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VACANCY‘MODELS’FOR CONCENTRATED BINAR¥ ALLOYS
| Chiﬁg—Yao Cheng
Inorganic Materials Reseérch Division, Lawrence Radiation}Laboratofy,
and Department of Mineral Technology,. College of Engineering,
University of California, Berkeley, California
March, 1967
PREFACE
Theoretical studiés ha&e beén made on the efféét of ordering cr

clustering on the equilibrium concentration of vacancies in binary
alloys. Four models for estiméting this effect are developedvin termns
of statistical‘tﬁermodynamics. Part A presents the effect of shortf

range ordering or clustering on the equilibrium vacancy concentrations.

Part B discusses the effect of long-raﬁge ordering on the equilibrium

number of vacancies in binary alloys with L2g (b.c.c.) or Ll, (f.c.c.)

‘lattice.
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PART A
SHORT-RANGE ORDERED AND CLUSTERED ALLOYS
o amsmamer L
Four ﬁodéis (Smeared-Displacement, Simple—Displacément, Modified
Vécéncy—Energy and'Vacancy—Energy'Modeis[ for estimatiﬁg the effect of

short-range ordering (or clusteringi;on the equilibrium concentration

of vacancies -in binary alloys are developed in terms of stetistical

‘thermodynamics. The Smeared-Displacement, Simple-Displacement and Modified

Vacancy-Energy Models assume that the energy to produce a vacancy can .be

estimated from the dhange'in_bond energy when an atom is displaced from

the bulk ofvthé crystal to the surfacef fach model diffeérs, however,,

relative to the details of the environment about wvacancies that are taken

into consideration. All such models suggest that the vacancy concentration

decreaées as a result of ordering. The Vacancy?Energy Model is physically -

more realistic and more detailed but somewhat less tractable than the

1

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

“depends primarily on the immediate environment of the vacancy.



I. INTRODUCTION

Vacancies (vacant latﬁiée sites) are crystalline irregularities of
atomic dimensions. These simple imperfections are expécted to play the
same important role during diffusion, creep, sintering and other kinetic
phenomena in concéntratéd alloy51thatvundertaké ordéring or clustering
as they do in puréhmetals and diiute alloys. Before such processes can
bé described in defail for ordered alloys; howéver, it is. necessary to
gain some ﬁnderstanding of the equilibrium number and distributioh of
vacancies as a function of the ordered sﬁate. In fact, until a‘satisfactory
theory for equilibrium distribution of vacancies in such alloys is formulated,
it may not be readily possible to design appropriate experiments for
determination of the factors that might affect the eqqilibrium concéntration
of vacancies. OStimulated by this need, several models.have recently

]
been described for vacancy concentration in long-range ordered alloys.”
As far as thé present author is aware, however, there has been no announcement
of .vacancy models for short-range ordered or clusteredlalloys.

An accurate procedure'for accounting fbr the number of statistical
states in three dimensional alloys has yet to be developed. The same
difficulties intrude,bwith,pérhaps even gréater import, in any sophisticated
attenpt to-describé the statistical thermodynamics- of -vacancies in real
oinary ailoys. Until such difficulties in accounting aré‘surmounted,
it will be necessary to employ'léss:rigorous technigues which hopefully
will not do too much violence to thé physical facts. In thisAmore molest
vein we shall éonsider, here, four models which‘émphasize various factors

that are indigenous to an understanding of equilibrium concentration
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of vacancies in concentrated slloys. . The usual but somewhat nzive

nearest-neighbor atom bond-energy assumption will be adopted for all
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models. In the Smeared-Displacement, Simple-Displacement an
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Vacancy-Energy Models the energy to produce wvacancies wi
in terms of the energies of the broken bonds. A more detailed and physically
more acceptable designation will be made for the energles Lo produce

vacancies in the Vacancy-Energy Model. These models will be compared with

one another and thefr deficlencies and yirtues will be discyssed,



5= UCRL-1TL62

II. TERMINOLOGY AND PREILIMINARY CO¥ STDERA ION
The a7¢oys will éontain A and B atoms plus various distinguishable

types of vacancies, V, where

)
i

- fumber of species where k = A or B (atoms) or V (vacancies)
= total number of lattice sites
z = coordinatlion number
: . ~ . th . .
N, = atomic fraction of k™ atomic species
_ A A Y e th e . e by
D, . = propbability that the k'™ species is coordinated about the
.th . ,
N species where k. = A, B, Vand jJ = A, B, V
Ve ?AB’ €gp = bond energies.

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

istance apart and therefore they have ﬁegatlve'values for the stab;e

o8

e
'
[
U
ol

rystel. The changeain energy for the bond reaction ;/2 A=A+ 1/2 -
+ A - b ig

€pp -t Epp g .
‘ ' (1)

wnere ¢ ils the ordering energy and has a negative value when the alloy
orters and a positive value when it clusters.

Aniother convenient way of characterizing short-range ordering or
clustering is expressed in terms of Cowley's short-range order parameter,

&, which is defined as

. p .
SN Pi3 BA
Le=logeEle e - (2a)

P B

-

Wnen the distri butlon of A anéd B ators'*n a solid solution is completely



[

rﬁ“*om,A ne D*obao*llty pV-Etaat a givén1q'i 5oor of a 3 atom is an A
atomAis just ;he‘atomicﬁfraétioﬁ NA.éf A atoms inithe ailoy; Tanat is,
v,./N, = 1. The amou‘t o by wh;ch uhlS ratio dif férs.f&om~unity in a
;Lwoj casé'is a-uséful méasure.&; the cebaruufé oxra SO;ld oOl ion_from’
'ra*éo““;ss. Théfé_arg two possible depa&ttres-from &_é O, the yéluevfor

o
(SRR SN

" random solution. - If B atoms group themselves preferentlially around

other £ atoms, then p AB is;less,than NA and o is positive. This tehayior
is called clustering in the SOllQ solution. . On the. other hand, if a given

atom L

ts
(0]
g

refefentially-surrounded’by A atoms, o is negative and the
soxid solution is said to show short-range ordering.

En AP *’ 1 h ' . 'v 1 5 ‘ ~‘. ‘ y ‘ .

Either Cowley's or Bethe's” short-range orger_theory could be
erployed here. In order to nrovlde a cormon basis 40“ comoar¢son however,
all four modelS\will behdescribed exclusi“ely-in;terms:of Covwley's theory, -
subject tc the limitation of considering only nearest—neighbor interactions.
Accordingly there are nine Drobabl*ltles p13 and such probabilities

are lncer“elated oy the tnree equations:

Paa T Ppg T Pyp

1
‘...J
L@
w
[¢]
~

Pay " Ppy T Pyy T

Trhe conservation of the number of each type of bonds Purther reguires that

20,0, = zn Thm - : (Le)
. [ ) . .
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ERpPyp T ERyPay (ko)

ZhgPyp = 2hyPpy

Cowley's degree of short-range order will be redefined to take vacancies

into consideration as

D, p
o =1 - ﬁB =1 - EA (2v)
By B
By FRRTIy By Rpthy

But inasmuch as n,, will always be very small relative to n the

+n
V A B)
chenge in Cowley's degree of order due exclusively to vacancies will also

be riegligidly small. Thus

Ppp = Ty (1 - ¢l (52)
Ppy = Ny (1 -a) (5%)
Ppp =1 - pgy = N,y + alfy (5¢)
Pgg 1 - Ppp = ¥ * “NA (54)




III. SMEARED-DISPLACEMENT MODEL

This'modeliis essentially the short—rénge order analogzue of the model
pfoposed by Krivbglaz an.d‘Smirnov2 for vacancies in long—range ordered
alloys. It is based on the approximation that only nearést néighbors
interact and that thé énergy to prbdueé a vscancy can be eéuated to the
energy change required to break z bonds and remake z/2 bonds when an atonm
is displéced from the interior of the crystal and placed on the surface
hus leaving a vacancy'on its original siﬁés. Sinée the number of

ivacancies will always be small relative to the total number of vacancies,

Pyy = 0 and Egs. (3) and (L) reduce to

pAA + p}:}A + pVA = l o . . (Oa)
. . |

ny, TBA *Pgg tPyp =1 ' . (6v)

NPy, * NpPyp Ty v ' © o {6c)

’
!

Because there are five variables in the three Egs. (6), the analysis can
be based on two independent variables. t will prove analytically more

convenient, however, to replace n, by its equivalent value given in

v
Eg., (6c) and employ the method of undetermined Lagrangian multipliers to
introducé the restrictions of Eqs. (62) and (6b).

The configurational bond energy of the alloy is simply

= Z (. ) . 7
¢ T2 (nApAAEAA + QnAPBAEAB + anBBEBB) v (7)
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since the free bond extending toward a vacant site always has zero energy
in this kind of a 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 Qf . QV where
. ) . VoD .

