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Calculated site substitution in ternary y'-NizAl: Temperature and composition effects

A. V. Ruban and H. L. Skriver
Center for Atomic-scale Materials Physics and Department of Physics, Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 2 August 1996

The temperature and composition dependence of the site substitution behavior of ternary additions to
NizAl is examined on the basis of first-principles calculations of the total energies of ternary, partially ordered
(') alloys. The calculations are performed by means of the linear muffin-tin orbitals method in conjunction
with the local-density and multisublattice coherent-potential approximations and includ#, ald® 5d, and
noble metals. The calculations show the existence of simple trends in the alloying behavioryéfghase
which may be explained in a Friedel-like model based on the interaction between Ni and the added species. It
is shown that the commonly accepted interpretation of the site substitution behavior of Cu and Pd may be
incorrect because of site substitution reversal at high temperatures. It is further shown that the direction of the
solubility lobe in the ternary phase diagram for the elements Co, Pd, Cu, and Ag incorrectly has been inter-
preted as evidence for strong Ni site preference and that, in fact, these elements are expected to exhibit only
weak Ni site preferencéS0163-182807)03902-7

I. INTRODUCTION site occupation using a large variety of different techniques,
such as x-ray diffractometry®> transmission electron
Intermetallic compounds which are ordered at high tem-microscopy>® atom probe field ion microscopyf ion chan-
peratures and which preserve a large amount of long-rangeeling, and nuclear reaction analy8is! As a result of the
order (LRO) up to the melting point are promising materials experimental efforts it is now believed that Co, Cu, and Pd
in technological fields ranging from the development of newoccupy only Ni sites in NjJAl and that Ti, V, and Nb occupy
types of catalysts to the creation of a new generation of highenly Al sites. For all other alloying elements the experimen-
temperature superalloys for the aircraft industry. Similar total data or their interpretation is either uncertain or even con-
the case of pure metals, the mechanical properties of pureadictory.
compounds, without any additions, are usually poor and The theoretical investigation of the alloying behavior of
must be improved, for instance by a substitutional alloyingy’-NisAl has mainly been centered around considerations of
which affects the physical properties at the atomic level. Thethe site preference of ternary additios!® Almost all the
alloying behavior of intermetallic compounds is therefore awork has been based on the application of phenomenological
subject not only of great practical interest but also of funda4sing-type models which have turned out to be very useful in
mental theoretical interest. This is particularly true becauséormulating and clarifying the problem. In this regard, we
the existence of two or more different sublattices leads tgarticularly want to mention the work of Wat al** who
new physical phenomena connected with the possibility ofnodeled the site occupation iril, ordered intermetallics in
site selectivity of the alloying species. In addition, it is aterms of nearest neighbor effective pair interactions. Based
great challenge to study these phenomena from firsten the simplest Ising Hamiltonian these authors found by
principles, i.e., electronic structure calculations. means of the cluster variation meth@\VM) that (i) at finite
One of the most well-known examples of such an intertemperatures the site substitution behavior is not generally
metallic compound ig/’ -NizAl and the first attempts to un- related to the direction of the solubility lobe afid) the site
derstand its alloying behavior were made by Guard angreference may change with the alloy composition and tem-
Westbrook in 1959.Based on the analysis of ternary phaseperature. These conclusions have been overlooked in a num-
diagrams these authors formulated several simple rules cober of subsequent experimental and theoretical investiga-
necting the alloying behavior of the’ phase to the elec- tions, and the neglect has lead to misinterpretations of
tronic configuration and atomic size of the alloying elementsexperimental data.
In particular, they found that the elements closest in size to Wolverton and de Fontaihedetermined the site prefer-
either nickel or aluminum had the greatest solubility, andence of a number of ternary additions tozMI on the basis
they suggested that the site substitution behavior of ternargf nearest neighbor effective pair interactions derived from
additions to NiAl, which they deduced from the direction of electronic structure calculations. Subsequently, Sluiter
the solubility lobe of they’ phase in ternary phase diagram, et al® applied an analogous as well as a supercell technique
was governed by the electronic structure of the ternary addito calculate the site substitution behavior of 27 elements
tion rather than by the atomic size factor. from the third, fourth, and fifth row of the Periodic Table.
Sixteen years later Rawlings and Staton-Bévastab- Thereby, these authors established the existence of a simple
lished the existence of a strong correlation between the siteéend in the site substitution behavior of thel-Bansition
occupation of the ternary additions and the mechanical propmetals, i.e., increasing Ni-site preference as a function of
erties of they’ phase. Following this pioneering work there atomic humber, which in general agreed with experimental
have appeared a number of experimental investigations afata.
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In spite of considerable theoretical efforts a number ofFurthermore, it has been shown by Krivodththat also the
problems still remain to be resolved. First of all, previousentropy contribution from correlations or SRO effects to the
first-principles calculatiort$'8 treated only some of thed4  free energy of such alloys may be neglected.
and none of the & transition metals although these are the In spite of the fact, that the local lattice relaxations vanish
most important alloying elements used to improve the mein & pure metal or a completely ordered compound, their
chanical properties ofy’-NizAl In addition, they are the €ffect may be large even in the case of a single, isolated
elements for which the experimental data is the most contrdMPUrity or an antisite defect. However, in a high-
versial. Secondly, the first-principles calculations did not in-témperature ordering intermetallic compound their contribu-
clude temperature and composition effects which mayion to the energetics is typically one order of magnitude
strongly influence the site substitution behavior of the ter-Smaller than the unrelaxed defect energy. Estimates of the
nary additions and therefore are of vital importance for a€nergy of local relaxatlggg in random substitutional alloys
correct interpretation of experimental data. range from 0 to 0.2 eV ' depending on the atomic size

To address the outstanding questions we determine in tHéfference and bulk moduli of the alloy components, while
present work the site substitution behavior of all transitionth€ formation energy of antisite defects in such compounds is
and noble metals in NAl at 0 K from an empirical param- not _I_ess_than 1 e_V. Since the_ site prefer_ence _of a ternary
etrization of the ordering energy obtained in first-principles@ddition is determined by the difference in impurity energies
calculations of the total energy of ternary, partially orderednd since the local environment of the Ni and Al sublattices
alloys by means of the coherent potential approximatiorf® rathgr similar th_e contributions from the local relaxations
(CPA) in conjunction with the linear muffin-tin orbitals O the site occupation tend to cancel. Thus, although short
(LMTO) method in the tight-bindingTB) representatioh®  'ange order effeg:ts and Ic_)cal relaxatlons_are present in
This approach has the advantage that it does not rely olisAl they are unimportant in the study of site preference.
perturbation theory or effective pair interactions and it leads
to a physically transparent classification of site-occupation in  1l. ORDER PARAMETERS AND CONFIGURATION
Ni 3Al in terms of a single parameter. SPACE

A brief account o_f_our_ total energy calculathns and th_e In the present work we shall consider a binary, ordered
corresponding classification of the site-substitution behawoglloy AB,, with two types of sublattices where the A
has been given in Ref. 20. Here, we first present a COm'Ol(Etseublatti‘ée;1 as well as the B sublattices are considered to
theory of ternary additions to an ordering binary alloy and

: 4 ._be equivalent. We shall furthermore assume that the ternary
we use the total energy calculations to derive a model for sitg

substitution in NiAl which is the analogue of the rectangu- additions to this alloy do not cause a phase transition and that

lar d-band model of the cohesive energy developed b the symmetry of the binary host therefore is preserved. The

Friedel?! In addition, we consider for selected elements thed|str|but|on of the elements between sublattices in such a

influence of alloy composition and temperature on the sit ternary phase may be determined by two long-range order

substitution behavior within the single-site mean-field ap?LRO) parameters which we define as

proximation as well as in the framework of the cluster varia- —c.(A)—C.(B

. L o ; 7a=Ca(A) —Ca(B),

tion method with interatomic interactions deduced from the

parametrized ordering energy. Finally, we calculate the en- 7s=Cg(B)—cg(A). (1)

thalpies of formation of ternary’ phases which enables us

to estimate the possible directions of solubility lobeg/bin ~ Here,c,(«) is the atomic fraction of thex element on the

a number of ternary phase diagrams at low temperatures. @ sublattice which, in turn, may be expressed in terms of
In the present approach, the electronic structure of par7. and the concentration, of the « element in the alloy,

tially ordered alloys is computed within the CPA. Hence we!-€,

neglect short range orddSRO effects on the sublattices

and local lattice relaxation effects in the form of displace- Ca(A)=CatEp7a,
ments of the atomic species from their ideal positions on the —
underlying lattice due to the size difference of the alloy com- Ca(B)=Cg+£ams.
ponents. In concentrated, random alloys the neglect of these —
two effects may lead to an inadequate description of the ther- CA(B)=Ca=&nmA,

modynamic properties of real random alldy$>?3 How-
ever, as we shall now explain, both effects may safely be
neglected when we consider a high-temperature ordering in-
termetallic compound with a small amount of ternary alloy-
ing element.

cg(A)=Ccg— &7,

cx(A)=cx— &p(7a— 78),

At ambient temperatures the long-range order parameters Cx(B)=CxFEa(a~ 778), 2
of a high-temperature ordering compound are close to 1 andnd
therefore the random alloy on each sublattice may be consid-
ered dilute. In that case, the contribution from short-range k m
order effects to the total energy of the compound is of order gAzm’ &8~ k+m" )

c?, wherec is the small concentration of the foreign element
on a sublattice, and may be neglected in comparison with all It follows from Eq. (2) that the distribution of species
other contributions to the total energy which are of order between sublattices upon a ternary addition to an alloy with
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exchange antisite defects, as the temperature increases.
L = It follows that the maximally ordered state may be defined
1C(0.94,0.94) as the state without any exchange antisite defects. In a sto-
“ ichiometric alloy it is therefore the completely ordered state
without any partial antisite defects, while in an off-
Dw©.94,0.7) stoichiometric alloy there must be a number of partial anti-
site defects either on th& or on theB sublattices which do
not have their counterparts on the other sublattice. The maxi-
mally ordered state of an alloy, which will order, is the state
of lowest energy 80 K for fixed lattice structure and sym-
metry. This is so because the energy of forming an exchange
antisite defect must be positive in this case, and therefore the
only way to create exchange antisite defects is to heat up the
alloy. The increasing number of exchange antisite defects

