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'_ :-( ,- ~ ·._;; ... ABSTRACT 
. ... . 

A modification of LeClaire's microscopic model for self-diffusion 
-·_ ... 

is developed ~n a form suitable for prediction of activation energies 
.. "+··.· 

; .. :·~:.::.: 
... 

-~ - ' 

- \ , ... 

for diffusion in disordered substitutional solutions as well as in.pure 
. _/:; ·_.,: 

·-,.· 

... 

metals. Bonding is considered as a localized interaction, and the energy 

of bonding between atomS of different types is taken as the arithmetic 
. .. 

·: mean of the energies in the pure elements. The activation energies for 

·vacancy formation and migration in substitutional alloys are shown to 

depend on the empirical constants developed for self-diffusion when .the · 

· ... · ' equations are adjusted for the mole fractions of the two elementso The 
' ., 

·, ::· calculated results for alloy diffusion usually agree with the experimental 
-·- _: 

I : 

. ' .. '. values to within the experimental errors • 
. . . .. 

I 

•.. · 

. , ,. 
,_, .. _ ,· 

.' :-· _.;: .... 
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· ·. : .. ACTIVATION ENERGIES FOR DIFFUSION IN PURE METALS 

AND CONCENTRATED BINARY ALLOYS 

Louis E. Toth and Alan W. Searcy 

'INTRODUCTION 

Many different correlations have been proposed for use in predicting 

activation energies for self-diffusion or diffusion in dilute alloys • 

Usually theories for self-diffusion cannot be applied to alloys nor can 

. ......... . .. . theories for dilute alloys be satisfactorily adapted to self·diffusiort • 
-~ • • ' 1'" ~-

. We present here a correlation scheme which can approximate activat~on 
... _ .. 

energies for diffusion1 vacancy formation1 and atom migration in 

substitutional-alloy systems of any concentration. 
.. •,·; 

The activation energy for self-diffusion QD has.been correlated to 

h 1 i . 112 b bl' . 1 h h f t e me t ng temperature Im1 t e su ~at~on energy Ls1 t e eat o 

. fusion Lf1
3 and valence. 4 Working with mechanical parameters Le Claire5 . 

. proposed that the activation energy for vacancy migration~ could be 
.. ~ -, 

·., ':.~ .related to appropriate shear moduli. He also proposed that ~he activation 

,.,. : · energy for vacancy formation Qv is proportional to Ls• 

THEORY 

. -... 
' .. -· ~ We consider that LeClaire's expression for~ is satisfactory. Bu~ . 

'~ ' . .i • ... _ ... • -: 

·· · ·an alternate expression for ~ in terms of the bulk modulus is just as 
I :. . .~. •. ~t. 

. "--~ .- ''< -~ '· . 
; satisfactory from a theoretical point of view for t~e predi~tion of the 

"' '• •. !_'.:. .. ·.·· . 
• • :; J ~ . ..! • " 

energy of vacancy migration in pure metals and can more easily be used 

•.t,' 
for alloys .. 

:; ' 

.· <· . / r In order for ~'to be a minimum1 not only the moving atom but also 
._' ·.,. 

'•t: __ 
' ~ .' { . adjacent and nearby atoms must undergo distortions .. : .. These distortions 

·' 

. ·' 



. .. . 

,,·_; '. 

_,.,_. 

' •.:.· ""···· 

--~ . 

.··· 

· ,~, :• ~-·.are neither isotropic as is implied by a correlation with ~he bulk 
) ·;, . 

- ........ 
· modulus nor unidirectional as implied by a correlation with a shear 

. ,. · .. 

modulus, but are complex and multidirectional. A complete analysis in 

.. - term~ of the bulk modulus and all the shear· moduli is not yet available • . 
.......... ' -; 

'.·· 

In a first approximation in which only one parameter is used, there is 

. ~-
. : . ~' 

no obvious theoretical reason to prefer the shear. mo.dulus over the bulk 
.. _,..., 

'' ··• ·,. ·' .. 
. ; ··:_, .. 

