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APSTRAC'l' 

Analysis of the existing interpretations on the 

anomalous of transition imnurity dlffusion At is made, 

A synthes.izing simple theoretical model is developed, 

assuming dislocations decor a tee, by segregation phases, 

which made it possible to interpret the <liffusion anoma� 

lies both quantitatively and qualitativelyo Furthermore, 

the near-dislocation segregation regions structure and 

characteristics are studied from crystallography, 

thermodynamics of solicl.s point of vi8w and dislocatlon 

theory for adequate ·-�xplanation of: the anowalies, 
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CHAPTER I 

rNTHODUC'l'IQN 

Measurements of a diffusion process are usually expressed 

interms of the diffusion coefficient. , the activation 

energy and the entropy or frequency factor, which are 

kno~m as the diffusion characteristics. 

1.1.1 Method of Measurements 

Diffusion is the process by \qhich matter is transported 

from one part of a system to another as a result of 

random atomic motions. Quantj.tative measurements of the 

rate at which a diffusion process occurs .are usually 

expressed in termS of a diffusion coefficient. The diffu­

sion coefficient is defined as the rate of transfer of 

the diffusing sUbstance across unit area of a section, 

divided by the space gradient of concentration of the 

section ; . or as the flux density of the substance at 

unit gradient of the conc6ntrat.1.on. Thus, if the rate of 
.,. 

transfer per unit area of section is J , and C the con-

centl'ation of the diffusing substance, then. 

j '" -DVC • (lola) 

Confining attention to one dimension only, and if x 

denotes the space coordinate, then l.la becomes 

(l.lb) 
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Exp);ess:!.on (1.1) 113 a de£:l.n;!.Uon of the diffus:lon coe;l;'"' 

fie:\,ent D i and is usually referred t:o D.H P,;'ck ':3 f~.rHt 

ID.vl of diffusion. In some cases, such as diffuHion in 

dilute solutions (solutions of solute concentratj,on no 

greater than about 1 to 2 %), D can reasonably be taken 

as constant, in others, such as diffusion in concentra~ 

ted solutj.ons, it depends very markedly on concentration. 

Cons;l,de:t'able number of works of different investigators 

have been concerned with experimental measurements of 

diffusion characterj.stics in face~centered cubic (£.c.o.) 

d;l.lute metal solutions, There are a number of ways in 

~Ih:lch th;/..s can be achleved. The Radiotracer Method is 

cOlltl1lonly used in finding the distr;l.buU.on of an impur:l.ty 

element ;/..n a solid, in I1M.eh the radioactive isotope of 

the impurity element is used, In this technique, a closed 

tube diffu/3ion is carried out by plating a thin film of 

the diffusant radioact;l.ve onto the flat face of a metal­

solvent sl;l.ce. The film then becomes the diffus;l.on source 

(solute). The metal sl;l.ce is taken from tube at the end 

of diffusion, and a thin layer is removed from the sur­

,face, The rqdioact;l.v;l.ty of the layer is counted and 0010-

)?arec'l, w;l.th that from a standard p;l.eoe of the element. 

The amount of the inlpur;tty element in the layer can then 

be calculated, and if the d;lmens;l.ons of the layer are 

known, the luean concent)7at;l.on of the element in the 

l<l.yer can be found. Further layers are removed, and the 



procedur.e is repeated, In this w,W the c1:1.ffus:l.on pno;l;;Ue 

of t:he impud. ty i.n tho 1netaJ. :tB plot ted, 

'rhe distl::l.buti.on of an impurity after diffus:Lon can 

obey the "thin film" solution of the diffuslon equatlon 

C(x,t) (1,2) 

~~here C(x,t) is the concentration of tracer at a depth 

x from the cross-sectional area S after a diffusion 

time t, D is the tracer diffusion coefficient and go the 

quantity of tracer originally at the surface. The D 

values are calculated from the' experimental plot of log C 

Si.nce c1j.ffuslon occurs as a result of the random motion 

of particles, which are ali-laYs thermally activated in 

solids the diffusion coefficient thus becomes a very 

strong function of temperature (T) and a relation of the 

form 

(1,3) 

is often followed, ~~here the activation energy (Q) and 

frequency factor or entropY factor (Do) for an impurity 

diffus;lon in the metal~solvent are derived from the 

l:i.near plot of log D versus liT. The diffusion coeffici-

ent is then a constant at a constant: temperature, 



1 .1.2 1'YEesof. Expert~~al~esul tfJ 

Neasurenlcnts of the type discussed 8.bov~~ h8.vG heen ll)<,\de 

by many hwestigators for a large number of solutes 

(transition and nontransit:Lon metals) in Alu.nd.n:lum (A~). 

Thet'e are several types of experimental results that 

are commonly c1ra\'1n upon. Some of them are the following: 

i) The so called "Impuri.ty Diffusion Coefficient" 

denoted by D, describes the limiting diffus:l.on rate 

of solute· at extremely Im'1 concentration in the 

solvent. D nearly always has a slmple Arrhenius 

type temperature dependence given by expression (1.3). 

ti) D is always compared ~Iith Os ' the pure solvent self­

diffuslon (the diffusion of radioactively-labelled 

atoms of the solvent itself) coefficient. D for any 

solute may be either larger or smaller than the 

self-diffusion coefficient Os ' ~Ihich also varies 

~Iith T like (1.3) 

(I. 4) 

wj.th activation energy Qs and entropy or frequency 

factor Dos' The differences betvlsen D and Ds are 

related to changes in both the frequency factors 

(Do' Dos) and the activation energies (Q, Qs)' 

A significant feature is that the differences in act:l.va­

tion energies, 

(1. 5) 



Ul:El RU:f;:f;:tc:l,ent.ly J,u?ge to be the dom:l,nant .in;l?tuence in 

. determining whether D is greater or less than Ds I so 

that it is about a theoretical intel.'pretatlon of I1Q 

that an understanding of the relative diffuslon rates 

of solute and solvent largely hinges. 

Nontxansit:l.on impurity diffusion in AR. shows no:t'1l)l:\l 

diffusion rates' and characte;dstics at high 1:emperature, 

but transition i~mpurity diffusion.in AR. shows gross 

departures from normal solute difful'lion ratel'l and chara.c­

ter;l.st;!,cs. 

At high temperature, close to the melting point (m,p.) 

of At, , nontranl'lition impurities revealed a pattern of 

bt-t.aviour that has COme to be known as nnoxmal impurity 

d;l,ffus;!,on" wj,th charaoteristics (001 0, D). The essen~ 

Ual feature of this ;!,s that D and D/3 do not usually 

diffeX' by more than about an order of magnitude;;;.t the 

m.p. :ehe nelative values of D andDil are determined foX' 

the most pal:t by express;l,on (1. 5). It is well kno"m that 

the d;l,fference bet"l'leen the actlvation energies for 

:!.mpur;l.ty B.nd self-diffusion, (AOl 11\.1\P, Can be c"lculated 

theoret;l,cal1y by the LeClai:;:e",IJ1'\za,X'Us Inodel, which y;l,eldS 

a good agreement. with the expex:!.ruental data (Chapter' 2). 
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Important among othe);' defects pres~mt in ;;"ea1 Cl:ys"talllne 

solids is dis1ocat:ton. 'I'here l.1.1:e seve:t'al basic types of 

dislocations. '1\10 baslc types of dislocations, edge and 

scre"l dlslocatio!1s, are illustrated In Flgure 1. 

The mosi; stra.i.ghtfonliu:d way that a d:l.slocation can 

lnfluence diffuslon .is to act as a "plpe" of high diffu­

sivii.:y, fast dHf:usion. Th:ts dtnlocation pipes can 

exhibit diffusiv:!.t:l.es graa'ely in excess of the surround­

ing lattice, and Can therefore act as short-circuitlng 

paths relative to lattice diffusion. The presence of 

such defects in the solvent produoe enhanoed diffusion at 

relatively low-temperatures in the case of nontransition 

" lropurities diffusion. The assoclated segregatlon tovlards 

dislocatlons, discussed by Cottrel and Nabarro which has 

come to be Imo"m as Cottrel cloud, can be due to elastlc 

or electrical and chemical interactj.ons due to ~he straln 

fh .... d of the dislocation. Such a fast diffusion could be 

explained satisfactorUy using Ha:ct~Mortlock theory which 

in turn employs the Cottrel cloud. 

Nontranslt:\.oIl lropurH:y dif£us.ion in A9.. , vlith the '\;\<10 

feasible :t'csults (normal and fast: diffusion at high and 

relatively 10\'1 temperatures, respectively) and their 

defining theor:l.es, if3 sUlMlarized in the chart below: 

I 



F~f~:~r"-':-~J -< --_j;:::f~;::::] 
Vi 

I~I~P-;;.i~;-;L if~;';i;~~l (Now!;Y>ansih:on) J 
__ ~~ ____ ,l~~~-~'_~_~:--~~~~~:~---
[~~,8 t _~i f~~~~o~, __ ~ ____ ~] 
I - At Relatively LOl~ T. I 

I 

- Hart-Moriloel< 1'heory I 
I 

Using Cott1'e l CZoud I 
1- ~ .~ _ _ ~ .~ ._~ _ ._ __ _ .~.) 

. . l 
I_N~;"r~al Di~fu~ion - '/ 

I -Ai High T. ' 
I ' 
I I 

LeCZaiY>e-Lazarus I 
I 

~-~~~~-~----.: 

Unlike the nontransition impurity diffusion case, many 

investigators on the diffusion of transition impurity 

in A9- have obtaj,ned low values of the diffusion 

coefficient \-,1111e, a feN f investigators have got normal 

diffusion coefficient values. According to the experi-

mental data of some authors slow diffusion is exhibited 

\'lith diffusion coefficient: 1-4 orders less than the 

self-diffusion coeffici(-)nt (Os), '£he slow diffusion in 

turn is characterized by two groups: a series of tracer 

diffusion results In A,~ characte~:ized by anomalous low 

frequency factors and relatively low Q which have come to 

be knm'ln as "anonB.lous 10;-1"; ar.-d a ser:les of tracer diffusion 



(~lle):g hl13 Hnd relatlve.ly h 19b :,;:cequenoy fiwl.:orG \'lh,1.oh 

heWEl COlHe to b~l knm/n as "anomalouG high" 0 Hmwe, trarl'-' 

sltlon impurity d;l.ffunion in AR, proceeds Idth nnomalouG 

high characteristics (1)* Q" D*), anomalous Im'l o ' . J 

characte:cistlcs (Do*" Q D) and normal (D Q D) ",'9,'!/, '-, a'·' 
values (close to the self",d;tffui1d,on character~,13t:!.cs of. 

Q* ,. Os" OR, 

D " D s holds. 

[) '" I) 
O "t 0" 

and 

In the 60' sand 70' s of th:!.s century there had been 

discusslons in the leading journals (Physical Rev:l~lw, 

Act(t Metl;l,llurgica, Philoso)?h:!.cal Nagazine t Journal of 

Applied Physics, Journal of Physical Sooiety of Japan 

and etc.) .of the wo:r.ld on the interpretatton of the 

anOl11a,l;!'es transit;!'on ;impur:Lty diffus;!,on experimental 

o :l. The discuss;l,on stopped, somehow, ~lithout any form 

of interp:r.etation. So far no conlplete explanation of 

the;!,r diffus:!.on mechanism has been found although several 

att.empts have been made. But the nm."1llal d.iffus.ion result 

could be expla:tned by self~diffus;l.em vacancy mechanism 

l:l,ke nontr.ans:L \:ion no;ej\Jal diffusion, For normal d:lffu.don, 

the d:!.fference in the aotivation energies (I.lQ) • calcu-

lated by 'ehe LeCla:tre~r,azarus model , gave good agreement 

w·:!.th the tn:per:lmental dqta as ;tn the nont,rans;lt;!'on il1)l?U~ 

l:';\.ty d;lffuaion OatH'l, 



FJolvent (AR,) the sm(lle :!;rl1pn;cU:y (t.;r-ansit:l;on mete.l) 

hcl've no',: be on oxpJ.a:J.ned theoZ'ot::I.cally f whero as the 

nannal cUffusj.on :l,s expla:l;ned hy LeClail:'e~I.azarus 

model. 

'l'he trans~,t;l.on impur:!,t:y dif.fus:i.ol1 in A~ with the three 

possible exper:i.mental resuH:!'), anomalous high, anomalous 

lot., and normal r is fltlll1fll(u:-ized in lohe chal't beJ.o~H 



·, 10 c, 

bS{lll repo:cl:ed,' hut on tho "'.nOT~almHl h:l.gh and lO~l oha1'ao'·' 

t(')ristics numerous r0nul!:s have been reported. In tlle 

60' s the anoma1.ouH IO'\'! relHll'cs ,'10l:0 beH,eved to charac~ 

ter:l.:lw true vol1mle d:tffu8.t0!1 and had been published in 

met~~l hand books. l~atel? on anomalous lo\~ and normal 

values were believed to he e:croneous and an0Jnalous high 

was thought to chm:acte:t';I.:':El txue volume diffusion. Nmla­

'daYft, the anmtlalous high values are given in metal hand 

books 1'1.13 true [lJ • 

. ·'.Phe p:ceaumpt:1.on that tlle art0Jualous 10w' characterist;l,c 

v<\J.ues \'Texa due to sYfltema,ti(J errors ,'las sho~m to be 

g:r.OllfiCP_,:,';f; 0AJ?e:dmentally, Als0 1 by reducing tlle dislo~ 

·ca,t:l.on density a shirt fron) nnomalous low to high charac~ 

tillr:l.flt::tC$ was fJh~,,~n. :1:t: ,,,as concluded that the slow 

<it/. p""'"J.vn ',.70 '''' impu;c:!, ty ;Ln 1\1; , .~u t~l" near surf<\ce 

'Z0ne, Ph'OC<lH',l'II,d ~Iith <\l1o)l)alous 10\,1 oharacte:cistios. 

beCi'\U~1e of the oaptm:("l of the o.:tffusing at:oms by the 

dislocations ;!.n the !1eetr.e su1'face zone, Th:ts capture of 

the i1J1);~U:;;~, ty atoms leads to segregat:!'on of dif.ferent 

f0:tlll$ , The ut.te}lll',t to e.nrp,loy 1:h6 Hart-Mortlock theory 

togiilt!l(n' ~l;f,th Cottrell cloud to ;i.ntwt'prate the transition 

~J\)l?u:1;'Hy d;l.ffusion CUl.oma.1;l.es has fa:Ued (Chapters 3' & 5), 



- 11 ~. 

From the analysj.s of the l:i.terature expc~ri1nental data, 

in ChaptEn~ 3 f the following conclusi.ons a:('e drawn: 

t) 'rho neiJx'-surface effect. and the anomalous dU'fusion 

chcu:acteristlcs are caused by high dislocation 

densi ty in the near··surface layers. 

ii) Norrnal characteristics can be obtained when the dis-

location influence is negligible. 

iil) The anomalies of transit.ion impurity diffus1.on in 

A,R, arc dUG to dislocations \d th segregation phasG8, 

iv) The existing models of segregatj.ons on dislocations 

could not explain the diffusJon anomalies. 

Aims and Objectives 
---.--~. -=--~--~~--

Trans,i.t:ion metals are the most irnport.ant: components for 

many A,R, alloys "lhich are \'lidely applied in modern tech~ 

ne J.:Jgy (especially in aircraft and space ones). According 

to scientific predictions A,R, alloys will have vlide uti'~ 

lizatioll tn the future technology due to '\:ehe relaU.vely 

large stocks of. A9- in the Earth. 

For optimization of technological regimes of obtaini.ng 

and the:cmotreat.ment of A9- alloys, it is necessary to 

know the mechantsms I models and true cha:cactel:ist.ics of 

t,he ;'.mpuri ty diffus ion i.n A9 •. 



'fhe object of the present: work :l,s to 

i) develope a syntlwsiz:U:19 theoretical model based on 

the influence of dis10cati.ons decorated wi th segre~ 

gation phases, and obtain fast, normal and slow 

diffusions as particular cases. 

U) develope the corresponding segregation model on dis-

10cati.ons, instead of Cot.tre1 cloud and crystalline 

preclpitate phases. 

Hi) demonstrate that the same anomalous behavior is 

sho~m by all trans.ttion .tmpurities in A9, and thereby 

show the capacity of both the theory and segregation 

model to int.erprete the anomalies by taking .tron (Fe) 

in A9, 

;!,v) predict the diffusion behavior, 

1 • 4 tiJ eotheses 

Based on the exper.trnental data analysis the following 

hypotheses are framed t.o develop the theory and the 

segregati.on phase model. 'fhe hypotheses are proved theo­

retically. 

1. Local equilihrimll exists bet\~een the crystal region 

cont8.i.ning no dislocations (mat.r.tx) and the segre­

gat.;lon phase regions along dislocations. 

2. The impur:l.ty d.tstr.tbution la\~ betlveen the mat.rix 

solution and the segregati.on phase regions is linear. 



Using this two condl tions the effect:i ve diffusion 

coefficient: is obtained in Chapter 4. Prom the inter"' 

px:eta-r:ion j.t i[:3 found ':.:,ho.c anornalouf.; low character.i.;st:.ics 

are obtaj,ned when diffusion proceeds along decorated 

dislooation \1i-th segregaLion phases, anomalous high 

characteristics are obtained ~lhen l-etarded volume diffu­

sion a'ctended by trapping of the impurity atoms pl-evail 

and normal oharacteristics oharaoterize true volume 

diffusion when the dislocation influence is negligible. 

Treatment of -the experimen'cal data, using the developed 

theory, indicates some m" the features of the se~rr'ega'­

tion phase regions (Chapter 4). Consequently, -the J.nfea­

sibility to use the Cottrel oloud or crystalline preoi­

pit:ate phases is shown 1.n Chapter 5. 

3. The struoture of t.he neill;,·"di.slocation segregation 

phase regi.ons is close 'co the struoture of the corres" 

ponding intermetallic compound \11. t,h some degree of 

a.morpi1:i,zation. 

