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The site occupation in the Ni-Nb phase is computed from first principles as a function of temperature and
composition. It is shown that an empirical rule of thumb based on atomic size, as well as a recently formulated
rule based on the approximate point group and the degeneracy of the eledtiikaicstates, can explain the
gross features of the site occupations. However, neither rule explains the distinct behavior of the 12-fold-
coordinated & and 1& sites in theu phase. The strong Ni preference of thdrEate and the mixed occupancy
of the 3a site is explained on the basis of an analysis of ordering tendencies. Predicted site occupations
qualitatively agree with recent Rietveld measurements. A comparison with the compound energy model is
made and the limitations of the latter are discussed.
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[. INTRODUCTION occupancies agree well with available experimental
data"'*~%for the few (o) phases where such a comparison
In recent years, the first-principles theory of alloy phaseis possible, especially when full-potential electronic structure
stability of simple crystal structures and their methods are used and structures are fully optimized during
superstructurés®has much advanced. Recently, the study ofthe computer simulation. Here, we study the Ni-Niphase
complex phases, where several inequivalent sites exist in théee Fig. 1 for which experimental data have recently be-
unit cell, has become a focus of theoretical investigafiolfs come available through Rietveld analysis of x-ray powder
based on the technological importance of such phases artiffractograms®
advances in computational methods.
Much of the field of metallurgy is directly related to com-
plex phases. Either the formation of complex phases is art- ,
fully avoided(e.g., theo phasé’ in high-Cr steels and the The u structure(Pearson_symbol,—l R13; Strukturbericht
phasé’ in Fe, Co, and Ni based superalldya is carefully — notation, D8s; Schanflies, R3m; space group, 166; proto-
controlled so as to produce an optimal dispersion in agdéype, FeWs) is a tetrahedral close-packétp) structure of
hardened alloy$e.g., ALCu in Al-Cu-based alloys Increas- ~ which there are many representativéSuch structures are
ingly, alloy design relies on semiempirical thermodynamicbuilt entirely out of tetrahedral packing unitswhich leads
modeling such as in the well-known calculation of phaseto characteristic Frank-Kasper polyhedra which are labeled
diagram (CALPHAD) approacH® The representation of Z12, Z14, Z15, and Z16, where the numbers refer to the
complex phases in the CALPHAD framework presents specoordination number of the atom centering the polyhedron.
cial difficulties, however, because the presence of severdlhe simplest example of a tcp structure is the A15 structure
inequivalent sites generates a large number of unknown thewhich has eight atoms per unit cell. Two of these are sur-
modynamic parameteiswhich cannot be determined by fit- rounded by Z12 polyhedra, which are icosahedra, and the
ting to measured thermodynamic data without knowledge ofemaining six by Z14 polyhedra. The structure is rhombo-
the site occupand. The occupancy of the sites can be de-hedral with 5 inequivalent sites. In an idealized description
termined with x-ray and neutron scattering techniques buof the FeWg prototype?® larger W atoms occupy the sites
this has been done for a very small number of intermetallicsvith the highest coordination numb&EN) 6c1 (CN = 15),
only. Among the most studied complex intermetallics are the6c2 (CN = 16), and &3 (CN = 14), while smaller Fe
o phases, and even for these the site occupancy has beatoms occupy sitesé3(CN = 12) and 1& (CN = 12). The
examined for a small fraction of phases offlyFor other degeneracies refer to the hexagonal cell in which the basis is
complex phases much less is known. Among the more thathree times represented. In the prototypigaBg u phase the
40 known u phases, e.g., there is only a single instancesmallerA type atom is more abundant than the larBeype
(Co-Nb) in which site occupancies have been explicitly atom. Theu phase is particularly interesting because it fea-
considered? tures all characteristic Frank-Kasper polyhedra of the tcp
Fortunately, advances in first-principles alloy theory haveclass of structures while the unitcell contains just 13 atoms.
made prediction of site occupation feasible. Predicted sit®©ther classical Frank-Kasper phases that exhibit this large

A. | structure
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to model the site occupancy in the inequivalent sites as a
function of composition as usually there is a lack of experi-
mental crystallographic information as well as a lack of basic
thermodynamic information. To account for the deviation
from stoichiometry of theéd-B u phase in several systents,
atom occupancy on sitea3was considered and experimen-
tally evidenced for example in Ni-NtRef. 33 and Co-Nb
(Ref. 22 systems. However, this description allows us to
describe phases with compositions in the range 46.2 to 53.8
at. % B while . phases with compositions ranging from 41
at. % (Co-Mo) to 54.5 at. %B (Ni-Ta, Ni-Nb) are knowr?!
Therefore B substitution on site 18andA substitution on at
least one of the sitesc6has been postulated in a thermody-
namical treatment of this phas&33?At present, there are
no experimental data to support these assumptions.

