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Hlstorf oal IntrodltrÊtioa

Ebêre bas been sone ellffereuee of oplaien es to the origln

of the worel laLloyt, bet aeeorrillng to RoÞerts-Auston it lE

åerlvect from the La.tl¿ werd alllgo (aê tteo) nto bindl t€Pr atrd

referg to th€ Eþien €r bluittng teget¡her of the metals ooûstitEtlng

the alloy.
Perhape the noet saticfaetgry itef,laftton of aB auoy 1s tbåt 

:

gfyen by the .Aøsrloan soofety for Sestiag lûate¡ial-s4?, Ehieh

deffEes aa allôy ae Fa Eubstanee havlag netallle pro¡rerties, 
'

eoBslôtlng @f, tro or Bore aetallle 6lêEeats, or of BetaLtia an{l

non.'metallf o elênents, rhleh ar6 mfsclþle uftb saeb other lrbeB

uolten, aadl bave Bot Eepa¡ateal ist6 dll.stlaet layers rrh6n 6o]¡,t1.0

Eotever1utheeom*r¡erela}censêtÞetern*aI1oy'¡oqlda].so
laeLutte tbe easo Fhere s@e separatioa into tliEttaet layers ba¿f I

taken B]-ace.

From the earll€st tlses atleys Eese protluoeê aoefêentaLly

by the Ê1äultaãeoìrs rotteetlon of B1Ítures of uetallXc ores, l

but tbere 1s ltttle tloubt that the flrst metal-s to be

lEteÊtfenally atloyeËt rere tho Broetous metalÊ, goltl aael s1J-ver, 
:
:

1n orele¡ to faellltatê workl'Þg, er for tho ltu¡pese of ooiaage. :

fbe rorrô1 all-6y ls aoae tlmeg Bsetl to lnp1y a seBs6 of 
'lepreolatlé!

or a lowêrlag of, value. EhLÉ ls etyaologieatly faeorreet

þowevexl, aaal probaÞly bas lts rootg 1n earLy feaurilEleEt attemptg

to sebstltBte base metals for preolous oÊea 1u varylag
:

quanti tl6 s.

lhe fuportanoe 6f the stuity ef aetaltic aadl troÞ-aeetaLLie

alloye ls eYldleBt rheD Íe eorxsltler tÀe êxte&t to EbtcÞ they are

employeel. Elemestary BêtqlÊ are fôw Ln ebaraoter þEt Þy th€
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Juetlelous seleetlon øf m6têÌ6, aLloys of greatl-y varying

cþa¡aeterlsties may Þê prodEeôdl. Iadlustrfauy the 1n¡rortanee

of allgys eaJü.o t be oyer-enphaslzetlo I,ol exaaple, pure lron

lE a owerclal rarlty, EhiIê ste6l-, an Lron-earþon alloyt
uhieb, is probably the nost inportant of the alloysr iE

onnl¡rresoat. IÈs ttsoa are aanffo].el-alr fntLustrial ae@êsslty.

¿. feE more striklag êxamplês æ.Jr be oalleal to mJ.nd, such as

tbo higb-spoetl oattlag steels, motler:n $tns aaat am@tl!-platêt

""r6r¡¡-pleretng 
p¡s JeetiLes, aoa-eoffoilXble alLoys for the

oonstructlon of vessels fo¡ ehêûloa.l nanufactutes, uew i.igbt

alloys of renarkable Etroagth a)rù alErsbillttr utlLise€l ia alr-
craft aBdl many otbers too tlum.ergus andl Eow acoêptecl as too

cormonplaoe to be eentior¡eil.

However it is not only in tbe evolutton of new a¡tl

st¡ikfngty iaportant !ûaterfaLs that the importanee of'tbe
stutty of, alloys lles, but tn the tfght tbrora on tbeir
stluoture, thieh gtaattrall-y is roveallng aore a¡tl nore

kaowlealge regartllag tbê soll€t Etate of Eattor" gþe early

stuiLfes of alloy systems, thll-e of yery l-ittle praotioel
yalue at presont, a¡e howover fnporÈant beestlse of the faet

that 1t sas theÊ reallzetl that the ebemleal eoBstitution of

an alloy govorBs tbe ahenloal, pbysloal, antl oeobanieal

propertles of that a13-oy. fhus tbe properties ef aIr alloy

corúdl easfly be precletennineel, ttepending on tbe natEre antl

proportloB of the eompouncls Ehieb sre fortsal, as well es the

i Eøûorf,hoBs Elrtr¡r6e shfeh, geeEr.

Metals aadt alloys obey the sane pbysieo-oheolcaL Laws

that govera mlrtureE andl soLutlons. îbo faot that tbey a¡e
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consialered aÊ a eLass apert 1s 4ue, no dloubt, to thelr very

great praetleal- fmportaaee.

Deseb.€ ateftues ñlnetallographyr as the stuily of the

iatexnal strBêture of notals aadl a1loys, asdi of lts relatlo[
to tbelr ooBposltloa, an€l t6 tbelr pbyEleal, @b€mloaL anð

meehani eal prollerties. It ls a brancb of ¡rhysieaL eheulstryt

sinee thls lnternal structEre yltl EadouÞtedtty ctopêud on the

physloal an(l ehemieal- eonilltlons u'aaler rhfeh the alJ-oy ls
forced anet thqs the stutly of struotere resoLYeg ftself AorE

to a study of egtrlllbriun fa hetørogeneous eonaleasçtl syst6ns.

EosÊver, Ehôre phy6leaL ohe¡¡l stry ootrsorBs ltEeLf generally

wlth the natu"e ancl relatlve qaantitles of tho phases Ln a

systeB, anil the 6ne¡gy tra:rsfornatioag ûbloh asco!¡penj¡

ohenloal ehatrges, netallograpby also dleals EfÈh a further

variabLe-the axFan€emôut of the Goþpongnt partlolos La ôpace.

gbserÍatlons on setaLs la sonê f,o¡B 6r @thcr go baok ac

far as the uses of eotats themealves, antl Betal ebJeete of very

great ago have beoa fou¡dl. In that ?ague sense tho stutty of

metallography eouldl ve:ry well lay el-a{n to great antiqrrlty.
gowevor as a self-coatalsetl selenee lt nust be eonslrllereél to

be only of very rêoeat origln. fhe great modlera growtb of

lnterest 1a the stuaty of the struetere êf qlloys reoelveal lts
flrst great stlmulus rltb the appllcatlon of the nleroscope to

tbe stEaly of metaLs.

B@bert Fooke ia hfs "Mierographiat iE 166ã deeeribeê the

appearaacê of Leadt otystalllzlng fræ lts alloy Fi'th silver.
flhis fs proþabl-y ths first reeordett mleroseople mstallographle

investigetlou. Réanur, ta l?8å began tbe têobllEue of examinl!¡g
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fractureê sarfåees un¿lor th6 uieroseope aael 1n a very earefel-Ly

thonght-out paper raatle sotse elassloal observations on th6

struoture of steeL anal tb€ harêenlag effeet protlucedl by

gnenching. êrfpon, a FreBch lronmaster, fa L??5 alêserlbett

anct lllt1strated elystals of iron fo¡rIel growing lnto the

cavitlês of eastfngs.

EnaBiaatloa of fracturecl surfaeas very obvfouEly bas 1Ë6

Iimltations a.oal very ltttle progress was then made uutfl
Wfdnanstätt€B tllsoovered that @ertafn meteorltes sh€a Gu.t aaal

poltshed dlevel-opedl a oharaote"lstlo structurê on heatlng 1n

air. Som6 tlae Lator he dllseoverecl that etehing wXth ¡útrie
aelal gayè even b6tte! results anit thus i.a1d the fe¡¡aclatloas

for the otutty of etch-reaotioãs anal ldteatlflod the charaeteristlc
stru@ture wbloh stlLl Þea?s þis name,

Henry 6l-lfton Sorbt'9 nÞst houever þe eatitleiL to tbe

oreatlt of bô1ag tb6 foundler of netalJ-ographyr siE.eo ho {levlsaù

a systenatl@ tecb.Bl qEe for tbe prêpa¡atlon aatl ôxau.lnatlon of

Þi.€re-EeetLonEo gafortu¡âtêly the pr.aetloal applleetlens of

bls systenatio rork ser6 Bet pereeivedl at tÀe tlme evea thougþ

they B6r€ aatle at thef,fie].dl, tJtê oentre of the Brltfsh cteel

f¡xalustry. üartens 1n G6rnany, antl o¡nontl 1¡1 Franee, nelther

of whem Eere êware of Sorbyts earllor Eork fEdelrendently

oonf l rnetl ft, and illdt Buob to eontrlbute to the attvaneeaent of

the badl-¡f rregleotea solenee. ¡Eong othêr ear].y norkers 1n tbis
fleLtil shoulal be meûtioaed Ferth, erovet and tbarpy of Fraaoe,

Eeyn, Wüst, ÌSêcl.dllng, gtela 10 Ge:many, Inelrews, .Arooltl, Robe¡ts*

-Austen and stea(t in Engtandl, antl Eoûe and Sauver¡r in .â¡aerioa.
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Diseusefsn for gulte a rhfle centrod itself oE tho

controversy as to Ehêther aLloys gho¡¡.Ltil bê regardeê as ehemf. oaL

eo!¡pgü¡naE or merêly aeehanLeal mfxtB¡es. Levol 6ystesaatieally

began the so$eehat Laborloes proeeas of exanfaiag geri€E ef

alloys anil shoreê that oaly very few reaainedl hoÉogeneoÉs

dturiag the proeose of orystalllsatlon, otberE bôilrg eapable sf
separatioa Ínto nore f$slble or less fusLble ¡larts. Several-

alloye proverl to have a eongtaaù R'êltlEg point e.g. the aLloy

of sflver a"Eil eopper lu tbe properÈion Âg5cl1, wae fouÞ.cl to
posaess this property. tevol therefsre coasitlereil thÍs to be

E definltê eenpoend. EoÍever, Eor6 rôeeBt researeb bas broÉgb,t

to J-igbt the faet that this ls the euteotlc mlxtu.re of the

metale, Fhieh elo aot folm a.r1 iBtêrBotallle csmpound. Nêverth6less,

?esearob alo¡lg thls Llae markael a gFeat aalyaBcê ln the stuety ef
alì.oys.

Matthlessea5o uas tåÊ first to apply the øethsits @f physleal

obemf.stry to the stualy of alloys. ge stuatleal the X,hysteal

properties of tbo alloys, guoh as dtensLty, ooaeleetivlty, 8d
the::no-electrie power. Thls leail hln to regard alloys as

solÍdtifiEtt solutions, eontalnlug, or aot oontaÍning compounils

elependllag otr tÞ€ netal-s ehosen. fie reaLtzetl that th6 ehange

Itr prollertfes ehsulÈl be eoatl.aeous anal thet thc alrpeeraaee of a

ooarl,ouatl woelGl proôucê a ¿lls@oatln.ulty. fhls Eas the bêgfrnfng

of many Euch orrperlnents.

5he aext great aelvanee sas the dllseovery @f Rasu1trs Las

of Èhe De¡rreesioo of f¡eezlag Polnt. Ehe applteation of thls
las te thê Et¡r.aly of alloys was suggestotl þf tbe faet that alloys

usuall-y neLt at a loweÌ tenperature than their components.
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Thus begen a whole series of lnvestlgations andl the

pnbllcatloa of freêz1¡rg-polnt eurves of r¡aFy bln¿ry Eystens.

Jäptner ancl te Ghatelle¡ suggestetl tbe applloatior of
Gfbbs Theory of tbe Phasee and tbe flrst important applleation
of thls ras matle by Roozeboon fa a elasslcal paper5l in whloh

he eenstructôtl a eoaplets tl iagra@ of the rosEltc ebtaiBed la
tbe therrcaL aaalyels of th.e irioa-carÞon 6ysteË. Álthougb

maay ehange s have beea rnncle ln thfs tliagråe' by aEaerous

laveõtlgators, yet fts orlgftral substat¡oe has remafs.eal.

Because lt ls the basls of the Lron-oarbon altagraE, aeo6ptl.B.g

the sxlstenoê of th6 three allotrople motlifloations, anil

beeanse lt cas th6 fitst a¡rBlLeatioa of tbê fheory of the pbeðes

to alloys lt renalns aa laportant aloouBeE t ln the netallographfo
antl ¡rhyãiaal- cheø.ioal- anaalg.

Rooaeboom5å 1a 1899 rnadle aao thar great soletrtifi@

oontributioB wb6B he rerrl.eseCl tbe ¡rossible tylrôs €f solid

solutloa, rorklng fron the theoretieaL standpofat of tbe pbase

!ule. îhe first laportant applicatloE of thiE to alJ.oys other

thaa iron ras uraclg by Eeyeook antl Nevill-ês5 who presenteil clata

antl pbotomlerographs whleb were aaple evl{leneo of th€ hlgb

<legree of aoeeracy antl tecb¡ieal l,erfeation attalnecl la sech

a short perlod of tlae.
The sehool of metal-tograph€rs foundêtl 1a Parls by Oseoaal

aadt I,e Cbateller eontrfbuted Ìargely t@ the adyanoenent of the

stuêy. ïE Eaglanê tbe å.lloye ReEearoh Coçrnlttee r¡E{ler the

lneplring teatlersblp of Roberts-Åusten frotr 1g9l uprartts did

mueh to f,rl¡thêr solêatiffe hssledge by tbe publlcatisn of aE

inportant serios of re?o¡ts. err' tbe eleath of Roberts-Austen
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thlE work ûas e@atf¿ued by If. Rosenhai¡x ûltb the assfstaÊee

of J. E. Steatt ancl J. 0. .A¡nolå.

IÍo review of the history of netaS.lograpby wo El-dÌ þe eorÊplete

wiÈhout al*6 f,eferenoe to the work of C. fp*n?rânn o Beglnniag le
l90S a long series of eoatribr¡tiQas oaRe oEt of tb6 eóttil¡gen

laboratory' A ].arg6 ÊEmber of blnery syst€ea çere ineestigateil
ulth the obje€t of establ.iEblng ¡egt¡larlties betlleen alloys of

<lffferent netals. Ehougb the data ls not very aeouratG dae to

the eredllty of tþe seientlfio methods trsgal antl tþe tnlrurity of
tho aaterlals, yet his work serveal as a very dteflnite stlaulqs
anit dlld mush to altl 1r¡ the aecumelatlølt of sofeatifLe knowledlge.

fotlay reJ-atively fev btnary aetaLlle systeø.s renala

unlny6stigatedl aatl qulte a few teraary systeßs have been stutlledl.

Âll- of these are raow servLag to throlt J.lght en the lnterqaL.
strueture aaal eonstltetlon of metal-E andl alloys" atral to alal ia
the 'evolatfon of g€neral laws governlag tbe solial stater.of satter.
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(a) êene¡al Phase Rule

Fh6 tFo great ôxpressions deserlblng ln a qualÍtatlve manaer

al1 ôtates anrll ebanges of, equil.ibrius ar6 the ?hase R¡rle aaÈl the

theorem of Le ghateller.

For narily yeara prlor to tho enunclatlon of thê6e tÍo great

prooepts ft ras knonn tbet reaetlons do ¡ot ta*e plaee eonpletely

Ln one cllrectloa but go to a certaln poÍ.!t, at sblch an

equtltbrlum is set Ep an¿l undlêr thoEe eondlitloss no fsrther
apparent ehange Ell-I oeeur. Ee!.zeL 1ø L?'î? al¡d Bertþollet ln
1?99 both reellzeai tt¡at tbis equlllbriun Blgbt tlepeBél on the

nass of the sebstaneos presentr eul.aiberg and Wa"ge54, by thelr
statement of the taw of Mas6 ÂotloE aadle 1t posslble to aseertais

the eonititions of êqu.1librlum 1B homogesêous øystems. E@Irever t

ëne to thê faet that ùh1s law sae baseal on kinotle au{l ßoloet*l-ar

theôriee, lt eould uot be applled to systems la Ehl@b tho ns¡¡Þer

@f Alffereþt aolecBlar aggregatês or the dlegree of tbelr moleoular

ao!Âplexity was not k¡roEo¡

Een years after the Law of Mass Åotieu badl beea proposetl,
IF

G1bbs"" sboredl how, La a lerfeotly getreral !Ê4trn61, free from aXI

hy¡lotbetieal assryþtisns ae to the solleeular eoadLtlon of the

partielpatlng substaneee, all eaðos of equllibrlun eoultl be

sErveye(l aBdI groEpedl lnto olasses, aatil bow sfBlla¡ities ln t]'e
behavlor of ap¡rarently itlffeleat kfnã,s of systans, aoil

(liffereaoes Ia appareatly slnlJ.ar systeesr could be explaln6é1.

As the basfs of þfs theoly, slbbs aclopt€al the laws of

tbersoalyÂs¡rles, a metho.{l of trôahûeat rbieh haa åt fl¡st beea

empl.oyorit by HorstnanaS6. Ferihe¡aore, eruas eousldleretl tbat a

systea posseeseil three intlependeat variables, narael-y temperature,
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pressare, a.ndl thê eoneel]'tratloa of the eoBtr)onêr.ts of the sy6tea',

(tbe actlon of gravity aral othêr foroes being excluttect). Aê tb.en

enì¡rrel-atett the theorem noÍ lrn own as tbo Phase Rule, by wbieh be

defiaed the eonciltlons of êgu,fLlbtiue as a reLetionsbfp betweea

shat are called the phases and the conponents of tbe systee.

By rphasesF se mean any honogeneor¡s, physicelly disttnct anê

neehaBieally separable portionÊ of a heterogeneous systeB. h
the ease of ratêr in equili.briBm with lts own vapor, there ls the

J-fqui.d aaô tbe vapor phase, two in nus.ber. If there is a sal-t

ctissolvedt i¡r the tsater, there are stilL two pb.ases', tbe liqulel
or solutlon phase and tbe vap or phêse. If iee erystall1ães,
there ls atlded a solial ?hase aaê -tþe nËmber becoües tbree. Ifr
in addition tbe ttissolvod su.bstance separat€s in tbe sotitl fotB
or as a soeond }lqu1d layer, tbêre vll-l be four phaoes preseat,

tbc vapor, liqufd and two soì-lcl phases, or th6 vapor, sol-itt

aaal tso 1lgu1d phases as the case e.ay be. S.Itbough th6 lee
separates 1!- many crystal-s, yet eech 1s like evet:y other 1a

conposilion aadl taken together tlxey eoÊstitu.te one þhase. If thê

erystals were not aLikê, ås 1s the oase rlth rhombl c aad. nonoclLniË

suLphur, tbey wouLrt fors as nany phases as there were kinds of

ctystals, trqo 1B the exnmlle JEõt eiteat, thxee if se have etf anond,

graphite anil earbon. .4, mlxture of gases w1ll fo]m only one phase

since gases are miscible in all. proportions. The famitiar fact
that tbe vapor prêssure is unaffeeted by the amount of ti.qufO .

present antl that the solubiltty of a solÍtt Ín a liqulal ls
t¡xalepentlent of the a¡oound of solld in eontact witb tb€ solutlon
shoEs us that any equfllþr1un ts lnalependleot of the emounts of
thê phase, or phases, prosent.
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fhe coBponeBts of a EysteE arê definedl as tbe sealLest

rumber of lndepôEtlêatLy va¡lab]-e constltuents, Þy means of

whieh the eomposttloa of eaah pbase partiolpatlag ln the state

of eqelllbrius oan be exlrreaseê 1a the fotm of a obenl eal-

equatlon. For example l-et EE take lee, ltater, aad steâî' Ln

equlllbrium. Ehê systelr consfsts of three phase6, naøely solldt
Ìiquld, aatl vapor, but the nsmber of conponents 1s only oner the

chenlcal eonstltuent HrO. Hydrogen a¡ld orygenr the oonstitusnts

of water, eanDot be regartletl as coÐponents for only at a ¡aueh

htgbor t@peraturo are th6y presênt 1n the fors of a stable

ôqEfllbrflnl!. In a tso*oouponent systea a ehofce of coaponentg

lc per:Blttod. fåke tbe ease of the eaG0g-€a0-00g equllibriumo

At a glvea temperature, sithfn seltaÍn limfts, anct after
equl].lbrfun hås been establfshe{I, thare are three substaJxcês

prosent: @åIciqÞ earboaate, eal-eiqB oride, carbon tlloxl¿le. WÞlto

tbeso substenoôs arê u¡ldtoubtoilly the eonstftueats of the systeu.

betEeen çbiob tbe equllfbrium 6rlsts, yet tbey are not all- to be

regaraletl es coGrpoaêntE, It can easlJ-y be s€etr that tbey are not

uutuatly laêe¡lendlent, but that by taking åay trro of tbese

oonstitBêatg the eoBposltiea of the thirtl is âstonatfeally

deflneat by the folLowing ôguation,

eaeorÈ aèo f caz.
f'trus tskiag tbe ooraponênts 0ao0g an(l Cao tlre compositfon of eêoh

pbaðe ealo be e¡presso¡il as f olloss ¡ -
gaeOg:6a00gloeaO

0a0 ICaO/o6a$0g

60g:$sS$g-gsg
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Thus ãero an¿l aegatlv€ quaEtltles of the eomponents are

penßittett, but it is usual to slctpLify matters by avoidfag

their use when maklng a eholee of @o¡[ponents.

In iletluelag the eontlltlons for eqrillþrltlm 1B a

beterogeneous system, f.e. 1n dedueing the Pbase Rulêr Gfbbs

regareled every system as alefiaed by the three lndlependent faetors

or varlables-teeperatBre, Bresstrre, alxal ttle concentratlons of
the eonponents ln eaeh phase. Non in tlealÍng wltb equll-lÞrlun

fron the stantlpofnt of therBoalynamies, there are certein
nthermotlyaarnl@ eriteria of equlì-lbrlum' wblcb hust be eonslalered.

These crlteria take the fort of thermodynamle equatÍons containing

terns eal-le<l thennoetynamle Botentfals, eharaeterlstle of each

component, the equtlibrlun beitrg reachêal when these poteatlals

reaeh certala va1Ees. By seaas of these equations lt 1s posslb!-e

ts ftx the values of a certala atrmber of the variabLes of the

system, ln fact as natly variab]es as tbere are eqEatfons. But

the nu&ber of varlabl-es actualS"y possessetl by a systen Bay be

greater then tbe nunber öf thêruodyaamle equations. The

aliffereaee betteea the nr¡nber ef va¡iables anal the nuøbor of

equatlons glves the number of variables whieh are left ¡¡neteflaoel

by the equations. lheõe variables, sh1@h are really varlable at

wllI, ar6 eslleal tbe tlegreês of freedlon of the system. ftndLaySE

ileflnes the number of tlegrees of freedlom of a systên as thê

nwllber of varlable faetors, teBperature, pressure, aBal

oosoentratlon of tho eoÞponents, ¡chfeb laus t be arbltrarily fi:ceè

1n ord6r that tbe conatltlon of tha system may Þe peÌfectty

dlêf 1nêd.

