Lawrence Berkeley National Laboratory
Recent Work

Title
PREDICTION OF THE ACTIVATION ENERGIES FOR DIFFUSION OF THE INDIVIDUAL
COMPONENTS IN FACE-CENTERED CUBIC BINARY ALLOYS

Permalink

https://escholarship.org/uc/item/8kj7h8pK

Author
Toth, Louis E.

Publication Date
1963-03-15

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8kj7h8pk
https://escholarship.org
http://www.cdlib.org/

University of California

Ernest O. Lawrence
Radiation Laboratory

PREDICTION OF THE ACTIVATION
ENERGIES FOR DIFFUSION OF THE
INDIVIDUAL COMPONENTS IN FACE-
CENTERED CUBIC BINARY ALLOYS

 TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
\- ‘ _J




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



submitted for publication in Acta Metallurgica - . UCRL-10653

[
)
H

' UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
- Berkeley, California

Contract No. W-7407-eng-48

- PREDICTION OF THE ACTIVATION ENERGIES FOR -
DIFFUSION OF THE INDIVIDUAL COMPONENTS IN
FACE V-VCENTERED”CUBIC BVINARY AL‘LOYS
vLouis. E. Toth . . |

© March' 15, 1963




-1- | UCRL~10653

'PREDICTION OF THE ACTNATION ENERGIES FOR
DIFFUSION OF THE INDIVIDUAL COMPONENTS IN
FACE-CENTERED CUBIC BINARY ALLOYS
Louis E, To‘cht

March 1963

ABSTRACT

Two sete of equations developed for predicting activation energies
for self-diffusion in metals are gene.ralized to describe diffusion in dilute
and concentrated alloy solid solutions, Bonding is considered as a
localized interaction and the bond strength between atoms of different
types is taken as the arithmetic mean of the bond strengths of.the pure
elements, The activation energies for vacancy formation for migration
and for‘diffueion'are snown to depend bn the mole fractions of the diffusing o
elements, The same 'e’mpkirical censtants develened_ for self-diffusion are
used, The celcula‘ted results for alloy ‘diffusion usually agree with the |

experimental values to Within the experimental error.

1, INTRODUCTION

The -equations for the activation energy for self-diffusion developed

in the ’previous paper can be generalized to allow prediction of activation .

energies for diffusion in substitutional alloys., Previous work in this area -

has been largely restricted to predicting activation energies for diffusion

in dilute solutions. Lazarus and coworkers( ) found a promlsmg correla-

tion between valence and the activation energy for solute chffusmn° The
T Department of Mineral Technolocy and Lawrence Radlatlon

Laboratory, Inorganic Materials Research Division, Un1vers1ty of
California, Berkeley, Cza.hf;‘ornm‘a :
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(@) to thé problem of |

same basic method has been applied by LeClaire
movément of solute atoms in copper, silver, and gold solutions., He ob-
tains exceptionally good results when the valence of the solute exceeds -
that of thebsolvent,v. but poor results when the valence of the sclﬁte is
smaller than that of the solvénto |

A second inethod that has been used is to determine the activation
energy for migration, Q»m; by estimating the dilatational energy of the _
lattice and the compressive energy of the solute as the vacancy moves
from site to site. The macroscopic shear moduli of the s_olveﬁt and the
compreésibility of the solute are thc parameters, The results, as given

(3)

' by Swalin, a'gree fairly well with the experimental values when the

activation energy of vacancy formation is estimated to be 0.6 QpDure, ,

the activation energy for self-diffusion for the solvent.