B. Predicting site preference

Detailed theoretical predictions of site occupancy can
evaluate the reasonableness of the great variety of assumed
site occupancies and also allow verification of empirical
models which are based on classical concepts such as atomic
size and, in the case of transition metal compounds, on the
concept ofd-band filling. The concept of atomic size is a
very tempting one because it is intuitive, and because in
complex phases, unlike the previously mentioned simple
crystal structures and their superstructures, there is much
variation in nearest neighbor interatomic distances and coor-
dination numbers. In the Ni-Nh. phase, e.g., computed

FIG. 1. (Color) Hexagonal cell of thex phase. Top layer con- nearest neighbor distances range from 0.244 nm to 0.317 nm
sists of 3 (small red and 62 (large greensites; layer below, 18  and coordination numbers range from 12 to 16.
sites(small purple; second layer below top layerg8 site(medium Electronic d-like band models are semiempirical
size light blug; third layer below, @1 sites(large brown spher¢s  scheme¥ 3¢ that are able to explain the basic features of
transition metal alloys, such as when topologically close-

variety have much larger unit cells, such as &her P phase ~ Packed phases are likely to occur. However, such schemes
(56 atoms per unit cell the R phase(53 atoms per unit cell cannot geperally predict which par.tlcul_ar pha;e octuts
and the exceedingly large unit cell of d; (1124 atoms because high moments of the Har_nllt_oman are mv_olved. Re-
The u phase is of great import also because it can occur irpently, based on a series of first-principles calculations, a rule
Fe-, Co-, and Ni-based superalloys containing fourth- oiof thumb was formulated for transition metal site occupancy
fifth-row transition metals, such as the Ni-Cr-Mo alloy based on the splitting ad-like levels depending on the co-
known as Hastelloy C-276, whege formation substantially ~ordination numbet' The argument is that 12-fold coordi-
degrades properti€$:?® More than 42 specifiz phases are nhated sites often have approximately icosahedral symmetry.
known, many containing late third-row transition metals Such a high symmetry keeps tddike levels close together
(Mn,Fe,Co,Ni,Cu,Zih combined with fourth- or fifth-row as in the atomic case. Other coordination numlggrsopo-
transition metals, and there are a few examples involving Alogically close-packed phases there are coordination num-
or Si with transition metals. bers 12 or greatgiinvariably have lower symmetry leading
The Ni-Nb u phase is thus a rather representajivstruc-  to a larger splitting ofd-like levels. Transition metals with
ture. The Ni-Nb phase diagré&itindicates the existence of approximately half-filledd bands then must shun the 12-
the u phase in the composition range from 49.6 to 54.5 at. %old-coordinated sites in favor of the other sites where the
Nb. Interestingly, the largeB atomic speciegNb) is more  d-like bonding levels are well below the antibonding levels.
abundant than the smallér species(Ni) in contrast to the It should be emphasized that a consideration that is quite
Fe,Wg prototype and this calls into question the prototypicalsuccessful in ordering systems with simple crystal structures,
site occupations. In other examples of flagphase also, con- namely optimization of the number of unlike nearest-
siderable ranges of homogeneity exist depending on the alloyeighbor pairs, does not work at all. For an ordering type
system and several attempts were made to model this pha#eBg u phase this would give rise to site occupatigpsob-
with the CALPHAD approach but the general model is still abilities of findingA atoms of 1, 0, 0, 1, 2/3 for the sitese3
elusivel®3132The main problem in complex phases is how6c1, 6¢c2, 6c3, 16h. This type of site occupancy is very
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unlike the other two rules of thumb and much unlike the G=H-TS, (1)
experimental results for the Co-NRef. 22 and Ni-Nb(Ref. . ] ]
23) u phases. is minimized with respect to the configurational degrees of

freedom, such as site occupancies and correlation functions.
In the CVM the enthalpy and the entropy are given by a

Il. METHODOLOGY cluster expansion,
The five inequivalent sites make for2 32 possible con- @max
figurations of Ni and Nb atoms distributed on these sites HCWM = E J,Eu, 2)
without breaking any symmetry elements . It should be noted @

that these configurations are not superstructures ofithe
phase because they all have the same space group. Addition- UM
ally, six other configurations were considered, motivated by ST= za: YaSa ©)
the fact that some sites have nearest neighbors of the same
type. Pair interactions between sites of the same type can béherea represents a clustelan effective cluster interaction
determined only when enthalpies are available when suctECl), ¢ a correlation function, y a Kikuchi-Barker
pairs have mixed occupancy. This required five extra concoefficient!” andS, the entropy contribution from the clus-
figurations because there werecl66cl, 6c2-6¢2, ter a. anay represents the maximal cluster that is considered
6¢3-6¢3, and two distinct 18-18h nearest-neighbor pairs. in the expansion. For a tcp phase selecting tetrahedra as
In addition there is a nearest-neighbor triangle that consistgaximal clusters is the most apparent choice. The maximal
of 18h sites only, requiring still one more configuration. clusters were generated using an algorithm that searches for

