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First-principles calculations of bulk and interfacial thermodynamic properties
for fcc-based Al-Sc alloys
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The configurational thermodynamic properties of fcc-based Al-Sc alloys and cohereniSaliterphase-
boundary interfaces have been calculated from first principles. The computational approach used in this study
combines the results of pseudopotential total-energy calculations with a cluster-expansion description of the
alloy energetics. Bulk and interface configurational-thermodynamic properties are computed using a low-
temperature-expansion technique. Calculated values ¢L68 and{111} Al/Al ;Sc interfacial energies at zero
temperature are, respectively, 192 and 226 riJ/fine temperature dependence of the calculated interfacial
free energies is found to be very weak {@00; and more appreciable f¢t 11} orientations; the primary effect
of configurational disordering at finite temperature is to reduce the degree of crystallographic anisotropy
associated with calculated interfacial free energies. The first-principles-computed solid-solubility limits for Sc
in bulk fcc Al are found to be underestimated significantly in comparison with experimental measurements. It
is argued that this discrepancy can be largely attributed to nonconfigurational contributions to the entropy
which have been neglected in the present thermodynamic calculations.
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l. INTRODUCTION 3) and ALSc precipitates remain coherent up to particle sizes
of 20-30 nm

The formation of second-phase precipitates is a com- |n previous experimental work, the nucleation kinetics for
monly used method for strengthening metallic alloys. Thea|,Sc precipitation in supersaturated Al-Sc alloys were mea-
Al-Sc alloy system provides a good model system for thesured by Hyland. This data was analyzed in terms of clas-
study of precipitate formation via the process of homogesijcal nucleation theory and an Al/fSc interfacial free en-
neous nucleation. The features which make this system dergy of 94+ 23 mJ/nf was deduced in the temperature range
sirable are that in supersaturated Al alloys aged betweepetween 561 and 616 K. Jo and FujikaWeeasured coars-
temperatures of 561 and 616 K: nucleation of theS&l  ening kinetics for A}{Sc precipitates and obtained estimates
phase is experimentally observed to be predominantly homasf the interfacial free energy between 40 and 60 nidfhe
geneous, the precipitates are well-ordered coherent andmperature range of 643—733 K. In addition, there has been
spherical, and well characterized experimental observationsome atomic-scale modeling of this interface based on the
of the precipitation kinetics have been perforrﬁéaA cru- embedded-atom methoEAM) by Hyland et al® In this
cial parameter that influences the precipitation kinetics is thﬁvork, the Zero-temperature interfacial energies were com-
interfacial free energy between the precipitate phase and tt}gmed to be 33, 51, and 78 mJ/for {100}, {110, and{111}
matrix phase, in this cadel, Al;Sc and fcc Al, respectively. interfaces, respectively. Finite-temperature effects were in-
The goal of the current work is to determine the excess conyestigated using both LTE and Monte Carlo simulation tech-
figurational free energy of the coherent AI48L interface as  niques. It was found that the temperature dependence of the
a function of temperature and crystallographic orientation{100; interfacial free energy was relatively weak below the
To this end the zero-temperature interfacial energy and remelting point of Al, yet there is appreciable interface diffuse-
laxed atomic structure of the interphase-boundary interfacaeess at finite temperatures with the composition varying be-
between Al and AJSc are computed from first principles. tween the Al and AJSc phases over roughly four atomic
To address the finite-temperature configurational-planes. Due to the differences between experimental esti-
thermodynamic properties, a cluster expansisrdeveloped mates and the EAM values of the interfacial energy, it is
for the energetics of ordered and disordered fcc-based Al-Sworthwhile to obtain an independent estimate based upon
alloys. The interaction parameters in this expansion are ddirst-principles calculations.
rived from first-principles-calculated formation energies fora An additional goal of this work is to examine the accuracy
large number of relaxed fcc-based crystal structures witlof some of the methods used in the first-principles calcula-
relatively small unit cells. The cluster expansion for the en-tions. First, the predictive capabilities of the cluster expan-
ergy is used in a low-temperature-expans{bE) calcula-  sion are studied in detail. We examine the accuracy of pre-
tion in order to obtain the compositional variations at thedictions for the zero-temperature interfacial energies and Sc
coherent Al/ALSc interphase boundary and the finite- dilute heat of solution for a number of different cluster ex-
temperature interfacial free energy. In this study we are conpansions including successively larger sets of interaction pa-
cerned only with coherent Al/ASc interfaces; the lattice rameters. From these results we determine the range of in-
parameters of fcc Al and1, Al;Sc differ by only 19%(Ref.  teractions required to represent accurately the interfacial
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energetics and alloy thermodynamics. The electronicfcc-based Al-Sc alloys. In particular, we used the formula-
structure calculations in this paper are performed using &on of the cluster expansion due to Ladssal** Within this
pseudopotential methodology. The accuracy of the pseuddermulation the total energy of any arrangemeaj of Al
potentials for Al-Sc alloys is assessed by comparing energiednd Sc atoms on an fcc lattice can be written as follows:
and structural parameters for some simple crystal structures
obtained from both pseudopotential and all-electron, full- E(O')ZNE J(k,c)|s(k)|2
potential electronic-structure calculations. k

