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' Tho oxporitontaL invootitiona prdoontod in 

this thoaia oro undortakon to otudy the offoots of hoino-

gonization temporatur"o, t otng toQporaturo, pro-titotng 

time toUloaod by otop ajoinj and / or partial revoroiun 

of 0.P. zones on recwjetnij at to nporaturoo in the vicinity 

of room temperature (000 to 3W°C), in .A1uminiuo-4,i7 at. 

per cent Zino al .oyo by electrical reoiotivi ty otudioa6 

A comprehensivestudy aao undertaken by oh000int judioiouc 

combinationo of the abovo faotoro, oo that on the basin of 

findinLo reported in this thooto o  there to poaoibility of 

abettor undorotonding of the mochaniom of pre ' prooipitation 

otagoa in Aluminium-Zino ailoy4.I 
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1.l 	qçzg 

With the beginniflg of the twentieth century air new 

phenomenon e e into existence, Alfred  

discovered * new hardex 	process during his work on Jars 

lumin. fle found that this a ;ioy can be hardened suite appre- 

ciably by quenching from temperatures below it' a melting point 

and then allowing it to stay at room temperature. The hard-

ness to not produced by qusno)ing alotn.# but increases during 

the period of stay at roorn temperature, and thus the phenomenon 

got the name of  of har G 	teri,08(3)(i930). traced it's 

amuse to precipitation of second phase with lapse of time out 

of the super-saturated solid solution and called it I RM L&Pi-

tation hardening . 

Pros a metallurgical point of view, it is nucleation 

slid, growth type of transformation in which atonic re-arrange-

went is involved mainly by the phenomenon of diffusion#  resul-

ting in the break down of the supe s ►tt rated solid solution,. 

These changes in the structure and constitution of the alloy 

during ageing,, results in changes in physical, particularly 

mechanical Properties of the illoy. 

The above phenomenon has widely been used to improve 

the properties of various ferrous 	s►f.rrous s1,.ioye. Thus 

it has been proved very helpful in developa.at of super high 
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otronLjth 1ich oUo;o 0000ntit1 for va ioua induotrtt1 p - 

p0 coo, After otoo1 Al Lniu alloyo we the moat important 

Motoric 10 uaad for otructura2. purpoao0  throuGh tho uao of the 

pbonoonon of prodipi atton har4oninzj, 

Ao p3tfltOd out in tho int drab fl, the oorlioot r-

hero on aGohnzQnflhjc  ro 17irn(  `02)  end tioriaa('5)  Ma undor-

took dotoilod o udiao of tho prococo, 

To attest tth it vac aoouood that tho phaco p atpi.'. 

tatisa out from the cuporaat&rated oot44 colutton is the oqui 

3ibriu! p oo. Uardonin 7oc c c000iatod tth the formation of 

0ubztO?oecopio pcitio2oo of oqr i1ibrttii pbaao,evorg  roaiat'. 

taotrio otudioc of phaoo ohon oo durinj prootpita iono  rovoried 

an Mari oua boboviou (45). if a jairrj tavo3.vod oinsplo proof.. 

pitation of oqt41ibri.0 pb.000, thou thorn ohouid bo otoody do 

rocco in roictivity (e ) titb 	9w . pct it rraa obcorvod 

the thorn to Minot en inoronoc ' Q'• faUotiod by the o pootod 

doaro o. 2t a bohoitour ciao oip3otnod by 0t 1or on 4 aoton 6  

on the boots of 	r 	rootr4ti1p prococo. 2bo first 

ototja boin pro'.pronipitatton of on intor oGiato or non-coq li'» 

brtw phooao  follovod by the tranafo ation of nonoquilibriuii  
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pi aoo to the oaui1tbrl a phaoo. " bo 1ntorn 1 ohenoo in the 

l attico of cupor o turatod aUUoy o roou1tod in oat ►hc rdonin( ,* 

B000nhalnt~ and Tc auna atoo poutalatod thoorico of tco 

otode procipitation. 

orioa(9) . in 192 owootod that the tirot atop in pre 

oipitt tion io eogroation of ooLnto atoms an certain of oo 

tiithin solid solution and roforrod Wooo roioxm oi n,hioh 

aoro coeoo atod vitth atrain fiold around the, duo to oiso d .Uf-

oronoo (mictit) battioon tho ooluto and the colvoat atonaPr000nco 

of ouch bnoto rondor tho proc000 of clip to bo difficult loatttnj  

to hardonin . Rporitaontal or of Jonttino and BuoDa .4) lout 

oupport to tiorloa o ou,(Jgoottono and the outotonco of o7luotoro 

(1142) coo ootabllobod at a lator stow. 

Application of c iaU ca to X-rc,y ooatior,'lf (1345) lod 

to tho diaoovo r of 	by Ouinior 1. cad ron on 1' Otttvina 

a Dajor bro $ throuh in the otudioo on ctrjointj. It in not ooto 

liohod (1O 20) that dit oronco bott on eluotoro and aonoo is only 

of nornonolaturoo Tho hordoninCS aoobanlco aDOooLatod'C7ith faflea 

(21,23) ho o undorgono concidoroblo aoditioationc from the Ono 

cutycootod by Uartoo. 

G th the ootabliohaont of 	o u .1i u*t r o9:tf:o 

ptnp `(a.G. 01 In A1Ou alloya), the concept. of coboronoy aaaa 

into ou.o oneo, Doponclin upon ho atuo of irtorfaog botaoon 



r 

40 

tho prootpita' o cnd riatrb, tho prooipitation to Cal1Qd ooho-

roni3o oc!l-oohoront or non-oohoront 10 o0 aho hor all tho lattioo 

plaaao of tho matte anfl tho prooipitato crc tic tching0  only ©oww 

aro rntch 4 tho nono to ctatobta z'oop3otive21y, Trio aotriz 

cM tho prootpitnto hcvo tifferont ] ittioo *onotanto and honco 

a coherent proottttto to a0000i.ato4 vlth coherency otr no 0  re 

ot4ting in he Boning, Partieloo of non-o uilibriu preoipitato 

to otcrt 7tth0  crc fully coherent a. r, t. rnatri3t. Vitb rotth, 

the otaotto otrain. onorr (24025) a0000iated otth thoac Lnoro&- , 

coos, till a oritioca3 oiao to ottoinod and coherency is loot, ro-

ooltin in Lovirinr, of hardnoao, ¶bo o odit of onplainina the 

pr000ao of prooipttc Lion bxirdoninrj inoludina r rc XgRg .ni  ,coon to 

Mott and Uabarro(26)  on the booio of cohoronoy otrainc , 

Vitb Chia bacI round the COMOt cal ohanaoo durinj ado-

Tina can bo otatod co follo s 

Supor ooturatoQ aoUUd oolution 	oluotorin j --Or 

formation of nonoa end tboir rottb 	procipita- 

#ion of nom.ocauiltbrtut3 tranoltionol phtiao  

nofortaction of uon'oquiltbrt c phaoo into oquilib- 

pfd, 

Actual aubor of otopo involved varioo from cyctota to 

Oyatons  and Qopo o on variouo faotoro0 like the doaroo of oupor-

octurtton0  Mich in turn dopondo on coluto nonoontrc tioz i,,00 

Go aJoifl3 to by dtffuetonal. pPOO000 2nvl1vintj coluto atoEo end  
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%uonoh-iQ vQoonaoo, the i hotoontcctton tcporcturo (TU) and tho 

oaoinc tozaparatAro (2) arc moot it portcmt faotora ovorLxsg the 

atjoing pr000ao. i turo of tatorfnoo bat on the r atrin and the 

oocond phaao le the moat iep3rtont parriaotor in oontroUinj the 

otruotural proporttoo of ace»hardor.able a loy. 

1.33  u$rodu ,opt 

Precipitation of the otabla oqutitbrit phaoo(0 ), out of 

the ouporoaturatcd solid colu iom#  tikoo place In a nuabor of in 

to odioto ato c, end their ooquonco in dapondant on variouo o o 

ink,voriabloc like the TH, 9A'  ooepooition of alloy, and 0o on, 2.ho 

ohoQical froo onoyjy cthi,ngo, thtoh to the + 	nom 	for pro 

cipitation dopondo on the dagroo of oupo at ation and doorouaon 

an precipitation proeoodo. Prooipitatton fof .ot o the path of tat 

QU 	 OfltL rather than 	inci overall loco of freo 

onor, . Aa the priaar, node of precipitation is by f,oiq pro 

noaonon, rhiob crormto to cicpio intorahcno of coma and oaccoo 

quench-in vooanoioo, the taotoro fonatn(S theco 1iba the 2 

quonohing rata, TA, coluto concentration oto , Govern the otruoturo 

and ooquonoe of precipitation. 10 offooio of cold órking,prior 

to ogoing, rovorolon, otop CgJQtrWJ,  otop quenching oto , can aloe 



bo oatiofootoriiy opainod on tho pr00000 of oau oalta out of 

onooco c,uonolain vr+ oanoioo®  dii`foion of oo3uto ator oo  and tho 

intoraationo batnoon tbo vaoanoloo and coluto atom. 

In onora3. tho prootpitntion ooquonco can bo 02,aeoii'iod 

into fo1Ioing otopo, in Inaroaoing ordor of tho aoti ations 

oforG 

1) 	O3uotorinn (Oohoront) 

i) Una formation. 
	Prc ' p o .pica° ion 

(iii) Pornation of intormodiato tranoitionol phaoo. 

(iv) Pormation of nonooboronto  os ui .Ubriva p ov 

AD tho pr000nt otudy in nail conoorn d with tho oarlior 

otajoo (Aro-prooipitation) of r ointj, o ohcU 3.intt eetoilod dio-

ouooiono to aiuotorins and aono formation only. 

1.302 2ottorin  

2ho first ctajo in tho pr00o+o &.' proolpitation invari- 

ably eonotote in tho oo ,iootion of coluto atoDo along cortoin 

proforontta31 pl noo of trio matrix#  and no thin totoo pioco by tho • 

pr0000c of diffuoton of ooluto atorioo the firot a rogatoo of co-

luto atoao rarer cozplotoLy oohoront ith th oatrin. 'rho 

duo to difforonoo in tho atociio ot000 of ooluto and aoZvont atomo, 

ruot bo a000ziodatod by ,r tigot  .► 	to oaintoin coherency, 

Sinoo all tho f. o. o. , notaia bavo a oinitw. Yonnj' o t 0duluo along 
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<!~OO)dirootion, tho initial oiuotoro in f. as o. l, (Al) motaio 

fn no plctoo on [ iOQ} pto oa. Thic is atao booeuoo 11. hoc 

oniootropia olacticity rrtth U4 	.99 z 10 '2 

Rau., = 1#14 n 142 
Thoro is lour aoiivationt onor for oluatorin, and it 

to atcoot ouat to tho cotivctional onor for miarction of v 

ocnoioo, and a the eluotorintj pr00000 bee no racloetion borrior, 

the pr000so to of g j%ao ro h. oluatoro oey be fortio on car. 

Ina, or peooibly of ~"HO or durtnrj the ,uonohind. 

The eliiotoro oonotitato otcbto cohoront roaiono bovine 

$i¢hor conooAtretion of ooli to ato o, 'Tho olaatic otrc tnop duo 

to difference in etocio vfaoo of coluto and. colvont# cjovora the 

fora of thcoo aluotoro. I obcrr u(26) a ►orod that ,olactic otrcin 

onorcy of tho oohoront oluotor inor aaoo as it roo 7itb tioo,, 

and 'bhio onor orate be reduoado duo to an.00tropy of oleotia cone-

tcmtoo thereby ccuainj obanGoo in the initial ohapo of cluctora, 

Aokor0 Bradom c A 7a ti (27) o ptatnod that otootio otrotno in 

and cmund groo,ug otuatoro ark be rolio d by aggregation of 

atom© ant. vaoanciooi atone on most o a,01OUo planoo and Vacancioo 

condense moot ocotly on ol000d pricked planoo f 211 in f. a, o. * acv 

cettau tonoito otreinc 0000urc in t 100) direction in cubic cotolo. 