. ·' , modulus • 
--i· ,. '.··.· 

}._ .. . ' 
·. ' ~- . 

The bulk modulus is a much more convenient parameter for use in 

\. . .. · 
· . . /·: .- , .·predicting ~· Shear moduli are known for less ·than half of metallic 

·' ,:;. 

' ; . 

.. 
·, 

'· •,.-:--.. 
, _· . ~·- · elements while bulk moduli are usually available. Furthermore, because 

of the direc:tional dependence of shear moduli, ·their estimation for 
' ·; ·. 

alloys appea~s inherently m9re difficult than is the estimation of bulk 
.:. , .. · 

',. ' ~ ' moduli .. 

.:}·' 

.:· ~~ ·.\ 

~" . 
'' 

..... '"' 

':· ... · 

We assume that the bulk modu~us Bs reflects an average value of the 

shear moduli such that the strain energy at the point of maxin:ium distor-

·: tion of the lattice during vacancy migration can be expressed as 

2 

Qm = cBsVoi eij • 

.·, ij 
~- :. ' . 

... , 
l., ', 

Here V
0 

is the atomic volume, c is a proportionality constant, and eij 

is a strain component,. . The summatio_n i~ taken over all atoms involved 

' ·. 
in the diffusion process.. Since in this approximation eij depends only 

1 
• on crystal structure, we can replace this expression by 

··.(·· . .... ' 
(1) 

.. . '._ 

i_ : .·· ..... 

where k2 is a proportionality constant dependent only on crystal structure. 

:Many of the correlations1" 2' 3 of the ·activation energy for vacancy 

movement with thermodynamic parameters can be related to this physical 
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. · .. · 
t' ~". 

'll.l· _; '-: ( .. 

.. model since L~ibfried6 has shown that the product BsVo is proportional.:to"' 

~, while, by Richards' rule, Lf = ~·3 Tm for metals where Lf ~is the heat'. · 

of fusion in cal/g atom. No matter whether B5V0 , ~, or Lf is corre~ated 

with ~, the physical interpretation given to the diffusion process can 

' ~ . 

:. -~ 

" 

·.;; 

... 

', 

.. · · · remain independent of the choice. We will verify· the proportionality by 

,_. calculating QD both from an equation that uses Bs.as a parameter and from 

.··.'' .'·· .. ··· 
. '• · .... ··· '> one that uses T~ as a parameter • 

The expressions for QD are 
.. ~. 

(2) 

.·and (3) 

I 

When possible, average values of k1 , k2 , and k2 were determined 

from-experimental values of. Qv and Qm. The best available experimental 

values are listed in Table I. From the ratio of the experimental value 

of Qv/Ls, a mean value of 0.27 is found for (fcc) and (hcp) elements 

.. '· treated as ~ne class; and the same value is found for the (bee) elements 
: 

,, 
.. '· I 

. treated as a separate class • Similarly, a mean value of 16.0 for ka in 
'· r-· .. . ~· · . .. . 

fcc elements is 

... QD-0. 27 Ls and 

BsVo 

found. Average experimental values of the ratios of 

Qn-0.27 L5 1 
were use.d for the values of k2 and k2 in 

~ 

•·•. c::Ystal structure classes where the experimental data for Qm are insuffi· 

cient ·to determine k2 and 
I 

ka • 
.. , 

The equations for QD are 

~ ~ . fcc . (hcp) QD = 22.6 B8V0 + 0.27 Ls (4a) 
. ~~ . . 

... bee QD = 23.8 BsVo + 0.27 Ls (4b) 

fcc (hcp) QD = 16.0 Tm + 0.27 Ls (Sa)· 
/ 

bee QD = 14 .. ·7; + 0.27 Ls (Sb) 
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Here V0 , the atomic volume is expressed in units cm~/mole and Bs in 

i·· · kg/cm2 x 10-7• The ratio of k2 
1
/k2 . in fcc metals i~ slightly larger than 

. · .. ·. the one Leibfried found • . . ; ~ . . ' . .'• .. ·' .. ' 

. ~-•. 