E corresponds to a change of the order parameters along the
R(0,0) Na line n,= ng towards the point(0,0) in the configuration
\ A space of the alloy.
s cey ™| The addition of a third element to a binary, ordered phase
: e expands the available configuration space from the line
cm) na=np Of the binary alloy to a polygon of finite width

cx/(épéR) bounded by

1_
— — —~Cy,
! : A= 7B En X
TIA nA
_ ) 1_
FIG. 1. Configurational space of LRO paramet@tsaded areas Na= Mg+ g—cx, 4)
B

for the ternary AB(X) alloy with (a) equideficientA;g B3 5Xg, (b)
A-deficient AggB,sXg, and (c) B-deficient A;sB,19Xg compositions. . .
SegmentsBC and CD are the points of the maximally ordered @nd the maximum values of the order parameters to be dis-
statesR, i.e., (0,0), is the point of the completely random state and CUssed below. The state of the ternary alloy may therefore
0, i.e., (1,1, the point of the completely ordered state. Note, thatleave the linep,= 5g which corresponds to the creation of
point C is on the liney,= 5g only for equideficient ternary alloy defects connected with the distribution of the third alloying
compositions. element on the sublattices. As a consequence partial antisite
defects may be created at a fixed alloy composition without
a particular compositiond, ,cg) may be mapped onto the their counterparts by the exchange of “host” atoms with the
configuration space defined by the LRO parameterdernary additionX. This means that a ternary alloy, in con-
(7a,78s). Further, as shown in Fig. 1 each alloy has its owntrast to a binary alloy, has an infinite number of maximally
configuration space defined by the polygon of possible valordered states, i.e., states without exchange antisite defects,
ues of the LRO parameters determined by the conditiornd that any of these states may be the state of lowest energy
c,(a)=0 for all k and . In the case of a binary alloy at O K. Which state has the lowest energy depends on the
AB.,, i.e., cx=0, the configuration polygon degeneratesnature of the alloying elements and external parameters, and
into the straight liney,= 75 which connects the point of the constitute_; the problem of site occupation behavior of a ter-
completely random state,= 75=0, R in Fig. 1, with that  nary addition.
of the maximally ordered state. For a stoichiometric alloy ~ In the LRO configuration space the points corresponding
wherec,= £, andcg= &g the latter corresponds to the com- t0 the maX|maIIy ordered state are the points of the polygon
pletely ordered stateja=7s=1, O in Fig. 1. In the off- Of possible values for which at least one LRO parameter

stoichiometric case where, for instancg> &, the point of reaches its maximum value. The reason is that any change in
the maximally ordered state igy= 7s=(1—Ca) &g . the o.rder parameters from larger to smaller' values parallel to
To characterize the maximally ordered state in terms ofh€ line 7,=7g corresponds to the creation of exchange
atomic redistribution we shall distinguish between two type@ntisite defects which in an ordering alloy is energetically
of antisite defects. The first ispartial antisite defect created Unfavorable. The maximum values of the order parameters
by the transfer of one alloy component to the sublattice oflépend on the alloy composition but for compositions obey-
opposite type. The second is archangeantisite defect cre- ing the following conditions:
ated by the exchange of atoms of opposite type between o o
sublattices in such a way that they create simultaneously two cas<én; Cp=¢g, 5)
partial antisite defects on each sublattice. In a binary alloy it
is impossible to create a single partial antisite defect at avhich define what may be calleglasistoichiometri¢cernary
fixed alloy composition unless a vacancy is created on thalloy compositions in analogy to the stoichiometric compo-
other sublattice. They may, however, be created in pairs acitions of binary alloys the maximum values of the LRO
companied by the opposite partial antisite defects, i.e., aparameters are
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max — 1 max — 1 Thus, for the equideficient alloy when the configuration point
A =Cag M8 ~Ceg - (6)  Cis on the liney,= g the fraction ofX atoms inB sites is

equal to&g, i.e., the value for the random alloy.

For ternary off-stoichiometric compositions where one of the
conditions (5) is not obeyed, e€.9.c5>&,, the maximum Ill. SITE PREFERENCE OF TERNARY ADDITIONS:
values of the corresponding order parameters is determined DILUTE LIMIT

max

by 7a™=(1—ca)/& similar to the case of binary off- . A o
stoichiometric alloys. To determine the equilibrium distribution of theé ele-

In Fig. 1 we show the order parameter space for the terment on the sublattice sites of the ordered binary phase

nary A;B(X) alloy with three different alloy compositions: ABr at 0 K one must, in general, find that maximally or-

Ao B e, A, andeBskecomtespondng o e S0 I 1o 06 St el 0 el S
ferentcy/cg ratios at fixed concentration of thé compo- P ' y X y

nen. The st o composiions or e g Kim and  CSTPOSICT L T onenion o lesihy e e
ca/cg>k/m are so-called\- andB-deficient alloys, respec- — y RS P

; . . o — = cx—0 for a quasistoichiometric ternary ordered phase at 0
tively, while the first composition where,/cg=k/m we . _, ;

. e . K. In this case one can assume that initially the system is at
will call an equideficientternary alloy. The maximally or-

dered states corresponds to the line segmBi@isand CD point C of the configuration polygon, Fig. 1, i.e., that the
which may degenerate into a single point Gi=£, or atoms are distributed among tAeandB sublattice sites such
~ 6A

— ) L . that there are no partial antisite defects in the alloy. Note,
cg=&g, i.e., for the off-stoichiometric and the extreme qua- . : e .

B 5B ) " that in the dilute limitC approaches the point of the com-
sistoichiometric ternary alloy compositions.

The distribution of the atomic species on the sublattice” letely ordered statel 1).

. . : - In this dilute limit theX atoms have three possibilities at
sites corresponding to a maximally ordered state may eang K. Eirst. thev mav move from the sublattice to theA
be found from Eq.(2). In the example in Fig. 1 poinB ' ' y may

corresponds to the distribution of the alloy Cornponentssublattlce with the creation of partial antisite defects onBhe

where all theX atoms are on thé sublattice while point sublattice. This corresponds to a change in state {@fo-

wardsB in Fig. 1. Second, they may move from tAesub-
D corresponds to the case where all ¥natoms are on thB . X ; . .
- . lattice to theB sublattice creating partial antisite defects on
sublattice and somB atoms have moved to th sublattice

thereby creating partial antisite defects. A change in configu'Ehe A sublattice, i.e., fronC towardsD in Fig. 1. Finally,

ration fromC to D, or parallel to the liney,= const, cor- they.”?‘i‘Y remain in their posmons, 1.€., In _staﬁe These_

. . L ossibilities lead to the following classification of the site
responds to the creation of partial antisite defects on sublat- T : " .
. S . substitution behavior of ternary additions to a binary ordered
tice B and substitutional defects of atoms on sublattic& hase: (type ), strong A-site preference(type II), stron
with a fixed number ofA atoms on both sublattices. A P \ype b, g P yp ’ 9

change n orcer parametr parlel 0 he B ofconstant & 51° DA e, SHPe 1 beak e e
(77g) corresponds to a simultaneous creation or annihilatior}( element it is sufficient to determine the ener ieps of two
of substitutional defects on tH& sublattice and partial anti- basi . . . g

) . : asic processes, i.e., that of moving a singlatom from aB
site defects on th& sublattice. This means that there are noSite 10 anA site. EX . and that of moving a sinali atom
partial antisite defects in the quasistoichiometric ternary aI—f A si ' BEA. EX We sh glll I g
loy corresponding ta&C where both order parameters reach rom an site to a : site, A—g- VW€ Shall ca these ener-
their maximal value. gies transfer energies. Neglecting the entropy contribution

The experimental data and theoretical results concerningne finds at 0 K

the distribution of a ternary additiod on the sublattices are

usually given in terms of the fraction of on one of the 1

X _ X
sublattices. For instance, the fraction Xfin the B sites is B al7a:78)= Enép Eord 97
iven b
gven By =EX(A)~ EX(B) + Eqn(B),
= KB et Dtntalmam 7o) (D) 1
Mex(B)TKox(A)  °B7 g SASBlTAT 8] EX o7 78) =~ g 5 PERd I7e
and, hence, constant along lines parallel to the #pe 7g =EX(B)—EX(A)+E (A), 9

on which it is equal t&tg which is also the value of in the
random state where both LRO parameters are equal to ®&vhere Ef)(rd( na,7g) IS the ordering energy, and the partial
Further,f =0 on the lineAB as allX atoms are in thé sites  derivatives must be evaluated at the alloy configuration
andf=1 on the lineDE as allX atoms are in thd sites. (7a, 7g) under consideration. FurtheEX(A) and EX(B)
The fraction ofX atoms in theB sites corresponding to the are the substitution energies of the ternary addi¥oon the
configuration poinC, see Fig. 1, may be found from E@) A and B sublattices, respectively, ari,,(A) and E,,(B)
to be given by the energies of the partial antisite defects on hand B
sublattices, respectively. It should be mentioned that these
1 energies depend on the configurational staig ,(7g) at
f(C)=&p+ —=(&gCa— énCa)- (8)  which they are determined. For instance(@0), R in Fig. 1,
Cx which is the completely random state, they all vanish.
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If E5 ., is negative X exhibits strongA site preference energy calculations for partially ordered il with ternary
because in this cas¢ atoms prefer to go to tha sublattice  additions and evaluate the ordering energy as the difference
even at the cost of creating antisite defects onBheublat- between the total energy,, of the partially ordered alloy
tice. This is type | behavior and means that at this particularnd that of the completely random alloy, i.e.,
point in the LRO space aK atom is more attracted to gk
;ublattice_si_te than aA e_ltom. Converse_ly, iE,>§_>B is nega- Efg(rd( i 7a1) = Etol 7ni» A1) — Eiot( 0,0). (13
tive X exhibits strondB site preference, i.e., type Il behavior.