C c) 	flo1ottLono cJ.0+ a~ 

¶urnbut1(28) had oIton thot the hin do lay► of otuotortntj  



a 
to of the form; 

whore no, oquation for otoidi, grot7th i.e..nuoloatlon of 

,a iith typo at tronofarnation to; 

b' t7 ) 	 60 	(2) 

'ahoro, a,t  a fraotion of oinoterin8 prococo eomplotod after 
time t. 

ba oonotcnt containing coluto diffuoion aooffidelit. 

'hose are ohoan in 'ig. C, Equation (1) ohoao, that 

there to no nmciostion borrior for oluoterinj, eisoo the rate 

of cluctorinn cunt .nuouol dooroaDoc, AotiVotionl onorry for 

cluotoring to ion, and is osauol to the aotivetionoi energy for 

micration of coluto utoaa or oiz to vocanoioo. Critical ciao of 

the noolouo for oiuotoring to of the order of one atomic dir.  otor. 

b) 	+ 	tt 	ti 	f t luo car 

t tb no nucleation barrier, the proc000 conototo of 

 o iq 	of oiuotoro, and than the rate of growth of a 

oluotor to g von by, 

dt cc 	- vboro , r to ra6iuo of oluotor at ' tea to 

Ab.nnreafly high oolntc dtffuoion coefficient of ooluto 

In the oolvont notriz during oluotoring aoo attribiatod to non' 

oquXUbriu. concentration of vacancion in the $uoncbod alloy. 
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Tbs ! 	 heor attributed to zen.r 29) 

ssita( ~) 

 

end de' eloped b ► Pederigh 	Do Barba, Trea tis 

and Turnbul] 	) end recently byHe ; (1" ) ~rzple a~ mc~~at of 

the facto concerning the kinitica of clustering, and also the 

effects of T, . fiqueno ng rates Step quenching, coefficient of 

diffusion of solute + toaa, reversion etc. The diffusion coeffi 

*lent of Solute (Zn) in -A v at vas satri c io given by; 

~P 
Dzn a A •zpa .» ( 	) , where, E, and 	are activa- 

tional energies for formation 

and migration of vacancies 

r,epeotidy9 

is bal tssan' a constant - g. CU' i v/•~<, 

A a another constant 

low, as diffusion Ie governed by a Vacancy ovneantra► tan 

whichh would be in equ tibriuw at T. rather than T, end also to 

take into account the lose of vacancies to sinks  ainke during slow uen. 

+gybing, thus the retained vacancy concentration responding to some 

teaperature value Ti.. lower to e11, the modified equation be omeal 

Din a A ezp. (.E / XTA) ezp. (•E7 / XTH ) 

This equation predicts that clustering process has aotii» 

vational ener, % , which to for the migration of vacana ea, The 

second exponential of this equation is constant, for the initial 
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otot oo of cjotnj b t oorot000 co vcIeonoioo aro cnnihUntod c 

o; 	o.. 

U000urod tcttvit&onal onorjtoo oro olichtiy loco then t&t 

Eb for pure .Al, and Chia to o plainod in tozo of binding onergy 

hot oon ooluto atoDo cMAvaonótoc B&,y(32 ). such a binding  

onorc ar 000 either duo ' to otaotto intoraction (coo fc otor) or 

of ootricol interaction (volonoy fao r). 

0000 aoanoy thoorq prodioto thot tho rate of o . tor-

i ohora.d fall h.Uo the 'oor zoy conoontrotion folio from 

(o~zp* 	—) to op. 

 

the oiuLUbritt Vc3luO 9 ac the of ono 

vocanotoo are annihilated at ourfaoop Grain boundarioo and othor 

oho, 

l quilibrtua to reached in ̂A1. (33) in about 30 mica. at 

room tooporaturo0 and r o oboor o that diffuoton 000ffioiont doo 

roaaoc foot In c, ohort t mo and then roma .no near oonotont, thus 

dividing the cluotortna proc000 into initial g o onoit, 

fofovod by 	roantiqrt (121g. 0)0 Cauoo of oio reaction eao 

traced by Hart(.') nbUU(12) and lion on 11,x') ouggooting that 

ol,uotoro and oonoo t rttpffLoo duo o to binding o or, r bo uooa 

ooluto and Vaotriotoob 

I.f oluotoro and cone do con a3n on approolablo voluno 

frootton of vnoanoioo, they night be roltitivoly mobile oad inig 

rata r oobo hike and grov by ,boor ri paoUor ,oleotor, q or oinglo 
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salute,  atoms. 

The migrationalactivation energy would approxima a to 

the arum of vaoanoy sigretton activation energ and the binding 

energy between the vaoenoy end the cluster. 

Pederight and ornae(35►)  rodltied Rte's mechanism, 

whereby eonon raatn static but set as controlled emitters and 

absorbers of vacancies,* The tones are chersoterised by a binds 

tug energy with ito notes. It this is Smell. (.,.Al • & Al RU) 

the tones are poor sinks of Yaoazcie., and there should be no 

slow reaction► If the binding energy is large (Al - Cu, Al*$giSi ); 

the zones contain a high concentration of cane ee and slow 

reaction is predominant. The nature,  of interaction between solute 

end vaoenoy governs the &getug prooeee by 	n°'- trap meohaniem. 

1*3*3 i9r•1"anttrtqLjLaIr t h. 

When the clusters attain a definite shape$ they are %or-

med as souse (20), and the difference between clusters and tones 

was only of nomenclature. 	 r et1 , which in over in a short 

time, Is followed by  eompetM  growth of zones. Gerald en4 

S+ahwsi x*r(l5q' 6►) studied spherical : zones 3s AlZn system by Lray 

studies and found the radius of crone* to be a function of 9  and 

alloy content (Pig. 1). Initial rate of growth is very raptd(83), 

but after some time son* radius reaches almost a constant due, 

and these stages correspond to fast and slow reaction# germaLl.l7) 



studied the doppndence of the rate of zone growth ► on vacancies 

and found a aperioaUUy3 

I * I a ezp. ~► t/ 	Here# I a fraction of solute 

associated with zones at time t 

and is equal to (C - C, /too -°t' ' 

and O f are concentration 

of solute In matrix initially, at 

time t, and finally* 

In above equ*tion I m is cor font depending on geometry 

of diffusion field, annd s Is relaxation time given by t a a I Oyr 

in whivh1 I is n abar of growing zones and r in jump frequency, 

depends on oink for solute, and D. which Is given bar; De dA 

where, 4 i0 jump dtetant*. 

Gerold and ScbbweLzor(36) consider two models of the Beg" 

gationn process. model I is a conventional distribution of prom

pitatee in a super saturated matrix, where as Model 2 by Walker . 

and Gu nior(37) consists of clusters of solute atoms surrounded 

by a shell p denuded in solute with the matrix remaining Super-

saturated at the original composition of the alloy. 

Gerold suggests that the degree of segregation is oonetaa st 

in model 1, whereas it should inoresse with ageing in model 2. 

Considering. model I !Geoid(36) calculated the concentration of 

solute inside the *ones to be 69. pot. and that outside to be 1#8 
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per cent. He interprets these values in terse of metastability 

sup limits for 0. P zones at roam temperature in Aluminium' - Zinc 

allays 

Considering the oom titive growth theory, the initial  

rate of growth is determined by T, whilst the final was radius 

is a function of the U times oLsan. The maximum life time 

to usually -obtained at some intermediate value of fa,, where the 

vacancy concentration is just insufficient to nucleate d&i*looa 

Lion loops#  and thereby reduce the diffusion distance of vac ies 

(Pig. B and P). The critical value of T noose to depend on qusnn 

thing rate and alloy content. 

The shape of the zones was determined by the atomic Brie'- 

match between the solute and the solvent atoms. Zones were found 

to be Spherical if it was lose then 3 pct. as in dl'Zzl alloy and 

are disclike if it is greater than 3 pot* as in Ai 'Ou alloys o 

Plastic deformation after quenching from low TB  causes 

an Increase in the rate of gone 'grwth but the final $loo Is Much 

smaller, the final structure of the allay is largely deter rfled 

by the inittal stages of ageing, 

1.3.4  

Usually the decomposition of supersaturated solid solution 

to equilibrium phase, 'takes place through one or more intermediate 

transition phases e.g. at In AlZn and $0  in AZCu system. Thee* 
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phases are obtained by partial toes of coherency of nnus1Iy 

larger sores with the matrix during ageing. "a t.edel(39) end 

Brooke(40) ecovered conditioncon 	for an Initial Coherent preot . 

pint® to become partially coherent and finally noncoberent as 

it grans$ and according to them the precipitates become no 

coherent lea It is so large that the el tic strain energy du 

to difference, in atomic voluaee of matrix and precipitate becomes 

greater then the surface energy (y). This criteria then predicts 

that a precipitate larger in radius, than 4y / 620 will be non 

coherent. 

Taking y * 500 ergs/cat for a no coherent i tterfeos, end 

0 • 4 z 10dynes/ca', with 6 a L0" , then it predicts that pro-

oipitatee larger in radius the . 5000 will be non- hereut. 

1.3.5 J&111jib4* m Far~toipi ra?~a 

This to thermodynamically the most stable Mate which the 

structure ultimately attains after any ageing sequence. Thus the 

final mioroatruoture constitutes the phases# predicted by the 

phase diagram# via, the matrix and the second pharm. The initial 

stages of ageing and other ageing variables# determine the ta pb 

logs (ale,, shape and distribution) of the final structure. The 

appearance of intermediate ph&** is oharsaterteed by the peak in 

hardness while the appearance of equilibria phase io character- 

ised by a fall in hardness thus Setting the name gveagi Bch 
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basically uorrespends to the loon of coherency. The Rod* of 

equilibrium pheSe, depends on the secondary defeote,, usually 

non-ooberent precipitate, appeare as discontinuous and in inho-o 

aogensoue mode of preeipitation, 

1.3.6 T 	~ruenaof re it tc~ 

As pointed out earlier UU.3.1) the ageing process consiw 

ate of various stages. The precipitation follows maaitinily the 

path of mid sotivattonal energy rather then the maximum lose 

of tree energy. Thus the d. P. zones are not the only precipitates 

formed Inside the dashed line of metastable phase diagram; they 

are merely the most rapt&ty formed precipitate and subsequently 

they will dissolve in favour of a phase which lee a lower tree 

energy but a higher activetional energy of formation. 

The ; , u,. o 	" by Guinier(4i} argued that each stage 

of precipitation was associated'with $ definite preuipituts type. 

According to this, the clusters develop into zones by a process 

of 	A2191- 	$one of the clusters grow to a critto . 

nine and get transformed into intermediate phase# which on further 

ageing is transformed to the equilibrium precipitate. 

Most alloys precipitate at least one intermediate phase 

on egeing, and the precipttatton sequence at eny temperature Is 

simply determined by the principle that the alloy decomposes 
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initially along the path of atnisum aottvatioaai ensr , and the 

miorootruoture finally attains the structure predicted by to 

phase diagram$ though the irttorsodtate phases given by aetastable 

phase diagram, Other igeing variables like T'S and ?i *to,, may 

result in predominating or obsCuring these successive stages. 

].3.7 Rri off" uon hz 	g 

Vacancy concentration ' 0, ' traction of vacant lattice 

sites, as out of total sites 	) at 2O K is given by 

0y w a / no ezp,(- E j / Z?jj3 , which predicts a sharp rise is 

QY with T , these vacancies are retained in solid solution on 

drastic quenching. The vacancies Introduced by plastic deforms 

ion i0 5 to 3O) are much lose than that introduced by queno2 

ing (i0) .. In Al.5 pot. Zn, quell ched to 20°O from 58000 rnd 

540CC, this 0, values or•N6 x 14'r,~ and"2 z lO"4 respectively, In 

a typical I. pots solute alloy, 0 In as quenched sample is 

with the ratio of solute to Vacancy 10', thus most of the vaean  

ales are associated with solute, Inc this alloys ioh form zones, 

lot ` solute atoms in I Cuss, must be transported to l© l̀, son.o 

by 10 7 

	

	anviee, thus scab vacancy being effectively responsible 

for transport of at least 10' solute atoms in a very short time. 