... · 

. . . ... 
. ·, 

:·.· 

. ~ . 

.. ·.· 

., • •J 

l· . 

Table I compares the experimental data. for ~ and Qv with those 

calculated. Figures l and 2 compare the values of QD calculated from 

Eqs. (4) and (5) 1 respectively, with the most rel~able experimental values 

·.available.. Values· for zirconium, for which the diffusion mechanism may 

be other than a yacancy exchang~1 7 have not been included~ 

ALLOYS 

Previous work in this area has been largely restricted to predicting 

QD for diffusion in dilute solutionso The parameters that have been used 

.. are the difference in valence,S the shear moduli of the solvent and the 

bulk modulus of the solute1 9 and the·partial heat of mixing. 10 To extend 
' 

the self-diffusion equations for application to alloy diffusion, we con-

' sider bonding as a localized interaction between nearest neighbor atoms. 

For an alloy in which XA and XB are the mole fractions of A and B 
' 

atoms, respectively., and Z is the coordination number of any atom, the 

number of A-A bonds for the average A atom will be ZXA, and the number 

·of A-B bonds will be ZXB. Similarly the number of B-B bonds for the 

average B atom will be ZXB and the numb~r of A-B bonds, ZXA. The assump

tion·is made here that the number of vacancies in the solution resulting 

from removing A atoms from the interior of .the crystal and placing them 

on the surface is proportional to XA and likewise, that the number of 

vacancies due to removal of B atoms is proportional to ~· Taki~g the 

bond energies as proportional to the sublimation energy L
6

,,' we find that 

the total energy for vacancy formation is proportional to 
•. 

• .. · 
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'. '"~ 

'. •' .. · :·· -... 

. ~- . . · .... 
·· · A:B . A B 

_: · · _where Ls . is the arithmetic mean of Ls and Ls• 
.. · ....... ' 

Using the same propor-
:·." '.t···· 

· · · ·~, • tionality constant that we used for vacancy formation in self-diffusion., . \ 

.•.' . 

::_ ... 

'.··:· 
(6) 

, . When an A atom exchanges places with a vacancy.,· the number of A-A 
/ . 

. . . · bonds distorted is XA(Z-1) and the number of A-B bonds distorted is 

' ·xB (Z•l) •. By analogy with our discussion of self-diffusion., we may corre- . 

late the distortion in the A-A bonds during .movement with (BsVo)A or 

\c. equivalently with ( and the di~torti~n of A-B bonds :with. (BsV 
0

) AB or 
A:B ,. . . . .·. ' . . . . ,. . . 

. 'Xm 1 the· arithmetic_ mean of these quantities for. the pure metals A and B • 
·. ' . ' . . . . 

' .. , ; 'The activation energy for vacancy migration in fcc metals can then. be 
~l •. ; .... : • • . .. . --~-'- ..... 

· ... ; __ ~-: 
'·' express~d for A as'. 

' .'.-~ .· . ; .~ . 

.· , .... 

<·· ' .. _;_,-· : .. 
. . ·' 

·.· .. 
. .. ·' , . 

.. ·., (7a) 
;, .. -. 

··or (7b) __ 

· where the cons.tants are the· same as were used in· the. selfo:-diffusion 
., 

.,; ,· 
·· . equations.· _Analogous equations., of cour.fe1 · des_cribe The activation J. • · 

•' ~ I ' • ., • • 

eriergy for diffusion of A ·is. the s\un. of ~--and .Q!. 
,·· ... ) · In the. above equations ·-the_ compress~bi~lity and the melting tempera-

tures were used as parameters • But whenever_experimental value~ for 
. . ··A B ··.A·.· .. B 
. ~~ ~~ <l.vl and ~-in the p~re metals are available,'' these values should 

. · .. 
be utilized in. preferen~e _to. th~ other;·p~rametets'. ::I~ ·addition.,· ·c/;. and . 

