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ABSTRACT
Four models for estimating the effect of short-range ordering (or
clustering) on the equilibrium concentration of vacancies in binary
alloys are developed in terms of statistical thermodynamiés. The
Smeared-Displacement, Simple-Displacement and Modified Vacancy Energy
Models assume that the energy to produce a vacancy can be estimated
from the change in bond énergy when an atom is displaced from the bulk
of the crystal to the surface. Each model differs, however, relative
to the details of the environments about vacancies that are taken into
considération;“ Ali such'models sﬁggest that the vacancy concentration
decreases as a resu1t of‘ordering. The Vacancy-Energy Model is physically
more realistic and more detailed but somewhat less tractable than the

other models. It assumes that the energy to produce a vacancy depends

primarily on the immediate environment of the vacancy.



I: INTRODUCTION °

Vacancies are expected to play the same significant role during
diffusion, creep, sintering and other kinetic phenomena in alloys that
undertake ordering or clustering as they do in pure metals and dilute
alloys. Before such processes can be described in detail for ordered
alloys, however, it is necessary to gain some ﬁnderstanding of the
equilibrium numbers and distribution of vacancies as a function of the
ordered state. In fact, until a satisfactory theory for equilibrium
distribution of vacancies in such glloys is formulated, it may not be
readily possible to desgin appropriate experiments for determination of
the factors that might affect the equilibrium concentration of vacancies.
Stimulated by this need, several models have recently been described
for vacancy concentration in long-range ordered alloys.l‘3 As far as
the present authors are aware, however, there has been no announcement
of.vacancy models for short—rangé ordered or clustered alloys.

An accurate procedure for accounting for the number of statistical
states in three dimensional alloys has yet to be developed. The same
difficulties intrude, with perhaps even greater import, in any sophisticated
attempt to describe the statistical thermodynamics of vacancies in
real binary alloys. Until such difficulties in accounting are surmounted,
it will be necessary to employ leés rigorous techniques which hopefully
will not do too much violence té the physical facts. In this more
modest vein we shall consider, here, four models which emphasize various
factors that are indigenous to an understanding of equilibrium conccntrations

of vacancies in concentrated alloys. The ususl but somewhat naive
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nearest-neighbor atom bond-energy assumption will be adopted for all
models. In the Smeared-Displacement, Simple-Displacement and Modified
Vacancy-Energy Models the énergy to produce vacancies will be determined
in terms of the energies of the brokén bonds. A more detailed and
physically more acceptable designation will be made for the energies

to produce vacancies iﬁ the Vacancy-Energy Model. These models will

be compared with each other and their deficiencies and virtues will

be discussed.

‘In the present paper we shall confine our attention to short-
range ordered (or clustered) alloys. Long-range ordered alloys will
be discussed in a companion paper. However, a common terminology will
be adopted for both papérs, as follows: The alloys will contain A and
B atoms plus various diSfinguishable types of yacancies, V, where

total number of A atoms

it

oy

total number of B atoms

ng
ny, = total number of vacancies of all types
ns’= total number of lattice sites

z = coordination number

n

N = A. = gtomic fraction of A atoms
A n,+n

A B

'y
N, = : = atomic fraction of B atoms
B nA+nB

EAA’ SBB’ EAB = bond energies

The bond energies will be taken as zero when the atoms are an infinite

distance apart and therefore they have negative values for the stable

crystal. The change in energy for the bond reaction 1/2 A-A + 1/2 B-B_



+A-B is

where € has a negative value when the alloy orders and a positive value

when it clusﬁers{

- II. TERMINOLOGY FOR SHORT-RANGE ORDERED ALLOYS

> short-range order theory c¢ould be

Either Bethe'sh or Cowley's
employéd here. In order fo provide a common basis for comparison, however,
all four models will be described exclusively in terms of Cowley's
theory, éubjected to the limitation of considering onlyvnearest—neighbor
interactions. Accordingly pkj vhere k = A, B, Vand J = A,B V will
be the probability that the kth speéies is coordinated about the Jté

species. Such probabilities are interrelated by the three equations:

Pap T Pgy * Py = 1 (1a)
pAB + vaB + pVB =1 (lb)
Pay * Py * Pyy = 1 (1c)