Jp.rioaUy, vacancy decay low (U?) ts1C a 00 expo.( 

in which 00 and C~ are vacancy concentrations initially and at 
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Uric to atth n boinj number of , utpo for uooanoy annihilc-

tion, and b, a oonotant rel atod to rolozation time. The 

value deoroaeoc to c '24 from 1~r4 in about 30 minutes at room 

temperature in quenched Al. The avorago number of jumps n, made 

by a vacancy before etnthilation (28) to inon by.; 

n s A* Z 0 t ozp. (.. En / E2,) ,t horo, e x Doby'o f roq)loncyr',, 

and A containo an entropy of activation sand;s of order I to 10, 

9 to co4ordination number of lattice and t Lo onnoauin(J ti©o. 

They obtained, n 0 10100 tndteatinG that vacancy ainko arc appro' 

zimato3.y 5 z ,t3"3 ow, apart for a random col?. Thin indtoatoo 

that not only ourfocea and ,drain boundaries care the only oinks 

but dislocations introduced during ucnohtni and formation of 

oeaondaary dofocto liko aol.da, vacancy cluotoro ate. ore ale* 

offootivo otntt of vaconotoa. 

Ponoari and Vedoriahit 33) and othero (96) otudtod ann cal 

Inc behaviour of pure Al. (Pi[S. A and D) and found that for TU^ 47a°C, 

tho ortra reelotivity annealed out in one etaGe at room temperature 

t7tth an activational energy 0.37 - 0.45 eV. ,and n = l0"9-1.©'° in 

Good aGrooaont with Dradohcac7 and Poaroon(25) . The proa000 took 

loco than 30 riinutoa ohoviinG tho initial fact reaction follosaod 

by the a1ov reaction. Th© Vaoanoiec tondlno to oluctor on ab000ly 

packed atomic planco i.e. o. (111) in i 1. For TH 4?fit° a, the annool- 

Inc procooc tools place in to ota oo. Staao I at room temperature, 
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vale► motivational onorgy 0.58 oV., and n a 104, and ota(o II in 

ranco 140 to 200 0Q with activationol onoray 1.3 oV. xhooe ro- 

culto tzore interpreted In termsof olur toa inn oo yao~oioo by 

addition of otnglo vacancies. $tago 11 is process of bolt diffuu 

pion me ED = 1.3 cV. por low H* vQoancy ouporoaturation to 

inouff oient for large aluotoro to form and annealing to duo to 

oinglo vaOwioy and divaco'ncioo to oinko,, Thooncy oluotoro chouJA 

be unstable and might ooilapoo to form dislocation loop.. 2hio to 

confirmed in pure quenched Al,, which shore density of loops

e 1015/=I), and 0,, to be ono in 

Turnbull ot. ai. (21) discussed cluttering with the Initial 

concentration of vooanoioo and the mvorago life of vaoancioo. An 

equation to derived giving the numbor of atoms n, in the groatoot 

cluster rhich could form during the vacancy decay period'. 

03 t 0y 	) ] " . (L la) e Hero acv is mean 'spacing 

for the vacancy oinito and d is atomic diameter. ►bto equation 

gtvco, n c 10, for 1 pat, alloy quenched from 550*0 cad aged at 

roots toapormtuzns; in agreement with Vo'~h( ' 3̀  ). ,hio also prod.tctc 

thot the cluater oisa it11 incronoo eith inoroacina ^h% duo to 

inoroaoo in L'V ; with omallor vacancy ouperoaturation. Turnbull(12) 

iorhing on Al-.tag. deduced that final cluotor also is limited for 

utnotio rather than thermodynamic rcaeono. Thorn ore.limitationo 

Imp000d on oiuotor ciao by,the Cy, life time of vacanoioa, and 

the diffusion coofficiont which incroaaoo otoadily during agoing. 
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3 aoso ~aoar 	c tin .t~ 

 

to the r a►ot apor rent one in 

enplaining ageing proc00000. De Sorbo(il3 otudiod effect of THy 

2M atop quonchinxa atop otjoiri , rovoroion etc., and Gave oxp1a-

n tiono on the baoio of role of vaoaneieno 2top cuc~nohing ginoo 

time for vacanoioo to annihilate to otnluo or form ooconfiary do-

footo and thus rooulting, in olo oluotcrinfj. Reyori4on hoe oven 

creator effect in roducinc the rate of oluotorin . 'xurnbu ll"' } 

hao ohovn that light 1Qr. ;r n& hao littlo offoat on rate of 

cluotoring on opocirnon rapidly quonchodibut there ie conotdorablo 

offoot,in onhancing,in .opocimon whio are atop quenched and then 

cold panted. 

Addition Of c ae11 concentration of ooluto ator o(L pot.) 

incroacoo the vacancy conoontration (90) co pared v t h pure Al. 

~huw the aotivational energy . of formation of a vacancy 'Er ' , is 

reduced# and coluto atone nuat incrouao the equilibrium concontre 

tion of vacanoioo at T~ . Tiito to duo to ontotonco of binding 

onorgy (32, 44, 45) bot ion vacancy and ooluto atom 9 r,,~, . In 

pure Al., Ep = 0.76 oV., but in Al-Zn alloy it to 0.70 o'Y. ,thug 

giving D3 + 0.06 o'V« (Rof.44) a 

Addition of largo concentration of alloying element ( 1 to 

10 pot*) Generally dooroa000 the number of vacanotoo ahioh arc 

aboorbod on holico or dislocation loopo. Thin to duo to docroaoo 

in oquilibrium number of vacancioc cat litbut it 000ac unlikely cinco 



200 

it c onld rovoroo the trend obot by dil~ato olloyo. Vaoonoioo 

are concluded to be the moot importont factor ovorninG the 

vortouo copooto of tho agoing prococo. 

1.3.8 	oa r- . conclus 	tior Phonornanon 

Conolootono concerning the otruotural changjao durin3 

agoing are fono .nos 

i) Alloy docomp000a durin,3 or immediately after quonoa0 and 

there is formation of coherent aluatoro t.th ainplo crortb. 

it) Oluotox;o grora with diffuoi.on controlled prococo of coluto 

atomo and vaooncioa, until they attain a ohapo to be collod uonoo. 

2ho shape of cone to dependant on otofit (6) botrroon ocluto and 

oolvont otomo; b01n43 aphoriOol if it to j.on, and dioc or platoo 

if It to high. 

iii) Kato of grooth of cluatoro and zonoo to determined by the 

notion of vacancies and coluto atomo, rihich to governed by 0. and 

i Aa 

iv) Ao the cone groti with agoina it to not possibleto cam' 

tam cohoroncy after attainin3 a oriticel oizo and thus dovolop-

wont of trenaitionol phaoo having partial coherency with the 

v) Ulticatoly the nor.ioohovont oquilibriu phone is dovolopod 

out of the trcnoition. pheco. 
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vi) 3cquoaoo o8 precipitation con be dooaribod by a corioo 

of oataotablo pha000 in tho phaco dia(ran. 

vii) Tho no r ,u.ptocipl a o intorfaco onorgj to probably the 

O1X1&Q part rotor of Grantoot iinortanoo in controllinj both the 

alorootruotural and coohanical propertioo of the alloy. 

Oonolualono conoor ina ajoinj varicbloo arc follovia : 

	

,) 	Oonoontration of vaoanoioo it an alloy at T,p their dio- 

ribution and cnnthi3.otton controlo the lovi temperature ocoina. , 

Tho TH and quonoh'ina Sato dotoraino the guonoh-in vacancy oonoonn 

tration and tho life tiro of vacancy is izportont in dotoraining 

the final ciao of conoo on prolonaod c oins. More to an optiai 

Qivtn ; faotoot rate of precipitation and the aozimun uono oleo 

to attained t i th laraoot vacancy oonoontration oauointj no nuolor - 

Lion of gory vaoanoy oinho. Fiaturo of oocondazy dofooto to also 

pl000ly related to the role of vaoannoica. 

ii) Ao pro-prooipitation otatjoo involve inborohe o of ooluto 

atoao and vocancioo, c ioh aro diftuoionol proc00000, the ~,io 

the other soot iaportant variable. Uouoll.y pith hth 2, naotD 3 

to Santoro but the ao zizauo hcrdont La obtoinod at come critical 

taoinc tonporaturo. 

iii) Tho erJoinG tonporaturo dotor tnao the doGroo of oupor» 

oaturation oat to directly related to oquilibriva number of cone 

ulth a critical oleo thorcodync ioally otoblo of thio toaporaturo. 



iv) 	if facto of quanohinG rate, otop-quanchin8, cold rvr2 

in prior to ogoinc and rovoroion otc. could be cati®factorily 

explained) on the baoio of Onooao vacancy annihilation noohantom. 

v) atnotioa of different otagoo of ageing*  is aloo dopon-- 

dent an the binding energy terns, such an, that bat on a vacancy 

and a vacancy Dv.vt  between coluto atom and vacancy U...0  and 

bot'700n a solute and a aoluto C,-,. 

vi) Effooto duo to other variables like the opocimon size, 

concentration of solute etc., are also oaplainablo in torso of 

and their annihilation mochcrion. 

tic .conoludo that there are nany inter-dependent factoro 

t htch govern theo&vrc.q and the i 4nat cl of cagoing proa000. 

the nature of interface botraon the praotpitato and the Datri$, 

is moot important in governing the nochnnical proportion, rib to 

the role of ozc000 quofoh-1n vaoanoioo "being the primary one in 

govorninj the otructural and mrnrpholo,Cieal changoo(hinotioo and 

sequence) during ogoing. 

1.4 	 root itntion Studios 

Changes in various phyoioal and nochanical properties 

during ugoinG must correspond to coma quite as definite changes 

in the otruoturo and conotitutton of the alloy*  convorooly,o  they 
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can be omployod for followinj the agoind procoso. 

Harms moaouromonto and X-ra e,©hnig,uee with optiocl  

metal.ograoh were long before used for deducing precipitate stru-

oLure and the process. Later on the olcotron diffraction and mie- 

roscopic studios were used to reveal details about the preproci-

pitation. These were of great advantage as they give information 

on the number, size, shape and distribution of precipitates. 

tlheroas X ►ray diffraction otudieo showed the existence of 00P, 

zones, the olectric~l rooiot ,vity moaouromente boing very oonoitivo YMiMMMU11rfM+~/ 

to the atomic rearrangement# helped in dotection and studies of 

clusters. 	all-an 	X-r diffraction techniques aro boot provod 

for the studies of crystal structure or individual partielee.Thus 

the X-ray and electron diffraction studios with oleotrioal reoia- 

tivity studios are eztenoivoly employed for. pro-precipitation stages, 

while the hardn000 and optical meta!lographio studies for later 

stages. Sometimes, other techni ueo such as yield streee;magnetic 

properties and calorimetric measurements are also found useful. 

In the present study# which mainly deals with pre-pre+oi- 

pitation etago, the electrical resistivity moseuromento wore emp-

loyod for following the againg process. 
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1.5 	oous3ion on Realstcnootric Studl o for Prooipitotion awrrrrri ~wr►rrww 

1.5.1^~h 

The electrical resistivity (e) of a metal or single 

phase alloy (82986# 99) is a ooheitivre function of the total number 

and distribution of point defoote, dislocations and solute atoms. 

The technique therefore offers a povorful raothod for studying do-

composition during ageing# since resistivity chongos can ba attrii 

bated to clustering of solute atoms# which basically involves re-

distribution of ookito atoms and vacancies„ Introduction of solute 

atoms and structural detects in solvent matrix increases ro4ioti-

vity. The resistivity of quonched pure Al., is greater than a vo11 

annealed sample by an e.mount , £Qo , given by: 

Leo * A. ozpe [ -2 / K TJ . horo, Ep is the activational 

energy for formation of defect v7hich -i© responsible for resistivity 

increase (this to of vacancy typo), and in A is a oonatant, tiith IC 

being Boltemen'e constant. 