BaSHd on the third hypothes.i,s, a1 terna-te microregJons 

~lith h:i,gh and relatively 10\1 degree of order are consi .. 

dered in the f.tna1. chapte:t'. Sinoe the melting points of 

intermetallic compounds (for example PeA9- 3 ) aX'e hlgher 

-than the In. p. of A9, crYGtal and therefore muoh higher 

than the'diffusion anneali.ng temperatures, the secondary 

applicatj,on of t:he Hay'·t""~jortlock theory is made to inter~ 

prate diffuslon along decoratec) dislocations (101'1 charac'~ 

teristics). Also, the structure of the seCjreuation phase 
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l'egions and substiint:LaU.on of the effective distribution 

law are promoted :b.'om crystallogl:aphy and the:cJlloc1ynamics 

consideration using the dislocation theory. 

In the subsequent. chapte:cs the diffusion of foreign 

atomG 1n a latLtce is referred to as impu:dj:y d:l.ffusion. 

The diffus:lon of i.mpuri.ties \'lhJ.ch occupy normal lattice 

sites, Le., I'lhere the i.mpurities have simply replaced a 

certain muaber of atoms of the host lattice (AP,,) , which 

is lmmm as subsU,tutional impurity diffusion, .i.s only 

discussed. In addition dilute solutions are considered. 



(a) 

~'tg .1. '1'1'10 ba.sic types of dislocations are i1} ustrated. 

a) ':ehe (~dqe dislocatton can be viewed as havinq 

bc(:':n formed by slicing the crystal vii th a. kni fe 

pa1.'l~\>Iay in from the top and inser.tinq an extra 

halt- plane of a.toms in the cut ~ 

b) rJ'h(~ ~:;CJ.:e\'1 Ciislucation couJd be produced by 

s.LLciP9 PC::\.J,~t'Vlay in f.t:om i:he rlght and shearing 

the cry;"d:c_d pa:t'dllcl to t.he slico by one atomic 

spacing, 
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In very d:Llu\:o alloys solute atomfl m:e sufficiently isola-

ted from one anoth(,x' so that the interact..i,on between them may be 

neglectel and each at:om Gan be l;egarded to d.i ffnse nearly indepen-

dently of the ot.hers. '1'lwm:,et:tca1 U:Gatment of ·the total diffu~ 

sian then becomes simple. ~ehe (oxpresfliolls for diffusion proper-

tj,GS Ci'\l1 be I>I:ci ttcn in te:cms cf compaJ:atively few but explicit 

<lnd well dofined flOlute and solvent jWl1P frequencies <lnd solute 

defect interact:io.l (mergies. Such expressions are described and 

used in reviel'l:tng the general features of experimental results 

on dlffusion in di.lute alloys, 

By far the greatest amount of experilnental information [2,3] 

comes f,;om meat;uJ:'(oments of Ds and D, and extensive and 

systema'i:.ic studi(~li revealed normal impurity diffusion beha­

vi.or. 'rho important. feature of normal diffusion being that 

D and DB ;Ii. '.,',,1;' by less t.han an m:der of magni.tude at the 

m.p., due 1:0 ths comparatively small differences beb'lOen 

Q and Q ancl betvlOcn)) and D .' Roughly, 0.1 < DolD <, < 1 
BOOS o~ 

and 0.8 < Q/Qo < 1.,1 , \'1itch smaller (larger) values of Do ., 

tending 'co be associ.a'ced with smaller (larger) values of Q. 

For systems that are norlllal 'Ilith respect to their diffusion 

characterlstics, it :1.13 usually assumed, becau.se of the small 

differences in properU.es I that the solu'ce <Uffuses by the 

same vacancy mechi1nimn that: is so l"el1 established for self·~ 



dtffuDion of: t:h0 pl.n:'"o solvent [_ 

Jfhe liteL'D.turE-~ Gxr)e:ciment~tl.:L do.to' of se.l.f'''d:i.:efusion (D f " as 

QSf Ds) and some snj)st:itut:lonal impu:r:'ities diffusion (Dor 

Q, D) charact:eris-'c.ics in 1-\9., are g:J.ven in Tables 1 and 2 ~ 

As i 1: can be seen 1n these tables I the no:cmal diffusion 

regula:dtie,; an:, viJJ.id :t'0l: most: of the impurit,:i.es In A9, 

except some transJ tion :Lmpuri ties, TablE' 2, 

If normal. difflls10n occm:s by vacancles, all measured quan-

t.l ties oan be expressed in te:cms of vacancy concent:rat:ions 

and vacancy jump f:':GCjuencies. F:tg·. 2 shows the "5-f:cequency 

model" comrnonly employed to discuss d1ffusion in dilute 

Lc.c. alloys. A solute atom if} shown shaded. w2 is the 

jump frequency for a solute at:om-vacancy exchange f unique 

when the solution very dilute. Near to a solute atom 

solvent at:orns may have jump frequencies whi.ch are dlfferent 

from the value (00 cha1::actwcisttc of pure solvent: w1 is 

defined as the frequency fox' solvent-·vanancy jumps behlCen 

a pair of sites that are both ll~,arest nei.ghbours of a solo. 

ute I w3 for vacancy jumps from 1st to mm:e distant neigh-­

bour s,i,tes (2nd, 3rd r 4th) ""dissociative jumps" ,- and w4 

for the reverse "associative :lumps" onto 1st neighbour 

si tes. All other solvent"vacancy jumps are asslmled to occur 

\vi th the f:cequency (00 • 

If lIl-I
sv 

is t:11e j.nterac'don energy (minus the binding energy) 



of a solute "tom \'li th <\ neax'est nej,ghbollr vacancy, the 

probability 1.s ex)') [,~ (H + Ill! ) /)<'1'1 . v BV J t.hat a vacancy occurs 

on a particular site next to a solute atom, compared l'lith 

the probability exp (-H /H'l') of oocuranee on any other site. v 

Hv is the vacancy formation energy in pure solvent. To 

maintain dynamic equilibrium betloleen these vacancy concen-' 

trations demands the relation 

(2.1 ) 

Each and every jump frequency has an arrhenius type tcmpe-

rature dependence with activation enthalpy H, 'and pre-expo-. 
J. 

nential factor v. , i.e. 
:L 

[,j, ~ v, exp(-Hi/RT) 
J. J. 

The activation entropy is contained in v,. 
~ 

2.1.2 'I'he Equation of IIQ 

(2 .2) 

As mentioned in Chapter 1, the differences between Ds and D 

are related to changes in the activation energies f (flQ). 

Attention has been given to try to account for the differe-
, 

nces betl'/een D and D and betloleen Q and Q
s 

instead of o os _ 

calculating Do or Q directly. D is increasingly greater or 

less than Ds according as I\Q is more negative or positive, 

respectively. 

The pure solvent self-diffusion coefficient can be found to 

be 
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(2,3 ) 

for f .c.c. metals, ~Ihere a is the latt.ice pm:'ameter; f,. is 
.0 

t.he correlation factor for self-diffusion by vacancy mecha-

nism, in this case a numerical constant equal to 0.7815 

for f.c,c. 

The equation for D f the impurity diffusion coefficient, is 

airO.Har to (2.3) with (0)2 and f in place of (uo and fs and 

~Ij. th lIHsv added into the vacancy concentration term, 

where, f is the correlation factor for impurity diffusion, 

is not merely a geometd.caJ. factor; w2 is t.he effective 

vibrational frequency of an impurity atom. Solvent jump 

frequencies enter into D through the correlat.ion factor f. 

In simple case, like vacancy diffusion in isotropic crystals, 

f hao the fOrm [27J 

f , (2 .5) 

\.,he1.'e u is a function of all the solvent jump frequencies. 

u has the expression 

(2.6) 

where 

p(oo) '" 2 Fel) .- 5,15 i F(O) ~ 7 
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f :ls small. 'this is because one fwlute 

jump is then highly likely to be follO\°lCd by a Docond 

jump in the reverse direction. When w
2 

< < u f if:) near 

uni ty. This is becallse the vacancy in this case makes many 

exchanges \'lit:h solvent atoms after solute jump and so 

becomes near randomised in position I'li th respect to the 

solute before the second jump. 

From the definition of the experimental activation energy 

Q ~ - R s 

(2.7) 

and equations (2.3) and (2.4) ~Q is readily found to be 

(2.8) 

\'lhere lIH2 '" H2 - Ho and C "" R () log f/3 (liT). f s is 

constant but f will val:y I'lith T if the component frequencies 

have different activation energies. Usually C \olill be nume-' 

rically smaller than lIII2 - lIH • . sv 

When C va):ies \'lith toemperatll)~e there is a corresponding 

variation of Do' for this is easily seen to contain the 

factor f 2 exp (-c/RT), I'lhich is independent of temperature 

only when Cis. 

EqUation (2.8) expresses the fact that solutes that attract 

vacancies (i.e. lIH v positive) and also exchange \'lith them s 
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much more rap.idly than do solvent atoms f so that: (02)> uJ _ 0 

(i.e lIH2 negat:.ive) , l'Ii11 have negative values of. lIQ and 

are therefore most likely to be fast diffusers. 

2.2 LeClaire - Lazarus Model - -

To calculate lIQ it i.s necessary to compute energy dlffere--

nces M!sv' MI2 , etc. '1'he only model from which 60 has 

been derived in a direct manner is using the well--knov/n 

half vacancy electrostatic model [28,29J • '1'h1s screening 

theory proposed by Lazarus [29J and used \'Ii. th considerable 

success by LeClaire [28J is also known as LeClaire-Lazarus 

model. This calculates 60 in terms of electronic properties 

and glves an lmmediate explanat:Lon of the correlation of 60 

1'1i th vacancy t:hat ls observed ln many syst:ems. The energy 

of any conflgurat:ion in the metal containi.ng solute di.ffers 

from thal: of an equivalent configuration in the pure metal 

only by a term due to the interaction behleen the vaoancy 

and the screened effect:ive charge difference betl'leen solute 

and solvent lon cores. 

The screened intel"action can be calculated in the Thomas-

Fermi approximation. A free electron model is assumed for 

the pure metal wi th the posi ti ve ion cores smeared out: to 

glve a unlform positive charge density equal to the uniform 

negatlve electron density. Adding an impurity atom is rega'~ 

rded as replaclng a solvent ion (of charge Zoe) by an ion 
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carrying some cUffe:cent ef:fectj,VG clHu:ge (of ch<11:go Z2e). 

Tlle difference in charge, Ze ~ (Z2~Z())c . is considered to 

be concentrated as a point oharge situated at t:he centre 

of the impurit:y atom. Ze attracts GlectJ~onB (if pos:U:1.ve) or 

holes (if negative) BO as to screen out the charge at: large 

distances and the electrostatic potential due to tt, V(y), 

is changed from -I- Ze/y to a value which may be obtained as 

the solution of the Thomas·-Fermi equation. The extra Z cone. 

duction electrons 11hich enter with thEl solut,e atom go into 

the conduction band and maintain the Fermi-energy E:F . cons­

tant, provided the concentration of solute j,s very small. 

The Thomas-Fermi potential form, the leading 'cerm at a 

distance r from the excess point charge, can be given as [30J 

V(y)- Ze 
(f. GXp(-qy) (2.9) 

y 

I-Thero (J, is a knmm function of Z 31 and of order unity 

and q is the "screening constant" given by q2= 4nN(r;F)' " 

N (£F) is the density of states at £p t 

The three terms in equatl.on (2.8), Viz., ill! f llH2 and C 1 sv 
can be extirnated as £011011S: 

LlHSV ' A vacancy is usually regarded as an impuri ty vii th 

effective charge equal to - zoe (-3e in trivalent A9,). The 

change in the energy of formation IlH is aflflumed to be 
sv 

mai)11y to the electrostatic interactlon between thG vacancy 

and the imp11J:J. icy ion "Then they are nearest neighbors. The 
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equal teo a (see FiC). 3). 'l'hen, 

a Z eV(a) ~ 3eV(a) 
o 

(2,10) 

v (y) is given by (2.9). 'J.'110 values of 1I1I are Hsted in sv 

'l'able 3. 

IIH2 • When an atorn jumps fJ:om one sit to another 1 t is the 

change in energy on passinq f:r.om the equiU.brium to ·the 

saddle-point confiCjuration vlhich det:ermines the activation 

energy H. ];'or the saddle-point configuration, it is assumed 

that the diffusinCj ion, situated midway between two equilib-

rium sites, is flanked by two half-vacancies whose charges 

are aSSUJl1ed to be centered at the centroids of the hemisphe--

res (see ~'iCj. 3). 'l'hen, /lH2 is estimated as the difference 

in electJ:'ostatic inte:cact:lon energies between the tl'lO cllar--

ged each carrying effect.lve charge of --J, Z
o
e(-3/?e for A,Q,), 

each situated at a cUstance (11/16) a from the impurity 

ion of effective charge Ze, and a charge ·.zoe (;-3e for A,Q,) 

situated at a distance a from the impurity ion. 'l'hUB, 

(2.11) 

The 1astte1.'m is siloply t'>Hsv I so that 

6H - t'>H ~ - zoe V(11/16 a ) . 2 sv 
(2.12)' 

'rhe value of LIH2 are listed in '['able 3. 

C. The expression for impurity dJ.ffusion correlation factor, 

1n fair approximat:LoH, 18 given by [32J 
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U,13) 

where w, 113 g:l,ven by eg.C?,2). Dlfferen'cial'.ing Eq.(2.13) to 
1, 

g1ve e leads to an express10n which is easl1y thrm/D into a 

form oonta1n1ng only tho diffm~onees 1n neti vatj,on energy 

lIH:l '" Hi - Ho ' and the l:'aU.OB of the fl:equency t:erms, 

\)i/\)o' A value for the ratio \)2/\)0 can be found by equating 

the theoretlcal and experlmental values for the ratio D/Ds ' 

Thls leads, uslng Eq. (2.8), to 

D f 
o s / D--f' ) ex)? (e R'!') . 
os 

(2.14) 

No corresponding Hxp:tHsslons can be found for \)1/'\)0 and 

\)3/ \)0 I but since these frequencles all refer to varl aU. ann 

of the same atomlc npecies, it 113 possible to assume that 

the ratios are both equal to one. The expression for C then 

reduces to the equat10n, 

c .~ x 

The values of MIl and llH3 can be estimated by analogy, 1.e 1 

by conslde}:!.ng the saddle polnt conflgurai.:ion. 'rhe caleula" 

tion of the cor:t'elation eorrect:lon C is then obtained by 

solutlon of Eq.(2 .15) after substl tutinCj it: by the estlmated 

values of Do and Dos 
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For postttve Z impl1:cLtte8 i\Hsv and lIH2 are pos:l,t;!,ve and 

negative, renpecti vely; they attt'act vacanclen and 'chere 

is a X'eductJ.OI1 of the saddle point energy of thoLe jumps 

relatlve to that: for pure solvent atom Jumps. C also turns 

out 'co be negative in this catw [28J but appreciably less 

nume:d.cally than the difference MI, .... LIB I so that fjQ is 
'" BV 

negative. 'l'hEH3e <\l'O precisely the properties of completely 

normal lmpud. ty diffus:Lon. 

Table 3 sho~m some valu<,s of I1Q calculated from the model. 

It is, hm'/ever, \'Iell knmm tha·t the Thornas-}.'erm:L equation 

(2.9) is a rather rough approximation to V(y) and that more 

accurate expressions are available. These are based on the 

Hartree equatloll and have been developed by Kohn and Vosko, 

Friedel, 11<1.1:c11 and others [33·,39J _ '.rhey do not differ much 

from the 'rhomas"~E'ermi potentials at short distances but have 

;l.mportB.nt and highly s;/.gnLUcant property of becoming 

osc~.:lJ.atQ):y ai: larger c1j,stancefl: the differ(mces here are 

theref ore p:cofound. 

No\'l at least: for monovalent metals it turns out that the 

d:l.stB.nces of :Lnterest: in a calculatl,on of I1Q are comfortably 

\-I;1.tI11n the re9ion ~/here the potentiB.ls are siroD.a!: f so it 

matters U,tU.e \'lhich potentj,al is used: both g:lve sim:llar 

values of lIQ [40J. However, for polyvalent metals, on account 

of their higher electron density, the oscillatl.ons become 

effective at nearest nelghbour distances or less and so 

helVe a profound influ.ence on the value of: f..Q • In particular, 
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with possible chanCJes nO\'I in t:he 8iCJn of V(y) 1n the rele"' 

vent range of Y I the:ece is no reason always t:o expect for 

solutes in polyvalent solven'i:s the same slmple dependent of 

I!.Q on valence that one f1nds for normal monvalent solvents. 

It 1s perhaps surpr1sing I in viel-' of theBe remarkB I that a 

normal valency dependence .i.s not found in A9, f for 1·/h.ich the 

data I as BhOl'll1 in Table 3 I are particula:cly extens.ive. All 

the nontransit.ion solutes show normal (diffusion in that Do 

and Q differ little from Dos and Qs' but:. I!.Q remains compa­

ratively small and BhO\./S no obvious dependence on the valency 

difference, despite this variation all the \'lay from -2 to +2. 

The other interesting feature is that the transition period 

solutes ShOI'1 unusually large values of Q and Dol although D 

and D still differ comparatively llttle near ·the melt:tng s 

polnt. 

2.2.2 Oscillatory 'l'Y12e P?tential 

It is well known that the d.i.fference betl.,reen the activat.i.on 

energ.i.es for impuri'cy and self-diffus:J,on in noble metals 

can be interpreted by the I.eClaire-I,azarus model containing 

the electrostatic shielding around the Impuri ty in 'rhomas-

Ferm:!. approximation. In polyvalent metals, hm/ever, theore·~ 

tical calculations based on the above approximation y:!.elded 

bad agreement with the experimental data (see eg.[6]l. It 

is reasonable to suppose that in metals having higher valency, 

the ThOmas-Fermi model, leacUng to an exponent:ial dependence 

of the sh:!.elding potential on the distance from the impurity, 

is a very crude approximation even for first neighbours. As 
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was shown by theOi:etical ci'\lculat:l.,ons [34,35] and by expe~ 

rimental nuclear magnetic r.~~asonance (N~lR) :i.nvestj,gations f 

the excess potential around impur.'ities has an oscil1ationa1 

character even in noble metals. It can be expected that the 

shielding \,lill be stronger 1n A9. because of the larger e1ec-

tron densit:y, and the oscillations will occur closel.' to the 

impurity. 