The conservation of the number of each type of bonds further

requires that

20,Pps = Z0pPyn (2a)

2RpPyp T E0yPay . (2v)

ZhgPyg = ZyPpy ' (2¢)



Cowley's degree of order will be redefined to take vacancies into - v ‘

consideration as ‘ “
p D
a=1-—=28 o DA (3) -
A B
nytRgthy nptngthy
But inasmuch as Ny, will always be very small relative to nA + Dy

the change in Cowley's degree of order due exclusively to vacancies will

also be negligibly small. Thus

Ppp = Ny (1 - o)
Ppy = Ny (1 -.a)
(4)
Ppp = 1= Ppy = Ny + ol
Ppg ¥ 1 = Pyp = Np + ol

III. SMEARED-DISPLACEMENT MObEL
This model‘is essentially the short-range order analogue of the
model proposed by'Krivoglaz and Sm_irnov2 for vacancies in long-range
ordered alloys. It is based on the approximation that only nearest
neighbors interact and that the energy to produce a vacancy can be
equated to the energy change required to break z bonds and remake 2/2
bonds when an atom is displaced from the interiof of the:crystal and ﬁkf

placed on the surface thus leaving a vacancy on its original site..

Since the number of divacancies will always be small relative to the

total number of vacancies, Pyy * 0 and Eqs. (1) and (2) reduce to



Pan * Ppy *Pyy <1 (5a)
E;'PBA-+ Ppp * Pgy = 1 ' (50)
PaPya * PPy T Ty ' | (5e)

Because there are five variables in the three Egs. (5), the analysis
can be based on two independent variables. It will prove analytically
more convenient, however, to replace ny, by its equivalent value given
in Eq. (5¢) and employ the method of Lagrangian undetermined multipliers

to introduce the restrictions of Egs. (5a) and (5b).

The configurational bond energy of the alloy is simply

E =2 (

Z
¢ 3 (6)

* 20,y €pp + NpPppopy)

LIV
since the free bond extending toward a vacant site always has zero
energy in this kind of g model. Using the approximation of Cowley's

first coordination sphere and including the coordinated vacancies

suggests that the ways of mixing atoms is proportional to QAQBQV where’

“a
z! Z
Q, = (Te)
A [(ZPAA)I(zpBA)I(szA)X]
) | ™
z ! ’ Z- z! - 2
QB - (z2p, o)1 (2D )t (2pyp) ! =1 Tzn ' (7o)
AB BB E (—2 p_ V1 (zp, ) 1( )1
' ng Ppy/*'2Pgp/ "1 2Pyp
' n.p,,tn.p
oy . , A VAZ BPvB
Z | z - A
(zpyy ) {zpgy ) 1 (2pyy )1 TaPva Ly EPve o)

PPy tpPyp BAPyatPpPyp



and where the second equalities follow from Eqs. (2) and (5). The
powers nA/z etc. appear in these.expressions because each atom is
introduced z times in the contemplated mixing. Since, however, the n,
A gtoms with their surroundings qannot be mixed independently of the

By B atoms with their surroundings, the total ways of mixing is approx-

imately proportional to but does not equal QAQBQV. For example, in a

vacancy free alloy, the ways with which A and B atoms can be mixed at

random is
o L (nA+nB)l
AB'R nAlnBl

ju 3
s}

whereas the ways suggested above arg

2! 12 7! 2
@008 = | e ] LG G
s AT B’ A B _
Consequently the entropy for mixing atoms and vacancies in a short-

range ordered binafy_allqy is given by

S = k&nQ | (8a)

where Q is closely approximated by

S e,.).
AB°R
Q=Q, 0 e (8b)
.A AB QV (QA'QBJR

Since_the chénges in thermal entropy are small they will be neglected

here. The configurational Helmholtz free energy is
F_=E -18, ' (9)

which is now expressed in terms of the five variables Ppas Ppar Pyae



Pap and Pyp» that are related by the Egs. (5a) and (5b). Using sznAA
and kTEnAB as Lagrangian multipliers wherevAA and AB are the activities of
the A and B atoms respectively, the two zeros deduced from Egs. (5a) and