For example tbê @ase of liqulð tater 1n eontaot wlth ãater

vapor 1s u ¡vg-phaser one-compouent system. \fe knot fronc
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e4gerieaee that thesc two phases oaa eoexist @ve! a eoaslalerable

rang€ of teBperatEr€, ut thont Githêr {lisappearlng or atry ¡les

phase appearing. If se arbltrarily flx the temperatEre of the

systea et 2000. the preosurê w111 take u.p a eertaia eqeillbrium

BroÊstrre, namely th6 pressure of saturatetl water vapor at 20oG"

aail the EysteB ¡ril-I resala in this state iafltrltely. 0a

al.toriag the tômpeÌatu¡e to amother 
"alue 

(rLtbin lÍnlte),
other egeillbrfu& posltions will be taken up. fhus se bave one

arbltrary . variabl-e andl tbe system ls salat to be uaLYe.rl'an t '
If the teaperature ls Loweretl safffeieatlyr leo rill Bake ite
appêaraace. fbis ls onLy stabLo at a single point, thê t¡iplê
potat" 66 6¡nrot alter any variaÞl-e wlth@Et oausing a phase to

tllseppear. Thue the system le lnvariant. fhe ntmber of

thêrBoelyt¡aBto equ.atlous i6 aou equal te the auBbo! @f varieb].êc

andt *he dlegree of freettoa 1s zero.

Sbe orlgfaal methoel of dealsclng the Fhase,Rsle amployeal

by Gibbs ls bf no noa¿e sfmBle alrcl Eany altsraatlvo neÈhotls

have slace beea seggestèd by varLoqs authors. fre foltowfag

1s alue to RebertES9.

. ooasldler the the rsotlyaa.ml e equllXbrlum of a system of G

eêmBonents aaat of P phases. suppose that tbe ¡rressar"e p anttr

the temperature T are the same througbout the systets, aaal tbat

bstÞ rensln oonstant, For siupllelty it nay be sllpposeil that

the systen fs eoatalaotl 1n a eyllnder with a novaþle plston,

aatl that the pressure on the plston 1s kept constant wbile tbe

sbolê ls soatalneel ia a eoBstaBt-teppe¡atu¡e bath. suppose

that
M1¡ Mg¡ Mg, .....r.r IlG
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are the &asses of the varlotrs Got¡ponents iE the thole systee.

Ferther, suppose Èhat the ness of eoüponett number I 1B phas€
,

aumber J. ts IÃ, and that thê e.ass of eonpotrênt number I la phase

numbor e fs m{ r ândl so on trp to fÂf . In general tbe

sEbseripts wlll refer to ooeponeEts aatl the superseripts to

phase s.

lh€ total theïnottynaBlc potentfaL of the systeü¡ f is glven by

the relatíon

ø=ø'rø" rí"r.....ø'
1r,

where fr lE the thermorlynani e potential of phase number 3-, f
that of phase nurrbor 2 antl so en'

3he therrrcctynamle potential of the ftrst phase fI ls
eonpt-etely tteÈer.nineat if wê know tho internal energy tl, the

entropy 81, and the voLume Yl of thls phase, the selation

betreeB these El¡aEtftisÊ b6lag

dl=tlr-tssllBYl
antl lll, SI, Yl, aro eompLetely ttoterui¡red tf ffe know p, f, aatl

the masses llfX r ete. of the va¡iot¡s components rhieb are present

la the phase. Sxaetly the same may be said about aty of the

other phaseso

The contlltlon for thermodynsaie equilibrlun is, that for aa

infiBitês1ßa1 vlrtBaL <lÍEI,lae€Eeat eoosfst€at €1th the externaL

eor¡ditlons (t'e. T anð p to renala coastant) the chaage 1a

t be rsodyna¡ri o poterltlel must be zero.

1.o. 5d = o
OfD

5ø' I 5ø" l'&"' f ,.,..f sØ' = o....(t)
sgch an iaflaltesfnal ttlsBlacement ls one in Ehleb tbê

masses.of the elifferent eoþponents 1n the Ya¡lous phases ebangê





n{rr,\nl * tÅ.rr; +. . --

If all the àMre were entirei.y arbltrary thls eqlratlon couLd be

satlsfletl onty 1f aI] the coefficients of these variations lfere

zexo. Ehfs le, howevêr, aot tho case sLnee tho total mass ln
eacb eoBpeneat reEalns eonstgnt'

... à$: f ¿M: l¿n'," I ........,....... ruf = g

àMl / àM: I ¡¡rî f ..,.. ..... àM'- = o (4)

)Mj l>M: l¿M:"/.,.. ,.....àui:s
tn(ter these eoaditions the neeessary aJld strfflclent eondition

for the vanishlr.g of the left-bantt sitle of Gquation (5) ¡.

(s)

èq-= lg' =-.. -. . . = t;)'ÌJ >r"J' - ãñ':
Equatlon (5) glves thê Gonrtftlor¡ for the theragdynamie eqnillbrium

of the system. It t s lnpertåat te rê¡¿ember that wê have alreacly

sboBn that al-l- the quantlttes oceurrlng itl eqa¿tlons (õ) ¡lepead

orx tbe @omposltlon of tbê phaoes anËl noË on th61r total mass.

It will be noticetl tÀat ln a]l there are

c(P_1)
equatloas rhieh nust be satlefied if the system Ís to be fn
theraodlyaaml c eqrrl I lbriun.

Let us nor eonsldler the r¡unber of independent variables on
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whioh the quantities occurrlag in equatfons (ã) depend. Ia the

flrst plaee they clepenti oû the eompositions of the P phases.

fhe eomBosltloB of aay oae phase is determlne(l 1f we know the

masses of (C-1) of the eomponents oontalne¿i in unit mass of the

phase. .A knowlealge of tbe masses of C components fixes the

oonposltion and the total mass. If thê total mass ls fixed, a

kaowleitge of the masses of (C-I) eomponenta is sufffclent to fir

the composltlon. The eompositions of the P phases therefore

lavolve 1n atL P(C-L) variabteg. Ia adilition the guantltles in
equatfon (S) depena on the pres8ure p anal the te!ÈBeratì¡re T'

The t6taL nunber of variables lavolved ls therefore

P(c-rll?.
fhe c(P-I) equations e4pressing the condltlon that the system ls

ln thernotlynanle equfllbriun cleterminê tbe Yalues of C(P-1). of

these variabLes. îbe ¡enafning variabLes nay be variecl arbltrarlly
.'.F!P(C-I)y'2-r(P-r)

=c-Pl2
where F = the nr¡nber of Degrees of Freedom as previousty tlef laeû"

A eertain slnplifieatlon may be latrodEeed into nost of the

cases which are dealt sfth ln metallography. SÍnee the Yolatltity
of moat metals et thelr nelting-poiãts is extreme3-y sma}l, lt is

ooÍmonly permlsslble to negleet the vapor phase when constructlng

tbe freezlng-point ttiagram. ln the sane way the equllibrlun nay

be assurnedl to be reaeheal untter a eonstFltt pressure, thât of thê

atmosphere, slnee the sork ls gelrerally carried oEt 1n tbe opetr

laboratory. Pressure nay thcrefore be oloittetl fron tþe variabJ-es

to bê conslciereal. fhe effeet of omitting all eonsleleration of
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the vapor phaee antl of ob.ange s of p!êEEìrre from the stntly of

atloys ls to realueê tbe &us.ber of vaxlabLes to two, traBely,

tenperature aad eonpositlon. llhe conditions of egulLlbrfr:m

are then representêd by the 
"etlueeal 

fornuLa

¡¿=e-plL
Ighlle the Pbase Rr¡Ie gives the coaditions for equilibriEe

in any giT6a bote"ogeneoua syst6n, yet lt gfyes Èo info1m.atloB

regar(liag ehange s of eguillbrium brought about by alteration
of the external eendlitlons of teBpexature aEd Itressure. te
Chatelierts theorem by so ttofng greatly increased. the soope

aEal usefuluess of the Pbasê Bule. In tho Foxds of Ostwal(l 1t

may be stateal as follows:-
If a system fn equlllbrium ls sabJectedi ts a constralat by úb.Leh

the equftibriun ls altered, a reaetlsn takes plaea whfeh epposês

the eonetraitrt, 1.e. one by wbleh its effÊct ls partial-ly

annulletl.

?he Phase REI-e, Ehfle of extraordlnaril-f great opplleabfllty
has ee¡tafn very dlef i.al te J-1Ef tatfons and these sust alrays be

borEe ln ulnal. fhe nrLe 1s base<l on thêrnoatynaralc prfnclpLes anai

applies only io aondltlons of true equilibrir.un. Tbe ebief

crlterien 6f thiÊ true equllibriuæ 1s that the sase eoadlitions of

equlllbriue ls reaehed from whlehever slde it is approaehesl.

Al-so such Xlhenonena, sgch as surfaee-tensfon, foreê of gravity,

ete. ba.\¡e Bot beeB takea lnto eoasitleratloa in the (teduetion of

the Pheee Fu.Le. the Phase Rul-e la its sinplest fora eannot lneluale

thece, but they can be inelurlecl by a reviseal mathonatleal-

tfeatraent. fhe Phasc Rtrle Gleals oaly ç1th maeroseopie amounts,

nleroseople rÌnouãts beiag clealt tlth on atosle pri!.elpLes.
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Elsglr.-åEg.tenc..

ALthough the Phase REIe nay be stated mathenatieally, yet

Its r¡¿dterstantllng aE€l prectieal applieatfotr are best ex¡rressedl

graphfaalÌy.

SIE@e a two eoBpoEeat 'system existfng in oae phase ean

eonstltute a tervaxlant sysÈem, a systen slth three Èlegrees of

fr€edoB, tbet three variables, presrsEt:e, teeperatEre a!¡al

eoneeatratlon Buat be taken 1Büo eoasidorêtion. TbBs fgr the

gråÞbfe represêEtatlon of all posslble conditloas of eqnlllbriuu

a th¡ee eo-ordtinate syste@ sust be onployed. ,{tthougb reactisns

earrfe¿l out ur¡iler varying Bressures ara of the greatest soie:¡tif,Í@

lntêrest, yet most experimenÈs are oontlueted at atmospheric

pressure la the opoa laboratory, Shus two-oom¡ronent eystems are

Bsually representodl as a ¡rlane sectloa, ¡rara1lel to thê pressuro

axfs. ?h1E is knswa ae a te!0pergture-ooncentration oqfiB or a

t-x cli agran.

lypes gf, Équlllbrfs+.giaerans¡

I. lhe Components are 0onpl-etely Misclble ln the tiqufil 8tate.

(a). Ehe gomrlenents- seÞarato otrt in the purq slate.
The ty¡rieal dlagran fsr thls system ls shorÃ 1û Flg. l.

M andl N repr:esent.the neltlng polnts of the puro eomponents.

Slnee the freezfng-¡rolnt of a l1qulô ls Loweled by ciissolving

anotber substaueo lB lt, 1t fol-lows tbat 1f a qt¡antity of B is
tlissolved iß Â tbe teuBerature at sbieh sol-id -å' w1L1 be ia
equlLfb"isn with thê solTrtior¡ rfll be 16wer thaa the freezlng-

x,oint of pure Âr Ebe glgater tbe eoneeutratÍsn of, B it¡ A tbe

Lorer wlll be tbe tenperature at uhfob .A oan exfst fa equll-lbrlun
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ritb it. Shus the eurve Mg rêprêseBt$ the coml,ositiea of solutieas

Ebieh are ln equfS-lbrit¡n ultb the 6ol-1il eosporent A at dlffexeÊt
tenperatures. The ourve SC, by the saEe proeess ef reasonlng,

FXII rêpresent the eonposltioa of solutions in equfllbrlue wtth

solld B¡ The tso curves wil-l then intersect at the poiat e.

.A¡other n.€tboal of eotrslËleratioa woÌ¡Ial be tþe folLowtng. Ug üay

bo eor¡.sf tlereal as a sol.ubllity eu.?ve, since 1t represents the

tenpêratures at Ehleh solutlons of B 1n À beeo!ûe saturated tith
rosllect to -ê.. îb.rls IIC Ei.].L represent the têßporature6 at
whleh sslutio¡!.s gf Å in B becoBê saturated with respeet to B.

The pofnt C ls thg pofat of laterseotfetl of thesô two solubitlty
curvês a¡ct at th.16 polnt, the sol-ution is siaul.ta¡eously satu¡atedl

wfth -å, â¡d[ B. If erystale of ¿, seperate out, tb.e solutlon w1].1

at oBeê beoene supersatu,ratGtl Bith. respeat to B, anrl equllibrluu.
eaa be restsradl oEly by the soparatlo¿ of erystals of B¡ fbo

netal-s Â anal B thus eeparate out siale by stde. The pofnt C, as

ls elear froe tl¡e dll agrara, lles at a loFer tesBerature than the

neLting-point of elthêr eompo¡xeat an(l 1s the most fBsiblo mlxture

uhlelr can bo preparecl out of the blaary system in questlon. It
1s in conseque&ce ealletl a euteotlo point, from the Greok wortl

Beanlng reasily fu.siblêt.

Ât tbfs Iroint 0 Ee have four phases coexistj.ng 1n equLllbriun.

fhis by Phase Rule consideratiohs, rouLal be a¡ isr¡ariant point

anrl constant tenpêrature mest neoossarLly result. Slb.ee tbe

oompositlon of the sol-trùiou muEt also remaLa eoastant, tbes solld

.å. andl sollal B leust oryotal-lise oEt froB the ellteetis solutioa iû
coBstant propoltions.

thls eo¿stancy of composltlon and of neltÍng point wae ffrst
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taken to synbollse compound fom.ation. Eosever &al1y cases êxlstetl

in lrhat eeemetl to be open alefianee of the la¡r of SlapJ-e

Proportlons. .A.lso the e¡xteotie eompositloa sould yary utth
p!êssu!@o Ït was soon ¡saliseril that the eu.teetl.e was really a

conglonerate of the two coapoaeuts,

. Á Llne DE 1s u.sually tlrawû parallel to the sxls ef

eonoontratfoa throngh th€ euteetie póXtrt C, îhls tine repreÊents

the Eol-ldlfieatloa of the euteetle mother-J-iguor ancl is ea]leä

tbe euteetfc horizontaL. A vertleal- lLE€ f,"ortr C to F eeparatês

thoee all-cyg whieh eontain aB oseess of ¡. over the euteetie
proBortfons, from thcse whieh eontain ea êTe€ss of E. îbus

above E!08 alt sil-l be lignld. fbo area S& rtll enclosê solltl
.4, and meLt. trgE wttl êEolose solfdl B an<l melt. Below DgE

everythiag 1E sollil. 3gÁï' wll-l coBtaln trrrinary erystaS-Lisati.oa

of .â" p3-ns euteeùlo nlrture, ggBI' wil-I cotrtaia primary

erystallisatlon of B pl-us euteotle mirture.

À completely doLten nixtere to thc Left of th@ eêteetio
polnt wlll behave ae folLowa on ooolfng. .å. vertical line wouldl

at first be shoïrn initlcating a homogeneous lfqulcl melt. Eowever

when the tenperatÌ¡re has falles low eaough to strlke the eurve,

soliËl J, wlLl sepa?ate out. fhe melt 16 thnÊ ênriahett sith
respeet to B, and wlth fall-fng temperature the composltlon of the

nelt w1ll move to tbe rigtit. ?hus, uith fa]l1ng temperature A

separates out progresslvely atong M0 ia tbe allreetlon of C, the

nother-Iiqüor gotting rieher in B qntll the tenperature antl

eomposition of the nother-liquor have aehiêveal that of the esteotle

¡roint. At tbis point so)-itl B aakes lts appearanee a¡ntl Â anê B

separate Eldte by sltte fB the sane proportlons as they ar6 oow.
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presort fn th6 melt.

StnlLarl-y a *olten mixtlrre on the other slale of tbe aiiagra4

wouJ-d separate pure B, folJ-owerl by euteetlc erystaLlf satiea.

If the euteetie miÍture is eooteil, lt soulal freeze at the eu.têetio

temperaturo yielating onl-y euteetie erystalllsation.

(b). compounds are Forseat wfth a Oongruent Meltlng-PoÍnt.

-4, oonpo¡¡nd wltb congrnent me3-ting-polnt 1s one whleh is
capaþle of'exlstlng ln equillbrlì¡m wlth a liqulil of the sase

conposltlon. Sueh a eompounil rlLl behave slmilarly to that of a

pure netal-, lts freezlng point being alepressetl by tbe atldltioB.

gf elthe" ef the eomponetrts. fhe f¡eezlng-point ourYe thellefore t

shsws a BaÍlmun correspoatlÍng wlth the eonpositlon of the

colrpoEEd as showtr ln Flg. 2. X, Y antl C are the eoBgrr¡eat

melt1ng-points of Å, B, alrd the oompound AJy resp6otlvsly. trI

will giv6 the eomlrositlon of solutions of A and B ir êqulLlbrlun

at alifferent tomperatures with oomponent A as the sollil phaso.

YÐ givee th@ eotspositioo of soLstlong 1n equlì.ibriun wtth

@onponeat B as solitt phasê. ECÐ glves tbe composltioas of the

solutlons 1n equlllbrlu& witb the eompoundl as sol-1tl pbaser 0î

ancl 0E representlng the depression of freeziag-pofnt of the

eorapouncl wtth addltlons of pure A a¡rdl B respectively. fCÞ is
rouactecl fãatleatlng that alissoolatioa bas taker¡ ¡rlaee ln the

nolten state. The tlegree of clfssoefatlon cnn bê ealeulated

approxfmately6o 6O tbe departure of the eontour of the eBrYê

from the ltteaLisedt atate, i.e. two llnes interseoting at a polat¡

Â ¡[ixtu.r6 to the l-eft of E on eooling, wÍIi- glY€ the saBe

resuLts as 1a the case of the siüple eutoetlc, sitb pì]'re A

erystal-l-lzing out untfl- the euùeetie is reaehoal when A aa(l E
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crystalllse oEt togethêr ia eutoetfe proportloas. A efxture

to tbe right of D xÍtl yield pure B followad by eutôetic

erystalLisatien. .4, mlxture lying betlreen B antl C will yleld

compoEndl as the prlnary crystalliaatlon felLosod by eüteetie

crystal-lleatioa" Betweotr G atrú D eomB oültl o¡ystalllsatloa
uoulat first oecur, folLowecl by the seeondlary euteotle. fhus,

above IÎCDY al-l is moltea. Below KîGEEt all 1s soLial. Kf sll-l-

eontal.E solid ¡, anel meJ-t, YÐL - soliet B f aætt, BGfiÐCÍ - coapoundl

f nel-t, K%M - .4. / euteetic, WI@ - eomtrrofintl I rirst outectiet

EGPSÐ - eompounil f seeonel eutectle, an<t ÐtrüBL - B I geeond entoetieç

gbê êxaot corrposftlen of the eomporrJtd may be ia tloubt due to

tbê rourrde(t maxier¡n. A falrl-y aocurate mêthoil fgr the

ûete:slaatlon bf tt¡is ¡laxlßwtr ls alescribed fn the õeotion headett

Ehe:rnaL Ânalysis.

(e). Compouatls are Fol¡o'e<l wl.th an ïncousruent Moltlng-Polnt.

Å oonpouad is forrnetl ñäich cairjlot exlst ln egu.iJ-ibriun witb

a J-lgelét of i.ts own oolrpogltLon, but rleoonposes below lts
meltlng-poilrt to fora a llqulil anè a eolial of different
eooaposltlons than lts own. fhe general fors of the eqÌ¡llibtlun
diagram is shora ln ¡'1g. 5.

Pu¡e ,4, wlll separato al-ong I{8, tbe euteetlc point belng

rôaeheal at E. Íbê aseeatllng brancb EP eorrosponds with the

erystallisatioa of a coEpotrnd of the two ßetals A anat B, btlt

lngtoatl of reaohlng a aaxLaun and agaia falJ-ing to a seeonal

euteotle polnt, as irx the case of the fomatlon of a eomppusd

wfth congruent melting-polnt, tbe freezlng-point cìlrve cbÊngea

1a dl¡eotloa at thê polat ? and ascenals to the solidlfioatlo¿
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temperature of pure E. TÞ.us ffi re1lresents tbe composltion

of solutions ln Bqul1lbriue vlth B as the solid phase. P Ls

hnown as tþe perltoctic point, and PK is the periteotle
horlzontaL. P fs not the real- maxlmum of tbe Gtrrvê¡ ühleh is
shosa dstted in the cliagram, bet represents the temperature at
whÍcb dissoelatlon occurs.

å molten mLxture, whose eompositlon llee betseea E aatl F,

wil} separate ?urê oompoutrd on to the euteetle, so that the

eu.têetlc obtaiEetl is eventuaLly pure 3. plus eomBoBnd. BeLou

tho eutectls horlzontaL aLl- 1e solidt. lhe eoeposltlon of the

eompountl lies to the right of P, and a hypothetÍeal vertlcal-
llne can be tlrarn corrèsponding to the coßpountl compositlon.

.À mixture to the rigbt of the perltoctlc poùnt au<t to the left
of thê eompositlon of the eonpouß'al EllI separate pure B, sinee

tb.e temperatnre 1e above the Þeriteetie point, 1.e, above tbe

teaperature at which pure e omp ound can exist. Cootfng progresses

ttowa the ourve, thê Eelt gettiag rlcher in á,, wlth pure B

separatlng untll- the periteetig ¡rolnt 1s reaehed. Ât thts point
the eonpountl, oomee lato existenoe, and it doeô so by the ehemloal

reaetlon of the B, whioh has separated, antl ths melt, to forB the

sol"ldt, eoBpounat leevlag Eelt fn excess sith the peritectie
coBBosiÈ1on. 0a further eooling th€ coapositioa of tbe s.elt wilL
ptoeeeal dsirn the eurve Ìüith pare eompound seBaratiÈg entij- the

euteotle Ls xeacbe€l. A Elxturo betEeen J anal M ulII aet as the

above mlxture diå Bntll P ls reaehed, I{oB however the melt

contáfned lrore B thaa was aecessary for the eoBB ound. eomposition.

OomÞ ou¿al fsxmatlon çiì.l oeeur at P betseen tbe separateet B a,acl tho
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ae1t. lbe interactioa v¡ill now be ecropleÈe J-eaving cotnporlnd

pllls e¡åêGss E.