Turnbull and Hcffman(4) have argued’_thét in dilute solutions the
ratio of the e.nergy of exchange of a Qacahcy Wlth a s_olutc atom to the
energy of exchange of a vgcé.’ncy with a 's,olver.lt‘atovm"should be the samé_
as the ratio of the solute: biridihg energy to the solvent binding energy m
the solution, The enei'gy.cf formation of a Vacancy adjacent to a éolute
atom is calculated f_rcni that for the pure solvent bycorre‘c»t’ing for the
change in h.earest'neighboxb‘ bond enefgies that x"e.srlult‘svfrcm thc presence
of'th_é solute atom, The énérgy of mo{ze;me'nt ofv a‘ vacancybiri thc pure -
solvent 1s estimatéd"t.o._be' 0.45 Q%uree | |

In this paper values of the activation energies for'mvigration and
| ngan'cy formation Qm and Q_ are derived separately for bcth components
of binary alloys and the sums of Qm and QV érc compared to experimental

values of the activation energy for diffusicn, QD’ in dilute and~conce’ntrated '
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alloy solid solutions., The diffusion process is considered from a local-

- ized bonding approach,  Only cloSe-packed solutions will be discussed

because of limitations in available data, but the method should be appli-

cable to body centered cubic alloys as well,

2. DEVELOPMENT OF CORRELATION

Bonds are‘ broken to form vacancies and bonds are distorted dur-
ing vacancsr migration. In the preceding‘ paper we related the energies
necessary for these steps to the heat of sublimaticn and to the bulk modu- -
lus or melting temperatur_e, and We._adjusted the proportionality constants
to give the best agreement with the known data. To extend the equations '
for application to alloy difquion We censider bonding as a localized inter-
actlon between nearest nelghbor atomso ‘ "

For an alloy in which XA and XB are the mole fractlons of A and
B atoms, respectlvely, and Z is the coordlnatlon number of any atom,
the number of A-A bonds for the average A atom Wlll be zZX,, and the

number of A-B bonds will be zZX 'Slmllarlythe number of B-B bonds

B'

for the average B atom will be ZX‘B and the number of A-B bonds, ZXA.

The assumption is made here that the number-of vacancies in the solution
resulting from removmg A atoms from the interior of the crystal and
placmg them on the surface is proportlonal to XA and llkew1se ‘that the |
number of vacancies due to removal of B atoms ig proportlonal to XB
Taking the bond strengths as proportlonal to sublimation energy L g we

find that the total energy for vacancy formatlon is proportlonal to -

AL,y (ABY AB
XA(ZXALS fszLS )_+_XB (ZXBL +ZXAL )
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AB is the arithmetic mean of L‘:

where LS

portionality constant that we used for vacancy formation in self-diffusion;

10,27, we find
- 2 A, .o w AB, w2 B
Q, = 0. 27 {XALS + 2K, X LT + XL ) .

When an A atom exchanges places with a vacancy, the number of
A-A bonds distorted is XA (Z-l) and the number of.A-B bonds distorted

s XB (Z-1). By analogy with our discussion of self-diffusion, we may

correlate the distortion in the A-A bonds during movement with (stb)A

or equivalently with Tf}n and the distortion of A-B bonds with B V)ap
- or TgB, the arithmetic mean of these quantities for the p_uré metals A
and B. The activation energy for vacancy migration in FCC metals can

then be expressed for A as

V. @ . oy
Qu =226 (X, (BV), * X5 (B Vo)ap ) -
or Q*:;l = 16,0 (XAT‘fn+ XBT‘f‘nB) T | ~ (2b)

where the_ c'ons.te:;nts aré the s.ame as were used in the self-diffusion_
equations, Analogous eéuatio_ns, of course, deécri’be Qi, The activa-
tion energy for diffusion:of A is the sum of Q‘é‘f and Qf‘n,

In the above equations the compféssibility and the fnélting tem-
peratures were used as pa.ra.mvéters. "It should be pointed out that when

experimental values for Q‘gl, Qi, Qé‘, and Q]\? in the‘pure metals are

available, these values should be utilized in preference to the other parame-

ters. In addition, QC and Q2T should be corrected for deviations from

idea'lity'when heats of mlxmg are known, Corrections for most of these

and LISS; Using the same pro-
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metallic systems are smaller than experimental uncertainties in the data.

