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i"ACTIVAIION ENERGIES FOR DIFFUSION IN PURE METALSJ'1,f5

AND CONCENTRATED BINARX ALLOYS
”vffLonis E;_Toth and Alan W, Searcj

| ) ABSTRACT
| ,A_moﬁifrcation of Le Claire's microscopic model for self-diffusion. B
j;i—ig devéloped ;n a form suitable.for'prediction of aetivation'energies. -
L for @iffnsionvin disordered substitutional soiutions as well as in. pure
qi.netals;r Bonding is'eonsidered as a localized interaction, and the energy
" of bonding between atoms of different types is taken as the aritnmetic
;;mean of the energiesvin the pure elements. The activatioﬂ energies for

"'tglvacancy formation and migratlon in subst1tut10na1 alloys are shown to

o depend on the empirical comstants developed for self-dlfquLon when the

-

*;fequations are adjusted for the mole fractions of the'two elements The

!

‘*fﬁcalculated results for alloy diffusion usually agree wzth the experimental o

'7ffl;values to within the experlmental errors.

N
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ACTIVAIION ENERGIES FOR DIFFUSION IN PURE METALS

| ', AND CONCENTRATED BINARY ALLOYS
- Louis E, Toth'and Alan W:‘Searcy

‘IﬁTRODUCTION i
‘ Many different correlations have been proposed for use in predicting.f
-iractivation energies for self-diffu51on or dlfoSlon in dilute alloys.
'ﬁp'Usually theorles for self-diffus1on cannot be applied to alloys nor can R
‘trffztheories for dilute alloys be satisfactorily.adapted to self-diffusion,
f'_We present here a correlation scheme which can approximate activation |
’.ti.energies for diffusion, vacancy formation, and atom migration in
— substitntionalnalloy systems of any concentration,
The activation energy for self-diffusion Q has.been eorrelated to
. ;Lvthe melting temperatdre Tm,l’z»the snblimation energy LS,1 the heat of
o ;;fusion Lf,; and valence.4 Working with mechanical parameters Le‘Claires;'
i?proposed'that the-activation'energy_for vacancy migration Q;.could be..
éfrelated to appropriate‘shear moduli,  He also proposed that the activation"
{'energy for vacancy formation Qv is proportional to L
THECRX

We consider that Le Claire's expression for Qv is satisfactory, ButiVH

s

. an alternate expression for Qu in terms of the bulk modulus is just as

?venergy of vacancy migration in pure metals and can more easzly be used ,{f'""
fffor alloys. -

In order for Qm to be a minummynot only the movzng atom but also

adjacent and nearby atoms must undergo distortions.; These distortions .

" satisfactory from a theoretical point of view for the prediction of the ;f;; w”
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i are neither isotropic as is implied by a correlation with the bulk

\

Lmvmodulus nor unidirectional as implied by a correletion with a shear
modulus, but are complex and muitidirectional. A ¢complete analysis in '
In a first approx1mat10n in which only one parameter is used, there is

: .0 no obvious theoretlcal reason to prefer the shear modulus over the bulk

HJmodulus.

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

- predicting Qm. Shea; moduli are known for less ‘than half of metallic
:e:elements‘while bulk moduli are usuelly available, Furthermore,'because

;ﬁ of the dimectional dependence of shear moduli;'theif estimation'for’
:fialloye appears inherently more difficult than is the estimation of bulk
:'ﬁ}hmduli; | - o

| f‘We assume that the bulk modu}us By reflects an'average value of the

i .ghear moduli such that the strain energy at the point of maximum distor- "

“tion of the lattice during vacancy migration can be expressed as

Qu = ¢B V EE ij *
oyjfeHere V, is the atomic volume, ¢ is a proportlonallty constant, and e 1

“-i-ie a strain component. " The summation is taken over all atoms involved

7iiﬂ the diffusion process, Since in this approximation e,

1j depends onlyl;,v

I _ ’;-on crystal struoture, we can replace this expression by
LR e , : o -

- ﬁ:ﬁ~<;e;(ﬁ°Tl S _ Qy = kaBgV, » S M

. where ko is a proﬁortionaliCy constant dependent only on crystal structure;

1,2,3

G Many of the correlatxons of the'activation'energy for-vacancy

movement with thermodynamxc parameters can be related to thls physical

" terms of the bulk modulus and all the shear moduli is mot yet available, . =~
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6 has shown that the product BV, is proportional. to”

" model since Leibfried
:;;ﬁ%Q vhile, by Richaxds' rule, Lg = 2;3 T, for metals where Lg is the heat ' -
‘l iof fusion in cal/g atem. No matter whether BSVO; Tm, or Lg is correlatedv;'
'_with Qps the shysical interpretation given to she diffusioﬁ process can

. remain independent of the chomce. We will>veslfy"the proportionality by
’i calculating QD both from an equatlon that uses B as's perametervand f:ém_-'

" one chat‘uses Tm aS'a parameter,

. The expressidnSvfpr Qp are
L Qp = kaBgVg '+ KaLg o : . (2)
EE— | ' . . . | .‘ : ) ”. C .
‘ and : o A o QD = ko Tm + les, . ., . " (3) -

When possible, everage velues of ki, kz,.and kal were determined
"“,f;from~experimentel values of,Qv and Q.. The best available experimental
,:fi values are listed in Table I, From the ratie of the experimental value

) H:ftgjﬁof QV/LS; a mean value of 0,27 is found for (fcc) and (hcp) elements

- treated as one class; and the same value is found for the (bcc) elements
\\ - : .