In A1.Cu system, resistivity of a single vacancy and a 

cluster of one hundred vacancies has been found to be an 1,0 and 

0.69 eohmo ens/ atonic pot., of vacancies respectively, rihilo the 

resistivity of an array of dislocation, density 17 linos/cmc is 

approziinatoly 1.1 is i0 1 ̀ L•µohm ceo. Therefore resistivity chongea 

A Q, oZ the order of io 2 µohms coo., are ozpactod on annealing a 

pure metal after quenching or cold working. 
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Norman( 11t) pointed out that , Q' of an alloy containing 

aphoricol zones to sum of to o terms; 

a). Volume term (Q, .):s. This is a positive term and to a 

function of the volume fraction of zones (VO ),r©eictivity 

of precipitate (Q.), and the resistivity of matrix 

b). surface term(Qg):- This is a negative term and is tuna-

Lion of the integrated interfacial area between zone and 

matrix (A), and the scattering power per unit Area of 

interface We Thus ve have the following equation for 

resistivity , Q a eV+ ~S = 19 (VZ C E e, ? S) + K A. 

Contribution of spherical zones to'(~ I vae studied by 

Peneari and P©dorighi{44) ,taking unit volume,let p5(r) andA?S to 

be the contribution of one zone of radius r, and that of can ioola-

ted solute atom to rooiottvityp the total contribution aQor these 

two at any instant t, to given by 

QQ + x L(  r) .. 	ttn {r/a}$ 2s . 

nhoro Az and N. being number of zones and solute atoms respectively, 

with' a ' being the lattice parameter. fraction of solutes inside zones 

( tehon constant) is n. Since, Q Q S.11S to a constant, the experimental 

	

variation of A? is simply given by 	 I 

N QeZ(r) ~- 	(1'/c)3 	]R N. p (r). rmera, Sunetion 

(r) is contribution of Q,of a zone of radius r, computed for 
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doplotion of matrix. The cp (r), inoreaoeo with r, till a cr.iti©al 

value, ri  + 11°A is reached and is zero for r2  a 39°A. 

Resistivity increase during propreoipitat .on in (Al-Zn4  

Al-Ag) has been attributed by Lott(46)  to critical scattering by 

very small zones and by Goielor(47)  and 	to coherency 

strains and interface dislocations, respectively. There is good 

experimental evidence of Uottto theory chile cause of coherency 

strains was ruled out after studying Al-Zn and Al-J g systems. 

The rate of change and the total change of resistivity 

vith usual peak behaviour observed during precipitation is oxtre-

mely sensitive to the ageing vari&bloe vie. T, guonehing rates  

and T A. The great advantage of electrical rooiativity Qoaouromento 

is that continuous moacuromonta are p000ibio starting an coon as 

5 seconds after quenching. 

1.5.2 	Roeistivit inoroaoe and the maximum . 

As introduction of dofecto like the solute atoms, vaoanciee, 

dislocations etc., in the ordered solute matrix causes resistivity 

increase, it is expected that there is an overall increase in p yin 

the alloy, Just after quenching, keeping in view that the oonaen-

tration of ooluto atoms to much higher compared to the concontra-

tion of quonch-.in vacancies. The appearance of a peak in resisti-

vity during pro-prootpitation van treated by Labuoch( ' 9)vho gave 
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the oxpreselon for resistivity as; 

e = 1/11 e µ a mo/H OS I • ibore Il and mo aro the concon-

tration and the effective mass of the charge carrier rho to charge 

is e. c is relaxation Limo for scattering and p is carrier 

mobility Vhioh is equal to (e v / mg]. 

Labuela showed, that r pasaos through a minimum as solute 

clustering increases In size, and corresponding to this minimum in 

i ,thoro is a maximum in ? at the cluster size of 80A. Thus itb 

increasing clustering there is initial decrease in t producing an 

increase in Q , giving minimum ¶ for a wavelength of approximately 

80A, following the equation; d Q a ~- Q.Cd v / t.) Hence scattering 

efficiency was largest for this size of clusters. 

it has been proposed (44) that, ? mazimum.,corrocponde to 

a dofinite state In the alloys which is independent of TH and 2. 

Thus the position and amplitude of resistivity maximum can be used wrw~rw .srw+f~iw+. 	r 	rrw 

to matte important deductions about the structure of alloy. According 

to then the maximum change in resistivity (d? In Al~►].O at. pct.Zi. 

alloy is given by, ,N Q to 388 [ 1 - 61.2 exp. (--0.13 / i TA} J 

There are throw thooroo ooncorni then r of roar a- 

ttvitr mazimu o due to Tlott446) 0 Geiolor(47) and ?ino"8) roopoc- 

tivoly. 
Lott suggested that maximum aoourrod, uhon the cluster 

oizo roachod a critical values equal to the wavelength of conduction 
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•leotrone, to produce strongest scattering. Latueoh predicted 

this to be 8°A, and *etygie(50) ae 7°A which was also confirmed 

by Herman and Cohen(20). This was further confirmed by Penseri 

and 'edright. 4 and was found to be ] 00A for Al-5.3 atomic pot., 

Zn alloys. 

Oeteler' a suggestion explaining, Q max Linum, in terms of 

coherency strains occurring during G.P. zones stage was ruled out 

after studies on A1«Zn and Al-Ag. , system. 

Flue suggested the 'Q'increase due to the presence of a 

large number of dislocations around G. P. cones. But again resis-

tivity peaks in Al-Zn where the misfit with the matrix is low, 

led to rejection of this theory. 

1.5.3 9onolueion o r tivrtystud~ts. 

The resistivity changes (AQ) in the quenched alloy 

during ageing ie the sum of following effects; 

a). An increase caused by growth of G.P.sonee. Since maximum 

n 

 

occurs in alloys where zones are spheres(317),platee 

(11 and 1?) and needles O519, it is logical to suppose 

that Mott' a theory is most plausible giving a maximum in 

a critical zone size, signifying strongest scatter- 
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b). A decrease due to fail of solute concentration In tbe; 

ivatrix* Pectore (a) and (b) are interdependent, 	l' 

a}. A decrease arising from the annihilation of excess cauen 

ohtn vacancies at sinks. 

d). Possibly a deuregee in resistivity from the aeeootation 

of vacanoiea (di»vacanoies and voids) and solute stone. 

,e0. Rate of resistivity increase in controlled by the rate 

of clustering and zone growth, and shows initial fast and 

slow reactions. But as zone growth is diffusion contra» 

lied, the rate of Q increase also becomes dependent on T.. 

f). The height of resistivity peak is proportional to the 

number of zones. 

g). Resistivity peak corresponds to a definite structure 

during aping and is independent of T. and T* , hence its 

position and iplttude can be used to deduce important 

deductions like the evaluation of E, E1, and the kinitice 

of structural. changes during pre-  precipitation. 

We conclude that, mazisum,ie not yet completely 

understood, but there is evidence to show that it corresponds to 

a definite state of structure of the alloy, 
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1.6 	AuiZincSietet~ 

Extensive atudise on ageing in this system have been done 

by many workers (69, 809 87, 91, 93,E 105, 116). ). We have evidence 

of following eequence of precipitation in Al-12 and 15 atomic pot., 

Zn samples aged at 175°0 and 22500 by Simereka and gyneak(52). 

Spherical G.P. zones - e lipsoidal G. P, zones -" rhombohedral 

transition phase (R.phaee) + a' cubic transition phase -V► 

Zn rich stable precipitate* 

1)6 	Sgher Yowl. t . '# eanees,- The early stages of precipitation i1ry 	YI~M14 YID Ipw ~y 	IMY~1~ MFriYYI~YI 	I~iy 

consists of formation of Zn rich, coherent spherical G.e. cones, 

because of misfit between Al ,and Zn ,atome being low (.01.9 pot.). 

The average nice of zones progressively increases with ageing, 
'Cg' 

while solute oonoentration,within the zones remains constant# and 

therefore the molar volume of the zones, remains • constant during 

the growth of the cones. This leads to progressive increase of 

coherency strains, In an 9.4 pot. Zn alloy (53), with T #47O0C, 

after ageing at room temperature for 8 days the zone diameter is 

approximately 50°A and the density of precipitates 5 x 10 zones/sum'. 

ii) 	UiDeoid1 0.P.5ones:... Progressive increase in the M ~i ~l~4~N~~1~ .I~iFYwY~~/il~i M • I ~~ii 

coherency strains during the growth of spherical zones, results 

in the change of shape towards ellipsoidal ones for the larger 

zones. Simerska, found that the change of shape from spherical to 
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ellipeoidal,000urred if the zones exceeded the diameter of about 

300A. It has been reported (23) that to Al-Zn alloys surface 

energy between coherent boundary between zones and matrix Is about 

300 erge/cane and this value is exceeded by the elastic strain. 

energy terms when zone reaches a diameter of approximately 300A. 

It is suggested that the anisotropy of strain field around the 

spherical G.P.eonee, changes their shape to ellipsoids, with their 

short axis parallel to <111) direction of matrix, and the distance 

between the closed packed planes (111) within the Zones becomes 

smaller. This mechanism finally results in rhombohedra3. distortion 

of matrix, as will be discussed in the next stage, 

iii) 	thumb± hedral_Traneitiond ae+e(R.i►phaee) s- The development pment 

of phaee on ageing the quenched A ..1z.2ot. En. samples at 15O0( 

was studied by Simereka and Syneok(52)  0  and was also confirmed by 

Garf and Lenormandt 54)  ; while Being this alloy at 275°0. They 

suggested the echanjsm for the RRphaee formation. Anisotropy of 

coherency strains around spherical G. P. zones, causing them to 

become ellipsoidal ones, with further ageing, leads to the contrac-

tion of spacing along one of the <111> direction inside the zones. 

This internal rhombohedrel lattice deformation, combined with the 

lose of coherency of zones With a-matrix except in (111) habit 

plane leads to the development o.f transitional rhombohedral phase. 

This mechanism was also confirmed (55., on ageing 12 pot. Zn alloy 
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they observed that the lattice parameter of R-phase were; 

a 3.9920A with aR  a 91036'. He estimated It'a Zn,content to be 

about 63 atomic pet. from unit cell volume. The larger interatomic 

distance between the neighbouring atoms lying In the same atomic 

plans (111) was found to be 2.8620A, whereas a much shorter average 

distance of 2.7830A exists between closest neighbours in two euoca-

seine (111) atomic planes. The first of these diatanoe to almost 

equal to the average inter-atomic distance in a-matrix, equal to 

2.8580A, suggesting that at least a, partial coherency of R-.phase 

with the matrix in (111) plane maintains for a long time. 

iv) 	a:t nsition Phase: - 	This phase is developed by break- 

ing down of the partial coherency of the R-►phase in the (111) habit 

plane also. Garwood 6)  was first to detect this f. c. o. ,transition 

phase by X-rgy techniques in Al-25 pot. Zn alloy aged at 200°0. 

The smaller unit cell ► of this transition phase compared to that of 

parent 1'„ o. a. ,, (a) phase indicated that it corresponds to at conju-

gate solid solution, This Zn rich a' phase was also observed by 

Garf(57)  and Gei.rler, Barott and Meht (58)  In A1.'30 pot.,a,loys 

aged between l7 5225C. Literature shows that a' phase is f.c.o., 

with lattice parameter $ a 599850A (that of Al. ie 4.04oA), bor 

Ali-9.4 pot., Zn with T a 540009 and suing for 8 days at room 

temperature, followed by ageing at 100oC for 1 day, small preoipi-

tatee of a', parallel to 4111} places were detected. These a' 
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precipitates were about 25°A thick, and about 300°A in diameter, 

with density of preoipitatse'being 1416/oms. The acme specimen, 

if aged at 10000 for 5 days# shows weak streaks# which are slightly 

displaced from f.o.a, matrix spots in electron diffraction studies. 