Enthalpies of the 38 configurations have been computethe most compact clustéfsand the superiority of this maxi-
within the local density approximation using the Viermta ~ mal cluster generation method was elucidated by Vul and de
initio simulation prograrfi?*° (vasp) at a pressure of 0 GPa. Fontaine’® For thes phase this algorithm gives 13 distinct
The Kohn-Sham equations were solved with an efficient ittetrahedral maximal clusters and 53 clusters in tdtl
erative matrix diagonalization scheme based on residugoints, 15 pairs, 20 triangles, and 13 tetrahgdFae entropy
minimization in the direct iterative subsp4&tand optimized  contributionsS, are computed from a sum over all decora-
density mixing routines. Within this framework, the free en-tions o of clustera,
ergy is the variational functional and a fractional occupancy
of the eigenstates is allowed which eliminates instabilities _

: : . o Se=—2 Py, IN(P,,), @

resulting from level crossing and quasidegeneracies in the o, @ @
vicinity of the Fermi level in metallic systems. The

exchange-correlation functional with generalized-gradien h babili K | b d d sati
correctiond? is used. The calculations were performed using?: 1 1€ Probabilities take values between 0 and 1 and satisfy

fully nonlocal optimized ultrasoft pseudopotentfdlsvith & normalization conditionZ,, p, =1. The probabilities are
energy cutoffs of 242175 eV and augmentation charge computed from the correlations functioffs,

cutoff energies of 406340 eV for Ni (Nb). The cutoff en-

ergy for the wave functions has been set at 302 eV. The Ni p=C¢, )

(Nb) pseudopotential treats thes4and 3 (Ss, 4d) like  ging the configuration matrig. As the correlation functions
states as valence states. Integrations in reciprocal space USgyfn a complete orthonormal basis, the free energy can be
5x5x1 Monkhorst-PacK grid in the first Brillouin zone conveniently minimized with respect t

pertaining to the hexagonal cell, giving rise to Rpoints in For perfectly ordered configurations the correlation func-
the irreducible section. The Hermite-Gauss smearing methoglons can be determined by inspection. Therefore, when the
of Methfessel and Paxt6hof order 1 has been used to ac- enthalpiedH® of a set of structurets) are known, Eq(2) can
celeratek point convergencek-point convergence was exam- pe jnverted to obtain the ECI. This is the essence of the
ined using 5<5X2 and 6<6X 1 grids. After structural op-  go-called Connolly-Williams methodCWM).5°5! Here, a

timization of the pure Nju phase this gave rise to changes in o dified version of the CWM is uséd.in which J, is cal-
the enthalpy of 10 meV/cell, or about 0.26 meV/atom. Whilejjated with

much finerk-point grids might produce larger changes, these
changes should be negligible for the current purpose of de- 2

termining site preferences. Tleandc lattice parameters of E WS[ HS— E Jaﬁ} =minimal , (6)
the hexagonal cell and the internal coordinates of the five s a=1

¥max

yvherepo is the probability for the occurrence of decoration

“max

1+w

inequivalent sites were optimized for all configurations usingynerews is the weight for each structure. The weights are
a conjugate gradient methdti™ Structural optimizations getermined according to
were considered converged when the greatest magnitude of
the force on any atom was less than 1 meV/A. ds\2]-1

The cluster variation meth8%*’ (CVM) has been used to wo= @) } : (7)
calculate configurational thermodynamic properties. The
Gibbs free energys, expressed in term of enthalpy, tem-  whered® represents the enthalpy difference of a structitee
peratureT, and entropys, the convex hull formed by the ground state ordered struc-
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TABLE |. Computed lattice parametessandc, formation enthalpyAH;,,, and internal coordinates as a function of site occupation.