(5b), namely

-kTZn}\A(pAAd-p BA+pVA—l) =0 . (10a)
and
A
—kTEnAB(E; pBA+pBB+pVB-l) =0 ‘ (10b)

can be added directly to Eq. (9). Minimizing the resulting expression
with respect to each of the now independently variable quentities

gives the results,

o - AA
1., %A T kT
Pap = 3 AA e (11a)
}Tl“ -
1. "8 oKT
Pig etz ¢© ) (110)
AU N
2 2n, 2n AB
1 %3 A B - 5T
Ppp = E-(;X? Ay Ay e (11c)
1 O e
‘ L nA . nB2 2nA 2nB
Pyp e to (B_A") A g (114)
1 11 1
ny n 2 2nA 2nB
I W e SIS A (11e)
VB e e 'n A B €
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Consequently, from Egs. (1la), (11b) and (11lc) ’

. i ?(CAA+€BB~2EAB)
A _ B OKT | (12)
PaaPep P4

Since the vacancy concentrations are small, the probabilities can be

expressed very accurately in terms of Eqs.(4). Therefore

, - ZE .
— (1~ g) .. KT (13)
(2 + )+ )

B A

which is the equilibrium’equation for the Cowley theory in the absence
of v&canciés. Obviously vacancies do not significantly alter the
all-over degree of order. -

| Introducing Egs. (11a), (11b), (11d) and (1lé) into Eq. (5c¢c) in
such a way as to eliminate the activities; illustrates that the vacancy

concentration is given by

i e, oz, 2€5p
v _ .2 o 2kT 2kT 2 2kT
nm. - AT e *ANNy e * T e
A""B
2€, Z€np 2€,5
e an (e 2T, BT, AT (1)
A7B . -
!
Iv. SIMPLE;DISPLACEMENT MODEL . ' *

This vecancy model is an internally consistent short~range ordering -



analogue of that proposed by Girifalco3 fof long-range ordered alloys.
It also assumes, that only nearest neighbors interact and that the
energy to produce a vacancy might be equated to the energy required to
break z bonds when an atom is displaced from the lattice and to remake
2/2 bonds when this atom is placed at a point on the surfaceAconsistent
with the existing degree of order. Two ildentifiable types of vacancies,

(A) (B)
\'4

however, exist in this case, namely n and n v which result from the

replacement of either an A atom or a B atom by the vacancy. Thus the

(A) (B)

configurational energy change upon introduction of n v and n v vacancies
is

(B)
v

A)

=_2z ( z ‘
AE, = = 5 (Ppnan*Ppptan) Py - 5 (Pap®an*PeEeas (15)

) n

since the n(é) and n(s) vacancies are taken to be distributed at random
over sites formerly occupiled ohly by n, A atoms and ny B atoms respectively.

The configurational entropy change is

(A) (B)
(n,+n'.,")1 (n_+n ')
. nA!n v ! nBIn v {

Neglecting, in this model, the small:-change in thermal entropy, the

Helmholtz free energy.is

Fla, n(ﬁ), n(s)) = F(a, 0, 0) +'AEc - 148, (17)

where a here refers to Cowley's degree of order in the absence of

vacancies. Therefore, the equilibrium numbers of vacancies are directly



-10-~

(A)

determined by minimizing F(a, n v e n(g)) with respect to n(e) and i
(B) .

also n v ,.Ziving

(n) z : .
v y o KT (Ppa€an*Ppacan)

nA+nB ‘A

oz L
e (Maean*Mp et Wple =€) ,
= NA e - : (18a)

and the symmetricsal expression

L
Vo _ g o 2K (Pyp€ap*PaptEB’

T -
o o T [¥peppt i eap*oy (Fppepp) ]

B (18b)

The total vacahcy_concentration is given by the sum of Egs. (18a)

and (18b), namely

| nV i n(€)+n(€). Z
moms T o Ny e g (Npean*Npepptolp(egp—cyp)]

Z
ve— € -
. 2T (Ngepptly aptoN,(egpepp)]

B (l8¢)
V. VACANCY-ENERGY MODEL

This model is based on the concepts originally introduced by Lomer6

for vacancies 'in extremely dilute solutions and extended more recently
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by Dorn and MitchellT to include vacancies over wide ranges of composition
-in regular solutions of binary alloys.