A:B. . . . ' .... > .. . . . l . . 

<lv should be corrected for· deviations>from<':ideality. when~ heats of mixing 
.< ,_,_ • • '· • ·.•• .· ~· :• ... _-,· ;; . .'_-,' ·, .• .·:_; .' ·: ~. r, . ." 0 • ••• ,.·.·~- '": • .-:.~.:::·.·:. • .:,;;~,~::-;~-'. '·:.'-·:!·,:_.;:,..!; .. ,..·' '. • •

1 

:: ' • r_ ·• ..• 

: ... ~.. '. ., ., 

/ 

. -~ ·. ;, . 

. /· 

' . . . 



j 
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are known. Since experimental values for ~ and ~ are generally not 

;Yet available, we shall calculate all values exclusively from the com-

. -~ ":;: · pressibility and melting temp~rature data. 

... ~ .. ~ 

~ . ' . . . ' 

In Table II we apply Eqs~ (6) and (7) to a large number of concan-

trated alloy systems in which .the activation energies have been determined 

experimentally. In these concentrated alloy syst!fm1S correlation effects· '.. · • 

A A 
have been·neglected. We also express the results in the form .tQD = QD 

A pure · · QAD pure QD 1 where refers to the calculated diffusion heat for 

pure A. ··This form is used because we are mainly interested .in the effect 

'. :.: :. of solution formation on the diffusion rates and some errors in the cal- : . . 
· ..... 

. · . A pure . A 
·; . culatJ.on of QD would not be reflected l.n .tQDo 
. ' : . 

We also have calculated .tQ;:npurity for dilute 
:, . ~!. ,,; ... solutions of metals in . 

. _., 

1 , ... Ag1 Cu1 Au, Ni1 and Fe. We used the cprrelation factor proposed by 

I· ' · : .. :.:. ', :..'·' ; :.. Le claire 
11 

and we evaluated the parameters in it with the aid of ·local 

I 
I 

I 

.. 

.•. 

.. :::· >' _'bonding considerations of the form shown above. In Table III we show 

· ·· ·the results of impurities in Ag. The experimental data are taken from 

.· 12 
.. .< Shewmon. . '·~ore complete results· may be found 

13 
elsewhere. 

'· .. · .. ·;. 
···t.· .. ,_ ... 

.' ~: ~ '• . . ~ '·. . 
' ~ ·. 

·-· ... DISCUSSION 
. _.·. ,· 

For most of the substitutional alloys for which we have data the 
.. ,,, 
,.,; .- .... , 

'~ ,.; . ' ··activation energies for diffusion are predicted to within tl:le probable 

. -~' 
errors. in the experimental· dete.rmination. In view of the assumptions . ..... ' 

· ·.: •·. · made1 t11at solutions are ideal and that .the bond strengths are an average, 

, .the excellent. quan·titative agreement. is somewhat surprisingo Agreement 

·should not be expected when the solutions.deviate from ideality,. as when 

ordering occurs. 
. .. 

:. :. 

. ~- . 

. _··-~,:i·. 

. -~- ... . ... ~ . 
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I ,,, 
i 

i . 

.. · .. ~ ·. 

.. ' 
'• 

~ ... . 
·' . 

_·; i The generally consistent agreement between the values calculated 
. :··. 

with the parameter BsVo and those calculated with Tm support the Leibfried 

relation in pure metals and alloys. Only for Au and Pt do the two ap-
·.· 

· .. :;•.: 

· ·.~ .. , · preaches yield significantly different values. For.these two metals, the· 
.·•· .. ·.:·:· ' ' ' 

'·' ··-~ ' •".. • "¢ 

use of the· parameter BsVo gives poor agreement with experiment while the • . . 
.. -"'> ·' .. ' '· •• • • l' -~ 

1,'-

' .. '.. .. ,_ 

,. 