This paper is organized as follows. The next section de- 1
scribes the details of the computational methods. In the third +{ Eg+ >, Epopt 5 > Epp 0p0pt.. 1.
section we present results for the structural and energetic p 2 pp’
properties of bulk fcc-based Al-Sc alloys and Al48E inter- 1)
faces at zero temperature. An analysis of the predictive ca- ) . . .
pabilities of the cluster expansion and the accuracy of théh Ed.(1) o is an occupation variable which takes on values
pseudopotentials are then discussed. In the fourth section v T1 or —1 if a Sc or Al atom is associated with fcc lattice
present results of finite-temperature calculations for configu$ite P, réspectivelyS(k) represents the Fourier transform of
rational thermodynamic properties. In the last section ou(P—P')=0pop, @ndN is the number of lattice sites. The

results are compared to those of previous theoretical and e>f<'—{St t%emt]r c:rq trr:ernght—hanid tSI(;jSVitor: I?qu) dirf?prrer?emsbtq\?v N
perimental work for Al/ALSc interfaces as well as for related e1astic-stran energy associate size difierences betwee

: S : the constituent atoms in the allé§.The interaction param-
fec/L 1, interphase boundaries in the Al-Li alloy system. eterJ(k,c) is composition dependent, vanishes at the origin

(k=0), and depends only upon direction in reciprocal space

Il. COMPUTATIONAL METHODS (i.e., it is independent of the magnitude of theector along
a particular direction Laks et al. derived an expression for
] J(k,c) which is formulated in terms of the elastic constants

Total energies of Al-Sc fcc-based compounds andyf the elemental constituents within linear anisotropic elas-
Al/Al 3Sc interfacial energies have been calculated using gcity theory* In the present work the appropriate ratios of
mixed-basis pseudopotential approddthe basis set used in g|astic constants arising in this formulation were calculated
these electronic-structure calculations included both plangsjng the pseudopotential approach described above.
waves and pseudoatomic wave functioAs Ry cutoff was The term in brackets on the right-hand side of EL).is

used for the plane-wave basis set. Al andsS®, andd  the cluster expansion for the “chemical” and relaxation
pseudoatomic wave functions were included in the basis segnergied* 15 In the present work this term is written in real
These local wave functions were represented in reciprocaéipace as a sum over points, pairs, triplets, etc., of lattice
space using a cutoff of 50 Ry. All electronic-structure calcu-points. Each term in the brackets of E@) is written in
lations were performed using the Ceperly-Alder exchangeterms of effective cluster interactiaiECl) parameterse.qg.,
correlation potential as parametrized by Perdew and ZuhgerEp o) and products of spin variablée.g., o, o, referred
Reciprocal-space summations were performed by the methad as cluster functiond.The ECI's parametrize changes in
of special pointdwith sufficient numbers ok points to en-  the total energy resulting from atomic rearrangements. The
sure that energy differences were convergeq to within a fewg|yes of these parameters were obtained by fitting( Bco
percent. For Sc and Al we used optimi?ed and the total energies of pseudopotential-calculated, fcc-based

A. Pseudopotential calculations

Troullier-Martins* pseudopotentials, respectively. ordered superstructures. Specifically, the total energies of 20
ordered superstructures were calculated, allowing for com-
B. All-electron calculations plete structural relaxations. From the total energy of each

cylly relaxed superstructure, the strain eneféjyst term in

in the present study, we performed several benchmark calcizd- (1] was subtracted. The cluster expansion was then fit to
lations based upon the all-electron, full-potential-linear-th€ resulting energy differences. A number of fits were per-

augmented-plane-wavéFLAPW) method'?%® As in the formed retaining different sets of ECI's. The expansion for
pseudopotential work, all FLAPW calculations were per_the energy was considered to be sufficiently accurate for the
formed using the Perdew-Zunger parametrization for thdresent work when the values of the Al4SE energies and
exchange-correlation potentialFor Sc the ® (and to a Sc heats of solution predicted by E@) agreed to within

lesser extent thes3 core electrons lie at energies which are @PProximately 10% of the directly calculated valuesughly

relatively close to the valence bands and they can displa?q_e accuracy of the pseudopotential calculatioRsrther de-
ails concerning the set of interaction parameters used in this

non-negligible dispersion in crystalline solids. For this rea- v will be ai bel

son we have treated the Ss @nd 3 “semicore” states in study Vr\]" Ide glven ehOW.' d that for th f th

a manner equivalent to the valence states by including them It shou € emphasize t "."t or the Purposes ol the
in which we are interested in coherent inter-

in the FLAPW basis set using lower values of the Iinearizapresen.t §tudy, . ; ) :
tion energie§.3 faces, it is essential to include the first term on the right-hand

side of Eq.(1) due to the contribution to the energy arising
from elastic coherency strains. In particular, consider the
case where a coherent interface exists between two semi-
For the purpose of performing configurational- infinite phases with different lattice parameters. An elastic-
thermodynamic calculations in the present study we madstrain-energy contribution to the total energy of such an in-
use of a cluster-expansion descripfiaf the energetics of homogeneous system arises due to the fact that each phase