Finally, if bothE}_, , andE} g are positiveX exhibits weak |n the following we describe the computational technique

site preference. In that cagkis the state of lowest energy at used to obtain total energies and show that the number of
0 K because any change away fr@rwill mean creation of first-principles calculations may be reduced by means of an
antisite defects which is energetically unfavorable. This thirdempirical expansion of the ordering energy.

group of the classification is naturally subdivided into type
II1(A), weakA site preference wheBx _;>Ex . and type

Il (B) weakB site preference wheliy  ,>Ex ;. A. First-principles calculations

The two transfer energidss  , andEX 5 cannot both be The necessary total energy calculations for partially or-
negative. This follows upon addition of the equatici®s  dered NiAl with ternary additions have been performed by
which gives means of the multisublattice linear muffin-tin orbitals

(LMTO)-CPA method® in the scalar-relativistic, frozen

EéHA'f' E§H3=Eam(B)+Eam(A)=E’;ﬁt, (10 core, and atomic sphere approximatid@sSA) and in the

< _ ___tight-binding representatiéfi>° with a minimal spd basis.

where Eg IS the energy of forming an exchange antisite £, the nure elements and ordered;Aliwe have used the

defect which in the case of an ordering binary alloy must b§ \jto.Green’s function(GF) technique instead of solving
positive. In generak;,, depends not only on the alloy com- the conventional Hamiltonian eigenvalue problem. Al alloys
position and the configurational statg,(, 7g) at which itis  and pure metals have been calculated inlthe structure.
determined but also on the alloying elemahtHowever, in The valence electrons were treated self-consistently
the dilute limit of the ternary addition the latter dependenceyithin the local density approximatiofLDA) with the
d|sappe_ars. _ X X Perdew-Zunger parametrizatifrof the results of Ceperley
The linear relation(10) betweenEg_, , andEj_g allows  and Aldef! for the exchange-correlation potential and en-
one to describe the site substitution behavior in terms of &rgy. In the cases of Cr, Mn, Fe, and Co we have performed
single parameter, e.gEx_ . NormalizingEj_ » by the en-  spin-polarized calculations in the local-spin density approxi-
ergy of the exchange antisite defé&f, which may be con- mation with the Vosko-Wilk-Nusair parametrizatidhinte-
sidered a natural unit of energy we find that the singlegration over the Brillouin zone has been performed by the

paramete special point techniqd@ with 56 k points in the irreducible

~y X wedge(1/48th of the simple cubic Brillouin zone. To calcu-

Es_.A=Es_a/Eqnt (1) late the off-diagonal elements of the Green’s function which
may be used to describe the site preference of ternary adae?_nters'the CPA equation we applied the 43 ,proper ;ymmetry
: PP operations of thd_1, structure to the Green’s function cal-
tions. The classification is then : . X

culated in the irreducible weddéBZ).
I E)B:A<O (strongA site preference The individual atomic sphere radii were set equal to the

average atomic Wigner-Seitz radius of the alloy. The mo-
ments of the state density needed for the kinetic energy and
the valence charge density were calculated by integrating the
Green’s function on a complex energy contour using a
Gaussian integration technique with 16 points on a semi-
~x ) circle enclosing the occupied states. The convergence criteria
I(B): 0.5<Ep_.,<1 (weakB site preference for the total energy was 0.001 mRy. The equilibrium lattice
(12) parameter and corresponding ground state energy of a given
which is completely analogous to the one establishedlloy were obtained on the basis of 6 self-consistent calcula-
previously!?1416-1820gwever, one should remember that tions of the total energy close to the equilibrium lattice pa-
this simple classification is only strictly valid for quasisto- rameter and a subsequent fit to a Morse-type equation of
ichiometric ternary alloys in the dilute limit of the ternary state?*

addition and at 0 K. In fact, the site preference of a particular The Madelung energy and potential were determined in
ternary addition may change with alloy composition andthe screened impurity modésIM),'*=° with a prefactor of

I EéHA>1 (strongB site preference

HI(A): 0<E’B(HA< 0.5 (weakA site preference

temperature. B=0.6 which makes the LMTO-CPA results for random
Ni-Al alloys agree with those obtained by the Connolly-
IV. ORDERING ENERGY IN Ni Al Williams method on the basis of the total energies of ordered

alloys. Strictly speaking, the SIM should be modified in the

To establish site substitution behavior according to thecase of ternary alloys by taking into account the possibility
classification(12) one must compute the ordering energy for B to be different in different binary alloys, i.e., Al-Ni,

EXq4 and its derivativeg9) for each ternary 8, 4d, and  Al-X, and NiX. However, our experience shows that in the