Ia the area,.lLEû" all wlll þe" sûl-ial, befurg a n"ixtr¿re cf
eoellon¿at tritus êãqess B, IB the arÈe. IIILA, â1I $ilt he so1id.,

eonsi. sting cf a mixture ãf c or!{round plus exeass A. fo the

Left af Et, prinarXr cr.nr stalli sati cæ" of, A plus ettlecLíc sèrËcåì¡re

will scsur, tc Ahe r:l ght af E.t-, prinar¡r cr¡rstal l iserài oû of.

eaEpound. plus eeteûtic structure wil]- be !üêserat. tbe semi-

triangulem arsa,s atra êrees of J.i quid ånd sÕlid irr equilihriuo,
tha s.a}'id. being pure Â, B, or coü ,êr¡Ed.

EomatÈot! of qEl:id Selutians.

IE na,ntri, ease.s it ha.s heen o.bsefl¡ed. tha;L thâre cry st"a.l,]-i se s

from. a satrutio&, rrot tha pure. corcp oaeats or comælonnds of tbese,

btrt a. homogerle.oue cr,jf s..tatr-l.i¡s sixturê af, tbe two eoarponent s, gó

this homogene ous sotri d- mix.turs Vaat t, Elo.f,f gavê the. naine sscJ-id

soAulion*, lha Gersan aq,I¡l*alêllt af colid scluLioa 1e

S/Lisehkri stallÊ wbieh unfortunataly b.as; hee,D. &r,ansl*tsd iqt o
F.-ngI !sþ æs Elixed Grgsà*ls,. lhe tarro çi,li schkri daitt imgtias

nis:cibiI'ity: enð i¡¡. Ger¡¡¿a. ie a sat*i sf,ê.etartr ten¿ to use, but tÌle
English, qquival.ânt in¡raie,s a meehan:iqal mixäure of the ts'o and

thus is not correctly used, lxro ¡mtals whicb ar€ soluble in
eash oË,bsr ðre seui d, tc he ÞisonorphousË aûd the a1laya are

::efarreai. to as *iso¡qoriph"ous soai d solutier.ÉË.

!o rep,rosent" the beba¡¡i or ef s rgstem co¡xsi sting of tiquid,
ã.nd, sêlid se].utions LwE qur¡te s ¡*re rÊeess&ï.y, which fn eertain
cã,ses lie. v.ery elase togetlrer but are ÐÊ ver Í d.e¡].eica,L, the

Liquitlus curr'.e is o.btp;ineal h¡r ploteing tlrê. freeã;i ng points of
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yarlo¡rs l1qefd solutÍons against tempe?ature. Ehe freezlûg-
pol¡rt fs (lefined as tho temperature at shleh soliÉl Just bêgfns

to separate out from the liqultt mlxture. ?he solltlus er¡rve is
obtaiaerl by Blottlag neltlng-polats agalnst temperature. The

meltiag-point is takeB as tbat temperature at whleh the colid
solutj.on just begins te Llquefy' tsbe rol-atlve.positlon of the

solfêus andl l-lgeidlus er¡rv€s nay be stetecl as foLlêws¡;
t.At a¡y glvea teupergture the eoncentratlon sf that eonponent,

by the atltlitlon of shleh the freezing-polnt is depresseal, 1s

greater in the lfqul-el thaE in the sol"lal phase; or conversel-y,

the aoneentration of that eomBonent by the atldltion of whieh the

f::eezing-point is raised ls greater la the solid than 1n the

liquirl phase. " 6l

When soli4 solutlon occurs 1n a system, the two eoEBonents

may be eltber eompletely ox oB1$r partially eiscfbl-e lE the sollal

state anai tbêxeforê lt 1s usual" to di\rtde tbe coasLderati.on of the

types of soLitl solutloa into two sectloRs, the foll-owi4g

cl-asstflcatlon ls d.tre to Bâkhuis BoozeboomSP, who in a cLassfeaL

paper ln 1899 reyieEEd the difforent types of solial solution.

( 1) . .A.n u"abroken series of solld, solu-tlons is f o:rúeal.

Slnee ths ûwo eøponents a.re miseíble in aL1 proportfons

çlth eaeb other 1n the solfd aldl Ltqultl statesrthere eaa oa.Iy

be ope soliat antt oae t"iquf.cl pbase, a¡ld thus never more t han

three Bhases ia equllibriue. the systen eaB tbus never beeome

invariantt andt the tenpêrature-cotrpositlon curne must be

cont inuous.





(26)

(a). The freezfns-polnts of all mixtures lie between the

freezlng-points of the þure components.

Thts tylte (Flg. 4) consists of two emooth ourves ioÍtrlEg

theeeltiag-pointsoftbepureeemponents.l}rellquftlusand
solidusnaybeehosenbytheaforeBeEtionetlrrrle..Abovethe
liquídus, eYerythlñg 1s LÍquitl. A mllrture on eoollag w1Il

strike the ltqufdus ourvê. A solld phase will aou aBpear b6lng

a so}ld sol-ution of A fn B 03 B 1tr A. The composltiol rill Dot
I

betbesa]Beasthatofthe)-tqutdll.'butnaybedetem,Ilne.lby
tlrawlng a projectfonr parallel to the concentratloa axist to the

point where 1t wouLtt strike the solfdus. lhus a solld sofutlon

of compositlon Sl wouì-ct separate out. If the mfxture ls

cooleal Tfith great slowness the liqulct composltioa ElLI tûo¡'e

down the liquldus, sLnoe 1t ls fmpoverfshect tn B. The solLd

solutlon wllt alter its composltion in ha::rnony nith thls by

solid tliffusion anal lnteractfon with the melt. Ás the process

goes on, more an(l more melt witl sotidifyr and the solfdified

mass keeps ttself homogeneous by solld dlffusion aBal interactlon.

ThewholemasswlllEolfdifywhentbesolidsolutlonhasthe
Ëa4e eoürposltion as the melt hatl. The necessfty for slow cool-íag

can readily be seen, since solld diffusion takes plaee very

slor.Iy. W1th rapid eoollng primary solldifleatÍon wiLl occur as

abeve. solid tliffusioa eanaot now take place and anotber lêyer

of sol-id will separate as a eoatlag on the first' Thus

stratlfieation or Coring results.

(b). The freezlng-Doint ourve passes through a maximum'

fbis type has recentJ-y been shonm to be thenno<tynsJo1eally
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unstable. -ê.s 1t oceurs even ln reeent text-books sos.e sention

of ft wlll- be natle here. Âs shornx 1n Fig. 5 1t conslsteal

of two eontlnuoug cl¡rves interseetiag at a naxi.&um, ocearring

very rarely it was found oþly wlth otr)tles.l lsomers, e.g, dettro

and laovo carvoxime. Eowever these ìrn1te to forB. an optieally
lnert raeenate ûh1ch has unllmiteê soLubillty f,or botb tbe

ilextro aad laeve eomBoua{is¿ Tbes ue are not atesling rj.tb a cåse

of ttextro and 1aene soLublli,ty, but actually wi th two separate

eases of comp ounal anal lsomer. Tå1s can reatlily be seea lf a

aiotteê l-1ne 1s draun <town the eent¡e of tÞe di.agram as in Flg. 5.

We now have two separate systems sinilar to that of €ase (a).

(c). The freezlng-point curve pa s õe s_-!h roueb._g_-g:rnu!û..

this type 1s lllustratetl by Fig. 6. two eontinuotrs eurves

pass througb snd lnterôeot at a ßlni¡lum. At thts mlninr¡m tbe

eomposition of soliql anti liqul€i 1s identieal. Mo1ten r¡ÈxtBres

to the rlght and left of tbe miafnun Eill yfeltii homogeneous solld

soiutlons, ff the eooting is sloû enougb, as dleseribed. 1n Oase I.
A oorÂpssltion cof,rÊaportllng to the minfmta" çill solldif y at tho

tereperature oorrespontllng to the mlniaum.

(2). îhe tgo eomDonents tlo not forn. a Contlnuous Seriee of

Solld Sol-utlons.

fhls oase ls analogous to that of the partial miscibil-lty
of liquidts. Saeh oomponeat rllt on]-y dissolve a certai¡r amount

of the other. -4. mlxtEre ga? wlll thBs oecur and. any Bll(tEre

in the gap ui3.3- bô hÊterogeneons, yieLding the two saturateal

endl nenÞers of the series of solle!. solutlons. Slnee two coliat
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phases ean aow coexi6t, an invarla¡¡.t poiaÈ nay oceur. fre
têmpêratttre-eoncentration cnrves aeeil no Loager be cont1nuous

but wiLl show a break or <tfsso¡tlnuity at tbe polnt at rhith
the i.nvarlslxt sys tem ls folBed,,

(a). ÍÞe. f¡eezing-Þoint curve exlxfbits a transitlon Þolnt.
( Fie. ? ).

By applylng the criteriou glven previously, EP aad PF

represent the compositlons of liqutd solutlons, lrhile E€ and ÐF

nepreseat the eompositlolx of õollal solutions. CÐP represents

the equlllbrtxrn betwêen the l-iqultl solutlon anrl tbe Èwo

saturatecl eatl meu.bers of the series of sollai solutions,

representetl by C aatl Pt

( i ) . Â u.J.xture to the l-ef t of the mf rture-eap.

fbe result Ls ex&otLy the same ae that dleserS.betl usder

ease I. Homogoneorls solld solutlon of tbe sane oonposiùion as

the orlglaal nelt wi].l result, if thê oooLlag fs carrieal oet

sl-owJ-y enougb.

(il). ¡. nlxtlrr€ within the solubtl-lty GaÞ.

Wbea EP ls reaehaal, soliè sêlutlon wfll separato out, whose

oonpositioa ls gfven by the eorrespeadiag horizoataL. trltb sl-otr

ooollng the liguldus eomposltloa will tsove dlown EP, aotl the

eorrespoaailng sol-idus tlown EC untiJ- P, the peritect;ie poiat, 1s

reaeheð. .trLl wi botever ¿ot be soliti sinee C, ûhl@h wiLl

separate, eontaias .less B than the orlginal mixture. D will
noÌr appear. FoE? phases aro preseat ancl invarlance ress]-ts

whieb is r¡nintafnetl by thê slnultaneous separatloa af C antt Ð

untiL atl 1s soLlil. fhe result rltt be a beterogeneous Êolitl
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eoasistiBg of the satu"å.têti end Bembôrs of tbe series of sol-1tl

solEtf oEs.

(iii). A mixture to the rigþt of the mirture eap, but to

the ]-eft of P.

Wftb ctecreasiag tenperature, bomogeneoìls solld soJ.utlon of

the EC serl.6s w111 result and tbis vlLl continue, the llqnidue

faLliag alown to P, an<l th6 solid doletlon to 0' e aad D noç

seperatg sfde by sider lforevet, for algebraic reasons, separaÈlon

of g allat D ls not enough to keep the liquid eomposition nnchangeclo

C tllt dÍssolve out, aad. Ð increases in amou¡t ulatil flnally all-

trace of C has dlsappeared., aBtl D 15 the oßIy renqinlag solld

phase. tiguid w111 stllL reeain howoverr sinee tbe origlna].

liguld mlxture was richer ln B than the solid solution D is. 
-

Sol-lttif i e atlon n111 Eots ocsur as 1a Oase Io lPhe solidus wil-I

keep ln haraony with tbe llqultlus by soli<t tliffuslon aacl

interaetioa wtth thê melt, 1f the eooling ls sl"on onougbr ¡l¡tlL

the solld is the sane coBposltfou as thê meltr an(l alL is solid.
(1v) . a mixture to the ¡leht of P.

Tbe resul-t rrfLl Þe homogenous solld solutions of the same

compositlon as the me1t.

(b). The freezing-point curve exbibits a eutectlc Polnt.

(l'ie. 8)

À trÉê euteetla oeeÌrrs bere, but unllke the simple eEtectfct

tbe eoltd phases are not pure A and B, but the saturateci ead

members of the two series of solid solutionsr
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(i). a mlxtuxe to the left of tbe mixture gap.

llifth eooling sufffeleatJ-y sJ-ow to alLolr for solid åfffusion

to take plaee, a bonogeneous solfd solution of the À series wiLl

resalt.
(i1). A mixture to the rigbt of the rnfxture gap.

This wttl eveEtuaLly gfve a homogeneous sollil solution of

the B serles.
(ffl). A mixture in the gaÞ.

to the right of the eutectlo, separation of the solid

solutioa of the B series wlll- occìlrr the sol1d solutfon

changlng untll- arrlval at the eutectlc. A sslfd solutloa of the

A serles now makes its appearanee, antl the two solld solutlons

now separate out side by siaie until al-l is solld.

cr¡rves represonting sotitl . so1¡¡.billty lines always run through

the ead of thè mlrturo gap. Tbus, a sol¿tloo of the coBpósltfon

of S as showr l"n Ffg. 8, wfll exist stabJ-y on further cooling,

untfl the te¡rperature fall-s low eaougb so that iBterseetion of

the sol_id solubility llne oecurs. Now ff solld sèpaîatlon allti

not take place, sspersaturatlon ¡rould oêcu?¡ lhus nuntmisohung"

takes place, solial solutfons of the A anci B series separate out,

anet ff the coollng ls slow enough tlre separatlon wilL be 1n

harmony, A losing B, and B loslag A.

Before leaYing solid solutions 1t night not be amiss to

lnt3oaliree anai elq)lain a texm whieh oceirrs in one of the bfaary

systems connecteat wlth this lnvestigatfon - the eutectoicl.

Tbfs 1s shown as the eurYe FGH 1n Fig. 9. Tbe homogeneous solid

sofutlon resolves ltself into two components. The temperature at
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shleh each @oaponent orystallises from thê soliil solutlon i8
Io$ered by aalelltfoß of the otber, and ¡re eonsequently obtain a

solublltty eu¡ve with two branehes. Thê resemblanoe sf thls
oEf,ve to the freezfng-polnt eurve of a eEteetiferous aerles ls
at once apparent, anit tbe aaa]-ogy ls a real one. Primary

separation of the eonBonents takos plaee aloag the two brÊrchest

and when the teßperature of Íntersectlon 1s reacheat r the

remainÍng sollal solutlon spllts up lnto a Gonglo&erate of the

two components.

If. The componetlts are not Complotely Mlsolb].e 1n thê Llquld

State.

From otlr dlefiaitton i¡f alloys we sav that nany a]-loys

separatetl into tlro l-aye3s on solidlficatlon. It 1s al-so trne

that ¡na¡y alloys tto not nelt to forn a bomogeneous liquiil,
but form tÐo f@rlscibLe layers Eithi¡¡ eertain Ìaagps of

tømperature anil eoseentratlon. Ehese are known as eoniugate

soLutioas. SolÊbility trsBally Lacxeases tltb temperature,

althougb exeeptloas to this rlrIe have beetr founal. f'laus two

tlquld. layers nay bê forned on fuslon, but as the temperatsre

ri6eË, the sol-ubillty gf eaah of tbe eonponents for the other

Bust ala@ rise. Thes a tlBê rll]- eobe whên at a oertaln

tenperatere the eomposltl.ou of the two li.quid pbases wiLl beooeÊ.

ltlentfoal. Thfs tenperatErg 1Ê knor¿ as the orltlca]. EolutLon

temperatere or the consolute tenporatureÇ tsh16 oan ¡êeallJ.y be

obtalnecl with many snÞstanees, bet ln the Bajority of aetalLtre

eysteas ltE leallzatloa ís Yery dlffieu3-t, tlue to the fact that

the o:rltleaL temperature is hlgber tban the bolJ-1ng-polnts of tþe

metals lnvoLvecl.
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Bith eonjugate solutlons preeent, four pbases coexist. ?he.

systen. wlll be iava"iant. llltrs the tenpers.ture ênal ooEoentretfoa

must have alêfiaite valt¡es. If the tso metaLs are compì-etely

1ÍmtÊoible fn tbe ltqeiil phase at a eertåia têuperatsre, the

frêezlr¡g pol¡.ts of ei ther ¡¡.etal wlll b€ êntlrêIy unaffe@te{l ,by

the preseaes Gf thê other. lhis of eourse ls the linl tiÞ.g ease,

antl probebly non-existent, slnce no two substaaces are gntirely
lnsoLuble fn eaeh other. thls wlu- be reBresente¿t on th6

equilibrfun tli agrem. as two horizontal- lLnês th¡eugh the

res¡reetfve froezfag ¡roints of the tso metals. îhe usuaL forn
taken by the equlì-lbrium tllag::an ls that shosn 1n fig. 19. Ås is
the usual case, the freezing pofnt of eacb metaL is loserecl by th6

attdltion of tbe otÀer. EßÂF fs the mlsctbility curve. Everythiag

slthl¡. the arca of thls eu¡ve 1111 break u.p fnto two Layers.

l1h.ue a mixturo to the right of F on coollng, will separate pure

E oaoe the êErve ry., ls leaehed. fhê nlxture conposlËlon wil-1,

then prooeed tlorn tbe oErre gL utth fallfng têrtrI) êratu¡e, . uatil F,

rhere the Biseibilfty ce.¡ve-1e ¡eachetl. Only one liquid layer has

proviously exl.steil. With further separatlon of B tÞ.ô cdnposltloa

souLcl roaob a point beÈseen F, entl Ë. This however lE ippossibLé,

sinee EF lE aa area of heterogenelty and ¡êpreEents 2 J.aye rs 1a

equfLlbrium. îbus a aeeon(l layer slth thê estspositLoa of E nor

makes Íts appearance, and as previously inatleateal, lnvarlanoe 1n

tenperature aael composltlos resElta. Sflth fe¡t&er sêparatloa @f

B tþe neau valu.e of, the alloy ehangcs al-oag tho line El'a Siaee

the eompositlon of tbe layors reElains eoastant, this ls dône by

the changing of tbe relatiye amount s of the two l-ayers, untiL
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¡rlth seffleient separatien of B at the point E the liqnLat alloy
of eoepositlon F tllsappearËo Nos tbe eystem 1a univariant anê

pl- th furtber orystaLllsation of B the êutêctio Ls reaob6d.

An aLley elxtsre ia the 
"egloa 

above liT[F wi]-l break u.p into
two layêrs, Ehose eoaposftion oomesponcls to E e¡at F, úhen th6

mlsotbi.lity cnrve ls reaeLedlr
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Ternarv Svstems.

lhree couponeat systems a16 of very great lattustrlal €Ed

general sefÉ;atffta lmportaace. Yet {tue to the nuÞbet of
varLables lnvolvedl, relatively fes terBary syEteEs have been

iavêstlgate(l. Ehea ue apply the phaEe RuIe to syetens of three

eomponents, lt le readlly seea tbat flve phases are aeoessary

for lnvariance. Suob a system w111 thêrêfore exlst at a

qu.latEple po1nt. gfBee the ¡ileber of ltquid phases cân aêver

exeeed the aumber ef co&ponents, aatl sluoe there eab be onl$r one

vapor pb.ase, the¡e Bust alçays be at, Least one soll¿t ph.ase at:.,tbe

gulntuple polnt. ÂÊ the number of phases elecreases, the

varlabi]-lty of tþe Eyst€M lnereaseg froa one to four.
ffio ooeponeat systens are reprôs€nte{l oa a È-x or

temperature-Gonceatration d fagramr Ílris hosever lrrcs€Ets great

dtffiouLties when the Èumier of eoapoaæts equaLs three. The

problem hes been aol-ygd 1n qtrlte a auebeÌ of uays. Most of the
qethodls gfve a sottð flgur6, the teepêratq,re beiag taken as the

vertieal axis, but 1t ls posslbLe to teLL a great tteal- from the
proJeetlono of tbe eErveg for tbe monovariant srst€ürs Ì¡pob a p1ane,

6?eB tþougb the teBpe¡ature eaa no J-onger be readl dllrectl_y.

Sehreinmake".6S tuok fsr tbe X a&d Y axes the anounts of
tso of the eon¡)onemts 1a a conatæ.t quaatlty sf the tJÌtrd.
Meyerhoffer65 Eceð a ctiagram Elalch allowocl sne of th6 eoo¡diaates

to be esed ts lndllcate tbe tgmperatere. In a systea eonposeal

of tro salts antl water, he measurecl 
'the ratio of one sal-t to the

other along one axis a&ai the tenperature along the othe¡¡ This

is senyioeablê in certaln eaaes, but le very lJ.Ef teat ftr
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eppl-Ieatlon, sillee lt negleots tbê relatlve quantltfes of botb

salts fa ¡Ês?eet to th6 tlirlrd eomponent. Tbe ae thoi!, pfoposeal by

vau Rljn van Àlkemadl" 64 
"uer" to bave no aelvantage orer &e

illegram proposedl by Sohrêlnnakers. Gtbbs6S has snggastedt the

Ese of a trfaagElar clÍagram, the srm of the oo¡rpoÐellts beirtg

kept eonstant. If Ee take arx eEullateral triangle of Ðnlt helght,
the quantitles of tb6 ttifferent conponênts are êxpressed as

fraetional parts of tbe whoLe, a¡€l thê sum of thelr eoneeat¡atLoas

is therefore eqnal- to unity anril t@ thê height of the trlatrgLe.

A pofnt wlthln tbe trlangle wlLl represent the eoBBosftion of a
ternary nLxtune. Since, by gaometrlcal reasonfng, every poLat

wlthla the trJ.angle has the property, that the sun of th.G

per?entllcr¡lars froe that poiat oÈ thê sides sf the triaßgle ls
equal to u.nity (tþe helght of t¡.ê trlangLe), the¡r the oon0positfon

of tbe ternary Eixtu.re Dray be obtalnetl ia such a fåsblon. This

type of €llagram was useê Þy fburston66 i* "or" 
work oB alloys.