In order to test the accuracy of the pseudopotentials us

C. Cluster expansion
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must be strained owing to the constraint of coherency at thdiscussed in detail below, the LTE approach was found to
interface. This strain energy scales with the volume of eaclprovide highly accurate configurational-thermodynamic
phase in general. However, if the total energy of such armroperties in this study.

inhomogeneous system is described by a cluster expansion Formally, the finite-temperature interfacial free energy for
containing interaction parameters within a finite range, it willgn interface with orientation hkl) can be written
be found that the excess ener@lative to the bulk un- a5 follows™® ¥y (T) =[Qni(A o, T) = Qo(Aug, T /A,
strained phasg¢scales with the area of the interface, not theywhere 0, is the value of the grand potential for an inho-

volume of the strained phases. In other words, thg,q,qenequs alloy system containing ark()-oriented inter-
coherency—strgln energy .cannot be.properl'y descn'bed. by fAce and(), corresponds to thelastically distorteddue to
cluster expansion with finite-ranged interactions. This fa'l'ngcohérency strainshomogeneous bulk phases. The values of
of the traditional cluster-expansion description for the energy, grand potentials in this definition fof, are evaluated at

was originally pointed out by Lakst al* for long-period N ; . ;
superlattices. These authors showed that the first term in Eq#0- the chempal field _for Whlc.h the elast_|cally distorted
ulk phases are in chemical equilibrium. Using the LTE ap-

(1) corrects the problem and provides the correct asymptoti

value of the excess energy for large superlattices, as given Hjfoach, the relevant grand-potential values required to calcu-
linear anisotropic elasticity theory. late v (T) can be determined once the excitation energies

have been computed for all symmetry-inequivalent points in
the bulk phases, and for all points inside a region near the
interphase boundary whetew, andAw, . differ from the
The primary goal of this work is to calculate the finite- corresponding values in the bulk phases.
temperature thermodynamic properties of the coherent Inthe present work we use the cluster expansion,(Ey.
Al/Al ;Sc interface, including configurational entropy contri- for the purpose of calculating the values of the excitation
butions to the interfacial free energy. For this purpose LTEenergies. In calculating the strain-energy contributions to
calculations of finite-temperature grand potentidl (Ref. Aw, and Aw,, we employed an approximation whereby
16) were performed for the bulk A_' and 48c phases, as the isotropic form of the first term in Edl) was used. This
well as for{100 and{111} Al/Al ;Sc interfaces. In the LTE  approximation was found to be highly accurate for the Al-
method(see, for example, Ref. 17 is calculated directly rich alloys studied here. In order to compute the “chemical”
from a Taylor-series expansion of the logarithm of the alloyang relaxation-energy contributions to the excitation ener-
partition function. To second-order, the LTE expression forgijes, the changes in the values of the cluster functiprsd-
the grand-potential has the following form: ucts of spin variables appearing in the bracketed term in Eq.
(1)] arising from atomic rearrangements were determined by
evaluating the differences in the products of spin variables

D. Low-temperature expansion

QAp,T)=Q(Ap, T=0)— kBTEPZ exp(—Awp/kgT) associated with ordered and disordered supercells for each of
the L1, (Al3Sc), fcc (Al), and fccL1l, (interface struc-
1 tures.
+5 ksT>, exp(—2Aw,/KgT)
P
1 Il. ZERO-TEMPERATURE ENERGETICS
) kBTE, {exp(—Awpp /keT) AND STRUCTURAL PROPERTIES
_ exr{—(Awp+Awpf)/kBT]}, ) A. Energies of fcc superstructures

In order to determine the parameters in the cluster expan-
where the sums are over lattice sipandp’ (p#p’) and  sion, Eq.(1), the energies of a large number of fcc-based
wherekg andT represent Boltzmann’'s constant and the tem-superstructures were computed. The results of these calcula-
perature, respectively. In E42), Aw is the chemical field, tions are listed in Table | and descriptions of the structures
defined in terms of the difference between the chemical poean be found in Refs. 15 and 18. Full structural relaxations
tentials for Al and ScQ(Au, T=0) represents the zero- were performed in the energy calculations for all structures
temperature grand potential, and the variables, and listed in Table I. This includes adjusting the volume per atom
Aw, , represent configurationaxcitation energiesAw, as well as any distortions of the structure, sucle/asratios,
denotes the change in the zero-temperature grand potentiaihd relaxation of any internal degrees of freedom. The for-
associated with switching the atom type at giteSimilarly, ~ mation energiesXE) reported in Table | are computed rela-
Aw, , is the cost in the zero-temperature grand potentiative to the fcc phases of both Al and Sc.
associated with changing atom types at both gitesidp’. In the experimentally assessed Al-Sc phase diagtam

