). .{t the four phase equilibriun plane rtDrI a third solid

phase exists vhose identity cannot be deduced h'ithout establishing tÌ¡e

solid phase bourdaries.

Sínce all liquid ùisappears at the teïÞerature of point E,

this point is a ternary eutectic pointc lwo of the three soliil

phases present at equilibrir:n at E are of necessigr the phase,,Ê

¡' rich occurs in system Ág-fn anal ttre indj-u¡n-rich ternrinal solid

solution (nearly pure inùirm). Belo¡r¡ the terqrerature of E (143oC)

one large three-phase E)ace exists ("r1 solids) involving the same

three solÍds as e:dst inùleùiately above this te¡q)erature.

Fron Fig. 22 it is evident that four different four-phase

equilibråa exist rriz. A, B, C, and D, u?rích are ternary peritectics

either of the first or second kínd., and a fifth four-phase equilibriuln

exists at E rdrich is of the ternary eutectic type.



fhe probable cou:.se of tÌ¡e tern¿ry tÌtroughù which origínates
oat the 281 C birnry peritectic iû the systen Ag-Tn is i¡dicated by â.

dashed line in Fig. 22. This hy¡rothetical trough terndíates at point
r¡ , where a sixth isottrer¡na1 plane (four-phase equilibriun) niust

exist, r.,'hich I'ras, horrever, tìot encouí.tered, presunrably because of

its sÍrâlI e:atent. fn the construction of rvertica.l Section rI[
(ltig. ZO) the inflections in the ter4)erâ.ture curve d.ue to p¡inary

crystal1izatior in the region of O f" to Z Íá .{I rvere very rr,eak making

it difficu'l t to plot the liquidus w:ith certaínty in this region,

Furtherinore, an a1loy of cotiposition 50.00ti Åg and 50.00,í In
gave no indication of a perit€ctic at ZBI-ot by thernal aaalysi s.

For the above reasons tåe eÌ*lsteIlce of this Ítroughs is uncertain.

The same alloy gave a dj. sti ct temperatìre ¡rhaltt! â.t I43oC r¡hich is
presuniably the eutectíc hatrt found by i{eibke and gggers (61) at 141oC.

In their diagranr t:}ris te¡Þerature horizontal reaches odly to approx-

irÌetel]r 25Í¿ .{l (by r,¡t. ) ¡rhereas i the present case this teÍÞerå.ture

horizontal reaches to at least 50ø Ä1 (if it is the sa.íoe te&Þeratu¡e

ìrorizontal). lhe other û{o peritectics found by irleibke and -eggers (61)

at ZO4o C an¡i 166ot rrrere encou¡lterecl ¿t 20?oC and 166oc respectively

ín the present irwestigation. Tt r,'ould be ræcessary to reim¡estigate

the binary syste¡î Åg-In in ihe region oî ZO/. AL to 60Ø i,L before any

definíte state¡.ients can be *ade regarding the correctness Õf the

presently available *ia6ran of tåis systen (I'ig. l2).



78

Ì{ost of the three-phase boundaríes involviq one liquid and

two soLiils were. detected by therinal analysis; they are sho¡¡n ín the

vertical sections as lines raaliatíng fro¡n the tror¡ghs. lhe three-

phase regíon írwol-virg two liquids ard one soIid, uhich lnr¡st lie
below the fiternar¡r gaprr, r"as not detected qvstenratically by

therr¡al arnlys:is,

lhe posítions of the ternary points labelled ¡1, B, C, D and E

in Fig, 22 r,ùere determined by eå-crapolatlng the ternary ntroughn to the

tenÞerature of the respective isother¡r¡al planes. The above points

have the follorcing approxinate col¡rositive coordinates: A, 65,4 {tg,

32",6 in, 3% ItIi B, 45d" it& 4s%, Ín, ];O/," !J; Cr.gil Ãg, gO % f.î, l/" eZ,

n, 4% Äe;: 95/" I:n, I /, t']"¿ fi, 3% Æt 96ñ ÍrL, I % Ã]-,. the four-phase

isother¡nal plaræs lie at the follor¡ing teÍperatures: sggoc (.{),

5o6oc (Ê), z+fc 1c), 148oc (D), 143oc (E). The exrenr of these

isothernal planes can be juilged from the length of t]¡e horizontal

lines in the resÞective vertical sections. ?l¡e 143oC plaoe is the

largest, reaching nearly to the Âg-In a¡d ¡11- In binary srysterns,

and approxinately to the 15% I¡ line along the Ag-A1 binary system.