Undoubtedly the energy of a vacancy depends principally on'its
immediate environment in the alloy lattige.. In the following we assume
that the free energy of'formation of a vacancy depends only on_the kind
and arrangement of the atoms coordinated directly with tﬁat vacancy.

Thus 8¢ is defined as the free energy of formation of a vacancy which
is coordinated with i B atoms atd (z = i) A atoms. The subscript c
refers to each unique.configuration of the A and B atoms about the vacancy.
In general the numbef of.gics is extremely high. Althéugh the complete
" details can be incorporated iﬁtq the analysis it appears desirable
.here to let”gi'be a méén weighted-average valué over all configurations
¢ for vacancies of the ith kind: Even then there yet remain z + 1
individuai values of gi'to be considered.' It appears unlikely that
thése z + 1 véluesvbf gi;‘excepting of course g and 8, might be
calculated in the near future from first principles. Consequently the
individual values of g, will have to be e&aluétéd by comparison of
appropriate_experimental results on vacancy concentrations with deductions
" ‘based on the proposed thérmodynamic theory. . |

Admittedly the neglect of the effect of second néarest neighﬁors
étc. of a vacancy on thé value of g; is made solely fqr the sake of
simplicity. Moré.sophisticated assumptions interpose insurmountablé
handicaps to any analysis at this time. Furthermoré, thisvassumption is-
" probably no more at odds with the physical facts than the very useful

and equivalent assumption of nearest—neighbof bond energies that is
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so helpful in rationalizing, at least qualitatively, many phenomena
on ordering in alloys.

In order t¢ illustrate the method of analysis we propose to derive
again the relationship given by Dorn and Mifchell for random glloys
employing, in this example, a new and simpler approach thén they originally
used. For fhis purpose'we consider first a regular solution without

vacancies. Each term of the binomial expansion

Z ) . .
\Z 2! Z-1 1
MWyMg)” = B femiyiar ¥a Yy <1 (19)

gives the probability that any given site‘is coordinated with i B atoms
and (z ~ i) A atoms. Therefore, there are
_ 2! oz-i i
=g o YA s (20)
lattice sites of the ith kind surrounding which there are i B atoms
and (z -~ i) A‘atoms. At random on n, of these sites we introduce vacancies
of the ith type, each of which has a free energy of formation of 8+
We do this without otherwise disturbing the random arrangement of atoms
by placing the atoms that have been removed from the now vacant sites
on appropriate equivalent sites on the surface. Thus the free energy

change is closely given by

(21) .
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Minimizing the free energy relative to D, and noting that n, << n .

gives the Dorn-Mitchell relationship

s
1
|

i z! 21 i kT
T PR T S (22)
The same technique is readily applied to short-range ordered or clustered

alloys. Each term of the expansions

Z .
z z! z-i -1 _
(ppp*Ppa! = iio (z-1)ii1 Pan Ppa 1 - (23a)
(p._+p )z - »; z! b Z=1 P i_ 1 (23Db)
AB" BB’ oo (z=)111 PaB BB ,

| gives the probability of having i B atoms and (z - i) A atoms about’
any A atom, Eq. (23a), and about any B atom, Eq. (23b), respectively.
Thus' the total number of lattice sites of the ith kind surrounded by
i B atoms and (z ~ i) A atoms is

i

n.. = (n

Z- 1 +n Z-1i i) z! (2!4)
Li APan Pma B°a8 P / Tz-1)1i!

Whereaé the configurational.entropy of mixing ni vacancies on these
sites, where ni << By folléws as given above. for.regular solutions,
the free energy of formation of vacancies.in the ordered alloy requires
further consideration. This arises as a result of changes in lattice

parameters, moduli of elasticity, average bond energies etc. that occur

as a result of ordering. We therefore acknowledge that the free energy

-
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df formation éf a vacancy of the ith kind might_éhange somewhat as
the alloy orders from the value of gi for the random case. To a first .
approximation we suspect that these changes are related to the changes

in the avérage bond energy as a reéult of ordering. The average bond =

energy € is given by

€ = N pfaa™NaPpaan* N ePan AR N EPRE B (25a)
Introducing Eqs.(4) reveals that
€= 1\ +2N N_e ~20N, Noe (25v)