5d addition to NiAl. This requires that we perform total case of binary transition metal alloys the optimum value of
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~~~~~~~~~~~ FIG. 3. The energies of moving ternary additions from Ni to Al
~~~~~~~~~~ sitesEX. . and from Al to Ni sitesEy, ,; defined at the point
T (1,1 of the LRO space on the basis of the ordering enerdiésof
00 o YT Qs Ni 70.5Al 55 X ternary alloys. The in&g; o+ Ex o= EX, Where
(B) n ©) EX,=2.0 eV is the energy of antisite defect formation of the com-
Ni

pletely ordered NjAl. The filled circles are the additions with a
strong preferencésufficient to create antisite defertf®r occupa-
FIG. 2. The energies of the ternary partially orderedtion of Al sites(type I), open circles are the additions with a weak
Ni 70 Al 3 £C0; alloy along the segments of the maximally ordered preference(insufficient to create antisite deferfor Al sites [type

states BC and CD relative to the energy in poinC, i.e., Il (Al)] and open squares are the additions with a weakuffi-
7ni= 7a1= 0.94, (Fig. 1) calculated directlfopen circlesand from  cient to create antisite defegtpreference for Ni sites. The open
Eq. (14). diamonds correspond to the substitution behavior of Al and Ni at-

oms as ternary additions.
B varies only from 0.55 to 0.65 and therefore we expect a

commonp value to be a good approximation. seen as a consequence of the fact that in the case @l Ni
the next, triplet interactions, are shown to be smaller than
pair interactiong®
Strictly speaking, the classificatiqi2) is only valid for
The number of first-principles calculations needed to esquasistoichiometric ternary alloys in the dilute limit of the
tablish the site substitution behavior may be reduced byernary addition. One might therefore worry whether the con-
means of the quadratic expansion of the ordering energy centration of the ternary additions, i.e., 6 at. %, used in the
total energy calculations is sufficiently close to this dilute
EX f(mni» 780 = Unix 751+ Uax 72— 2U Nial X TN A » limit to yield concentration independent expansion coeffi-
(14) cientsUi.x, UaLx, andUyia.x- To address this question
we show in Fig. 3 the @ transfer energie€y; ., and
in terms of the order parameters. Although this appears to bBaini calculated from Eq(9) by means of Eq(14) evalu-
an empirical expansion the expansion coefficientsated in the dilute limit, i.e., for gy;, 74) = (1,1). In addition
Unix, Uarx, andUyia.x, may be related to effective pair we show the antisite defect energy;, calculated for pure,
interactions, or their Fourier components, of an Ising typebinary NizAl, i.e., also completely in the dilute limit. This
model, as shown in Appendix A. In the present calculationsenergy is labeled Al or Ni in Fig. 3. The fact that the transfer
the three expansion coefficients have been determined f@nergies obey the linear relationslii) to a high degree of
each ternary additioX from the calculated total energies accuracy and that the line cuts the axes at exactly the antisite
(13) of NisosAl,35Xe ternary alloys in the configurational energy determined for binary Bl strongly indicates that
states corresponding to the poir3.94,0.70, (0.94,0.94, the calculated transfer energies indeed represent the dilute
(0.86,0.94, and(0,0) in the (i, 7,) Space of LRO param- limit. We mention that the transfer energies of trekrbetals
eters. These states correspond to the pdmtsC, D, and obey exactly the same relationship and that the analogous
R in Fig. 1 for A andB equal to Ni and Al, respectively. plot for the 3 metals including the effect of spin polariza-
We have tested the accuracy of the quadratic expansiotion may be found in Ref. 20.
(14) for a few ternary additions by comparison with total ~ The above results do not mean, however, that the compo-
energy calculation$13) for additional points alonggC and  sition dependence of the ordering energy itself may be ne-
DC in Fig. 1 corresponding to the maximally ordered statesglected. In fact, we find that the positions of the points on the
We find that in all case&l4) gives a very accurate descrip- line EX i+ ENi_ = EZS;depend on the alloy composition,
tion of the ordering energy as may be seen in Fig. 2Xor particularly if the ratiocy;/ca is changed. On the other
equal to Co. The validity of the quadratic expansion may béhand, as also found by Sluitet al*® for the effective pair

B. Empirical expansion



862 A. V. RUBAN AND H. L. SKRIVER 55

eral with the conclusions drawn from experimental data con-

Y cerning site preference of ternary additions to;Ali The
Type IT (Ni site preference) only exceptions appear to be Co, Cu, and Pd which accord-
ing to experimental evidence are believed to exhibit strong
Type T (Ni) Ni site preference, i.e., type Il behavior, in contradiction to
the calculated type Il(Ni) classification. However, in the
0.5 ra . ; .
o interpretation of the experimental results one has neglected
L5 Type I (Al /; /,{5 the fact that all measurements of site preference have been
w 7 performed at finite temperature and at some nondilute con-
i f,lzi"/,po—e 3d centration. The reduction of such daa ® K and to the
i o5tk g g.:g gg i d!lyte IimiF is not alwgys trivial anql must inclu_de the.possi-
g & 63d (param.) bility of site-occupation reversal if a comparison with the
R, H f[heoretlt_:al results in Fig. 4 is to be meaningful. Ina follow-
oo Type 1 (Al site preference) ing section we consider temperature and composition effects
in detail and show that only when these effects are taken into
15 oy account may theory and experiment for Co, Cu, and Pd be
S Ti V O Mn Fe Co Ni Cu completely reconciled.
Y Zr Nb Mo Tc Ru Rh Pd Ag
Lu Hf Ta W Re Os Ir Pt Au B. Rectangular state-density model

One important conclusion one may draw from the total

sition metals classified according to E42). The energy of antisite  €N€T9Y calculations is that the site substitution behavior of

defect formatiorEX ~2.00 eV. The thin symbols for@metals are ternary additions to NjAl is almost entirely governed by the
the results of paramagnetic calculations. electronic structure of the added species as originally sug-

gested by Guard and WestbrobKo substantiate this claim
we will here explore a simple model based on nearest-

are small and do not qualitatively influence the picture of the?€1ghbor pair interactions which leads to an almost quantita-

site substitution behavior of ternary additions presented belVe description of the trends found in Fig. 4.
low. The first step is to notice that the transfer enelgy .

at 0 K may be obtained in the dilute limitag;, 7a)
—(1,1) from Eq.(9) and Eq.(A18) in the form

FIG. 4. Calculated transfer energy for thd,34d, and 5 tran-

interactions in ternary NAl,_, ,Fe alloys, the changes

V. SITE SUBSTITUTION IN Ni 3Al

X _
A. General trends ENi— a1 =4Vnixa = 4vnix =40 aixt 4v am — 40l »

In Fig. 4 we present a unified picture of the site substitu- (16)
tion behavior of ternary 8, 4d, and A transition-metal
additions to NjAl in the dilute limit of quasistoichiometric
ternary alloys 80 K based on the classificatiqfi2)

where Vyixa and vj; are the generalized nearest-neighbor
effective pair interactions and interatomic pair potentials de-
fined in Appendix A. The physical interpretation of the last

I: Eﬁi n<0, equation is straightforward. In an Al site ahatom has 12
Ni atoms as its nearest neighbors while in a Ni site it has 8
Il E>'\<l_ a>1 Ni atoms and 4 Al atoms as its nearest neighbors. To move
N |— )

an X atom from a Ni site to an Al site one must therefore
break fourX-Al bonds and create instead foXi¥Ni bonds as
reflected in the first two terms. The last two terms in Bd)

. ~x correspond to the energy of the complementary process of
NG 0.5<Eji_a<1, (15) moving an Al atom from the Al to the Ni sublattice and this
where the transfer energie'éﬁ- 4 and E>r\(1' A are deter- is the same for alK. Therefore, the trends in Fig. 4 is deter-

i— i— . . . .
mined from the empirical expansion of the ordering energyMined only by the competition between the two interatomic
at (i ma) =(1,1). pair pOtem.lal.ajNiX andvA.'X' . .

In the figure one observes two trends which are obeyed by 1€ variation of the first of these pair potentialsyix ,
all metals but those at the very ends of the series. First, as tH¥70SS @ transition series may be obtained in a rec’ganglj,lar
d-occupation number increases along a series the preferenfleState density model which is the analogue of Friedel's
for Al sites decreases. Second, as the atomic number ifodel for metallic cohesiofi. If we identify the bonding

creases down a column the preference for Al sites increase§N€rdy With the sum of nearest neighbor pair potentials we

It is also seen that no element among the transition and nobf&?
metals is expected to occupy only Ni sites insHNi, i.e.,
exhibit type 1l behavior. Finally, we find that within the ac- 11
curacy of our calculationgk? \;=EXS . and, hence, Fe is Unix=g 5" (10~ MW, (7
the only addition which exhibits a “pure” type Ill behavior.
The results in Fig. 4 agree well with the available theo-where the prefactor 1/6 accounts for the 12 nearest neighbors

retical values obtained by Sluiter and KawaZend in gen-  of the fcc lattice. Furthern=1/2(ny+ny) is the average

I(Al):  O0<EX_ ,<0.5,
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ginning of a series as the consequence of the decrease in the
averaged-band filling. It also explains the increasing Al site
preference as one moves down a column of the Periodic
Table as a consequence of the well-known increase in
d-band width with the main quantum number.

We now return to the pair potentialsy,, , the variation
of which we have neglected so far. Unfortunately, it has been
demonstrated that these terms cannot be described in a
simple form similar to Eq(17).25-%We may, however, use
the result of the systematic study by CarlsSonf Al—
transition-metal interactions. Although he calculated only the
effective pair interactions of Al with @ and 4 metals,
Vxa,» the variation of the corresponding pair potentials
vxa May be deduced from the following relati¢ree Eg.

(A3) in Appendix AJ:

1.5 1 1 1 1 1 L L 1 1
Sc Ti V Cr Mn Fe Co Ni Cu

Y Zr Nb Mo Tc Ru Rh Pd Ag

Lu Hf Ta W Re Os Ir Pt Au

Uxar=3 (— Vyxar+vxxt+vaal)- (21)

FIG. 5. Estimate of the transfer energy based on the Friedel-likéSiNCev a4 is independent oK the only difference between
model for NiX interactions (17) in the assumption that Vya andvyy is the interatomic pair potentialyy . If we use
Uxa=Unial - €nia =4 ©nix—Unini)/Eanct 1. The energy of anti-  the Friedel model17) with the appropriate parametewy
site defect formatiorE,~2.00 eV is taken from the results of the andn we find thaty «x Will exhibit the well-known parabolic
first-pri_nciples calcglations. Thin open circle is the transfer energyhehavior, i.e.,uyyx Will reach its minimum value in the
for Cu if one takes into account the fact thafiy —vcun~0.25eV.  mjddle of each transition seriéSExactly the same trend is

— found for Vy, by Carlssof® (see also, Ref. 39and as a
number ofd electrons per NX bond, andW is the average result the variation of/y anduvyy in Eq. (21) cancel to a
d-band width which may be expressed as the geometrifarge degree. Hence, relative &gy the variation ofvyy
mean with X may be neglected and the assumption that
— Uxal=Upial IS @ reasonable one for transition metals.

W= yWy;Wyx (18) Carlssof® also found that Al—noble-metal interactions
of the individual bandwidthsWy; andW,. are significantly smaller than Al-transition-metal interac-
To further simplify the model we assume that variation oftions. For instanceVia —Veun=0.5 eV. One also expects
the second pair potential as a function Xfis small com- Fhat Ni-Ni interactions are stronger than Cu-Cu interaction,
pared to that of i and thaty 5% may therefore be approxi- 1-€-» vnini is smaller thanvc,c, and thus from Eq.(21)
mated byv s . This we will justify below. If we finally note ~ Uniai —Ucual Should be at least-0.25 eV. If we use this