The displacement was only 2 pot. in [x.11] direction perpendicular 

to the plans of precipitate phase and about 0.5 pot. in the direo. 

tion in the plane. This was detected by Garwood(56) to be elaeti,- 

ashy distorted f. o. o. with a° a 3.98°A, an4 was doubtless the 

intermediate at phase showing granular appearance in optical micro-

graphs. This a' is probably quite stable upto a thickness of 1Q0'A, 

before leading to It' a transformation to the equilibrium c. p. h. Zn 

precipitate. Although G, P. sonee can be obtained even below room 

temperature ,, a temperature of iOO°O or more is required for a'. 

l 	 The stable Zn rich 

precipitates are formed by continuous precipitation from u'-phase 

with their basal planes parallel to I111} planes of the matrix. 

~i 111} a' 	(0001),n]. Equilibrium precipitate Is also found to 

be observed by discontinuous mode of precipitation at the defects 

and at grain boundaries in poi roryetalline samples, predominantly 

at quite low temperatures. 

The sequence and mechanism of precipitation in Al-Zn 

alloys can be concluded to be as following: 

i) 	The early stage is the segregation of Zn atoms into 



 fr  
R' 

4x 
ins•.p; 	 ;t z.1~`~,jh°q~ ~~s,̀:~ 

'_.2 	1.. I~ I 	. ~ if - 1 •~ 7~ 	_.'i'7.. 

Micrographs of Al-9»4 got. Zn alloys 
water gxenohed from 540CC and aged at 
room temperature (a) for one day and 

(b) for tive day's. 441 

(d) 

Miorographe of Al-25 pot. Zn alloys 
directly quenched to 20000 and aged 
.(o) for one hour and 
(d) for four hours,  
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ophortool O.F. convo, coherent with a-matrix. 

ii) Anisotropy of coherency otrcina around G.P. zones which 

incror 000 with .gronintj of zones, loads to the contraction 

of spacing along one of the < 11) direction inside the 

zones#  and thus rhor►bobodr+b deformation of lattice, ro- 

oulting in the cbonao of G„P* zones from spherical to 

ellipsoidal once. 

iii) The partial boo of coherency of the zones with the 

a-Motriu except in J111} habit piano, leads to the dovo-

to ont of transitional rhonbohotrai phase* 

iv) The brooking down of the partial coherency of the R-phaoo 

in the (311) habit piano ae voile  bade to the develop-- 

sent of known non.00horont transitional &.phaoeo. 

	

u) 	rho On otablo precipitatoe, are formed by continuous 

precipitation from u'-ph000, with opitazial growth of 

hexagonal Zn precipitates, with their bacal pionoo parr-

1101 o { 111} plane of a-matrix. Also the discontinuous 

precipitation of Zn on grain boundarioe and dofooto, was 

found In polycryotollino oemp],00. 

Rory It io to ho noted that the process is oucc000ivo 

and that the intermediate phwoo are not nucleated independently, 

no hao boon oboorved in. Al-Qu oyotom. 
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197 bco bona on rooiatemotric otudiom an , 1- Zn rvaS itation 

Panaari and Podorighi (44)  made thorouijh invostioation 
at. 

of cluatoring in AX- 4e 5 A  pot* Zn alloy, They found that tho initial 

Q, moaourod just otter the quenchwas greater than the value oxpoo-

ted for the oupor-saturated coiid solution, Since the mc itudo 

of discrepancy increases with increasing TB,  and dcoronood with 

increased quenching rata, the effect was attributed to oluatering 

of Zn atoms during quenching. Othor obaervationo are: 

i } 	On ogoin ,, the?  first increased and then decreased to 

come constant value#  v,hioli rrao dependent on TB, 

ii) 	Time to roach maximum in ? -Dao boa for highor 2B  and TA, 

as to expected because the olustoring to canoed by vacancy 

diffusion. 

iii) The height of,Puczimum, vas almost independent of TB  but 

strongly dopondont on T, being high for lore TA. 

iv) c max&  , occurred canon morn zone diameter hoe attained a 

critical value (100A), v hicb is independent of TB  or TA. 

v) the ma nude of resistivity maximum is then proportional 

to the numbor of zonoc, which is dependent on TA. 

vi) Initial nu8ber of cones dop3nd® on T and that the number 

remains constant iith time or dooroases eith the same 

time ia+ at different temperatures* But otnee there to 

no nucleation barrier for oluctoring this theory is not 
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plausible. The number of nuolii would then depend on 

the degree of supersaturation. 

vii) Penoari and Pederi ' a results can be explained on the 

baste of GeroldtJ5 '0)theory, suggesting the dependence 

of the degree of segregation simply on the position of 

metastable miscibility gap$ e.g. in Al-4.5%Zn, the phase 

boundary occurs at 180CC, whereas the solubility limit 

for 0.P. zones is at 9400, thus giving the equilibrium 

number of zones t Rz ), zero at this temperature. The super- 

saturation of Zn,and hence the number of Zn atoms avail-

able for segregation will be emal at temperatures in 

the range of 50 to 80°G, but will become larger at lower 

temperatures. Assuming the model of competitive growth 

for clustering and supposing that the (~,ie a function of 

the degree of segregation of the alloy, and hence the 

number of zones, we would expect the magnitude of reeieti-

vi.ty maximum to be small at high TA and large at low TA. 

By simply changing the degree of segregation one is simply 

causing the clusters to grow or dissolve, and this expl-

sin® the reversion treatments. 

viii) On prolonged isothermal ageing, the final value was only 

dependent on the kinetics of clustering, and the largest 

zones were obtained at 2 	35000• This was explained in 
terms of concentration of vacancies and their life time. 



1.8 	Reyereion end Metastable Phaee Diagrs Al-Zn) . 
37. 

1.8.1 	Metastable Phase diagram 

The whole sequence of precipitation during ageing can 

be described by a metastable phase diagram; (Fig. M) Showing the 

solvue line for the coherent (0. P., cone) and the non~"ooherent 

precipitates (transitional phases)* The eolvue line for zones 

and inte=otha$e precipitate to always displaced towards lower 

temperature and higher solute concentration compared with equt'- 

librium precipitate# because of the respective aotivational energy 

terms for these processes. 

Metastable phase diagram can be used to explain formation 

of 4. P. zones, inter~raediete precipitate and the phenomenon of 

reversion. Gerold('13f36) obtained eolvae for G.P.eonee by merely 

extrapolating the high temperature a-a' miscibility gap to lower 

region$ with the limits being 1.8 and 69.0 atomic pot. Zn at room 

temperature. This view was confirmed by many others (39, 39-63) • 

Dash and 	(64) found no G.P zones in 1.65 nt.pat, Zn alloy 

aged at room temperature. Penenri. and Pederighi (44) and E exf (38 

found, that cone were not Stable in Al•~4.3 at.pot.Zn alloy above 

100°0 (Gerold gave it to be 110°C). iioreliue(66), dohn®on(67) and 

Strongin(68) Indicate the eolvue for R phase some 230C below the 

monoteotoid temperature (275°Q) as ebown in fig. -M. They indicate 

that whereas G. P, zones can be formed at even below room tempera- 

ture # a temperature of 100°Ct or more is required to obtain ae' pie. 
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A study by Wahi and AnentharenaJ6 , on Al. 10.30 pot. Zn 

alloys also reveal the presence of R phase on ageing in the range 

200.310°C, and the appearance of RR►phaee was proceeded by a + onei-

derable tall in hardness. They,  also found that discontinuous pre -
capitation at Grain Boundaries was major mode of decomposition 

in 3.0 and 20 at« pc t. Zn a loys at and below 17000. Sequential trans. 

formation of zones to equilibrium Zn, through intermediate preci-

pitate was found to be negligible or absent in this temperature 

range* Calculation of Zn concentrations by Ellwood*e(m data 

for lattice parameter of Al-Zn alloy, in the matrix and transition 

phase, give rise to a second metaet. bl ..mi9eo bil t ► 	, extended 

well into high temperature ar-a' miscibility gap, hence suggesting 

two mieoibility gape in Al-Zn system. 

First extending from lower temperatures to about 22000 i 
representing metastable equilibrium between zones and the matrix, 

and is confirmed by other workers (36, 44, 67). 

Second extending into high temperature a-a' miscibility 

gap, and represents metastable equilibrium between R-phase sand 

the matrix. This was in partial agreement with conclusion of 

many other workers (41, 62, 72, 73), 

The two loops overlap around 170220C, further oomph. 

eating the precipitation in this range. 

Metastable phase diagram gives clear explanation of 
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reversion#  and determine the stability of transient precipitates. 

1.8„2 	Rerereien  (or Retrogression) 

The phenomenon discovered by O rlor(?4)  consists of the 

dissolution of the earlier formed, low temperature ageing products 

like the O.P.zonea or intermediate phase#  when the ahoy is sub-

3eoted to a raogetng (reversion) treatment at higher temperature 

given by the solubility limits in the metastable phase diagram. 

Thus It may be further diversified as reversion of G. P. eoneo or 

reversion of Intermediate phase#  and a partial reversion treatment 

of any of these. Dehlinger and Knapp(?5}  were first to suggest 

that reversion was governed by the metastable phase diagremm f  and 

this has been confirmed by Sticook et,ai(76). Thus we can consider 

the re rereion of 0, P, zones and Intermediate precipitate at the 

metastable phase boundary as completely analogous to the dieeolu-

tion of the equilibrium phase at the eolvue line. Reversion invo-

lve ups -hill diffusion of solute from the zones to the matrix. 

On re-heating alloys, which are quenched and aged to 

produce G. P. eon.e,, some of the zones get dissolved in accordance 

with the O.P.eonee solvue line, and the remaining tones grow 

further and are able to nuolsate the transition phase in accordance 

with the metastable equilibrium line. In Gerald's view, the degree 

of segregation of on alloy containing clusters or zones is simply 
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dotorminod by the poottion of motnatabla solubility lino. Tho 

nuabor of sonoo In dependent on T. Mile pimply changing the TA ,. 

above or below tho colvue line for G. P, cones, ono is pimply causing 

the cones to diaoolvo or grow, There is a critical also of zone 77) 

which in dopondont on 'TA;~ the zones amoflor than this dissolve, 

c7I21.lo others grog at this reversion treatment. This study could 

be termed an partial rovoraion of zonoo. The minimum reversion 

temperature, in that aivon by the metastable colvua for that pt coo. 

In Gert'a(78) viov truo r rsion to that in thtoh tho 

low tomporaturo precipitate ohould not not an nucleus for more 

otablo phaoo, This could oilers simultaneous precipitation of a 

nor phaoo and dissolution of the intermediate phaoo, and heuco the 

true rovortod ltato4 The ,process of reversion involves sufficient 

time to alloy the lose of a high concentration of vacancies, and 

tho process of reversion in very olorr. 

flevoreion techniques tero originally employed by Baton 

ot. ol. to determine G,P*iono oolvuo for Al-Cu, and has boon, atnce 

thong applied by many for the determination of metastable phase 

boundaries. Reversion otudioo also help In bettor understanding 

of the mechanism of various otagoo of precipitation* involving 

the formation and d.icoolution of the phaoo under conoidoration. 

I t" Iw• 97 ,I~~ 
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the wire specimen were quenched to water at room temperature. 

Many such specimen were kept in stock to be used for the reageing 

studies after necessary heat treatments* Heat treatments were 

carried out in a vertical homogenization furnace with temperature 

controlled to 1 50. The homogenized specimen could be dropped 

out of this furnace through the removable bottom, Into the quench-

ing medium, kept directly below the furnace. Prom here the specimen 

was quickly transferred for resistivity measurements.. 

2.2 	ltesiotivit Measurements 

2.2.]. 	1 scri ►tion of A rIpr-stua.  '. Potentiometric system was 

employed for following the resistivity changes in the wire speoi-

men, during various ageing and reageing processes. The wire spe-

cimen and a standard resistance were connected in series, across 

an accumulator of 2,1 volts, with a variable resistor in the air-

+quit. The specimen was kept in the ageing beaker, whose tempera-

ture was closely controlled through out the experiment by placing 

It in a bigger bath$  fitted with a thermostat. A constant current 

of nearly 45mA. was made to flow through the circuit, and the po-

tential drops across the wire specimen (EX ) and that across the 

standard resistance (Es) was measured alternately by balancing 

this potential drop over a Vernier Portable Potentiometer( Model 

V-1, Toehniwa1). The range of 18 mY. for the full scale deflection 

and with a least count of '01 mV. was selected for this purpose. 
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2.I Prparstion of Allo the 9peoimen 

2.1.1 Melting:_ nd 
d 1~ 	~I~1

e in,~ - 
1r1 t 

The master alloy was prepared 

from blab purity aluminium (99.99 /pure) and high purity zinc 

(99.9 /.pt re ). Weighed quantities of Al. was melted In a graphite 

crueoible, plaOed in an electrical reeistanoe, muff3 ed furnace. 