Occupancy Cnb AHtom a c Internal coordinates

aclc2c3h alo (eV/atom A R Za1 Zeo Ze3 Xh Xh
NbNbNbNbNb 1 0 5.477 28.691 0.1667 0.3333 0.4563 0.8317 0.2562
NbNbNbNbNi 0.5385 —0.3986 4.957 27.094 0.1667 0.3333 0.4516 0.8307 0.2549
NbNbNbNiNb 0.8462 0.0894 5.404 27.997 0.1667 0.3333 0.4534 0.8317 0.2528
NbNbNbNiNi 0.3846 —0.3104 4.854 26.484 0.1667 0.3334 0.4540 0.8302 0.2538
NbNbNiNbNb 0.8462 0.1696 5.368 28.452 0.1667 0.3333 0.4557 0.8300 0.2594
NbNbNiNbNi 0.3846 —0.3688 4.847 26.693 0.1666 0.3335 0.4456 0.8296 0.2576
NbNbNiNiNb 0.6923 0.2062 5.289 27.686 0.1667 0.3333 0.4544 0.8320 0.2559
NbNbNiNiNi 0.2308 —0.1958 4.730 25.965 0.1666 0.3334 0.4522 0.8288 0.2560
NbNiNbNbNb 0.8462 0.1416 5.544 27.489 0.1650 0.3333 0.4509 0.8317 0.2505
NbNiNbNbNi 0.3846 —0.2943 4.867 26.432 0.1667 0.3333 0.4519 0.8318 0.2519
NbNiINbNiNb 0.6923 —0.0100 5.373 26.660 0.1667 0.3333 0.4572 0.8317 0.2478
NbNiINbNiNi 0.2308 —0.1600 4,775 25.690 0.1666 0.3334 0.4554 0.8315 0.2496
NbNiNiNbNb 0.6923 0.3414 5.459 26.718 0.1656 0.3333 0.4534 0.8322 0.2536
NbNiNiNbNi 0.2308 —0.2865 4.741 25.886 0.1666 0.3334 0.4496 0.8301 0.2549
NbNiNiNiNb 0.5385 0.1674 5.298 25.907 0.1667 0.3333 0.4565 0.8316 0.2507
NbNiNiNiNi 0.0769 —0.0958 4.649 24.926 0.1666 0.3334 0.4536 0.8309 0.2516
NiNbNbNbNb 0.9231 —0.0254 5.5632 27.366 0.1660 0.3333 0.4538 0.8327 0.2586
NiNbNbNbNi 0.4615 —0.4007 4.895 26.508 0.1646 0.3333 0.4508 0.8312 0.2575
NiNbNbNiNb 0.7692 0.0496 5.299 28.212 0.1661 0.3333 0.4545 0.8328 0.2562
NiNbNbNiNi 0.3077 —0.3791 4,789 25.829 0.1652 0.3333 0.4541 0.8319 0.2562
NiNbNINbNb 0.7692 0.0382 5.440 27.183 0.1663 0.3333 0.4541 0.8330 0.2631
NiNbNiNbNi 0.3077 —0.2966 4.859 25.667 0.1652 0.3333 0.4445 0.8347 0.2592
NiNbNiNiNb 0.6154 0.1026 5.368 26.134 0.1660 0.3331 0.4522 0.8327 0.2589
NiNbNiNiNi 0.1538 —0.1457 4.726 24.979 0.1651 0.3333 0.4509 0.8318 0.2577
NiNiNbNbNb 0.7692 0.1121 5.520 26.425 0.1645 0.3332 0.4492 0.8312 0.2529
NiNiNbNbNi 0.3077 —0.3105 4.805 26.075 0.1655 0.3333 0.4523 0.8322 0.2553
NiNiNbNiNb 0.6154 —0.0209 5.297 27.133 0.1650 0.3333 0.4567 0.8317 0.2505
NiNiNbNiNi 0.1538 —0.2253 4,776 24.767 0.1668 0.3333 0.4541 0.8331 0.2535
NiNiNiNbNb 0.6154 0.2381 5.481 25.278 0.1667 0.3334 0.4435 0.8333 0.2574
NiNiNiNbNi 0.1538 —0.1994 4,707 25.166 0.1666 0.3333 0.4481 0.8333 0.2576
NiNiNiNiNb 0.4615 0.0625 5.275 25.364 0.1669 0.3333 0.4552 0.8331 0.2549
NiNiNiNiNi 0 0 4.624 24.194 0.1668 0.3333 0.4527 0.8331 0.2542

tures, and(d) is the enthalpy difference averaged over all probability of Nb occupancy that corresponds to the Nb con-
structures. Of coursel® takes the value zero #is a ground  centration so that the mixing enthalpy is given by

state.w is a factor which is assigned the smallest positive
value that ensures that the enthalpies of all structures are in n
the correct order, as in the spirit of Ref. 52. In the actual Himix= % JaChiy ©)
calculationsw was given the value 100. Equati@6) is si-

multaneously under- and overdetermined. Therefore, a singivheren,, is the number of sites in cluster.

lar value decompositio(SVD) algorithm was used to extract

values for 20 ECI out of a set of 54 using 38 enthalpies of ll. RESULTS AND DISCUSSION

formation, where the formation enthalpy of a structure is
defined as its enthalpy minus the concentration weighted en:,
thalpies of pure Ni and Nb with thg structure,

¥max

The computed crystallographic parameters and the forma-
n enthalpies for 32 possible site occupations are listed in
Table I. It is evident that site occupation has a strong effect
AH® —H@— ca@pHNi—p_ ca fyNb—p (8) of the_ lattice parameters and f(_)rmation enthalpies, but has

form NI No very little effect on some of the internal coordinates. In par-

The ECI can be used to determine the enthalpy of formatiotticular thez.,; and z., coordinates are essentially indepen-
of the configurationally random alloy, also known as thedent of site occupation and therefore also independent of
mixing enthalpy, because the correlation functions of the raneomposition. The remaining three internal coordinates show

dom state are given simply by products of point correlationa little larger variation but as Fig. 2 illustrates they too vary

functions. In the completely random state all sites have anly over a narrow range. A comparison with Rietveld re-
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Nio 02 04 06 08 Nb Nl 02 04 06 08 Nb
composition composition