that the energy of forming an antisite defect may be writterStimate forveys instead ofveia=vnia the value of
€xia in Fig. 5 is reduced to approximately 0.8 which cor-

responds to type I(Ni) site preference as obtained in the

total energy calculations. Thus the reduction of the Ni site

preference for the noble metals is a consequence of their

(20) reduced interaction with Al relative to that of the transition
metals.

Ean=4(v aial T UNiNi— 2UNial) s (19

we find the approximate expression

enia =4V nix—Unini)/ Eantt 1

for the transfer energy. The antisite energy insMiis ap-
proximately 2 eV as seen in Fig. 3, and the variation of the
site substitution behavior in NAI is now entirely governed
by the electronic properties in the form dfband width and The results presented in the previous section lead to a
d-occupation number of the added species. unified picture of site substitution behavior of ternary addi-
The approximate transfer energy; ., has been calcu- tions. The picture is, however, only valid @ K and in the
lated across the three transition metal series from thelilute limit and may not hold under different conditions. In
d-band widths and occupation numbers for the pure elementsict, we will now show that depending on composition and
given by Anderseret al?’ and the results are presented in temperature one may find site substitution behavior which is
Fig. 5. If we compare these approximate values with those iseemingly in contradiction to the classification given in Fig.
Fig. 4 we find the same trend and even quantitative agreet. In particular, we will show that elements belonging to type
ment except for the noble metals. This means that the sittmay be found on the Ni sublattice at equilibrium, i.e., ex-
preference for transition metals almost exclusively is deterhibit type Il substitution behavior, and that elements belong-
mined by the Ni—transition-metal interactions which in turning to type Ill may behave like elements of type | or II.
depend on the averagkeband width and occupation number.  The site substitution behavior of ternary additions to
This immediately explains the increasing Al site preferenceNizAl is conventually discussed in terms of the fractionof
for transition metals as one moves from the end to the beatoms on the Al sublattice as defined in Sec. II

C. Composition effects



864

A. V. RUBAN AND H. L. SKRIVER

TABLE I. The ideal value of the fractiofi of X atoms in the Al sites in different alloy systems.

Al deficient Equideficient Ni deficient
Site preference cn=0.75 cnifca=3 cyn=0.25
I: Strong Al f=1 f=1 f=1
I1l: Weak Ni or Al f=1 f=0.25 f=0
II: Strong Ni f=0 f=0 f=0
cy(Al) considered as a qualitative estimate of the effects of compo-
f (22)  sition and temperature on site substitution behavior.

= Cx(AD +3cy(Ni)’

As a first example we show in Fig. 6 the calculated frac-
from which we immediately deduce a number of simpletion f for two elements, Cr and Re, which according to Fig.
rules. First, in the completely random state where all concerd are type | elements, i.e., they exhibit strong Al site prefer-
trations are equal = f,,,;=0.25. Second, if alX atoms are ence. If we now apply the simple rules of Table | to these
on the Al sitesf=1 and if all X atom are on the Ni sites alloys for three compositions, i.e., Al deficient, equideficient,
f=0 which are therefore the two values one expects to findind Ni deficient, we find that the fraction ¥fin the Al sites

at 0 K independent of the alloy composition when the addi-in all cases should be equal to 1 which is most certainly not
tion X exhibits either strong Al or Ni site preference. On the obeyed by the results in Fig. 6. In fact, only the Al-deficient
other hand, if theX element exhibits type Il substitution alloys exhibit the ideal behavior. Moreovet, @K the frac-
behaviorf may take on any value at 0 K, depending on alloytion of Cr atoms in the Al sites for the equideficient and
composition, and in particular on the;/c, ratio (8). For  Ni-deficient alloys is quite close to the value 0.25, which
instance, in the cases of equideficient compositionsorresponds to an equal distribution of Cr atoms between the
(cnifca=3; see Sec. )lwhere theX element exhibits very sublattices. If such a fraction had been found in an experi-
weak site preference, i_d‘i)’\jiﬂAlmo_s,f should be equal to ment for. an equideficient alloy Cr would according to Tablg
0.25, while in Ni-deficient €5=0.25) or Al-deficient | immediately have been classified as a type Il element in
(cni=0.75) alloys allX should go either to the Ni or the Al
sublattices, i.e.f=0 or 1, respectively.

The expected correspondence between alloy composition
and the fractiorf at 0 K issummarized in Table I. It is this
correspondence which is conventionally used to deduce site
preference of a particular addition X once thds known
experimentally. Unfortunately, the idealized picture of site
substitution behaviorteD K which is the basis of the table

1.00
0.75
0.50

0.25

does not hold in all cases if the concentration of the ternary
addition increases from the dilute value as we shall now
show. o 0.00
To discuss temperature and composition effects we mini- 2 6 12 c (at %)
. ) = . (at.
mize the free ordering energy = 0O ©—@ Ni-deficient
X X c B0 E—A equideficient
Ford 7ni» ma1) = Egrd i 1a) — TS, (23 > GO —@ Akdeficient
with respect to the LRO parameters. This leads to the 2 100
Gorsky-Bragg-Williams equations 2
Q
@ 075
X 1 X L
Fe_a(7a,78)= — 77 9F 45 d Ina=0,
éaéB 0.50
X . X 0.25
FA—»B( nA!nB):__aFord/&nBzoa (24) o
fAf B Ni-site preference
for the equilibrium LRO parameters which @ K reduce to 0.00 5 300 1000 1500 2000

Eqg. (9). To evaluate Eq(23) the entropy term is calculated
in the single-site mean-field approximation

Temperature (K)

FIG. 6. Cr and Re occupation fraction of Al sites in the Ni-
deficient, equideficient, and Al-deficient Mil. Full lines with
filled circles, squares and diamonds correspond to the ternary alloys
with cx=12 at. %:NjAl5X15, NiggAloX1p, and NizsAlsXqs,
and the ordering ener@érd( 7ni» 7a1) IS obtained from EQ.  and dotted lines with open circles, squares and diamonds corre-
(14) where we assume that the coefficiehtsare indepen- spond to the ternary alloys with 6 at.% oK element:
dent of the alloy composition. Hence the results should beNigAl,Xg, NizgsAlazeXe, and NizsAl X

S= _kB% E.Ci(a)in[ci(a)] (25)
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f=0.275, which is indeed very close to the poifit
(0.89,0.89 where the equilibrium point of a type Ill element
is supposed to be. In the case of Re ingddil,,Re;, the
equilibrium pointE is (0.89,0.679, i.e., practically in the
middle of the segmentD and heref =0.56.

The necessary condition for an element of type | to be
only in Al sites @ 0 K may be formulated if we assume that
the most extreme position of the point will be on the
nni axis corresponding top, =0 and that at this point
EXi .n must be negativé: Hence, in terms of the coeffi-
cients of the expansion of the ordering eneftj¥) we have
Unia-x=0 or alternatively in terms of the effective pair in-

teractions(A4)
Vix T Vaix— Vnia<0. 27
o 0 In the present calculations the condition is satisfied for the
0 02 04 06 08 1 0 02 04 06 08 1 type | elements Sc, Ti, V, Y, Zr, Nb, Mo, Lu, Hf, Ta, and W
My Ny but not for Cr, Tc, Re, and Os. So, the latter elements may

substitute for Ni at some ternary alloy compositions even in
the case where the alloy is not Ni deficient. It is also worth
mentioning that the conditiof27) is automatically satisfied
for type | elements if the contours of constant ordering en-
%rgy are ellipses, i.eUpni.xUaLx— Uﬁ,i_A|_X>O. The ordering
energy of the Ni-Al-Ti system shown in Fig. 7 is such an

contradiction to the theoretical classification. One may argu&X@mple. In this case all the coefficientsyix, Ua.x, and
that Cr is in fact very close to a type Ill behavior since Uni-a-x should be negative to satisfy the other necessary
EﬁLA|=—0.Ol6. However, for ReE Re n=—0.474, and condition Eqrg(1,1)=U i+ Ua.x— 2Uiax<0. In fact, it

one still finds a fraction of Re in the Al sites which decreased> €2SY to show that if the contours of constant ordering

with increasing Re concentration in the cases of Ni—deficienEnergy ﬁr% ellllpsets:[r:he rrgnlrr;l:rr? of the or?erlfnt%energy CE‘IP
and equideficient alloys to the extent that at 12 at. % it is € reached only atthe eénds of the segments ot the maximaily

close to 0.5. Again the simple interpretation of an experimen rdered states, i.e., in the pO_IrBS.C, orD. .
would lead to an incorrect classification. Another example of the violation of the simple rules of

: PR : Table | can be found in Fig. 8. Here Ru which is classified as
To eXE lain th_e results in Fig. 6 we rewr!te Fhe transfertype [lI(Al) is seen to substitute for Al in the Al sublattice at
energyEy;_, o With the help of the parametrizatiofl4) of . . : ; :
the ordering ener 0 K in the NigoAlsRuUs and NigzAl ,sRuy5 alloys in spite of
g oy the fact that these are Ni deficient alloys. The origin of this
32 violation is the same as in the two previous cases: The gen-
E>N(i_,A|(77Ni,7;A|)= - §(UA|_X77A|—UNi_A|_X77Ni). (26) eral classification does not work because of the strong de-
pendence of the transfer energy on the values of LRO pa-
In the dilute limit and &0 K the segments of the maximally rameterg26). In Fig. 7 one finds the equilibrium poit for
ordered state in the LRO space become infinitesimal and thuli gzAl 2sR U to be (0.84, 0.89 while pointC is (0.84, 1.0.
one may safely assume thaﬁi_»m has the same value AS in the case of Cr and Re, the contours of constant order-
in all points of the maximally ordered state, i.e., iNg energy are hyperbolas) NixUakx— URialx<0, and
E>|\(1HA|(B)*EﬁHN(C)*EEHN(D)*EQHNUJ)- How- thus_E lies betweerB(C) an_dD._ o _
ever, when the concentration of the ternary addition is suffi- Finally, we mention that it is in principle possible to have
ciently large one must consider the possibility of changingvery sharp site substitution reversal with alloy composition
the relative contributions off .y andUia.x to EX; 5 in &t 0 K for type IIl element if the constant ordering energy
Eq. (26) along the line of maximally ordered states. For in- contours are ellipses. In contrast to the type | and type Il
stance, in the case of MAl,»X, for type | elements one €lements whose equilibrium point should be eitBeor D of
should consider the points on the lifD in Fig. 7. If point ~ the segment of the maximally ordered states independent of
D does not correspond to equilibrium, L€}, x>0 in the alloy composition, the equilibrium point of a type Il

D, the equilibrium order parameters will be somewhere els@leme_nt may at some alloy _co_mposm(_)n Jump from pomt
on the segmer€D and may be found by solving the equa- C, which is the _equmbrlum pointin the dilute limit, to points
tion E>I\<li—>AI=0'4O In this case a number of atoms will be B or D depending on the site preference of the element.
also on the Ni sublattice in the equilibrium state, and the
fraction of X in the Al sites will be less than If &1 in point
D). If the composition dependence of the site occupation is

In Fig. 7 we show that this is exactly the case for Cr andsomewhat unexpected so is the temperature dependence seen
Re in the equideficient NAl-X15 alloys. For Cr the point in Fig. 6, in particular in the case of Cr. In a completely
of equilibrium turns out to be0.89, 0.864, leading to  random alloy the fraction oK, Ni, and Al in the Al sites

FIG. 7. Contour plot of the ordering ener@{frd(nNi,nA,) for
Cr, Re, Ti, and Ru. PoinE on the segments of maximally ordered
states is the equilibrium point of the system for the correspondin
alloy compositiongsee texkt

D. Temperature effects
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L 050 | ,/' ] FIG. 9. Contour plot of the mean-field entropi25 for