It ls more generall.y associatecl Etth the naÐe of Stokes67, who

inalepenaÌently clô?isetl the saee sebeme, basilg lt on the ne tåotl

eøployerl by 0lerk lllaxroll for tbê eollpos¿tion of coLors¡

Roozebooa6S has enpJ.oyedt a nseilfiçation of tbis eliagram. Ee

ìrseil thô lsoseeles rlgbt-anglecl trlaagle, tbe eqlla]. slaes being

of unit J-ength. ,|Pbo ailventage of tbls arrangenent ls that the

ordfnary eo-ordinate paper eay be useclr fl¡e al iagram fs open to

the ebJeatl@a, that thqre ls a differênt scale al"ong the

bypotênuse from that elong thê si.des, so tþat ons of the

ooaponents Eeeas to oeeupy a:n exoeptfonal posltioa. Roozeboon69

propocea aBo ther forG of triaBgular dllagrata rrhleb 1s tustiaetly
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BBÞer1or to aay of these alrea(ly eonsttlered. It eonslsts of

aa equllateral trlargl-e Elth llues rul-ed paralLel to each siêe

lnsteatl of ?erpenaifeular. Íþe sicles of the trfangle are

ttlvldeê lnto t00 parts, anil tbe Eame seale Ls !¡.seil f or the

blBary systems tn the siile of the trlangj-e as for the ternary

systems 1u the lnterlor. lho oo-orëlinates of thê ?oint
representing a ternary al.loy are then noasureal parall-el to the

sitlee,

flhe triaagul-ar tllagran ie noç usual-ly enø¡r J-oyetl, êxeept iE

speclaL oasos, wbere soBe point is to be brougbt out not

involviag the 
"arlatlon 

@f all tlrree eompoaents' ,qrx inportaat

preFerty of the equ.Llateral ÈriaÐgle sbou].ct be noted?O. Å liae
ilraun from @ne ooraer of the trlalrgle ts the opposite slcle,

represeats tbe e@nposltion of all alxturos in EË.ioh tho ¡eLatlvo

amounts of two of the sonpgneûts semaln unehangedl' Ebus as Ïig. 11

shows, lf the component C ls aatded to a nixture x, in ú1ch A

aadl B are present 1Ë the BroportÍ.one of a:b, a Eitrture. rI, whlob

ls thereby oÞtaia@at also Geatains À and B ia the rati.o a:b'

tr'or the tlo trlangLes åer antit Box are simil-ar to the tFo trla:lgLes

Hgxl and Ka*; aad therefore, Àx r Bx = H* : I{xl. But Âx : Þxr

aaê Bx = Er; further, Ef = F* and rJ : çJ. Í'trerefore,

Br ! Er a FrI : gxl I b:a. Ât êIl polnts en the line 6x,

therêfore, tbe ¡atlo of .& to B Ls the sa&e.

ff it ls dlesLredl to repreeent at tbe same ti![e the charage

of asother lndtepenéleat varlabJ-e, e.g. telrperature r t'hls ean

bê donê by Beaðuring thê latter aloag axes ilrarn perpendlleular

to the eorners of the triangte. In thfs way a rigþt prism
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(flg. 1å) is obtainetl, aadl eaeh seetfon ôf tbls êut parel.lel- t6
the base will reBresent an 1õoth6rEal- sslfaee.

TvÐes of Svstems obtaineal.

Tbete are nuaeroEg tylres of s¡¡steus &ieh e€ry be obtalaea,

lnereaslng fa eonploxity wLth the conditlons of bêhavfor of tbê

eomponeat metal-s. Eswever only two EiIl be tllsousseal here,

slnee th6y þear a dlfreot reletionship to the tlf.agram obtalned

in tb.ls resea¡oh.

(i). Ilre three eomponents forgn only oae palr of ¡e¡tially
nisolbte IlEuidls.

We have alrearty dLseu.sseü tbe case gf tto metaLs only

partial.Iy siscj.bLe. ülhon a thtril netal- ls adltletl to t&ese two,

an L[orsase er a êlalautioa ln tþ,e autuaL so]-ublLlty Eraf ogouro

.A.a lnorease ln the m{rtqc,L solubllity 1e generally fou&dl when

the thfrd coBponent tllssoLves readllly 1n the other two; ÞEt

wbea the thfrð eonponent rllsàolves only clDarlagLy ía the other

two, lts aaldltion tilfæfaíshes tbe mutuel E6lsbility of the latt€r.
¡. gooal eranplê of thls ls the syetem u.Eder ftrvestigatloa.

fbê results obtainedl by gs'lrpbêIL aotl Wa11aoe46 glve a eurve of

the folloslag tpe, (Ftg. Lg). Sll-ver aatl alr¡mlntunr, atrat

sllyer and learl, are miscfble ln all- proportions. But lead antt

aLEm¿niuB are only I,artfally aisoible. Tbus a nrlxtEre of leatl

and alEeinlun of the eomposition C seul(l sepatate ists two

Iayers eorresponillng to a anal b. When sllve¡ is atliled, ft wiLt
ttlstrlbute ltse1f betweea thê two llquld layers arrcl ËBo

conJugate ternary soLutions are thereþy proalueeal, whleh are 1n

equ.iLfþrfu4 Fith eaob othero Thus a aerlêE of palrs of têIBary
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solutioas wlLl be obtaired by the atlalltion of silver. BEt not

only tlo the liqnid phases become ino¡easingl-y rtch 1tr sfl-yer,

but tbe metl¡al solubillty of tbe l-eatl aaal the alqmialutã

lËereases so that the leait layers becgne rieher ia at¡¡n1ni¡¡m

and vice versar

By the eontlnuoê artelltio¡ ef slJ.vor, the compositton of tho

sucoesslve eoB'Jugate solBtioaE 1n egull-lbrlu¡r with eaoh other

beoo&es aore nearly the same, at¡.al a polBt wi].L be reaehedl at
Ehleþ the tto Eolutioas beeons Lclentieal, aatl a crltical. poiat

is thus reaehael. llnc¡eased aèèiti@n of cilver !ril]. &ow girrê

slngle bomogÊaeous solEtlon.

Thfs ls ex¡rressecl graphleally by the so-oaLledl biaoilal curve

aKb, rlF ûllL Tepregeat th€ eompositi.@n of eotutiens relatively
ri6b ltr atuminluts, whlle Kb the eomposltfoa of sol-utl.oas

rel-atlvô]"y rleh in Leaal. Ífhe points on these tqo branohes

sepresentfng aoaJagate sol-ntions ln equfllbrium are Jolnedl by

¡rhat Stokes ealLetl ttie-linest. Since si:Lve¡ Cloôs Eot enteI

in equal aaou¡ts lnto the two layess, atepen¿llng on 1ts partftioa
eoeffielent betweea tbe two, the tie-lines rill rtot be paral.J.el

to ab, but are inellBetl at an angle. .ê's the soLutlons beco¡qe

nor:e nearly the saru.e, the tle-ltnes ehrirl fn length, aD.al when.

the eonjugate solutlonc beeoBe litentlcal, sh¡ink to a point.

Si¡ee the tie-llaes aro uot paralì-el Èo tbe sitle þf tbe triå3.gl€t

tho Grltleal polat rill aot be at tho sum.lt of tho @u¡v6, but

soBewhere belos lt, as shoE]l by the ¡rolat K.

IÈ should be borse ln nlatt tbat Ðot all atxtnres, on reachfng

homogenoity, wllJ. rêEe&blê the crltisal- sol-utleB oonceatration.
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Thts, ia faet ls only true for a mixtlrre of compositlon C.

¡. mixture of conposition CI, on coolfng will aet as foll-o¡rs. Tt

was previously shovn that the total conpositioa of tbe alffferent

ternary systêm6, which wil-L be obtala6d on the atlditloB of sil-ver,

eust be 3épreEentett by a po:int on tbe tine Ccl. Eacb alLoy

folsed, as IoBg as it is in the binoelal curve, w111 separate

lnto tws l-êyers, whose cornpositioa nêy bê obtaiaeal f¡oa the

ends of the tie-l1nes. Hêwever the rel-ative anounts of the

two liquíal layers folBedl ttiffêr more and more, untÍI at S, a

liniting posltlon 1s reachecl, where one llqufd tayer will-

illsappear aad the otber wiLL res.aln¡

11be bounclary e\rrve of the heterogeneous systen w111 ilepend

on teeperature, sinee wÍtb three phases present, tþe system is
bivarfant. The altagra&. ln Fig. 15 is an isothermal seetlon aad

sinilar triangular tllagrams eay be eonstrueted for varying

temperatures. If we nake Bse of the right prisn, with lncreaslag

temperature the cr1tleal poiat K will approaclr Èhe partially
niscible b inary systsE, anil tbe area of heteroge¡xe1ty for the

ternary syste!Ê wll-l shrlak eoatinuousLy until lt approaches a

slngle pofnt - the erÍtieal Folat of the biaêry systemo

Tn nost cêses tbe eoatour of the eritleal- eurYe exhlblts no

ma¡kêd lrregularitfes, brlt in a few instances 1t sbows a markett

bu.Ige oBtwards or llotch Lnward.s. lhis nay latÌlcate compound

forsatloa. 3,1so the conflgEratloa of the ti€-llnes Bay leað to

the eoneLusioa tbat a eompounal fs forßetl. For instance the

tie-Ilaes may al-L slope towardis one eentraL point. Tbi.s le
preswtrptive evitlesce of eompou.atl fo:nation. fn nost easest
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hoEever, the tie-l-ines exhlbit no marketl irregularities, but

slope elther t9 the left, or to the right. Hosever no flxeel

lar ean bo enurxelateti regardla6 the slope of the tie-line,
since the sa:ne motal., whea aalûeê to nlxteres of aliffereÊt aetala,
&ay, or eay not procluce tie-It:res wl.th varying slopos, sloplng

either to the Left, er to the rlgbt.
(ff). fhe ternary êuteet-ie Þoipt

Since the oo¡rposltior sf the lfquid phases vary wlth

tenperature, the rigbt prisn ls agaln useËl for tbe gtaphj.c

representatl.on @f tbe systsß. Eaeh binary sysÈem utII thêa be

represenÈedl by the sldes of the prisn. Eaeh þla.ary .system ia
the EiExBlêst case wilL exliblt a eÈteetl@, sinee tbe aelilltlon of

oae netal to tbe other ffiLL Lower the neltiag-polnt of thaÈ

aetal. If to eaoh of the blnary eute@tisa a Enal-l qBaE.tity of
the thfral metal is aileletl, the euteotic teEperature of eaoh Rl.lL

be l-oweretl, aad. thts clepressioa ls atl- thê grêater, the laxge¡

the attalltion of th6 thirËl eompooeÌrt. ?hug se obtala three eurves,

slpÞla.g tloønwarils aait inrartls, whloh inttloate the varyÍng

compositlon of thê ternary llquld phases. fhese eurves nlll-
foterseet at a polnt K whfeh ls the ternary eutectle. Ehls poiat

?epresents the lowest temperatuïe attainable Eith the thrêe

ooaponents glven. Eaeh of the terBery eEteetie cqrvôs ia
produeeð by tho intersecti.on of two surfaces, thil-e at the terBary

euteetlc ?olat, three sErfaces latorseet. fhê surfêoes Í1Il be

blvariant, since they represeat a terBary sol-utlon 1a equlLiÞrlun

with only one oomponeü.t in the soLld stato. Tbe llnes or Gurves

of interE€otlon of these represeBt eqEil-1bria slth two soll(l

phases, a$al are thus uaivarlant, wh1le the ternary eutêotie polat
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e1lI haye thrôe sol-id phases 1n equillbrire with a 11qu1è altat a

vapor phase. ?he e¡¡tectio polnt, then, has a perfeotLy aleflalte

posltlon, dlependlag only on tbe aature of the three cømponents.

Insteatl of €fiÂploylag the pnis¡r, the change l-n eompositÍott

of the terEary soLutions ealû bê laal,laateü by neaEs of the

proJecttons of thê eurves of the lnterEeetions of the above

sulfaeêg, the partf.eu.J-ar tenperature befag sritt6D at the

sallent polnts.
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MethoqE of ÐetêlBiaatlon of tbe EoulLlbril¡d ol¡rvê.

fhe u.ethotle employed for tbe e4rerimental alete:nlnation

of the eqûttlbxj.um curve will clepeaÈi on the nêtBre of the sy8tem

to be investigated, fitaay nethotis havè been usetl, with each

ngtbod reeelving many atl.aptatlons, dependting on the oondltions

which presented thenselves.

tI). thernal Ânalysis.

fho oLassleal nethotl of theleal anãlysis is still one of

the Eost .faBertant nethocls, and. nust be regardetl as thê fouaclatloa

of all the othcaE. Ehe basis of this metho(l 1s that a Bhase

ebange must nooegsarlly resuLt ia aD energy tranEformation. $bls

etrergy transforÐåtlon wfll usually naalfeEt t'tseLf 1n a llberation
or con6l¡mption of heåt.

A dlstlnction eust bowever be tlrawn botøeen crystalLfne anal

amorphous soLids. Crystall"ine ssbstances are bounded by pLane

surfaees, so. orler.ted to oa6 errothêf,r that the whole possesses

sori{e tlegree of symmetry. Al-1 otber solitl borlles must be classe¿I

as amorphous, and arê t€ bÞ regartleai as nothing oÈher than

ltquiéls of great vlsoosity. Tbat æ"orphst¡s solials tliffor froa
Iiquids oaly la degree, 1a tleÏlonstrateat by th6 faot tbat oa

heatlBg they lose, by lnrpereeptlbJ.e grattatlons, thetr rlglitity
antl becone as fLllia as Eater. The absesee of a cleflnite
transftioa pofnt wlll nake it Èllffleult to atteq)t to dfstlaguieh

such bodles as soliil under one set of eenditionú antl liqufd uadler

the aext. Whlle æaorphous solltls show a great eontinuity of

atat6, tÌ¡ls fortunately is not truê of erystal.lfr¡e solids. Evêry
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erystau-ir¡e solicl has a defiBlte traÈsition Boint at wbfch 1t

undêrgoes an abrupt ehange irrto a liquld, ú1th absorytlon of

heat. Provlaled that thig change is J-arge enougb to sbos on a

cooling curye, it ts deteetable by theroaL analysis.

ÍÍhen a pure substanee cools wlthout change of state, th€

eurve eoanecting its terrperature with tíme has a reguLar form,

bêlng expoÊential ¡vben thê sìlrrou"ndißgs a3e at a constant

temperature, aecortllng to NeFton'"s Lew of Cooling, as shown 1n

Flg. 14. tn all kaown cases heat is g1v6É out Ín fxoezin8. If

e molten p.ure &etal 1s allowed to eooJ., so11rt particles will

seBatate out at the freezing-poinÈ. This is providedr of cousse,

that supereooling iE absentr snct in metals, with only very rare

exeeptions, supereooliag does not oeeur. fbe sslld partlgles

wlt]- then llberate a eertaill Euantlty of heat. Any furthêr

Lsss of heat due to raÈtlation, instead of redÈeing tbe teBperature

of the mass, causes further separation of solid, antl this

proeess eontinues, tbe tenÞerature remalaiag eonetant, unt1l

the Fhole of thê snbstanoe bas passetl from the l-lquid to the

sollê state, afte! whlch the tenperet¡¡re agafa fal}s in a

rogular manáer, Tbis tyBe of behavlor fs illt¡stratêd' iE Fie. 15.

Eoçevex suppose the Eubstanee ua(ler csnslaleratlon is not pure,

but a mixtere of two sûþstaneês çbiehr to slmpllfy matters, are

perfectly 4tseible ln tbe mol-ten state forslng a homogeneou6

Eolutlon, andl eaeh crystal..Ilses out 'in tbe pure state. Sotc !Íe

wf13- get primary erystallisation, whfeh Ûill thon uB as delayecl

eoollng on tbe oErve. Siaee the coBposltton of the solutlon

alters wltb the separatlon of the sol"iÈi phase, the temperatsre
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yrill aot reÉala eonstant, but will gradually falL untlll the

euteetÍc poiat ls reaebed. (Ffg. t6). A secon<l soJ-id Bbase has

now fomeil, invariance Bust result, anrjl the temtrleratere Senains

eonstant uatil eorapleto solidifleåtloa has oeeulrecl. lhe

length of bc wlll rilepead on t'he €laoulrt of exces s of any of thê

components orer t'hat of tbe elrtectie com¡ros i tion. Tbus as tbe

eutectic eompositlon is a¡rproachetl, the primary erystalLisation

witt be shorÈer and tke euteetie erysÈalJ-i sation greater. Ât

the eeteetie tb.ete silL bo no prirnery arystâl].iôatton, with aB

extenale¿l euteetle balt. Thls is the basis of faønaant s netþoê?I

of fintting the exaet compos-ition of the euteetie. Slnce the

ti.me taken for the e¡¡teetie Ëother-Ilquor to solidify ã.ay th s.s

be tdÈen as propoltlonaL to tbe åmount of euteetl.c p?eseatt

TaÍmanlr p)-ottotl euteotlo balt tfoes as ordinates, against the

alley eo¡aposltion as abseissae ag shown in Ffg. 17. She

r¡â ximum tine of solidificåtlon wonLê then give the exaet euteetie

eoupositlon. gbls method gaye usefuL servlee 1n the earJ-y days

of tJ¡e1Eal aEalysis, but fs now rarely @pl-oyeat, aiue to the

nany possiblê sonroes of error in the experilnontal iletersÊinatLons.

TbuE lt is seea that by notfng the tenperatures at *leh
halts oceur oa tbe eoollng curyes of (liffêrent mixturesr lt is
posslble to eap out the eqnlllbrlum ati agram of thê system. lha

çooliag curve, moreover, gives vaLuablê lnfor$atloB segaraling

tbe aature of tbe solltl tr)hases since, with sensitive apparatus,

ehanges 1a the Eollil state are dleteetabl-e.

In tllscusslag the fo:sation of eompounds with congruent

andl f.acongrraent neltlng-poLnts, the diffleulty of deterninirxg

the exaet eoRpositloE of the eomposnd was noted, d¡re in the
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first instanee to tlissociatloe i.n the molten stater aaal in the

seoonil to a dissoeiattron of the solf"d eompouad. ?asmennt s

nelÈhori EÊy be eaptôyod for tbe iletenßiaation sf these &axlnâ.

If the eì¡.teotie haLt tiaes are pJ.otteti, they woulel be zero for

tbê pEre compoaentso Ehey nust al-eo be zero for the c cmpoündl

eonposltion. Shus tbe oomposltlon of tbe conp otrntl may be

obtaineil, as sbosa in Fig. L8. If the euteetlc and perlt€etlc

halts are plott6d, as in Flg. I9r the hiddetr maximum mêy bê

obtaineal througb the såne process of reasêning since the

perlteêtie þalt shoutð be a marimum, an¿l tbe euteetlc halt
eqnal to zero at the Compountl eomposition.

lypes of Cooling Curves Employed.

(a) " Free coollns.

Âs previously iadticatecl free coollllg, 1.e. the body alloreti

to oool Baturålly by raôiatlon from a hlgþer teeperature to a

lower one, Eou}¿l yiêlËt an dx?onentiaL eurve in accorelanee wLth

Seutoats Law of 0ool-1n9. ?he eliEativantage of thls tylle of curve

1s that a srnalJ- abs"nge 1n Elope ean eaeily be mlsseil elue to the

natural eurvatì¡re. Ái-so if tbe tenperature 1s high, the cooliag

FitL be very raplcl, and the hêat €ffeet may be mfsged.'

(b). GrattugEE{ Coo1ins.

9o overeo@e thls atlfflcr¡Lty PlatoTe suggesteê a s¡rs tem of

gradual cooJ-lng. This woui-€l yieLd a rectillnea:: eurve, anal

ehanges in slope wou.l el show up very oaslly on tb.ls' Slace the

methods of heatlng a?e now ¡aeinly of the electriê type, the

eoollag eoultl be earriecl out progressively snd regularly by

reduoing the current. Plato did thls by neans of a !ri3ê
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resistanoÊ wound on a poreelalB ayllnater an(l slowly rotated by

a motor. Many metbocls have been employett by lntiependent workers

for thfs purpose, the methotls rangirìg froa very oompllcatetl

pleoes of nachlnery to sinple xheoståts.

(e). The InYerse-Rate curvê.

Íhis was flrst atloptett by 0smond75 ln teg?. For thls
purpose the observer notes the fntervals of time which are

ooeupied by the metaL in rising or,faLlfng through successlve

equai- rtifferences of teeperature. Thus one mlght take the times

oeeupled by sueeesslve drops of 5oC. and plot these as absclssae

against the actual tempetature of the metal at eaoh obsertatfon.

In thls Fay a otrrve is obtalned wbose ordinates are T
(temperature) ant! whose absoLssae are 1! where t 1s time. with

d?
a unlfor"n rate of heating or eooling, tbls çurve beoomea a

vertleal stralgbt tine¡ an êvelution of, heat during eooling o?

an absorption of heat durfng heating eauses thc curve to alefl6ct

outwards anal to fonß a hump or tpeakË. ,{a exanple of thls 16

shown fa Fig. 30. fhis reBresents the cool-ing of an alloy whosê

eompoaents are conpletely misclbL6 1n thê llqultt state, lnsoluble

in the soLld state, antl sepatrate out 1a the pure forn. ¡.s sho!Ín

prevlousJ-y (Ffe. 1) primary erystalllsatlon w1l1 flrst tak6 place.

The solidlflcatlon wll-l- set free a small quantlty of heat snal

the ourve shows a suclden outlrard bentl. Thc temperature will-

then fall, with suecesslve quantfties of the n€tal erystallfsing
out. Eeat ls being contlnuously ]tberatetl anai the natsral rate

of eooling of the mass is thereby eontlnuously retaraledr belEg

representeil by ab ln the curve. Ât B euteetlc erystal-lfsatlon
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takes plaee with greât heat liberatÍon.
fhê advantáBê of tbie type of eurve is that the methoð of

plottlng the observations is very eeonomieal of spaee, anal thlls

allows the use of a very much more open seale, wlth the result
that even afntrte the rnal phenonena appear quite clearly. It ean

be shownfJ¡åt, lf the rate of eoolitrg is unifor{ri, èhe area of the

peak fonned is proportional to the Euantity of beat evolvetl.

(d). Ðifferentfai- gooLing turve

lbis method, proposed by Roberts-Austen?4, eonsfsts of

eonparlBg the rate of eooling of the a.Iloy uniler eonsidleratlon,

and a neutraL botiy. Ehe nsutral body is oae wh.Ích ls known not

to untl6rgo any structural ehange s ia tbe tereperature range uncler

eonsleleratlonn Thus it woul-cl eool ldea y - that is, it woulcl

actually represent the tenperature of the furnace, and woul-d

cool la tbe narner prevlously mentÍoned. The body fs chosen to

be of approxlnateLy the same the r¡ral capacity as the alLoy undsr

coasideratlon, The temperatures are Bsually measured by e

dlfferêntlally connected thermieoupJ-e, eonslstlng of two tbemlo-

Junetlons arrangedl to oppoõe one another. One is placed tn thê

neutral bo¿ty and the other Ín the alloy undor consideratloh. The

one plaeecl fn the al-loy¡ 1f qEed singly, w1ll give tþ.e absoLute

tem¡rerature of tbe alloy. fhtrs on cool-ing two eurves wiLl resul-t.

one will give the absolute terperature of the alloy. The other

will give tbe differenoe in teeperature between the alLoy antl

tbfs neutraL boaly. 0n cooLing, the two should cooL at

approxinately the same rate. thirs the difference eurve should

be at zero, or at the most wouLd show a smal-l fairly constaat



(as¡

displaceu.ent. &hen a tborn'a]- obange ln the al-Ioy oecu:s, howover,

the temper"atB¡ê of the alloy rlLL remaln eonstant, or sEffer

delayetl coollng, ttepenttl¡g on the ty¡re of chenge, the neutral

boaty will however go on cooLlng witb tho furnace. Thê resuLt

wllL be Ê teRperatBle ¿llfferÊnee betweeB the neatral body anal

tbe alLoy. fhls w1II shou up on the tlifference eurve as a
p¡oûouneeal dlefleetion.

fhus the sensitlvity of the Bethoal has beeB greatly íncteaseÍl,

sl¡xce very smaLl thersal changes, which woulit not show up on the

ordinary eoolfng cnrv6 ear. reaelily be seen. AIs.o the begLaaing

of erystal.tisatloa ean thus easily be tleterulned. fhis ne thodl

has been reflaetl by sykes?5, worþlng on the basfs tbat the

chalxge 1n speelfle heatE fren one phase to anotber wouLtl be

di scontinuous.