The most reliable equations for diffusion would vary with composition as

follows

A A AB , 2 A AB -2 ~B
Qp = AQm * XBQm - XAQV + 2XAX’.E’,QV + }XBQV. °

Since experimental values for Qm and Qv are generally not yet available,
we will calculate all values exclusively from compressibility and melting
temperature data,
. . . (5) B . o 4 .
As was first pointed out by Manning, Qm’ the activation energy
for movement of solute atoms, should be corr_ected by a correlation factor

C, which is a measure of the extent to which the directions of successive

jumps of a solute atom depart from being random and is determined by

the relative rates of exchange of the vacancy with the solute atom and with’

neighbor and near neighbor solvent atoms. LeClaife(2) derived the fol-

lowing equation for C:

-(AH+AH,) /RT -(AH +AH ) /RT

C=D,/D_ C/RT ([ (LH,-AHje +7/2(0H,-2H ) e
oo - - - >

Here f is a purely ge§metrlc factor = ,9/11 for. cubic clbse—nacked lat-
tlces D is the frequency factor for self diffusion, D, is the frequency
factor for B in A (B is the dilute solute) AH, = _Qi, AH, is the activation
energy for the exchange of a vacancy neighboring-a solute atom with any
one of th‘e solvent atoms that are neighbors both of the vacancy and of the
solute atom. AH; is the activation eﬁérgy fo'rfthe exchange of the vacanéy

with one of the solvent atoms which are adjacent to the vacancy but are

not neighbors of the solute atom.
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In order to estimate C, an experimental determination of D, is-
necessary. We shall calculate C by estimating AH; and AH; in terms of
the 'thérmodynamic parameters already used. Since for close-packed
structures a solvent’ atom next to both a solute atom and a vacancy is

" attracted to its neighbors by ten A-A bonds and one A-B bond, AH, may
A
pure AB A ‘
be estimated as 0%m *Qm . Here Qmpure represents the ex-

. 11
change activation energy for pure A and Qf;lB

is the arithmetic mean of
Qipure.and Qipure . A soivent atom next {o a vacancy but not next to
a solute atom is attracted to its neighbors by eleven A-A bonds vso that
AH,; may be approximated as Q*-:;puref the exchéngg activation energy
for pure A. For the systems analyzed, RT is approxima‘téd by 2 keal.
has a large
negative value, C can be neglected;

For the activation energy of a dilute solution of B in A, with

XA ~ 1, X’B ~ 0, equations for diffusion of the solute become:

B _ . AB A B '
Qp = 16.0 T~ + 0‘,:27”14S -C _ (3a)
B _ A |
and Qp = 22.6 BV )ap +0.27L  -C. , . {3b)
- Further we have
AQB =aB . QAPure = 16,0 /VTAB - T ) - C | (4a).
. D ™D ° \ m m , _
- o
or AQ° = 22,6 ((BSVO)AB - (BSVO)A) -C. - (4b)

Equations 4a and 4b have been applied to dilute solutions in copper, silver,

gold, nickel, and iron. The results are shown in Table I.
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Table I, Comparison of theoretical andv experimental values for AQB

(all energies in units kcal/mole)