A
I b
W= | Top 1 (oo )T (ope )T
L PanttERp T Ry T
r 'EEJ r ji@
o g Z_..i ............ 21 |z
1 1 1 - ‘
—t ! “Y1 =
[ anBA) (ZPBB> (ZPVB>
N
Ay - ~"aPva " ePyE
9 = A 0z z! 2
! ! ! -
3 L(ZpAv)-(ZPBV)-(ZpVV)- 20, Dyp “hgPyp
L( 1 )IOI—‘

DpPyp RpPyp’ Ry PypTPpPyp

and where the second equalities follow from Egs. (L) and (6). The powers
nA/z etc; appear in these expressions because each atom is introduced z
times in the contemplated mixing. Since, however, the ny A atoms with
their surroundings cannot‘be mixed independently of the np B atoms with
their surroundings, thg total ways of mixing is app;oximately proportional
to but does not qual QA QB QV°V For example, in a vacancy free alloy, the
ways with which A énd B atoms can be mixed at random is

(nf+nh)!

ppig = RER (9s)

jal

—~
QO
o
e
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whereas the ways suggested above are

n, n

- : o T2 T y ] o
g lp = GREGSIE Trzr SRR L

The entropy for mixing atoms and vacancies in a short-range ordered

binary alloy is givenvby'
'VSF= k2nQ o ' o ‘ - (102)

where from Egs. .(8) and (9) Q is clqsély'approiimated'by‘

o S [‘QAB]R ) ' . : o
B R e e e

. Since the changes in thermal entroﬁy.are small they will be neglecﬁed

here. The configurationaljHelmhbltzAfree:enefgypisfl

T =E -TS] S (1)

which is now expressed in ﬁérms of the’f?ve_ya;iables pAA"pBA’ ?VA’

gy 274G Pygs that are ?e%@ted by the EQST (6a) and (6Yb). U;ipg;kT.zn Ay

and kT 2&n AB_as Lagrangian multipliers Where AA‘and XB_are the agti#ities

of the A'and B atoms respectiveiy, the ﬁwo»zerosvdeduced_from Egs. (6a)_

and (6b), namely

'sznAA(pAAfPBA+PVA'ﬁ> =0 (lda?-
and:
_kTgﬁAD(E;apBA+pBB+pVBel) f 0 D ,ﬁ_: | (;Eb)
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can be added directly to Eg. (11). Minimizing the resulting expression
with respect to each of the now independently variable quantities, gives

the results,

Y
n _ __.:).4‘“.
- L A 2rd , 1aa
Pan T e AA ¢ (132)
HL )
1 B KT .
pBB - e >\B € (l.JD)
Lo o,
.2 o, Bl 3
=32 (B A 2Kt (13¢)
Pap T ¢ \n A B L3
A
s 1 I S S
n n, 2 2n 2n
o1, M1 s A B e
pVA T e >\A R e (nA} KA AB (13a)
A A S O
b= B, é.(fég : A “a A “3 (13e)
VB e B e nB A B
Consequently, from Eqs. (13a), (i3b) and (13c)
b2 .z(eAA+eBB-2€AB)
BA__ - n_B_ o 2KkT (1)4)
PasPes Pa :

Since the vacancy concentrations are small, the probabilities can be

expressed very accurately in terms of ZEgs. (5). Therefore




2 - =
e (15)
(1—-+ a](t§-+ a) o
Ny Ny ’

which is the equilidrium equation for the Cowley theory in the sbsence of
vacancies. -Obviously vacancies do not significantly alter the gll-over

degree of order. .

Inﬁroduéing'EQSQ (l3a), (le),f(l3d)_§nd (i3e)kintg Eq. (6c) in

_such a way as to eliminate the activities, gives the vacancy concentration

s
I Zean Zepn. e-r:
s 1M M
: V_ =N 2 é 2kT + O N e 2xT + N 2 e 2kT
n,+n A AB ‘ B
A B - :
o Z€pn ZEpp B
+deANB. e ekl ,?kl'— 2 e 2KT | (16)
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IV. SIMPLE-DISPLACEMENT MODEL
This vacancy model is ah internaliy consistent short-range ordering
analogue of that proposed by Girifalc03 for long-range ordefed alloys. It
also assumes that only nearest neighbors interact and that the energy to
produce a vacancy might be équated to the energy reguired to break z bonds
whnen an atom is aisplaced from the lattige and to remake z/2‘bonds when
this atom is placed atba point on the surface coﬂsistent with the existing

degree of order. Two identifiable types of vacancies, however, exist in

this case, namely n(é)'and n(g) which result from the replacement of

either an A atom or a B atom by the vacancy. Thus the configurational
- ) 2 . (A) - (B) . .

energy change upon introduction of n v and n y Vacancies 1s

(A)

Z (B) 3
v~ 5 (Ppp®ap*Psptaz (

AEC = ) n ) n ;.7)

Z
= 5 (Ppatpa*Pra®an

(A) a o B)

since the n v v

vacancies are taken to be distributed at random
over sites formerly occupied only by Ry A atoms and Ny B atoms respectivel

The configurational entropy change is

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

Helmholtz free energy is

VSRR 'O NN ¢:) NN . E 10
r(q) n'y’s 0 v ) = Fla, 0, O) + A - TASC (19

where o here refers to Cowley's degree of order in the absence of vacancies.
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Therefore the egquilibrium numbers_o*'vacerc1e< are directly determined

-by m1n1m1z1ng F(a, n(e), n(g)) withvréSPect to n<$) and alsoAn(g), giving
'n(A). L zv”(-; é . . '5 :
v okT ‘Pan®aa"Peatan
A, o Ny e o f
A B
L 2kT [NAEAA "B AB+a“ <€AAV€AB)] | S .
—-NA e . Nl b {20a).
and the:symmétfica; expression
(B) .z 5
SV g o 2T (pAB AR pBB "3)
quné g ¢
s oz [“ +N € +aN (‘ . ] o -
R 2kT B BB A AB A BB AB o ' L

The total vacancy concentration is given by,the_sum,of Egs. (20a)

and (QOb), namely.

(n), (8)

. A o ‘
Dy o Dy Ry o [NA AA*NBEAB+“N (EAA AB)}
LA =N e
Bpfig . Bytmg A L
- P '
S o [N +oN (e )l v
Came Pl BB B AB A BB B o  (200)



V. VACANCY-ENERGY MODEL

7
o}

| This model is based»on the concepts originally introduced by Lomer
for vacagcies in extremely dilute solutions and extended more recently by
Dorn and Mitché117 to include vacanciés-oéer wide ranges of compésition
in regular solutions of binary aiioys. |

Undoubtedly the energy of a vacancy depends principally on its

immediate envifonment iﬁ the alloy lattice. ' In the following we assume
that the free energy of formation df a vacancy depends only on the
kind and arrangement of the>atomé coordinéted directly with that wvacancy.
Thus 8; 4 is defined as the free engrgy of_formation of a vaéancy which is
coordinated with i B atoms and (z - i) A atoms. The subscript c‘refers
to each unique configuration of the A and B atoms about the vacancy.
For ekample, in the b.c.c. lattice for i = 2 tﬁe three tyées of arrangements
(2, b, ¢) of A and B atoms about a vacancy shown in Fig. 1 are possible.
As indicated, each arrangement hasva unique energy of formation of a
vacancy. In general the number of g;,5 is extremely high. Although the
coﬁ?lete details can be inporporated into the analysis it appears desirable
‘here to let éi be‘a}mean weighted-average value over all configurations
¢ for vacancies of the ith kind. Even then there yet remain z + 1
individual Valges of g; to be considergd. It appeérs unlikeiy that tﬂ;se
z + 1 values of g5 eXcepting of course g, and g, > might be calculated in
the near future from first principles. Conseéuently the individual
values of g will havg to be evaluated by comparison of rappropriate
:experimental results on vacancy concentrations with deductions based on

the proposed thermodynamic theory.
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FREE - ‘ |
ENERGY 920 92 9oc.

O A ATOMS
8 ATOMS

0O VACANCIES

FIG.1. ARRANGEMENTS OF SIX A ATOMS
AND TWO B ATOMS ABOUT VACANCIES
IN THE b.c.c. LATTICE. |



Admittedly the neglect of the effect of second nearest neighbors
. etc., of a vacancy on the'value of‘gi is made solely for the sake of
vsimplicity. More sophisticated assumétions interpose insurmountabvle
handicaps to any»analysis et this time. Furthermore, this assumgtion is
provably noimore at odds with the ﬁhysicdl facts than the very useful
and equivalent assumption of nearest-neighbor bond energies that is so
hélpful in rationalizing,:at_least qualifafively; many phenomena on
ordering in alloys{ -

In order té illustrate the methoa of analysis we propose to derive

again the relationship given By Dorn and Mitchell7 for random a2lloys
employing, in this example, a new and simpler approach than they originally

used. For this purpose we consider first a regular solution without

vacancies., Each term of the binomial expansions -
' s .
———_—')——Nz-lNl:l (21)

gives the probability that any given sites is coordinated with 1 B atoms

end (z = i) A atoms. Therefore, there are

. . 4 1
n.., = (n,+n_) 2 N 27 ot (22)

" .th | . . . R .
lattice sites of the i~ kind surrounding which there are i B atoms and

(z - 1) A atoms. At random on n; of these sites we introduce vacancies

. .
of the i“h type each of which has a free energy of formation of g.. We

L

do +his without otherwise disturbing the random arrangement of atoms by

placing the atoms that have been removed from the new vacant sites on



and (z -1i) A atoms is'e
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" appropriate :equivalent sites on the surface. Thus the free energy chenge

is closely given by

. g v oz :nii! .
. F - T - 2
OF = [ ongey - XTn v o (23)
. = Li 7i77..

i=0 Tt g
Minimizing the free energy relative t6 nii and-notingvthaﬁ_ni << n.,

gives the Dorn-Mitchell relationship

o & .
By 3 Cz-i_ i T RT R
Ae eenmra Mpoe oo (24)

The same technlque is readlly anplled to short-range ordered or.

clustered alloys.- Each term of the expansrons -

. ’ Z 7! . Z-1 i o
('PAA+pBA.)“_n lZO (z-i)1it pAA Ppy =1 (25a)
- 3 7125; L A e
(PAB+pBB)‘ = Z r————-ﬂ yTIT pAB Pgy =L - (25v)

glves the probablllty of’ having"i'B aﬁomé'and-(zn—'i) A atoms aboutvany

A aztom, Eq. (25a), and about any B atom, Eq. (25b), respectively. Thus

'uhe total number of lattlce 51tes of the 1th kind surrounded by i B atoms

gmi L4 omel iy 2l - ok
( Py’ * PgPap Pap ) (mi)TEY (26)