(2). &sr-l¡gfge¿.Ê'.
'fhe method of X-ray êxaminatioa eome s next. in :il|'ForÈar.rc6

to tbat of theræal analysis. Metalg erystallfee .in one of
tbree sfaplc Lattloes¡ the faee-eetrtretl el¡bl.e¡ bêtly-ee¡f,¡ç¿

eubic, asdl eLose-paekeei hoxagonal F¡ledrieh and Knipping,

actlag on the suggêstion of von laue, {llscovereËl that erystals
aot as three dlmenelonal optieat gratlngg for X-rays, This

shs¡ceat that tb,e crystal- oonslsterjl ef a unlt struetale uhieh

kept recurrlog.

Apaxt from the obvious appLleatlon of tbls to the scienee

of erystallogrephy, lts inBortanee Lies in the fsct Èbat it
enables a ehange fa the so11<1 phase io be denenstrateel, even

tbough that soliit phase may be opaque ancl nieroerystal-liae 1n
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structure. Prevlous methods failed to give d.esiretl results due

to the faot that atthough a ehaage hatl sccu¡red, aatl tbls ehange

resultetl 1n a dleoontl.nuous change at the transiti.on point, yet

thls change sas either too snalL to be noted, or the ÊysteB

renalneil metastable.

Howe?er althongh the dllfferenoe bettreea the physlcal

propertles of two cryEtaLllne sollals may be smaLl, yet the

X-ray nethod wfll give vaì"uable inforîatioB, regardless of vhether

a singl6 phase reglon or a fegforl eoa¿Ëainl[g two or nore phases

ooeuls. fhe gradlual. change of pars&eter of a solid sol-uÈloa

wltb eomposltloB ean be measurecl wlth Brecislon, antl a suaden

break ln the Barame ter-coraÞos itlon ctrÌve ls a eLear intlfeation
tbat a nes reglon has been entered.

Two separate phases must possess clifferent sÞace Lattfces.
thls property 1s frmtla[tetrtal aad thus the X-ray method has beea

slalely useat for flxlng the lrhase boundarles on a oompl-ex syst6m.

?he Ï-ray m€tbotl ls of sp€ela] ?aLtre 1B thê examlnation of
lnterßediate phases. Some systems, f orrerly regartted as silrple,
prove oE (letalleal examinatfon to lnolude a BumbeT of süeh pb.ases,

some of flhioh dlffer galy very sllg]rtly fn strEcture, so that
they are easlly sverl-ooketl when ordfnary metallographle mêthoals

are usçel. fhfs agpôet ef the probleEl has beeome nore inportant
sfaee thê lntredlE@tion of tbe eleetronie rr -esr. asslgning

eertaln probable eonstltutlons to phases havlng a glven lattiee
strncture. Sueb pbases arç Eonetines very oomplex, havlng

a large nunber of åtoms to the unlt eell, so that they ateyfate

apprectabLy from the simple cublc or heragonal gtrueture.
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the general methods used are tbose of W" H. antt W. t. Bragg

(the refleotion methotl) ¡ and that of Debye and Sch.errer (the

powd.er ¡qetb.od). Maay refineneats have been attopteit to these

nethod.s, sucb. as X-ray photographs of hot alloys, thus serving

to suBpLement the nethocl of thermal- aaaLysis, anel to throw ¡aore

llgbt on the strueture of solids f-n general.

(5) üticroscoplc Ânalysis.

MieroscopÍc anaLysis ia usually used Ln conjnnetioa with
the rB.aL aad X-ray analysis. Looked at 1n the ordLnary ray,
netal-lfe obJects possess an atr)pea.ranee of complete honogêneity,

but the existence of a structure at once becomes obvious when a

pleee of netal is brokeo, Thus it is not surprislng that the

flrst work on the .applleation of the eLcroscope ts the exa.ln.ination

of metal-s was earried out on fraotures. fhis horerer provecl to

be a very llsitott ffeLti, åfnee tbe irregularlties of fractnrêd

surfaces ¡rake lt l,mpossibte to use üore than very notlerate

aagafficatlonsr .AIso tbe f¡aeture ltself ls not neeessarfly a

falr cross-sêGtlon of the Eåterial, L.ê. the fracte¡e !nay, and

Ln sone cases iloes, pick out a path through a wee"k constltuent.

Thê leeeosity of usiag cut seetioas havlng a plane surfåce

Fas thus reoognfsetl, Brobably from the coanectlon whfcb sas

thougbt to exLst betreea Betals âad lgneous rocks¡ Hotever Èbe

study of thla sectioas Gould not. be employed, slnce the opacity

of the metals wouldl requlre extremely thtn seetions. Ålse it has

been polntedt out by BelLby that the operatlons of grinalltrg anet

tr)ollshlng alter the structure of tbe metal to a oertafn deptb

below the sqrface, aatl thus ¿ .l¡ery thln polished seetlon of
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¡eetaL, sBeh as would have to be useci, toul¿l not be reprosentatiYe

of the genera]- strueture.

It is therefore neeessary to examine prepared surfaces by

means of refl.eetetl ligbt. Care must be taken that the niero-
sectfotl to be observed is representative of the metal uacier

examlnatioa. Tf the alloy 1s sufflclently soft, tt 1s crlt by a

haek-Eaø. If this eaünot bê done, the @uttlag shouLd be perforÉeil

1a a Biars er whieb ¡riII aot generate enougb heat to be aleleterloug

to the structure untler consideration. The procedure for obtaining

a sÍro oth surfacê suitabl-e for polishing wi}l of eourse depeacl on

the type sf metal beång- Esed. Enery paper 1ô usually used to

remove saw;euts aad coarse seratches. The emery paper 1s plaeecl

on a hartl supnrorto The speclmen, heldl between the fingers is now

rubhed. backæartls and forwards witb- a slight pressure, usiag the

eoarsest eBery paper. The.plocess ls contlnued u.!'til, on

eraminaùl,on wfth a banal lens, no seratches are seen êãcept the

parallel seriea tiue to the emery paper. 3he proeess is nou

continued with flner papers. 0n passing froB. oa€ paper to anothe:i,

the speoímen 1s turnect througlr a rlght angl-e; so th.at the new

scratehes crgss the old at rlgbï angJ-esc Ehe papere are rnostly

used dry, but for soft metals it is usual"ly tecessary to aêd a

liquid, or to soak the paper in parafffn before trsingo Íbe

proceEs of grinttlng is reat-ly one of eutting, the partieles of

emery etrtting parabcJ-lc grooves iÞ the netal.
The prooess of pollsb1ng was l-ong thought to be nerel-y a

finer aontinuation of the above cuttlng proeesses. üoweïer tbe

researches of Lord Baylefgh, 0saond anti hls col-laborators, anËi

Be11uy76 have shosn that an essentta} allfference enlsts betueen
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Èhe tso. The effoet of polisbl"ng 1s realLy to eåuse a surface

fl-ow of the substance being po].isheci. Flow takes plaeer al-tbougb

only. to a smaLl depth, oa tbo sarface of eYen the hardest

crystalLlne substânces, aa€l Beilby clemonstrated the exlstenoe, ,

on pollshed surfaeeg, of a thin layer of flowed, structureless

material, strongly resemblfng ln lts bebavior a blgh vlscous

ftuid. Beilby regarded. tbis flowetl layer as havlng essentially

the properties of aa unilercooleti liquid, and he preferred the te]m

uvitreou.ss. fhe suggostloR has been atlvancett that the psoeess of

flow is one of aotual nettlng. The order of the pressures requiretl

to nel-t the netaLs, as oal-eulatetl fro¡e tþelr latent heat of fuslon

antl thefr ðensity, corresponrils tr)erfectLy wlth the êbsel:ve{i oralel

of plastielty, antl although the pressures õee4 enormous, they ar6

onLy assumeal to Brevail 1n reglons â few atons tbiokr antl for a

short tine.
In ortter to affortl any lnslgbt into the structure of the

metal, the polisheËl eurface of a speclmen must be treateil 1n

sonê rraûler ealeulatetl to produce a sÈ¡Ífaco pattern oosrespondlng '

to the sectlon of the fnternal struoture preseBtêct þy tbe pollshê(l I

surfaoe. The pollshed surfaee, since it ls not rea!-ly

represeatatlve of tbe at3.oy struoture, aust first be removeci by the

actionÓfsomesr¡itabIereagent.lhau.sua].praet1ee1stoêteh
the surfaoê by meaas of sos.e reagerxt nhleh wiLl åttaeb the netal.

?he amorphou6 suxfaoe f 1t-& ls more reatllly attackeai tha:r the rest

of tbe m€tal-t and is thns raBidly antl easi.Iy removetl. Íhe

subaequent act¿on of the agent wilt then depentl on the nature of

theaeta1siavo}ve.l.tsuaI3.yareâgentlschosenseehthatfts
action on tbe alloy is a ttiffere[tlal. one, attacking one of the
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coBponents ancl not the othere, thì¡.s sbowlng up tbe true struetl¡3e

of the alloy.
Irhlle erystallisatfon of solid componeats from moLten alloys,

altal of sal-ts from tbelr soltttions, are similar plocessosr yet there

16 a g]3eat allffereneê ln the oourse of events in tbe two eases.

Salts eoemonly separate from their soLutlons in the folr of more

or less perfeet erystals, and on growlng tbê erystals retain the.

same geaeral fom. Metals and altoysr on the other hand onJ-y

exeeptlonally fo!:Eq snéh erystals. Âs a ru3-e, a s¡m]l- orystalline :

nueleus grows a].no st exclusively in tho alireetlon of certaiB axest

givlag rise to elongated ancl mueh branchetl forne, ealled r(lenilrites!

or *crystal skeltonsä. None of the faees attain any grêat

tlevelopmentr If the growth of tho ¿lendrlte is oonfln€d in some

dlreotions, only a few of the possible skeletal axer¡ are developed.

Ihê prooess of crystallisation from any glvea eeatre ¡rest E1tlmatel:

¡eacb a j.lmlt owlng to the intelrference of atlJoinlng erystals. T'lre

growth of the eres 1s thus erresteti, antil thê f¡rrther solldlflcatlon
of metaL takes plaee iateraxlally, arês @f hlgher order beiDg 

:

forueel until the s!¡aees are filled wlth solld matte!. Siace ln a¡l

actual erystaltlsatlon the contres of erystallisatlott ere not

unif ornLy ctistrlbr¡.tecl, anêl tbe orÍentatlon of, the axes of

aelgbbou¡ing crystals is not the sane, the soliôifie(l nass niLl-

be atlvideal into lrreguS-ar polyhetlra, varying 1n size 8ltd shape.

The ty?leaL st¡noture of a solldiflect meta,I ls thel:efore that of

approxlaateltr polygonal grains, tbe bounciaries of whl. eh are aot

crtrstal- faces, but are due ts lnterference alurin€ Srowth. Each

gre1nis,tousethea:iuera1ogicaltefla,gr¡'a].Iotr1omorpb,1etr

erysta!., the outlfne of rhfeh is ttetermfnect by the pres6Bee of the
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aeighbouring grafnsc

the miero-structure of any atloy wfll ilepond on the type to
nhfob tbe system of th@ metals 1n gtrestloa may belong, ar.dl on the
posLÈioa of tb.ê alloy in tþat sFsteB.

fhe mieroseopie appêarâl.rce of solitl solutions is ofte¡l
mislea¿liag, þut is roatitly erplaLned.. If perfect equilibrium
eondlftioas are rsaebed, the soliê solutlon shoul_il, aatl d,oes,

reseablo a pure metal - the homogeneous eharaeter of the aolten

.aolution ls ln that caee so conptetêly maiatalnedl that tl¡e
mioroseope eañnot aletect the presenee of a"ny seeonel eoBstftuênt.
If the ooolfng ls too rapid to atlow soLltt dlfftrslon to take plaee,
bomogenelty wlll not be ms.lntainect aed a t$o-phase alloy wil]- be

presumeê to exlst. If ttse. ls aLlowert for equilibrium to assetît

ftself soLidl solubillty ].lnes are aletectable in tbis Bs.Er¡eÌ. A

agries of alJ-oys renglEg a sbort way on elthor slde of tb.e

supposed Llne are ar¡Bealed for a long periocl - 1n some eases

amountlag to many reeks - at exactly known temperatures, anal

subsequentl-y exanrlþ.êtt stth the u.foroseope. Up to a certain i"1mlt

ln coeposltloa thEy are foua¿l to be homogeae@us, 1.e. to eonsist

of a siagle oonstitu.eat. Beyontl that eonposl tion so æ.ou¡rt of
prolongeel hêatiag w!11 rendle¡ then entirely homogeaeeus, i.e.
traoes of th6 second eonstltuent stilL exiet. The linit of
sol-ublLity is thr¡.s flxed.

ïa the saB€ wejr, queaehlng extrleriments oftea serye as thê

only Èrue guiils to the positlon of tbe soli{lus lines. fhls caå be

aseertaiaeai by qaenehfng specimens of suitably ehosen al-J.oys frem

e sexles of tomperateres Lying sltghtly above and slightly bel_ow

the temporature at flhieh the solidus ts likety to be met. Íåe



(55)

speeiBreas quêBeheal from a teüperature sllgbtly above the soliåns

aEst aoateLn, at the lro¡ûent of quenebiag, a very slaalL a$o¡rat of

moltea metal, antl tlerlng the raplô oool-lng wh1øh oesurs in
guenehlng, thls liqutê Betal soliilifles very quiekly anê thue

procieees minute rêgfons of yery flne struoture. these Ëfusion

spotsn are reatllly noticeaÌ when the specimen ls polishect anet

etcbed.

. À euteetlfereus mixtu¡e wlll bohave as foLLows. fhe pure

netal will ealy show tbe lrregula! Bolygors. As soae of the

secontl compoaent is ailttetl tb.e spaces between the polygons

graalu.alLy widea aeat are filledl wlth a sl¡bstaaee ûhieh Ls rufferent
from that of which the pol.ygons themselves are co!ûposeal. 9biô

material- between tbê polygous gratlually laoroas@s in anor¡nt

uût1l- lt fo]Ißs a eoatlBEor¡.s nêtwor:k ln whieb. the polygoas

forE patternso Âs the eutestie is approachedl tbo lroLygoas

become $naller ln siue. If the aÉbstance bêtween the spacôs is
e¡amfned untlen a hlgher poxer mleroseope, it is seen to eonslst

ofef1nepaÈteraoftEost¡b6tances'gne'ofwh1ohisthesameas
the polygons r. ln otber Forcls, the pure nateriaL. Ât the êu^teotio

the entlre flelê slll- be fill-eËl wlth tbls flne gralu stru,eture,

typleal of the eEtectle structure. Further aritdition tsilI now

canse sopare.tlor¡, fn the fom of, polygoas, of tbe seeonal snbstanee¡.

thus the two constftuents of the alloy will harre ch.anged places

in ti¡e structure.

other ¡ ethods.
ghe three nethods of investlgation outliEê¿l abore are the

most lmportant general nethoals used ln the stutty of netall-ography.

However the physloal properties of q.rt alloy very often give
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itefinlie cLues as to the al-Loy struettre. fh¡¡s eertalu otber

ßethorlls, thohgh noÈ of general aBpi-ieabllityr eay be useÉl as

gufdles 1ü. obtaialng equlllbrlum ôf agraus. However obvlously

they are very J-lmitecl ln the range of thelr applleabillty. -A,s

snbslèlary alils tbe followlag Ëlêterlrxlnatlons Eay be mentionetl¡-

(I). tue eleetrleal eontluetlvlty.
(e). tne magpetle suseeptibility.
(5). tbe electrocLe potentialo

(¿). tne beat of Bfl(tEre of tbe molten metaLs.

(5). tue lntensity of ref,Ie@tlon of J.i.gbt.

(O). tne atomlc heats of the components anti of the alLoy.

(?). the speetfio volußes of. the alloy anal oomponeats.
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Lead--trì-umtnf r¡¡1.
t

WrJ.ghttrho wae the flrst to earry out investigationa wfÌh

those !ûetals stateê tbat aluslBiuE aed leatt fol's tFo Layêrs

nhon nêlted togethc!. Analyttcal determlnatioas of tbê tso

Iayers after they haal been kept at a tempetatuîe of from

?50-8500 G. for about €lght bsu¡s sbowed that tbo aluelnire-

rfeb Epper layor oontalaeit 1.91É leadl anct tbe lgtrer Leadl-r1cb

layer eontataeê 0.0?Ø aluulnium.

féeneuxf sonewhat later clatnecl to havê obteln€tt th¡ee

J-ayers wtth these metals. ne molteil tha netaLs' mired theu by

stLrrlag, antl quoncþeil then by poErlng theB fÊts a steel noLd.

Eê ståteal thaÈ 1n al-loys tftb nore than I0ø loail tbere were

three layere f eraetl, aB al-Ioy of lead andl al"unlaiEn betToea

.layers of pure lead and Sure alwtinius. Ánalysls of tbls
nidlttle laygr gave fron 5-Loø leåd. ÄtJ-oys of P, 5, ar;d' 7fi

Ieadl sere õtatêdl by bln tô have glYell three Eqecessfnl- alloys

wftbost ligeatlon, whos6 (lengltles deer6asect witb the decrease

La the a&oEnt of lêaal. îhelr fusion ¡lelate were Bêar that of

alumlnir¡m andl rose froa tbat of tho alloy wltb ?ø to that of

tbe onê úth eø Lead. Three layers r hoseve! 1n a tso-eonponentr

systeu soulcl moan aa inva¡faat pofnt. fhlg bas been dlseouåte€l

by tbe restrlts obtal¡leal by Iater trorkers.
r:t

Gwyer", eontluctedl aE extensiYe lavestlgatlotr of the al].oys

of leadt and aLumfalum and fountt thåt there nere twe hal-t-poiats

on tbe oogLlBg eurves, one at the neltlng potat of ptlre

aIEr¡XEf r¡n aad thê other at tb.e !ßltiBg po1ãt of pure J.eatl,

eorrespontling to the foraatÍoa of two almost eonpletel¡r

lasol-eÞLe ltquid Layers. He Etaies however, that aLloys with
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L, 2, 5 anå Ø lead shoreai pslnary separate{t orysta}Ë 6f

al-r¡mtafum surxlounriloal wlth seeotrtlarlly fomaecl leaal. îbls rs ulal

lottleate that GrystaLltzatlon hact begun Ìrlth atr eBqlsfotl of

Leaat 1!r alunialu@. lhat ls, in these alloys the f@rnation of

tro Layers had ¡lot taken plaee befo"e tb6 begllsiag 6f

oeystalllzatlon. Ehls seems inoealpatlble fi.th hte fðentlfloatfoa

sf t'he flrst hatt-poiat with the freeztng-point of pure

al*lrnlnl¡rn. flro laye¡s hatl hosever forseil 1E alloys eontaf'uing

from ã-99.5% LeaA slnoo thê col-tt rêgulus ehotetl tuo layers of

pure lead aatt aLunlnfun with a sltgbt IGaå oonteat sbloh Bas

tleteetable Eleroscoplca].ly.

More rèeant1y, 01aes4 baE statcal tbat al-unlnll¡m a¡d teatt

are sLlgbtltr seLu'bJ.e in each otber ln tbe J.lquftl stater aatl

al-so that Ep to aÞout 5ø tead 1õ taken np by tho al-ËBinlun fE

eolloictal , reot true , EoLqtl.oa.

Eans€B anal .BlunentþaL5 lnvestlgatotl the system by tbe cooLfng

eurve nethorl. fhey reoor(l a êopresslon of 1.5þ.F@ in the

freezlng polnt of alssfnlum proaluced ln alloys uitÞ 5, 6' ?,

and ¿4ø lôad. fr6 aluslnium r¡Eett was 99.91É pure, anril Ûas

fo&nd to be praetleatly lasolubLe ln moltea leadl.

SeeontLy L. Ë. Kenpf antl K. R. Van Ee¡n6 inveEtlgaterit tbe

soLubilfty of Leaal 1n l1qulô al-¡lrlllalun ard dletemitretl it to bo

aboqt t,ãe$ at tþe freezlng polnt of a1u&lnlum a¡it to ln@!ôase

contlnuousJ-y ufth. tenaperature to alor¿t L4.7ãfi leail at l058o.

fhe freezlag point of alu¡rlnlr¡m (6600) ças loweleel by thê

?resêne6 of leatil to a nlnlmr¡m of 658.50.

Tbe most reeeEt rork ls that carrietl out by A. S. Canpbell

áarlt R. W. AEhIey?¡ fhey {teterrrineal the equlllbrium dtfagraø of
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the systen aaril shosedl tbat 1t exàlblteil tso lava¡laat pofats,

the eutectic at 526.8of0.1o C., corresponding to O.OZL%

aleminit&, antl the equlllbriw-tro Llquicl layers-eolld a}¡mi¿ir¡m

at 658.5o+0.10 g-the freeulag points of pure leaal antÌl purê

alumiaíEn þe14g taken as õÊ?.5o and 660.0o e., lreapecttyely.

the eomposition of tÞo aluslaium-rieb llquld at tbis point is
98.9$ elunlnlw. fhe nutEal sol-ubll1ty of liguiat leacl ancl

alueinlEa. is g¡qall bêlow 80€o g. Ia the sollal Êtate, Lead anel

al¡mlnluu are mutualLy lnsolublê. Liqutil aluminfum eaB take up

as &Eeb as 10É tead in the forB of an eBEIEfon or eollelatal
su.sBeaølon. fbe aluslnluB. Esedt la thls invostlgatioa ras

99.955$ pure.
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Sll-vor-Lêad

Eeycock and NevlIIeB found thet the phase atlagran consfstetl

of tûo cnrves iate¡seetlng at a eutectler havlng a eomposltion

of 4Ø sÈl-ver by EeLght aad e tê!ûperatore sf 504o.

G. J' Petrenko9 dete¡ninedl tbe pbase diagrs& for the systeb

and fou¡rd it to øonsist of two ourves .lnterseeting at a entectic

rhlob hatt a cotsI,osft1on. ot 2.ã$ Eilvor by relght at a teÞperature

of 505.50. thls eutectie mixta¡e waE fo¡¡nd to be halder tbaa

pure leaô.