The LTE approach is appropriate when the excitation enk 1,Al;Sc is the only fcc-based superstructure phase. Unfor-
ergies are large compared to the temperature and when all tidnately, we are not aware of any experimental results for the
the low lying excitations correspond to atomic rearrange-heat of formation AH) for this phase. However, in our cal-
ments involving a small number of atoms. In other words,culations we find that the energies of th&, andB2 struc-
the LTE approach is appropriate when there are no lowtures for AISc are essentially equBl2 is the experimentally
energy excitations involving cooperative changes of a numebserved structure for the stable AlSc pHasad its heat of
ber of atoms greater than the size of the largest cluster corfiermation has been measured to b®.43 eV/aton?° This
sidered in the expansion, in this case two. As will benumber compares favorably with our calculated value of
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TABLE I. Calculated values of the formation energieSE)
and atomic volumes\() for fcc-based superstructures of Al-Sc.
Formation energies are defined with respect to the energies of fcg
Al and Sc. The values oAE in the second column were obtained

structuresy, B, X, andZ2 see Ref. 15, and references therein; other
structures are shown in Ref. 18.

Compound; Structure AE (eV/atom V (A3/atom) @

Al; fcc 0.000 15.5

AlgSc; PgTi prototype -0.113 16.2

Al,Sc; D1, —-0.225 16.6

Al;Sc; L1, —-0.482 16.3

Al;Sc; DO, -0.382 16.8

Al;Sc; X —0.295 17.0

Al,Sc; B —-0.265 17.4

Al,Sc; « —0.089 17.9

AlSc; L1, —0.483 18.3

AlSc; L1, —0.249 19.6

AISc; A,B, 40 —0.334 18.9 FIG. 2. Structures of the supercells used in the calculatida)of
AISC; A,B, Z2 —0.255 18.8 {100 and (b) {111} interfacial energies. BIacI§ anq w.hlte C|rcles.

. denote Al and Sc atoms, respectively. The lines indicate the dis-
AlSc,; B -0.341 20.0 - . > o
AlSc,: o 0151 20.6 placement from the originguinrelaxed atomic positions magnified

’ by a factor of 10.

AlScg; L1, —-0.300 20.3

AlISc;; DO,, —0.255 20.4 those structures listed in Table | which are found to be fcc
AlScs; X -0.173 20.8 ground stategi.e., they are lower in energy than all other
AlSc,; D1, —0.183 20.9 fcc-based structures considered at the same composition and
AlScg; PigTi prototype —-0.101 21.9 they are stable with respect to phase separation to any pair of
Sc: fee 0.000 22.9 the other structures consideje®f the structures listed in

Table I, onlyL1, AlSc andL1, Al;Sc and AlSg are pre-

dicted to be fcc ground states. Monte Carlo simulations were
performed at 600 K using a cluster expansion containing pair
. . ) . interactions out to eighth neighbor, triplet interactions out to
of AE listed in Table I, this value oAH is referenced to fcc fourth neighbor, and four-body interactions out to second

Al ?Eg Cglrijessa;oﬂE for fee-based Al-Sc structures are plot- neighbor(see below In these simulations, which were per-
A A P ormed in the grand-canonical ensemble as a function of
ted versus concentration in Fig. 1. The solid lines connec

hemical field(Aw), only five fcc-based phases were ob-
served which included the two solid-solution phases]thg
and the twoL1, ordered phases. This result is consistent
with the experimental phase diagram which shows only the
Al and Al;Sc fcc-based phases to be stable between 0 and 66
at. % Sc(for larger Sc concentrations there only non-fcc-
based phases observed experimentalyso consistent with
the experimental phase diagram, which features a highly
stableL1, Al;Sc phase, the1, structure is shown to have a
negative formation energy which is very large in magnitude
at the ALSc composition in Fig. 1. The dashed line in Fig. 1
corresponds to the formation energy for the random disor-
dered fcc solid-solution phase which was computed from the
same cluster expansion as was used in the Monte Carlo
simulations. The ordering energy for thel, Al;Sc phase
0 02 04 0.6 0.8 1 (defined as the difference between the energies for the ran-
Al Sc Concentration Sc dom alloy and the ordered phase at the same compasition
calculated to be 0.29 eV/atom. This relatively large value is
FIG. 1. Calculated formation energies for the fcc-based supergonsistent with the experimental observation that the ordered

structures Iiste_d i_n Table II_versus Sc concentratiop. Grounc_zl-statgd ,SC phase remains highly ordered up to its melting p%ﬁnt.
structures are indicated by filled symbols and formation energies for

all other metastable structures are plotted by open circles. The solid
line connects ground-state structures and the dashed line corre-
sponds to the formation energies of random, disordered fcc alloys The zero-temperature interfacial energies and relaxed
as computed by the cluster expansisee text interphase-boundary atomic structures were computed di-