For a feV! impurities in A9., calculations have been made 

[21,10J of I:JQ that recognise the need to use a more correct 

oscillatory type of potential for V(r). The results of these 

calculations (Tables 4 and 5) are in reasonable agreement in 

sign and magnitude for some nontransi tion impUl:ities. It ls 

interest1ng 'co note that the slgn and magnitude of I:JQ theore" 

tical (I:JQTh) and I:JQ experimental (I:JQExp) depend on the choice 

of the experimental values of the characteristics of impu-

ri ty and self·-diffusion (Table 4) and usually coincide in 

order of magnitude \·/ith scattering of the experimental data 

on Q and Q obtained by different authors (1'able 1). 1'here­s 

fore the quantitative comparison of I:JQTh and IIQExp,iS ra­

ther diff.icult. 

In the calculation of Q 21,10 the asymptotic form for 

v ( ) employed, 

V(y) '" 
41TK 2 

F 

(2.16) 

which ls vaHed onl.y for large y [36]. KF is the Fermi. ~lave 

vector for the solvent (1\9,) r u() a constant and <P the phase 



factor. The value of a and ¢ can be GBt:iloat:ed from elect~ o 

rical resistance or Nt·IR Ineasu):'ernents, 

The simple haIf·-vacancy electrostatic model seems to provide 

a satisfactory quaE tative, and in llIany respects quanti tao, 

tive, descrip'doll of: the main features of normal impurity 

diffusion in spi t8 of i·ts obvious shortcomings. At the same 

time this model is based on :cough assumptions \'lhich is neces-

sary to exclude in more better models, Viz.: treating the 

impurities, vacancies and half"vacancies as effective point 

charges; neglecting the size factor (dlfferences in atomic 

radii) and lattice relaxation i and employlng the free 

electron (sonunerfeld) in the derivation of the expressions 

for V(y) and so on. Analysing the experimental and theore-

tical values of IIHsv and lIQ'l'h for Cu, Ag, Zn, Ge, Sb in A9-, 

obtained in the framework of the electrostatic model of 

halfvacancies using both types of potentials (expressions 

(2.9) and (2.16» I Peterson and Rothrnan[6] came to the conc­

lUSl,on that the original modification of the electrostatic 

[29J (Li\Zarus) gave mOJ;'e ~;at;!,sfact.oJ;'y agreement with experi-

ment, The authors noted also that the consideration in the 

framev/ork of the 5\,lallin ·theory [40] of the size effect on 

lIQ arising from the difference of. atomic radii of the impu-

rity and the solvent did not. describe the experiment altho-

ugh there \'10.8 some corre1at.ion between relative values of 

the impuri·ty di.ffusl,on coefficients and the influence of 

the impuri tieG on the 1at.tj.cH pHrameter of the mHtrix. 
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Whlle there has been cons:ld81:c,blc>, effo);l: over the last t~IO 

decades 0:1.' H\o~.'e to d(ow<clop more satisfactory theoretical 

description of vacancYO'lwl ute :l.n te:cactlons (for calculat:lon 

of lIHs -<) f fo~: lnsl:alwG [33, 4 1,J I V<'3:(¥ less attention has 

been given t.o t.rentillg the saddle point eonfiguration in 

a more reaJ.:L;tic \'laY for caleulating the lIH i . Among the 

fe~l effort£\ in t:h,i,s direction, J·t is necessary to mark the 

work [46) :1.n \-Ihich the VC1lue of lIQ vlaS estimated using 

the point chm:g0 model and self-'consistant potential of the 

Hartree type that avoided reference to half-vacancies. llH2 

and C were found to be 

larger than derived by 

appreciably smaller and lIH rather sv 
the crude model [28] f the net 

result for lIQ being in rather less good agreement 11ith 

experiment. 

More recently r pseudopo1:enU,al methods have begun to be 

appl:ced to oalcnlati.ng 1;he migration energi(~s [47 I 481 I but 

there seem GO far t.o be no X'c;3ults suff5.cient:ly complete 

for diJ:ec-c cOJi\par:l.i3011 \·,i th 8xpc7:ciment. Using the pseudopo-

tentiaJ. mct:hod the values of 6Q for diffUflion of Cd and Zn 

:In A9, vlere obUd.ned whi,ch are close to the exper:lmental 

values. But t:he value of IIQ for lI'lg ;l.n A9, f calculated by 

this method (19) 1 diffe:cf) from t.he expc'7rimental values in 

sign and magrd. tude. 



Solute dlff:uBton indicat.es 'chat <J. co:crcllation extsts bet·· 

~leen the frequency factor Do and the act.ivo.tlon energy Q 

in a given solvent. Therefore, 1t 1s expedient to consider 

the correlation behl€en 'che (·,xpe:d.mental chal:acteristics 

(DO and Q), of diffusion of su))sti tut::Lonal impud. ties in 

A9- , for more accurate deftniti.on and expansive of 'che 

emperical relationships of the normal diffusion. 

The correlation betNeen Do(Dos) and Q(Qs) can be described 

by [50 J. 

(2,17) 

where A and To are the correspondtng constants for the 

metal-solvent (A9-) r \'Ihich can be found from the graph of 

log Do versus Q (Fig.4) drawn based on the experimental 

data ('I'ables l. and 2). For normal diffusion of substitutional 

impuritles and self~'diffusJ.on of A.~ r the foll.o\1ing values 

of A and To \.,ere obtatned: 

+37,8 
A - (3.66 _ 3.35) x lO-8 cm2/s 

T '" (9,26 o l< 

The observed correlation beh'leen D and Q can be explained o 

on the basts of the electl?st:atic model [29] . Using the 



r.rhomaB=Fe:rrni potent.ial it is possible to obt.ain the 

fo.llo\'ling Gor:ctd.atJon dlV~ t:o S\'lEl.llin ~)l 

d.l!.ogDo ----
dQ 

.- (1 (--,--) 
2,3R 

(2.18) 

where 0: represents Uw thermal expansion coefficient: for 

the metal,,·so1.ven>c , R is the qas constant, y the inter-. 0 

atomic distance in the lattice of the met-al"solvent, q 

the screenin9 constant, C ts a constant equal to about 3. 

For A 

subst.itution in eq. (2,1.8) gives 

dtogDo --·c1<r- "' O. 12 mo1.ejI<.J 

From expression (2.17) it follows -r.hat 

Compad_ng (2.18) and (2.19) it follOYls that 

~' .- 10001< o 

(2.19 ) 

in se.tisfactory agreement "lith the experimental value (Fig.4) 
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Al 
Al 
Al 
Cu 
Cu 
Ag 

Ag 
Au 
Au 
Au 
Mg 
Mg 
Cd 

Ga 
In 

Z11 

Z11 

8i 

5i 

Ge 
511 

8b 

Mg 
Cu 
Zn 

Table 1 

Characteristir.:s of Self··Cllld Jmpurity (Nolltransition 

metals) Diffusion of Radioactive Isotopes in Al 

2. 25 

1.71 

0.11 

0.65 

0.15 

0.12 

0.13 

0.13 

2.20 

0.08 

1. 24 

0.10 

1.04 

0.49 

1.16 

1.10 

0.26 

0.35 

2.48 

0.48 

0.25 

0.09 

0.062 

1. 30 

0.177 

145 

142.3 

121. 4 

U5.2 

126.0 

116.4 

11'1.0 

116.4 

134.0 

113.0 

132.0 

121. 4 

126" 3 

122.2 

122.2 

129.4 

121.0 

124.0 

13'1.0 

121. 4 

119.3 

122.0 

115.0 

138.0 

U8.0 

-·8 1. 'lOxIO 

J "0 -LO-- 8 
_.;:J X. 

1. 87xlO- 8 

-8 1.82xl0 
. -!l 

1.54xl0 

3.88xl0- 8 

.. ·8 
3.69x10 

··8 4.20xlO 
6.99xl0~8 
3.81xlO"S 

S.lOxlO· .. 8 

1.70xlO,-8 
-7 1.20xlO 

'1.31xlO- 8 

1 7" '10 .. 7 
__ ~ JX 

6.66xl0- 8 

-8 4.41xlO 

4.04xlO- 8 

. -·8 
5.36xlO 

- -·8 8.15xlO ~ 
_ ~8 

5.49xlO 
1.34xlO-- 8 

-8 
2.29xlO 

2.47xlO,,8 
·,8 

4.42xlO 

1 

O. 9'1 

0.71 

2.07 

1. 97 

2.25 

3.74 

2.03 

2.73 

o 91 

6.41 

3.91 

9.25 

3.56 

2.36 

2.16 

2.86 

4.36 

2.94 

0.72 

1. 22 

1. 32 

2 . :$ 6 

4 

5 

6 

6 

'7 

6 

8 

6 

9,10 

8 

11 

9 

8 

6 

12 

13 

6 

14 

9,10 

6 

15 

16 

10 

10 

10 
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Table ? 

Characteristics of Self·'and Jmpurity (T)'clJlsition Metals) 

Diffusion of Ra<lioactive Isotopes in Al 

--'~-----"-'-""::LJ,--'--"'''-''--'-'--'-''''-''''-'"--~""~'4-"'--"-~-'--"--~-'--'----

D x10 D x]O 
o - Q, Ill. p.' (DID) Refer-

2 KJI - 2 Ill.p. 
Isotope T' ,_~ ___ m ~! S __ . _____ ~ll~_=.e ________ I1l_{§.. _____ ._ s ______ ences __ 

Al 0.11 121. <\ L8'1xlO- 8 1.0 6 

Mn S4 729-916 0.22 120.6 3.73xlO -8 2.0 {i 

Mn 5S ;S6 733-933 104 211 1.62xlO 
.. 10 8.7xl0-3 17 

Mn 773-918 380 221. 5 1. 53xlO- 1O 8.2xlO -3 18 

Fe S9 853-933 9.1 xl0 5 25'1.5 3.33x10 
.. 9 

0.18 19 

Fe S9 791. S-898 S.9xlO 3 220 2.84xlO -9 0.15 19 

Fe 59 823-908.5 324 198 2.l4xlO -9 0.14 8 

Fe 59 632-903 4.1xlO 
.. 9 

58.2 2.2'1xlO- 12 1. 2xlO -4 20 

Cr S1 773-918 2.4xl0 3 255.4 
-]1 1. Z9xlO . 6.9xlO .. 4 18,19 

Cr 51 8S9-923 1. 8x10 3 251 1.63xlO- ll 8.7x10 -4 6,9 
Cr 51 5Z3-8'/8 3.01xlO- 7 64.5 7.41xlO- ll 4.0x10 .. 3 20 

Co 6O 695·,927 464 174.6 . 7.89xlO -8 4.2 6 

eo 6O 673 .. 913 250 174.6 4.ZSxlO 
,·8 

2.3 21 

eo 6O 843-923 7.21xlO 3 197 6.84x10·- 8 3.7 22 

eo 6O 632-903 1.1x10- 6 8:5.3 2 00 10- 11 -3 20 • r x_ l. 3xlO 
Z1' 95 804-913 728 7.42 7.48xlO·,lZ 4.0X10-4 9 
Ni 63 632··903 2.9xlO ··8 65.7 -12 6.llxlO . 3.3xl.O -4 20 
V48 673-903 6 ,- . --8 .0"xlO 8Z.1 1.54xlO-12 8.2xlO- 5 23 
P d103 673-903 1.9xlO .. 7 83.7 3.94 xlO -12 2.1xl.O -4 24 
Mo 99 673-903 l.OxIO -9 54.4 9.04xlO- 13 4.8xl.O- S 25 
Nb 95 67:5-903 1.7xlO- 7 83.7 3.52xlO .. 12 1.9xlO-4 26 
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Table 3 

Theoretical [21] and Experimental Values of [., Q for 

Impurity (Nontransitioll) Diffusion in Al (q,~121.4 

lv/mole [6)) 

eu 1.9 6.7 ",0 +4.8 +13 .8 

Ag -2 

Au 

Mg 

Zn -1 

Zn 

Cd 

-6.4 

-6.4 

4.3 

2. 7 

-25.7 

1'1.7 

11.1 

",14.5 -4.8 - 5.0 

-4.8 - 5.0 

",0 +13.4 +10.5 

;- 8 .4 ;- 8.0 

- 0.4 

+ 2. 9 

6 

6 

6 

11 

13 

6 

8 
--------------

Ga o ;- 0.8 6 

In + 0.8 12 

Si + 2.5 14 

Ge +1 -10.1 -39.1 ··26.0 -3.0 o 6 

Sn -2.1 15 

Sb +2 +0.6 16 
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Table tj 

Thwretical [l.O] ,mel Experimental Values of II Q fm' 

linpul'ity (Nontransi.tion) Diffusi.on in Al rotential E q (2.9 )) 

Charac·· 

teristic 

KJcl!P~ ____ A~ ____ .. ___ ._~~._~_ ... ___ ~:u ~ ___ Mg. ____ .~~l_. ____ .Ca~_._~~ 

··20.3 ·-9.1 -1. 7 -1.8 -7.4 ·-13.5 '%3v --9.7 
IIz"'----~-40. 6--------::84. 0 --~·36 ~T--------:: 6. 9 --·='J:/f--::T9.9---:rW--

C _1O.6a ,c . ~-59':9a,h---::;:7.4a,h--~0.2a,h _0.27,11 -10. 6a , f. _3.9a ,h 

(for 7731\) _29.9b,c _83.1b,h "'37.7b ,h _2.0b ,h _S.lb,h _29.0b,f _19.3b ,h 

t.<thw 

(7731\) 

_20.3a,c 
_l.Ob,c 

_28.4a ,c 

_6.Zb,c 

_1O.6a ,h 

11.6b ,h 

_28.Sa ,d 

_6.3b,el 

_6.8a ,h 

lS.4a ,h 

_9.8a,e 

12.4b ,e 

_Z9.9a ,h 

_7.9b •h 

_5.4a ,h 

--0. Sb ,h 

_2'1.1a ,h 

_4.gb,h 

a) They used D ~ 2.2SxlO",4m2/s; 0 ~ 144.9 KJ/mole [5] 
0~6 2 's 

b) Dos ~ 4.SxJ.0 m IS; ~~ 122.7 KJ/mole 
-5 Z c) Do (Au) ~ 1.31xlO 'Ill /S; Q ~ 116.5 KJ/mole 

d) Do (Au) = 1.31xJO-Sm2/S ; Q ~ 116.4 KJ/mo1e 

e) Do (Cu) ~ 6.47xIO-Si/s; Q ~ 135.1 KJ/mole 

f) Do(Cel) = 1.04xlO .. 4mZ/S; Q ~ 1Z4.3 KJ/mole 

g) Do (Si) = 3.46xlO-\? /S; Q" 1.23.6 KJ/mole 

h) They used experilllcntal values of Do or Q 

(41 1 
( 6] 

[ 6] 

[6) 
[8] 

[ilA] 

[10] 

a g "0.9 ' 
-10.6b ,g 

_ll.:ga,f _2.9a ,h 

6. Sb , f 18. 3b ,h 

_O.la,g 

9.6b ,g 

._20.6a ,f 

L6b ,f. 

_7.7a ,h 

14. Sb,h 

-Z1.3a ,g 

O.gb,g 
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TA ilLS 5 

Comparison of Theoretical (Potential Eq. (2.9)) [19,21J 

and Experimental Values of 6Q for Impurity (Transition 

Metals) Diffusion in AI. (Qs ~. 121.4 KJ/mo1e, [6J) 