FIG. 2. Internal coordinates as a function of composition as FIG. 4. Formation enthalpies as a function of the Nb concentra-
computed(circles and as determined by Rietveld structure refine-tion. The solid line indicates the enthalpy of mixing as computed
ment of x-ray datgsquares (Ref. 23. with the cluster expansiofiEg. (9)]. The dashed line shows the

lowest cord with the relevant ground states. Some energetically ex-

. ~ . _ tremely unfavorable configurations are marked also. The open circle
fined x-ray measurements of Joubert and Feuf’élmspos .at the pure Ni(Nb) side indicates the enthalpy of the f¢bco

sible over a narrow range of composition and agreement IS ound state
seen to be fair. The lack of variability of the internal coordi- g '
nates with respect to site occupation is very surprising whernthalpies with a root mean square error of 22 meV/atom.
one considers the large atomic size differences and the larggnis error is about the same as the smallest difference be-
relaxation effects that have been measured and computed if¥een the formation enthalpies of any of the 38 configura-
solid solutions based on simple crystal structures, such asons used in the CWMsee Fig. 4 The predictive errdf is
fcc®*>* and diamond cubi€> However, it is completely in g better gauge for the accuracy of a cluster expansion, and on
line with other recent calculations on the phase in the average the enthalpy of a structure that was excluded from
Re-W and Re-Ta alloy systen&:'°The volume of the hex- the cluster inversion scheme was reproduced to within 38
agonal cell, given a¥ = a’c/3, is easily obtained from the me\V/atom, which is about 5 % of the formation enthalpy
entries in Table | and it can be compared with experimentatange. Experience in a variety of systém§4-1648has
data(see Fig. 3. While illustrating that there is good agree- shown that such a predictive error is adequate for phase dia-
ment between computed and measured cell volumes, mogram calculations and site occupation determinations. Some
important is the compositional trend that the computed dataf the higher energy structures differ less than the predictive
reveal. When alloy formation is favored it is usually accom-error from each other, but near the convex hull errors due to
panied by a volume contraction because favorable bondgitting are much smaller due to the heavy weighting from Eq.
tend to be shorter. Figure 3 shows that volumes tend to b¢7). The results of the cluster expansion were very robust,
below the average fary,<0.6 while they are above average and various changes in the way of extracting ECI's, such a
for alloys that are more Nb-rich. This indicates thatchanges in the assignment of weights and/or elimination of
alloy formation on theu crystal structure is favored only for the most unstable structures, did not affect the calculated site
Cnp<<0.6. occupation. Figure 4 shows the formation enthalpies as com-
The ECI, obtained with Eq6), reproduced the formation puted with Eq(8) as a function of the Nb concentration. The
open circles, which show the fcc Ni and bcc Nb ground state
v [A3] enthalpies, are at 86 and— 178 meV/atom, respectively. It
; ; ; ; is evident that the. compound near equiatomic composition
200 | g ° - is stable with respect to the pure elemental ground states.
Compound formation is more favored on the Ni-rich side
o than on the Nb-rich side. A reason for this asymmetry is the
600 °© strong Ni preference of the b8site, which makes that all
odﬁ@ compounds with Nb contents greater thargM;, which
have Nb on the 118 site, are unfavorable. This is most pro-
500 2] ] nounced for configurations NbNbNiNiNb (Mlbg) and Nb-
NiNiNiNb (NigNb;), where the occupancy of thea3 6c1,
400 ! ! ! L 6¢c2, 6¢c3, and 18 sites is indicated, respectively. The large
Ni 0.2 0.4 0.6 0.8 Nb energy separation between the NbNiNiNiNb and NbNbNb-
composition NbNi configurations which hgve the same composition un-
derlines the strength of the site preferences.
FIG. 3. Volume of hexagonal cell as a function of composition ~ Another reason for the asymmetry is that ordering tenden-
as computedcircles and as determined by Rietveld structure re- cies are intrinsically stronger at the Ni-rich side than at the
finement of x-ray datdsquarek (Ref. 23. Nb-rich side, as was explained by a simple rectangular
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d-band modef’ This is also evidenced by the stability of Skkg
another intermetallic in the Ni-Nb system, the;Nb phase 0.12

with the 8 CugTi-type structure. The lowest cord is shown I a)
also and going from the Nb-rich side towards the Ni-rich

side the NbNbNbNbNi, NiNbNbNbNi, NiNbNbNiNi, and 0.08}

NiNiNbNiNi ground state configurations are encountered.