The columns appropriate to calculation based on the melting temperature are

designated by M, T. The columns appropriate to calculations based,

on the bulk modulus are designated by B. M.,

Dilute solutes in Cu qu = 48, 1+2,1% D, = 0,62 crn? [sec®
S_olute Dé A(Q'rn-i- Qv) .CT an?ia EAqQ}ib eﬁﬁla :
M.T. B.M.  M.T, B.M.  M.T. B.M,
Zn  0.34 ~5.1 ~5.0 2.0  -2.0 -3.1  -3,0  -2.5+1.4°
Cd  0.94 -6,1 4,1 ~4,1  -2.4 2.0 1.7 -z.sx1.0f
He 0,35 -9.0 -6.8  -5.2 -3.5 -3.8  -3,3  -4,2£1.3°
Ga  0.55 -8.4 -4.5 -5.5 -2.3 -2, 9 -2, 2 -2, 30, 9°
As 0,12 -2,1 -7.8  -0,1 -2.8 ~ -2.0  -5.0  -6.1%1,3%
Sb 0,34 =3,6 -3.6 1,1 -1.1 2.5 -2.5  -4,9%1.2f
Ni 2.7  +3.0 +3.2 e e 43,0 #3,2  +48,3%x1,5%
Co 1,93 +3.3 +2,7 Ce-e= 48,3 42,7 #5,9¢1,5%
Fe 1,40 +3.7 +2.5 -- - 43,7 42,5  +3.6%1.5%
Mn  -- 41,3 <02 == == 41,3  -0.2  -2.1to-7.08
Au == -0,2 48,8 . == . ==  -0,2  +8,8  -2.3P
Dilute solute in Ag Qgg = 44, 1+2 A =0, 44i
Zn 0.5 -4.4 5.6 -2,3 -3,4 2,1  -2,2  -2,4%0,4)
Cd 0.44 -5.1 =5,1 - -2,8 =28  -2,3  -2,3  -2,4x0,4°
Hg 0,08 <-8.0 -7.3 -2,4  -2,2  -5.6  -5,1  -6,0%1.2"
In 0.41 -6,5 -4,5 -3,8 -2,3 2.7 -2.2 -3,5£0.4°
TL 0,15 -5,3 ~-8,9 ~1.8 - -4,5 ~3, 5 -4,4 -6, 21, 7

T RT was taken as 2 keal
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Dilute solute in Ag QA8 = 4a, 1:1_-2' A_ = 0.44"
Solute D, AQ_+Q.) C .AQB AQB AQ
' m v Eq. 4a  Eq. 4b exptl.
M,T. B.M.  M.T. B.M. M.T. B.M.
Ge 0.84  -0.2 0,6 - -- -0,2  =0.6 - -7,6+1,7%
Su 0,25 -5.8 ~1.9 -2,6  -0,4 23,2 =1.5  -4,8£0,4"
Pb 0,22 -5,1 -2,9 -2.3  ~0,8 -2.8 -2, 1 -6, 0+2, 2"
Sb 0,17  -2.7 4,0 0.5 -1.1 2,2 -2.9 . -5.8
Ru 1,80 +11,7 +13,6 -- - +11,7  +13.6  +21,7+1.0°
D&lute solutes in Au Q‘gu =41, 7P o~ 0,091
Ni 0,30 +3.2 -5,6 -~ 4,9 #.2 0,5  +4,30
Pt 7.6 45,6 48,6 - - +5.6 48,6  +15,7x7,07
Dilute solutes in Ni QN' = 66.8:1. 3 D, = 1.27°
Mg n.r.t -6.4  -8,7 NeCo  maC. T -6.4  -8,7  -10.8+2, 3"
Ti 0,86 +0.8 +0.9 S +0.8 40,9  -5,4x2,3"
Si n.r, | -0.3 n.c. -- -- -0.3 Do Co -5,1" |
Al 1,87 -6,3 -5,7 4,2 -3.7 -2,1 -2,0  -2,8£2.3"
Mn 7,50 ~1.7 -3.2 1,7 -8.2 0.0 0.0  +0.3"
Mo m.r, +9.3 +15,3 -— - +9,3 15,3  +2,1"
W 11,1 +15.4 +19,0 -- -- © +15.4  +19,0  +10,02, 3"
PO

not reported = N, To

Kk : :
not calculated = n, c.



-9- UCRL-10653

Table I (Cont.)

Dilute solutes in Fe QEQFCC = 64,5" QD Bcc = 59-2

Solute Dy Phase A(Qm%Qv) C Eg.4a Eq.4b exptl.