Whereas the configurational entropy of mixing ni”vacancies on these
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Li

' sites,_where,ni << n.,, follows as given above for regular solutions, the

free energy of formation of vacancies in the ordered alloy requires
further consideration. This arises és a result of changes in lautlce
parameters, moduli of elasticity, average bond energies etec. that occur
as a result of ordering. We theréfofe acknowledge th&t.the free energy
of formation of avvacahcy of the ith kind'might change somewhat as the -
allioy orders from the'faiue-of gi'for the random case. To a fixst
approximation we éuépect that these changes aré related to the changes
in the average bond energy as a result of ordering. The average bvond

energy € is given by

- . e 4N ‘N on . 7
E NAPAAéAA+NApBAEAB+hBpABEAB+NBpBB€BB (27)
introducing_Eqs. (5) reveals that

=X, AA+2NANBEAB g Egpm2ol, Noe - (27v)

where e is the ordexing energy. Thus, we suggest, in analogy to a

Teylor's series, where only the first two terms ére retained, that the
free energy of formation 6f é vacancy of the ith kind when the degree of
order is a, might be ap?rgximated oy g, +’ozNA NB g where g is a cogstant
free energy term and ﬁhe second term represents a small corréction for

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

the vacancy concentration in a short-range ordered or clustered alloy of

&. *aNpuB;i
n . ' . . . -
i z! z=3 1 Z~1 i kT a
. N ——— + A 3 2(}.{1
P (z—3)1i! (Nyppn Py * ¥pPam  Ppp ) © (282)
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* For the disordered case this relationship reduces to Eg. (24). ‘Vhen p

etc. are replaced by thevdegrée'of ofder, Eq. (282) becomes

e

AL

g, tall I

n . o . ! .;_L it

i, 2! r z-1 31 3121 N kT
ng (z;i)zi; {LA(hA+9NB) (W5(1-a)] +RBLNA(1 @) 7 (Ngrali ) e

T
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VI. MODIFIED VACANCY-ENERGY MQDEL

The Vacancy-Egergy;Model for equilibrium concentration of vacancies
in binery alloys is based on rather-good éssumpﬁibns and shduld therefore
rather accurately correspond with the experimehtal facts._ dn the other
hand, its utility is sérioﬁslyvlimitéd‘dué to the numerous details that
have been incorporated iﬁto ‘anelysis. TFor example, it appears unlikely
that any experimental attempt will be made to déducé all of the 2'(2 + 1)
terms of gi and gi thap are indigénous to the model. Furthermore, it
is doubtful whéther, ifxsuch an attempt were made, the set of 2(z + 1)
numbers éo obtained from simultaneéus éolution of the total vacancy
concéntration.as a function of‘composition and temperature might reliably
represent the physical quaﬁtities in question. These issues suggest that
the enérgies to produée vacencies be réﬁfesented by somewhat simpler and
‘therefore more tractable terms. As_a prelininary step in this direction
we shall in£roducera modified bond—énergy concept for the formation energy

of a vacancy where, for the present, we neglect the thermal entropy of

formation of a vacancy.

+

As suggested by Egs. (25a) and (25b) vacanciés of the i°® kind might
be visualized as produced_by displacément of either A or B atoms from
the lattice to the surface. For each A of B atom so displaced, the bond
energy changes are -{(z —'i)_sAA + iEAB}/Z or -{(z — i) éAB + iEBB}/g‘
respectively. Accordingly, the equilibrium number of vacancies, created
by éisplacing those A atoms (and B atoms)»coordinated with i B atoms and

(z - i) A atoms, to the surface is given by
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VII. DISCUSSION
The vacancy médéls for short-range ordergd or clustered alloys that.
were presented in the preceding sections weré based on a.m‘zmber of common
simplifying assumptions: ‘(i) The energy waé taken to depend only on
nesrest-neighvor atomic intéractions and the longer range'potentials were
neglected, (2)vSince‘eXact accouhting»methods have not yet been developed

for alloys on three-dimensional lattices, the configurational entropy,

even for the vacancy free lattice was calculated by standard approximate

ﬁethods.

The major éroblem encountered in.the-forhulation of the wvarious
models concerned whether the precence of vacancies mighﬁ not, at least
locally, change the degree of order. The results.on the Smeared-
Displacement Model reveal that vacancies>did not materially affect the
all-over degree of order; but in the Simple—Displacément and the Vacancy-
Energy Models the gssumption was tacitly made that the local as well as
the all-over degree df‘ordér was not affected by vacencies. Detailed
accounting of bond eneréies showed that if the local ordér near vacancies
were changed, the energy of formation of vacancies would also have to Dbe
charged with such local reordering energy; For alloys that normally
order or cluster, such changes in local order so greatly increases the
energy to produce a vacancy that. it éppears highly improﬁable that
vacancies cause e&en local reordering. Consequently the assumption that
local reordering does not take place in the vicinity of-vacancies appears to
e cuite good.

Undoubtedly the energy of formation of a vacancy depends principally

B .

on its immediate.surroundings. Using the technique that was adopted in
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the Smeared-Displacement Model, however, such unique designation is not

poscsible. Not only does this model give’an-energy of formation of

smeared vacancies but also a. somewhat guestionable configurational

entropy of mixing'vacancies-on.the'laftice sites.

.In the Simple—Displaceﬁenﬁ Model, g sdmewﬁat more detailed'inspectlor
was made'ef the preblem,v”Each'A‘atom'was assume& tb be ceordinated,'on-v
the aversge,‘with ZPAA and ZPBAIatoms of type A and B respecﬁively,‘with
similar accountiﬁgs forvatoms'surreundinéeeach'B atom. Thus a more
appropriate, less drastically smeared eneréy of formatien of individual
vacancies eeuld be ealeulated; “Furthermore, a much more realistic, less
drastically smeared conflguratlon“l entrony of m1x1ng vacancies on some-

what more uniquely defined lattice Sites_could-be estimated.

Although Eqs. (16) end (200) for the Smeared—Displacement Model

s

and the Slmble—Dlsplacement Model resuectlvely anpear to be s1gn1ficantly.

different they nevertheless lead to almost rdentlcal results.  For exampie,

at_high temperatures where the.arguments of the exponential are much less

than one, it can.be readily shown that both Eqs. (16) and (20c) reduce %o

- 2 ' oo_zZE
C 5w (NA SAA+2WANB€AB B ) ~2al ANze) kT
> @ v . e . (32)

|<F

8]
(2]

The siﬁilarity dfideductions based on these fwo models is illustrated in

Fig. 2 for the conditions z = 8, N =.NB-= 1/2 and‘sAA = €pg- Such

agreement conflrms at lea8u tne nomlnal validity of the assumption that

the local dlstrlbuulon of atoms abcut an atom rem@ins unchanged when that

atom is replaced by a vacancy, This assumption was inherent to the Simple-
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FIG. 2. TEMPERATURE EFFECT ON THE EQUILIBRIUM VACANCY CONCENTRATIONS
AND THE SHORT-RANGE ORDER PARAMETER FOR THE CASE Np=Ng= 3, &€ AND Z=8.
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Displacement»Model'but_was not made in the Smeared—Displécement.Model.

As. shown in Fig. 2, over. the range of -£/2kT where -0 in redses, the

_ratio of the total vacancy concentration in the ordered alloy to that

V.
. .

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 where

both € and & have positive values..

As shown in Fig. 2, the Modified Vecancy-Energy Model also follows

the same trends and at high temperatures it predicts the same result.

because Eg. (31) reduces to Eq. -(32). ' Here the additional assﬁmption
uhao‘hoeAB =»elh.50 Acal.and NOEAA =:yo€BB = =14.,15 kcal, wherevNo is

Avogadro's numbef,_was made for the_Modifiéd Vaéancy—Energy Model. This
model, however, has thévadded virtue of. providing ﬁhe:additioﬁal‘details'

N

on.the types of vacancies that are present which are so important for

consideration of diffusion mechanisms. .As shown in Fig. 3, when the

‘degree of order (-a) increases, the ratio of the number of various

specific types of vacancies in the ordeéred alloy to those in the alloy
if it had not ordered changes. This ratio, increases for i = 0 and 8 etc.
nd decreases for i = L etc. Furthermore, this model gives the additional

, : o 5 o U A
information on the distribution of the various. types of vacancies for &

given temperature. For example, as shown in Fig. h,-at high temperatures

the i = 4 type of vecancy is the most populous type of vacancy but at
low temperestures its concentration becomes almost negligible. At low

temperatures it is seen that i = 0 .2nd 8 types of vacancies are predomingny.
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FIG.3 EFFECT OF ORDERING ON THE DISTRIBUTION OF
THE VARIOUS VACANCY CONCENTRATIONS ACCORDIN G
TO THE MODIFIED VACANCY-ENERGY MODEL.
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If the bond energies No€apn = ~-7.9 keal, N epp = -20.4 kcal and N €hp =
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However, this distribution is sirongly affec

energles used in the calculation. This can be readliy-shown Trom the

following equation which is reduced from Egs. (30) and (31) for the case

ar -

N, =N, =1/2 and z = 8.

A B
‘n, . n,
T L
ay 8
Y n,
i=0 * .
| - (B-i)ey e, (8-i)e, pticng
TR » . T - Cals ) S ,
ICE R {(l+a)8 Ya-a)te o o BKT + (l-a)B Ta+e)t e = }
" “BA €43 °E3
. ) [} 1M m 2
(1) ¢ 2T 4 (1ma) e 0 4 ((2ma) e P 4 (140) & )0

AA BB B

ol

-1L.50 kecal (whgre;No is Avogadro's number) are assumed, the second term
inside each of the Braces is ﬁegiigiblé with respect to the first term énd
the exponéntials become the predominant faétor. Therefore, as shown in
Fig. 5, at low temperatures the i = 0 type of vacancy is most populous.