.. 
'·' 

/ 
•. •, 

· · Among other correlations, the methods of Sherby and Simnad4 and 

.:~~·c· ~;:{·.:· Le Claire5 yield as good' agreement for self-diffusion as does the present· 

.. '- _. · .. approach. Both correlations have several restrictions, however, that the 
'-· . ~. 

- ~ ' . 
.- ... present approach avoids. Our method uses only parameters that have been · 

determined experimentally for nearly all metals. The shear moduli1 used 

by Le Claire, have been determined for less than half of the known ele-

·· · ments, and valence, used. by Sherby and Simnad1 is an arbitrary parameter 

when applied to metals. The approaches of Le Claire and of Sherby and 

Simnad do not appear to be readily adapted to prediction of activation , ... :. 

,···.\ 

-. ,.·· .. 
·-·; 

__ "~'-. . .; . -~. 

. .. ....:_ ... 

energies in alloys; the approaches outlined in this paper not only permit 

·prediction 'o.f good first approximations to. the activation energies for 

diffusion 'in substitutional alloys, but also permit prediction of activa~ 

· tion energies for vacancy formation and for atom movements both for pure 

metals and for. substitutional alloys. The method may serve as a useful. · 

guide to prediction of the results of diffusion experiments and to the 
,' 

development of more sophisticat.ed theories •. ·.· 
·.· .· 

., . 

· .. 

'., .. 
·,, r· . 

. .. 
' ..... 

·. ' 
. ·.·. --·· 

.', 

•,. 
·· .. :. 

. •' • . 



.. · . .·. _ ... ~~ . ' ·. '. ~.:··. 

;·•'" 

. •. ,.·,. ._•.·, 

.-. \ 

,, .... ··. •' 

···,-

·- J 

·. ' .. . '.' 
·. . ~· 

. ,··. 

• ~ c.; 

'·. 

... 

/ 

-8- UCRL-10581 Rev. 

_,.· .. ACKN'OWLEDGMENTS 

We are indebted to Professors E. Parkeli' and v. Zackay for critically, · 

· · reviewing this manuscript and for making many helpful suggestion~. We 
:_ .. _' 

are also indebted to Professors F. Buffington, C. Birchenall, J. Washburn, 

and Drs. ~ Simnad1 L. Finnie, and D •. Meschi for interesting discussions. 

This work was supported by the National Science Foundation and the . 

• <, 
· u. · s. ·Atomic Energy· Commission.· 

',·, .. 

. ~. .. .: 
·,_ ... 

:;.·: 
.... 

i· ,, · . 
. •'. 

' . I . 

. 'I' 

,, .... 
' .. 

.. . ' . -~ .•. 
. :_-:'"·: 

. ' . 

.·, 
, ~ .' 

,) 

< · . 

. ' · .. • .. , .. · . 
. . . 

' ~ . ·. 

.-.·: 
•"t·'. __ ...... ..·r 

'I 



.- ... ,.. 

! . 

.· ·'"' 

' .. :;.. 

. . -· \ . 

. ') ; . ~ . 

• ; ' I, 

·; ..... 

-9- UCRL-10581 Rev. 

REFERENCES 

AIME Trans. 1 1941, · vo1. 143, p. 107 • 

· 2. A. D. Le. Claire; Progress in Metal Physics, vo1. I, p. 3 73
1 

Pergamon· 
. " .- ~ ' 

.~ress, London, 1949 •. 

. ;_ .... _'! 3. N. H. Nachtrieb and G. S. ·Handler: . Acta Met.'· 19541 vol. 2, p. 797., . 

4. · 0. D. Sherby and M. T. Simnad: Trans. ASM,. 19611 vol. 54, p. 227. 

5. A. D. Le Claire: Progress in Metal Physics, vol. IV, p. 3071 Pergamon 

Press, London, 1953 • 

.. 6. ·' G. Leibfried: z. Physik, 19501 vol., 1271 p. 344. 

· 7. A. D. Le Claire: Brit. J. Appl. Phys. 1 19621 vo1. 131 p. 433. 