A AATATB AB B “BB A'B

where ¢ is the ordering energy. Thus we suggest, in analogy to a

Taylor's series, where only the first two terms are retained, that the

free energy of formation of & vacancy of the ith kind when the degree of

order is a, might be approximated by g; + aNANBg}i where g'i is a
constant free energy term and the second term represents a small correction

for the changes induced as a result.of ordering. This approximation

gives the vacancy concentration in a short-range ordered or clustered

alloy of
gi+aN NBg i
0y z! z-i i z-1 iv - kT ;
n " Teemr (MaPaa Paa T TePap Pgp ) e ' (26a)

For the disordered case this relationship reduces to Eq. (22). When

pAA'etc. are replaced by the degree of order, Eq. (26a) becomes o



Z! - £ - Z»"'i o '*.iA . ar / -3 . .ov s
= — {7 (W, +al_) (o, (1-a) i"n [N (1~a)] (Wowad ) e
(A—l):l. A A ’ SA D .

D VACANCY-ENERGY MODEL

The Vacancy-Energy Model for equilibrium concentravions of vacancies

oo kirnnocr allovs is based on rather good assumptions and should therelore
o<

rather accurabely correspond with the experimental facts. On the otner

S 5 + <43 F T P S i L TP
1 due to the numerous detaills thatl

rend its 5
nave bveen incorporated into the analysis. TFor example, it appesrs

ol

will be made to dcduce all o

unlikely that any experin
the 2{z + 1) terms of g. and g! that are indigenous to the model.

Furthermore it is dcubtful whether, if such an attempt wverc made, the
set of 2{z + 1) numbers so obtained from simultaneous solution of

ion and

Clid il

total vacanecy concentration as a function of composi
might reliably represent the physical cuantities in cueotion. Thouo
issues suggest that the energies to produce vacancies be represented by

-

ble terms. s a preliminary

=)

somewhat simpler and therefcre more tracta

step in this direction we shall introduce a modified bond-enerrmy conceni

for the formation energy of a vacancy where, for the present, we ne;loct

he thermal entropy of formation of a vacancy.

o

As suggested by Eqs. (23a) and (23b) vacancies of the i kind

might be visualized as produced by displacement of cither A or B

oyis

atoms from the lattice to the surface. For each A or B aton so disvluced,

the bor . energy chanses are -{(z - i) & toioe, M2 o ~i{n - 1)

Eapy ™ i Em?}/ﬁ regpoctively.  Accordingly, the equilibriws nunbdar of
[ANA] [N ' ) !
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vacancies, created by displacing those A atoms (and B atoms) coordinated

with 1 B atoms and (z - i) A atoms, to the surface is given by

(z-i)e,  +ie

o VA AN “EBA
SR § z-i i 2KT
n,  (z-i)til Paa Ppy € (27a)
and Dby
L (E) _ - (z-i)e,Hiegy
4 >
iz z-i _ 1 2KT
n,  (z-i)1i! "ap PBp ° (27v)
respectively.

s . . th . . .
The total equilibrium number of vacancies of the 1 kind is simply

(A).  (B) - (z-1)e) *iey,
_i i i z! o . z-i. 1 o 2KT
ng n (z—i)1it ““ataa  Pma

(z—l)eAB+1EBB

2-i_ i KT
28
* NgPyp  Ppp © } (28)

Thus the total number of vacancies is given by

AA BA 2 : )
2kT 2kT :
Pna €
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AB BB
. DKT oKT
* Nplpyp e Pgg €}
€an “BA .
oKT OKT
= N & i -
hA{(NA+aWB) e + WB(l a) e }
‘4B BB .,
o 2kT SKT
)T . 1- I\
+ KB{NA(L a) e + (NB+GNA) e } (29)

VII. DISCUSSION

The vacancy models for short-range ordered alloys that were
presehted in the preceéding sections were bésed on & number of common
simplifying assumptions: (1) The energy was taken to depend only on
nearest-neighbor-atomic.interactions and the longer range potentials
were neglected, (2) Since exact accounting methods have not yet been
developed for alloys on three-dimepsional lattices, the configurational
entropy, even for the vacancy free lattice was calculated by standard
approximate methods. Such approximationé have been so extensively

reviewed in the literature that no further comment on these issues

(=N

s necessary here.