The assumption, common to the Smeared-Displacement, Simple-Displacement
and Modified Vacancy—Energy.Models, that the energy to form a vacancy can
be estimated from the energy_of the’broken bonds is notoriously inexact.
In pure metals the acﬁual.energy to form a vacancy is often less than one-

hird of the value calculated by the naive bond-energy estimation. As

t

suggested originally. by Lomer, it appears that the thermodynamics of
vacancies in alleoys i's more accurately formulated in terms of their Jlozal

. .
environment as was done in the Vacancy-Energy Model. Undoubtedly vacancies

Lo

w
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having different configurations for the same numbers of coordinated £

and B atoms have eomewhat different formation enerzgies and these energies
also vary dependent on next etc. nearest—neighborAinteractions. Such
details, however, were not incerporated in the Vacancy-Energy Model

primarily for the sake of simplicity: Thus the Vacancy-Energy'Mode;,
although somewhat more reaiistic than the previously described models;

is nevertheless an approximation. It has the virtues of more accurate
formulation of vacancy energies and mixing entropies.

A major handieap'in applying-the Vacaney-Energy Model‘concerns the
fect that the 2(z + 1) values of g; and the gi must at present be evaluated
experimentally. It is not clear at'present jﬁst how this might be done
with faciiity. Obviously the bond energies account for part of the
vaiues of gi and‘therefore the genera; trends given by the Modified
Vacancy-Energy Model have some validity aithough the absolute values of the
concentration of vacancies so deduced is inaccurate and other fectors
serve to modify further the trends. One of these factors concerns the

m

irresolvable dichotomy of viewpoint between the Vacancy-Energy Model and

" the remaining three models based on the bond-energy approximation for

the energy to produce a vacancy. For example, as illustrated oy Egs. (29a)

“and (299) for the Modified Vacancy-Energy Model, the energy to produce

a vacency coordinated with i B atoms and (z - i) A atoms is uniguely

.

i:

O

"ferent depending on whether the newly produced vacancy is made by

o
i(:{

isplacing an A atom or a B atom to the surface. In contrast, in the more

-

istic Vacancy-Energy Mocel, the energy to produce a vacancy coordinated
J v

re

[

H

Iy
[y

‘with 1 B atoms and (z - 1) A atoms is.assizned a single unicue value.
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PART B

LONG~RANGE ORDERED ALLOYS
ABSTRACT
Four models fdr estimating the effects §f long-range ordering on
the équilibrium concentration of vacancies in binary azlloys with L2

(b.c.c.) or Lly (f.c.c.) lattice are described. The models differ first

s

with respect to the details with which vacancy environments are inspected

and secondly with reference to methods of estimating vacancy energies.:
Whereas the Smeared-Displacement, Simple-Displacement and Modified Vacancy-

Py

Energy Models approximate the energy to form a vacancy with the change

™

in bond energy when a vacancy is produced by displacing an atom from

j=

ii
the bulk of the crystal to the surface, the more detailed and more accurate
Vacancy-Energy Model assumes that the free energy to form a vacancy

dervends principally on the atoms with which it is coordinated. All four

models suggest that, in general, the concentration of vacancies differs

on the different types of lattice sites when the alloy is ordered.
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I. INTRODUCTION
‘In Part A we have discussed the vacancy models for shori-rang ze

ordered and clustered binary allcys. Here we shall present the statistical

thernm odjnamlcs of the equilibrium concenurau¢on of veacancies in long-range

ordered alloys employing, as a basis for discussion, four models that
are similar to those previously used for short-range ordered alloys.

To provide a commdn basis_for comparison, each Of thesé models will e
established in terms of the BraOD—W1lllars uheorj of iong—ranqe ordering.
The naive nearest—neighbér bondmén rgy epproach inherént.td the Eragg-~
Williams and various other ordering théories will be assumed. In the
Sheurea—D¢splacemenu, Slmple—Dlsplaccmenu and DOQlLled Vacancy Lﬁgrbf
Mcdels, vacancy energles will be aDpr0114aued by the change in bond energy
when a vacancy 1s produced by displacing an atom from the bulk
equivalent'sité on' the surface of.a crystal. Each éf the above mentioned

models differs, however, with respect 40 the details OL vacancy an*ronmpnuv

thet are incorporated into the analysis. The Vacancy-Energy Model, in

o

contrast, profides a detailed description of vacancy environments, ar
assumes the ﬁore physicaliy realistic concept that the energy to form a
vecancy depends Dr1n01pally on its immediate environment,

In the subsequent sections We'propoée to study the vacancy models
in toth the LEo‘and the Liz lattices. Whereas the former underiekes a
second order phase transformatién on ordering, the latter undergoes a
first order phase uransformatlon. The characteristics of these phase
tranéformations will be discussed later. The models will be compared

with one another and their virtues and deficiencies will be discussed.
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II. TERMINOLOGY AND PRELIMINARY CONSIDERATION

The arrangements of atoms in both the L2y and the Ll, superlattices

exhibits b.c.c. symmetry. When the alloy becomes crdered, A aioms wrefer

1

to reside on o sites at (0, O, 0) and B atoms on eguivalent 8 sites at
(1/2, 1/2, 1/2). On the other hand, when they are random, alloys
crystallizing in the L1, superlattice have f.c.c. symmetry. Based on

the f.e.c. unit cell they have three o sites at (0, 1/2, 1/2), (i/2, 0, i/2;

and (1/2, 1/2, 0) plus one B site at (0, 0, 0).
In the models which follow we will consider alloys having various
~degrees of long-range order. The crystal, as shown in Fig. 1, will be

taken to have two types of latiice sites, a and B, occupied by twe atomic

-

species, A and B, plus vacancies, V. The following terminology will be

adopted:

.th .. ‘
n, = number of J = sites where = a or R.

J

n, = number of species where k

I N

L&

A or B (atoms) or V (vacancies).
t . .
n, . = number of k h species on jth sites.
- th . ' P}
ndj = number of vacanciles produced on J sites by removal of k

atomic species.

n .. ' .
pkj = —%i = probability that jth tyve of site is-occupied by
) : : kbﬁ species.

. S ) th . .
N, = atomic fraction of X =~ atomic species.
Nj = fraction .of sites that are of type J.

§=N,-N,=0N -~ NA = deviation from stoichiocmetry.

o B a

z = coordination number.
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. a.'L2 (b.c.c) SUPERLATTICE =

O A ATOMS ON & SITES

3 B ATOMS ON £ SITES

' 7
e
AN

b Lip (fcc) SUPERLATTICE

© FIG.1 ATOMIC ARRANGEMENTS IN THE
~ UNIT CELL OF CCMPLETELY ORDERED
" CALLOY WITH L2g OR Lip LATTICE.
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€aa> Spp° Cap bond energies.

The following relations result from the conservation cof atomic

o+
ct
’..l
0
6]
w0
P
ct
&
0

species and the conservation of la

g = Dg, * O, (1v)
. N + + & +
o ﬁAa 'qBa nVa ' oy,
na/nB "N, n. +an. +n (1e)
_ B AB BB VB
Furthermore, the degree of order, n, will be defined as
on = —ho ” "Ba . "Bg ” Tap (14)
. , 1, F T "N + -
Wy (ny * ng) " Wolny + np) »

which coincides with the usual Bragg-Williams definition of order. It
has the virtue over other possible definitions of n insofar as the
degree of oréer is defined only in terms of the relative occupancy of

sites by the atoms independent of vacancy concentrations. Simultaneous

solution of Egs. (1) gives

= N e e I S _LT <. 2
I I No(n, ng)n (2a)
N nv -N n.
- oV L, )
nyg = Non, s - *aJS(nA nB)n (2v)
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N oZe4Nga ot (5a)

v o T s S .
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nBa
Pg, =5 NB + 6 - NBH fsc)
o
n .
———-—-BB~' < N 5
Pgg = hB + 8 N0 (5d)

Assuming that the various species are randomly miked in Q ways on

“two types of lattice sites gives the same configurational entropy of

. . n.t... , n,! :
S = knQ = kin < . 2N (6)

n, In. In, !
Ao “Bo T Va

Ead D)

for all tybes of lattices. In contrast, however, tne_configuracional

energies differ dependent'on the lattice ty?e. For the L2y superlattice
each a (or B)»site isncoordinated with 8 8 (or 8 «) sites. Thére;ore, in
terms of the.simple bond energy model the total energy of the crystal of

the 120 lattice where Na =N, =1/2 is given by

B
- n n
: AR . B8
E=2z2{n —c¢ - n, ———¢
Ao, n AA Ao n AB
8 : B
‘n, n
AB BB /-
+n €. +*n, —e__} (7e)
Bo n, AB Ba n BB
8 B
or, since for this lattice n = Rg and z =8,
3
16 ) S,
T — { 3 (
I o= n, n,,.& + n, n. .t +n.n,, €t + n, n__ €., (To )
n +n, - Ac ABTAA . CAWTBETAB Bo A8 AB Ba B BB

For the Llp superlattice, as shown in Fig. 1, N = 3/, W, = 1/k



A atoms reside on o sites and all of the B atoms on 8 sites. In terms of

b
g P
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1

and z = 12, Furthermore, whereas each £ site.is coordinated with z = 12

neighboring o sites, each o site is coordinated with Z, =

a sites and zg = L ‘neighboring B sites. Cownlete orde*1rg iz obtained
for the stoichiometric composition corresponding to AgB wnen all of the

(=

the simple bond energy model the energy.of the ulz lattice 1s :1ven oy

~

B = “po é_ “po c “po c
A8 n_ CAA T PA8 n_ “AB T UBg n, AB
n PBa . } §-’h nAa e+ 0 j'pBa.é : - (8a)
B8 n, BB 2 Ao n, AA Aw n TAB - '

+n _Aa n _Ba e}
Be n “AB Boo n BB’
o [C AN

where the first Pracketed term refers to all bonds between o and B sites

and the second term refers to bonds between o and adjacent o sites.