Belolr the 143oC isothermal plane there exists a corresponal.i ngly

large three-phase space, all three phases being solids. ,SÍnce

the isothernal planes are in general not tnia¡rgular in shape

(apart from the eutectl,c plane ) rore vertical sections h¡hich cut

ttrese planes are needecl to detemine their extent h'ith ce¡tainty.
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An atteûSlt t¡as $ade to construct a verticaL section at

M,Ål paraalel to the binary system Ag-In, but infl_ections in tÌ¡e
terperature curve due to prinrary crystallization ¡{ere very weak in the

indiuÈrich regÍon .Such a section ¡¡ould cut the troughs in t"hi s

region, giving ¡nore accurate inforß¡ation regardiqg the course of
these troughs. A n¡cre sensitive apparatus, rr,ould. have to be

used for such a task. T?re small heat effect accompaqring prirnary

crystalLization Ís ur¡doubtedly ilue to the steep faI1 of the

liquiclus in the indirüî-rich region.

fhough a large boily of data has been gathered. (over 100

analysis ) anal interpreted, givJ.ng information ¿bout the aiquiclus,

the tgre of equilibria present, ¿nd the identity of some of the

solids ri:ithout resort to x-ray ruork, the construction of a conplete

three-dimgnssional oicture of the ternary system would involve

¡rore labour. To deterniæ the ternârT sl¡sten coryletely, photo-

raicrography anil x-ray porvd er - ùiffraction techniques r¡ou}l have to

be used. Si¡rce some transfornations occur corylete1y in the soli d

state in this systen as can be seen from the contÍguous binary

systens, the deterúination of the liquidus and the trougþs can

say nothing about these transfornations.

b.) The Binary jyiscibility GaÞ "
fn the bÍnary systen alu$inrm-inùiun the approrcinate critical

teÍÞerature of g45oC rvas obtainecl by ëctrapolating the two gap-boundary

curyes as shown in FÍg. 25 The crítica-l co¡q)osition of 6B"8,% fn,
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3J-.2% AL ¡ì¡as obtsfined. by extrapolatir:g the line of rectilinear

diameters to the gap boundary (fig. ZS). .4.ccordingly, the system

shor¡lcl be honogenous above 945oC and the densities of the top and

bottom of an alloy of a coirposition fall i ng ¡,r¡ithin tt¡e gap should

be equal at that terq)erature. This ¡sas found to be the case lcith

an al1oy of overall cor{rosition of ?O% Tn añ, 30% A1 at 950oC.

c.) The Teinary :]liscibilir¿ taÞ¡t

fsothernrs through the ternary liquiit-liquüt 5.-uuniscibilíty

space (ternary gap) at 6500, ?00o, ?50o, 8000, 8500, and 900oC are

shown as a polythermal projection in F.ig. 24. "t ternar¡' critical
tenperature tloes rnt exist in this systen as can be seen from

Fig. 19, i.e. tÌ¡e addition of silver to the binary system rl,I-In

Loryers the bínary critical terÞerature. The lowest terÞerature

at which only tåe tlvo liquids can co-e(ist at equilibriurn in the

terìrary syst€m is approximately 590oc. This value is the point

of intersection of tl¡e liquiclus ard the liquid-tiquid surface in
Fig. 19. fhe critical co¡Þosition in the 650oC isothenn (¡:ie. ZS)

is approxinat eLy 26/" 4g, 4?/, 1\ 271. ñ. At the same

tërqrerature the gap ÐÉends into the ternâry systsn to approximtely
o

27% Mt and at 590 t to approxinrately 30% Ag. lhe bou¡rdaries of

the three-phase region (1, t I,n- + S) l"hich nust lie belorq the

teruary trrniscibility gaprt r,,ere not aletected by ther¡nal analysis.
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¿. ) 8¡ryary

the binarly ndscibility gap in the systen ÁJ.-In has been

tclosedn. The terneqf ¡Imiscibility gaprt in the system Ag-frr-ÀJ-

has been determined. fhe liquidus has been largely aleterrìir¡ed.

Five four-phase isothernal plaræs have been found, and a sixth

postulated. Ihe course of the ternary rtrougþs r has been

aleteflnined, u'ith less certaintJr, however, in the incliu¡r¡-rich

region than in the remaining rëg:ion of the system.

The identity of some of the soLid phases in the ternary

systêm has been deduced.
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