Ni;0.5Alo3 5Xg. The dashed line corresponds#Q;= 7, . The dot-
ted line is the trajectory of the Nj Al,3 f6; alloy with the tem-
0.25 perature.
0.00 2 LRO space of ternary systems. This is in contrast to binary

0 59|-Oemp;r°;$ure‘(;€)°° 2000 alloys which only have the possibility to move along the line
na=7g, Fig. 1, creating or annihilating exchange antisite
defects. In the case of ternary alloys, on the other hand, new
types of defects may be created allowing the system the pos-
Ni s2Al,eX 15, dotted lines for NigAl,eXs, and dot-dashed lines for §|b|l|ty to move in any dlre.ct|on in LR_O space. Seen in this
Ni Al X light the phenomenon of site occupation reversal may not be
S0 unexpected since it simply corresponds to the crossing of

should be equal to 0.25, i.e., as one approaches the orddfe line 7,= g in the LRO space by the equilibrium point.
disorder transition temperature all the curves in the figure 10 &Tive at a necessary condition for a system to undergo
should converge towards this value. In other words, taking!t€ Substitution reversal with temperature let us consider the
into account the fact that the entropy contribution to the freeeNergetics of site distribution of a Ni-deficient alloy with a
energy increases with temperature and gives rise to an ipmall amount of Ru. Now, Ru is classified as a typéAl)

creasing randomness in the system, one may expect that theetal Wh,ich means tha; it prefers Al sites bqt cannot move
fraction of the elements on the Al sublattice will changefrom a Ni site to an Al site at the cost of forming an antisite

monotonically from its value tad K to 0.25 at the order- defect. In the Ni deficient alloyt® K all the Ru atoms must

disorder transition temperature. In fact, exactly the oppositéherefore reside on the Ni sublattices, i.e., the atomic fraction

dependence is found for Cr, where for Ni-deficient and®f RU in Al sites should be zersee Fig. 8 In this case the
equideficient compositions the fraction of Cr in the Al sites” Sublattice is “pure.” When the temperature increases the

increases with temperature. It is easy to see thayff entropy term makes the existence of such a "pure” sublat-
had been slightly positive rather than slightly negative thetICe energetically gnfavora_\ble. Thus both Ni a}nd Ru atoms
fraction of Cr atoms in the Al sites would be 0 at low tem- May go from the Ni sublattices to the Al sublattice and create
perature for the same Ni-deficient alloys and that one ma)§ul_3rsht|tut|onal de;‘ects._ Ni f he Ni sublati
therefore observe a site occupation reversal with increasing eXPer%/ (t)t' mo_vmt(ﬁ a Ni atom fr?m the Ni su art]tlces
temperature. In Fig. 8 we show further examples of this ef-~ ? su aN|ice IS Xs energy o ormmg an exchange
fect for Mn and Ru. antisite defectEy; 5 =Ez,~ 2.0 eV while the energy of

The possibility of a reversal of the site preference with™oving a Ru iSENIL o which is only 0.25 eV; see Fig. 3. In
temperature was first discussed by \&tual X in their model the limit T—0 the concentration of both defects is propor-
calculations of site occupation by means of the cluster variational to exp(-Ey; _,/2kT) and at temperatures well below
tion method(CVM). The results of this study appear to have the order-disorder transition temperature it is therefore pref-
been overlooked, possibly because the authors concludeédentially Ru atoms which move from the Ni to the Al sub-
that “the change in site occupation with temperature is genlattice. The question is how far this transfer of Ru atoms
erally small.” Here, we shall show that such a change mayrom the Ni to the Al sublattice will go at a given tempera-
indeed be quite pronounced and we shall give a physicalljure before equilibrium is reached. To answer this one must
simple picture of the phenomenon. consider the compensating process of transferring Ru atoms

Before we proceed, we would like to emphasize that agrom the Al to the Ni sublattice.
both the ordering energy and the entropy are nonlinear func- _The energy of moving a Ru from the Ni sites to Al sites
tions of the order parameters, see Fig. 7 and Fig. 9, one ma@ELNF EX—ERY ,=1.75 eV which is much higher than
expect temperature to lead to a very complex behavior in th&R" . 5, but still less than the energy of forming the exchange

FIG. 8. Mn(upper pangland Ru(lower panel occupation frac-
tion of Al sites in Ni-deficient alloys. Full lines are the result for
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erence, i.e., type I(Ni), also exhibits site substitution rever-

1'00? ' o X =' Fo T sgl fo_r Ni deficient alloys but not for Al-deficient in apparent
075 - e, (ferrom.) °] violation of Eq.(28).

- l To explain the origin of this kind of site substitution re-
0.50 1 versal we note thatExX o/Ej  ,=const along the line

na= ng in the LRO space if the ordering energy has the
quadratic form(14). This means that in the dilute limit of
preference where the system must be in the infinitesimal vicinity of this
) > . line, the ordering energy plays no role in the site reversal
1006 A ' ' found for Fe. Therefore, the site substitution reversal of fer-
' X=Fe romagnetic as well as paramagnetic Fe in Ni deficient alloys
must be a purely entropic effect.

At first sight this conclusion seems to be inconsistent with
the statistical nature of the entropy which is responsible only
for braking the order in the system. Nevertheless, it can eas-
ily be shown that the entropy does in fact increase the Al site
preference for all ternary additions to Mil including Fe.

Let us consider a dilute alloy of ferromagnetic Fe in equide-
. X=Co i ficient NizAl. At O K all the Fe atoms are distributed equally
“'® 0.01 6. c,(at. %) { between sublattices, i.e., the system is in p@ntxactly on

Fraction of X atoms in Al sites

L T8 OO Aadtoent the line ;= 77, (f=0.25). When we increase the tempera-
0—8a 8- equideficient . . . R
g PO & Nideficient ture the system will move along the direction of the gradient
- field of the free ordering energy in LRO space, i.e., in the
direction given by— VF 4= —VE,4+TVS.
The gradient of the ordering enerd¥4) is

= WU
% = S -
(N i = T e

Temperature (K) —VEo=éaéa(Er_pat Ep_a78). (29)

FIG. 10. Site occupation of ferromagnetic Fepper pane|  Which for ferromagnetic Fe WherEElie—AI:EileaNi points
paramagnetic Fémiddle panel, and Co(lower panel in the Ni-  along(1,1) in the direction of larger LRO parameters. Thus,
deficient, equideficient, and Al-deficient Mil. T. is the order- the ordering energy cannot lead to deviations from the line
disorder transition temperature. nni= ma and thereby transfer Fe atoms from one sublattice

to the other.
antisite defect. Therefore, the thermally most activated pro- The gradient of the entropy may be given by
cess in the system will always be the transfer of Ru atoms _
from the Ni to the Al sublattice, and thus at some tempera- VS= —k ( 1-cx+(m/k)7y .
= —kgéalp| IN———F———

ture below the order-disorder transition temperature the Ru l-cy— 7 K

atoms will be equally distributed among the sublattices. At —

this point the fractiorf of Ru atoms in the Al sites is 0.25. If + |n1_c><+_(k/m) Y ;75) (30)
we increase the temperature further more Ru atoms will l-cx—7n ’

transfer to the Al sublattice thereby increasingrhis effect
will be seen as a site substitution reversal. Hence the nece
sary condition for anX element to exhibit a temperature
driven site substitution reversal in ai-deficient ordered
AB(X) alloy may be written as

where we have used the single site mean field approximation
?25) for an equideficient ternam, B, alloy with equal dis-
tribution of X atoms between sublattices, i.5= 7g= 7. In

the case of NjAl this may be written

ver 3 (e By, 163 )
=—kg—=| In——= i+In——= .
= B16\" 1—cx—n N 1—c—gy A

S Exne (28)

(31

It follows from Eq. (30) that in an equiatomic, ordered alloy

It may seem that Eq28) will be correct only in the case where the number o andB sublattices are the same, i.e.,
of equiatomic binary ordered alloys where the numbeAof k=m, the entropy gradient field on the ling,= »g points
sublattices is equal to the number Bfsublattices. For in- along (1,1) and therefore cannot make the system move
stance, it follows from Eq.(28) that if Ex g=Ex .  away from this line. For NjAl, however, Eq.(31) shows
=1/2EY, i.e., elementX does not exhibit any site prefer- that due to the fact that#m the 7, component of the
ence, then there will be no site substitution reversal withgradient is larger than thgy; component. Since the entropy
temperature. According to Fig. 4 ferromagnetic Fe has essegradient points in the direction of lower LRO parameters,
tially no site preference. However, as one may see in Fig. 10e., opposite to the gradient of the ordering energy, one finds
there is a site substitution reversal for Ni deficient alloysthat with increasing temperature the system will move away
which looks like weak Al site preference for ferromagnetic from zy;= 54 into the regionny;> 7, thereby increasing
Fe. Moreover, paramagnetic Fe, which has weak Ni site prefthe number of Fe atoms in the Al sites ahd
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An asymmetrical form of the entropy is seen in Fig. 9 Finally, we would like to point out that the smaller the
where the isoentropic lobes are aligned alapg= 7, but  concentration of the ternary addition the more pronounced
slightly shifted towards greater values @f;. Hence, if a the site substitution reversal will be, and that in the dilute
ternary addition to NjAl does not have any site preference, limit of the ternary addition the transition may be very sharp.
the system will with increasing temperature move away theSuch is the case for Co in the Al deficient alloy,
line 7y;= 7, into the regionzny> 7, . The effect is dem- Ni 75Al 2496 01, _shown in Fig. 10 yvhere the fraction of Co
onstrated in the figure by the trajectory of equideficient2{oms in the Al sites drops to practically zero at 1200 K. The
Ni 5Al with 6 at. % of ferromagnetic Fe. %0 K the system is subsequent increase in the fractlon with temperature is again
on the line 7y =7, but with increasing temperature it a consequence of t_he increasing entropy-lndqced Al site pref-
starts to move to the greater valuesgf. At 3700 K the erence. However, in contrast to paramagnetic Fe the second

difference betweemn.. and reaches the value of 0.036 site occupation reversal transition does not occur in this case

and remains almoZN(I:onstamup to the temperature 01; ordezince the preference of Co atoms for the Ni sites is much
) " ) " “Stronger than that of paramagnetic Fe.

disorder transition, 4600 K. Therefore, the fraction of Fe in g P g

the Al sites in this alloy is practically constatgee Sec. )

between 3700 and 4600 K. This effect is clearly seen in Fig. E. Cu and Pd in Al-deficient alloys

10 and it becomes much more pronounced in the dilute limit,

gggr?’ngi ig:ffaﬂt?: éh:el;ra;:ttlgnng)LCFﬁ E)t\(/)vr:rs :2$gzgt3:fsplete control over composition and temperature effects it

) P ’.may not be particularly meaningful to compare theory and
2000 K a”?' .not only for the equideficient but also for the NIexperiment as far as site occupation of ternary additions to
and Al deficient a”OYS- ) NizAl is concerned. In fact by doing so one may reach in-

Such an entropy induced site preference may lead to Unsqrrect conclusions. For instance, it is generally believed that
usual, nonmonotonic S|t§ ogcupatlon behav!or Wlth temperafernary phase diagrams, see, e.g., Refs. 12 and 18 which
ture an example of which is clearly seen in Fig. 10 for agiscuss most of the experimental work, lead to reliable infor-
dilute solution €x=0.01 at. % of the paramagnetic Fe in mation concerning site preferences in spite of the model cal-
the equideficient alloy. At approximately 1000 K the fraction culations by Wet al1* which demonstrate that at finite tem-
of Fe atoms in the Al sites drops slightly, i.é.,.becomes peratures the site preference of the ternary addition may in