Since z = 12 and n Na(na +1né), E for the Ll; lattice reduces %o

1 . ‘
- s = 1
B n +nB {£nAB‘Au 3 MacPpat Can
+ n, n, +n_n g~n n_ Je (8v)
“AB"Bo BRTAc 3 TAw Ba” AB
+ [n_.n —4l-n n, Ye._}
"B Ba 3 "Ba Ba’ EB



Each of the six unknowns n
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“III. VACANCY MODELS FOR THE LéO.LATTICE
Al Smeared-aisplaéement'Model,
In this model the vacancies are assumed to reside in & smeared
environment averaged over the entire lattice. The free energy is given

oy

where E is given by Eq. (Tb) and S by Eg. (6), which in.conjunction

g. (4) are expressed in terms of +the six unknowns Dy - The veriance

with

t=d

of the six values of n,

J’

expressed in Egs. (la), (1b) and (lc) and therefore, in'terms of the

, however, are constrained by the conditions

Lagrangian multiplier technique they reduce to

4 _ - (10z)
Ay (nAa F g nA) 0 (10z)
AB (nBa * ngg - nB) =0 (10v)

>AaB (

i o : =
- - n -n = C
Ppa T PBe T Pyg T Pag T Ppa vs) o (10c)

wherve the As are Lagrangian multipliers and where the condition appropriate

Lo the L2y luttice of Na =‘NB has been introduced into the lost equution.
X3 can now be taken as independently variable.

The condition for equilibrium, obtained oy minimizing the finel free

energy equation (Eq. (9) plus Egs. {(10)), gives



-2 GORi~ ThED
JE L0 o . o 3ane -
'aﬁE = xT gpn = Pag T ai (= KT %%EQ'* *ug " P
“Ao Ao T T AB N
3E - 3400 . am Ceinh » N
= kT A - Ay = = kT —— = A 11)
anBu anBa aB B,. OHBS LLIE o 3
hnl ' A .
aaE e gzna g aid o gp 202, -
' ,er0¢ IlVcc . v o e ¢
Introducirig the values forPE and 2 ‘and 'velimiﬁa'ting the _)\é v.;eb arrive at
the t_hree. important 'rel"ation.shivps:v;

2 0. ‘. L
o A BB .16 N g -
'Qn'nAsnB (o, *n,) {(n AB) AA (“Aaf?BBanB_éBa)EAB'(nBS_nBa)eBB}_:'

el . - ) - n
o Vo, 16 o - 1 Ac Ba

n., .+ -
fn = kT(n *n,)?2 { o AgcAA ( my Pty ) ap*ip Npgepp) £ f A0 o
o , - , R AB. BB
e ((n, wn, '>‘< >'+ (ng ng,) (e, o))
KT{(n *tng) Ao CABS “an’ AB TP’/ a8 BB’
and
By 16 o T T e
. , : . . L1, AxBa,
M T W (e )2 2% an* (PaeTpg Mo ap ) €A " B0 %m0 ~ T 7 B, g
b (o e, e, )+ (ne mnn (E re D)
kT(n +na) Ao AB AB Za TBRTTAB BB
.'/—\".
‘\Vt

-
n

—
—
(WY
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Ee. (lé)vis identical with the 6riginal Bragg—Wiliiams relationship.1

Introducing Egs. (5) gives

(1+n+26) (1+n-25) &n |
o = - -z, , - ¢c__} 5
?(1on-26) (1-n+20) KT t2 ‘a3 AN BB (15)
- : . We can examine Eq. (15) in the limit n > 0. Dy expanding the left hand side

as a power series in n. The limit as n - O corresponds to T - Tc’ where TC

is the critical temperature for long-range ordering, whence we find that

X JUNNUU A S L 3 (16)

This is the familiar Bragg-Williams relatibnship giving the ordering
‘energy, € (which is defined in Eg. (1) in Part A), in terms of the critical

temperature.

Egs. (13) and (14) give the concentrations of vacancies on the two

sublattices. Introducing the approximation of Egs. (5) we have

= by, = ([(1-28)2-n2]e,, + 2[1+n2.—h82]aAB » [(1428)2-02)c )
e EEEE B o
M Dye = T {[(1-26)2~n2]e, + 2[1+n2;h§2]eAB + [(l+26{2—n2]eBB}
= %’Qn %:ESZE%%% - %%"EBB = et (28)
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B. Simple-~Displacement ModelX

‘The alloy is assumed to have the equilibrium degree. of order, n, in

the absence of vacancies. Vacancies are formed by removing particular
- kinds of atoms' (A or B) from particular types of sites (o or 8) inside

the crystal and replacing them on the surface at the same tybe of site
from which they were removed. The change iniinternal energy on'producing
each vacancy is'defined in terms of the bond-energy approximation as the

difference in energy between the z bonds broken by removing that atom

from the bulk of the crystal and the z/2 bonds reformcd on the average
when the atom is placed.on the surface. It is assumed that the number

and configuration of A and B atoms about

a vacancy on an a-site depends

occupied by an A atom or a B atom. Since

energetically distinguishable,
both in the energy and entropy

On this basis, the change

it was before the atom was removed. Therefore the energy required to f

the vacancy remains the sanme

on whether that site was previously

these kinds of vacancies
they must be treated as independent
terms.

in internal energy of the crystal due to

the formetion of vacancies for the L2y lattice is

)_.

8 : -
88y = = 5 Doypg (Phg®an * Pugfan) * Pyp, (Pagan * Poglen

L v o , N - 1
* 2ype(PaCan * Profan) nVBe(PAaEAB Ppafap) ) (29)
The configurational entropy chenge for the crystal due to random

mixing of the vacancies on the sites is.

(M
p—



+ 1 1 + RS o T(, o 3
Angy *oaygp )t (ngy +ooyg )t (ngg “VAB)' \Npg T g/t

AS '= k,Q,n - Y. 24 B i (20)
v ! ! Y I'n ! i, ] ! SRR B s I
"pa’ Paa'  PBa’ Pvma'  "ag’ Pwvag' “ee’ Tves'
and the free energy of this system is
F(n,ny) = F(n,0) + aF, (n,) (21)

where F(n,0) is the free energy of the system for the given degree of

order, n, and no vacancies, and where

1l
o
[}

!
-3
>
n
n
N
S

AFy (ay) v v

At equilibrium therefore

aF(n,ny) 947 (n)

Oy s Bys

The equilibrium condition yields the four equations:

. v L
. my G KT SIPLIVNE ST .
P T Te T T B T T T e (2ha)
“ G M Pag®an PBaaAB
: b ( ‘. ) i
Dyg LK Prpfar"Pre®rB’ .
b= B - : Do (2hb)
VBa o — (P, € oD nCan) Bo
. L . o KT \Pas"AB °BETEB
b ( % £ )
Byig T “Paa AL PBa AB ‘
= = . )_;
pVAB‘ n@* ,_)“_ (,. o 1 pAB (2 C)
‘ S YD “FAa AL TRo AR’



. inVBB?'_.. BT (ProCastPoytppl .

U e = —_— - o (ol
Pypg w, ‘1*£.(5’-€4 o ):pBB . : gz.d)
R S " kT “Ao AB “Bg BB ' '

1l -e

The probabilities of finding vacancies on a and B sites respectively

are given by

Dyo - yae o PvBe

Py T m S Tn YR T Pyas T Pyme (25&).
Lo a o - S i
n o |
; cByg Pyag o Typg .
L Pvg T ng | ng + o = DPyag * Pypg (250)

where the values of the Py are given by Egs. (5) for the case where

N, = Ny = 1/2 eppropriate to the L20 lattice.



each type of vacancy changes somewhat during ordering. Geometric

C. Vacancy-Erergy Model

For this model we assume that the free energy of formation of =z

!
o

vacancy depends principally on its immediate enviromment. As discuszszed

more thoroughly in Part A, we let g, be the free énergy of formatior of a

[

vacancy ccordinated with 1 atoms of type B and (z - 1) atoms of type A

in the disordered alloy. Undoubtedly the free energy of formation of

consideration alcne suggests that such changes can be different for
vacancies on each of the two different tyves of sites. It seems not
too unreasonable to believe, however, that such changes in the energy

of

Y

ormation of vacancies might ve releted to the change in the average
bond energy during ordering.
The average energy, E, of e bond is given by
- I
€ = D, E,, + Do €, + €. * Do € : (26a)
ProPagan T PaoPpe®as T PrePag®aB T PpefnstEB

N o

for the L2y type of lattice. Upon introduction of Egs. (5) and th

ordering energy, €,

£ =7 ((1-20)% eyp *

at 2(1+25)(1-2§)

Thus we suggest, in analogy to a Taylor's series where only the first

two terms are retained, that the free energies of formation of vacancies

of the ith type can be represented by

-
)

&
[
t
g
=
T
N
:
2
N
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‘respectively for o and B sites. Consequently gia'= g., =g, Tor,the

iB

[N

lawand gZS account ror possible changes
in free energies of formation of vacancies per unit change in n2 during

random case and the values of g!

o

orcering.