6H OV 6H 2 , C, Qnxp.' 
~~~.~ t y_.J<:!.LI1!'<:>.1 e .---.lSJ / mol," __ ~ KJ L!.~~y 

QTheo. ' 
KJ/mo1e KJ/mo1e 

136 [ 19 J 

99 [19 J 

77 [ 8J 

Fe 37 150 o 113 -63 [20J 

38 [ 4 2 J 

42 [ 4 3] 

14 [44] 

53 [21,6] 

Cr 27 112 o 85 76 [22] 

-38 [20J 

134 [9, 8 J 

Cr 54 2)1 o 147 130 [6,9] 

-56.5[ 20] 

1 [ 5] 

Mn 38 140 o 102 90 [ 1 7] 

100 [18] 
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CHAP,rlm 3 

'rhe experimental results and proposed interpretatj,ons of 

different investigators, and their methods and conditions of 

getting the «nomal-ous characteristics of ta:ansition impurity 

diffusion in A9- are analyzod, 'l'hese analyses have laid the 

foundations of the assumed hypotheses and synthesizing theore~ 

tical model developed in the next chapter. 

3.1 The EX12eri;n)ental~ Hesul ts 

The relation bet\qeen normal and self-diffusion character;l.~ 

stics t described in section 2.1, could be violated ~lhen 

t:t;'«ns;i,U.on metals diffuse in A.9, ('l.'able 2) • According to the 

data of SOJne experimentors (Table 2), the diffusion charac-

teristics (DOl Q) of transition impurity in A9- could deviate 

from the self~diffusion characteristics, anomalous high and 

lOl~ characteristics. HO~Tever, the diffusion characteristics 

could also remain close to the self~d;i,ffusion characteris-

tics, normal characteristics. 

'l'he values obtained [6-9, 17"19] when Fe, Mn, Cr and Zn 

diffuse in A9- could be att:cibuted to anomalous high charac­

teristics D* and Q*. The values of D* for these impurities o 

in A~ exceed the se,lf~d:lffus1on values, Do ' of A9- [4,5,6J s 

by about (3-5) order.s. 'l'he Q" values \'Iere obtained to exceed 
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Qs of A2 [4,5,6] by about 1. 5 to 2 ttmes. Accordi.ng ly , 

the diffusion co(~fLic.i.ent:B f);' [6,,9, 17«·19] , at htgb 

i:<~mperatures, ':Iere les8 t.han the s(?1f"'diffusion coe;ffi-

clents (D ) [4,5,6J by about (1-<3) orders. s 

-A- * The correlatlon betl'leen D and Q can be descr;lbed by o 

Eq, (2,17) 1'11th constants A * and '1'* • These constants, o 

dete~:mined ;from F':lg. 4 line 2, are dtfferent. from the 

nOrJllal dlffusion cons'cants A and ~'o f 'Viz, 

* _ . +68.4 • 
A - (22.2 -21.5) cm /s , T* ._ (7070+113000)K 

o -34400 

If the Ce data is excluded 

A* = (0 245+59 • 8 ) cm /S , ~['*- (3386+7067 )K 
• -0.244 0 -1366 

When transition impurities diffused in the near-sUrface 

strata (depth f about 1·,10pro) of polycrystalline A2, at 

temperatures, the anomalous 10vl values of the activation 

energy (Q2)' the frequency factor (002) and the diffusion 

coefficient (0
2

) were obtained [20,23',26] • For instance r 

the values of D 0 (Table 2), for diffusion of transltlon 
0," 

metal isotopes (l'e, Ni., Co, Cr, V I Pd, Mo Nb) In the 

near-surface strata of A polycrystals, \'l8re lO~le:i: than Dos 

[4,5,6] by about (5-8) orderB. The authors [20,23~26J 

obtained the values of QP, ('1'able 2) to be 1.5 to 2 tlmes 
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lower than Q , and the values of Do at hi9h temperatures 
~8 N 

('1',,-])le 2) teo be less than D<. [4,5,6} by abouic (2~4) orders. 
o 

'l.'he results listed in '1'abl" 2 indicates that the normal 

and self-diffusion r"lation are violated "'hen the d1£f11-

sian proceeds with anomalous low characteristics (DaR,' QR,' 

D9,) (see Fi9 .4) • 

'1'he cOrrelation betvleen D02 and Q2 could be described by 

Eq. (2.17) vii th different constants. '1'hese consl:ant.s, which 

are different from the normal diffusion, could be found 

from )3'19.4 line 3, Viz. 

'rhe values or the constants T 0 and T coincide wi thin 
0,,· 0 

their errors of determination, However, the difference 

between 'ehe values of A2 and A is 11)uch larger than the 

er;oors of their findin9s. '1'he ratio AR,/A reaches about 

-5 4x10 , i.e, there is spasmodic change of the A parameter 

and correspondin9 spasmodic change of the 109 Do and Q 

dependence (Fig,4). 

3.1.3 Normal Values r_= _ 

The results of I,undy and Murdock [5J could be si9hted as 

a. typical example in \·,hich normal characteristics were 

obtained (Table 2). According to the authors resultc [5) Mn 

dlffused in A9, with normal characteristics (Do=0.22 cm 2/S, 

Q" 121 KJ/mo1e, (D/DslM.n = 7.()\. 



Por Mn diffusion j.n A~ I however I there is a very large 

discrepancy be·t\~een Hood and Shultz I Fricke I s [17, 18J 

findings and the l>ln 56 b:acer studies of Lundy and Murdock 

[5J • According to the :cesults of the authors [17,18] Mn 

diffused in A~ with anomalous high characteristics: 

* 2 * Do = 1.04xlO cm 2 /S, Q ~ 211 KJ/mo1e, (D*/Ds)M.p 

[17J ; 

* ~3 [. ] (D /Ds)11.p - 8.2x10 , .. 18 ; (Table 2). 

Normal diffusion characteristics of Fe in A~ [42,43,44J 

were obtained by indirect lllethods. For instance in [44J 

they studied the dynamical properties of Fe57 lsotope by 

the Mossbauer technique, ,·/hieh 1'/aS dlsso1ved in A~ lattice, 

with a quantity of about 10-7 atomic fraction. The diffu-

sion characte:cistics of Fe in dilute A~-s01ution obtained 

using this technique (D = 0.1 cm 2/s, Q = 135 KJ/mo1e, a 

(D/DS)M.p"" 0,18 ; [44]) ~,ere, relatively, close to the 

self~diffusion characteristics of A~ (Dos = 0.1 cm 2/S, 

Qs = 121.4 K.J/mole; [6] ). It is ~/Orthy tOI:mention that 

this method [44] assumed sorne rough approximations to 

obtain the diffusion characteristics from the Mossbauer 

data. 

on the other hand, in different works [42,43J the kinetic 

of the decomposition of supersaturated solutions of Fe in 

A~ was studied by Mossbauer and resistometric technique. 

It was shown that the diffusion of Fe in A~ solution, 
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durinC] the staCIe of the 9ro\'lth of 'ehe second phase particle , 

proceeded vlith activation enerC]ies (Q ~ l61X7 K,J/mo1e,. [43J; 

Q = 159+2 KJjmole, (421) which \~as, relatively, close -to 

the seH-diffuslon activation enerC]y (Qs = 145 KJ/mo1e, [4J; 

Qs = 142 KJ/mole, [5] ; Q s = 121.4 KJ/mo1e, [6J). 

It is possible to sho\~ thai: the calculation of the acti va-

t:i,on ene:r9Y of "normal" diffusion of Fe in A2 lat.tice usinC] 

the Thomas··Pe:rmi potential, carried out within ·the fra.me­

work of LeClaire-Lazarus model [28,29J , gives a value of 

about 159 KJ/mole \~hich coincide with the experimental 

values of Q [42,43] . In calculating Q, the effective charge 

of the ill1purity (Zpe-ZA2) \'las taken to be minus unity [53] 

and the self .. diffusion activation energy of A2 ~/aS taken to 

be 121.4 KJ/mole [6J • 

'fhe diffusion characteristics of the third group correspond 

to normal correlation between Do and Q which could be 

described by Eq. 2 .17. The same constants, A and 1'0' as for 

nont:ransi t~,on substitutional impurities can be found 

(l!';l.g.4 Une 1). 

In particular for normal diffusion Fe in A2 , the value of 

Do \·,hich corresponds to the value Q = 159 Kj/mole [42,431 

can be fonnd from l"ig. 4 (line 1), Viz. I Do "' 10 cm 2 /s . 

3.2 The Knovll1 In!:erpreta!-ion~ of the Anomalies 

It is expedient~ to constder the know interpretations of the 

anomalous diffusion characteristics as presented by diffe-

rent investigators. 
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3.2.1 On Anomalv Hiqh 
~ .. ~~_-.".~~_~~._~~_ ~_r_~"'.- __ ._ ~ 

Many auth01:s [).9,17,G,21 thought that the anomalous high 

experimental values of D8 and Q* , of transition impm7ities 

(fej Cr, Mn, Zr, Co) diffusion in A~, characterized true 

volume diffusion proceeding by means of vacancy 7oechanism. 

The authors conclusion ~/aS based on the satisfactory agree-

ment of the theore'!:ical and experimental values of tJQ 

despite numerous assumptions inherent in the calculations. 

According to the authors the l1)odel used, half-vacancy elec-

trostatic mOdel, 1n calculating t\Q j,s rather crude, More-

over, they have sighted that there is no sat1sfactory 

explanation of. the anomalous h1gh values. 

The diffusion activation entropy can be estimated, for 

exa.mple for fe in A9, , using the experimental data [6,19J of 

* Do and Ds in the follm1ing manner: 

The experimental frequency factor ratio 1s 

vlhe.re 

;, 
Do f 
Dos -- Is x 

x' 2 
}iT 

o 
exp CllS;MO) exp (;~) f (3.1 ) 

tJ8 .- 8 2 + Sf - the activation entropy of impu­

d.ty diffusion; 

1I8o~ So + 8 fo - the activation entropy of self­

diffusion; 

8 2 ,8
0 

.- the activation entropies of the vacancy 

diffuslon for 'ehe second and Zeroth jump 

types, respectively; 
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Sf,Sfo - the vacancy formation entropies in the 

solution and pure solvent, respectively; 

\)1 '" 2 

For Fe in A~ the value of H2 is large and positive 

(Table 5)j hence (1)2 «u , c '" 0 , f '" 1 , f/fs'" 1.3 

(3.2) 

* Do = 6xl0 3 cm2/S [19] (Table 2) i subst:l.tution in Eq. (3.1) 

g:!.ves, 

where 

According to the estimations of [54,55J 6So '" R. Hence 

68 ~ 12R, that is close to the entropy change of sublima­

tion (evaporation) of A~ • It is evident that such entropy 

change can not occur during atomic diffusion (Fe) in the 
, 

crystal (A~) by vacancy mechanism. Therefore, such inter­

pretation [19,17,6,2] of the anomalous high values of the 

diffusion characteristics (D~, Q*) thought to be erroneous. 
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The authors [20,23] regarded the anomalous low values 

(DO~ and Ql!,) they have obtained, for the diffusion of 

Fe, Co, Ni.and er in the near-surface strata (~l-lO}JIO) 

in A9- , to be characterized by preferential diffusion 

along dislocat.ions (with segregational dislooation den­

sity Pd "108cm- 2), and can be descrj.bed by the help of 

Hart equation [56]: 

whe;t;'e 

(3.3 ) 

Dd ~ the true diffusion coefficient of the impurity 

along dislocations; 

d - the fraction of all atoms (the matrix and impu­

rity) in the dislocation regions, out of the 

total nwober of atoms in the sample or crystal; 

D - the true diffusion coefficient of the impurity 

j,n the volume (lattice) of the crystal; 

Def£ the effective volumetric diffusion coefficient of 

the impurity (experimental value) • 

Due to the low solubility of the impurities (Fe,Co,Ni,er) 

in A~ , the authors [20,23J thought that the volume diffu­

sion Can be disregarded, therefore, 

where 
8 -2 

Pd "10 cm 

(3.4) 
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This approach ~TaS :,:eproved by Bulluffi [57J. He showed 

that it was impossible to neglect the volume diffusion, 

the second term on the right in Eq.(3.3). At high tempera­

tures, where D9, [20J is taken, the value of the vohune 

diffusion coefficient, D(1- nd)'" D, indeed exceeds by 

several orders the value of D9, [20J if D is taken to be 

close to the self-diffusion coefficient of A~. , D s [4,5,6] , 

or if it is taken to be equal to D* [8,19]. 

It ;Ls v:ltal to consider the poss;Lbility of using a more 

exact equation; i.e., the Hart~Mortlock equation lS8]: 

(3.5) 

where 

a - the number of all the atoms (hnpurity and 

nlatrix) in the cross section of the j.mpurity 

segregated regions along dislocations, 

Kd-CCd - the distribution coefficient of the ixnpuri ty 

atoms between the segregation regions along 

dislocations and the crystal volume, 

Cd ~ the local concentration of the impur;Lty atoms 

in the segregat;Lon regions along dislocations, 

c .- the volume concentration of the impurity in the 

crystal. 

In Eq. (3.5) I if D >.> ab 2 Pd kd Dct the effective diffusion 

coefficient is nearly equal to the true volume diffusion 

coefficient, Deff " D ; i. e., the diffusion proceeds \~i th 

normal characteristi9s (Do,Q). On the contrary, 
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proceeds along thc" neor d.islocation segregatJ.on regions 

~Ilth a hlqhe): rate than the volume dlffusion. 

17rom both Eqs. (3,3) and (3.5) ;it follows thai: D eff can not 

be smaller than D as 1 t is 111 the inte):pretation of the 

authors of the \~ork [20J. 

Later on Murarke, Anand and Agarwala [23] considered that 

the anomalous low values of DoR, I QR, and D~ of transition 

impur;lt:l,es (V, Cr, Pd, Fe, Co, Nil in AR, characte);ized the 

true volume diffusion. 

Mortlock [59], however. ( B.nalysed some experimental data 

<[20J, and others) and carne to the conclusion that the 

values o~ Do~ ! Q.Q, and DR, obtained characterized neither 

the true volume diffusion nor dj.ffusion along dislocations. 

He! thus, suggested that further ;!'nvestigation wmld be 

necessary for proper interpretation. 

3.3 The_ Expex'imental Meth0C!_san:?: Conditions of _~bta;i,~ing The 

~usion Characteristj~ 

Some authors [6,8,19J argued that the anomalous 10\'1 values 

\'I'ere caused by systematic e:rro:cs because of not taking 

into account the delay action of the surface oxide film ~ 

AR,03 - ~Ihich, according to their opinion, is exhibited 

highly if the electrolytic [20] or chemical [24, 20J met.hods 

of isotope depositing is used. Therefore, it is advantageous 

to exan)ine the experimental methods and conditions of getting 

the anomalous and normal diffusion characteristics. 



.. 49 •• 

In the invesU.gatl.ons [:1O, 23-26J in which the anoll\alous 

low values (DaR, , QR, ) ~Iere found, the authors used the 

electrolytic [20J or chemical [24, 20J methods of isotope 

depositing \'lithout pX'ovldlng condit:l.ons of mln:t:mizing the 

surface oxide f:l.11II, Under these conditions the p,enetra­

t:!,on profile for the diffusion of a transition impurity 

in A9, , produced during diffusion annealing at high tempe~ 

ratures ~Ii t.h several hours duration, di.d not exceed l~lO)lm 

from the sample surface. 

On t:he other hand, in the invel3tigations [6,8,9,17-19] 

where t:he anomalous 101'1 values (D6 , Q*) I'lere obtained, 

t.he authorl3 used special methods of depositing the ;isotope 

thereby by providing conditions of reducing or removing 

the surfa,ce oxide filnt. Unde:l.' these conditions the concen-

tration profile of a transition i.1npud.ty, created during 

d:l.ffusj.on annealing at h1gh temperatures with the same time 

duration, reached about a hundred :Il)icro-meters depth from 

the sample surf;ace. Nevertheless, there was the so-called 

near-surface effect \'lhich resulted in a sharper decline of 

the isotope conoentration in the near-surface region 

(about l-lO).lIll depth) than followed by the extrapolation of 