8. · D. Lazarus: Impurities and Imperfections, pp. 107-1201 .Ameri~an 

Society for Metals, Cleveland, 1955. 

9o R.. A. Swalin: ActaMet., 19571 vo1. 5, p. 443 • 

10 •.. · D •. Turnbull and R... E. Hoffman: Acta Met., 1959, vol. 71 p. 407. · · 

. . . 11. · . A. D. Le Claire: Phil. Mag., 19621 vol. 71 p. · 141. 

.... · 12• · P. G. Shewmon: Diffusion in Solids, p. 1111 McGraw-Hill Book Co. 1 

Inc., N. Y., 1963 • 

•· 13 •.. L. E. Toth: Lawrence Radiation Laporatory Report UCRL-10653, March. 

,· · · 1963; L. E. Toth and A. w. Searcy: Lawrence Radiation Laboratory 
' . i 

· · · · Report UCRL~105811 March 1963. 

._ .. 
.,- ... ' .-, __ !·:· 

',-: 

'~-' 
•I 

/ 

., 
\ 

.. · ,i '. 
·.• 

\ . 



.. · ... ·· 
·• ' '·. 

. ·· .. 

. '~ .. 

':- ~ . 

·.•. 
· .. ~. ' 

. i :..- ... 
,"'1 '·.,~ 

' ~ ' 

·Table I • 

'; -10- UCRL-10581 Rev. 

\_.; 
Comparison of experimental and calculated values 

of Qv and ~ (all values in kcal) 
:r:·. / .-~ ,. .. . ... >'··~================ ':~' .. ·_;-.-

'. 

. . . 

•' 

·· .. 

; --':=: "'"·> Qv 
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_'.-._ ·::: 

...... · 

' ~- I. 

Na·'· · 
' ....... : ·: <"•: .. .. ~ 

•,1..' 

•' ... 

. ··~. '• .· .. ::· 
'· 

K 

. •• ~ '•''<-

4 .• 

.. 

Cu 

. '·\_· 
. ' 

... 

. ·-·. 

.... 

··Au 

Pt 
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4. 6 . 
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·• .5. s 

. e 
17.5 . 

.. . 21. 9g 

:,.;_.· 

:::::}, 
23.5k 
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• ~. I 

. ..:__' 

. ' 

Qv:.· -~ 

0. 27 Ls'-, 

9. 6' 

·. 6.5 
._.-,• 

5.4 

1'9.4 .. 
.,·, 

.,/• '·· .. , 

•. 
. ~ -~·.· ·.; 

~-
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.·.,· 

- .. : . 

. . ·~· : 

.. ·.·· 

·; .,-.· .. 

2.0. 2 

17.1 

21.8 
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., 
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L, 

·1; 

i 

' 20~3h 

' .... 
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.· .. 

14.9' 

. .· .. ·.· 

. 21.7 
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'a). D. K.·c. MacDonald: Rep. Conf. on Defects. in Crys~alline Solids., .. 
t •• · ... -~· •· 

· .... ··· ;". 

.. · ··. ·~ . ,· 
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. ~· .. ' 
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· .. 
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.• -'l~ ; 

.L/ G •. Carpenter: .. J. Che~ Phys. 1 ;19531 vol~:.·. 211 p. 
. . ·~ .. ' ·;.. .. -:_·.. '· ~ -. .- .". 

' ~ . ·-·f .; .. • . ."; -: . . 
··· .. .. · ~- f'·_-, 

. ;·, 
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; . Table II. Comparison of theoretical and experimental values for ~ in 
•,' 

' .. alloy systems of varied composition (all- energies in·units kcal/mole) 

;-

·" .: 
.. · ... 

~::· - At.% solvent :·:At.% solute Ref. 
. .¢Q . 

Tracer .· calc. with B8V0 
,;. -· . ' 

~: '• 

. ' . . . . 
' ~. . 

9.5 A1 . _, a· 
- llO Ag -- ··.· .. 0.3 

. ... .·.·.· 
b ______ AgllO _.-_ ·: ::_:. -_ -... 