Required amount of zinc (to account volatilleotion losses taken 

10 pat. excess) wrapped in Al foil was added to liquid aluminium 
pouring  

and stirred. The molten alloy was homogenized for lo mine, be a►re 

into cylindrical cast iron molds of die. 7/001 and length 6". 

2.1.2 Ma f r . end err .re dr 	s.w 	The ingots were hot 

forged and hot drawn to long wired of 1 mm. diameter, thus remov-

ing the mioroinhomogenity and breaking down of the cast structure. 

Thereafter a stress relief treatment was given. Fine turnings of 

the alloy were used for composition estimations. 

2A.3 Speotmenpr.artton for reaistivitZ measurements t- To 

obtain uniform and smooth wires$ they were cold drawn through a 

fine orifice of a steel die of diameter 0.70 mm. A 55 omei length 

of this uniform wire was out out,, and marks were made at 50 one. 

length, leaving 2.5 ame. on each end, for clamping. This wiz•e was 

wound in the form of a coil to be used as specimen for resistivity 

meaeu aenta 

201«4Hem reataten i.- 	All wire specimen were given an initial 

homogenization treatment at 400°a, for 15 hre. After this treatment 
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the wire specimen were quenched to water at room temperature. 

Many such specimen were kept in stock to be used for the reegeing 

studies after neoeeeary heat treatments* Heat treatmonts were 

carried out in a vertical homogenization furnace with temperature 

controlled to } 50C. The homogenized specimen could be dropped 

out of this furnace through the removable bottom, into the quench-

ing medium, kept directly below the furnace. Prom here the specimen 

was quickly transferred for resistivity measurements. 

2.2 	otivity Mega urements 

2.2.]. 	Description of Aooaratue:- Potentiometrio system was 
~If1~Yl - A M 

employed for following the resistivity changes in the wire speol-

men, during various ageing and reageing processes. The wire epe-

cimen and a standard resistance were connected in series,, across 

an accumulator of 2*1Y volts, with a variable resistor in the air -

suit. The specimen was kept in the ageing beaker, whose tempera-

ture was closely controlled through out the experiment by placing 

it in a bigger bath, fitted with a thermostat. A constant current 

of nearly 45mA. was made to flow through the circuit, and the Po-

tential drops across the wire specimen CEf) and that across the 

standard resistance (rS) was measured alternately by balancing 

this potential, drop over a Vernier Portable potentiometer( Model 

V-1,m Toehniwal). The range of 18 mV. for the full scale deflection 

and with a least count of A Ol mV,. was selected for this purpose. 



t 	. - 

- - 
t•  

5  ø4g;z fju, 
II 



43. 

iho lapse of time during ageing and rovorsion process was moaourod 

by a sensitive stop watch. 

	

2.2.2 	Caleul tion of R©oio 	(a1) 	 s-- If 

the potential drop at any instant during ageing, serous the wire 

opeetmen be Ex and that across the standard resistance be E&, when. 

the same constant current Slows through both of thorn, then the 

resistance of the wire specimen (Rx) can be obtained by 

RX +E . RS /ES ohms. 

And the resistivity (~X) of the wire of length L ems. and radius 

r ems. can be obtained by another equation given below 

PX = ax . 4 . rI/Ij ohms. ems. 

In our cane L = 50 ems. and r = •035 ems. 

	

2.2.3 	thematical E ttrapolation of initial guenchroototiyity  

On the findings of Borelius(?9~, and 03 Serbs at.al.( ~' y , 

the rate of change of resistance R;(dR / dt) during the clustering 

and zone formation follows the following relation : 

d.R,/ dt a 1 / (a+ bt) 

This to analogous to an equation of a straight line in dt/dR and t, 

with intoroept 'a' and slope tb'. Parameter 1/a is dR/dt at t=0,, 

and is assumed to be proportional to the initial rate of zone 

growth. Values of 1/a were deduced from the value of R and t 

measured during ioothormal agoing as follows; (Lt// Aft), the 
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quotient of time inoroaco and roointanco increment botroon oucco-

noivo moaouromont©, vao cot equal to (dL /dti''1. Thin gave data 

for a plot of (dR/dtr' a ainst t ,and the values of the intercept 

'a' and elope 'b' of the time that boot fitted the experimental 

points van Computed, uoing tho method of least squorea. Row the 

value of the resistance of the specimen immediately after quench 

rrao calculated by oubotituting the measured values of R and t in 

turn in the integrated form of equation (1). 

R - Ro = .1/b log (1 + bt/a) 	 2. 

'hie gave a number of values of Ro equal, to the number 

of measured values of 1 and the moan of all these nnlueo vies 

quoted as Ro. Ciith Ro knorm, the corrooponding resistivity QO,Vao 

calculated. ! c milar riot*god Liao ucod by Perry (81) . 

2.2 • 4  OgIgulation ox 0 n the ihorm Coofficiont of 	ctricr l 

Kooti()of tho cli.oy s- The change in reoiotivity 

(L) vise obtained by the equation , L\ 	~,t (2) «. %(T), rihere , ~O(T) 

end, ~ t(T) are roeiotiaitiee just after quench and after ogoing 

for tine t at 20C, respectively. 

To account for slight ehangos in rooiotivity, due to tem-

peraturo variations, the correction tree employed according to the 

equation, it(T) Q ~t(0) Cl + i x]. The value of a vies caloulc-' 

tad from rosiotivity data at different temperatures of annealed 
sa ,ploo. 
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20 3 _r_men 	ah_ oar th roec nLtudxs - To obtain 

cuffictent time for prc-prcoipitation processen in the selected 

Al-4.1?7 at. pot& Zn alloy, three los T11 values flero selected. 

From each T. value, after uoncbing to TQ00$ the agoir . +gee carried 

out at various temperatures in the vicinity of room temperature 

as proposed in table I. 

After agoinç the specimen at TA for different valued of 

times called the proageing Limo (t PA) which are given by times 

requirod for a certain percentage of the maximum in resiotivity 

change ('/o A ~ Uc , ) to odour and then the specimen area immediately 

reaaed for 30 mina, tit a lour or bi ,or temperature than 

conotituttug the process of step ageing or partial reversion of 

zones respectively. Table II hate, the roquirod pre-agoing times 

for difforont eases# employed in the present study. 

Table III summarizes the different ageing and reageing 

operations employed in the present investigation. The figures 

in this table indicate the fiGuro numbers given to denote diffck. 

out operations of rsagoing. These 'iguv numbare core in a e ial 

____ as interpreted below 

for 	turn of Pigur+~o *. A apeoia2. 	 number was 

asaigned to each figure obtained on reaping oporationf according 

to schomo of Table III giving scheme for ogoing and roagoing tempo- 

raturo. It the figure number is o.g. Fig. X. YZ9 then, it is intor- 
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protod cw follove: 

	

i) 	T'irot digit r Xs ropr000nto the Tai value which io equal to 

300°C, 350°C or 4000C for Z 1, 2 or 3 ruepoctivoly. 

	

it) 	Soc*nd digit i.e. 'V vith a ooro placed after it,givoe 

the tomporaturo of acj©tn0 (^A) used prior to any resgoing. Theo 

a 0#1,2 or 3 moano ootn at 0,10,20 or 30CC, roopaativoly. 

	

iLL) 	Thir4 digit i.e. 'Z' r th a ooro placed after it, givoo 

the roe in,C to iporcturo uood after ogoin at TA. Thuo Z a 0,1, 2 

or 3 .mean roaaintj at 0,10.20 or 3o 'dogr000 contoarado, roepeciively. 

It io ovidont that the varl.ouo reoteix procaeocoo in the 

pr000nt +study can bo broadly olaooifiod Into two categories. 

(a) sow ,. s ixuts - C~hon tho oijotnG temperature was higher 

than the roe atng tomporaturo and in ouch a aaoo roegein43 

temporoture woo denoted ao ? . So we bavo tho required 

condition cc TRA < TAS dignifying '> Z. 

(b) P artial R voroion ofgoy t- 	t hen agotn temperature 

wan lower than the roatotnt temperature, with raagoing 

tonporature denoted no T in ^ hia oaoo • So we bavo the 

roquired condition as TI 	T,, dignifying X < 2. 

Por a certain roatjingp proa000, the different values of 

1roagoing tinoo cc given in Tablq II cad rocordod on roopootivo 

ourvoa in the figuroo no 20, 400 60, 80, and 100 pot. voluootroc- 

pootivoly. 
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5e0 	ROD 

The rooulto of princtry oinj an propoeod in Table I, 

have boon plotted in too of roaiottaitl ohenneo (Lx) +orauo 

the ageing tine, in Rome 1.09  2,0 and 3, 0, oorrooponding to 

TH  a 3000  350 and 400 degree contogrado, roopoativoty. 

Table I1 elvoc the voriouo pro-agoing tunes and the 

corrooponding rooiotivity volu►oc , Qt(T ) , for various combinationo 

of T11  and 2. Th000 voluoo pore ucod for difforont agoind and 

roojoing oporatione In the procont otudy. 

The roc to of variouo roagoin pr'0000noc an prop000d in 

Tabio III have boon plotted in torraa of changoc in siotivity(A ) 

voreac the rootjoing taco on different figuroo„ thioh boo been ola-► 

ocifiod Into do ontogor$oo (atop ai oing and partial reversion of 

zonoo) and are itotod oyotomatically in Table III Giving the corroa- 

pending fiouro nu iboro for th000 respective oporationo. 

-I- 



Tarok 

x 0 	naluo . 	 c©1a t mpoxta' tro (^ 0c j * 1001tuopQndins 
*figure numbor 

300 0 	10 20 30 1.0 

350 0 	10 20 .30 2,0 

400 0 	10 20 30 310 

T,BLD - III 

TO a 	2 oc Coq 	o1n to: 	ratter R 	° 	R1 
00 	• 100 	• 200 30°0 

0 - 1.01 1.02 1*03 

10 1.10 - 112 1*13 

300 	20 1,20 1.21 - 1.23 

30 1.30 1*51 1032 so 

	

0 	 2*.01 	2002 	2#03 

	

10 	2.10 	 2.12 	2.13 
350  20  2.20  2.21  40  2023 

	

30 	2.30 	2.31 	2.32 	- 

	

0 	*o 	3.01 	3,02 	3.03 

	

10 	3010 	 3.12 	5.13 
400 

	

20 	3.20 	3921 	-* 	3.23 
1 

	

30 	3,30 	3031 	3,32 	.. 

~ 	 ~ 	- - _ti WI 	~ 1 ~4 Mt ~M YrM 	 -V --~~ 



a  / 
A 	. 	/1iGX. 