smaller than 0.25, and then at 1500 K the fraction of Fe in Algenerally not be related to the direction of the solubility lobe
site begins to increase, so that at 2300 I§ already greater of the ordering phase. In the next section we shall show that
than 0.25. The reason for such a double site substitutiothis result of Wuet al#in fact holds also at 0 K. Further, as
reversal is the following. At low temperatures the orderingone may realize from the previous section the site substitu-
energy contribution to the ordering free energy is dominatingion behavior may be very sensitive to changes in both com-
the system, i.e., the movement of the system in LRO space gosition and temperature. It is therefore practically impos-
basically determined bWE.4, Eq. (29). Therefore, para- sible to analyze the experimental work on many component
magnetic Fe having a weak Ni site preference moves fronalloys; see, e.g., Ref. 43, in terms of the site occupation
the Al to Ni sublattices. With increasing temperature, how-behavior of the added species. Finally, it is also practically
ever, the contribution of the entropy to the free orderingimpossible for us to discuss experimental results which con-
energy increases relative to that of the ordering energytradict each othet!*'*We may however, discuss two recent
Therefore, at some temperature the movement of the systeaxperimental investigatioP$ the results of which are ac-
will be determined byVS and the transfer of Fe atoms cepted as conclusive evidence for the classification of Cu and
changes direction, i.e., they start to move from the Ni to AIPd are type Il elements.
sublattice. If the order-disorder transition temperature is suf- The simplest way to distinguish whether ahelement
ficiently high the system again undergoes a site substitutiorxhibits type Il or type II{Ni) substitution behavior is to find
reversal transition, exhibiting Al site preference. its fraction in the Al sitegor Ni siteg of Al deficient alloys,

It is worth mentioning that such a nonmonotonic siteas one can see from Table . If all teatoms are on the Ni
occupancy is in fact connected with an asymmetrical form ofsublattices, i.e., the fraction of atoms in the Al sites is zero,
the entropy, but not with the number of alloy componentsthenX is a type Il element. Experiments of this kind have
This means that it may also be observed in the case of conbeen performed by Chibet al® for Pd by means of the atom
plex binary ordered alloys if the number Af andB-type of  location by channeling microanalysiSLCHEMI) technique
sublattices is greater than two and the number of diffefent and for Cu by Honeet al.” by means of atom probe field ion
or B sublattices is also different. For instance, the temperamicroscopy(APFIM). In both experiments the ternary alloy
ture driven site substitution reversal in the binary FeeCr composition was NisAl,3X, and in both experiments it was
phase recently found by Sluitest al#? is most probably found that Cu and Pd occupy almost exclusively the Ni su-
caused by the entropy induced site preference rather than Ipfattice. However, even though the measurements were per-
“the competition between single site interactions and multi-formed at low temperatures, e.g., for Cu at 30 K, the samples
site interactions.” In fact the results in their Fig. 4 for the were in fact annealed at approximately 1300 K,
“ C site” are qualitatively very similar to the results for para- Ni;sAl,sCu, for 24 hours and NisAl,sPd, for 5 days, and
magnetic Fe in equideficient alloys discussed above in théhe latter was quenched in “iced water.” Since the diffusion
sense that first the fraction of Fe atoms in Desites drops  at ambient temperatures is very low it is reasonable to expect
slightly and then it increases monotonically above its initialthat what has in fact been measured in both these experi-
value at 0 K. ments is the fraction of Cu and Pd in the Al sites at about

At this point it should be clear that unless one has com-
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FIG. 11. Site occupation reversal in MA,.Cu, and Cuand Pd, rather they show only the existence of an at least

Ni-sAl sPd,. Mean-field resultgdotted curvesare obtained as in  Weak Ni site preference.
Fig. 10 without any fit of interatomic interactions to the order-

disorder transition temperature. VI. ENTHALPY OF FORMATION AND PHASE

. EQUILIBRIUM BETWEEN "- AND y-NizAl AT 0 K
1000-1300 K. Conclusions as to the low temperature behav- Q Y v s

ior of Cu and Pd in N}Al must therefore include consider- As has been mentioned above, starting from the work of
ations of site occupation reversal. Guard and Westbrodkand up to the present tinté the site

To determine the fraction of Cu and Pd at these temperasubstitution behavior of most ternary additions to,Ai has
tures we performed calculations of the fraction of these elebeen deduced from the direction of the solubility lobe of the
ments in the Al sites by means of the cluster variationy’ phase in the ternary phase diagrahdhat is, if the
method* (CVM) for the entropy, rather than single-site solubility lobe of they’ phase extends in the direction of
mean-field theory, under the assumption that there are onlyonstant Ni concentration, i.e., in the “Al direction,” see
nearest-neighbor pairwise interactions in the system. The&ig. 12, the ternary addition should have strong Al site pref-
values of these interactions have been obtained from coefference. The elements among the transition metals for which
cientsU 5..x ,» Uni.x, andU ;.a.x Using their connection with  this is the case are Ti, Hf, V, Nb, Ta, and Mo which corre-
corresponding EPI. To reproduce the experimentally detersponds completely to the theoretical classification in Fig. 4.
mined order-disorder transition temperature in binarySimilarly, if the solubility lobe extends in the direction of
NizAl, ~ 1800 K we renormalize the interaction param- constant Al concentration, i.e., in the “Ni direction,” the
eters by a factor of 0.75. The reason why the order-disordecorresponding alloying element should exhibit strong Ni-site
transition temperature is usually overestimated in firstpreference. The elements for which this is the case is Co, Cu,
principle calculations is not clear, but as pointed out byand Pd and Co; see, e.g., Refs. 1, 2, 12, and 47, and these
Carlsson and SancH¥zart of the discrepancy is caused by element are therefore classified experimentally as type Il el-
an overestimate of the enthalpy of formation of;Wi in the ~ ements in contradiction to the classification in Fig. 4. Finally,
LDA. if direction of the solubility lobe is intermediate between the

In Fig. 11 we show the calculated fraction of Cu and Pd intwo, a type Il site substitution behavior is deduced. This is
the Al sites with the entropy obtained by the CVM. As ex- the case for Cr and Fe.
pected from the fact that both Cu and Pd are classified as To investigate the relationship between the site preference
type HlI(Ni) metals, they exhibit site substitution reversal atof a ternary addition and the direction of the solubility lobe
elevated temperatures similar to the case of Co shown in Figiu et al* calculated the phase boundaries betweemthe
10. Further, the reversal temperature is sufficiently low,andy phasegNi-based fcc solid solutignin the tetrahedron
~400 K for Cu and~600 K for Pd, that at 1300 K the approximation of the CVM method for some model pair in-
fraction of Cu in the Al sites of NjsAl,sCw, is 0.07 in ex-  teractions. They found that such a connection does in fact
cellent agreement with the experimental value of 0.06exist if the strength of the pair interaction of a ternary addi-
(+0.01;—0.06) Similarly, at 1300 K the fraction of Pd in tion with one of the alloy components is much stronger than
the Al sites of NizAl,5Pd, is calculated to be 0.10 while the interaction with other, i.e., if the ternary addition exhibits
three measured values range fren®.17 to 0.03 with statis- strong site preference for one of the sublattices. At the same
tical error of aboutt 0.2° Thus, none of these experiments time, they demonstrated that the direction of the solubility
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FIG. 13. Enthalpy of formation of binary’ and y phases at 0 — X
K as a function of the Ni concentration. The thin line is the common
tangent determining the equilibrium’ and y compositions in the X=Ni X=Al
two-phase Ni-rich alloys at 0 Kshown by arrows The dashed-
dotted line shows the value of the enthalpy of formation of com- Al Al
pletely ordered NjAl. Z\
_ _ o _ Ni;al /N A\ Ni; Al Ni; Al
lobe may change with temperature if the pair interactions Nl B
between a ternary addition and either alloy component are A_.»"'\ljcx_con“
similar, i.e., for ternary addition exhibiting weak site prefer- ) S ) ,
ence. As a result, they concluded that the site preference of Ni Ni Al Ni, Al Ni
ternary additions may in general not be related to the direc-
tion of the solubility lobe at finite temperatures. FIG. 14. Schematic presentation of the surfaces of the enthalpies

It is the purpose of the present Section to demonstrate thaff formation of they’ phase in the coordinates of the triangle of
this important result obtained by Wet al* holds also at 0  ternary alloy compositions foX = Ni and Al. Bold lines corre-
K. To do so we consider the phase boundaries betwgen spond to the section of these surfaces by the plaesO and
and y Ni-Al and assume that it is the equilibrium between cx= const. The point& andA indicate the position of the fold on
these two phases which is mainly responsible for the directhe linecx= const. The corresponding phase diagramn® & for
tion of the solubility lobe ofy’. We start by investigating the Ni-Al-Ni and Ni-Al-Al systems are shown in the lower part of the

binary system and show in Fig. 13 the calculated enthalpy ofigure. Bold lines corresponds to Ml and pure Ni. Thin lines in
formation of ¥’ Ni-Al. It is seen that the enthalpy is a the Ni-Al-Al phase diagram show tie-lines which in this particular

smooth and almost linear function of the concentration exSas€ aré generated only by one common-tangent plane. For the

cept at the stoichiometric composition where there is a dis™-A"Ni system any line connecting points of the I and Ni
continuous change in slope. This discontinuity in slope isohafes IS the. t",a,'“ne' The region be.tween the. N'.'d'r.eCt'on. and
connected with the change of the type of partial antisite delEhe AI-dlre.ctllon constitutes the region of quasistoichiometric al-
. . . . - oy compositions.
fects in the alloy, i.e., in the case of a Ni-deficient alloy,
¢\ <75 at. %, there are only Al partial antisite defects on the
Ni sublattices, while in the case of Al deficiency there are What is a simple task in a binary system becomes quite
only Ni partial antisite defects on the Al sublattitthe dif-  time consuming in ternary systems, especially if one wants
ference in both slopes is equal to the energy of the exchange consider all 27 ternary additions included in the present
antisite defect at stoichiometric compositioTherefore the work. The reason is that in this case it is necessary to deter-
common tangent which connects the free energy, or here atidine the points of contact of common tangent planes, where
K the enthalpy of formation, of the/’ and y phases will each plane determines only one point of the phase boundary
touch at 75 and 100 at. %, respectively. In other words, anyor each phase, to the free energy surfaces of the two phases
alloy between 75 and 100 at. % Ni will be phase separatedbtained in some region of the ternary phase diagram. For-
into pure Ni and completely ordered Ml at O K in the tunately, it turns out that for most ternary additions the
absence of any other stable ordered phases in this concenttasundary of they’ phase may easily be estimated because
tion range. With increasing temperature exchange antisitthe characteristic concentration dependence of the enthalpy