.• .. 1. 4. ·· ... ····, 
. ' ...... • ";. ~ t: .. : ~ . 

::\ 93.5 Ag-':i .. 6.5 Cd __ ,.. 
'l'•. 

:: .· 
. ~: ; 

.:; '., ·:. 

72. 0 Ag : ; - : :· ·28. 0 Cd 

98.2 Ag 1.8Cu 

98.5 Ag ' · ·1. 5 Ge 

95. 6 Ag ' . .<: • 4.4 In· 
·.• 't 

. ..... . · ... .'. ,· 

, i 
'i .. ·. ··-. .z 

83.3 Ag 
·· . . ·( ., 

\ << 16.7 In. 
. . .. ;. ;. . ' : . ~ . 

• --~. . <. • • · ... ·.·· : ..... 

'-... 
.: . :;:. ,'. 99. 3 Ag 

'. •.' . -' o~·-1 Pb 

-·- .· ·_ 115 
.. Cd 

b:. AgllO 

Cd115 

.. . .• .· 110 
a Ag 

- 110 
a- Ag 

b 

b 

a_··. 

. AgllO 

114 
In 

- 110 
Ag . 

I 
114.' 

n '· 

Ag110. 

, 99.5 Ag .. 0.5 Pb "' .·a· 
. Pb210 · 

AgllO ._ .. 
·,.,. ·,·· ... 

: 90.2 Ag -.. 9.8 Pd -- ,.- c 

. :. ,,..-..... 
. . ··.' 

· .. - '6.1 

_,,:-1o.o 

.-- o. 3 ·. ~ · .. 

- 0.1 

- , .. 

1. 4 

5.1 

1.5 

6. 0 

... , ... 3. 3. 

. O. 9 Sb · - . ·· d . ·> 
. AgllO <·_ •• ·,- o. 4 

- '4.3 

. ,:· 

._. 70.0 Ag 

Sb124 - · 

. 30. 0 Zn · ~--. . e ., ·_ Ag 
110 

. ···-; .. 

.· .···.-. ,. 

- . 

. : - 4.8 

-- -
,-",... ·' . 

'. ~ .. _ 

.. ·.<, • .. 

·.·. 

··:-

· ........... . 

: . . 

-... .:.-··: 

·:.·:· '· .... :· .· 

•.· h 

" . '. . ·_.-zn65 . j .·_':_''. -10. 5' _.·.,· . 
• • -4: .' •• / 

. ' 
' . 

·, 69.0 Cu - 31.,0 Zn 
•. -·. j .. · ... ,! 

.. 
._ .. _ .... -.·._ ,.·_.-· ... · 

!, .. • .. ; ' .. . . 
::.:....:._ .... 

. ·; 
·f 

. , .. ' 

. 64 - Cu · .. ; .. · - 5 6' 
:.~~· ::. •.. ' 

-__ -·_ Zn 65 · ':. ·. _:··. :~10. 6 
. ·' .· 

'<) •.•• · .--.-_ •. _· •. I·, .,,, ... t ~= 

. '.; ___ . . :··_ . 

. •'·'·· 

·.·- . 

' . ·.•.· 
. ., • ·•• • ..• :.-.. ~.j. • . 
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.. ,, '. _·, . 

·:.,' 

~ 
~ . L::Q v, 
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o. 5 

·.· .. 1.1' 
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- 4. 6 

- 9. 7 

-+ 0.1 

+ 0.2 

' ' . -~ .. 

- o. 4. 

6. 9 

1. 2 -

- 8. 0 .. 

o. 0' 

5. 1 

+ 1.1 

o. 0 

4. 3 

-. 4. 3 

8. 6 . 

5.8 

·. -10.0 

. ···' 

- 1. 2 

- 1. 5 . 

3~ 6 

6. 8 

8. 2 

+ o. 7 

0.1 

1. 5 

3. 8 

7. 9 

~-- 7.5 

. '+ o. 6. 

s. 4 

. - o. 4 

·. - 1. 6 

s. 8 

8.1 

8. 9 

6. 2 

7. 4 
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Table 'II. (Cont.) 