M., T Boe M, M,T. BaM. M.T. B.M.

Ni 0,77 v ~0,7 +0.5 me == =0,7 +0.5 2.5
1,3 ‘alparamag,)  -0.6 +0.5 ae - -0,6 +0.5 -3,
1.4 a(ferromag.) -0.6 +0,5 e e =0,6 0,5  -0.5

a) C.,P., Flynn and E.F. W, Seymour, Proc. Phys. Soc. (London) 77, 922
(1961),

b) WGL;. Mexjcer,f Thesis, Universitj of Leeds, 1955,

¢) J. Hino, C.T. Tomizuka, and C. West, Acta Met, _5_,.41 (1957),

d) T. Hirone, N. Kunitomi, M. Sakamoto, H. Yamaki, J. Phys. Soc.
(Japan) 13, 838 (1958),

e) D, Lazarus, Soiid State vPhysics, Vol, X (Academic Press, New York,
1960). o | |

f) M.C. Inman and L. W, Barr, Acta Met, 8, 112 (1860),

g) C.A. Mackliet, Phys, Rev. 103, 1155 (1958), |

L) R.F. Sippel, Phys. Rev. 115, 1441 (1959).

i) C, T, Tomizuka and E, Sonder, Phyis.,.Re_v, _192, 1182 (1956).

i) A Sawa'tsky and _Fq E. Jaumot, Phys. Rev, 100, 1627 (1955).

k) C.T. Tomizuka and L Slitkin, Phys. Rev., 26, 610 (1954).

1) A, Sawatsky andF E. Jaumot, J. Metals 9, 1207 (1937)‘,

m) R.E, Hoffman, Acta Meta 6, 95 (1958).

n) R‘E" Hoffman, D, Turnbull, and E. W, Hart, Acta Met, 3, 417 (1.955),,-




o)

p)

Q)

)

~8)

t)
u)
V)

W)
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C'° B, Pierce and D, Lazarus, Phys, Rev, Letters 2, 374 (1959),

S.J, Makin, A.H, Rowe, and A.D, LeClaire, Phys, Soc. (London) B70,

545 (1957),

S. E. Reynolds, Bo,L. Averback, and M. Cohen, Acta Met, 3, 29 (1957),

A,J. Mortlock, AJH. Rowe, and A.D. LeClaire, Phil, Mag. 5, 803

- (1960),

R.E, Hoffman, T.W, Pikus, and R,A. Ward, Trans. A,'L,Mé E, 2086,
483 (1956), |

RQA; Swalin and A, Martin, Trans. A, I.Mo E. 206, 567 (19586).
R.A, Swalin, Acta Met. 5, 447 (1957,

¥.S. Buffington, K, Hirano, and M. Cohen, Acta Met, 9, 434 (1961).

' K. Hirano, M. Cohen, and B.L. Averback, Acta Met. 9, 440 (1961).
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To calculate the activation energies for diffusion in alloys in
“which both componenté are present in comparable concentrations, C is
neglected, . This term contains as factors in the numeratof (AH2 - AH;)
and (AH, - AH,), both of which become negligible m concentrated solu-
tioris. | We also express the results in the form AQA = Q‘g - Qgpure

pure

» A
where QD 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 most errors in the calculation of
Apure ' . A

QD would not be reflected in AQ . In Table II we apply Eq. 2 to a

large number of alloy systems in which the activation energies have been

determined exp.e::c‘:'u’rlentallye

' 3, DISCUSSION OF RESULTS

In developing the equations of this paper, we have assumed that
the energies for formation of vacancies and fof movement of atoms
depend only on the. local bond energies of the lattice, Furthermore, we
have not introduced any paramet:er to correct for a possible ﬁonranddm _
conqentratioﬁ of vacancies in positions adjacent to solute atoms, Gross
mismatches in the diameters of solute and solvent atoms might be ex~
pected to invalidate these assumptions. However, the predicted values
onD do not appear to show systerhatié deviations from the experimental
values that can be attributed to a size effect,