AH=—0.46 eV/atom at zero temperatualike the values

-2004

-300

AE (meV / atom)

400

-500

B. Coherent Al/Al;Sc interfaces
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rectly (i.e., not from the cluster expansiofor two different  structure calculations. The steepest descent minimization
crystallographic orientation€ 00 and(111). Interfacial en- was continued until the forces were on the order of
ergies were computed using periodic cells with alternatingl mRy/a, (0.026 eV/A. This is close to the numerical accu-
layers of Al and A}Sc as shown in Figs(8) and 2b). These racy of the computed forces. The minimized energies are
geometries thus contain arrays of interfaces. The lattice cort92 mJ/ni for the (100 interface and 226 mJAnfor the
stant in the plane of the interface was chosen to corresporid1d) interface. A comparison of the unrelaxed and relaxed
to the value calculated for bulk fcc Al. Due to this choice, fesults shows that atomic relaxations reduce slightly the
the AlLSc phase is distorted in the direction perpendicular tgrystallographic anisotropy of the interfacial energy. The re-
the interface due to the Poisson effect. This distortion wasaxed structures are illustrated in FiggaPand 2b). In these.
computed by minimizing the energy of an8k cell where f|gu_r(_es, the Ime;_ indicate the displacement from the original
either a(100) or (111) plane is constrained to have the Al Positions magnified by a factor of 10. The largest displace-
lattice constant. The resulting out-of-plane strains were comment for the case of th€100) interface is 0.06 A and for the
puted to be 2.0 and 2.6 % for th@00 and (111) cells, (111 interface is 0.07 A. In both cases the largest displace-
respectively. This distortion can also be computed in term&nent is by Sc atoms at the interface which move away from
of the experimental bulk elastic constants o§2¢. For both ~ the interface, i.e., closer to the /8c region.
orientations, the bulk ABc elastic constarfs®® predict
strains of 2.1%(The similarity of the elasticity predictions
for the two orientations results from the small anisotropy o
the Al;Sc elastic constanjsThis is a good level of agree- In order to assess the accuracy of the cluster expansion for
ment since the magnitudes of the strains are a few percent, sbe purposes of the present study we performed two tests
that some deviation from the linear-elasticity prediction is tocomparing the predictions of E¢l) with the results of direct
be expected. The close agreement lends credence to the rgdiseudopotential calculations for the values of A}@d zero-
ability of the electronic-structure calculations in this case. temperature interfacial energies and the Sc heat of solution
The Al/Al;Sc interfacial energy is computed by subtract-[ AE(Sc)]. The cluster expansion was viewed to be suffi-
ing, from the energy of the system with the array of inter-ciently accurate when the level of agreement was roughly
faces, the average of the energies of pure Al angb&(with  within the accuracy of the pseudopotential calculations. The
the out-of-plane distortion due to the Poisson effect resultingequirement that the Sc heat of solution is well represented is
from the in-plane coherency straicomputed in the same important because this quantity plays an important role in
size cell. This approach should optimize the convergence adetermining the temperature scale for the solvus boundary,
the boundary energy with the integration over the Brillouinas discussed below.
zone. In all cases, the Brillouin-zone integration was per- In Fig. 3 the predictions of the cluster expansion for the
formed with k,=0 wherez is the direction normal to the interfacial energies and the Sc heat of solution are plotted for
interface. Most of the calculations were performed using 15/arious sets of ECI's. It should be emphasized that the
symmetry-independerikt points for the(100) interface and cluster-expansion results shown in this figure anedictions
11 independent points for th@11) interface. Test calcula- The parameters in each cluster expansion were obtained by
tions were performed with larger sampling sets and the infitting to the energies of only the 20 small-unit-cell structures
terface energies agreed to within 2%. listed in Table I; no information about the interfacial ener-
Unrelaxed interfacial energies were computed by placingyies or Sc heat of solution was directly included in the fitting
the atoms in each phase in their ideal lattice sites and takingrocedure. Results are shown in Fig. 3 for four different
the interplanar spacinpetweenthe two phases to be the cluster expansions. In cluster expansi@ghECI's were con-
average of the interplanar spacing in each of the parergidered for clusters spanning at most the distance of the sec-
phases. The unrelaxed energies are 201 ffimthe (1000  ond neighbor and containing at most four points(2in pair
interface and 264 mJfnfor the (111) interface. The larger interactions out to fourth neighbor were considered, while
energy for theg(111) interface is consistent with expectations triplet and four-body interactions were again within the
from a simple bond-counting approac¢kee, for example, range of the second neighbor.(8) the same set of three and
Ref. 29. four-body interactions was included, but pair ECI's out to
Technically, the in-plane lattice constant for a coherenteighth neighbor were taken into account. Finally, cluster ex-
interface between two semi-infinite phases should be chosgransion(4) featured the largest set of ECI’s including pairs
to minimize the total elastic strain energy. Therefore, someut to eighth neighbor, triplets with a range out to fourth
calculations were performed to address the sensitivity of th@eighbor, and four-body clusters within the range of the sec-
results to the assumption that the lattice constant in the planend neighbor. The number of parameters in cluster expan-
of the boundary is that for Al. The calculations for 0  sions (1)—(4) (including the “empty” and point clustejs
interface were repeated for the case where the lattice conwas 9, 11, 15, and 17, respectively. The maximum error
stant is chosen to be that of Ac and the Al is distorted due made in the fit to the 20 values &fE listed in Table | was
to the Poisson effect. In this case the unrelagedD) bound-  0.065 and 0.064 eV/atom for cluster expansi¢hsand (2),
ary energy is 219 mJ/fi.e., the change in th€l00) inter-  respectively, and 0.024 eV/atom for botB) and (4). The
facial energy was less than 10%. root-mean-square errors in the fit were considerably smaller,
The interfacial energies were also minimized with respectanging from 0.034 eV/atom for cluster expansi@hto only
to the atomic degrees of freedom near the interphase boun@-009 eV/atom for(4).
ary. The energy minimization was performed via a steepest The directly calculated values of and AE(Sc) plotted
descents method using forces computed from the electroniwith horizontal lines in Fig. 3 were computed with the same