As deduced from the Smeared-Displacement Model we assume here that

the all-over degree of long-range order is not materially modified as

a resuit of the intréduction of a small fraction of vacancies. Furtiefmore,

aé oreviously déécribed'in ?art A, we ﬁgknowledge that the probéﬁility

vecencies might change the'local oréering configuraﬁion is also negligibvle.
The probability thet a 8 site:is coordinated with i B atoms and

Az - i) A atoms in~thé»L20 lattice where z = 8 is given by the 7e.leral 

term in the binomial expansicy

Z : .
. . . V4 _ A (Z—i) i _ .
(g, *+ pg,) = {ZO (3o)TET Pae Pgy =L (28)

Thus, employing'the same technique as that déscribed in Part A, we obtain

the following equilibrium vacancy concentration on the two types of sites:

-
©i8
" ) I -
ig 2! (z=1) i T
L= — T e 29a)
ng (z—=1i)ti! Ao Ppa (29
n ' 14 . - = ~.m
i _ 7! (z=1) 1 1T o
n o {z-i)1if “ns Ppg © (29%)
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It is significant that these eguations reduce to those previousl
i h! : ] 2 ) . ] 7,71 X
suggested by Dorn and Mitchell .for a random a2lloy. When expres

terms of the degree of order, Eqs. (292) and {(29b) become

. 18
i 7! o Z-1 i T kT
:lB = (z_i) 14 ;22. (l+n"20) *(l_n+26> e .
- 8 o d e
. . gia
n . , _
i ‘7! z-1 i kT
= (z-§31i1274 (1-n-26)% 7" (1+n+28)" e
u . - ES - - '
where
n., N, Dy n,
B 1 Mg Yo 1w

¥

sed

J
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D. Modifiéd Vacahqy—ﬂnergvaodei

The Vacancy—ﬁnefgy.Model, as"éipréSSed'ih Egs. (29&) and (29o),
‘cannot be compared diréctiy with the previocusly developed Sheared—

Displacement and SimpleéDisélacem nt Models inasmuch as the values of

84 and giB are not;knowh. fTo pr?vide a oa;is for comparison, tha val

~of the gis will'bé estiﬁatéd_by a crude bond—enefgy approximetion. Tor

each A or B atom displaced to the surface to mazke a vacancy, the bond

h

energy changes are -{(z -:1) Eap isAB}/Q and ={{z - 1) ¢,_ + ist}/Q

: . . W HD LD

regvectively. Thus following Eg. (28), the total number of vacant £ sites
Iy s Al = < N

which are coordinated with i B.atoms and (z - 1) A atoms can be visualized
as the result of displacing an A atom (or a B atom) to the surface from

the 3 lattice sites and is simply given by -

: (), (B) r AL "TAB
Yig o Pig Rig g i i KT
n, - o (z-iy1it Pae 0 Pra i Pag
IV B ’ . : |
) L
(z-l)eAB+1eBﬁ1 .
+ PBB e 2xT (328.)
J
and similarly for the vacant a sites
‘ ' (z=i)e, +ie .
o, @)y (B) _ _ AnTT 4B
i _ ia s Z! , i1 e - 2T
n n T (z-1)tar Pag Peg (Pac
a : o .
. : L
(321)

N
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o 2T o 2KT (3
Py, pAB Ppg i
J
and
L€, . &
z n, r %ﬁ A?ﬂz
bpp = § e loy e 2w o BT
Pya = = [ ' '
'—. € EBB"’Z
- DkT 2kT
+ +
v pBB LPAOL € PBoﬂ‘e

When n = 0, as is required, Egs. (33) reduce to Pyg = Pyg-

/‘T\\\
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IV. VACANCY MODELS FOR THE Ll, LATTICE
A, Smeared-Displacement Model

The basic assumptions for this model coincide exactly with those that

[

o]
chk -
ct

ot
a
[§1)

were previously used when uhe same nodel was sapplied to the L2g
However, because of the'difference_in lattice'type>and the occurence of

a first order transformation in the levlattice in lieu of the seccond

-

order transfor matlon obtained in the L2g lautlce the final results on

acancy distributions are interestingly different. "Trhe entropy to te

introduced in the free energy expression of Eq. (9) is the same, namely

-

hat given by Eq. 6), for both types of lattices. In .contrast, the

attice

b

lergy that must be used in the free energy expression for the Ll,
is given by Eq (8b) in lleu of BEg. (Tb) which is anpropriate nly fo
the L20 lattlce. Furtnermore, the conditions glven oy Egs. (lOa) and

(lOb) apoly a’so to the le lattice but tne condition for the conservation,

of lattice sites; Eq. (lc) Vhere ¥, /h and hB = 1/k becomes

. 1 . N 3 ~ =

= +n_ + = (n. +n_ 41 0 10&

, < Agp T (mpetnp,ayy) = T (nggtnggingg)) (104)
where A i theLLagrangian_multiplier; BEmploying the same technigue

[0
Hy
L]
D
402
[}
w3
M
s

o
N

as that used previously in Section III A Tor m Llnlm ing th

we obtain three important relationships:
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o 16 ‘ ] 2
in - = {{(n, n,,+=n_n, e + n += n. e

n,  k0(n *ng)Z (ny 20 6%5 P o) AA (nAa“BGTnBanAB,B BT RN

. n,. n

1 1 Ac. Bo,

Ny Mo, + = N Ny JEuw} + 55 00 =
Ba"Bp 3 bo“nq> BB g gnnn
. RO LB

..... 2 . - l : ‘ . . l . . .
XT(n 1, U5y ) (epprep) (3 ngynpg ) (eygrepy)) (35)
end
jo!
VB 16 1 -
in = + = Y n.r + —n
n, ~ KI(n +tng)2 (P8 3 nAa“Aa)EAA+(“AQ“BB+nBanAB 3 PaePre Crn
: 1 3 nAanBa
+ = e - =2 e
* (nBanBB 3 nBanBu)“BB} & An On, n_
. . . ABTBB
6 1 ‘ ' 1
+ = - - (= - 2
KI(n *ng) UZ nymmpp)ley re )5 ny gl (e prepy)) (36)

8

Introducing Egs. (5) where Wa = 3/hk and N, = 1/4 into Eq. (34) gives

(3-k6+n) (1+h6+30) _ _ hn

- - 7
in (EEAB € eBB) (37)

(3-46-3n) (L+ké-n) = 7 kT

vhich is identical with the usual Bragg-Williams results in the absence

Fad

of wvacancies.

Similarly, upon introduction of Egs. (5) and ¥ = 3/4, N_ = 1/4,

the eguilibritm vacancy concentrations on the two sublatiices are respectively
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I Pye T Sﬁi . n*lepp?
1. (3#85-2n)=(noks)? . o, R
+ = Rl 3
8 *® (3485+6n)—(3n+k0)2 T Zur (Cpp~tan) (38)
a
3  8Y2_n2 ~{ 2 £82.,..2 TlialieV2_ .20 )
2 Pyg = Fem {{(3-k6)%-n ]EAA+2(° 88-168%+n }EAB'\"L(_._ 46 )4 ~n*] s
- £)2
_ 3, (3+86-2n)=(n-46) 30y -
e 86+6n)-(3n+L6)7 ~ 2xT (egm=epn) ¥ - (29)
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basis the.change in the energy of the crystal for the

B. Simple-Displacement Model

The alloy is assumed to have the eguilibrium degree of orde

then vacancies are formed by removing atoms A or B from a or 3 si

the dbulk of the crystal and replacing such atoms on the surface.

1o lattic

t—(

* ypg [P €anPetan! * Sypg [P40fan*Ppacanl)

Correspondingly the change in configurational entropy due to ran

On this

D
e
1]

—~
o
~—

aem

mixing of vacancies on appropriate sites is identical with that given by

Eq. (20). Thus upon minimizing the free energy we obtain

' » 'Ji[(gﬁ +;p Je +(gﬁ = e, o)
Ayae ekT 37Aa 3FAB/ TAA ‘3 Ba 3°BB/TAB
Py, = = —— — D,
VAo, . n _6r 2 1 5 (2. .1 . ] e
* l_ékTL(gpAa+§pA6/€AA'(§PBa'3pBBJ“AB‘
Oy vk e, +(Bo s e ]
Ty KT 3780737480 T4B7 (378 37887 “BB
Pyga T Tn. 62 1y, 12 L Yo ] =1
’ o KT \3Pa0 348" “aB" 3780 37B8/ “BE
6 - 1
Pyag ehT[pLQEA) Prafap- )
D = =
“VAg n _6- . “AB
8 TP San Py Can)

(Lia)
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: T Pypg - . kKT Aca AB “Ba BB
- D C o VBRI~ e” R = . (h1a)
) . . = It 1.C
- TVBB - n,.- - 6r . S oy TBEB.
N B . ~=[p ¢, _+p_. €] .
C L kKT"*Ac AB “Bo. BB
- Ll-e o .
The values of p., and _ can then be deduced from.the above by utilizing
ch T AV VBT : . - .
Eas. (25).
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C. Vecancy-Inergy Model
I

For the L1, lattice the probadility that an atom on a B site. is

coordinated with i B atoms and (z-i) A atoms ‘is simply given by the gener
term of the binomial expansion
Z 2 z! z-1 i '
- ! z-1 i :
( +p. )7 = - D v, - =1 28
Pro PRy i;O {(z—-1)11i! “Ac “Ba (28)

1

where the atoms on the o sites are randomly distributed and where z = 12.
by

Applying the previously described methods of analysis for evaluating th

o

-+ .
o s ' . v oLThoL . .
equilibrium numbers of vacancies of the 1 kind on the § sites gives

09

n i8
;8 . A 5 Z~1 - i e kT (20@)
ng (z=1i)1i! “Ac *Bo. : 7=

Cn the other hand the probability that an atom on an o site is coordinated
with 1 B atoms and (z - i) A atoms is given by the general term of the

tiromial expansion

Y 7! 2 1 z=1 (2 s i_ L
=l (z=1)141 (3 Pra * 3 pAB) (3 Py T3 936) * (h2)

Formulating and minimizing the free energy of formation of vacancies, as

Y]
=]
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Pia oozl >'2;”“ 1 zZ-3 kg . 1 N - /
< 4 2 L1 i s
n, - (z=1)1it (Soae *500) T Grny * 50 ¢ (3)

Significantly Eqs. (293) and (hs) reduce to the Dern-Mitehell

relationahip when +he allov 1s éiso
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can be obtalned by anlylng he sumnations of Egs. (31).
For the le lattice the average energy, ¢, of a bond is given by
e

e b, - - S
(pAapAa*PAapAB ant(2p Aa B0 PaoPBe PAgPRa EAB

) L . .
- : Ve Lhg)
- (P55, *PaoPrg)e5p (kia)
~Introduéing Eqsf_(S)?‘where Nd = 3/&fand.Né-= 1/h, and the ordering
energy, €, we obtain
E =L ((3-46)%, +2(3-h8) (1sks)e +(1416)2c, ) + DEE (uky)
8 AA. T _ AB BB .