- The major problem ehcountered in the formulation of the various
models concerned %hether the presencelof vacancies might not, at least.
locally, change the degree of order. The results on the Smeared-
Displacemenﬁ Model reveal that vacancies did not‘materially affect the

Li-uver degree of order; but in the ‘imple~Displacement and the Vacancy-

o,
ol
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Energy Models the assumption Wés tacitly made that fhe local as well

as the all-over degree gf order was not affected by vacancies. Detailed
account’ .~ of bond energies, showed that if the local order near vacancies
were chanéed, the energy of formation of vacancies would also have to

harced with such local reordering energy. For alloys that normally

[

be

e}

order or cluster, such changes in local order so greatly increases
- the energy to produce’é vacancy that it appears highly improbable that
vacancies cause even local reordering. Consequently the assumption
that local reorderingAddes not take place in the vicinity of vacancies
appears to be quite good.

Undoubtedly the energy of formation of a vacancy depends principally
on its irmediate surfoundings. Using the technique that was adopted in
the Smeared-Displacement Model, however, such unique designation is
not  possible. Not énly.does this model give an energy of formation of
smeared vacancies but also a somewhat questionable configurational
entropy of mixing vacaﬁcies on the latticé sites.

In the Simple-Displacement Model, a somewhat more detailed inspection
was made of the problem. Eéch A atom was assumed to be coordinﬁted,
on the average, with ZPap and ZPgp atoms of type A and B respectively,
with similar accountings for atoms surrounding each B atom. Thus a |
rmore appropriate (i.e. iess drastically smeared) energy of formation of
irdividual vacancies cquld be calculated. Furthermore, a much more
real?”tic'(less drastically smeared) configurational entropy of hixing
vacancies on somevwhsat more uniquely defined lattice sites could be

estimated.
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Although Egs. (14) and (18c) for the S@eared—Displacement Model and
the Simple-Displacement Model respectively appear to be signifiéantly
different they nevertheless lead to almost identical results. For
example, at high temperatures where the arguments.of the exponehtial
ave much less than oﬁe, it can be readily shown that both Egs. (14)

and {18¢) reduce to

Z - 2 N ar 2 - ZE .
Yy 2xT () "y, 2N, Bipe )y Ny epp=20N, e ) 2KT :
n— = & = e (30)
S

The similarity of deducﬁions.based on théese two models is illustrated

in Fig. 1 for the conditions z = 8, N, = NB = 1/2 and €an = €pp- |

Such agreement confirms at'ieést_the nominal validity of the assumption
that the local distribution of atoms about an atom remains unchanged
when that stom is replaced by a vacancy. This aésumption was inherent
to the Simple—Displacément Model bﬁt was not made in the Smeared-Displacement
Model. - As shown in Fig. 1 over the range of -¢/2kT, where -a increases,
the ratio of the total vacancy concentration in the ordered alloy to
that which would have been obtained for the same alloy in. the disordered
state decreases rather effectively. This expected trend is due to

the greater energy of formation of vacancies, on the bond-energy model,
with increasing degrees of order. The same results apply to clustering
whére both'e and a have positive values. As shown in Fig. 1, the
Modified Vacancy-Energy Model also follows the same trends and at high

temperature it predicts the same result because Eq. (29) reduces to

~n / - 3.3 1A . - . N
Ly. {30). Hevre the additional assumpivion that N, € = ~14.50 kcal

2 \



SRSTORN{ Eap = N"EBB = -14.15 kcal, where NO is Avoggdro's number, was .