Hence, the 1B site has the strongest preference for Ni, fol-

lowed by the &, 6¢3, 6¢1, and &2 sites. This sequence is 0.04

the same as that of the coordination numbers as one would

expect on the basis of the atomic size rule of thumb which

would put Ni (Nb) on the sites with the smalleglargesj

coordination number. . o NI 02 04 06 08 Nb
The d-level splitting rule also assigns Ni, with a roughly composition

filled d band, to the 12-fold-coordinated sites and Nb, with

an approximately half-filledl band, to the 14-, 15-, and 16- S/k

fold coordinated sites. Curiously, the 12-fold-coordinated 3

and 1& sites have different attractions to the Ni species. The 0.12} (b)

18h site has a much stronger attraction to Ni than taesBe,

as is apparent from the nearly degenerate formation enthalp-

ies of the NbNbNbNbNi and NiNbNbNbNi configurations. 0.08}

The atomic size rule cannot explain the difference between

3a and 18 sites because the volume around the two types of

sites is the same. Tha-level degeneracy rule also fails to 0.04

explain it because thea3site does not have a lowdap-

proximatg point symmetry than the I8site. In fact, the

dis;inct behgvior of 3 and _181 sites cgnnot be readily ex- ONi 02 04 06 08 Nb

plained looking at single site properties such as the single composition

site ECI. However, the 8 and 18& sites are quite distinct in

terms of the number of Ni-Nb pairs that can be created. FIG. 5. Configurational entropy in the phase as a function of
Assuming that the 8 and 1& sites are all occupied with the Nb concentration at a temperaturg@f100 K, (b) 1000 K. As

Ni while the remaining sites contain Nb, one could revert aFig. 4 illustrates also, the Ni-Nb alloy on the lattice is of solid

single 3a or a single 18 site to Nb occupancy. In the case of solution type and there are no two phase regions at temperatures of

the 3a site 0 Ni-Nb pairs would be created, while for theh18 100 K or above.

site 2 Ni-Nb pairs would be lost. Ni-Nb alloys are of order-

ing type, as can be seen also from the negative mixing enems, too, negative mixing enthalpies are found on complex

thalpy, so that Ni-Nb pairs should be energetically favorablejattices such as that of the phase:*~*®

It is therefore less disadvantageous to put Nb atoms on the At nonzero temperature entropic effects become impor-

3a sites. Figure 4 reveals also that the NoNbNbNbNi and thgapt most significantly those associated with configurational

NiNbNDNINi configurations lower the lowest cord much gisorger and vibrational excitatiof&. The configurational
more than the NiINbNbNbNi configuration because the Iatterémropy is treated through the CVM, as expressed in(8.

is just 8.6 meV/atom below the line connecting the formerWhile the vibrational entropy has been ignored. The neglect

two configurations. Therefore, at finite temperatures the S : S
NiNbNbNbNi configuration must be expected to disorderOf the vibrational entropy might cause an overestimation of

more rapidly than the NbNbNbNbNi and the NiNbNbNiNi ]E.he di‘greel of torder.as ¥ d'SC“ssefd be;'.o""' nho-5 t.?.e con-
configurations. This is born out by actual CVM calculations \gurational entropy 1S shown as a function or composition a

discussed below. That the mixing enthalpy should be clearly00 K @nd 1000 K. At 100 K the ground state configurations

negative for a complex phase is not readily apparent, aftefan Pe easily recognized by the deep minima. For composi-

randomly distributing large and small atoms over a set ofions away from the ground state configurations the occu-
sites with large differences in coordination number wouldPancy on some sites is by necessity mixed, which increases
cause large positive strain contributions. the configurational entropy. As the temperature increases,
However, the hypothetical pure Ni and pure Niphases ground state configurations that are only marginally more
also have already large strain enthalpies built in. When thétable than their neighbors rapidly disorder. This is particu-
concentration-weighted strain enthalpy of the purehases larly the case for the NiNbNbNbNi configuration whose en-
is subtracted from the strain enthalpy of some configurationtropy minimum has faded to a mere dip. This means that in
ally randomu phase, relatively little remains. This has beenactual N, Nb;_, u phases, which require equilibration at
computed directly when it was found that enthalpies associhigh temperatures for sufficient diffusion to occur, there is
ated with structural optimization of variousphase configu- significant disorder on the &3 sites and for very Nb-poor
rations are small and that atomic positions relax little whenalloys disorder occurs even on the3® sites.
site occupancies are chang@dence in other ordering sys- This is also evident in Fig. 6 where the probability of
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FIG. 6. Site occupancy in the phase at 1273 K as a function of Nb site occupation
composition; lines indicate computed results, symbols indicate Ri-
etveld refined x-ray measurements from Ref. 28 s&e (solid, X), 08
6cl site(dotted, circle, 6¢2 site (dash, trianglg 6c3 site (chain- ’ ]
dashed, squayeand 1& site (double dashedy). 06 = éa
' 7 6c1
finding a Nb atom on any of the 5 sites is indicated asa |
function of the average composition at a temperature of 1273 0.4
K. In the range of compositions where the phase is ob- 0.0
served(symbols the 3a sites are clearly disordered when the ' 18h._..-
Nb concentration is below 0.54. In actualgNiNb, . , alloys Ni , T
on the other hand, wher 0.54, the excess Nb can be 0 1000 2000 3000 4000 5000
>

accommodated on the t&ites only because all other sites temperature (K)

are fuI.Iy OCCUpIEd. with .Nb' As was clear already from the FIG. 7. Computed occupandiRef. 57 of the inequivalent sites
formation enthalpies, Ni has the strongest preference for the ! i =