. : Con e L wth .
Thus, the free energies of formation of the i " kind of vacancies can be

reprezented by Eqs. (27a) and (27b) respectively for o and B sites.
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D. Modified Vacancy-Lnergy MHodel
Whereas the total number of vacant B sites is identical with Eq. (32

where z is now equal to 12, that

of vacant «

.

sites can be evaluated from

-

Eq. (43). TFollowing the same reascning given previously for the LZ2; lat

ct

n 'h.<A)+n.<B) .
io _ _do ie . __z! (gﬁ il Y2=E2 L ad
n, n, (z=i)1i! \3%aa 3748/  \3%pa 3%mp/
-3 +i -3 i
(z-i)e,, €hp (z-i)e,ptic g s)
e 2kT t o e 2kT 7
(PAa “Ba }
Thus the probability of vacancies on ¢ sites is simply given by
- “an “hB
- i _ 2 1 I 2xT 2 1 N 2KT,
Vo, iZO n Ppa {(3 Ao 37AB/ ' (3 Bo 3°mg’ © ’
B °BS
S 2 1 2kT (2 1 2xT
+ o + [& ) L6
_pBa {[gpAa+§pAB] © \3pBu+§pBB)<e } (+6)

and the probabllity of vacancies on B sites is. given by Eg. (33b). -
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of ordér in the presence OL vacancies a“d greaue* clarity in
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V. DIBCUSSICHN
= ; »

The Smeared—Displacement Models for_the L2g and L1, lattices are

based. on the same general assumptlons as *hose ﬂade oy Xrivoglaz and

D 3 . : . . O ) N
Smirnov. In these models‘no detallea inspection is made of vecency

environments. Rather;'vagapciee‘are assumed.te.exisﬁ in o smeared average

environment dictated_by3the degree of order,‘ fhus each vaca y_oe an’

a (or B) site is assumed to have the same aﬁerage energy of fo:metionve

regardless of the numberS_and kinas of atoms with which it is'eoordinated.

In the same sense, _ﬁhe eonfigurafional enfropy is also seﬁe em ered value.
A more rigorous and alrect analytical aépreach wae adoptea herevt}an

thet used by KrlvogTaz and Smirnov, introducing a less ambiguous definition

\

P Ny e d
ohRe LnTYOoCucCtTio:

appr ox1matlons. Nevertheless, despite differences in ahelytical
.pproacnes, the_present reSults agree with those previously giyen by
Krivoglaz and Smirnq?. The degree ol_ofder is essentially ummodified
by the vacancyvconeentratieﬁ; In thebdiserée red state Py /pVS 1, as it
sheculd bhe, butvwﬁen the alloy is rdered p v /pVB aev;aucs from unity.

e

-

The Slmple—Dlsnlacement Vo el 1s, at least conceptually, somewhat

similar to that suggested by Girifalco’ who, however, limited his discussion

’ = - . . P " i) 1, o 2
only to the L2g lattice type. T aseuJes that the degree of order is
7 0 . v

estzblished in the absence of vacancies and the vacancies are then produced

by displacing atoms (either A or B) from sites (either o or 8) in the bull

—

—
3
s}
™
ct

further assumed

[N
2]

of the c¢rystal to ones on the surface. It
neither the average all-over occupandy of the vericus o and B8 sites by

£ s1é B atoms nor (b) the local arrangements of A and B atoms now



_coordinated with a vacancy change as a result of

-6l -

the surface. Assumption (a) follows since the number of vacancies

very small relative to the number of atoms present and was further

confirmed Dby.the analys¢s for the Smeered-Displacement Model., The
possible validity of assumption (b) was albcussea previcusly

Ly

ignificant that the Snmeared-Displacement Mod

-

is

ct
]
w
w
l"‘

)
0

teint of this assumption. Thus, the good agreement between predictions
based on the Smeared-Displacement Model and the Simple- 3150 acenent

uphold at least the nominal validity of assumption (b).

As a consequence of the greater

.

accurate configurational entropy could be established for the Simple-

4

Mocel. Furthermore, all vacancies on a {or 8) sites were
b

as in the Smeared- Dlsplacement Model,

assizned values which depended on whether the vacancy was produced Ty

-

displacement of an A or a B atom. Thus

perraps slightly more accurate and provides somewhat greater detail

the Smeared-Displacement Model.

isplacement Model than that which was used in the Smeared-Displacemen

Hod

detail that was introduced a more

not ascribved,

the same average energy but were

the Simple-Displacemert Molel 1

el

Tre Simple-Displacement Model also gives pVa/pVB = 1 for the disordered

According to the andalysis presented here,
concentration. on the two sublattices in the orderea, L2y alloy occur

5

0} for

1

et the stoichiometric composition (8§ the ceses where €ap

tion which is also valid for the Smeared-Displacement and

. [ - .
I4 REeY o T

Modl Tied ancy-Energy M

who renched the conclusion that

s only

Gir:

Ml d N

such equality of vacancy

2leo



thmt the Sm eared—Dlsnlaeement Slnnle splzcement‘&n& o 1ificd Ve

”'.c.ov Moaels, each 0; whﬂch dl*xers sub uwntlallf TElat1VC to the &

io;_all of the four models establlsnea here. Tt is based on tne grev10us*j

‘-ocal conflcuratlon of atoms 1s 51gn1flcantly modlfled when vacanc1es ere;tf:f:'
"‘iptrooheed.{ The nalve bond-energy metnod of estlmatlné the enc’ y;to
1form aﬂvacancy is. abandoned 1n Iavor o* tne more reallstlc conc:pu't g thehﬁ,;'
;;enérﬁy Of a vacancy dePends P”lmarlly on 1ts 1mmed1ete env1ronment.- This"ﬁ:fcsf'if

Dhy51cally attractlve ussurptron on Vacaan energles was - couo’ed w1t _7_, f ;f

P recuce.to those prev1ously establlshed by Dorn and Mltchell ;or random -

fﬁblhory alloys when based on a more detalled analy51s.

e

Tcertxul and detalled accountlng emnloyed 1n the present Case.’ The factﬁubl

that. can be ex Xty aeted fron them, vlve about the eame average values

qa as w1ll be shown later, 1s excellent con 1rmau10n ur
pV89

-SAAch—Dlsnlacement Model presentea here rs reaaon bly rellabre,t

dﬂh ”ne Vacancy—Energy Model is the most cetalle and hys*callf acceo*ahle

r._.‘
X .

;o"scussea assumptlon that nelther the average occuoancy 01 sites nor the- e S

v

eoually satlsfactory estlmate ofthe entropy for m1x1ng the Ve rlous tybes-

- .oT vacanc1es on lattlce sltes. Conseqnently the formallsm of tne model

'eobears tO*be cood, Furthermore, Ior tht dlsordered alloy, he elatlonships

L 'vUnfortunately_it is not'ea v to compare aeduCulona ba ee ou the V CuWLV-,u

" En g/ Modcl w1t these of'the Smeared-Displacement and.Simp;@—QiS:;&Cemqu

Il
¥

Models{‘ T 1is arises from tbe fact th thc 3(z'+ l)[halueSJéf 8ia and}_
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.. must yet be deduced from appropriately
Lo - . - :

other often very important factors intrude, at least in part, the values of

ct

he g4a and gis are expected to respond in somewhat the same ways &s those

deduced from the bond energy method of estimating the energy to produca

3

n

The Modified Vacancy-Energy Model is based on the same assuzption 8

)

s those used in the Vacancy4Energy Model. It giffers from the Vacancy-
Energy Model only. insofar as the values of g. and g+g are estimefed in
. . e

ion of

ct

terms of the bond—enérvy ap?rbximatioﬁ for the energy of forma
a vacéﬁcy. It can, therefore, be compared with the Smeared-Displacement
and SimpleéDisplaéement Mbdels: Such comparisons are best made using
specific examples.

