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Estimates have been made of the concentration of vacancies in

1

extremely dilute soluticns.” A more detailed analysis will be przsented
i

here which provides an approximatlion that is no longer limited to

extremely dilute solutions.
In a regular binary substitutioned solid solutiorn alloy of A and B

atoms let n, be the number of vacancies coordinated with i B atoms and

(z-i) A atoms such that O < i < z. Thus the total number of vacancies is

™~

n,, = n, and the total number of lattice sites isn. = n, + 1, +n
A (=g 1 S A B v

where n, and n_ are the number of A and B atoms regspectively in the alloy.

-

A B

The free energy of formation of‘a ﬁacancy g; will be assumed to
‘depend only on the atoms coofdinated.with the vacancy.rggardless of their
arrangement. on the surrounding sites. On this basis there existé z +.l
-values of g When i ér z-1 are either zero ﬁf unity, g; is thé true free
energy of formation of a vécancy. But fof other Values of I or z-i gi
represents sbme average value for the various distinguishable arrangements.
For example, in fhe body centered cubic lattice.fof‘i=2 the three typeS.
of arrangements {a,b,c) of A and’B atoms about'a'vacancy shown irn Fig. 1
- are possible. As indicated, each arrangement has a unique energy of
formation of a vacancy. 'Althoﬁgﬁ such cqpfigurational-effects are
readily introduced into the analysis, thé‘clarity, simplicity and utili?y
of the analysis would suffer by the presence'of an extremely large number
of free enefgies, gi%,kwhere j identifies thé configuration. Therefofe,

. J : .
the valuesqu g, ere takeh to be:apprbpriately weighted mean values for i

or z-1 other than zZero or unity.

The number of ways the different types of vacancies can be distriduted
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at random on the lattice gites is given by

: el N
v = A = |
/ ('/?5~(3V)-’/(_Z/Z/7‘../ o (1)

D

The number of vacancies ny will be sssumed to be so few relative to N
that the number of divacancies is negligibly small. A and B atoms will
be placed at random about the wvacancies in

fy

: ) . ,
PiEhral <

ways. Having done so the remaining A and B atoms feor regular sclutlions

z/
1/

bw

1AW
~—r

W, =

N
O~y

can bhe arranged at randem on the romai ang lattice sites in
ol

W = — Z/’”’ *”r*/”v}/

3 #/7.;_ ////7-4"5 /
2 L ‘/

ways. Thus the total number of ways of obtaining the %pec¢L19d otdqutludT

(3)

state is given by w = wl C W, ot w3. When there are no vacancies Ereten+
2 .

W redgcés to the usual expression we = (nA + né)!/nAIQB! for random miiing
of atoms.
Therefore. the free enérgy above that fqr a regular solution without
vacancies is
z : — P
G=3Smg ATl w (1)
o T W
The equilibrium number of such vacancies is_then established by
dG—- | . (:
Iy - |

L= L Z { 9 —
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Since the number of vacancies is negligible relative to the number of A

and B atoms, Eq. (£) is quite accurately given by

A / Z“C‘ £ -~ Y | —.‘?/h N
l:'~z-‘/lx/z Ny e %’7—: 6?@‘477 (T

where

é

',_z - |

(Z;L//( /
and where NA and NB are the mele fractions of A and B atoms and ei the

ith term of the binomial expansion of Eg. (8).

Two terms contribute %o gi,'namely

O
~—

.%' = /)[‘ — de’fz" (

.whefe hi is the enthalpy and Sy is the thermal entropy for the formation

of a vacancy of the ith kind. Although approximate methods for calculating
2.8 . , '

hi have been suggested; all are knewn to be rather unréliable. Conse-

quently, at present the values of hi are best determined experimentally.

On the other hand the factors contributing to Sy s might be estimeted in

terms of the change in vibrational ientropy as suggested by the Einstein

theory of specific heats. When an A atom is ‘coordinated with a vacancy

cne degree of its vibrational frequency changes from Vo to Vg where ve <
. . £ S P

-

Vy - Therefore the change in the thermal entropy for each A atom ccordinated

with a vacancy is

ey, éf}—-.zf’{z’f/;- ,éfj ,.{9/% VA (10)
¢ Y
where h is Planck's constant and k{1 + 2n k¥/hv} is the Eirnstein thermal

entro 9 per degree of freedom. A similar expression applies for each B
I 128 Y

atom coordinated with a vacancy. Consequently for each varancy of the ith
¥ N
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In general Sy s is not expected to vary much as i changes and it will
G

always be positive. ¢

7 - .o . 10
When Ny = O, En. (T) reduces to the well known expression
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for the number of vacancies in a pure metal. For very dilute solutions

where 0 < N << NA’ it 1is possible to write

R
My -f& Z‘ //V ‘95/7- (13)
s .;25/7 (Z—[j/ 7 ’

where the sum can be ended at thet ith term where the 1 + 1 term is

B

negligibly small relative to the ith term. Terminating the series at i = 1

gives a result which closely agrees with that suggested by Lomer for

-

extremely dilute solutions.l

In general Eq. (7) can be written as
g q

: _ ~7 . ‘ ' .-
/R 6‘/@ / o S
Y & . .
S

where R 1s the gas constant and G, is the total free energy of formation
. i

of a mole of vacanciesg of the ith kind, whieh is given by

G =t =TS =TS (35)

wvhere sti is the thermal and Sci'the Configurational entropy per mole of

vacancies and

\
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FIG. 2 CONFIGURATIONAL ENTROPY TERM FOR
VACANCIES IN BODY CENTERED CUBIC BINARY ALLOYS.



FIG. 3 CONFIGURATIONAL ENTROPY TERM FOR
VACANCIES IN BINARY FACE CENTERED CUSIC ALLOYS.



ACKNOWLEDGEMENTS

This research was conducted as part of the activities of the

Inorganic Materials Resezrch Division of the Lawrence Radi:

of the Mniversity of California, Berkeley, and was done under the-auspices

of the U, S. Atemic Energy Commiscion:

5

ion Laboratory



~10=

- ' References

1. ¥W. M. Lomer, "Point Defects and. Diffusion.in Metals and Allioys", Vacancies

L]
and Orher Point Defects in Metals and Alloys, Institute of #Metals Monograph
and Report Series No. 23, p. 85 {1033).
2. H. B. Huntinghton, F. Seitz, Phvs. Rev., 61, 315 (19u42)

"
.
to
o
o
5
o+
)

"J"q
«t
o)
3
o
w0
e
o
ot
[
-
=
-
4,
=y

B
<
-3
o
]
r
o
P
f_J
N
=
o
—

4. H. B. Huntington, Phys. Rev., 91, 1092, (1953).

5. F. G. Fumi, Phil. Mag., 46, 1007 (1955).

o

7

6. L. Tewordt, Phys. Rev., 61, 109 {1958

~—

-3
A
-

1. Bennemann, L. Tewordt, Z. Naturtorsch, 15a, 772 (1960).

8. A. Seeger, E. Mann, J. Phys. and Chem. Solids, 12, 326 (1960).

9. A. J. Dekker, Solid State Physics, p. 65 (1959).

10. P. G. Shewmon, Diffusion in Solids, McGraw-Hill Inc., p. 56 {1963




This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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.