the concentration profile in the remote regions from the 

sample surface. In other words, the near-surface eff.ect 

manifests abnormally hi.gh delay1.ng action, 1.n the near-sur-

face zone of the sample, on the impurity which is dj.ffusing 

into the bulk. 
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Alexander and Slifkin [81 noted that \·/hen near-surface 

effect is manifested the concentra'tion profile could be 

described by two Gaussian curVHS, OIW of which, localized 

in the near"'surface zone, cor:r:esponds to the anomalous 

lo~/ diffusion characteristics (Do9, I Q9, , D9,) which was 

neglected frequently by many :Lnvestigators in finding the 

diffusion charac'cerist.ics. 'rhe second curve, localized in 

far~distCint l:eg1ons of the smaple, as usual corresponds 

to ano111alous high diffusion cha:l:acter~,stics IDti, Q*, D*) 

or to the normal (Do, Q, D) • 

.Alexander and SUfkin alsO suggested [8] that if the near-

surface effect \'las caused by delaying action of the surface 

oxide fiJJ\) then the concent:ration profile should be desc" 

ribed by one Gaussian curve only. Noreover, there should be 

rather higher local isotope concentration near the sample 

surface. 

3.3.2 The PhyslcaL 11!:cerpretati.onof The Near-Surface Effect 

The experimental results [60J of '1'i\'1ar.i and Shanlla are 

notable for physical interpretat:l,on of the nea~."··su;l:face 

ef:eect. 'rhey inveBtigated diffusi.on of Pe in A9, using 

electrolyting method of isotop'e depositing, exactly as in 

the case of Agra\·/a1a et 0.1 [20]. In thelr work, diffusion 

of Fe isotope ''las investigated in polycrystalline A'- spec i-

mens which were p:cediffnsing'''annealed at 893K for pe.riods 

varying from 2 to 3 hours '\::0 about 15 days. The folJ.o~/ing 

diffusion annealing, for inBtance at 823K for a perlod of 
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5 5.2xlO Sf cHused the concentration profile formation 

\d thin a c1Hp,:h less than o:c t~qual to 7Jlm on.g. 5). '1'he 

prof.ile cOJ_':rcr.:ponded to the anomaloub 10'11 cha:cac-te:cistics 

in acc01:dance ·to l:he data of AqrawaJa et 0.1. 'J'he pred).ffu" 

sj.on~annoaled namples contn.tned Imle)~ d1nlocation density, 

according t.O thetT meaHurement by about: one order, S.i:m11ar 

d:lifus:lon anneal1ng ',auseel the concentx'at10n profile forma~ 

t:l,on w.i.thin a rather larger dept:h f about 20Jlm (J]'ig, 5). This 

pX'of:Ue con:(;spond,~d ·to the anom<llous high dif£uston cha-

racte;l;istJcf) :;.n accordance to that of anomalous high reports 

[8, J.9J. 'l'lw rnn'chods of i sotOpH deposi tin9 used in the works 

[8,19] of Alexander and Slifkln, and Hood were different 

from tha.t of Thm.r..i ~.nd Sh8.:i.~nlO .• But j,n the near~sur£ace 

regio)1, about 711m / there \'/as sharp decreaslng of the j,sotope 

concentra.tton as compared to far d1stant regions (1":l.g,5). In 

other worun, the l1Ca.l·"su:cface effect was exhlbJ. ted. 

Based on the fact. found, 1ncr.easing of the diffuslon coef£i-

cient (<<pp:t'oximately by ,:\'/0 ordei:'s) d'ue to decrease in d1s-

location d€nnlty (approx:Lma',:ely by one order), Tiwar;l a.nd 

Sha.rmD, [60J concluded that the slow d1ffusj,on of J'e 1n AR., 

in the nem.'-fiUrface zone (of ".0, proceeded \'/i t:h ano)l1alou8 

low characteris·t:i.cs (DoR., QR.) dU(~ to the capture of the 

(Ufiusing atoms by dislocations .in the near-surface zone. 

Thus, they sU~Jgested that: a.noma..lous results cannot be 

attr;lbut.ec1. entirely to 'che presence of an ox.ide layer. 



l'urthermore, 'l'il-lad. and Sharma showed that: i:h,c, assumption 

[19,8,6] the anomaJ.ous low value"l oJ: 1:he diffusion charac-

parU.cula:c the delaying acti.on of t.he su:cface oxide film, 

Vias groundless. 

The results obtained lead to the conclusion that the n(~a:r-

sur,face effect and 'elle anomalous diffusion chaxactexistics 

a:r€ caused by high dislocaU.on denslty in the near-f)u:rface 

layers of the ·metal.. The high d:lslocation densit.y in the 

near-I>ur,face zone of the metal can be caused by relaxatj.on 

0.1; the elastic tension (st1.'Edn stxess) near the interphase 

boundary I "metal-oxide" or "meta.1"intermetallj.c compound" 

[52J, 01.' by intense change :In the concentration gradient o,f 

the ;lmpurlty in t.he near-surface zone 1[52J, etc. 

Review of the experimental data lead t:o t:lle auumpt:lon that 

diffusJ.on pi:oceec1s with anomalous low character.istics 

(DOR" QR" D9.,) if the d.i.slocation density is rather high. 

Such a high dislocatlon denstty can exist in the near~surface 

layer of tlw metal, especially after electrolytic or chemical 

isotope depositing. In far distant layers f where the d;islo" 

cation density is not so high, diffusion can proceed with 

i, * * anoJll<'l.lous high characterisU.cs (Do I Q , D ), ~/h;l()h is faster 

than diffus;!.on wi·th anomalous 10\-/ character:Lst;ics but obv;l-

ously slowe;c than normal diffusion (DO, Q, D). Evidently, 

diffusion proceeds \'lith normal cha~:acterj.si:ics j,f the dislo-

cation influence is negleg;lble. 



Diffusion of solnte c1.toms (Fe) in pa:et:;i.cle8 of the second 

phase (J?o Ai!,3) in Ax' matTix ~lCls s'cud;i.ed L~2 ,43] under 

conditions \<!hen the mean dlstance bet:w,"en neighbouring 

particles was less than or equal to the mean distance 

bet~ieen dj.slocations (electronndcroscope data). Clearly r 

it is under these condtions that dislocations can not 

signi~icantly influence the iropud.ty diffusion. According 

to the data cons:l.dered above [44J .tt .is possible to assume 

that ordinary dislocation dens:i.ty (l07~l08 cm- 2 ) does not 

influence the diffusion of Fe in very dilute Ai!, solut;lons 

(containing about 10"'1 atomic fract:;lon of Fe) when. the 

main part of Fe is .in the solid solution (Mossbauer data) • 

In vi.e\·/ of the data [5] of d:l.ffusion of Mn in Ap., (condition­

ed to plastiC deforlllat.ion of 'ehe sample during diffusion 

anneal;tng), it can be assumed that moving dislocations do 

not .influence the impur.lty d:l£fusion. 

Therefore, it is worthy to assume that di££us;.OI1 anoma1;1,es 

can be caused by the influence of Home £o1:1n of segregation 

pha~le8 on Tflol:;i,onless dislocation. In order to explain the 

experimental dati'!. consider.·ed so fal: It iH essential to 

develope some 80)~t of physical Inodel based on the influence 

of dislocatiOlw decorated by seg~;ega·tion phases upon the 

implu:'i ty dif.fusion. 



L 
.1 •. )j ;':: lE~ (~n J.nnc~~_.lJ eli :d-. n<~5 1\ for ~ ,,;_J;. ~ 1,-,I":;r!I') 

~,/. -) 

D "J .l:)x~o"'j J, ',j'-/:> ( t,['~ ;.l:J,:fli:)lce ~"'f.lC .ff. 

1, r'0un:-tc:li{>:j t'frn ;'n:'s at. 5)jK) 

, . "r J I, difJ'u[iion a'lflC"ll.;cd vt ~~)5J" rOT' I,,};.>: () [H.?-,~ 
nil > I·{)X 1 () ·,1 ) ,"[ 'j,. ('" ( 1 
J .• ," . ..,..... tn'3 :;a:np es V,ere prf)-
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'l!l'l""'l",J ~'",,~ J t , r)'l'" .. ..l{ ;_)~'l.) ( r ' . .\~ ', .. ~ L;, 'li' .f'} ..-.... v '-.. . ./f' () 
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CHAP'l'Xm 4 

IN'l'l<;Hpm,'l'A'J:ION AND DE;SCRIP'r:WN OJ!' 'I'm: DJ:FFUSION ANOMALIES 
~ .. ----~--<---,~-~.,~,-~--.~-.~-~---~£_~,~----,--,~-~-~:"~~~-~-~~-~,---~.-~---<.~-~~-"-~~-------~-.• ------.~,~---~-

No 81n(;]le one of the interp:r.e·tations discussed so far 

(Chapter 2 and 3) can account sati"facto:cly for the transition 

j.mpu:city diffu::d.on an01nalies. A synthesiz.ing 1'ooo.el is still 

needed to include the effect of cUslocations deco:ratedby se9~ 

regat:ion phase,;. rurt:he:nl1ore, the Dlodel needs to be of such a 

fo:cm t_hat j.t can be used to pred;l.ct: db':fllsion behav:tou;r undeX' 

g;l.ven cOll(1.i,tiol1s and be useful for p:coper interpretatton of 

the experimental data. 

In relai:ion to the preced.ing chapters it is valuable to 

consider the corresponding diff;usj.on equation in order to 

derive expression for the effective diffusion coeffiCient. 

o,f an impurity d;l:l!fusing in a crystal with dislooation 

lines decorated by some fox-m of s8g:t'egation phases, 

Consider a one'''dimensional diffus.1.on of an impurity along 

two neighbouring regions hav:!,ng dtfferent cross-sectional 
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A diffusion equat.ion of t.he :regiofw can b() derived 1.n two 

limiting \'lays: 

1. Impenetrable Parti tlon. 'rhe boundal:Y behleen the tvlO 

regions is assumed to be :l:rnpene{~rable to lmpur:l.ties. 

1£ d~.ffusion is onw·dhnonsJonal J .• e. I if there ls a 

g.r.adient of eonGr~ntt'atton only along the x··axle; the 

flux densities (J l , J 2 ) of the two regions aX'e g:!,yen 

by Eq.J..J.b , V~.z, 

J' -1 "' D 1 

., D 
2 

0::\ (x, t) 

oX 

(Jx 

",here C1 and C2 are the concentrations of the impurity 

in the tl-10 reglons I which depend on both ti1l\e and d1s-

tanee. The total d.i.ffusion flux of the imptn:ity atoms 

is then the sum of the fluxes due to the two regions, 

i • e. , 

.~ D S 
1 1 

where S = S 1 +8 2 is the total axea. 'rhe total flux 

density ean he written as 

where, 

n 1 -=:: rr 2 "" 



and dilute solution (where D1. ,D2 p f (x, t» I the employ~ 

ment of. the equation of cont1nuil:y g1 vos I 

a?'C ()2(' 2C de 2 
Dl III 

1 
D21l2 

'2 1 + {- ,- II ..• , .. ~ 1)2 
()x2 dX 1 C) •• 3t " 

where, 

c= 

the total concel1-cx'ation, :ls used. If. Sf> 8 2 then 

'rhus, 

d2C il2C .il C il c 
DIS). 

1. oj- D2S2 
.. 2 

S _..J:. -} 8 2 
2 (4.1 ) -. 

dX -ax 1 ilt at 

Eq.4.1 is the des:l.red di:~fust()n equat.ion. 

2. Local Equilibrium Distribut:ion. :r.n this hypothesis 

the boundary between the 1.:\'10 regions is penetrable to 

impurltien and the impurity atonlS stX'ea:nling from one 

region to the othe);' a:r:e equil:J.brious. 

The workability of using this hypot.hesis can be 

verified from the concept of. rc~laxation t.:l.me. 'l'he 

local equilibrium approximat:ion bet.\~een the neaX' d.i.s·-

location J:eg.i.ons and tho matrix solution might be llsed 

if the inequality [61J 

Iit p 1 > > 1 , (4.2) 
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holdg r I'Ihe1:'() t-. 1.8 th" dU';l;us;l.on Ulna, p ls the 

dislocation density and D diffusion coefficient. The 

rms dis'cance (i{2) covered by a d:lf:f:mJing atom varies 

as 

Using these hlo equation 

1:: 
ann 

-2 x .. D » 1 
Off' 

(4 .3) 

, 

where tann is the annealing time and 'f time of atta­

ining local equil.ibrium. Fo:t.' 1"e in A9, using Do" 10cm 2/5, 

Q '" 159 K<T/mole and p '" l09~'1010 cm z /5 [62J i hence 
.L 

1: " 0,1.5. Compa:r.ing 'f \~it:h the usual annealing ttme, 

1",10 hI's. I indeed t;ann > > T • Thus, the annealing time 

be:l.ng g:;:eater than time of attainlng local equlibrium 

it is posstble to use local equilibrium approximation. 

The impurity exchange between thc, t\'10 region being in 

balC\ncc, thf~l:'e is no need t.o consideX' the perpendicular 

;fluxes. ~'he fluxes (jiln be thOl\gh't: to be quast-indepen-

dent:. Hence, equat;lon (4, J.) cO.n be obtained quite simi-

lady. 

In local equl1.ibrium approximation between the hlO regions 

the shlples'/: dlst:dbutiol1 1<1.11, \·Jhi_Gh iB characterized by 



a linear eoncen'cra'cion depmlc1exwe I Gan be conside;l;'ed l 

C 
cf::' -_. 1( .--~ constant I :Le 'I' ~ cons tan t, 

2 
(4.4) 

whel:e 1< is 1':he GorrespondJ.:ng dir1,,:clbutiol'1 cons1:an·t ox the 

impm:i ty be1:\1een "the 1:\<10 :ceg·:LOns. K :is not function of 

the concentrat::lons (X i f (e l ,C
2

» inHtead it is function of 

tel1lper.ature (1< 'c, f ('.r) ) • 

If Eg. (4.4) is substituted :In Eg. (4.1) 

D1 +D2 nl<:~~U2""L 
(-~.) ----------. 

l+nK (Jx
2 

:.~\ (2) 

{)x 
, (4 .5) 

here p '" 8 2/81 and th(~ term in the braket is the effective 

diffusion coefficient. The reglon occupied by cUslocations 

decorated by segregation phases is so small compared to 

'.:.he la'ctice unCli sturbed by dislocations. subseguen·t1y the 

effective cUfiusion coefficient of an impuri-i:y I in a 

crystal l'1iUl d.i.s1ocatJol1l'; decoril.ted by segregat:l.on phases, 

can be approximated af), 

(4.6) 
"I' l' 
0_0 T n.t \L' 

I-Ihere D i~; the mat".:dx d~Lfflls:lon coefficient of the ;t:mpur.ity 

in the unc1enturbed lattiGe. 

(4 .7) 



I).L is the diffusion coeff1.cient of the jJnpm:i.ty 1.n the 

dislocation pipe (in t.he seg'regation phase J:eg:lons along 

cUslocatlollfl) f 

D = D exo(- Q iRT) 
J~ Ol 1: , 

(11 .8) 

J).j,. is the fl:ac'd.on of all ai:oIl1s in' the segregation phase 

regions near dtBlocat:ions, 

f (11 • 9) 

b is the Burgers vector :In t.he cryst.al, (I. is the total 

number of atoIl1s in the cross-sectional area of the segre-

gation phase regions near dislocaU.ons and P.L is the 

dislocation density. ilL « 1 (slnce it ts of the total 

number of atoms in a crystal). 1<,. is the equil:lbrhlll1 

constant of ·the process of inlpm:ity distribution bet\~een 

the matrix solu'cion and the segregation phase regions 

near dislocations, 

1<.1. .~ exp (-MJjR) exp (C,H.,tjR'l') (11 .10) 

C,S.1. , c,HJ.. are the entropy and enthalpy changes of the 

system 1'1hen one mole of the impurity atoms passes from 

the segregation phase regions near dislocations to the 

matrix. 

Case-l. If 1)1.1< ... « 1 (Le., most of t.he impurity atoms 

are localized in the mat:r.1.x solution) then expres-

sian (4.6) is reduced to that of Ha:t:t-!1ortlock 

expression t \'Ihich cannot explain the dLffusion 

anomalies considered tn the preceding chap'cer. 
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Case~'2, If: 

roeJi.ong nea:c d:t~~d.ocationr;) ·:~.hQn tho o:ffect.ive 

(4.11) 

Eq, (4.J.1) in turl1 reduces to two l:Lmiting cases: 

a) In case D,,» D!KJ . T).c. , thel1, 

D '" D co. D ex.'·>( -Q /R'l') ; - (~ff _L O.t t" (<1.12 ) 

Le., the prevaling dlffuslon is that along the 

segr{~gation phase reg:Lonlii neal:- dislocations \'lh:ich is 

characterized by D 
OJ, 

b) In case D.!.« J)!K.~ n.
t 

[ ) .- f) eff .-
'/; 

and 

I then, 

D ,. .. ~-~'~.-.~.--.-~-"-=-.---~,--~ 

In thls case the preva11nq p:coc<?ss .is retarded volume 

(-I .13) 

diffusion of the impn:city at.Oll1fJ ilccompani.ed by :In o.n out. 

pumping of the .tmpm::i.ty atoms to th~~ nea:;:· d:ls10cat:ton 

regions. Tht~ preval:l.ng proc':n,s proceeds \<Ii til anomalously 

high charact<~rist.i.cs; 

(4.14) 

* Q .- Q (4.15) 

\) 
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taintn<l sufficiently hlCjh dislocation densitcy 1s rid.Hed, 

transition can occur h~om one diffusion mechanism (Do.\. ' 