. - I the u phase as a function of temperatui€): (a) composition
18n sites, while .Nb has the strqngest prgfergnce for 2, 6 NigNb;, (b) composition NisNbgs5; line types as in the previous
6¢cl, and &3 sites. The 61 site exhibits site preference figure.
reversal at Nb concentrations of about 0.8, but this is far
from the composition where actual phase occurs. all behave rather similar with high Nb occupancy, thesdte

When the site preference is examined as a function ofs of mixed type and the 18site has a strong preference for
temperature a more complicated situation emerges. At CONNj. However, to get quantitative agreement, it appears that
position NgNb; [see Fig. 7a)] the preference seems to theoretical temperatures of 2000—3000 K are required while
change with temperature. While at low temperature the Nihe experimental samples were equilibrated at 1273 K.
site preference strictly follows the coordination number ofHence, either the experimental samples have not reached
the site, at very high temperatures the 14-fold-coordinate@quilibrium after the 10 to 30 days anneal, or the theoretical
6¢3 site is favored over the 16- and 15-fold-coordinate@ 6 calculation underestimates entropic effects. We suspect the
and &1 sites. The reason for this can again be found in theatter because vibrational effects have been ignored. Vibra-
number of Ni-Nb pairs. When the h&site accepts more Nb  tional effects play a significant role even in alloys based on
atoms at high temperature, theBsite, with many 1B near-  simple crystal structure®,and in complex crystal structures
est neighbors, loses favorable Ni-Nb pairs so it becomes ewe expect an even stronger role of vibrational excitations.
ergetically disadvantaged in comparison to tfe8site. It  While locating small(large) atoms in sites with low(high)
should be noted, however, that in contrast to what Fig. &oordination numbers minimizes the enthalpy at low tem-
suggests, thedl, 6¢2, and &3 sites are see(Fig. 7) to  peratures, at high temperatures “wrong” configurations with
have similar occupancies at compositions whereuitghase  small (large atoms in sites with highllow) coordination
has been observed. At compositions BNIbs 5 [see Fig. )]  numbers gives rise to very negative vibrational free energies
the same change in preference appears. This particular cordue to the easy motion of the smaller atoms in the large
position forces the & site to be of mixed occupancy, when cages. Hence, vibrational excitations must generally be ex-
the temperature is raised the Nb occupancy of thesBe  pected to promote disordering in complex phases. Currently,
first increases and then very slowly decreases. work is in progress to verify this hypothesfs.

This is another instance of the site preference reversal Recently, it has been claim&that the widely used com-
phenomenon that was predicted for variomsphases as pound energy mod& (CEM) can reproduce the results of
well.%*4-181t is caused by the competition of single site andthe cluster expansion—CVM approach used here. While this
multisite ECI's®14-1® A comparison with experimental site appears correct for the gross features it is of interest to ex-
occupations has become possible through the recent Rietvesinine the differences in these two methods a little more
studies of Joubert and Feutefdighe measured site occupa- closely to better appreciate the power of the CEM and its
tions match well with the theoretical results in that thates  limitations. In the CEM a number of simplifications are
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made in the description of the configurational thermodynam- AH,., (eV/atom)
ics as compared to the cluster expansion—CVM approach 03

taken here. First, the only optimization variables for the free 032l @

energy are the site occupations correlations of pair, tri-

angle, and four-body type are discarded. Second, it is usually -0.34¢+
assumed that mixing occurs on a few sublattices only and
that on the remaining sublattices the occupancy is puoe
B. This assumption reduces the number of degrees of free-
dom and might be justified because in actual alloys the com-
position of complex phases is confined to some limited B it 3
range. Third, the cgr)flguratlonallentropy is as;umed to bg the 0 1000 2000 3000 4000 5000
ideal entropy of mixing, constrained by the site occupations temperature (K)
on each sublattice[e.g., see Eq(3) in Ref. 20. The con-
figurational enthalpy is approximated as a polynomial in the Stkg
site occupation variables, 0.4

(b)

-0.36+

-0.38¢

!