f C. Cluster expansion parameters and predictive capabilities
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250 TABLE II. Comparison of pseudopotentialPP and full-
1 * * potential-linear-augmented-plane-wave (FLAPW)  calculated
200 1 atomic volumes Y) and structural energy differenced ) for
c’g '"_""""_"""""""D elemental Al and Sc. Energies are listed in eV/atom and volumes in
S 501 a A3/atom.
£ )
f 100 AE (PP AE (FLAPW) V (PP V (FLAPW)
el Al fcc 0.0 0.0 15.5 15.9
50¢ . . Al bee 0.11 0.10 15.9 16.5
1 2 3 4 Al hep 0.03 0.04 15.6 16.1
(a) Cluster Expansion Sc fec 0.0 0.0 22.8 22.4
-1.08 Sc bece 0.05 0.08 231 22.8
® Sc hep —-0.05 —-0.04 22.9 22.5
3 -1.221 ®
> for the energies listed in Tables | and NE(Sc) was refer-
5 ® enced to the fcc phases of both Al and Sc in our calculations.
v 1361 Figures 3a) and 3b) show that eighth-neighbor pair
ﬁ EClI's are required to reproduce accurately the directly cal-
culated values ofy for both {100 and{111} orientations, as
-1.507 T | well as AE(Sc). The first two cluster expansions not only
1 2 3 4 fail to reproduce well the magnitudes of the heat of solution
(0) Cluster Expansion and interfacial energies, they also fail to capture the degree

. . o . of anisotropy displayed by the directly calculated values of
FIG. 3. Comparison o_f cIuste_r-expansnon predictions to directly,, - ~andy,,,. A satisfactory level of agreement between the
calculated values of the interfacial energlesand Sc heat of so-  predictions based upon E€l) and the direct calculations is

lution (b). In (&) directly calculated results fof100t and {11} gptained with cluster expansio@), which is the one that
interfaces are indicated by the horizontal dashed and dotted line§,55 ysed to obtain the results presented below.

respectively. The directly calculated value of the Sc heat of solution
is indicated in(b) by the horizontal dash-dotted line. Cluster-
expansion predictions are denoted by open squarés fior {100 D. Accuracy of the pseudopotential calculations
and{111} interfacial energie_s, respectively, and by filled circ_:les iN |n the calculations which produced the results presented
(b) for the_ Sc heat_ of solution. The sets _of cluster mtt_aractlon Pain this section, use was made of two standard approxima-
rameters included in each cluster expansian-(4), are discussed o First, all calculations were performed within the
in the text. framework of density-functional theory using the local-
density approximation(LDA). Second, a pseudopotential
pseudopotential approach as was used to compute the f¢EP electronic-structure method was employed as described
superstructure energies from which the ECI's were derivedbove. For completeness, the accuracy of the pseudopotential
(Table ). The directly calculated value of the Sc heat of approach for Sc should be investigated due to the presence of
solution was computed using 27, 64, and 125 atom superceltglatively shallow $ core states. We therefore performed
where Sc atoms were separated by, respectively, 3, 4, andseveral tests comparing results for structural energy differ-
times the fcc nearest-neighbor spacing. The internal coordiences obtained with the PP and FLAPW methods. The
nates and volume were fully relaxed for each supercell foFLAPW method represents a state-of-the-art electronic-
the 27 and 64 atom cells. For the 125 atom cell, the energgtructure approach which can be used to obtain the precise
associated with relaxation was assumed to be equal to thaDA result. Therefore, differences between PP and FLAPW
for the 64 atom cell. The calculated values of the Sc heat o€alculations should be viewed as being manifestations of in-
solution are estimated to be converged with respeck to accuracies introduced by the pseudopotentials.
points to within 0.01 eV/atom at each size. This required 60 In Table Il we list FLAPW and PP calculated values of
independenk points for the 27 atom cell, 28 independent the structural energy differences and atomic volumes for fcc,
points for the 64 atom cell, and 10 independent points for thdicp, and bcec phases of elemental Al and Sc. The energy for
125 atom cell. The results are also well converged with reeach structure was optimized with respect to all crystallo-
spect to system size. The value ®E(Sc) changed by 0.19 graphic degrees of freedofmolume for fcc and bcce, volume
eV upon going from the 27 atom to the 64 atom cell butand thec/a ratio for hcp. The energies are relative to the fcc
changed by only 0.03 eV going from the 64 to the 125 atonphase as for the results presented in Table I. For Al the
cell. The significant difference between the relaxed impuritystructural energy differences calculated by the PP and
energies calculated with 27 and 64 atom cells was also founBLAPW methods are in very good agreeménithin 0.010
for unrelaxed values dh E(Sc); this result indicates that the eV/atom). For Sc the level of agreement between PP and
chemical interactions are relatively long ranged. In particu+LAPW calculated structural energy differences is not quite
lar, our results indicate that Sc impurities still interact appre-as good. In particular, the fcc-bcc energy difference is under-
ciably when separated by three nearest-neighbor spacingstimated by 0.030 eV/atom in the PP calculations. The
(2.12 lattice spacings in the 27-atom supejcéls was done atomic volumes calculated with the PP method are roughly
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TABLE Ill. Excess energiesH,y), in eV/atom, for some fcc IV. THERMODYNAMIC PROPERTIES