F. lolel.l {wi"tb D. t. de .4. Jfu¡enez)l0 lnvestlgát€dl the systen

sf th 1.50-10Ø sllver by meâîìE of themraL an€l photonlcrographic

anal-ysls. No o onpountl fonßation was fouatl. Prinafy andl euteotie

erystalllzatloa wås fouaÉt in tþe aþoYe. regÍoa, ereeptl¿g is tbe

2.L9-&'6L% silver regien. fbfs flxetl the euteetic aomposllion as

ê.5É stlver, separatiag at 5OO-305o e¿ The compo¡xent s tere foûnal

to be eompletel-y niscible 1a the llqstd state. The BrlneLl

harilness ohanged eontlnuously for alloye containing ¿ã-L00É of

E 11YÊr.

Eain ã. eblsulck and Ralph Eultgreall exanined the sysùea by

meaas.of X-Rays r fhey conffrnûed the abseuee of inte'rnedtate

Bhaaes. Psgcler patterns of sanples of i4terB3diate eompositlon

aaseaLedl fen 4 Eeeks noer the eu.teetie tempe::ature shoretl the

presertee of tEo phases, whÍeh s6re lelentlfistl a8 the terBLBal

Eollal solutioas. fhe goLubllLty of lead ia silver raE fosedl to

bo suoh lesõ tbãn the valEe estlaated by Hansen'
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Si I?e r-Àlus.lBlI¡m
1t

Frlght-- nerely founê that the gçtals were completely

alsolble llt th6 BsItêB state.

Gar¡tlerl5 ¿leternlnecl the llqnidlus curve for the ffrst tlaê

(11 atloys) an<l foqad a rìa¡iel& for the oe&poEltloa Âg?ÂL.

Eey@ock ancl Eevf11e14 fsuad ttbat the freeziag po1at of

sLLver sas loweretl to abøut 926o Þy the aalailtioa' ot L.4{o alllB1slum.

Wftb tbe aldl of thernÊl ae rell as mJ.eroecople aaalysls,

tbe oompositfoa tllagran (eg alteys) was eolcpletoly plotteat for
tbê ff.rst tlne by PetrEnkolS. He eteelttoat oû tb€ e¡lsteaoe of

t.soeoapoun(ls-!,gg.A]. l?.6ú åI by s6¡.gþt) and ÂegAL (}t.tlø AL by

weieþt). Ee ooutil uot verlfy tbe aâxlmum fonnd by Gantier aatl

statêdt tbat 1t tas more probable thet the @ompoBnd 4gAÀ1 forsed

dlue to a p€riteetfe reaetied at ?t8o anð the all-oy úLtþ the

oosllositloE .AlÀgB eerrôspoBdled to tbe ead polût sf the periteotie

horizontal- at 7?9o. Â euteetie also oecsrrett at aboet 69É stlver

antil 5670. He Aenleê thô eri€teBee @f ar¡ ÅlEBlalün-riob ssll'lt

soluÈiou.

Pusehinl6 by tho us6 €f the dr@p of potential foruulatêd

th6 Gonpogitten AgÂ1 (20Ø alunlnlum by seieþt). fhis eompounel

ças fountl by later lavestlgatora to þe no¡r-existent.

fi, BrenLewsktl? deterafned tþe eleetrÍe oonduetl'lrity, tbe

têeperatìr¡e eoefflelêat of eleGtsfo f,eal6taaee, the tb6l$o-eleotl'ie

porer, aadl the potential of silver-alumlniunû alloys. Íhe ourve8

of th6 tempçrature coqffleleÈts and tþe. tþerso-eleetrfo povgr

Ehorg tso aarketl &.å,rlma at 69.9S and ?5.4S by volune of allvert

corresponailng to the eompounds Æ¿Ags (85.?f wt. É sltver) üd
À1Âgg. Bhe fo¡mer eolpoEtlal dlêes aot agree wfth PetreÞkors

resul-ts and slnce the latter ts work has tho greatêr juotiflcatfon,
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ÂlÁ9, fs takeu as the seeotr¿l eompouad, not Å1gABg. B¡oniewskl

ooaflreed the exlstenee of the f-almlnlun-riob EollÊl sotutlon

sbfch Pê treako hadl eleniedl.

BechaalS tlete¡migêat tbe cxist€Eeg ef tbe sllvor-rieb ø(-sollËt

sqlutl on.

W. Krolllg, stuctytng the eolld BortloÞ of the system also

a@nf1!eêô tb.eø( -sollal sslublltty reglon anal fouadl that tb6

eolublllty of silver la ah¡¡¡iniun begaa at 8Oo e, rltü. at least
1.5É sll-yer Þy selght aadl at about 5?5o rceebeal at Leaet 9ø

sllvêr by teigbt.
EEåseÞ a¡dl saobsåO dlotersinoal the exlctcnee of the silver-

rieh ¿(-soLfuil solutleao

U. Eansenzl tletermlneal the ooßposition atlagran in the

regioa ef 0-60 wt. $ eil-ver. îbe J.lquidas eurivê aad the eutectlc

temperatcre we¡o ðêtelæltredt Þy thernal analysls. ?he eolLtles

eu?vêa and th6 sllver solubllLty @urres wore tletenuined

mlerêgraphioaLl-y. lEhe solubflity of sllver f,aages fron 0.?5É

Þy [elgbt at 2000 to about 49% an th6 euteetio teßpeÌature.

Below 200o, the sotuþfllty, as ear be shoEn þy hardlaeEs tests

gets 6tlll sEallen, so that at ro@ te!ûtleratEre the saturatiotr

]-f¡nlt l1es at less thar @.5É stlver.
Å. F. Eestgren anti À. J. Brattloyzz lnvestlgatetl tþe systee

by X-Ray analyslo. lh6y Ehoreal t'hat the @o$position of the

conp ountl 3,gg-L1: y'phaee, ufth an extreaeJ-y narrow raagê of

bomogenei ty aaGl has the sane struetr¡re as Þ-!ih ¡ ( eubie with åô

atoeE lE th6 elonentary eube)¡ fith blgher temperaturec, arountl

6100 p'chaages lnto ê (wfth oublo spaee-eentreal lattlee struetare).

They foundl that the second intermerllary eryotattlzatton { r )
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ls a ssllti solution of densest spherlcal paoklng, hexagonal-

strqcturo lying betreea 8.5 antl 14.5 atomle S alunlratum. ïhe

IrosEfÞ1l-fty of a eoepound &gde (l-4.e9 atopic $ aluniafuae)

exl.EtlBg, aø saggestedl by Bxo¡¡1e$skf., was êotxI,l6tety etisst¡rateil

by Westgren antt B¡aetLey, who stucliett somÊ of Eronfewski re

singnlar polnts and fouaat tb€n to. be fulentlea1 rtth the

alunlÊlum-saturateil solld Êolutioa.
M' tsazaki?5 f,ou:ttl the sott¡btllty of si]-vôr la alusluir¡e at

5650 (eutectlo tempcrature ) to be about 84fi e5Jrvet, and about

9$ slIver at 4000. lhe eitver-rlcb part of the dliagrell trlth the
exeeptfoa of the eute@tle pofûts atr)pears to be that of petrênkots.

Snrfeo grepazz4 redetelsûl.aeat th6 whoJ-e system tberaaLty an<t

foundl a thlrel perfteotle polat at 698o anal bêsl¿tes É : g' ancl y
postulatetl a fourtb pbase, A€gAlA, yb.leh bad ¡lrevloesly not bôen

foeaê¡ Ehe eô!ûpous^¿ Åggd¿ fomodt a outectte $tth a solid
s@lutlon of sllver La al-unl! iun at 567e ancl a eoaeeatratlon of
e6.5ø -å,Iunfaiua ( ltx tb6 text 59.ã$ is given çhi6h must be a
ty¡rographloaL errer slaee the tabLe anat dlag¡sm clearly lnrllcate
e6.ãfi ,. Th6 Eolublltty of silvor ir¡.aLumlair¡m ls glv6n ae 46fi

sllver ae tl8¡lvetl fræ nleroeoopLê observatfon of speeleeas

anaealed at yarlous tenperattrres for rnffereEt l_engths of tlae.
Åt room temperatErê tbe solublllty is less tban €.5S sitver.
The solubillty of aluninlr¡m ln silyer at room tempereture Ís
4.&. îhe patt of gropazrs Ëtlegram whieh l-fes betreen I and

l8S al-nmlnlum bas bêen foEB€l to be tleoretleaLly unetable aaËl

has boea sup¡rlaated by later work.
gheze têeno25 f"r"utl6ateit tbe system by Beans of the

lntenslty @f refleotioa of tigbt. The intenslty of refleetion
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of slÌyer ls raplally aumlnishett by tbe ad¿lition of the aLu&ltrlum

¡¡ntil 1t attalns a miBlum at tbo niddlê of the series of the

solfdl solEtfon, beyond whioh the lEtetrsfty fs agafn lnereasetl

through tbe fnfluenee of the e ompound AJ-ÀgU where lt hag a

maxlmum. the curve tbea falls rapidlly to tbe seeonå conpouncl

ÀIAgu, rherê ther€ ls a break, anal eootiaues to fal-L gradual-Iy

to a alnlmum at the eEteotle. The curve of refleetlon rurrg

generalLy 1E a s!ûooth ho¡lzontal l-lne, exeept th6 part of tbe

two e@ßpountls of shicb ÂIÂgE ls eharacterlzetl by a. marimum antl

.ÀlAg, by a minimun.

Hoar and Rowutree26. studls¿t the equfllbria of thls systen

abovo 6g0oe, in the region of 0-f5 al-r¡mfnlum by wetgbt. Tbc

Llqufdus tonperatures tletens.ineal were found througbout to Ll.e

5-IO@ hlghðr thaa thoee obtalaed Þy Petr6',ko, pt"",*.¡ty ttue to

the use of purer alg¡ûfnlwa 199.5fi1. ltbe flrõt perlteotlo
( a( + nett= Þ ) cas fouaal to Itre at 6-5.2% alr¡miniua by tetgbt

antl ??9o. fhô s€conal porlÈeetlo (P-r nelt*Y) Ites at I0-10,eØ

al-r¡minium antt ??9o. Eloø a/<+ Þ anal the <+êle boundlarfea slope

totaralc the a¡ie wlth *herease of tenperature. Fetrenksrs

lndioatfon of thess as vertisal ls put do¡vn as tlue to hls

lnablLlty to aleteruine the thernal ehaages, sfnce the nethods

of rnlerograpby were l1sed to accurately ilê têrB.ine th6se bountlaries.

R. T. Phêlps and W¡ F. DaveygT ehosê tbls system to

lnvestfgate the nature of solldi solutioa by means of X-râys.

fhey fountl tbat saturâtfon of alurdlnlum ln sf lver wag reach-etl

af 5.4% alr¡mlalu¡a by wêlght. Furthe" atltlttloa of alsnlnfun
gave aggregates of AB5AI of sufflclent slze to show X-ray



( 65)

tliffraot.ion patter:ãs. fbêy oane to tbe eoacluslon that the
.alEBlnium ia tbe solldl soLatLon was çhenfeally aoBbfae(l sith
the adlJaceat sll-ver, not a ease of a dllreet gubstitutioa of

alumfÊ1EB atom8 for sllvor la the silv6r lattfee.
c. s. Bar!ett88, E. Jette aadl F. Foote2g, s. Kokubo50

antl Àgeow an¿l Shoyketgl investigatett this systea lnatepenalently,

eoulil not eoaflrm the ftnèlags of Phelps an<t Ðavey. They e ome

to the eonolusl.on, by very accnrate measuremeat of lattlce
eonstants aadl tlenslty aeasurenents tbat tbe soli¿l solutfon ls
substltutiona]- i[ charaotêr.

K. .å.geer and 9r shoyketge stutliect the eoastltutionaL dl5. agram

of the system ep to l0Ø alu¡llnlue by mierographle eranlnêt1gnt

Xiray aBaLysis and hertltrêss me a sute¡âent s. Íhey fouaat th8.t the p'

phaoe deeomposeËl oa hêatfag at 4O0oC. fnto a Bfrture of .( and y.
gbo bounaary €f the "{ -f,leld nas åetêrrninecl by preofslon

ngas¡¡Te!Êebts of tbe 1ått1@6 lreram€tor of tbe quenehed alJ.oys.

lrhe bousdlary of th6 r-f1614 was alete!&laeal by mforegraphie

eraÌninatl.olr anit x-¡sy aEal.ysls. a tro-pha8e re8foB 14 + Yl
was fouadl ÊsÞaratl,ng the p ancl p pbascs bettreen 40go endf 6OOeC.

F. E. Tishtobenko5S by tho nethocl of tltenßal a¡ralysls

showed that at 7?lo fi-Agg was formeå. fhls undergoes a

t¡ansfor.matloa lato p' at 6060. Eheopodlfloatlon of AlÂ9g forms

a golttl solutlon wlth ah¡mfnlua, reaeÉ1ng a maxinun saturatfou of

10.ãÉ alu¡ninil¡n at ?22o. the solebfLfty of alursinfun ln ÁlASg

aleer6aa6s wlth a fall ln tenperat¡Ûe, p'-¿f¿g5 tloes aot allgsolve

alumialï¡¡r at ?22o. .4. euteetio eoaslstlag of a €oebiBatloE of

deÁgg antl a sollcl solutloa of P -À1Âgg sltb l-0.2Ø alr¡nlntum

separates. Tbe eompounU ¿t-ABg 1s stable 1ß tbe lnverval 758-?I1o
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while belos ?1Io lt eaa erlst oil-y 1!., .the metaÊlable state. The

stable state bolow TILo 1s a solltt sol-utioa of ftt which le a

sotfd eolutlon of alunini¡¡m ln .â.1.46å reâcbiag saturatloa at
1*.gø alunlaXsn. Å ooEplete t¡angfo:."¡0.àtion of tbe metastabls

.å'leÂg' lnto tbê sollil solution YË oecars only on proloagetl

heattag. In the lateryal ?Ll--400o erystal-s of Y'{soLtd gohrtien

of sllver 1n .é,IÁg2) andl p coexiet. Belsw 400ê tho alloys wlth
1.?-LL.Lfi aluafnlum exLst as É' (Af¡ec) ana V'(-eL.e.gr).

Eanseaã4 hae thê foltowing to say. rogarellag the above èata.
rIt eaa almost eê"talaLy be eonsitlereel that the oxpeîlnentêr

bas draF¡¡ falee lnferenoes by his €xpl-snatlon of hls ex¡rerlmental.

lesìrlts, slnce hls eoneeptfon ls lB itlreot eootracllotlqn to the

results obtaLnedl by all tbe other lE\restl.gatolsg

Hì¡ne-Roth6ry, Dl¡aþbott and Evane56 mf erograBhieal.ly

dlete¡ntaetl the sollêtrs @urÍsa anil the satt¡ratlga þoutilary of th€

ç(-sollal solEtlon. -A.Bl€le froB snelL qBatltitatine dlffereneeg

tho sat&ratien. boundasles of tbe 4 -Eolld sol-trtfoa agr€e weLl

rith thet as fa¡rndl by ÂgeeF alld Shogket &bonê.

Iehljl OÞiaata aÃê Mosani Eagiya56 etodierl the oysteu in
the range 0-L1É al-uniniun by X-ray analysiE at orcllaary aad high
temperatures, by eS.eetrie reslgtaaee Eothotls an(l nloroscople

stutly. Ia the alloys eontsfnlng 5.6 to 8.$ alumlnlum a

eutectoiit aaal a B€tateetoid reactlon take plaee, the têmperatures

of thish are 6150 and 420ø respeotlvêly. The netateetoi.dt

reaetion, 4 +Y+.A€gÀt ean easlly be suppresserl by rater-quenehlng

of the alloy. îhe eutectol¿t reaotiobÊ="{flris brt 11ttlê
suppresseal by tÞe saÐe treataent. fhe alloys quenehetl lrom

the p -fteJ.ð eonslst of the y-phase, supersaturateal wlth sllver,
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sboFlBg roeBtgenographieaLLy the rjllff¡actlon llnes belonging

to the hexagonal elose-paekod l-attloo. In the quenohetl

hypo-eu.tôetof al alLoys FnoBolous fnereases i¡r tbe eleetrfoal
rêaistånoe was ebserveê at 3096 fn heatlng. lhls was

attrlbuteå to tho fotBatlon. of the conpoEntl 4ggAl.

âgeaw aldt Sboykeg5T lgpeateÀ thefr prevluo" 
"ork52,

yêrlffeal thefr prevfous results aual fou$dl that the allver-alumlnlun

euteetic mixtr¡re on eoøliag foreed tbe P pnase (AggAI).

Tlshtehenko antt LukaehS8 investlgatedt tb6 syEtôE up to 80Ø

sflver Þy the thannal antl mlo¡o strtrotEre metbocls. The er¡lerfaents

eonfimed the belfôf that la the lfquld state the alleys eoBÈaLn

Á€gge, whleh oombfaes into eoeÞlêx eomBounds iB t46 presence of

oxoess alnninfap aadl whfeh plåys an lmportant rolê la the

hardonlng Broeeaso golr¡,lêx eonpouadls af,e formeal above ?50o¡

llone belotr thls te¡aperature. Ehe alloys oontalnlag LL.8,-66,-7ø

silyer have a i¡aasfox"B.at loa at 4400 rith a naxlnr¡n break at
46.ãS of eilver. lbie traasfomatlon oo¡rresponds to tbe

roorystalllsatioa tenperature of tbe â -solLdt solutlon. fhe

alJ.oys tith 66.?-ê5.?S sllver also have sEall breaks rhleh a¡e

ex¡rlalneil by the sane phenomena. i,g-å.l, ls fona6d la alLoys

rfoh la aluàiniun at the eutectlo tenperature¡ lt has no

transforuatioa in the sel-lcl state. fhe solubllity crlrve of
silver 1s alumlnir¡a, Ehotrs 46.5Ø sllver at the euteetle

erystallization tempêratuto anrl shous alloys eontalning 11.8É

of silyer at 4400, anal about 1É of sÍIver at roon teaperature.

.AgÅf, (but not Ag Â1 as found by !t. EaBson*Ëfitt. deutEeh.

Uaterial lrrEfungconfstalt, q: 5L, I9å9 aad f¡l : 51, 19ã0)

s€paratea along the sôlt¡biltty êElvê¡
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Eajt@e Kato anal Sa€laBE trlakasura59 lã.vestigatedl the

system by meane ef differential- rlilatoaetric analysfs,
aieroseo¡lio examination andl X-ray anal.ysis itr the range 5

to flø al¡¡nialr¡n anat establlsbeal the equlllbriuu aliagrsßt

of the alloy rich ln slLver. Un.fortu,nately thts altiel_e i6
pEbi.lÊh6û f.a Japaueee and 1s unavalLable to ua.

Elilêo UazLrl4o Etutlleel thê syetem by moane of thernal"
expansLon, CliffereBtlal dllatation ancl nieroseop!.e strtlotBro.
Ee eonolBdled Èhet th6 bounalary l_1n6 Þ6tE6eE ô+y and v ritffere
soReEbat from th.at glven ia prevfoEs papêrs. It Lies virtuaLl.y
sn the o¡tlf nate of about ?. ?É alr¡niairrn. S¡reelmens queached

froa tho ¿t+Y lan€e antl eteheel by a eo3_utloa of AO parts of
watêr and I part of cetulated ereOg ia HA8O4 dlstinotly shor
eutoetle strÌ¡ottlres. fho ten¡r er harêening of thêse alloys
@eoÌrr6 la a renge of 56-9.5S of alumt¡riuna ía silv€rr.aail lf
tbêõe alloys ate queaohaet at a ten?eraturÞ betÍêen 450 asd ??0o

and tonpêreil at å80-S5Oe, Vlekers harib¡eså nu$.bêrs of, 500-56ã

are oÞtalnedl. fhe har€lenfng velootty of, the alloys oontaialag
Þor€ thaa ?.?$ alualafum, whloh cerrespondls tg tho constltEent
of Ågg.â,1, dllffets from that of the alloys ôontêlaing l_ess

êLuBfnlue¡ th€ fouretr raptaly rêaeb the maxLeuE hardlaess efte¡
tesperlng, rhlle the latter regtrire at least eeveral hoETE.

lhe alLoy quenehed froß a tenlrêTatu¡e aÞove 6600, after
tmperlng, has a hardaess hfgþer than that Ellencbôat frse a

16r€r temperatere, ptecirnabty oalng to thg rcfinlng ef grêias

dlue to a olrteetl@ reaotl-on¡ fhe hardeniag of tbe allof is
eauseal by tho ha¡ê eonetlt¡rênt of, ê' nhlob ie ¡lrotiluoett by tho
reaotion þetçeeB 4 anÄ y dlue to teml)6lrfng, rhlle -( and y are
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obtalned þy qllenebi.ng. 4a lneroase iE baralness eaasedl by tbe

preelpltatlon óf sÐpersaturatedl soIlê eolutlon ls not Likely

to occìrr.

G. I. Pgt¡êuko a¿d F. Àr Eerkaeh4l lnvestigateê the

Wlilmanstaettea pattern ia the systêm. tso avold oEldatXoÊ tþs

saEples wGre coyered vttb aotive G and santl. Those tlob 1B

alunlnlu¡l sere treated rtth HF. tstre Wlilsanstaett€E pattorn

Eas obsêrveat ia tbe regioB ot 4t-84ø atrumlnirm. fhe therleat

egBalitloas undlêr çhfeb thls gtfirotEro appears tLeponil oä the

degree of solstloa of, tho solftl sol-Btl.onÒ In tbê sampLes

wltb a oonee¡xtratl.on of 40-60É alumlniea thls ¡lattern fe
foxgêd at ordfnary ooollng after orystalllsetfon fro¡a the

Ilgatd state and riloes not requlre any speclal heatlng t@ hfeh

tenperatureec fllre sollil Eolutl,on of tb.ese eoBoentratloas is
Êaturûtedt with the.( -pbaEê. gaEl!16s ílth a higher alr¡mfniw

eon@eatratloa glye a Flilmanstaôtten pattern on].y af,tor

preJ.lntnary heatlng at a hlgb tenpêratur@ fof, a L6ag tlee.
solld soletfoas of thêðê eoaeêntratlons are nst Go!0pl"etely

gaturated wtth the 4 -phaser

F¡ E. tlshtehenko4Ê fnveEtlgatedt the regl@n of the ê -phass
( 5-9.5É alumlalu¡¡) the:malJ.y, anÈl conflræetl tb6 eerreot!.ess of

tbe tlfagram obtalEôtl by Ëoar anal Rowntree. Ee tllseLêsett the

coastrlotfoa of tbe 3-iqulû andt solid phase curvee, at 7,7-'l .4%

al¡¡mlsLun (by uetgbt). tÞe €utêotf,o deeoaposLtlot! of th€9-phasê

at 6660 aJxdl th6 fglnatloa of .el.Àgg at 4ã6o vere obeelveilo

W. Hu&ê-Ro thèry, G. Y. Rayaor, Po we nejraoldls, anÀ B. K.

paoke¡As 1E thê aost reeeat E@rk on tbe sebjêot, dletemtneril

the equlllbrfum ilLagram for the syEten f,or l5 to 40 atomla S
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aluniniumo Uafortunately thls pa¡rer eonldl n@t bo metlê

avallable to ss and ae a reaElt ls Eot reprealueeel her€r
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silYe r-¿l-ueiaiuß-teaal

ê. R. Å. wrlgnt44 obtalaedl the siltlcal eÈrve f,@r this
6yst6ß, bÊt no rðeora sas nade of tômp€ratEr€ otber thaE t'h6

faot that tb6 atloye r6re flrst heatcdl to about 8?0o. fber€

Ls ao markeit Lr:regulaslty of @oatoer v1s1Þ16 nor aûy teatlency

toçar€ls ootrvef,gene6 of tbê tfe llnes to a fl¡eal golat. She

tle tfaeg sl-oI,a Er$forçly to the left, 1.s. totrardls tþe leaal

angle of, tbe dllagrs¡!.