AHform:h0+zi hici+2 hi,i’CiCi’+"'l (10)

i
1

0.3

. 0.2
where the prime in the summations indicates that the sum is

restricted to distinct indices,#i’. The prime in the sums

indicates that the highest power of the site occupations in Eq. 0.1
(10) is equal to the number of inequivalent sites Inthe " "TTTTTTTTTTTTTTTTOOOO !
case of theu phasen;=5. h represents coefficients that are
obtained from the enthalpies of formation of all th& Ros-
sible ordered configurations. They are obtained conveniently

from FIG. 8. Thermodynamic properti¢Ref. 57 of the Nis Nbg 5 x
phase as a function of temperature as computed with the cluster
ho= AH(UJ =-1), expansion—CVM methoghick solid lines and as computed with
the compound energy modéllashed linesunder the assumption

O . .
0 1000 2000 3000 4000 5000
temperature (K)

h,= E o AH(oi=—10), |#i that the & sites only are of mixed typda) formation enthalpy(b)
= ! e ' configurational entropy.
type sites are rather small. This explains the similarity in the
hiir= 2 oo AH(oj=—10j,0y), formation enthalpy as computed by both methods using the
o same set of ab initio data. However, whib initio methods
i, jEi i (11) can provide the large number dfH(o;) required for the

determination oh, this is impossible when fitting to experi-
whereo; indicates the occupancy of siteit takes the value mental data is performed. Then, the number of parameters
1 (—1) when the site is occupied by g (B) atom. It is  must be reduced by making additional assumptions. A com-
clear that wherab initio values forAH(o;) are used the mon assumption is that some sublattices are completely oc-
enthalpy of formation as computed with the CEM is similar cupied with one species only leaving only one or more sub-
to that from the cluster expansion method because the emattices of mixed type. Based on Fig. 6 for thephase one
thalpy of formation follows the same convex hull. might assume that the b&ite is fully occupied by Ni atoms,

Of course, the cluster expansion—CVM approach can inthe 6c1, 6¢2, and &3 sites take exclusive Nb occupancy
clude additional structures and thereby incorporate effectand the 2 sites is of mixed type. It is then of some interest
that are associated with interactions between sites of th& compare some thermodynamic variables to examine the
same type. In thex phase there are nearest neighbor pairsffect of these simplifications.
between 61-6¢cl, 6¢2-6¢c2, 6¢3-6¢c3 and two distinct In Fig. 8 the enthalpy of formation and the configurational
18h-18n. The energetics of such pairs cannot be accountedntropy are shown as computed by the cluster expansion—
for in the CEM while it presents no difficulties for the cluster CVM approach and as computed by the CEM with the sim-
expansion method. As the cluster expansion method incorpglifications mentioned. Clearly, the simplifications have a
rates arbitrary numbers and types of effective interactionprofound effect on the temperature-dependent part of the en-
and can be made arbitrarily accurate it should be consideretthalpy and entropy. Making fewer simplifications, such as
as a generalization of the simpler compound energy modehllowing several mixed sublattices instead of just one, im-
Fortunately, it appears that for complex structures such as theroves the agreement, but even when all sublattices are al-
o andu phases the 2 values ofAH(g;) can give a reason- lowed to be mixed certain features that rely on pair or
able representation of the configurational formationhigher-order interactions, such as subtle composition depen-
enthalpy'**~1%?%ecause the pair interactions between samedent effects, are not described, e.g., see Fil) ih Ref. 20
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and compare with Fig. 3 in Ref. 14. It should be remarkedthe lowest approximate point symmetry. The computed site
however, that subtle composition-dependent occupation efpreferences also agree qualitatively with those determined in
fects may occur beyond the narrow existence ranges or actual alloys with the Rietveld methddl.

temperatures where diffusion is so limited as to make these None of the three rules of thumb can explain the strong
effects unobservable. The use of the ideal entropy of mixingreference of Ni for the I8over the equally coordinateca3

in the CEM is another approximation, as Fig. 5 illustrates forsite. However, it was shown that the preference for the 18
the case where mixing is limited to just one sublattice in thesite could be well understood when the nearest-neighbor
CEM. When mixing on all sublattices is allowed, the ideal pairs were counted and the ordering nature of the alloy was
entropy is always an overestimation of the true entropy andgonsidered. This means that the “single-site” type rules of
assuming that the enthalpy is accurately represented, thumb need to be augmented by considerations of the
thereby leads to underestimation of the degree of site prefenearest-neighbor environment.

ence. This may actually appear to give better agreement with Contrary to solid solutions based on simple crystal struc-
experiment because the vibrational entropy, which is netures, relaxation plays a negligible role in site preference in
glected in the current treatments, is expected to lower the sitdhe Ni-Nb u phase, as was evidenced by the site occupation
preference at elevated temperature. Although the CEM maindependence of the internal coordinates. This surprising
generally fail to describe subtle effects caused by competifinding was also found for the ReW and Redghases and
tion between on-site and pair interactions, it generally shouldgnaybe common in tcp phases.

reproduce the enthalpy of formation well provided that the The widely used compound energy model was examined.
pair and higher-order interactions between sites of the samigwas shown to be a simplification of the cluster expansion—
type are negligible. This can be expected for complex phaseSVM approach used here. The compound energy model has
where there are relatively few such interactions, or wherehe desirable feature of simplicity but it may become inaccu-
same-type sites are rather far apart, but it may fail for strucrate when site occupations are idealized too much, or when
tures such asAl5 where interactions between same-typethere are significant interactions between sites of the same
sites can give rise to completely new ground stéfes. type.
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