QJ. ) 'co anothor (D''', Q*). Since Q'" is Bev'el~al 'I::lmes 
() 

larger than Ql. such tj~anBitioll can occur in a na1'1'Ovl 

temperature range. In lig-hi: of this it Is pos8ib1e to 

consider a critical temperature, '1' t "Ihose dependence c 
on the disloca.tlon dens.i.t.y P is determined by eguat:lng 

the hlo right hand terInG in Eq. (4.11) at this i:emperatu1'e, 

1 
A 13 log If " -~ P 

'c 
,. (4.l6) 

where, 

/:;<, D 
R UJ .. 

0 
A + log , ) - ~-~-~=.,~,-.~ \ i5··-tiE:t , 

Q* .• Q J, R OJ, 

(4, H) 

B .~ 
R (4 .18) 

Obviously, at rJ~ > T c tho di:Efnsiol1 process with charaote-

ristics Qi' and D7: ~Ii 11 
0 

oc<.:u:c (a t: <t 8ufficient.ly high 

p ... and T .( ~' ) At 'J' < 'J? the di.ffusion ",ith characte~ m .. p" c 

ristics Do and Q p:cocec"d;; in the cryst.v.l with the gl.ven 

dislocation densIty, p.
L

' 'l.'h:l8 concept q:Lves satisfaotory 

descrlpti.on (qunlltat:iV0 as "mll as quantitative) of the 

diffusion anomalies. 
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by d:i.ffe):ent :i.nw,stigatoj:s M."e 'created by the descd.ption 

develop(~d in !!cct;ion 4.1. 

4 .2.1 The Anomalous l{iuh 'frea.trnent: 
_~--='=~~.-~~~ __ ~~_~~~"_F~= ___ ~~i~_'=-rT~<_~~~_~~ 

For illstan<De, the d:i.ffusioll coefftcient D* exper:l.1nental 

values [8,19,60] of: lie in At can be described using 

thin case gq. (Ij. 6) can be reprenented by gq. (4,13) or as 

fol10~lS 

D 
log <15* -1) (4.13*) 

1181ng the experimGntal dat:a [8,19,60] of the values of n* 

at high tenrfJera-LULGS and assnrn1ng D " 10cm 2 /5 o and 

Q '" 163 1<,1/1<101e for "no:t'll1ill" dlffuE,.ton of Pe 1n At 

(Chapter 3) .it is possible to d~:ml log (D/D*-1) versus 

10 3/T 1n order 1:0 find the values of IlH.I.. and 

of n* and D gj.ves 

and 

Pig,6, Such treatment of 1:he data 

+5.6 -5 
- (2,2"", a)xlO 

<. , 

The value of til-l,. (f:,,'om Fi9, G) is close to enthalpy of 

dissolutton of th(~ l.nte~tlneta111c compound FeAR' 3 in At 



lattlce (MLr;"V:f,,'c, 81 + J l:a/molo [63], 'Ndn leads to the 
., 

rf)gions is clo8(~ to thE~ f .. d:.J:uct.u:t<c of -the corr(~spo:ndin9 

in'cermetall:lc GompoundG. 'raking P
J
• = lo7._108cm"'2 [52,64J 

a,nd })2 1r)-15, 2 [-r2j 
~- '-- ( .. In ~~). f 

If 68 ',- 0 (the usual app:coximill:lon then C/, ze 102~l03 

'l'lhich corresponds to a crosH'''sH:tional diameter, the 

segregation pha!3e regions near dislocations, of about 

3-10no11. 

Anomalous high characteristic values, diffUsion of Mn,Cr, 

Zr and 'Co in M, (Table 2), can be desc:c1bed using gqs. 

2 KJ 0.2 eo 1 CJ\] /5, Q ~, 120 .. 160 iaole (4.14) and (4.l~) if Do 

and P• = l08Clio·-2 '1 't" t f Lh n malous ~ .. a:ce i'UlBUmea. ' lie res' o. l. e a OJ . 

high characterist.j.c values (Table 2) can be deBcribed 

s1milarly. 

The anomalously low values of the diffusion coefficient 

(D.!.) of Fe in the near·'Bl.U:face zone ("l)Jm) of Al',at hlgh 

temperatures (obtainod 1n [2:3] Qa.n be descl:ibed by ggs. 

have gj. ven r~q. (1\ .l/.) • 

USing Ega. (4.16) 1 (4.17) and (4,18) and the values of 

llHJand (j, exp ("IlSJjH) dete}:rtl,i.n('~r1 ahoYe, it i~l poss:lble to 

stals [23] :l.! Tc'" 903K 1s i1Bsumed (sineEl 1n [23J the 



D ._0 Lj, , D (4,19) 
DJ (:, h /.-[( t 

1 f D J (,i'<: 90:}i\) 
-I? 2 .... 

1 Oox'()'" (n,,,'/e l"1J __ ~ , _J. ""!i,.j _/ .. _j D (c,-{'903K) 

." 0 ') 
3.8xlO ..J em'-' /5 and 

':'C,'·'K.) " ., n .• (J(/l-lO·j, 
_ J .J., j,,~ ._. .' I (frrnn Fig.G) al:e subsl:i-

tnt.cd. in i~'(/ (.1 IG') 0 0::..' 
,J _.' c ~; -.j , 'J. 1 ( 'C)lO 1(·11) -2 ._X,J -- .. ) em can be: found ~ 

such a hi~h di.slocatj.on dE!Dsity in tIle Dear-surface zone 

of A~~ (~c\I.Ld be fO_'-:Tn(?(-";, 0.::3 JQentioned .in :~-;ccti()n 3~3( dUe 

boundr3.1:'Y r}nd so on ['::;/1, . - -

macr'o~;(:OJ)j_c si_ze onJ.y in l:hc di.rectj.on of t~0 dlsJ_oca··· 
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certain concen.t ra 1:io11. 1"anqc: ~ rJ1h(~ ranq8 1n enthalpy I 

characterizing the 'teffective 811ergy of binding II 

region~c:;, tlJ:cn(:;(;. out. to l)(~ clo~3e t.O enthalpy of d.is~ 

solution f'"·'Yi-:- -'eho cox"):'(-:;sponding Int:e:crnet.;;J l1ie compound 

(in the n~tallic matrIx) . 

iii) 'franf3:H~lon i.mpuritJes diffnslon .in t!:.G neal. disloca~ 

tion regions proc(~ed:3 with anoma.lous loV! characteris~ 

t-ies (D f Q, r D1 ) compd:t'ecJ to i::hE-~ metallic mo.tr.ix 
OJ 

(D «D I Q. < Q J) «J)). 
OJ. 0 .1.. • r ~ 



,~ 
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CdJA 
-J 

4 

Fig 6, Graphs for G8ttroating the effoct.ive bindll1l; energy 

A Hm of Fe atoYQIJ in the nEHU' <1.i3100a>G.1on region 

:i.n .1'.1 and tho value of the pre-experimental factor 
'J f '} "" i " . i f'f"" "> GO" (A C' o 'C16 u:in ;;X'J.OU'G •• Ol! coe ... l.ClEJI1'C '''YJ ':>,lElXP -"''''SYR) 

lwing the experl,mmltal data [191 (I1 "point" x) 8 

(f3points €;I ) and 60 ( 5 "poi.nts" &. ) 
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HEGI0NS 

As i.t. is afOJ.ernc~n{~ione=d f t.he Dot.ion about It lmpuxity a,t:mos~ 

phers ll or impu:cit.y clouds li nea.r disloc(J~=-tons wer:e introduce.d 

for the fLest i:imc by ColU:<c,IT [6:,J ana. NabalTo [66J 1" pap(~:c~; 

concerning i:he yield and ogeing behavi.ouy of ].ow~carbon Gtecls~ 

The key phys1co.J. concept, .introduced in i:.hef.;e papers is t:haJc an 

interaction betw~'.cn di~:;J.OC3_{:.ions a:o.d solut.e atoms causes the 

solute atoms to mj.9J:~te to, and surround dislocations with n 

cloud or a,tmospb(:~.J::,e ~ 

In certain RIloy systems distinct pl~0ses occur where the 

cons-i::;.t.uent. ai::orns ~.re in f.ixerJ, irrtes.n:al ratio::;, e,q~ f 

Such an intermetallic compound is hC!ld t09(~;tlJer by metallic bonds 

and ma.y forJO a ve:r:y comp:l . .i.caiJ:ed cy.ysta.1 st:l:"uctlJl:~E-:. T:n p2.rticulax f 

1:rans i t: ion i.mpu:c 5. t Y a. tOH1~; h ave:: V(~ j:Y 10'17 801:td so"1 \..1 l:d.l:L t yin tlH~ 

matrj.x (1\9.,) vlhich leads to SC2<jregat.i.on phasE: (:Ln{:.crmet.a 111c com..--

pound) formation when the lrnpu:c:i.ty concent.ra,-tion in the mat:rtx 

exceeds t:he lj.miti.ng £-;olnbiltt.y. 

gation phasG obtained j.J1 sectj.()D 4.2 wi1:l1 tIle kno~) theoretical 

and experimental data o~ s~1])stj.tutio1]a]. j.mpuYi,ty scgregal:ion 

(Cott:r.el cloud) end segj:ega1".i(iT!. phanes (Interrne'cal1 ic compou,nds) 

in the near dis].ocatj.on ~egioTIs in f.c~c~ lnetaJ.s. 



5.1 The Cot1:rel.l Cloud , 

ate the 5Cl)_lJte atom fr~n the dislocation j.a estimated from 

that this ~:ype of segregation model i.8 inadequate to exp·~ 

lain -the dlffo_slon a.nomo.lj.e~s. 

At:oms Relative {:o a St.)~aight. Disloca tion 
---.~---'<---------'~------~-"--.'-"-.~---------~-~--

Considex' D.n ideal binary solid soluti.on contaIninq a si.ngle, 

straight dislocation of arbitrary Burgers vector. 

dynam:Lc poin.L of viev, p for dj J.1J:'ce 501ut..1.ofJ / is approxJmat.ed 

[67J . 
I 

maximum stxaJn arnpli tude I solut.(~ o.tor0. 1!F'c:,:rrni H energy I ·';ih1.ch 

is given by 

F - RI' 10(01 is'.,, / (l·e", )]. 

The f:)olnti.~ ai:om-disloca.tion" in.te'cact..1_on is cha:ca.c:ter:i.zed by 

change tl1at occurs j.n tIle Gibbs free energy of the solid 



,. '10 ' 

I'lG(r) and C ee») is a func:t:l.on of t.ho Goll)t.(-~ a .. toxil'iS 

posi tion relo.t-ive t.o the dJ,nloco:i:ion f <:),nd varies ;in rna9""= 

(;1:' ~, 00) f t,o a value oJ: C(O) ',~ ('n Fl.'re 'co.e POSitj,Oll of J1lo.:d.~ 

mUll} j,nt.eXEl.ct.:J,on nt. the d:U;locat;Lon axis (Fig. 7), 1'he 

latter qnl'1ntH:y in defi,ned as U:w binding flx'e en<>)7gy of 

.in turn, i.B related t.o the bindJ));g enthalpy HB and l:he bln'­

di,ng entxopy DB by 'che expn,ss;'on, 

(5,3 ) 

When (··L1G(:r.) ,. c) »H'J', equ(3,t;l.on (5,1) rednces 

to 

C(:r.) ,- exp[(ilG(r) .,. c)JR'r] 

EqnaU,on" (S.l) and (5,4> prc'lscTibe t.he d:l.str;l.bnt),on of 

solut .. e .;=t.t-Omf; :c(:'!.lative t.O a' st:ca19ht dJsloGHt . .ion fo)'! t:hE~ 

ideal app:crx:·d.lllut:Lon ~ 

erA} f has too he JJ~G8 t_han the t:lv<-<cage bulk solute concerd:;t'a~"' 

If r a,nd 0 ~·E'present thQ pord.ti.on of an ixopu:cit.y ai:o:m 

,-c 
nolative to the ilifd.ocation a:d.s and l:he c\llglf, bet.weell the 

position vecto.1: (j~) and Ul'~ disloc:atton sU.p pl;me :in 
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cyl.LvJe:cic::al coordinater.:~ th{~n t11.0 den;3it:y of si1:es (per 

o -;- dIe) tel 'J(r, t) (if 6G(i:) is 8vb.11Jated on " conU.nuuD'r 

ba~3is). Thus, 9 (r f 0) dr 0.0 is 9iven by tJ).e exp.ressj.on [67'J. 

g (r I G) ell: df) l -- V :cd rd(,) , (5 . ') 

gJ-:-atcd ove.r all G (0 too 211) a.nd l' (from ~,en) t.o some npper 

J ., 1; ,. R ' . , 
.. J-fl.LL 0 (J.,e~1 one-half ~he mean distance between disloca-

tions), the total number of atomic sites per unit length of 

dislocation (N) is obta.ined. 

'Pbe total numbex of Eolu-Le a.-c.orns is expJ::'Gsr::;ed, using- EqS4 

eN (').6) 

Hef rjre the ini.:e~fYB.l s eRn he eva J. tJa ted r an ana.ly{:i c form for 

!JG(.:r., ) mu::;t }x?: :r.nse:rt:ed into E:q.(5.5) f i.0~f 

G • 'c· . B () S).l1<,:j 

(5.7) .~~---- --,,--."._'--. 
J:' 

grat.(~d j n C10:-:!-0d form w:tth t~his exp:cf.;ssion fOJ: t1G (r to) .. 

Hovrever t if 6G (R ,G)« rn), ·then t_.he eqn~1.t:.ion reduces t:.o tJ1C o 

sirnple x·(=J.a·i~.ton 

..... 
' .. (S"B) 



neglecf tile (le~~8aG(~ i}) volume i_ffipUl'i.ty cOhc!enl:rut;!.on due 

pi.lrttc1JlaJ_' ( fo:( snff:i.c;J,cnt.ty dj.lut.8 soJ.ut:ton! :tn wh:Lch 

(5.9) 

the dc.:c.wH:y of siter: gV,8j, and l:h8:1.1: produut, the denstt.y 

of OO(;upJr::~d (by solut.c) ::d.te;.~ fo'(.' an ax·bJtr.o.·ry 0, rrhe cylin""' 

dex';tcal CU1:.<·"o;ff ):adiuG X'c :l.B necessaX"y r since 1t10fit detex':H1io;<~ 

naU,ons of tlG(,:) f\j:e not vaJ:ted rOJ:' positt01W 1elO8 than a 

3. compact: CC;fLfiglH'a. tj.on.. .Axbt"'cra~t' ;lly f condens:i.a.tio:o' is 

dc:U.ned 'co ('cerce \'lhcn C (0) r the a'l:orn f:cact:ion of solute at 

f' I (l) 
\.~ \ ~ O,:J t""',lv \. -h,::'> 11 (' :--- (' l!'c'- .'~ ._."". N . ..:..- ..:- -- -'E f "{tCt (5 ,:;), (5 .. 2) and ( 5 .. 8 ) 

(5.10 ) 

Sn 2nd L\S (;t:) i.\:iXl UHUEtJJ.y a"J8urW~"Hj to be equa.1 1:0 Z0X'O fox 

Jd(:'~;-i.l :,jC,lyd"') fl','1 r Ru/1c ("~():n:~~J.(h-Jx0.t1.on of ·v:tb:C; __ ~ . .-'l:·l.O:(1B.:~. entropy 
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irnpur-.i.i:y atoms) g-ives t:wofold effect:i.ve blnd,tng Qnergy 

[68,69J f Eq. (;),.1), for r :-:: Or ca.n then be :r:'cprc~-)(;nted as: 

(5.U) 

For non"ideal solut.ion of 'che impurity atoms in t:he near 

dls1ocation r(~gions the concen Jc:cat:.lon can b{:~ found in the 

framework of "regulclJ~1I Bolu'cion \:heory In quasi chemJ,cal 

approach, where the chemical contribution of the binding 

entalpy H (r) and bindlnq entJ:opy t,S (r) m:e assumed to 

be equal to ze:co. Fox: .such a CCl,se the following expression, 

for C"'« 1, is associated [67J, 

(5.12) 

where Z is i::he cooYdind1:.ton number; Nt AVQgBdro nl.1.mj~)(3;t' j 
\ . 

• local ox:der parameter 

<!> = 2 £',B .- ~ - C r. ~lv\ 'BB (5,13) 

atoms (A-A), lmpur.ii:yatoms (B-B) and matrix-:imp,-u::Lty ai:oJncl, 

rE:~.sp'ecti vely; all (; are negat~J.ve }3:Lnc(~ t.hey take zero 

value at infinib:; i:-lepaX'atlon bet:1,'leen the atoTnB~ 

Eq.(5.J2) is transcendental (with respect to C(x»; for this 

reaHon f.;-;xtra contrib:.1tion t.o the ef feC't:.iv(~ binding energy 

from local ordl.~x·ing intC?X'at.:;I:ion r:~nthc3,lpy ts UfH:l.isJ.l.y consic1t>~ 

red, which Is expressed as [1~1. 

(5,14) 



·vJho)~c is (:r:) ifJ t.he ('YVo:c(-)~Je concen.t.1:."at:lon at. a d:tBt:nHce X' ~ 

should be lnc:!uded 0 

Sine(e 10oa,1 0;;:;do:1.';1,n9 OGcu:es when <1> f 0 I lnsp0.ctlon of 

gq. ('S .12) r,ho\'ls that soluto··cHslocat,1.on b:Lnd:Lng :ts d1:m:ln1,'" 

tJve (<1> > 0) f and enhanced v/hen ;interact:lons are .rE'pnlsj,ve 

(CP .<; 0 l • 

The value of: cP caD be calculated I for c,xample ( fl:om the 

phase d:la.g:t'am of A"B j~he exp:<:erw;ion describing the tempera-

ture dep(enc1(ence of the limittn9 st)lubj,l:lty of tmpu;l;;l, ty 13 tn 

matrix II. 

for sUbstituti.onla irnpur:Lt:l,es ;I.n f ,c.c. JIl(etals ZN
A

¢/20:10-.30 

KJjmole [71] I C(;r:) "0.1 at I'"b, wh:tch yi(,lds 

l\ll (local o:r.iice:J;') 0: 2'~6 l<:l/mole. 

For o.(el3c:(';1,pt1011 of :!.ropurlty atll)ol3phe:r(}s Eqs. (5 ,1) ~ (5 .10) 

m:e usuAlly used, 'l'be (clntJ:opy £acto;[' j,s often neglc?cted 

(i ,e, f /'.S (:c) B.nd S)3 are equilt:ed 1:0 zeJ:o for tdeal solut;J,on) • 

A nnmber of cont:r.1but.ions t.O the j,ntel'act.i.on enthalpy IllI (x) 

should be constdered in order to evalual:e ·the ·tota1 inte:cac'" 

t,~m free ene;cgy, In :f'1,m'Ung 1111 (:t') several component:s caused 

by e18.st:l,e f olecU"owi.:atle and etectrochemlcal interactlons 

of. the ill1pm:H:y a,toms w;l,th d:LsloG2\tionI3 are constde~:eii, F'oT. 



c:3..i.l\lte '301ut.ion.s t th~ cont~.:r-:·ibutions are r).ssumed t:o be 

muf·.Hi"3.11y in(h~pend~::nt. r:ehc: ina i vi.dlJD.l cont.r:Lbl..ltion ~~ a.rc 

considered as follows~ 

The EJ.astic Misfit Interaction. For edge dislocation the 

:tnte)~o.ctiOl1 wh:tch is due to the difference in 5i2(:: of 

lmpurlty and mat:.:cix atoms. Based on isotropic cont~(inuum 

the elA.stic misfit. intexac'cioTI can be c:::xp:r'essed ()~~ [6'fl ~ 

t.H ( .. ,- 1...' ~'" £;. t .t:La.seJJ; NJ.SJ . .J. - f fi:dge) 
~ 

r , (.S .15) 

HB(-l')-S'CJ'~ ~jJ'~~jL "" .0... .., I _,J-L.L f Ec1ge)- (5~J6} 

where 

solvent (in unst,re.sscd st.ate); b""Bu:r.fjers vector ~ Tb.<5: 

solute dilat.ion fl,. due t.O t.he impurtty at:om in t)":Odtlctton I 
o. 

comrnonly tel"med the size rn:tsflt:. parameter t 5.s defined by 

t.he expression;; 

nd 
r' .- r , 0 

(~).I7) 

t,·,heJ:e r f ·'"effect)_v(-;1 lmp'urtty atOrt). J7ad.i.u:3 in mctal'-'-~JoJv(~nt 

in stressed state o 

('; , liJ) 



pardmc-.}te:X' wit.h soJ.ute compo::l:t t1.on ~ 

Evalui:l'c:lon of lIn twin~J Eq.(5.1G) (assumillCf ':0" b) ;tor f30me 

subsl:ttuU.Ol1ill impm:':lttes (Ni, %n, Ga, Ge, As) :tn copper 

gave a value of 10,<;0 I(J/lnole ('fable 6 ). At l' = 311m 

accoX'cHng too Eg. (5.15) the value of lit! (1') decx'eases appro" 

x:tl11i\tely by ono order (e.G coropa):ed 1:0 DB) , For the case of 

screw d:tslocatioTIs 68(1'), due to elastic misf:tt effect of 

substituted bnpur1.tlos .in f.c.c, metals, is approximately 

by one order 10lve.r. than that of edge dislocaU.on. 

Eg, (5,15) Can be 11ri Hen as [S?, 6 7J • 

"}i b (l+v) N)\ (V1 "Vo ) s.1.n0 
~_o"_j 'fl'C} MV ) r~~-"'-'~- (5,)9) 

r:lty and matxix atoms (:In unstressed s·tate); X'l" rad.ius 