Loreuz anit Erbe4ã studtleal the ternary syctom to 6eo Lf th€

dfstribEtleu lar eoulil be applledt. fhe nlsoibLllty earve ras

pLotted for 10000. Íhey found that at ?50o, with slJ-Yer

eêEteEt of, froe o-85É 1þ thê }1gþte! phase antt fron 0-8É 1n the

hearler phase, praetieally no søIublllty of ]-Êadl ln alusl¡is¡s

exieted. fhis was done, however, o41y by êcting on the

¿ssnrrFtfoã¡ tb,at Fln6c part of the I eacl c onteat of ths attoyg

oould be explatsêd by the eol-}o!.tlal phenonenoa, tÞen all the

Ieatl present coutd be explaineat ln thLs $r¡nner. frat this fs
trot so we6 rÊeentl-y Ehosn by 0an¡tbe11 anit AshIeyT, also by

Kenpf aadl Tan Eorn6.

Â. I{¡ oaupb€Il asa w. g' ça11aee44 aappeå tbe a¡ea of

pa¡tlal- aiseibllity f,ot the ternary systen Þy therna3. aaalyslg

anat foqn¿l lt te e¡ten{l to alloys @ontainlng a oaxlau¡¿ of 85.68É

glLver anrl 4.?f6 leedl þy relgÞtr lbe temBelatqre eortesponclirg

to thfs êjrêo. Eås fouaet to fall at firet unt1.X tbe teuperatu.ee

of ã48.5€ ras ¡eaohotl. lbls ras noted as tbe tesf,erstere of,

soLldLfleetlon of üre alloy rhloh eoatalns slLtÞr an¿l aluøiElt¡E

ln thelr euteotle ¡rro¡rortloas aa<l Xs eattrratocl wltþ leaal f lÍhe

temperature thea lB6reaseE to a aaxlanr¡a ef about ?56o la thô
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alloy eontalalng aÞout 80É slLver aBal t4ø lead.. Thls tê!$ref,atEre

EarlEre aloe6 D.ot eolneicle stth tb.e maxlmun of the llqufêus curyê

but IleE vel-L to thê tigbt sf 1t. Íbe baralness of the alloye
lnereaees Bith aaldect silver atral Leail untll lt attalns a maxlnu¡q

at tb6 ÊLloy having the ooBllosltton .å.Lågr-ÂI eEteetLe plus

I.?5ø leail. áfter thls point the lEexeasLag guantfty of leail
preeent begins to retluce tb6 hardness.
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Di.scussf on of Prevlous Investieatlon.

îhe bibt-lography supp!-ieit herewith for the prevlous

invêstigatfon carried oat on the th.ree binary systens aûd the

terr.ì.ary, 1s bellevetl by lbe s'rite¡ to bê the most eomplete ia

eristenee. It is much more eomplete thaa that fou¡dt 1n

Ilanaenrs rDer -Aufbåu tler Zweistoff teglerungenn, anô Janec&é r-s

nKurtzgefasstes aller Legierungentrr the two s ta"Etlasal sefererce

books usuall-y emploYetl.

LeaaÌ-Al-umlnt uß

The Eork of Cartpbell eatl S.shley7 seeles to be the most

reoent and nsst exact. This snpptenenis tlre work of ËIansen

and Bh.rmenthalS and Konpf anê Yan Eora6. fhe only contradietory

piece of research ls that of Lorena and Erbe45 ln their work on

the terrÌary systee. They obtalnedt diseo"ðanÈ restrlts for the

solubllity of lead in aluminium for similar experiments. Thj-s

they put down to the well known phenomenon of aluminium tåking '

up a certafn amouat of leaä i.n the forl| of a colloidal, but

not true solutiion. To quote themr B![hen the excess of lead in

a$y one layer of one tTiaL sust be expJ-ained by colloldel

etroplets of the hsavier Þbase, so lt eanno t bê seen why the

wbole ].eacl content can¡rot be explained in such a fashionn. This

1s glven for experinents couductail lsother¡aally at ?50o, and as

proof of the dlscordaaey the authors quota analyses tilfferlng

by 5S. -å.t 10000, however, although tiliseordant results are st1ll"

obtained, the authors ehoose to regard the lowest lea{t aaalysis

as represeattng true solubillty, aad thê excess lead in the

hlgher analyses i.s taken as eolloidaLly dispersed leatl.
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¡IowevÊr fultber lnspeetioþ wfll sbor that êven at IOOOo the

analyses tllffereal by 8 arrd. 4{a. Why the authors ehose to

fgnore thfs 1s not quite cleax.

fhe collsidal effect Bhlte it is untloubtedly present' does

not neeessaril-y mean a aegation of true solublLity. This is
realized b¡r the above authors for thelr wo¡k at J-000o, yet 1s

lgnored for the work at ?50o. The faet that a truê solubility
tloes exist was amply demonstrated by CanFbell a¡tl Ashley. The

diagrau obtained by thee is given ln Fig. 21:.

SilYer-Lee.d..

The results obtained by <tifferent investigato?s fo! this

systôn seen to be quite eoncortlant. fhe dlagra& basetl on the

work of Petrenko9 ls giveû in Fig. 2u.

S1lvgr-Âluninlg1,

îhig systen iE the nost eomplex of the three. lhe first
investigation was carrled out by wrtgntle in 1892, and the

eoEplextty of the s¡rsteB and diffleutty of investlgatlon ls
evldeaeecl by the fået that paperã are stitl" being publishect oa

the system, tbe most reeent one being that .of Huee-Rothery et af*5

The systen as it ls now generaìly aecepted, barrlng stigþt

modifioatfons, is baseal on the work of Eoar anè Bowntret26, Åg""*
rÃÐ 9t

antl Shoyket'o, and. 1r{. Hansea'-. lhe equilibriua diagra.m givea

fn tr'ig. 25 is a eomposite ctiagfam eßbo(tying all aceopted data,

as glven by Hansen in tDer .Aufbau der Zceistoff tegierungenr.

Sl lver'-Le adl-Alu 1ni uß.

As previousty shown very lftt1e work hg.s beea done on the
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texlxary systen. The resul-ts obtained by Lorenz and Erbe45 agree

in general wfth tbe results obtained by CanpbeLl and Wa11aee46

excepting for thê alumiE ri eorne!, which has beên eritleizetl
above. fhe tie-l-ines slope fn the same d.irectlon as fou¡tt by

Campbell aad. Wallaoe" A graphie repsôsÊâtatton of the work sf
l,orenze aad Erbe is gÍven ln Fig" 24; whlle flg. Pã shows the

results of the work of CeaFbell and WaLl-ace.

ft Bow reea.ineal fo¡ us to coeplete the liquidus etlagra:î by

aaoeltêlnfng the fo].Lowirlg¡ -
(t). tne temperature antl composition of the ternary euteetie poiat.
(e). tte effect of the additlon of lead on the first ancl secoad

periteetlc points of the Âg-41 systen.

(S). tbe areas of tr)Tinsry erystallisation of tlre Yarious phases,

noting homogene lty and heterogenelty.

îhe effect of leaal on the solidus llnes sas al-so to be

stEalle(l lf tbe methoal of the:mal allalysis coulal throw any light
on this.
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Ptlrlty of ßîaterialg

fhe slLyer usecl in tbÍs researeh was very pure, fine graltr'

sil-ver. The lead hael èbe following lnpurltiesr-
Àe : o.oool-/,

eu: 0.00¿5ø

ghê alueitrium used Eas tbe very purest avaiLable, obtainetl

thíougb the eourtesy of Ðr. Frary ar}d Mr. J.J. BêrEa¡l @f tbe

¡j-umlnl un Company of Âmerica, to whoa the thanks of the writer
are nost gratefully offcred. Thls followlng aaalysls was

supplfed.

Si : 0.00?ø

Fe ; 0'0,1É

cu ; o9,zeS

Ti 
= 

0.001ø

Âl- ã Tellalnaler

tse of this very pure al-tmlnium ls extremely lnportant, slnce

la the blaafy systes., Ieatl-aLumlrriue.rlnvestLgated by g¡nFbell aucl

S,shtey?, wlrth g9.g% pure alumlnium, ¡ni1 l-ater wfth the above-

mentio¿etl alurlinir'rn, 1t was notlced that the Ese of thê very pure

alumiaiuã hacl a tlecleled effeet on the coBposltlon anal t eEp êra tu.re

of basic points in the systexa as found.wÍtb the impure aluÌninius..

(1). Íhe te¡nary eateetic Boint.
(a). Àpparatus.

Sinee the temperateres lnvol-ved were comparatively low, a
m.ercu¡faL therBoeeter aas enployGd as the temperature-ildieatlng

êeviee, fhe thersometer Eaa graaiuated fn 6.50 and wtth the ald of



furnaee
thornometer

te6t tube
mercury

outer tube

alLoY

Ftg. ?6
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a hancl leas eoul-d be read to 0.050. As a heâting uaft a

eyllnalrloal furrraee was construeted. Tbfs eonsisted of a

doubl-e Layer of alebrome 6irsr cônneoteal in parallel, wound on

a sfLLlnanlte tube. Íbe J-ayers were coated wfth e solution of

Narslog rbieh oa harilenlag servedl to keep the wires 1n positlon:

lbe layets tere separetett by asbêstos paper whlsh also was

coatetl sith tbe so(tiuD silicate solutlon. A têmperatu.re of 4500

eoultl be reaohetl anel nalntaineat Eith thls fu¡nace if so desLretl.

The graetuate¿l cooling was earried out by a bank of rheostats

eonneeteil in series wÍtb tbe fu.rnaee. The a]-}oy was eontalaed

in a hard glass test-tube. fhe tbermomete¡ sas partially eneasecl

ln a glass tube to proteot lt from the aetion of the molten alIoy.

li[ereury was plaeotl 1n the tube to easì¡re gootl thernal eontaet.

Ítre thernometer oould then be useil as a stirf,er as well as a

temperatnfe Lndleator.

(b). Gegeral Procednre

The apparatus sas cet up as shown in Flg. 26. 150 grams of

l-ead sere melteei ln the furnaee 1n a large hard glass test tube.

the thenooþeter antl casfng sere now fasertetl, aatl the melt

vlgorously stlrreal with tbe thermometer acting as the stirrer.

ûslng Pl-atotsTâ aethod of gratluatetl eooling, tbe freezlng point of

th€ pure leed was fountl. $he bank of rheoststE was call,;bratetl in

equal amounts, so tbât tbe lntroiluetion of a eertaia amount sf

reslstance per minute sould eooL the fürnace at the rate of 2.5o

per mlnute. oE solfatlflcatioa the contraetlon of tbe metaL would

cause the glass thelsometer caslng to break. îo avolit thls the

metâl reaa reheeted lm.eetiatety after soltilifieatÍón antl tbe
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theÏnometer w'as reÉoved

Enough aluminlum sas aow addetl to saturate Èhe lead and thus

¡eaeh the blnary euteetic, and the flgures of Canpbell and Ashley?

were obeekedl. fhe aluminium was adtled to the nolten lead and

plungecl underneatlr the suxfaee by neans of the thertoneter. Ä

cooling cu.rve lras then taken. 8mal1 quaatltles of silver tere

now aaldeal to the bÍnary euteetle, the teBperature of solidlfleatlot!
belng notett eaeh tllte' Àt the attainnent of the eutectlc an

oxcess of sllver was added to prove that the tenperature of

solidifieation roEltl get l1o lower. Befere anålysis the alloy
was heet-treated 1n tbe Þ6lten state for 24 hours to allow exeess

alumínius and silver to separate out by gravityr also ts all-ow

the aluminium to give up its eollolalally elispersed leadr tbe

aIloy was thea allalyseel ancl the nesul-ts are sboFn la lable I!
Eo show that the ternary euteetfe tas actuaLly a coatlÍtlsn

of true êqullibrluru', lt shouLd be approaehed fron both sliles

of the equllibrlurn. ÂeeoralingLy the Beltfng point of Lead ras

once more tietelmißett, anal then enougb silvêr attdedl to obtaln

tbe binary siLver-leaal eutectlc. ALumíniuu. was tbeE atlclecl until
a eonstant temperature of sotfdiftcatibn was obtainecl. Thê

alloy was tben heat-treated for 24 hours anal .analysed. flxe results

are shown ln Table II.

( e). Method of Ánalvsis.

fbe al-loy çaa cut vertfeally and boriags taken fro¡r varlous

pêrts of the alLoy. The borings tere then mlxeal thorougÞl-y to

ensurê uniforsity. l0 grams of tbe alloy were aoç reflllxetl sith
I :3- EISO5 lir a grountt glass eoacl,enser ustil the borings hacl aLl
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tlissolvetl. The Pb Eas then prècipitatoil as PbS04¡ by the

aciåition of dilute H¿SOU and the preeip*tate cllscartleð. ?he

fi.Ltrate, nos free from lead, was üa(le uB to 500 e.cts.

?he sl].ver was precipitated as i'gBr by atlding êxcess KBr

solutioa to 50 c.cts of the above soLutfoa in the darkroo¡r

under a re(l safe-119Þt. ¡' tittle EIi[o, was attdetl to prevent

peptization of the AgBr andt the prÊeÍpltate aLLowedl te settle

overnigbt. It ¡res then f1]teretl throngh a sintered glass

erueibl-e, the preelpitate was washecl Elth water eo¡ltainlng a

little IINo$, and then atried overalgbt et tooot, and rsêfgbetl as

Agts¡.

3, new sample of 200 c.cts was now takeB for tbe Âl analysis.

Are Àg was tremoveal by preeipttatlon as S.gCL with oold dilute

ECI-. fhe aluminlun Fas then estimateet by the 8-byatrexy-qulnotlÉe

methoil, eiaee tbfs woul-tt give a ve?y bulky preeipitate and ttlus

traees of .Â.1 €oulal easily be estlßatedl. The reagent was preparect

by tlissolvlng a sufflolent amount of finely BoÌcdlereð 8-hydroxy-

quinoline fn 2.K aeetlc acltt to fora¿ a 5S solutloa. The sample

was tben lcaale only sllghtLy acld, warteil to 50-500 and treatedl

wlth an exeess of the reagent. .å' solutiotl of Ê$1 amonlum

aoetate was now actdedt untiL a perüanent preeipltate was obtainedt

anit then ¿0-e5c"ats rnore of erla:onlun acetato was atlded to e¡rsure

compLete preoiBltetlon of the .Al-. lbe preolpttate waa alLoweil

to settLô overnigbt antl then fllte¡ed tbnougb a slnterecl glass

eruelble. fhe preeipitate was then sashecl with eol<l wat6r aaal

drleËt at 1500. It had th6 aoeposltioa (C9s5,0N)gÀl and coataiaeal

5.8?6 ¡,1.

For the anaLysis of the Pb.5 grems of the al,loy boriags
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were dlssoLveal ln l-:L HNoU. fbe Pb was then preofpitateal as

PbSoU la a easserole by the adrlition of 5 c.ets of cone. HAS04.

Tho so}ution was then bolLðd untll tlense white fumes arose,

sbowlng that the volatfle acids anil the watêr had bean ðriven

off. ¿ã c.crs of sater were BoÌr adtle¿i and the FbS04 was

flLtereit throagh a Gooob orüeible. The precipftate sas washetl

with aleoho.I untll the wasblngs no l-otger neacteal aeLdl to

lft¡rus. .lb.e Gooab was then drieet at l-20o arit the preoipitate

welghed as PbS04.

lål . Ðlffe¡ential fhexEal -Aüalysfs,

( a). Åppafatus.

llre methotl usetl to obtaln the data for potnts above the

ternary eutoctic were all done by the methoil of differential
thermal aaalysis as suggestetl by Roberts-Austen?4, t¡sing

PLatots methotl of sLow eooling?e, as tieserlbed previously.

lb.e apparatus as asseebì-eel is shown 1n Plates I - IV

iEclusive, anci dlagranatically in Fig. å7. EEsentlaìLy it
eonslsted of two @irou.its, a potenti.oneter cireuit, antl a

reflecting galvonometer cfreuit. Íbe temperatuxe Eas measureal

by two thermoeouples of the 
"f-Pill}fs 

Rh tyBe. The wfres ûere

eeparatetl down their length by passing theø. througb a tblr¡-
waLleal double-borecl s1l-limanite tube. This sas ia turn eneaseal

fn ân out6r sill-imanltÞ tube to protect tbe thertaoeouple

jtrae tion from the aetion of tbe a.olten metals. One theluocou.ple

sas lnsertetl lnto the moltea alloy aacl eonr¡eetetl d.irectly to a

poteotloneter through a sensltlve galvonometer. Bhus from the

Ioadi.ngs of the potentlometor the absolute tempetature of tbe
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alloy eould be deter$ineal ff the therBocouple ùas ealibxated.

Tbe potentiometex eoultl be read to one nûlerovolt, Ebleh was

eqBlvalent to a change of 0.1o fn the temperature.

3h€ aetion of a ther4ocouple ls basetl ou the assuBption.

that the E.M.F. geae"ated is tha result of a temperature

differenoe between a bot junotfon antl a eo]-tl junetlon, the eol-d

Junet:on bêing the po¿nt at shfeh tbe lyires of the eoutrrì"e make

coBtaet wlth the leads, .Tf tbe eolal junction ls at ooc. the

poteatloEetric readings will thus tndicate the trBe teBperatur€

of the alloy. Slnoe 1t wouki be ineoavênlent to maintaln a
tenperatûre of Oo0, the leadls were passed tbrough a test tube

1m¡relsedl 1n a beaker of water at roonq temperature. thus the

tenperature shown by the potentiometer woultl lndieate the

diffe:ronee 1n tempe,ratare between the alloy anci the beaker of
water. The true tempe1'ature moulÉÌ tlrus be obtaiaed by addiag

the tenperature of the beaker of, water to the allfferenos of
teraperature. Â nercu.rial thermometer gradluated ia 0.1o was

nsed to lnilicate the temBerature of tho cold Junotion. the

leatl aecumulator usecl was balaneeti agafilst a stanclarð cel-L

before, and afterr eåeh exl,e,'i'eato

fhe other thermoeoupLe nas placed in a neutrat bodly, which

eonslsteal of a cylln{ler of eopper, of approximately the eame

the:llal eapacity as that of the alloy. A hol-e wâs boreal in the

eentre of the eyliaalex to about two-third s of its deptb, the

clianeter of the bote Just belag suffLclently large to aecou.otlate

the tbe::¡rooouple easiag. Thls tbermocouple was eoaneeteå

ctlfferentfalLy wfth the first, oolrnecting Pt to Pt and PtÆth
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to Pt/Rh. fhis was thea eonnected. to a tlelicate reflectlng
gal-vanome ter with a sensitfvity of 3xt0-9"*p". per rm. Thus

the neutral botly would eool wlth the furnace antl the dffferelrce

curve soulal show zero clisplacement, or at the !0ostr a srall
constant ðisplaeenent as long as the al-loy cooled aorøall-yt

rrlth the furtrace. Whera. a thernal effeet takes plaee ftr tbe aì-Loy,

the aLl-oy wil-l suffer tlelayed cool-ingr or til-l- maistafn a eonstant

temperatere untll the ehange is eomptote. fhe ooppêr eyllnder

ufLl howevex go ôn eoolllrg, and the dfffereaee eurve w1]l show

a s ualdea sharp alevlatlon.

fhê furnaee in uhich the alloy6were melted was of the

el-eetrical reslstance type, and was capable of æaistalrring a

temperature of 9500 for a long perfoil of time, but tenperaturet

sHghtly over 10000 eould be reaeheô. The eover of, the furrxace

had two holes throagb whleh the themoeouple casings eould be inr

sertetlo The holes wêre la¡ge enouglr to perrnit free movenent of

the ttrermoeouple casings so tbat the al-loy couLd. be stir"eet, yet

thêy were Rot large enough to allon mueh hoat to osoalle by

radiatù9n.

Ir:. ortler to oool the fu:saee graÊlually¡ a ¡esistance was

coastructetl as shos:¡. in Plate IV. Tbis conststôal of a long

?lece of aj.ehroþ6 wire strung out on a sheet of asbestos. The

reslstarlee wire was so divldg¿lr that by lrovl:rg a movable eontact

one clÍvisisa per minuta, the lurnaeê woul-tl eool at the rate of

3o per mfaute. Thls slow eoollng served to iaorease tb.e

sensitivity and tbus sbow up mall the:rsal effeets.

Tbe crueibles used to eontain the alLôy were macle of

alun€lüm and Eere found by experieaee to ba the nost satisfaotory
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for the work requÍred.
(b). caLibration.

?he absolute the:ruoocouple ças calibrated from the freezing-
points of the foll-owi¿g very pure substances.

tin - 251-.goc.

lead - ?,2,7.'oC.

zine - 6ô0.ooc.

sod.ùm ehlorirle - 80l.Osg.

slLver - 960.5oC.

lhe silver-aiumlniun flrst perltectic point was al-so obtalnetl

very sharpll, æd this was then used as a point for calibration
(??9oc. ) .

The ¡rotentlonetrie readlngs were plotted agaiast the

difference ia teBperatB3e between the hot ascl the eotcl Junetion.
3he dliffereatielly coûlected tbel&oeoupl"es rere ca:Libratsdl

in the following naatrer. fhe couples were each placed il} a bath

of water, one of whleh was kept eonstaat at room temBerature.

The other was gradually heatett, and at one nlnBte fEtervals
simul-tanoous reaälngs vere taken of the d.iEplaoement on the

scale of the refl-eetlag galvanoltreter anai the temperature of the

t!Ío baths. In thfs &aaaêr ft was foundl that the "eflectiag
galvcnoaeter gave a displacement in the eyepiece of I ¡rm. p63

0.5o0.

Tl¡e eaLÍbratto¿ of the absolute thermoeouBle waa oh€ekeat

perioellcal-Iy to m.ake sure that no oontamiaatlon batl been picked

up by the thermocouple.