The trendsvfor the 12g lattice will be based on B-brass. The bond

energies

Ean T Cgngn T _7'9/No keal

€ap = €CuCu =,—2O'Q/No kcal

-~

wher No is Avogadro's number, were estimeted from the latent heats oI

=]

sublimation of the pure metals. The value of

€ =

= 1L s/N .
AB = Szncu T 7T "/mo keal

- : : 2 K , oy Co EEL TN PO SR A QT SrCuR S
was obtained from the kndwn ordering temperature 7 for the stoichiomertri

2 s
!

alicy (8 = 0) by means of Bg. (16). The calculated values of fn g
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and In p,, for the several models are given ag a uﬁculon of T /T in
: : A . : co’ -

EVB

{Fiés. 2, 3 and W, vAli modéié.ﬁreaict abéﬁi_ he same ge e“al tr er' .
Aoove uhe orqerlng uemﬁera ture the sub attices,are indistingﬁishablé.

neyéforé,-thé cohcéntrétionéi6fiva§aﬁéieS'on o and 8‘site§ gre-ﬁhe,s me.
Beiow the ériﬁiéal‘temperature3_hpvevér, a dichotomy occurs with more

vecancies on B sites and less on o sites. This disparity of tl

43

‘of wvacencies on’ the twovéubléttiées‘islenhanC‘
degree of order. Fﬁrthefmofe,;the extént.of[disparlty Seems.tc pecome
leﬁs'when'moré deéailed aécbunting of”aﬁomic'grrangements:gboté1vacancies
is taken ihtd-consiéeraﬁion;l
Also shoﬁn in‘Figs. é and 3 are fhé efféc#é Qf deyiatibns from
: , . i ,

stoichiometry. It is seen'that small deviations from the stoichiome

o

composition have a minor effect but do not significantly change the

vz
0

Although the- Moalfled Vécancy—unerby Model, es shown in Fi
gives about the same tréndé_for the‘vacaﬁcy con cenuratLons, the detailed
-accounting préceduré iﬁtroduced”iﬁtd this model permits the extraction
of mbfe informat;on fegard1ﬁ5 t“v tynes and diséributions of wvaceancies

resent than is p0351ble in either the Smﬂavea—Dvsolacemcpu or Simple-

o]

~

Displacement Models. . Flcure 5 glves tnc distributions of the ratio of the
i . P tn - ~ e

equilibrium number of vecancies of the type to that of the same alloy

vhen it is in the disordered state as a function of T /"1 for the stoichio-

<+

metric ccmposition. ' The distribution of the various vacancyvCOnceLtrauions

N ] . . 7 . - . 7 -
shovn in Fig. 6. It i1s seen that the most

e
»

L _: 4 EN
au & given uemperavure

- o>

populous type of vacencies changes as the temperature or degree of orde
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.energies adopted in the CQICMlatLon as ghoww.id Fig ]Y'for.th

in lieu of

is & minimum. Thus, in the case of equilibrium

varies. Furthermore, it'is also stron azy affected.by'the values of bhond

[}
[

ces

I
(4]

€, .
AA BB
The comparisons of the results for the Lly lattice will be based

-

on the CuzAu alloy. - As ﬂenu10ﬁ & previously, at ©

-

ne elloys with Lls type of léttice undergo a first order phase transformation

~

second order pnaee t ensition for the L2¢y lattice. The dependence

of the configurational_partvof the free'energy on ‘the degree of long-range

order for these two latt v;cess is showh'ih'?igf 8. Iﬁ.should Bé”noticea
that the‘behavior éf the free ene”ry for A3B alloys islcharactéris
different from thét'for AB alloy§.  Aﬁvhighntgmner@tures in both cases
thé éurves F(n) haveva 51ngle ﬁln*mum_atﬁn = 0 indicating the siavle

state being that of complete disorder. As the temperature is decrease

“below scﬁetemperature T in tho L20 alloys (Fig. 8a) the minimus of the

’

curve F(n) is shifted,con PhouSTy to la” er values of n, and the point

n = 0 becomes a maximum point of F and corresponds to the unstable stete

of order. Such a pattern which corresponds to a continuous increase ol
n from zero with a decrease of temperature is the characteristics of a

-+

. = S
Lransiornaclion

N

second order vhase transition. Therefore a second order phase
is Teatured. by a continuous change in oturony, no heat of vtransition and &
finite jump in the specific heat at the transitidn,point. On the other

hend, in alloys with L1, lattice (Fig. 8b), as the temperature is lcwered

a minimum appears at a nonzero value of n and the point n = 0 as pefore

-

F . e -~ . = - .
£ then {corresponding o a large

U
Y
[}
o
o
©
ck
o}
joss
6]
O
P

ordered and a disordered p

Xz
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value of T at the minimum point) is found to be in & metasiable state.
A second minimum eppeers at once at an n which differs from zero by &
This behavior describes a first

ormation of the first order can ©

the two free energy minime are at the same level. Therefore, the degree

long-range order at the transition, Noo® and the relationship beiween

]

LT o o

the critical temperature, Tcd’ and the ordering energy, €, can ve found

by solving simultaneously Eq. (37) and

F(O) = F(n_ ) . o (47)

A numerical solution of the above simultaneous eguations gives

co - co

These are identical with the results given by Xrivoglaz and Smirnov.

For the convenience of comparisons among the described models .the

vond energiles
AA - TCuCu X

€33 T Cpuan T T redd

where N is Avogadro's number, were estimated from the heats of sublimation
o : _
of vpure metals. By means of Eg. (k8) and the knowm critical temperavure

. . . - . . S o
for the alloy of stoichiometric composition (8 = 0) the value of
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d.  The calculated values <

YN cwas also assume
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Fig.o 9. Abové_the ordering.températuré;
'ffiniisti?lu nab‘e, the*eIore tnc nrob
ﬁ&ne;A BulOW unu crltlcul terﬁera ch,_

S 21l three models but diFlers

R Figure_lo shows the'effect of ordering on the dis tri OL ion of

T

‘various vacancy concentrations on.a and B sites. Also pldtted';“‘ hig

order as a function o”.”é(/m.» The ..
M R L }. ’v

- values Qf' whlch(cqrrespond to thej

weximur. of F (Fig. 8b) and can not be “ealﬂzea. The vaWLCf[r;over thé—w

(R R Iranggj‘" uorrespond to the meuastable btat*s, and uhe °9Ct*uLth correspondﬂ;
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, .
‘

Althbugh the vﬁneral trends given: in the figures

CJ"'
AU A :

&= Dl lacemcux, Slmple—Dlleacecht and Mod ied Vacahcy—;fa?sy

Models might be expecuea the deta led results based on th
are nel to. be takén too literally, Obv*ously thc metnods of est;“ tl.g

Lo vazancy formation'épergieslfrom a bond énergy model is ext:emely cruae:

£
<
o
ol
1
G
<

and inexact.' u“thermore, on thls ba51s t & energy to produce

Lo 1 coordin d W1th (z 1) A atoms and B atows alf*era de ding_on'vhethe:
' an £ etom or a B,atcm was_?embveﬂ.‘ In contrast the physically'mcre’accﬁ;tua_u

[>~9 v

¢ Ve LCancy-ehergy conceut auggests that the energy, £,, to produce a vaIancy




Ll

-DiSPLACEMENT MOD

0
ul

EAR

-1
il

kL

NERGY MO

EN

MCOIFIED VACANCY~!

~

Ay up 1o

ION
o

::

"

110

1.05 .

1.00

-30

<

o
s b e

<l

o~
e

N
LN

TR

s

/ AR ATARY
e et

\

OF

8

————

NS
..

i

i
dae), '
[aal QS

&

il |

(C,

o~

Y

y i
b e

YA

C_ .

TOICH !

-~
S 4
!

=
—

x



n-

Oy

S € N

\.C;\)" e

1.O 15 2.0 2.3

b‘.z

=

”'C o EFFECT O" OFEDE’-’“\( N TRE D
!\

VARIOUS V&C :\"Y CONCENTRATION S

N THE s“'ovwo\f"rm [ 2 A’ | O"

<N



...f.o-j< 1T COIULEWOIMOIOLS THL _,: SALIS a
LLZHINZONGD ADNVIWA ,TQZB | {0 NOLLAGIH LS K

!
y S 9
D

R S gt g S e
- :
s + ' !

—

L S T R b T B N B ey



on

[

environment

\

&

pally '

princ

end:

tunately, .

o
-

‘Unfo

hot

arent a:

exr th

FER S
Sy 42
2
[ &
4
a

T

tory theoreticel me

ic

D

is ap

S

15
4
a

Y

fac

ture

-
S

nt on

cdel is

T

depende




L,
5.

(R

=19~ , . _ L UCRL=TRGS

| . VI. REFERENCES
.W. L. Bragg and E, J, Williams, Proc. Roy. Soc,, ALh5, €99 (1934).

J. E. Dorn and J. B. Mitchell, Acta Met., 1k, 70 (1966)..

M. A, Krivoglaz and A, A, Smirno?, The Theory of Ordor=-Lisordsr in
Alloys (Americal Elsevier Publishing Co., Inc., 1965).
L. A. Girifalco, J. Phys. Chem. Solids; 24, 323 (196L).

T, Muto and Y. Takagi, Solid State Phys.; 1, 194 (1955).



e e
R 1 3 CYREI eTY V2] i

_Cz{I\YOVHJEDGEMI' T

i;uﬁi‘.hbr: Co

 1‘ ;A;'f fwould also like to express hls thanks to Dr. P Wynblatt Ior nx~ kind 0N

,i;iﬁ5 % if aSSistsnse'in cafrying.out:pbrtions of calculation”of”Part-B nnd ?o};y
- ‘.;f; Mr,vﬁ M. Schwartz for a551stsnce w1th part of computer prowrssmaub::;si:
vThanksvare also due to Glorla Pelatowskl for drawxng and to Lex1e :9
) l,Anagrson for typlng. i {:.sﬁt- ”;'-f -vf _""}.?n_;f@ 1 .s'ﬂijwrfia;‘u
xnls research was conducted as part of the activmtles of thc: V"h
: 'Insr ganic Naterlals Research D1v151on of the Lawrence RadLatlon Luooratorj
1;w : of. the Unlver51ty of Callfornla.;vThe author ;1shes to express nlsv‘f““lr‘
. apprec1at;on to. the Unlted States Atomlc Eneray Commlss1on ‘or luS i-E:
Q\;ifsi ’7's: suggoru of thls work : f\fF';' ;;‘_“ s f; . ‘('-». . f;'u
< ‘ ,?‘ ‘ S
\ Y .
| . ;
' ) T ; 'y g
R




>

»

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

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 1in
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.