- ------.--.~ 

l 	° 
300°C 50° 4a4~ k 

0 0 ,.00 	4.932 0 -00 	4.972  0 -00 4.932 
20 4 -10  4.979 2 -08  5.012 4 -10 4.979 
40 8 -00 	5.026 4 -00 	5.052 8 -00 5.426 

0 	60 12 -00 , 	5.073 6 -12 	5.492 12 -00 5.073 
80 15 -30  5420 8 -30  5.132 15 -30 5.120 

100 25 -04 	5.167 12 -00 	5.172 25 -00 5.167 

0 0 -00 4.920 0 -00 4,962 0 -00 4.920 
20 2 -10 4.963 1 -00 5.998 2 -10 4.963 

10  40 4 -40 5.006 2 -28 5.434 4 -40 5.006 
60 7 -30 5,049 3 -52 5,070 7 -30 5.049 
so 10 -25 5,092 5 -12 5.106 10 -25 5.092 

100 14 -00 5.135 7 -00 5.142 14 -00 5.135 

0 0 00 4.910• 0 -00 4.952  0 -00 4,910 
2'0 1 -20 4.949 0 -32 4.984 1 -20 4.949 

20 	40 3 -00 3.988 1 -20 5.016 3 -00 4.988 
60 4 -16 5.027 2 -12 5.8 4 -16 5.027 
80 6 -00 5,066 3 -16 5.080 6 -00 5*066 

100 9 -00 5.109 5 -00 5.112 9 -00 9.105 

0 0 -00 4.900 0 -00 4.942 0 -00 4.900 
20 1 -00 4,935 0 -24 4.970 1 -00 4.935 
40 2 •48 4.970 0.44, 4.998 2 -08 4.970 

30 	60 2 -48 3.005 1 -12 5.426 2 -48 5,005  
e0 3 -36 5.040 1 -40 5.054 3 -36 5#040 

100 5 -30 5.075 2 -30 5.082 5 -30 5.075 

Hobo: 	In thio tablo, °fin ,ioOtrrtt time givon ac mine - oocoMM.o 
riitb, P ( p) ,Doing the corroaponding rosiotivity valuoo 
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4, 0 	Dtsoussion of Reeulte 
1 

Broadly speaking, the present work can be classified 

into two categories raw r; t. the ageing and re-ageing temperatures. 

(A) stop ageing 

(B) Partial reversion of Q«P.eofles 

The alloys after homogenization and quenching were sub-

jected to an aMein~MI~{~, Drooeee at temperature TA, for different Mein MrRMiiM+lnar.F r~~ 

lengths of times given by five equal intervals of the resistivity 

peak, during primary ageing at TA, and after the lapse of this 

time, called as ere-p ejn ._t ,me (t ,j, they were immediately sub-- 

jested to a 	 at a temperature slightly above or 

below the ageing temperature T. 

Now if, the reageing temperature was lower then the ageing 

temperature, the process is step. ageing, and _agein_gtempratu  

e4 rioted as TEA. And If the reageing temperature was above the 

ageing temperature, the process will result in the dissolution of 

a fraction of zones already formed at lower ageing temperature, 

with contemporary growth of the rest of the zones thermodynamically 

in equilibrium at the now' reageing temperature. This process is 

termed as gar  artijoveraion of zones, and the r+~•eems rsture r u- 	 ,,Tien+ar.uu.ii■i Xe 

denoted as T. Thus we conclude that the necenearl condition for 

for the two operations are s 

(i) stop ageing if, TRA < TA 
(ii) Partial reversion of zones if. P..' P. 
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The results obtained for these operations with various 

combinations of ageing and reageing temperatures in the present 

study► wore plotted on various figures as listed in Table III. 

The results for step agetng, as well as for partial re 

version of zones, are discussed on the basis of some fundamental 

established principles listed below: 

(a) The average also of the zone (d~),reaahed after the 

lapse of a certain pre sing time (tpA) during ageing at TA. The 

d~ of the zones, gradually increases On ageing, and becomes prae-

tiaelly constant, after a time almost equal to the overage life 

time a~ ygMc:kM# which in turn is Influenced directly by the 

prevailing concentration of vacancies and their annihilation. 

It has been assumed that by Mott'a theory, the peak in 

resistivity is characterized by a critical scattering, at a cri- 

tioai zone also (d0), which is approximately 100A, thus the average 

size of zones is increasing or decreasing, through a peek in resie' 

tivity obtained at size do. 

Further., it In clear that the time for reversion is direc- 

tly related to the else of the zone, and thus to the preageing 

time (tpA) with other 'conditions being eimiiar  gR~ 

(b) There is an equilibrium number of zones (g2), having an 

average site ' dT 0 9 which are in thermodyneato equilibrium at the 

ageing or reaping operational conditions. 
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Thio I ,ia directly proportional to the d4 r©o of o 	- 

aura inns which io dotorr inod by the poottion of the metastable 

oolvua line for 0. Pe zonoas Thus the degree of ©uparaoturation 

La directly related to the noixi temperature T.. (or on 	or ' R 

for that matter) and hence, the 17z aloe boin t directly dopondont 

on TA,. Lover be the TAIP higher rill be the auporoaturntion,0 and 

%hue the tZ ~vaiuo, aid. vice voroc. In other ordo a levering of 

TAO viii reault in the grovth of more number of cones, vhich oro 

in thermodynamic oquiflbriva given by the T., or T, evhilo roiolng 

the ageing temperature could rooult in diaaolution of coma of the 

aoneo, thud oatabliohina a non number of zonoo determined by 2RA 

or Tt. 

The devolo'nont of a zone vith average ciao (dT) ohiob to 

thormad,ymcnioally amble zt a curtain tomporaturo, to tnfluonaod 

by the icinottoo of the initial ctagoo of ogoina$ end thug on TH and 

TA, vhioh In turn controlo the C,,p their annihilation sand the for► 

nation of oocondory dofoeta, 

(a) 	AD the Q, of the alloy Lo a direct function of the number 

and aloe of the canoe (thug their voluc o fraction), the o „tof 

the rooio Avi11 po.alt to directly dependent on the ocauilibrium num-

bar of zone, vile ito p.; ttiigrg io oharactoriaad by a critical. 

ooattoring of olootrone, ats cone ciao d0. 

I ov, t1Z to directly related to the TAi the height of the 

rooiativity peak is proportional to this 11Z Value* in such a onoo 
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the difforonoo in the mono at a4oin( and roaoing tompoa'aturoo 

to directly proportional to the difference In thoco tomporaturoo. 

t7o ourmarioo by aayinrj, that peak hoiihto of rosiattvity obazlljoo 

( ' ) vorcue reagtn t$ao,cqeo 1 . be directly proportional to 

the dUroq (T4 a- T) oroop_cioiM caco c ►d to the d 

,gM . (T TA) fo~ttt r = voroio 	. 

(4) 	Tho $o of the rooictivity variation aurnoo at inotant 

3~ (4 Q f dt), during, raaLjQing to a ktto, aivian a hint about 

the ratco of the prococo. Paoter procoo il1 have Croator olopoo, 

Aloe a zero elope d000 not aloayo memono roaotiong but it may 

oiCnify a balance in the tyro oppooinG offocto oontributinC to the 

rociotivity, ae ohall be diocuaood later. 

(o) 	2ho cjoing prococo to diffuoion controlled, and honco,, tho 

migration of solute at000# the oomoontraticn of vacancies and their 

d rnthilation (ac lvattonal cnorCtoo for formation an migration 

of vnoenoioo) the intnraotiono 'otanon the ooluto and the vacunoioa 

etc. are the faotoro overninC the kinottoo of the prococo. Th000 

factoro worn the fl9P of the oijoiw curve, and oleo the Q„ition 

of tho as itau . 

The conoontrotion of v'aconotoop& the pro $oinC ttao io 

important for kinotico of the rea oin( proceeD. 7ith the lapse of 

t the 0 to grroctly reduced, and honed the toeof the otop  

so  ari v 	cL]aoovorn prococo to bound to be otoior, vith 



52. 

its effects very clear during later stages of reageing, giving 

more or lees horizontal curves. Explanations of the curves for 

various, tp, values (from 20 pot. to 100 pot. resistivity peak 

values) # can be advanced in these terms* The times to attain 

resistivity peaks on step ageing process is much higher compared 

to that for ageing process. 

f) 	The variation in resistivity during the step ageing and 

specially during the reversion process#  Is a complex phenomenon 

and is the um up of variouo actors contributing to the reete-

tivity, as discussed below#  taking the case of partial reversion: 

	

i) 	In actual praotioe there is a  distribution of eonee  of 

varying sizes in the vicinity of the average none eizef dy,Thue,1  

is the sum up of the individual contributions of the zones of di-

fferont sizes. 

	

it) 	There in a decrease in resistivity due to dissolution of 

a fraction of the zones lower than a temperature dependent critical 

size (dT ),which are thermodynamically unstable at roageing oondi-. 

bons. 'Thus a decrease in volume fraction of Bored. 

iii) 	In increase in resistivity#  duo to the growth of zones, 

with size above than those dissolving on reageing, as pointed out 

above. This given rise in volume fraction of eons. 
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10 conoludo, that 1 a not Variation of ro.olotivity during 

atop going or rovoroion, ci11 bo the mm up of th000 faotoro,, 

Tho individual contribution of -thoco factoro rrt11 determine the 

ou ► up curve, thug loading to an increaoo in (,if the factoro 

contributing to )  the ? increase over ride the factoro contributing 

to the dacreaoo in Q, and vivo veron. A horioontol portion of ageing 

curvoo may either oignity the balance of the too opposing tondonoioo 

or a very olo reaction bocauao a major part of vacancioo hoc alro-

ady been loot by that time booauco of lapoo of tp,. 

Thug a oomploz phonononon of atop oggoing or partial rover-

pion can be comfortably ozplainod in tercoo of abovo dioou000d and 

troll ootabliohed principloo4 In any of those operationo, the ton-

donoy for tho ronction to ouch oo an to obtain the no oquilthrium 

otato which to thormodyncmiool2y moot stable under theca conditiono. 

It vitll be more oyotoaatio to diccuoc the preoant roculto 

under two oeporato headings of stop ageing end partial reversion. 

Taking tho anco (oimilar to figb 1, lO) t horn r3 ageing to done 

at T W after a spootmon hoe boon pro-agod at T, (TRA< T ), till 

peak in rocit3tivity, cro onpoct the following 2 

I) 	The avorogo nice of zoneo in the alloy pro-aged till peak 

(' , ) • at TA  has attained the critical ocattoring value, dQ  ola0A 
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Now reageing of this at a lower temperature TRA, will result 

In further growth of these zones. thus contributing a decrease 

In Q (curve B of fig. Q), which ie actually the part of the ageing 

curve after the peak at T. 

ii) 	An increase in ~, due to increase in the equilibrium 

number of zones, which are expected to grows due to lowering of 

the ageing temperature from TA to Tom, thus increasing the degree 

of supersaturation. This is shown by curve A.of fig. Q, and 

represents the growth of new zones at reageing.temperature. 

	

iii) 	As the equilibrium number of zones is dependent on ageing 

temperature in this case the height of peak in curve A,io directly 

proportional to the difference in the equilibrium number of zones 

at T., minus those at TA. Greater be the differeace (TA 

greater is the degree of eupersaturation, and correspondingly the 

difference in the equilibrium number of zones, hence resulting in 

higher peaks for curve A. 

	

IT) 	Times to peak in curve A is appreciably greater than com- 

pared to the time to peak for primary ageing at 'A, because of low 

aV value,in the former onset 

	

v) 	The net effect of these two factors, responsible for 

curve A end g, should be the curve expected on step ageing, which 

has been shown by curve C In fig. Q. 
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The cum up curve C® ohorro the peculiar nature of a riao, 

a flattonod pock and finally a drop, corroopondina to initially 

pro-  dominating nature of curve hp ohilo at later stagoo, the ourvo 

3 pro'dominatoo. 

VI) 	The reaction ratoo, ae expected are much slower$ beoauso 

of oonotdorablo lose of vnonnotoa during the pro'agoing stay time, 

flog vit.h this back around# rro shall take individual canoe 

of stop aaoing, ru th their fonturoo and explanations. 

i_____1_ 4 1-► 	It may be oboorvad that : 

i) 	For all values of t ,, from 20 pot. to 100 pate there io 

an increase in reototivity, vith loaot diotinot peak in 20 pot. 

oaoe. This to opoctod, bocauoo of the inoroaco in volume fraction 

of zon000 due to lover TRA, compared to the TA. 

(ii) Rate of stop agoing to factor in the cane with lessor tpA, 

booauao of high 0v loft over with looser pro~►agoing, 

(iii) A not inoroaoe in Q, ohorc that the decrease of P, duo to 

grouth of oonoo,boyond else d,,on ro-ageing pr00000 to far loco, 

than the more ass due to growth of noa number of nonce. 