of iroPU)c,tty a·tom (in unstreBs(ed st:ate}; v c· potflson t S ;r.i\tio. 

Pr'om l~qs, (5,15) and (5 .. 19) follows that the substttnt:l.onaJ. 

lmpurit:ies \·/h:1..o11 have larger: atomi.c voluJne t.han the lllatrix 

atolllfJ are s(~srcegated JIl. 'che extendec1 ,:eg10ns near edge 

dlsloca.'d.ons "nO. lmpurH:tes 'i11th lesser volume (:lncluding 

vGll1anc:i.es) are conc(~ntl:'ated :l.n compressed :t.:'egions" Er;ttma<-<> 

usJng (1\,J.9) foX' 'Pe atoms ,tn A9- gave about 

(al: ;r:: ~ b); 1\t. r '" 3nm the value of M-l Cd 

dec;r::eases neil.rly by on€! onler. 
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The Elastic Modu.lus IJlteract:ionR A contribution to the 

tn-Ccl:D.ctir)31 ontha.1py H (y .. ) i:;r.-Jt:H3S vlh.encvcr. tile iTl1pllJ.:'lt:y 

and metal-solvent possess dissimilar elastic moduli, Tilis 

~lastj.c modulus enthalpy, based 011 11.near elasLj.c theory, 

.1.10 found to bE' [72] 

1. For edge dislocation 

fIlj (r) ("'1 ,. 
,t;. C1.SCIC 

.2 ~ For 3cr'ew dJslocat,ion 

, 

2 
6Ti;C 

, , 

'dl;(,re band b - the magni.l:udes of the edge and serey; e S 

componentC', of UurgeJ:s vect.or f respectively ~ Here 11 S is bulk 

modu1.U:3 inhomogeneit.y pararnet.0Y t" and i.s glven by 

(5,22) 

Vlhere (3' and I] axe bulk moduli of the .i.ncl.usj.on and 1:.h0 

nJ ""!--.... J···x ··'(">';'PPC':-.-i,,;rely J' .'.!.'._.' I (.~ .. ,) .• "-, -' ..• ,:> .... L.. •• \f -- • ~ 1]1 ' .• shear mod.ulus i.nhomogen,c::d. ty 

pa.rameter f Hnd is given by 

(5,2:3) 

m.ltxix, respectively_ 



By analogy Idth thl~ m:I.,;f:tt piU.'amete:c 11a (Bee I~q, (5,18)) 

it 1s conv(}nie!lt to defJne t.he :tnhornoqei."l.:.y pa:eamcte'j:8 

.~ (1/(3) ; n'. 24) 

( c 2") ,~)G .~) . 

In conotraflt t.o Eq, (5,15), Eg, (S, 20 1 indicates i:lliJ.i: t.he 

moaul ur:; tnt:en.\cttoll could le.'\d to b;i.ndlnq; i, e, r t,he elastic 

modnluG (.)nthalpy is great:er t.han zerO for all 0, :Furthe;r.~ 

more, fl'~ (8/27) llg f 
)J f 

1';Lc<1.1 dist:xibut.ion of solute (for \! = 1/3), :tl1 contrast, to 

th., antisynu·oetr.ical dist:dbution J?T..,scrlbed by gq, (5.15)., 

It :ls hopoxtant to note t.ha,t the (~I<H"tic TIloC!ulUf3 :i.ntexac~ 

toio)) (Eqn, (5,20), (S. 21) j.B cnlcu1.ated by cl£svlll:i.ng t:hat 

nO. '" 0 I and, the ela.st,tc lnlsfi t intenlCt:toll is calGuJ.a~ 

ted by nssnml.ng tha·t n (3 "" 0 , I'Ihel1 botch interact:l.anB are 

fj,ni t.e r the j,ndividual lnteracU.al1 enthalp:les 81'.;;-:;I.ct1y can-· 

not. be added c\lgebJ7ically ,.,1. thant ~.nclud.Lng a co:o?ect:Lon 

te;nn. HOI1(~veJ:', Ulis te:rm Jnvol:ves t:he product na D(3 f and 

ls small relative to the ullcor:l:'ect~ed intel.'act:!.on enthalpieB. 

'l'hc isotroplc conLl.lluutll kJ.pproxhnd t.l.al1 I j,n whi,ch ·th(~ e1<\st1.c 

praper'cy of an isolated :llllpurJ.ty atom In the Bolid solution 

is con,lidw:ed teo be equ<\l -(.0 the: l'Ilac:r:oncopi,c p:eope:ct:l.eB of 

the hnpux). t.yma.to;da.l f is be.U.eved to be a rough a.pp:eo::d.lna-

t;lon by 'many reHeal'chers [67], 



Calculai:ion of fi~(E12stiG morll1111S) llsing 1~qD(5.20) ", 

(N i, Zn, G:J. ( Ge f 1\s) J.il eu i" obt:a 1.ned 1:0 be 3~'7 KJ fmo 1e . 

At. r'~ 3nm t.he value of the binding enthalpy acco:rding to 

Eq. (5.20) dec:ceases nearly by two orders Un cOlnpa:cJsol1 

t.ion;:;.l j,rnpuri./cJes in f ~ c ,C ~ met.o.ls ~ 

ribution of the conducting electrons in gradient of hydro-

sta tic prf~[jSl1re near disloce.tton I which leads to fornlation 

of electric dipole [73J. 

Usj.ng tile Wigner~Seit~ loethod ()f calculating eJ.ectron 

enei:g:i.es -the electrical in·te:r:action entha.lpy beLween the 

impud.Ly and dislocation is obta.tned to be [73J. 

(5.2G) 

'llile}:e q -- -tIle ratio of the effeci:i ve ~ul1puri ty cho.:rgt.~ to 

the abs}olni,~€ value of -the electl'on charge; ~. the energy 

of the Ff,~x--mi surf: ace; 8'- di latJon, 

'rhr;: bind.:UJ!'j cne2~0Y dU2 to electX'ical interaction has a 

stgn:Lf:f.cant value only for small 61 s-{:ances bet\'leen impurlty 

ato;.ns afH.1 (jistoca.-tion lines (x: ::: b) t since -the elect:c.i.c; 

field decxe(,H~es quickly \·r.1.t.h di.stanc(~ (-- r .... .3) ~ '}'he va.lue of 
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Hn (elecic:ctcal conLc:LbU'l:ion), of an edge ctislocat:ion f 

(5.27) 

Co'cU::el1 etc a1 not that for a Z"'valent hl1)?urity a'co.ro ;in 

Cu, q is equ:Lvalent: i:o 0,07'5 (Z~l) I and so for edge dislo~ 

caU.on in typ:l.cal substi tut:ional i1l1puri ttes in Cu the 

elec'c:c;l.cal .interaction centhalpy :ls approximat:ely by one 

order lass than elastic 1l11sf.it enthalpy (size effect) • 

Calculation of HB (e1ect.ricall using Eq. (5.27) for some 

impuxj.tJes (zn,Ga,Ge,Ag) j.n Cu gave values in the range 

1··7 K.J/mole (,rable 6), J;'or screl., dislocation the electr1-

cal :lnteJ.:act;ion binding ener9Y ,i.B very 111uch less than for 

edge dlslocations t and is connected 1'lith anha:croonic flxpan-

sian oj; the luttice [52J, 

'l'he Chemi.cal Intel:act:ion. '1'he clwn1,i,cal interacd.on :eree 

energy GB vlh:lGh iB due to the i.nte:eactJon beh1een stacking 

fanJet,s and :lmpnrHcy atOJIlS f ca,n be described by chel1lical 

t.her11)odynC(lt)j,cs and :ts 9 J. v(m by [74 f 67] 

(5,28) 

vlhere h - fault: t:htckness i y .'. the stack:l.ng fault free 

ene:cgy, Co ." atomic fracU.on of: solute at the cUslocation 

core ... 
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Estimation !,)f G
B 

(chemic3.1) llsinC}: (!) .. 28) (a_rid cY-periJnQnt-a.l 

datn on d Y la (~) for ~n i:lnd (;{;~ in en gave: a v.:~lu(-; ne;:t:-c 

to 1 ''>,J Imo}", (Table 6) . 

'l'he aboV-E: diGcussion leads to a. number. of conclus:Con~i. 

P:i.L'st.ly t tone binding energy (6G (2J:'::~ 3nn\)~ i\H) :.I.;::) lower than 

AH by about 1:\'lO orders. A.lso f the coefficien ts of impll~ 

r:L ty dj_f fusion in the cottJ:ell elond near d:L sloca t.lons are 

rather higher than in 1::.17.e fnatrix solution [751 ~ 

rrhus, it 1.3 impossible to expla.tn the characte)::i.stics of 

the near dislocation segregation phase regions (c>8cU_on 4.2) 

using 'che Cotterell cloud model. 

of the S(~conc1 Phase -----------------~.--~-~--

It. has long been known {:hat. d:L::;locatlo71::; can d.ct ;3.S sites 

for preci.pitatc;o of new phases, Th(~ preci.pi1:ates could be 

rrhe ene:t'qy changes assoclat:.ed w:i.th ·these two t.ypes of 

p.recipJ t:at:ion processes o . .'ee J-:evi(~wed, It: is further shown 

explaill the diffusion an~nali8s. 
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annevlirlg, precipitati.QD OCC1]~S cll (;~ n2a1; diGlocation~ 

In JnQst cases, PJ:ecipl~atcs on dislocntj.ons are likel.y to 

of precipitatiQn~ Accor6ing:ly, tile pl~eciDitdtion process 

i.!ormat-;':O(l of 
d ,{ ,~i 1 () c.;' () /" .;~ () 1,' • 

1;) rJ."eeox:a1;ed 
-'Jonei; {-[;Hi;C(i 

a cah6Funt pveri~)itate neap a 
a) Di:;Zccation :Jithovt p~GcipitateJ 

dinZoeation. ~!hp $econi pho~~ ~~ 
!!c;~ne by 0"1 Z;; 07";.(: ?;.i.;i);;;/O DfJl:-:c~/e!:., 

UU1:"'pOKi:eci. by ct)mpute~,: r'l h " "'I' " 
I ) r J ! ': J. ~ .. , J 

radius R and of J_arge .Length thnt can be taken as j.n[j.l)j_t~~ 

briac distance a~ 



p).,::,eHsn;c~~ 8.11d f-urth_(:):r~moJ:·'~~ Chi1HCAE"lf\ of (}ilt::COpy and volume 
\ 

can be lx-)ClsoHabl:'l neql(;;c1:::;~d ~ ~Phus I they mexely ltHeu 1::he 

ene:egy chanq" l'I ''" ViOD ". \if]) ( l'Ih.ere IIIDn and \'ID are 

'che energy 0:[' the (f,3co:.:a1:eO dJsloCI):t:lOXi and of: the d1s10--

ca,t:;lon be;l~o;ce pr.ccip:ltation I respectJvely. /1,\1 is the suro 

'rhe :fO:1.::rn().t~.Qn of: a cyl.lndexico.l cohe:eent p:.:eC3.p:l.'ca.te nei3.X' 

a dislocation :Lnduc(~s a to1:<,1 elwrgy change f taking into 

account: both ela.stte and cheJn~,cal ene:cgy changes [78] 

(5.29) 

,-,here the ·total chcmge of olcwtl.c ener:gy 

, (5,30) 

v.nd 11<$1 and Wo are the pa).'t.[l of: the elastic Gne~:gy 

C01:J.'Gspondtng to the modulus (.,ffec·t and to the si.ze effect, 

re:opec1:1vely. 1V~1 and. W/) take the f,ollowlng values; 

i) d.lsloc<\t.1.on core lyJng lnsJde the second Pi-lhS6 

(5.3la) 

; (5,3lb) 



U) dislocation core 
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s s 

+ b~ 

(:;,32,,) 

(5.32b) 

)1m' I'S,]JS are the elasU.c constants of matrix (m) and 

second phase (s); V 
In 

a.nd 

matrix and second phase; 

V s the mea.n atomlc volume in Jehe 

band b are tho edge end scx:e'tl e s 

components of Bnrge):s VE~ctor r respec-tively; :r c is a. para'" 

met.er r 

'l'he change of solid Bolut.ion elast:;lc energy can be calcu-

lated by means of the fol10\<ling fonnnla [78]; 

(5 0 33) 

lv" J8 th(-C! moan ela;~t,:tc en~rgy of a 801ut.e atom in a 
t.he matrix., 

The fo:rmat::;'on of a ~3econd pha;~e invoiv(~s a ch03_ngf~ of 

(5.34) 



"lhere 6J? ls the chan~Jt~ of chendcal enerqy por un:Lt ~\rolume 0 

)],lnul1y i the tntel~facial (~ne:cqy y.'{« between t-~he mat:ci.x and· 
,) 

We' -- 2 1-'- H Y 
" 

(3,35) 

where y :1.8 '"he intel:f:acial eneJ:~JY densH:y. 

l'he i'J.utho;r.s [:18J calculated "'_lio,ly-tl(mJ.ly the fI1in~;:mum of AI'l 

by neglecting the chmn1.cal ene:cgy tenT)S :for an int:eX'meta1~ 

lie cornpound. Further-mon'l they rnenU,oned -that the chemi'-

cal enc):gy 1:e;l:'1118 Well and Ws cu'e slnalle;c than the e1astte 

enex'gy t<~J:rns, However, tnterrne'''a1:lte compounds have -:n)etall:l.e 

bonds which advance a high chem;Lcal energy terms, even 

greater; than the elasttc erler~1Y te:rms. ThereforG, ;l.t is 

impossib),e 1:0 neglect the chexnici'\l energy terms. 

On the othe;c hand, Solov I ev [79] have attenlpted to j,nc1ude 

the chemtc8,l energy -tenl1S, but he could nob make analytical 

ealen!a U,ons, 

The effectiveness of a dislooai::Lon as a catalyst :ear 

nucleation l'laS dlsclwBed by Ch('l,n [80J. Moreover / the 

author ca1culated the act:lvat;l.on ene:t'9Y for nucleation of 

a second pahs,",' on a dislocation a"mum~,ng an elastic 111oclel. 

0:1; a d~;sl.oco,'cion and an l.ncoheren1.: preelpltate, 

It was assumod, by Chan, -that toho nucleus lies along the 

coxe of the clislocation f that a crosr'l~sec'cj.on of t:he nucleus 
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perpendi.culi.1~(, t.o the d.i;31ocB.tJ.on is ci:ccul aT ~ It \'l;;:1.~:J 

fUj~th<?:;(' ;3.SS1;Xll(~d_ t11at-. ~:.I-l(~ 1]UC:J0:1~S is ij)(:-:oll(~Tcn{-. wit.h t_:hc~ 

matrix~ i:hat a grain-boulldary energy, y , call be assigned 

to tJ1E-~ bounfJaJ:'Y be"tween t.he nevI phB.se and t.he r!1at:cix, a.nd 

'1'he shape of Uw nucleus :i.S 9J'1<2ll by Ule Ladius r (z) f 

which ifl 0. f.unction of cUstallce f z, along the disloca-

t~ion line~ 'rh(~ fl:ee energy of fo:nnntJ.on of a nucleus waf3 

found to be [80:1 

0' 
Mi' _. f 

00 
1- 1>. log !: J. 21fY(r 11+r' z .- I.' ) r ' '0 

o 

where A = Gb'/4rr(1-v) for edge dislocations and 

(5,36) 

A = Gb 2 j4n for secrew dislocations, G is the elastic shear 

modulus, b th.e Burgers vector; 'J t.be poisson rdtio; y t.h.0 

interfa.cia:J. energy of the boundEl:r.y; f ~ .~ l'IP \J I 1:he 

negat.iV8 of 'che volume fn'e energy of formati.oll of the 

new phafY:? (f j,3 ,;.J, positive:! quantity when the new phaSfJ is 

stablej i r t:heradius of the nucleus; r I -- dr/dz and r o 
is g:LV8n by thE, minjmum In the free eHenry per unit: length 

f' _. ,-, A 109 r i- 2 1T Y r t~ 'If f r?' + const e (5.37) 
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t;i,ons [8J. f 82J tche o,c1:ivat;lon 01WXgy of d:U;fusioll ;i.llcreases 

fo~; c:r:ystt11r1 with hl~rhe;" llle1.t.lng poj.nts I eD and 8ublima­

t:lo:n heat:s CW;\,I:h o.pprmd.ro"te'.y the same valu<~s of Do) • 

Bec"use of 1:11e80 reilllOl1H i at 'che same ab;,;ol ute ternperatuxe 

~: lwhich l.cMe): than the 'J' _ of the metallic l1)!l,t;clx and 
TIl.p 

much lower. th,-Ht '1' of the :tnte:CJ1lel:nllic coropound). 
m,p 

Q (:1,n metal) <: Q (;Ln :tnt. cornp,) 

D (:tn m~,tal) " Do Un j,nt, comp,) 
<.1 

n ( .' 111 '\1~ j' . ] ) .. " _,1. .1 ,.-;, ,,("J. _ » D (j.n :tnt, comp,) 

'I.'hUB f :1:<:: ~,IJ :iJnposs,tble t:o expla:f.n 'che cilm:act:!'Jl::tflt;lc/'i of. 

:> Q U.n :1.n'<:. Gomp.) 

))0 (j.n lll(-llcal) 0> >]) C:tn :Lnt, comp,) o -

D(;in met1.\l) >,> 1)(;ln ,j,nt., eomp,) 
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t_be stJ.1Jct,uJ:"(~ 811d co~npoE;ition of. prectpiLa.t.iol).f3 correspond 

bot,h :Lndj.virJ.uaJ. fr3.9~;~en~:r~ a.nO inhomog(~lH~Ol)S chE2mica.l 

composi tlon ..3.nd ox-de:( ~ mic:(o:cegions wi.th hiqb de$f;cee of 

order alte:cnate w.Ctli int.ex:med:iJd:e m:Lc)::o~ones ~lith x:-elati"" 

tes have fjt:TDctlJj~G~':; Vl.l th some degr06 of a.mol:phiz8.tion 

w11:.11 respect. to "che stXu.c-CUY.·(:;;3 ot compou.nds .. 

As It. :is :3hoWD in th(~ next chapter such a. model a 11ovl!':; to 

descr:lbe quite sa.tisfdctorly ·t~he DXJ()J'Cli).lous lOVi characte-

:r:is tie vall:-'.es (D ,Q, .• )).\ 
OJ. 
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7'. Distribution of solute atoDls at'otmo. a dislocation in Bome 
arbi trary directj.on r. for vuri0l!s temprutures. 1,0te that 
the bulk solute concentration (v' ) and the Bolute concentrati 
when r effectively is equal to infin:!.ty ( ) differ by a 
11 amall finte a~ount. 

fig 8. Sohematic Hlufltrarion ( for the case of solute binding) of 
a) the atomic fraction of Bolute c(r.e ) b) t.be number 
of sites per unit length of dislocation g(r,9 ) and 0) 
their pl'oduct, the number of occupied 81t;:'8 per unit len8th 
of dislooation, plotted as a fUnction of rad1~1 distance 
from a dislocation and for an arb! trfll'Y engle (;}. A screened 
distribution function in u) cnd the density 01.' solvMt 
plua soli)~ sites in c) are denoted by dashed lines, 



TABLE 6 
~~-,,~-~~-~~,. 

Contributions to the Rinding Enthalpy HR (at r = b) of 

Various Solutes to Edge Dislocations in Dilute Copper 

Alloys [52] 

--------~.----~.~~--~,--~~.~ ~~~------

Binding Enthalpy, 

Hn KJ/mole Ni Zn Ga Go As 

U 
Elasti.c Misfit 8 13 20 23 32 

---------

Elastic Modulus -3 3 4 6 7 

Electrical o 1. 3 5 7 

Chemical 1 1 

Tot a 1 5 18 27 35 46 
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CHAPTER 6 

CONSIDERATION OF DIFFUSION, STRUCTIJRAL AND THERMODYNAMIC 

CHARACTERISTICS OF THE NEAR DISOLOCATION SEGHEGflTION 

DILUTE SOLUTIONS OF Fe in Al 

The existing segregation models, as seen in the 

preceding chapter, could llot explain the near dislocation 

regions characteristics and the diffusion anomalies. 

By assuming some degree of amorphization of the interme-

t<lllic compound FeAl 3 structure, attempt is made to 

explain the structure <lnd characteristics of the near 