;'" '
' treated as a separate class, Similarly, a mean value of 16,0 for kp in’

- fcc elements is found, Average experimental values of the ratios of

0,27 Ly -0.27 L |
ﬁ'gQD BV, and SQ_______E were used for ‘the values of kx and kal in

7{ c;ystal structure classes where the experlmental data for Qm are 1nsuff1~”

’vcient to determine kz and ka'.

Thexequations for Qp are

fec (hep) Qp = 22.6 BV + 0.27 Ly . (4a)
Cbee - Qp=23.8 BV, +0.27Lg . (4B) -
| fec (hep) Q=160 T +0.27L, . . (5a)

o en U bee o Q=147 T #0.27Lg . - o . (b))
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L3
Here Vo' the atomic volume is expressed 1n units cm /mole and Bg in

' the one Leibfried found,

'vaqs. (4) and (5),'respective1y, with the most reliable experimental values -

“"“ be other than a vacancy exchange,

Table I compares the experimental data for Qm and Q, with those

bcalculated;- Figures 1 and 2 compare the values of Qp calculated from

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

7 have not been,included;h-

ALLOYS,

Previous work in this area has been largely restricted to predicting

. are the differemce in valence,8 the shear moduli of the solvent and the

' the ;elf-diffusiqn equations for application to alloy diffusion, we con- B

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

For an alloy in which X, and XB are the mole fractions of A and B

" atoms, reSpeetively, and Z is the coordination number of any atom, the

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

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

v

i

o kg/cm x 107 7 The ratio of ko /kg in fcc metals is sllghtly larger than

“vfu' o) for diffusion in dilute solutions, The parameters that have been usedv,’

‘i:::bulk modulus of the solute,9 and the" partial heat of mixing.lo To extend ..

" average B atom will be ZXB and the number of A-B bonds, ZXA. The assump-' :"‘

tion is made here that the number of vacancies in the solution resultlng
= from removxng A atoms from the interior of'the crystal and placing them.~f

©. . on the surface is proportional to Xy and likewise, that the number of

vacancies due to removal of B atoms is proportional to Xg. ‘Taking the

‘bond energies as proportional te.the'sebiiﬁation energy L, we find that

- the total energy for vacency‘formetion'is_proportional to -

*
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e o AL AB . B. A
[ XpERyLg + ZXgLgT) + Xp (2XpLg + ZXuLT), .

- where LAB.is the‘arithmetic‘mean of LA and LB stng the same propor-.-

"o, 27, ve find e

AB

_fftionallty constant that we used for vacancy formatlon in self-diffusxon,‘Qwi:”

* When an A atom exchanges places with:a vacancy, the number of A-A

. .. bonds distorted is X,(z-1) and the number of A-B bonds distorted is

'“?XB(Z-I) : By'analogy with our discussion of'seifediffusion, Wevmay correni"

* late the dlstortxon in the ArA bonds durzng movement thh <BsVo)A or:i;
ﬂjo{equlvalently with Tﬁ and the distortlon of A-B bonds w1th (B V )AB or
v{;_Tm ; the arithmetzc mean of these quantitles for the pure metals A and B o

z”~“nffThe activation energy for vacancy mlgration in fcc metals can then be

ﬁexpressed for A as.h"-’

16 o OCA'I:m +* XBTm )’ ', I- & :(7‘5);“: :_

 where the constants are the same as were used in- the self dxffusxon -

i‘energy for dxffusxon of A is. the sum of Q, and Q . _,.. _
“In. the above equatlons the compreSSlbllity and thebmeltlng tempera-'tv
iertures were used as parameterssl But. whenever experlmental values for :' .
‘ti'Qms Qm: Qv: and Qv in the pure metals are available, these values Should :
’ 'iﬁdbe utzlized in Preference to the other parameters. In addxtxon, Qﬁ? and

T AB. ' ; R
Q. should be corrected for deviatzons!from idealxty when heats of mxxxng- ’

Qequatxons. Analogous equations, of course, descrxbe Qm. The actlvatlon w;"'
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”~dfare‘known; Since experimental values for QQ-and Q, are gemerally mot

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

?fpresslbility and melting temperature data,

’ ln‘Table Il'we apply'Eqs; (6) and (7) to a large number of concen-lu
. trated alloy systems in which the activation energies have been determined:
i?llj,experimentally; In these concentrated alloy systems correlation effects

_,:A-'have been neglected, We also express the results in the form AQD D

A pure

- Qg _;'Where QD refers to the calculated dlffusion heat for

A
pure would not be reflected in AQD.