(troy) 	The hoi ht of pock in 20 pot« once in groetootp bocmuoa 

of maximum difference in the numbor of sonoo and the size of cones 

formed after 20 pet. promagoing time at 10x0 and those given by 

the pock at 0°C. 
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pia. 1.20 and 1.21 :. Basic arguments are similar as for tig.l.10 
~ 	 AIIIq ■ I ■ /11AII~+F~1 

with a few new observations : 

(I) 	Comparing the curves in fig*1M20 and 1.21, it is observed 

that the peaks are attained earlier# while reageing at 1000,aimply 

because of enhanced diffusion at 1000, compared to that at 400. 

(ii) 	A dropping of curves for 100 pot. came in later stages 

could be explained on the basin„ that the zones which were pre-

viously growing have also attained resistivity critical oiwae, ̂ 'bar 

that time and they also contribute a decrease in resistivity. 

This also explains the appearance of earlier peaks in 100 pat. case 

compared to the 20 pct, oases in the same figure. 

Plc. 3(k)31 and _1. 2 :- 	The nature of curves is similar to 

those obtained for step ageing in gig. 1.20, Here we note r 

(i) 	In the ease of fig. 1.32, the peaks are obtained earlier 

when we move from 100 pot. case towards 20 pot. ease* This trend 

is also visible for curves in fig. 1.31 and 1.30. This is simply 

because of the earlier setting-in of the factors contributing to 

a decrease in Q in the ease where the specimen has been already 

pro-aged so as to give highaierage zone size, prior to step-ageing. 

This in clear with the feat that the longer be the tpAO larger will 

be the average Bone size prior to step-ageing. 

(ii) 	A comparison or times to reach peak in 100 pot, oases, for 
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the , 4i, anon 1.3O 1q31 and 1.2 ohono that pocho an oarlior 

t ith higher ro'agoing tomporaturo, vhioh is b000use onhnnood 

diffusion r i h htgh4r re -going tomparaturo, 

(iii) Slope, of the curve, vttl loocor proagoin time ia , atooper 

in each figure and this to beoauao of high concentration of vocan. 

oioo rritb Xooaor proagoing tiinev. 

(iv) Sloping doom of curves t ith higher proagotng times, is 

prominent in all th000 fi res, which to otili clear in figurco 

itch higher roago ng tomporaturna, ►hoop could be explained on 

the qugahor attainment and grooh of aonno, cshioh had alroa&y 

attained atooa near to raoiotivity peak, vhon they are sub jootod 

to higher roatjotng tem raturoa,. 

(v) The oroeaing of aoro reference line at an earlier time 

in 100 pot0 case than in 80. pot. case, to duce to 1urgor prior cone 

Oise In 100 Pot. case. A volue to or than tho. core reference lino 

in8Lontoo that the zones have grort to ouch a sizes  hero their 

contribution to resistivity is loacor then that 3uot after proegoing. 

__foe - af, s- 	Upto not the only variabloc yore the otjoing tom- 

poraturo and the reogoing temperature 1th different prongoing 

timoo, The nature of the ourvoo obtained v tth difforont x. values 

to ottlar to those obtained in figuroc tth Tl  a 30000, already 

dioouaaod above. Por the effect of T. , ta oh[ .1, no an onnrnplo 
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compare the figures 1.10, 2*10 and 3+10; 

(1) 	For a certain pre'ageing time, for the above three cases, 

there is only a slightly higher peak with higher T. value, but 

this effect is not very appreciable. This probably due to higher 

concentration of quench-'in vacancies with higher T1  value. 

(ii) 	For the initial rates of reageing in the above three 

cases#  it can be observed that the rates of etepagoing are teeter 

in the case which has highest T.  Again this is probably due to 

higher concentration of vacancies with higher TH  values, 

The effect of To  en also be similarly explained while 

comparing the figures 1.30, 2.30 and 3, 30, 

P rtiel Reyereion of Zone. 

Taking a case similar to figure 1, 01, where an alloy has 

been aged at TA  and reaged at 2R, (TR''  TA) , we observe : 

(i) 	A decrease in resistivity due to growth of those zones 

at TR  which had already attained a reeietivity critical size at 

This has been shown by carry A of fig,R; and is aotuaUlly,the part 

after the peak,of the ageing curve at 000. 

(i) 	A decrease in resistivity due to decreasing volume frao- 

tion of zones, because of equilibrium number of zones at TR  is Mach 

lose than that at TA, thus resulting in dissolution of a fraction 
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of eonea. This is given by curve B of fig. R. 

(iii) On prolonged reageing at TR„ there is possibility that 

the zones with size larger than those thermodynamically stable 

at TR, may grow, thus contributing an increase in resistivity. 

(iv) Thus the net sum of these factors will give the resultant, 

partial , reversion curve '0',  which shows a gradual decrease in 

resistivity on reegeing. 

(v) As should be expected, the maximum drop in resistivity 

will be observed in the reversion operation in which the degree 

of supersaturation is greatly reduced„ i.e. greater be the(Ta.TA) 

valuo, greater the depth of reversion curves., as this is directly 

related to the ratio of the equilibrium number of zones given by 

the peaks of the ageing curves at Tg  and Tx  respectively. 

	

(vi,) 	One should expect the rates of reaction for lower tPA  to 

be teeter because of high concentration of vacancies with lesser t pA* 

Now we shall discuss indiaitaol oases of reversion. 

pigs. 11011— 	We observe following features in 100 pot, preageings 

(i) A.decrease in resistivity due to,  growth of those zones 

at Tg  which have already attained critical scattering size during 

preageing, till the peak in resistivity. 

(ii) A decrease in resistivity due to dissolution of a fraction 

of sonee, beoauee equilibrium number of zones at 1000 to lower than 
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Both of these factors contribute in decreasing the 

hence the sum up curve also shows a continuous decrease on reageing. 

In 20 got. preageing case, we observe a decrease followed 

by an increase and finally not very distinct peak, which is erplai-

ned in following terms. 

(i) Probably, before crossing the zero reference line, the 

dissolution of zones in the predominating reaction, resulting in 

a not decrease in reeietivity. 

(ii) After some time, the increase in volume fraction of zones, 

due to their growth at 1000, overrules the decrease In volume 

traction of the cones dissolving#  thus giving a not increase. 

It is seen. that the greatest decrease is shown by the 

100 pot. case, in which both the taotore*  dieoueeed earlier,. eontri ' 

bate a decrease in resistivity whereas in cases with lesser pre-

ageing stay$  dissolution of already formed zones takes lesser time, 

and the curves cross zero line after some time#  which to quicker 

for 20 pot. case compared to the 40 pot. case. 

Figf l&02 and 1.03 s- 	These are explainable on the similar lines 

as for fig.l.01 with additional features as; 

i 	Comparing the curves for fig. 1.01, 1.02, and 1.03, it is 

observed that the magnitude of decrease in resistivity, is highest 

for reageing at 30CC, obviously because of higher difference in 

(TR  ft TA), as we raise the reogeing temperature from 10°C to 3000• 

(ii) 	further, the crossing of the zero line for curves with 
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lesser t,is earlier, because of earlier supereeeding of the 

factors contributing an increase in Q. (i.e« growth of zones at TR). 

(iii) 	The peaks after the initial deorease,are observed earlier, 

with a rise in reageing temperature,* because of increased diffuei-

onal properties with higher reageing temperatures,, 

2 .,, 	- Here again curves are almost similar in 

nature to those in fig* 1.42,E In the case of fig. ..13 even with 

20 ,pot# ease, the initial decrease followed by an increase has 

been eliminated#, because of the fact that the degree of supereatu-

ration is lesser for reageing at 3000 compared to, reegeing at.  2000. 

l 2 s-► 	Here the flatness of almost all the curves is 

probably due to lose of a considerable fraction of vacancies during 

tpA, in the alloys preaged at a higher temperature er.20a0, com-

pared to the case of preageing at x.000 or 0©C. Here the flatness 

of the curves is more likely due to concentration of vacancy effect, 

rather than the balance of two opposing factors contributing to Q r 

Effect of Tff  ;. 	It may be observed that there to no major 

change with respect to the nature of curves, due to variations in 

TH, it we compare the respective figures for reversion, with differ-

ent TH  values e.g. comparing the figures 1.03, 2.03 and 3.03, it 

may be observed that : 

(i) 	The rates of reageing are somewhat slower,in the cases, 

with lesser homogenization temperature. This effect is due to 



the variation of concentration of quench•in vacancies. 

(ii) 	Because of the higher concentration of quench-in vacancies 

with higher homogenization temperatures, thus resulting in faster 

reaction, it is observed, that almost each stage of the curves 

becomes more prominent. This will be clear, If we compare the 

curves for 20 pot, preageing time, in the figures 1» 4, 2.O3 and 

3,0Y. 

It is concluded, that the explanations for various step-

ageing and partial reversion of zones, employed in the present 

study, can be satisfactorily advanced in terms of the established 

principles enumerated in the .beginning of the discussions. 

Purther, the discussions of the step-»ageing processes 

in greater detail taking the case similar to fig. 1.10, makes 

clear all relevant features of such a process. 

Similarly a detailed discussion of the partial reversion 

proceed, taking the ease similar to fig.l.01, can be used for the 

understanding of the other reversion processes employed in the 

present study, 



The apparant aotivation©i onor3ioo for tho migration of 

vaoanoioo E, voro ociculotod g  from the data of fige1.0p 2„0 and 

3.0 . The roou3btc arc U .oted boioa 

llomoonj z Lion temperature (TH C) 	Value of 

3O00 	 0.42 cV. 

350°0 	 0.40 oV.. 

40000 	 0.35 oV. 

The incroaoo in the E voluen, tith inoroaoing T, can be 

oxpiained on the basic of the offoeto of TH, on the conoentration 

and role of vaconcios. With ineronoing the homoGinization tompo-

raturo, the proportion of di-vnoanaioo, rhich have a lower aotiva 

tionab onorgy for migrations  compared to that for a single vacancy 

increaeee. Hence $  looser proportion of single vacanatee #  with 

increasing homoglnisatian temperature is the probable oeuoo for 

dooreaco in values of E. 
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goo 	00L0LUS: 0  

Thorn are mony aspects of the agoing mechanism vhich are 

confirmed by the present study. 

The role of quonch•in vacancies appears to be the most 

important factor in govorning the various aepeote of agoing. The 

much ototor rat©© during ro'agotng are explainable in terms of 

the prevailing cone ontrc Lion of vacancies, the diifuoional cont-

rolled proceosos of miGratton of coluto atoms, and annihilation 

of aoanoios at the tomperature of agoing or re-agoing, 

It hao boon poceiblo to explain the results of the present 

rork on the oot+ablioiiod undorotonding about the oizo of the zone, 

the dependence of thoir oquillbriva number on the ,teeing tompora-

ture9  and the oboorvanco of a pout in roa.totivity at a critical 

mono also. 

Purthor, the results have boon explained on the proposed 

theory that there to a temperature dependanco of the also of the 

cons sith roopoot to their thermodynamic ratability at this tompo-

raturo o 

The apparant, activations]. energy, E for the migration 

of vaoanoiea, was calculated to be, 0.42 eV, 0.40 eV and 0.35 eV 

for the homoginization temperatures, 300°0, 35000 and 40000 

respective y« 	 , 
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600 	8UOGES IOirFOR ?URTUER 12R 

Keeping in view the significance of the present work, 

in better understanding of the pre-precipitation stage of agoing, 

a further advanced work is suggested on the following guidelines:-

1. Electrical resistivity studies should be supported by 

electron diffraction,X-ray intensity#  and small angle X-ra' 

diffraction studies for still better understanding of the 

ii4_, 	 , a ze, shape, number and 

distribution of olu tere and zones# 

2+ The effect of solute concentration can be studied. 

3. Similarly the effect of ternary additions (trace additions) 

can be undertaken. 

4. The study can be extended to sub-zero temperaturee,eo as to 

make the processes slower#  which can be more conveniently 

studied. 

5. There is the unexplored aspect with respect to the determi-

nation of the activationel energies of the reageing processes 

(step-ageing and reversion of zones) as has been hinted in 

Ref. (44 ). 
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