superstructures containing four-atom and eight-atom unit cells cal-

culated by pseudopotential(PP and full-potential-linear- A. Solid solubility limits

augmented-plane-wavé-LAPW) methods. The definition oE,s In order to calculate finite-temperature values of the inter-
for each structure is described in the text. facial energy it is required that the termsuo and Q, (see
Sec. Il abovgbe computed corresponding to the bulk Al and
Structure E« (PP Exs (FLAPW) Al;Sc phases in chemical equilibrium. In the process of per-
|PB-8 0.48 0.45 forming the calculations of these quantities, the equilibrium

phase boundaries for the Al and;8k phases are derived.
The cluster-expansion-LTE-calculated Al solvus is plotted in
Fig. 4 where experimentally measured solubility limits are
also showrf®~2°The temperature scales corresponding to the
o calculated and experimentally measured solubility limits are
3% smaller compared to the FLAPW results; this is due tqp rather poor agreement, with the former being roughly 50%
the neglect of the so-called “core correction&’in the PP gq large.
calculations. It is important to understand the origin of this discrepancy
In Table Il we list values of the excess energidSd  between the calculated results and experiment. If thSaAl
calculated for three fcc-based superstructures which will bghase is treated as a line compound and the solid solution
referred to as IPB-8, IMP-8, ant1, Al;Sc. The IPB-8 phase is treated as dilute, then the phase boundary between
structure mimics the type of supercells used in the calculathe bulk Al and A Sc phases is given by the expression
tion of the (100 Al/Al ;Sc interfacial energy; this eight-atom
cell is comprised of an fcc Al cube stacked on top of an c (T):ex%“AG(A'aSC)—AG(SC)
L1, Al;Sc unit cell. The excess energy for the IPB-8 cell is s kgT
defined asE,;=8E(IPB-8)—4E(Al;Sc)—4E(Al), where
E(IPB-8) is the energy per atom of the IPB-8 structure cal- :exp{AS(SC)_‘lAS(Al 359
culated with all atoms residing on an ideal fcc lattice with a Kg
lattice parameter corresponding to bulk Af{Al;Sc) and 4AH(Al5SO—AH (SO
E(Al) are the energies per atom bfL, Al;Sc and fcc Al, xexp{ T
respectively, both calculated at the equilibrium Al lattice B
constant. The IMP-8 structure mimics the type of supercellsvhere cy(T) is the solid-solubility limit for Sc in fcc Al,
used in the calculation of the Sc-impurity heat of solution.AG(Al;Sc) is the temperature-dependent formation free en-
The lattice vectors for this fcc superstructure are defined asrgy of the ALSc phase, andG(Sc) is the free energy
twice those of a primitive fcc unit cell; a Sc atom is placed atassociated with the formation of an isolated Sc impurity,
the origin of the cell giving an overall composition of8kc.  excluding the configurational entropy terifhe AH andAS
For the IMP-8 structure the excess energy is defineli,gs terms in Eq(3) correspond to the enthalpy and entropy con-
=8E(IMP-8)—7E(Al) —E(Sc), whereE(IMP-8) is the tributions to Gibbs free energiesG(Al;Sc) andAG(Sc).
energy per atom of the IMP-8 (6c) structure with all The accuracy of the above equation for the AY2¢ phase
atoms residing on the sites on an undistorted fcc lattice haj2oundary was assessed by comparingahenitio values of
ing a lattice parameter corresponding to bulk B(Al) and  Cs(T) calculated from Eq(3) with those computed using the