{“culatlon of QD
ilAg; Cu, Au, Ni, and Fe, We used the cprrelation factor proposed by

:;Le Claz‘.rel1 and we evaluated the parameters in it with the aid of'local d
{:bonding considerations of the form shown above, 1In Table III we show . .-
J?the resultsAof impurities in Ag., The experimental data are taken ﬁrom’*'“’

Shewmoni;2-\More,complete results may be found elsewhere.}3 : .,.;ﬁ;;;lxﬂ'”>

DISCUSSION

_ For most of the substitutional alloys for which we have data the

“activation energies for diffusion are predicted to within the probable o

. -
L.

"errors. in the experﬁnental-determination. In view of the assumptions

» “ffmade, that solutions are ideal and that the bond strengths are an average, -

A”Q;vthe excellent quantxtative agreement is somewhat Surprismgo 'Agreement

':should not be expected when the solutxons deviate from ideality, as when

ordering occurs.rgn”"*‘-‘f""'

5:pure A, This form is used because we are malnly 1nterested in the effect R;fi’l

of solution formation on the diffusion rates and some errors im. the cal-;wf;f“v~

We also have calculated AQD impurity for dilute solutzons of metals in_;jii"
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The .generally consistent agreement between the values‘calculated
%;.w1th the parameter B.V, and those calculated with T support the Lelbfried
;;relation in pure metals and alloys. Only for Au and Pt do the two ap- |
fjproaches Yield signiticantly different values, Forfthese'two metals, the .
?iuse.of the'parameter B V gives poor agreement with experiment while the
" parameter T, glves good agreement

Among other correlatxons, the methods of Sherby and Simnad4 and
;le Cla:.re5 yield as good agreement for self-diffusion .as does the present%Aiij
. approach, Both correlations have several restrictions, however, that the

.»present'approach avoids, Our method uses only parameters that have been =

' 'determined.experimentally,for nearly allvmetals.' The shear moduli, used
by Le Claire; haveAheen'determined'for less than half of the known ele- d»*

‘Vﬂliments, and valence, used,by'Sherby and Simnad?'ls an arbitrary parameter_
‘when applied to metals. . The approaches of Le:C1aire and of Sherby and .
f: Simnad do not appear to be readily adapted to predictxon of actxvatlon
's',henergles in alloys' the approaches outlined in thls paper not only permlt
inll;:predlction of good first approx1matlons to the activation energles for
:‘:dlfoSIOn in substltutlonal alloys, but also permit predlctlon of actlva-';
”EIftlon energles for vacancy formatlon and for atom movements both for pure |

-f;metals and for,substitutlonal alloys The method nay serve as a useful

/ '

development of more sophisticated theorles.».“

A s -

’f.‘guide to prediction of the results of dlffusion experxments and to the ‘a}fjf‘i‘
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Table II, Comparison of theoretical and experimental values for AQ in

alloy systems of varied composition (ail.energies'in~units kcal/mble)

&0 At,% solvent "At.% solute Ref, " Tracer . cale. with BV, cale, with T; exptl,

- L4

b9 -6 -68

o000 L -97 0 -s2

s Coaoagt? a0 w02 -

o oeseagt Coob oot ene 0 -0 - L

T Ittt 60 T -80S

1993 Ag

99,5 Ag R B B 54
SO e0,2 A Cen1l -0

0.0 . . .=16

e lAg L

Py

G- 430 .58

: 'ﬂfff70;0-Ag, R

.58 a2

A

69,0 Cu . 3L0zn £ G e
FE S G »  _“.-1'0.0 ’_f" 7.4 L
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' Table 'II, (Cont.,)

¢ o0 At.% solvent --At.% solute' ' Ref,  Tracer cale, with.B .V, 'calc, with T, exptl,

ST e e R . -26.1*
Y0 52,0 Cu ok, 48,020 g o . -g8 . <89 -11.1

SR o | 12,1
T T T LI
S sy s {l— 3.9

2 om T osmoct w om - eiaa . -10.5.  -13.8

cd 0 -20,9 o -le8 13,7

-- The activation energy is strongly dependent upon the amount of ordering,
'-9-'_.»'_ The values 26,1 and 29;3 refer to complete disordering,
E. Hoffman, D, 'l‘urnbull and E. W. Hart: Acta Met.,' 1955 vol 3, p. 417 |
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Table III, Comparison of experimental and calculated
. values of AQ;‘“P for dilute solutes in Ag

(all energies in units kcal/mole)

- Dilute solutes in Ag Qgg = 44,1 £ 2 Do = 0;44

e Impurity ERRREA ¢ P SR o e 20,

imp imp

(experimental) ,:'~'v(bu1k moduius)lv~ 'Gnelting temp)

"__;Sb‘ R

~ Sn .

' in ; R

" Zn ."~7"-.‘:
 l'Hg"fﬁ g5TJ

‘cd

fere
. = Cu
S\

Ru

=60 Lo Ge21 0 - 2.8
=58 G oe2,9 0 e2.2
-8 o Lewns. 0 e3a2

Cesse ez e

2.4 L a2 - 2.1
-60 - 5.1 -5
P . 2.3 ‘-"2.3 ”
R S S
+200 =06 410
s L4 + 8.0 | + 0.8

+21,7 +13.6 +11.7

The experimental errors are approximately x2 keal,
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