·:."' . , . 
· . At.% sol vent : '·. At.'% solute: · -· Ref • 

l:Q l:Q 

.... 

. : '-

', i' 

· ... :· 

I • 

Tracer _calc. with· B8 ~ 0 
calc. with 'l1n exptl. 

. ·' ' ......... 

.. . .. -------------------------------------------------------------------------
'.·. 

• .. 
' ' ~ '•, •' , , I , 

·' ·: . 
,. ' ~ -~·. ' .• 

. , ..... ' 
. ':.' ·.;. 

~ ' . .. ' . 
. , 

· SO. 0 Au 50.0 Cd h 

. 64 
Cu . 

Zn 65 

Au 

Cd 

-13.7 

-14.2 

-20.9 

-13.3 

-10.5 

-16.8 

. t-26.1* 
-11.1 

. . . -12. 1 

. [-29.3* 
- 3. 9 
-11.8 

·. -13. 8 

. -13. 7 

---------------------------------------------------------------------------* . -·_ The activation energy is strongly dependent upon the amount of ordering. 

The values 26.1 and 29.3 refer to complete disordering. 

af· R. E.' Hoffman, D. Turnbull, and E. W. Hart: Acta Met., 19551 vol. ~~- p. 417. 
•' ~ .. 

~ . ' . ' ' . .. . : .: b) A. H. Schoen; Thesis, University of Illinois, 1958. 

.. ·;.-· 
.... ,; .. c) N. H. Nachtrieb1 J. Petit, and J. Wehrenberg: J. Chem. Phys. 1 19571 vo1 •. 26,- _ · . ... 

. . , ·, 

/ 

. p. 106. 

d) E. Sonder:. Phys. Rev., 19551 vo1. 100, p. 1662 • 

. e) . D. Lazarus and c. T. Tomizuka: Phys. Rev. I 1956, vo1. 103, p. 1182 • 

f) J. Hino; c. T. Tomizuka1 and c.· Wert: · Acta Met. 1 19571 vo1. 5, p. · 41. 
\ :. 

g) A./Kuper1 D. Lazarus, J.,Manning, and C. T. Tomizuka: Phys. Rev., 19561 

vol. 1041 p. 1536. 

h) H. B. Huntington, N. C. Miller, and V. Nerses: Acta Met. 1 1961, vo1., 9, . 

p. 749. 
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Table III. Comparison of experimental and calculated 
. . 

values of ~~p for dilute solutes in Ag 

(all energies in units kcal/mole) 
·,,.· .. : .. . . . -. -- ==================== 

. . ... -~ . 
D~lute solutes in Ag 

..... Impurity.· ~;:p 

(experimental) 
·.-

• .• •; I • ~" .'.' 

·.' 

· Pb '·- 6. 0 '' 

Sb· ..... 5.8 

·' Sn - 4.8 

In 3. 5. 

· ' Zn . -2. 4 

.-_ Hg .. 6. 0 

· ·• · · Cd 2. 4 

Te - 4. 2 
.·· .. 

· ·· · Cu + 2. 0 

.. · Au + 1. 4 

Ru +21. 7 .. 
····· 

Q~ = 44.1 ± 2 

~imp 
D -

(bulk modulus) 

- 2.1 

2. 9 

. - 1. 5 

2. 2 

. - 2. 2 

5.1 

2. 3 

- 4.4 

o. 6 

+ 8.0 

+13. 6 

D = 0.44 
0 

· imp 
.6QD 

(melting temp) 

2.8 

2. 2 

- 3.2 

- 2. 7 

- 2. 1 

5. 6 

2. 3 

- 3.5 

+ 1. 0 

+ 0.8 

+11. 7 

The experimental errors are approximately ±2 kcal • 
. .. 
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FIGURE LEGEND 

experimental values of QD. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com• 
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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