O
C

~

for the Modified Vacancy—mner ry Model. This model, however, has -

&

made
the added virviue of providing the additional details on the types of
vacancies that are present which are so important for consideration of
diffusion mechaniseu. AS shown in Fig. 2, when the degree of order (=a)
inereases, the ratio of the number of various specific types of vacancies

in wue ordered slloy to those in the alloy if it had not ordered changes.
This ratio increases for i = 0 and 8 etc.‘and decreases for i = k4, etc.
Furthermore, this ﬁodel gives the additional information on the distribution °
o? the various tynes of vacancies for a given temperature. For example,

25 shown in Fig. 3, at high temperaturesthe i = 4 type of vacancy is

-
¢t
e

#Gow pDopulous tyﬁe of vacancy but at low temperatures its concentration
secomes almost negligible. At low temperatures it is seen that i = O

wnd 8 types of vacancies are predominant. However, this distribution

is strongly affected by the values of bond energies. This can be

readily shown from the following equation which is reduced from Egs. (28)

and (29) for the case NA = NB = 1/2 and z = 8.
n n
.4
¢ nV 8
! n
i=0
(8—i)eAA+ieBA (8~i)e € pticnp
’:l:r - 2kT *
ekt + (l—a)8 i)t e } -
- (31)
“AB ‘BB -
+ {(l*‘ ) e 2kT (l“"a) e ?1..._18 . '.
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If the bond energies N ¢ . = -7.9 keal, NOEBB = ~20.4 kcal and NOEAB =
-1k .50 keal {where X 1is Avogadro's number) are assumed, the second term
inside the braces are negligible with respect to the first term and the
exponentials become the predominant factor. Therefore, as shown in Fig.
I, at low temperatures the 1 = 0 typc of vacancy is most populous.

The assumption, common to the &- ared-Displacement, Simple-Displacement,
and Modified Vacancy-Inergy Models, that the energy to form a vacancy

oy

can be.estimated from the energy of the broken bonds is notoriously
inexact. In pure metals the actual energy to form a vacancy is often
less than one-third of the value calculated by the naive bond-energy

estimation. As suggested originally by Lomer, it appears that the

sodynamics of vacancies in alloys is more accurately formulated

in terms of their local environment as was done in the Vacancy-Energy
Model. Uudoubtediy vecancies having different configurations for the
same numbers of coordinated A and B atoms have somewhat different
formation energies and these energies also vary dependent on next etc.
nearest-neighbor interactions. Such details, however, were not incor-
porated in the Vacancy~-Energy Model primarily for the sake of’éimplicity.
Thus the Vaooncey-Energy Model, although somewhat more realistic than the
previously déséribed models, is nevertﬁeless.an approximation. It has
the virtues of more accurate formulation of vacancy epergies and mixing
entropies.

A major handicab in.applying the Vacancy-Energy Model concerns the
fact wiwt the 2(z + 1) values of &, and the g'i must at present be

evuiluubod experimentally. It is not clear at present just how this



DD

might be done with facility. Obviously the bond energies account for

part of vhe wvalues of gi and therefore the general trends given by the -

Modified Vacancy-YEnergy Model have some validity although the absolute
values of the concentration of vacancies so deduced is inaccurate and
cther facitors serve to further modify the trends. One of these factors
concerns the irresolvable dichotomy of viewpoint between the Vacancy-
Energy “odel and the reﬁaining three models based on the bond-energy
aporoximation for the energy to produce a vacancy. For example, as
illustrated by Eqs. (27a) and (27b) for the Modified Vacancy-Energy
Mocel, the enerry to produce a vacancy coordinated with i B atoms and
(z-1) wtoms 1s uniquely different depending on whether the newly
srocuced vacancy 1s made by displacing an A atom or a B atom to the
surface. In ~ontrast, in the more realistic Vacancy-Inergy Model, the
energy to produce a vacancy coordinated with i B atoms and (z - i) A

atoms is assigned a single unique value.
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FIGURE CAPTIONS

Figure 1. Temperature effect on the equilibrium vacancy concentrations

and the short-range order parameter for the case NA =.NB = 1/2,

LA‘A =

Figure 2. Zffect of ordering on the distribution of the various vacancy

€.. and z = 8.

concentrations according to the Modified Vacancy-Energy Model.
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Figure Distribution of the various vacancy concentrations for the

e N = N_ = 1/2 = = <14, =
case I, = My /2, NOEAA NoEBB 14.15 kecal, NOEAB

~14.50 kcal and z = 8.

Figure 4. Distribution of the various vacancy concentrations for the

= ~20.4 kecal,
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