dislocation regions, thereby interpreting the diffusion 

anomalies. The linear distribution hypothesis, used 

in chapter 4, is verified in the light of Crystallography, 

Thermodynamics and Disolcation theory.' 

6.1. Interpretation of the Anomalous Low Characteristics 

of Diffusion of Fe in Al 

If the structure of the near dislocations segregation 

phase region corresponds to B short-range order with 

respect to some intermetallic compound, for example FeA1 3 , 

it is possible to describe the low values of the diffusion 

characteristics (DO~' Q1 D1) as follows. 

According to the know experimental data and concepts 

of local order [83-86] its structure could be characterized 

by both individual fragments and inhomogeneous chemical 

composition and order: microregiolls with high degree of 
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order alternate with intermediate microzones with relatively 

low degree of order. 

It is possible to assume that the composition, structure 

degree of order (and correspondingly the degree of amorphiza­

tion) and the cross-sectional diameter of the near dislocations 

segregation phase regions could vary as a function of the 

concentration of the impurity (Fe) in the matrix solution 

(AI). Therefore, the gradient of the chemical potenital 

of an impurity (Fe), entering the segregation phase regions, may 

appear along the regions, i.e, under the above conditions. 

These regions might serve as preferable paths of impurity 

diffusion or hinder such a diffusion.in the'bulk owing to 

depletion of the matrix solution in accordance with the 

). distribution law. 

Since the melting point of FeAl 3 is rather higher 

than the melting point of AI, and therefore the m<3lting 

point of FeAl 3 is much higher than the diffusion annealing 

temperatures of the Al··samples in the experiments [9, 12,etc.], 

it is Dossible to assume that the diffusion of Fe-atoms . . , 

in the Ileal' dislocation segregation phase regions in Al 

proceeds preferably along the paths with high diffusion 

conductivity,i.e, along intermediate microzones with low 

degree of order. 

1:£ the main part of Fe a toms 'in the near disloca don 

regions are localized in the microzones with high degree 

of order; which obviously occupy most part of the regions, 

then it is possible 'co describe the effective diffusion 



coefficient (D1.) of the impurity in the regions IJsing J18.1't-­

Mortiock equation [531 

(G.1) 

where Dh -- the diffl103ioll coefficient of the impurity in the 

mierozones with high degree of order; 

D -- the diffusion coefficient of the impuxity in the 9, 

microzones with low degree of oxder, D£» Dh ; 

n - the fraction of the micro zones with low degree 9, 

of order in the near di.slocation regions, "fc< 1; 

Kth - the equilibrium constant of the process of 

impurity (Fe) distribution betl'lcen the miC):ozones 

with low degree of order and those with high 

degree of order; K"I"'« 1; 
1v 1. ~" 

K9,h ~ ~xp(-~S'/R)exp(A!I'/RT), (6. Z) 

6U' and 6S' are challges in enthalpy and entrag), of the 

system after passing one mole of the impurity atoms from 

microzones with low degree of order to those with lligh degreo 

of order. 

Dh = j) 
oh exp ( -Qh/ RT) (6. :;) 

Dt -- D 09, exp( '-09;/RT J , (6,1;) 

Qh' Q£, are the act.i'ration energies for the .lmplJri ty diffus ion 

in the ruierozones with high and low degree of order, 

respectively (Qj/ QQ)' 

-If· D /< D -1 K t.~,·.PJ) . 
. j.' v'''. ", ~-1 N x /v 11 



Q 1. 

(6.S) 

Thus, such a model, with secondary application of 

Hart-MorElock equation, explains idequately the low values 

of the diffusion characteristics (DoL' Q_t , D~J! in the near 

dislocation segregation phase regions of the solutions of 

transition metals i~ AI. 

In connection with the above statement, it is worthy 

to consider the FeAl3 crystal chemistry and in particular 

the possibility of its amorphization in the near dislocation 

region in AI. 

6.2. The Peculiarities of the FeAl~ structure in Near 

Dislocation Regions in AI. 

The FeAl3 structure (space group C2/m) [87,88] could 

be thought with a certain amorphization of the cubic cl05e­

packed lattice of the AI-type. According to Bernal's 

Iconcepts [89], as interpreted by Pinker [90], the amorphous 

packing is formed wiDI sufficiently high density of filling, 

trigonal bipyramides and tetrahedra sharing the faces. These 

bipyrsmides and tetrahedra occupy more than half of the 

FeAl3 structure volume (Fig. 9). Obviously, in this structure 

some amor~hous microregions with no long-range order 
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(ieC w~tl) a shoJ·t-rangc arJar) Ins}' OCCUY. I:ot eX~lniple, 

6 3 nets correspond to twinning planes AI{111} • the larger 

fraction uf pseudoamol'pholJ.s regions in feAI. structure should 
J 

make tilcir characteristic ncts more similar to AI{ 111 } 

nets. TI1crefore, tIle surface tellSioJl at the i.nterface of 

such mic1:osegregation zones ncar edge dislocations in A1 

is lower; the higher js the amorphization degree in this 

5tructure~ 

Characteristic nets of t112 FeAl_ structure llave sites 
j 

which aTe potential vaC311Cic.,s (c.J) \'iith dimension" 

corresponding to Pe and Al atoms (Fig. 10). For PeAl] 

stucture the total number of vacel.nci.es per unit c';] 1 aTe 

about 30. The stochiometric formulae of this compound Celn 

be ]'cpresented, after due consideration of the structural 

vacancies, 83 Pe Cl 1.2 AI3 

aTe taken into account then 

If the PeAl_ structural vacancies . j 

6 
the s:ites form 3 nets (rig~ 10) 

like in close-packed structurQs(Al). Therefore, the PeA1 3 

structure can b2 COllsidered as a quasi~isomorphous structure 

relativG to the All structure. The an<J)ysis of the filling 

density and symmetry re],ation between the PcA1 3 structilrc 

and close-packed ones (AI) justify the above assertion. 

The above mentioned facts show that the near dislocation 

formation with structure etose to Fe C:J 2 AI .. , ciln be 1 •. , J 

considered as quasi-isoJnorphous stratification of the 

SOl11tion of ]le atolns and v8callci.cs iIt tIle dislocatioil fi_eld. 



Using such a lilodel it 19 possible to derive the effective 

distribution 101'1 of Fe atoms between the near dislocation 

regions and the matrix (Al) solution. 

6.3. The Effective Distribution Low of Pe atoms Between 

the Near Dblocation Segl'egation Phase Regions and 

the Matrix (AI) Solution 

The PeAl:> (or Fe \~:;Jl. 2 AI:» structure is more compact 

than that of AI. Therefore, the segregation phase 

(Fe c::J 1.2 A1 3 ) shonld fOI'm in the regions ~ompressive 

stresses, near edge dislocations where local concentration 

of Fe atoms and the vacancies is higher {751. 

The disSfllution "reaction" of the segregation phas'e 

in the matrix solution can be represented as 

(Fe D
l • ZAl:;).l + 2.2[Al) .. [Fe] + 1.2[Gl] + 5.2[A1)l' (6.6) 

, ,-the subscript ".!." indicates "reagent" localized near 

dislocations in regions with pressure P.L ;-

-the square brackets indicate the "reagents" localized 

in the solution, in the crystal bnlk; 

-the square brackets with subscript Ill." indicate 

"reagent" localized in the sfllution in the near 

dislocation regions \'lith pressure Pi. ; 

- the round bracket with subscript ,,1,11 indicate the 

stochiometric formula of the near dislocation 

segregation phase. 

The condition of equilibrium for this kind of reaction, 

from a thermodynamic point of view, can be expressed as (71]: 



b l,), " , (', J 

I'lh e H; G( I' , 
'0 1,2, Al),t 

(iiblJ5 free Bllergy of a JIlolc of tl~e 

rest are tIle parti~lJ. n)Ol8f free 

in the corresponding solutj.ons. 

where 

MI -

T 
1';1 ~ p 

v 

According (,0 1'1 S, 71 j : 

(
' i.) 

; 'f' ') 'eil ,', 
,j 

+ /:'G ..;. (P 
<J.m 

t· t) / r-) V ': (6. ;)) 

the crystall inc. 

givell temperture; 

of a mole of the FeA] ._, compound t)f T > T 
~ ffirll' 

bG <. - am 
C'f' T) 

___ ~~_:J? ~.,:_ 

m,p 

the molar lll(dtjn)!, cntlwlpy of the compound, 

1;]1C melting point ()[ tl\~~ coml'Oll))d; 

the radius of the cross-sectiOJl of t]le 

the surface tensj.on of the segrcg3tl.on pl~a5e·' 

A1 interface; 

v - tIle Jnolar volume of t.lle segregation FeAl, 
,J 

J' r 'J "",ll"', 'I' l? -l:]se OJ: '.~(. ~. 

of Fei\13 at D , , 
,.\. 
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The pa1'1:i;11 mplal' free energies ·of the "components" 

can be expressed us [711: 

Glcl1 -

G (Al] .l.~ 

RTlog(ao (1:';J))' 

G~l ... PLV[Al) 5_+ RTlog(,jO [AU)' 
.L 

(6.8) 

(6.9) 

(6.10) 

(6.11) 

the molar free energies of crystalline 

Al and Fe at atmosphe:'-'ic perssure and '1'; 

o 0 a (AU, a (n]'- the activities of Al and vacancies in the 

matrix solution at atmospheric pressure 

and T; 

C[Fe) - the concentration (in atomic fraction)of Fe 

atoms in the matrix (AI) solution at atmospheric 

pressure and T; 
o f [Fel - the coefficient of the activity of Fe atoms in the 

matrix (AI) solution at atmospheric pressure and '1'; 

8
0 

[All .1," the activity of Al atoms in the solution in the 

near dislocation regions at atmospheric pressure 

and T; 

v [AI] ., the paxtial molar volume of Al in the solution in 

the nC:lal' di~;location Tegions of P and T, which 

cab be taken to be equal to the molal' volume of 

crystalline Al at 

and T (V [11.11 '" V AI) • 

The coefficient of activity of Fd atoms in dilute matrix 
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f~O 

, [Fe1 (6 .1 2) exp 

wheY' f:..H
CFe

] - t;l'~ j'UJ:;1tJ1lC I}drtia_J. lflO]2l' e;:-t~~halpy of Pe 

atoms i.n the Al matrix solu,tion, 

/. (~ 
- \ .) '" 1~ t f" {: 

tIle excc!;s.ivc rarti~,l m()lQY C]ltropy 

of F~ :J.tOlliS ill Al. l)latrix solutiO)l 

t~]lic}l (~an be taken to be equal 1:0 the 

\'ihen the Clystal is in cquUibri\Jj)] with it," surface "rei}" 1 ['If] 

and in 9 " 1 and o 
il r A1] " 1 

as ~';eJl~ HBllCe the CXp1"cSSJO!l for Fe concentr~-ltion (in atomic 

fractioll) in the matrix (AI) S0111tj.on saturated with 

l'e~.;p(;ct to :::egregatioll phn,Scs on dislocations at. T CcUl be 

obtained as: 

C $. ph 
(Fe] ex!! 

(' 

G '" ! !':' (~'.~']. 3:;': 

{ 

of the formation of a 

crystal1iJl€ Al ~lld 1:0 at 'r; 

I~,~G 

bV l'eAL 
+ .J loG I" J ... t'(; 

.!- J? 
~ .. ~ .. ----.~--

l' 

RT 

- ,,),(;,,0 '1) , 15 
}\ 

, (6.13) 

"
,',.(1 ~ p 0 "L· c" 1"" c: t" 1 J J': T) f"', P ('" I\ 1 
~ ., " , J" ,',. ,- " ." 3 

(6.14) 

fl'e(} 

f :com 

) 

,~ r'eAl.? ill.''' the ,otandan:i 'cntlulpy n.nd entrop), of' 
,] 

·the fOTm:ltivll of ;.1 mDle o:f Cl'YSi:,:l.11in(' FcJ\.i.,:, from cryst311int~ 
,I 

Id, and Fe nt 1'; 
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H (J. ) , 
nul 

(; [Fo j 

The pressurQ of uni.form (!omproasj,oll P in the stress 

field of an edge dislocaf:ion~ in the solutiol. of Fe in A~t 

can be ostiro~ted in the framework of i:he isotropic continuum 

approximation [1Sj. 

A 
r 

(6.15) 

whexa ~- tho sheax modulus (AI). b-the Burgers vectorIAL) 

In thin appxoximatio~1 surfaces of constant pressure 

(~I~) are cy.llnd(e:(s (\'li.th i:adius >:) tangent to the glide 

plana along the dislocation lin~, the pressure decreasing 

shftpe of the cross-section of the near dislocation 

segregatioll phase can be ap~roximated by the contour of 

constant presouxe of uniform compreBsion~ 

AssuUling :c ~ :t .. ~) nm (s.inco the diamete:r.· of the neal:: 

dislocation segregation regions 

o rc 1011 - / 2,["75J, P ~ ,~o~ X dYJ18S em 

[7!5j I thus l' 

is about'3I1m), b ~ O.286mn[75], 

x - 0.347 x 10
11dYl1es/cm

2 

tfaking thH value 

'~6 3 
[87, 88, 9:" 921 I,IV": ,Ui x 10 'm , hence p!.-flV ,,8KJ/mole. 

mole 

At hig1l tampecatures, close the T of A',l, the 6G
a

_ 
m.p '" 

term can be neglect~d. In accordance to section 68~' the 
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'.l'ak:Lng 10"/N/m,< L '; 

l V' r .. '" 0.1;- 0C1, :;;..1./ 1: h,-~ n 

-y 

u.nd 

of ~18So1ution of macroscopic crystalJ.ine pBrticle~ ()f 

C(f:'<:JlJ.
3

1 
(f'(~ j 

LB fI B f', •. 1 
'.!. E. (6 .1.7) 

(1),lS) 



Bence 

and 

t. <. 
l.1IJ 

- 82.7 ± 1.7 KJ/mole, 

l'!qs. (6. U) ctnc1 (6J6) lead teo 

CS .. ph , " 
[)?(;j/' 

l!1 e A.l_
l G .~ 

i1G ,,(0v . Ix) + PoL lw 
am FeAl

1 { -.,.~~--__ ~._«~~~ • .:c~. ______ . __ } < 1 4 

RT 
(P<o J 

slnce '{I\G",m + (OVpC l\J
3

/;:) + Pl , /',V }< 0 
(6.19) , 

It indicatos that the seyregation pllases on dislocation 

appear earlier than the macroscopic crystalline FeAl 
3 

paEtiales (in the matrix solution) do. 

Thu~f the thermodyanulic stability of the segregation 

phases on disloco.tiotl:3 ill A} . .:Jol"l1t.ion is unaaturate~, with 

rospect to crystalline FeAl] phRS?, ruaill1y due to the 

dl1amatrJ,c affect (~./',V<O) segregation phases - Al interface. 

An it was shown, above: 

Henc~, in satJ.sfactory appzoximation 

C(FelU
3

) 
[Fe] . 

I'.l. /w I . (6.20) 

exp(··/',H/R:J.'). (6.21) 

TIlG effective distribution low call be represented a3 

c NE ~ tho total atomic fraction of the 

lmpurity(Pe) in the system. 
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n J K.: 

henc'-; 

.-:.nd 
(; 

i. (-: j{ 
.c (:,;-:p (hE/E'r') 

iB close to enthalpy of dissolution of the intGx)0etaJ.lic 

cornpo"Gnd 0;' t:_J>, J, ""' ) c, 
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b) j:·'-}(;k8.:s~3d net:-: ',.;:i c;; 2(;,':1.D_(1:::: 

( )""""'""DJ ; t· L -~, C I (.J ~! <.,. c' ~ I'': / r; ,."fJ f __ ': \-c.J' :._:; ~ 
-;;.n,,~; ;."'·:J~·~':L(.:nz~ ;.f,!,":_C),; i;; ::'_~_~C\];jC 
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I:eo det:.e:cxn.tne t:he:cH1odyn0Jn:{,C chc~u:act:G);i.wLicf.; of t:11e p:eQoess 

of ·the fo:cmatton of Ge~r:ce9'a1::Lon pahs£3s near dtslocation 

in soJ:utJoi.18 of )?C~ .1.11 l\9" llfiza'l:u:cat.ed \'1J.th :t"(~spect. to the 

Bi.unples 0 'l'he :\.ul:cns:U:y of the Ilnes due to t:lwsegx:egation 

due to 

the bulk Bolnt:lon should decrease, and the inte!lHity oJ! the 

grol'1"th of: the quench.iny t.empo):a cu.:",e vihLte that: of th,) bulk 

solution uhould inc:cease ~ 

2" The true volume diffusion chaj~acte:clst:iGs of ·c.t~a.nsit.i.on. 

methot1. ,. 
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teri.stics, have been 8xplaj.Jlsd by ~;l)e well est~ht~~bcd LeC].aire··' 

phaSf~S are moo.el1ed ~ Assuming -the C017r(~SPQndi1:1~J \'lox:king hypot;J.1,(;~' 

anomalies tn 1~X, ~ 
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