defects will appear and the free energy will no longer beof formation of they’ phase is carried over from the binary
discontinuous. As a result, the phase boundary between thsystem. To clarify our point one may consult Fig. 14 where
y' and they phases moves slightly towards greater Ni con-Ni and Al themselves are taken to be the added eleideht
centrations although the effect is quite small even 1273 K athat case the results presented in Fig. 13 may be considered a
may be seen in Fig. 4 of Ref. 46. section of the surface of the enthalpy of formation along the
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FIG. 16. Enthalpies of formation of ternary partially ordered
Nigg: xAlos_4Xg alloys as functions ok. Open circles are the re-
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. FIG. 15. Enthalpies of_formati_on of terna_ry partially ord_ered Finally, one may see in the figure that the discontinuous
E'XA%!F"‘*X);GZHO? ?]s funct:rt_]lon Oft'.\“ conﬁﬂtrat'ciﬂ flw = ?;J NI, ion S1OP€ is absent for Fe and in this case jtfephase boundary
€, 11, and Al which are fhe sections of the enthalpy ot 1ormalion , ., tharefore be extremely sensitive to a number of factors.

e p : o ¥ re ne .
S.urfaces a'.o.ng the line, =6 at. %. The region of quas'sm'?h'(.)met Hence, it is hardly surprising that the experimental data con-
ric compositions are shown by dashed lines. The arrows indicate theernin the direction of the’ lubility lobe in Ni-Al-F
position of the fold of the surface of the enthalpy of formation. All ¢ g the dire of the” solubility lobe €

; ; /48
the results are obtained for paramagnatic ternary _system are 'nCO_nS'Stérﬁ'_ )
The importance of this result is the fact that while such a

line T==0 which is the same for alk. If we now move behavior of the enthalpy of formation is quite expected for
X—= T ) _ } Ti, it cannot be predicted for Cu solely from the knowledge
along a linecy=const-0 as shown schematically in the {hat Cu exhibits only weak Ni site preference in the,Ali
upper part of Fig. 14 we find sections of the surfaces of thgjence, there exists no unambiguous connection between the
y' enthalpies forX = Al and Ni which are simply rigid  gjrection of the solubility lobe and the site substitution be-
shifts of the binaryy” enthalpy along the Ni direction when hayior and therefore the alignment of the solubility lobe
X = Niand along the Al direction wheK = Al. As aresult  5iong either the “Ni direction” or the “Al direction” cannot
the enthalpy surface will have a fold along the Ni directionpe considered as proof of a strong Ni or Al site preference.
former case and a fold along the Al direction in the latter |, Fig. 16 we show the quasibinary sectiang=6 at. %
case and the corresponding phase diagrams will 100k &gt the enthalpy of formation surfaces for all transition and
shown in the lower part of Fig. 14. _noble metals including Ni and Al. One observes that the
It follows, that if the surface of the enthalpy of formation gections for Cu, Ag, Au, Pd, Pt, and Co are very similar to
has a fold along a linex= const this may indicate a pos- that of Ni (solid circleg while the sections for V, Nb, Ta, Ti,
sible direction of the solubility lobe ofy’ in the ternary Zr, Hf, Sc, Y, and Lu are very similar to that of Abolid
phase diagram of Ni-AK. This appears to be the case for yjangleg. Hence one may expect the solubility lobe of the
most transition metals. In Fig. 15 we show such quaS|b|naryyf phase for the elements Cu, Ag, Au, Pd, Pt, and Co to be
sections for Cu, Fe, and Ti, fay= 6 at. % together with the aligned along the “Ni direction” and that of V, Nb, Ta, Ti,
analogue section whed¢ = Ni or Al. As seen in the figure Zr, Hf, Sc, Y, and Lu to be aligned along the “Al direction.”

there is hardly any difference between Cu and Ni and beThese conclusions are in complete agreement with existing
tween Al and Ti. Furthermore, the discontinuity in slope ré-phase diagranf¥.

mains both for Cu and Al corresponding to the poiNtaind

A in Fig. 14, respectively. As a result the surface of e
enthalpy for these two elements is folded and the fold for Cu
is aligned in the “Ni direction” and for Ti in the “Al direc- We present and discuss a technique based on first-
tion.” This result explains why the solubility lobes of in  principles calculations of the total energy of ternary partially
ternary phase diagrams extends in the “Ni direction” in the ordered alloys which may be used to calculate site substitu-
case of Cu and in the “Al direction” in the case of Ti. tion behavior of ternary additions to binary ordered alloys

VIl. SUMMARY
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with two types of sublattices as well as in general investiga- APPENDIX: ORDERING ENERGY
tions of the alloying behavior of many-component partially IN THE CONCENTRATION WAVE METHOD

ordered alloys. Here, the technique is used to study the site Here we define the ordering energy within the concentra-

preference of transition and noble metals insMi Our re- 45 \wave methot and give a general expression for the
sults show that in contrast to previous interpretations Ofygering energy in terms of pairwise interactions. The start-
available e_xpenmental data none of the _transmon or noblemg point is the Hamiltonian for &-component alloy
metals exhibits strong preference for Ni sites although a few
exhibit weak Ni preference. We do, however, find that the 1 ¢
metals Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Tc, Lu, Hf, Ta, W, Re, H=52 X vi(RR)C(RGR),  (A]
and Os exhibit strong Al site preference in the dilute limit of ReR’ =1
the ternary addition to quasistoichiometti¢ Ni Al at 0 K.  wherev;;(R,R") is the interatomic pair potential between
We show that the observed simple trends in the site suband j atoms being in position® and R’, and ¢;(R) the
stitution behavior of the transition metals, i.e., the decreas@ccupation number which is 1 if sit@ is occupied by an
of Al site preference with increasing atomic number across &tom and 0 otherwise.
row of the Periodic Table and the increase of Al site prefer- It is more convenient to write the configuration dependent
ence with atomic number down a column of the Periodicpart of the Hamiltonian in terms of concentration fluctuations
Table, are driven by the Ni-transition-metal interactionsdCi(R) =c;—c;i(R) at siteR:
governed by the electronic properties of the added species in =
the form ofd-occupation number andtband width. Further, _t , ,
the weakening of the Ni site preference observed in the noble Heonf= 2”.2:l r%' Viit(R,R") 8¢ (R) 6¢;(R")
metals is shown to be a consequence of the reduced Al- '
noble-metal interactions relative to the Al—transition-metal
interactions.
We emphasize that the theoretical classification of site
occupation behavior presented in Fig. 4 is only strictly validHereV;, are generalized effective pair interactiofi&Pl)
in the dilute limit and &80 K and we point to composition
and temperature effects which must be considered before a Vijt=vijtog—vit—vjt, (A3)
consistent interpretation of experimental results can be ob-
tained. In particular, we show that an alloying element which®
according to the classification exhibits strong Al site prefer-
ence may occupy Ni sites even in the case of quasistoichio-
metric ternary alloys. This may be the case for Cr, Tc, Re,
and Os. Further, we show that elements which according to
the c!assification exhibit only weak AI_or_Ni site preference Determining the concentration wave of aBnomponent as
may in N| or Al def|C|ent alloys exhibit site occupation re- the Fourier transformation afc; (R)
versal with increasing temperature whereby they appear to
have strong Al or Ni site preference. We find that the tem- , _
perature where the reversal transition sets in may be quite C'q=2 5ci(R)€'IR, (AB)
close b 0 K and that the lower the concentration of the R
added species the sharper the reversal transition. In additioone may write the configuration energy of an alloy as
we demonstrate that even if a ternary addition does not ex-
hibit any site preference at 0 K, as in the case of Fe, site 1 _—
4 . . . — J
occupation reversal may still be observed irgAlidue to the Econ= ijzl [ WfBqu Vijt(Q)CqCyq
asymmetrical form of the entropy. Reversal of site occupa- '
tion may occur for Mn, Fe, Co, Cu, Ru, Rh, Pd, Ag, Ir, Pt, -
and Au. _(5ijci_cicj)vijt(R:O)}a (A7)
Finally, on the basis of the calculated enthalpies of for-
mation of ternary and binary’ we have estimated the di- whereV;;;(q) is the Fourier component of the generalized
rection of the solubility lobe ofy’ in the ternary phase dia- EPI, ) the volume of unit cell, an¥;;;(R=0)=V;;;(R,R)
grams. We show that although Cu, Pd, and Co exhibit onlyis defined as
weak Ni site preference the solubility lobe of thé phase
should be oriented in the “Ni direction” as is in fact ob-
served experimentally.

- ; 8¢i(R) 8¢(R)\Vjjt(R,R) } . (A2)

onnected with ordinary EIif’n by the relations

Vij=Vii; =Viji; (Ad)

Vij=3[Vji+Vie— Vi 1. (A5)

t—1

QO
Vijt(RZO)ZWJBqu Vije(a). (A8)

In general the amplitudes of the concentration waves obey
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cyctl=8ci—cici+ > [Ci(RIG(R)—Cici(R) cyChl=djci—cici + v2n, nij [S(k; —a)S* (K —a)—1],
R#R’ s
. (A14)
—<;ci(R) +cic;]eldR-R, (A10)

where S(kjs— q) is the structure factoElRexp[i(kjs—q)R].

In the case of completely random alloys the last term inNoting that the normalizing factoy should provide the fol-
Eq. (A10) is equal to 0, and so lowing values ofe(R) in the A andB sites in the completely
ordered state:

Ciq(:a<j = 5”3_ CiCj , (All)

m k
i.e., the amplitude of concentration waves does not depend «(R=A)= =i €(R=B)= k+m=§A’

on g and the completely random alloy may be considered a (A15)
superposition of concentration waves with all wave vectorg;e finds thaty=1/(k+m) and the number of the members
constituting a homogeneous background. This leads to thgf the star should be equim, and thus

obvious result, that the configuration energy of a completely

random alloy is equal to zero, i.e., _— _ 1
CquJ:5ijCi_CiCj+77i77j mzjz S(kls_q)
13 ( _
Erand:_ f daV. S5:C:—C:C;
conf 2i,j21{(277)3 _— (@i —cicy) X S* (ki .~ )~ &ads |- (A16)
—(5ija—CiCj)Vijt(R=0)] =0. (A12) The physical meaning of the last term in E#16) is
transparent: The homogeneous background of the concentra-

i . . .. tion waves corresponding to the completely random state is
NOW. we may find the ordering energy in the I’ne"’m'f'mdreduced by the appearance of the new concentration waves

approximation of d-component alloy with two types of non- - ich establish order on the underlaying lattice, and thus Eq.

equivalent sublattice#y,B,,,. In this case one finds that there (A16) satisfies the normalization conditid9). It may be

are some additional concentration waves providing the cor3 55 shown that in the completely ordered state the only re-
responding symmetry of the ordering ph&3eso that the

, >y maining concentration waves are the waves with wave vec-
average value of the concentration at the sites is

torsk; .
1 Inserting Eq.(A16) into Eq. (A7) one finds the ordering
(ci(R)>=E+ nie(R)=c;+ 77”’5; [exp(ik]-SR)Jrc.c_], energy per atom
s t—-1
Al3
| AL B ieate D [Vin(ko —Vi(R=0)]77;,

where sum is taken over members of a star of the special hj=1
point ks corresponding to a given ordered phaseis the (A17)

normalization factor, and; is the long-range order param- which for ternary ordered alloys with definitioti$) has ex-
eter of thei component which we will define here as actly the form of Eq(14)

¢i(A)—ci(B).

Inserting Eq(A13) into Eq.(A10) one finds the following Eord= 5 £aéal Waax(Ks) 72+ Wagx(ks) 73
relationship for the amplitudes of concentration waves in the
case of paetially orderé)d alloy without SRO effects on each ~2Wagx(ks) 7a78], (A18)
individual sublattice: whereW;;; (Ks) = Viji (Ks) — Vij1 (R=0).
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