(o). Method. of taking cooling curves.

. lhe silver was meltetl fn the aLuntlam crueible, the crueible
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being placocl into the furnaee when the furnace was at the requireil

te!ûperåture, to cut dowa oxidation. Wbea thô silver was molten,

the. aluminium and leatl were pluaged beneath the Eurface anti the

aLloy was stirred vlgorously with the thermocouple casing. The

total weight of al1oy taken ûâs usually 100 grans. To eut dowÀ

onialatlon, it sas at ftîst attenpted to keep the aLloy untler a

coatlng of molten KOl as was reeoÍrmeudecl by previous workers.

Thls was founcl to be quite satisfaetory 1f the al.loy was already

borlogêneous. Elowever if an addition had to be matle, the KCI

impederl the obtainiag of, a homogeneous mitture, ancl thus was

tlf soarde(l. The thermocouple easing was allowed to heat up wfth

the alloy, since placing the eoltl easlng into the alloy woulil

cause the caslng to snap. As soon as a test was eompletedr thê

aLloy was reheated anat the easing removocl, siaoê lf lt was left
to cool to roono temperature, on reheating the dffference 1n

ooeffients of expansl.on would eraek the easiog.

when the alloy was entirely molten, it was stirretl
vigorousÌ.y stth the casing a]lð kêpt at that teäperature for a

short periotl of tlme. îhe resistance ças then gradually

inereâseal, moving the novable contact one divisioa per minute.

Readings on the potentiometer and galvononeter were takea alter-
nately every hal-f minute. Sueh an ex¡rerl.nent usually lasteti

about 4 hsurs. fÏ¡ese readíags were thelt pLotted on the sane

graph and from this the temperature of the therln.al- eff.eets eoulcl

be determined with great sensítivity.
(d). êonerql Method of Proeedure.

Án alloy of the eompositLoB of the hi8her Âg-Äl periteetlc '

was nade up, and a coolisg eurve taken to sêe whether, with our
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very seasitive appalatos, the êbânges in the solid state Eere

iletectable. ft was soon seen that they were, and thus the

effect of leatl on the eutectolcl anil the eonpound separatlon

eould be studied. theraally. otherwise only mfcrographfe and

X-ray aaalysi.s eouLd deaL with this.
Aeeordingly an alloy of the coßposition. of the first

peritectie was made up aad leael arlded to thls in lnereasiag

quantitles. fhe results obtaiaed bowever were dlscordant. oaly

by sapposing that a very bigb point existed on the partial
m.iseibility enrv€ could they be justifietl. Âocordingly alloys
no. 516r?1819, and 10, wbfeh had been prepared by üfallace, were

exgminetl tbermally aad hls poÍnts were checkeri. The res¡ .ts
are given in Eable III. .il-ttrì ough as ean bê seen eertain ehanges

were rnatle, yet tbs temperatures obtaingd were not hfgh enough

to justify a high point on tbe ldsctbflity curve. 0n analysis

of oür own alloy 1t was founti that the coaposition baal altereal
greatly d.ue ts oxl¿lation, the AL graduaJ-J-y buxning off, the net

3esult befng to brlng the alLoy composltloa elose to the Âg-Pb

blnary system and thus raise thê teeperatu.re of solialifleatiou.
Âttenpts ts finct sucb a high point by the Breparation of ce?taln

alloys also proved frqltless. Thu.s this methoet of investigatioa
harl to be tlroppecl .

ft was now resolved to map the diagrem in detail by

Rseetioniaga it, as showtin Fig. 28. ?he method employecl was

to start wlth arr alloy of a certain known eonpositiou and

Ânalyue 1t th€ßlåIly. fhe requireil eomposition for the next

al.loy was obtained. by acldiag the requirecl slÏ.ouats of Pb an at AI"

After eaeb line in the section had. been coarpletetl the alLoy
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trås analysed ch€mically and a small correctÍon üade for
oxidation. The results for the four lines stueiied ale shosn

1n Tables fY to Vff iaclusive. Th.e results obtaiaed for each

llne were plotted graphieally, eaeh actually being a vertieal
planê through the soJ-id diagram. The graphisal results are

showa in Figs. 29-5P inc. The end results were plotted o& a

magnifÍed diagraß and are given by Fig. 55.

(e ) . .Ànalysis.

The alloy sas heated tlll moltên and then quenched in a

steel moultl. fhls was tl one to.insure homogeneity. for analysis,

since if tlre al).oy were allowed to eoÕl slowly, segregation

would resul-t. Borings were tben taken fÏoß various parts of

the quenched altoy, mixed ancl remireti.

5 grams of the borings were refluxed wÍth l-.I Hlitrog ia a

ground-glass condenser until they had dlssolvod.. lhe soLutfon

was tben macle up to Ê50 e.ets. 25 c.cts of this sol-ution $ere

then te.kea ana the silver conteaå deternlned by tltratioa with

KCI\ïS r¡slag ferrie lndieator.
50 c.cts were then pipetted off from the origlnal solution

for the Pb anaLysis. lÍhe ¡€ tas removed as AgCI by preeipitatioa

witb eold dllute IICI anð filter:ed. Sodiun acetate was then aaLded

till the solution snelled strongly of acetle aeid. Then excess

KgCr0U lras aalded until a permanent preeipitate was obtalned.
ô

ThÍs rflas filteretl through a Gooeh crucibl-e, tirleci at I?0- and

weighed as ]-ead ehronate.

llo the fil-trate cone. I{F*oH was added, with eonstaat

stf.rring, untiL a pêrnaneat preeipitate of the alumiiium basie
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âeetate Eas ôbtalned. îhis was boiled untfl it had coagulatecl ,

filtered, and fgnited. The resldue was weighed as AL¿0g.

Since aLl the alloys considered here eontalnetl more than

AOfo Ae, the eoltoÍ¿tal pbenomenon Brevf onsl-y mentionecl eould

be igaored, since ít does not occuf, in alloys wlth rnore than

80% AE, ancl the Pb analyses eoultl be taken as correet.
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Results.

the data obtained by adding 1ead. to the Pb-¡lL blnary

eu.tectic is given below in Íable I.

Pbll-sm.At
ü rÌ 

"1.0,1/o3:g
n ?? "l.LS{olg
t' r' "l.zol&Ag
n tr ü1.?,61"Ag

!r a "l$6%Æ
n n tt.+o%se

tf n tf,4ø/oLg

n í "l,1}f"Lg
!r r "l,í$oúg
n n "l.ígoÃLg
n n 

"1"66{a&g
r? r 

"/,VS%A.€
11 Tr "l.rlgf*Ag
n r "lrg}fo g

$ fr *l.gg%Ae

ã r? ttlL.OO%Ag

rr r |tlL.g1f,Ag

tt r' "lj..sa16fus
tr n "ll.øsfolg
n n nlL,eSfq&g

1 " nlz'o\f,a8

327.O

526.3

525.8

924,6

823.4

s22"6

5Ê2.O

62L.4

621.0

320.6

tr]-g.'l

618.8

3L8.0

5L7.4

516"?

516.0

6]-5.7

3L2,8

510.4

304.5

507"9

50?.5

5o4.].oc.

504.1

304"2

s05.9

504,2

504,0

504.1

504.1
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ContÍEuatioa of labl.e I.
Tempêrature of

Cornposltlon Primary Crystallisatlon Eutectio Te¡ûÐ.

Pbll-erm.år/e.I]:fiA,e 506.9
P tr âl2.]..8l6ag 906.1
n n t 12.60øAg

õ04.1

504.1_

304.2

0n aaalysis, the ternary eutectie point was found to be

almost fdentical with the binary Ig-Pb euteetie in eompositfon,

containing only traces of alumtniun, less than 0.1Ø. fhe

temperature is also almost identfcal, being found to be 504.IoG.

The coniposition and temperature Gf tbe binary eutectic arê given

as 2 ßQfo Ag and 5OO-505o by Yoì-d1 ."d Ji*"o"r.lo Our resul-ts for
the biaary ¡.g-Pb euteetie gave 2.3O{" Ae and a temperatnre of
604. Loc.

fable Iï shons the effect of atltl íng A1 to the Pb-åg.blnary

euteetie.
Table II.

:remperåture or
Composftion Prlmary Crystalllsation Eutectic Temp.

Pbla.5øee

Pb/2.6glael.o,tdÃ^g

Pby'2.56/0A8/.twas

3Q4¿I

504.1

504,1

åaalysis of the alloy shoìseal it to be of the same

corÂpositlon as the above èutectic aJ-loy.

Table ffï gives the result¡obtaiaed from the thertal
analysls of lfall-ace t s alIoys.
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Table III.

Á.1lov No- Wallaeet s Resul-ts Results 0btainecl

6.

7.

8.

9.

l_0.

581.6

54e.7

664.6

548"1

697.7

??;3.9

v?.8.5

,186^8

584.8

550.0

665,0

550.0

?00.0

709.5
,lL7.O

736.0

fable IY oorrespotrals ts Llne I in the seetloning tllagram,

Pb and .À1 were addedl to "å,g in the ratio Al/Pb ? 6.Ah.

Table 11¡(a)

4raLysls of al"loys.

No- wt. 4 Pt| wt^ 4 a"l w:'- 4, Ao

I.
c)

4,

b.

,1 .
g.

ô

.70

.80

1.00

1.10

1.õ0

1.40

l-.50

1.60

l-. ?6

4,90

5.80

6.60

?.90

9.00

9.80

10.60

l_1.50

1å"00

94.40

9ã¿40

9e.40

9I.00

s9.70

88.80

87.90

87.10

46.24
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fhê!îûal effeots Eoted 1B êxasis.atlon of the above alloys.
rable Iv(b)

ÅL]-sv No. ?eno. of Therola} Effeet Nature of She::nal Effeet

Lr 815.209.

169.4

601.8(very weak)

õ96.9( n tt )

a( -erystalll satloa

First Periteotie
Euteetoitl

Oerapouncl SêÞaratLon

q 78õ.6

764.8

ã97.V

44P,.V

c( -crys ta3.J. i sat ion

Flrst Peritectie
Elltectoiè
ggnpounal Sepaxatioa

a. ?75.8

602.Ð

405.8

F -erystalll satlon(or peritectie )
Strteetolå

0ompountl Separatlon

762.8

6tå.8(very weak )

4LL.4( B 'r )

F -eryEtaLllsation
Eutee toid
eospouÊd SeBaration

5. ?51.0

?18.0(very weak)

e -erystalllsatlon
Seeonril Perlteetie

6. 7õ5.0
,lø6.7

P -erystattisatloa
Seeoatl Perlteotic

7. lL2"S Seeênal Pef,lteetic

8. 714.5 Y-erystallisstien

9o 7LE.A Y-crystal].isatioB
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Fig. 29 shows the plane vêrtleal seetion

?be ltuñft of the €(-solubility = 4.gO%N. and .70@b. fhe

first perltectie occurs at a eomposition of Âl : 6.6015, Pb = L.Aøfo,

.Ag = 92.40É and at a tenpe¡ature of ?69.00.

?he seconcl perÍtectie oeeurs at a eompositlon of LO,6%"&L)

L,âOfæb and 8?"9S.4.g, at a tempersture of ?L6,Go.

width of the flrst perltectlc gap : 1.70øÂ1 and .õoøPb.

The l*axlmue width of Q = 2.4o'ûAI aad ,40F;Pb.

. Wid,th of thê second periteetie aaþ = L.6o%.t1 antt .bgfo9b.

îhe eutectoid tenrperaturê remains constant at ôOlo.

The tenperature of eompountl separation varies fro¡l 590-4100.

îable Y correspontls to Line ? ia the seotioaing diagran.

Fb a¿d -A.I were added to Àg i!¡ the ratio of AI/Pb : 4.ã/L.
faìIe Y(a)

"Analysis of tbe alloys.

rlo. wt. 4 Pb wt" ø aL wt. ú æ
l.
9

ã.

1.00

1.10

L.ã0

t,60

r,85

L,90

2.00

2.30

5.90

4.60

5. åO

6.00

6.69

v.5z

8.40

9.25

9.85

95.10

94,50

95.59

92,60

9L80

90.85

89. ?0

88.?5

87.85

4, 1.40

5.

6.

?.

8.

9.
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fhernal- effeets noted in the exaeination of, tbe aboye alloys.

fable v(b)

Å1tov No. femp. of îhernal Effeet Ïfature of Sbersal gËê!t-

Lo B44.OoC. ø{ -erystalli sation

2. aL?.6

765.0

605.0

4 -crlstaLllsation
First Peritectle
Eutee to iel

5. 793.5

766.?

598.0

401.9

-( -erystall fsati on

Ftrst Feriteetle
Eutee to 1el

Corûpourxd Separation

4. 780.0

76+.0

605.0

404.0

o( -erystallLsát ion

First Periteetie
Euteotô1d

Oonpouael Êeparatioa

5. 7A4.tl

167.7

601.5

595.4

ø( -crys'tal11satioa
First Perlteetle
Eüteetolal

Compoundl Separatlon

760,5

598.5

ã89.0

P -crystallfsatLoa
Eeteetoitl

Conpountl Separation
"

?60*6

72,5.9

709r1

599. ¿

48A^2

ê -erÍstalllsation
Seoond Perlteetle
LiqultLuo

Eutee t oiil
comooulral Seoaratioa
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Contfauatioa fable V{b}

3.1loy L{o. 3emp. of tberaal Effeet lìÍatere of Íhermal- Effeet
8. tr 41 ,?

?¿0..8

705.2

598.0

5e9.0

F-crystaLl-1satlou

Secontil Perltectie
Liqultlus

Etrtee toitl
6onlpounal gepalatlon

9. 1L?.L

704.L

Y -erys talS-l sati oa

tf.quldÌns

Flg. 50 shows the plane yertløal- sectlon.

Eho Ilnít of the o(-soLubiLlty = 4.68ø.,.LL anal 1,10øPb.

Ehe flrst periteetlc occurs at a conposlti.sn of 7.*AfoAL,

L.6øWb, 9L.A016Ag, and at a tenperature of ?64.00.

The Eeeoad peritecÈic occu?s at a eonpositlon cf LA.2S6/olJ,

2.?}7ØlPþ, aãd 8?.50øá,g¡ at a texperatu"e sf ?å0.0o.

Width of the flrst Beriteetic gap g ¿.60øAI and .5gøPb.

Ehe maxlmum width otr ?= L.^O%Ål aDd .50øFb.

Width of the second peritectie gap 
= 1.82ìø.AI ar;d, .6WLP\.

The euteetoitt teap€rature reeains cønstaãt at 6010.

Tbe teryeratere of eompountl separatlon vaxies from 5890 to

4060.

Pabl-e VI eo?responals to ].lÈe 3 ln tbe seetioDlÐg diagra¡o.

Pb antl ^A.L were aeitleal to 3.g 1n the ?a.tio of Â1,/3b : 2.98/I.
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Íaþte Yf(a)
Analysis of the -ê,]loys.

IIo. vt. {o Pb wt. ú n ¡pt- 4 ¡p
Lr

2o

t2

4.

5.

6r
fl .

8.

9.

l-" 60

1.80

e.ao

2.5,8

¿. 60

¿.go

g. l_0

r.:0
5.60

4.44

5. 20

6.00

6.74

7.40

8. ¿0

8.90

9r?0

I0.4e

94.00

93.00

92.00

91.00

90.00

89.00

88.O0

8_1.0O

86.O0

rable IE(b)
them.al- effeets r¡oteô ln the exaæ.inatloÞ of the above alloys.

ÂLloy I{o. femp. ef The¡E{Ll Eff€et Sature of fberaal Effeet
854.50g. C *erystalll sat ion1.

z. 815, A

7.14.5

606.7

580.7

a( Jerystal]-i sation

First Perlteetie
E¡rtectolä

eomponacl Separatlon

5. ?69.5

604.5

g7?.o

Firgt Pèritect¿e

ãateet6ltl

Gonpoanð €eparatlou

?74.ø

761.0

599.O

59?.O

o( -erystal-J-l sati oa

First Peritectie
Eateetolcl

Oompountl SeparatJ.on

4,
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Oontinaattoa of Table T-I(b)

Al}oy IiIo. f emr¡. of lhernal- I}ffect ÀTature of thersnal lffeet

5i 760.0 I -erystalL i sati ou

717.0(veryweak) SeeondPeriteetie

605. g

995.0

ls tts ct old

0ompounil SeBaretion

6. 75I.5

709.5

600.5(very weak)

59¿.5( tt n )

F -erystal-L isatlsn
Seconal Perlteetic
Eu.teeto itl
e orapou:rd SeÞarati on

7. ,129.8

70 6.0

ê -crys tal lisatloa
Secontl Pesitectf-e

8. ??5.0

?0?.0

P -crystalllsatioa
Sêeoad Perl teetic

?09,0 Seeood Ferltectie

Fig. SL shows the plaae vertleal- seetíon.

The timit of the €( -solublli ty 
= 

5.ZOfiAL and f.Boøpb.

the flrst peritectie occurs at a compositlon of T.LOloN-,

2.41àpÞ ar¡d 90.50ø.û€, ât a temperature of 760.0ê.

The soeoad. peritectic occu.rs at a composition of 10.40øA1,

5.60øPb and 86.00øA9, at a temperatu.re of ?08.00.

Wldlth of the first perltectio gap ; J..S6S A1 and .641A?b.

?he ma:rimìlrn .uitlth of p: O,3?f"IJ and O.I5øPb.

itr1altÌ¡ of the second peritectic eap = 6.O0foAL aad. L.00øpb.

The eutectoid telrperature remalns constant at 6080.

The tenperature of compountl separatioa varies fron g?? to á9,1o

9.
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labte ÍIf eorresponds to line 4 fn the seetioning tt iagrae.

Fb and -å.1 were artd.ed to Ag in tbe ratio of Al-,/pb - L.34/f.
Table V"JI(a)

.A.naïysls of the al-Loys,

No. wt. ø Pb st. € At 1¡rt- 6 ¿p

L. +.70 6.50

2. 5.00 6."t0

5. 5.55 1.25

4. 5.59 ?"55

e9.00

88.50

a?,42

86.86

TabLe IrI(b)
Thernal effects aoted. 1n the examination of the above a]1oys.

i,l-l- oy }tro. Teqp. of TireruaL Effeet Nature of fhe rmal Effeet
799.soe. d -crystallisatioÞ
750.5 Tirst Peritectic
7I0.5(very weak) Liquidus

595.5 Eutectold

585.0 tompound Separatioa

I.

d - crystall i satlon

First ?eriteetic
!I qul- cus

Eutectoid

eompo und. Separation

9. 75?,8 ø( - erystal-li sat f on

?4O.4 first pêritectie

?08.1(weak) Liquidus

591.5 EuÈectsLti

580.0 Conpountl Separalion

??7.7

749.7

?15.7 (weak)

59e. 5

584.5



îotal wt. Ø pb and .A,Ì adcteel.
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.ÀIIoy No. Tem¡. of thertÉal Effoct Natu.rs of ThertaL Effeot

4. 758.8 ¡'irst Ferlteetlc
71I.0(weak) Liquittus

594.å Euteetsl¿l

381..5 Co&Bountl Separatfoa

Fig. 53 sl¡ows the pl-aße vertlcal sectioa..

fhe first peritectic occu¡s at a eomposiÈion of 7.55/oAL,

5.59øPb and 86.86/o3.9, at a terErerature of 758.80.
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Discussioa of nesu]-ÈÊ.

3he results sbows is Tablo I and If shon that only one

ternary eutectie pofnt exists, being almost iden.tieal with the

b inår'5¡ Ag-Pb eutectlc in tenperature antt eemposltion. Tbe

phases in equilibriun. wi th the llquid BelÈ are .{g, Pb and

presuaably Y . The esd member of the Y series of solid solutions

1s elther the eonrpound AgAl¿r as found by many previous workers,
rzÔ

or the e qßFouad Å14€ã, as found by îishtchenko and Lukash"".

fhe exasinatlon of eertaía singular all"oys prepared by

l[al]-ace46 showed. good agreenent, wlthin the limits of experinental

error with his reçults, exeepÈ in the case of alloys No. I and 9t

as shoûn tn Table III. fhe dtrfferenee 1n results fountl ia thes€

two alloys wae due to a differ€nce in the ealibxå.t1on eurve ôf

the absolute therlroeouple, sinee potentlometrie readlngs aLuost

identioal rl"tbi:his $ere obtained. Siaoe our ealLbration curì¡e

was plottetl with seve¡aL polnts oceufing dÍrèctty 1n the a¡ea

under consitleratioa, and since later results obtained were found

to bear out our results h.rcr' it must be assumeô that the clata

obtained for tbese two alloys fs more aeeurate, and accordlngLy

they were plaeeti ln the diagran.

fherrmL analysis does not stlow any solid solubility of Pb

in tho ø{ , É ånd Y phases.. Íhe eutectoid reaction P=4+r
would sbow a temperature. cbange ff so1ld solubility oec.urred in
ary of these phases. Iloweïêr as the following graph shows, t?re

euteetoid tenperature varfatlon is due only to experfnental

error, the temperatures varying in different dlreetions,

regaräLess of the amou¡t af Pb add.etl.
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The eutectoiat tenrperatEre has been found by various workers

to bê naround 6toor2â, 60005Ê, 615oõ6, 606o4e. our xesurts s¡roç

an ave rage of 60Lo.

, The tearperature of eompound separation also gàves so elue ts
any soi-ubility. It was fountl to vary betrneea5SSo anti 4050,

regarclless of the anount of Pb atlded. This yariatlon ls aLso

fêsrtl iE results gÊven 1n the llterature. Dlffeient lnvestlgators
plaee thls tesrperature at 4o0oõ2, 400"55, 4aoo36, .od 4õ6o42.

IBvestigatíon into the ã -üntnlsebung provetl fruitLess sinee

even with very slo-w coollng (Lo per mlnute), the effect coulc!

not be deteeted. therrnaJ.ly ln the Ag-Àl systen. Thfs 1s borae out

by Ëansenå!, who iletermined the å f,eglon nierographlcally.
Ehe solubll-ity of Pb ln the o{ , I and Y reglons is being

<ieteru.ined mfe"ographlcal-1y. solubility of Pb in thê o( phase is
extÎeaely lnprobable, however, sinee the o( phase wfl-l beat the

3"9 spaee lattice, and the Pb-.â,g blrary systen sh-ows tJrat Pb aÞd

Åg are mutual-ly iasolubl-e in the sol-id state. Mlerographic

iletermlnatlon is not possibLe however for thê É xeglon, sinee

aoeording to Oblnata and Hagiya36, Westgren antl BraclJ-ey22, *d
Ageew antii Shoyket6ã, tbe eË"(+Y reaotfoa eannot be repressetl by

quenching. lhu.s X-ray ef}*lysis is neeessary to prove the natÈer

conelusi.vely. Th€ thereal analysis shorrs negatlve results.
