For most of the substimtional alloys for which we have data, the
activation energies fof diffusion are predicted fo within the probgble
errors in vexperimental‘ determination of the acti_vétion energiés, The

satisfactory agreement between predicted and experimental activation

energies lends support to the conclusions that the mechanism for diffusion -
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Table II. Comparison of theoretical and experimental values for AQ in

alloy systems of varied composition (all energies in units kcal/mole)

AQ AQ

‘ . v LQ

At.% solv. At.% solute Ref, Tracer calc.eq.4a calc.eq.4b exptl,
90.5 Ag 9.5 Al agtt® - o3 - 0.5 -1270

93,5 Ag 6,5 Cd agt0 o o14 S 1.1 -1,5

call® .61 - 6.2  -3.6

SR 110 -
72.0 Ag 28,0 Cd agtt0  Lo49 - 4.6  -6.8
cal’®  -10.0 - 9T =82
' 110 v '

98, 2 Ag 1,8 Cu Agh - 0.3 + 0.1 +0.7

98,5 Ag 1.5 Ge agtt® - o1 + 0.2 -0,1

95,6 Ag-  4,4In agttd L1 - 0.4  -1.5

mt s - 6.9  -3.8

U 110
8393Ag 1607 In Ag - 10_5 - 192 ) - 709
m i - s - 8.0  -T.5
N 110 »

99.3 Ag 0.7 Pb Ag - 0.3 0.0  +0.6

99,5 Ag 0.5 Pb pp2l0 L33 - 5.1  -5.4

90.2 Ag 9.8 Pd agtt® w11 + 1,1 -0.4

99.1 Ag 0.9 Sb P 0.0  -1.6

EEE. So1#t - 43 - 4.3 -5.8

» g 110 ,

70.0 Ag 30.0 Zn Ag - 4.8 S 4,3 -8.1

| za® -10.5 - 8.6  -8.9

69. 0 31.0Zn . cubt - 5.6 - 5.8  -~6.2

zn®° -10,0 - 7.4
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Table II, ('Cont'.,).
o S o AQ AQ O AQ
At.% solv, At.% solute Ref, Tracer calc.eq.4a calc.eq.4b exptl.
o ST 26, 1%
52,0 Cu 48,0 Zn g cubt - 8.8 - 8.9 { 11,1
12,3
_ 29, 3%*
zn®  -13.7 -13.3 {- 3.9
11. 8
50,0 Au 50.0Cd h Au -14,2 -10.5 -13.8
cd -20.9 -13,7.

-16,8

K
The activation energy is strongly dependent upon the amount of ordering.

 The values ’26;‘1 and 29; 3 refer to complete disordering,.

a)
b)

c)

d)

e)

1)

8

h)

R.E, Hoffman, D, Turnbull, and E.W. Hart, Acta Met.

A.H. Schoen, Thesis, University of Illinois,

3, 417 (1955),

1958,

N.H. Nachtrieb, J. Petit, and J, Wehrenberg, J. Chem. Phys. 26,

106 (1957),

E. Sonder, Phys, Rev. 100, 1662 (1955),

D, Lazarus and C, T. Tomizuka, Phys. Rev, 103,' 1182 (1956),

Je. Hino, C, T, Tomizuka, and C. Wert, Acta Me‘c°

104, 1536 (1958),

5, 41 (1957),

A, Kuper, D, Lazarus, J, Manning and C. T,  Tomizuka, Phys. Rev.

H.B. Huntington, N.C. Miller, and V. Nerses, Acta Met. 2_, 749 (1961),
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in substitutional alloys is basically similar to the mechanism for self-

diffusion and that both of these diffusion processes proceed by vacancy

formation and displacement,-
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