E(Sc) are the energies per atom of fcc Al and fcc Sc at theif'©"® accufrate dL]:I'E n;_ef%n}?ue;_rinlseggelgem dl_eve_l of ﬁlgree-
own equilibrium lattice parameters. For thé, Al;Sc com- ment was found front = toT= , Indicating that

poundE, is simply equal to the formation energy per atom Lr;ehld”:gljroallretl?: tﬁigdt;26é$g$E§$Qg 2%:?:?&?}: are
(AE) as listed in the second column of Table I. gnly P ge. :

. easy to show that the variation of the solubility limit with
For the IPB-8 structure we find very reasonable agree y y

temperature is given b
ment between the PP and FLAPW results, suggesting that P g y

errors introduced by the use of the PP method in our calcu- d1IncyT)

lations of the Al/ALSc interfacial energies are likely to be W=4AH(A| 350 —AH(S0). (4)
relatively small. For the IMP-8 and1, Al;Sc structures the

level of agreement between FLAPW and PP results is not aShe quantity {4AH(AI;Sc)—AH(Sc)} has been obtained
good, with the FLAPW values being more negative. For thefrom experimental measurements at temperatures near the
IMP-8 structure the FLAPW-calculatdsl is 0.23 eV more melting point. The values of 0.61 and—0.72 eV were re-
negative than the PP value. This suggests that the true LDAorted by Fujikawaet al?® and Hatct? respectively. The PP
value for the Sc heat of solutiopAE(Sc)] may be more excess energies calculated in the current work yield a value
negative than that calculated by the PP method by roughlpf {4AH(Al;Sc)—AH(Sc)}=-0.75eV at zero tempera-
15%. For theL1, Al;Sc structure we find a 0.05 eV/atom ture, in excellent agreement with the value of Hatch and in
discrepancy between FLAPW and PP valueEgf=AE. In  very reasonable agreement with the measurements of
the next section the effect which the discrepancies betweeRujikawaet al. A value for theentropydifference{A S(Sc)
FLAPW and PP calculations have upon the calculated bulk-4AS(Al;Sc)} = 1.4kg was also obtained by Fujikavet al.

and thermodynamic properties will be assessed and it will bérom a fit to Eq.(3) of their measured solubility limits versus
argued that they are not significantly important. T.

IMP-8 —~1.49 ~1.72
Al Sc; L1, -0.48 ~0.53

: )
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FIG. 4. Calculated and experimentally measured solubility lim-
its for Sc in the Al solid-solution phase. The calculated values are FIG. 5. Calculated interfacial free energies for AUSE inter-
denoted by filled circles, while the open circles and squares denotehase boundaries wifl11 and{100 orientations are plotted as a
measured solubility limits taken from Refs. 26—29. function of temperature with open square and circle symbols, re-

spectively.

The discrepancy between the computed solubility limits P y )
and the experimentally measured values shown in Fig. 4 cafnergetics, the discrepancy between the calculated and mea-
be largely attributed to errors associated with the approximasured solubility limits must be largely due to the effect of
tions used in our calculations of thermodynamic propertiesnonconfigurational contributions to the entropy. The mea-
In our calculations, the only entropy contribution consideredsurements and assessments of Hatch and Fujiketvad.
is that associated with configurational disorder. All otherclearly indicate that in order to obtain a quantitative descrip-
sources of entropy, such as atomic vibrations or electroniéion of the solubility limits in this system, it is necessary to
excitations, are ignored. These “nonconfigurational” en-consider nonconfigurational contributions to the entropy
tropic contributions taAG(Al;Sc) andAG(Sc) add a pre- such as those associated with atomic vibrations.
factor in the relationship betweery, and T [see Eq.(3)]
which is neglected in our calculatiofise., we assume that
{AS(Sc)—4AS(Al;Sc) in Eq. (3) is zerd. The calculated In order to assess the effect upon interfacial thermody-
solubility at 950 K is roughly a factor of 10 too small com- namic properties resulting from configurational disordering
pared with experimental measurements. According to the reaear coherent Al/A|Sc interphase boundaries at finite tem-
sults of Fujikawaet al, roughly half of this factor can be perature, use was made of the cluster expar{&on(3)] and
attributed to the entropy term in E(B) which is neglected in  the LTE approach as outlined in Sec. Il. The thermodynamic
our work; the other half is then due to the difference betweertalculations for fcc-AlL1,-Al;Sc interfaces were extended
the calculated and measured values for the enthalpy diffetto temperatures beyond the experimentally measured melting
ence{4AH(AI;Sc)— AH(Sc)}. The value off4AH(AI;Sc)  point of Al(T,,) in order to estimate the degree of configu-
—AH(Sc)} assessed by Hatch is larger in magnitude and itational disorder nea(100 and (111) interfaces when the
agrees very well with our calculations. The assessment afalculated bulk solid-solubility limits are roughly equal to
Hatch therefore suggests that the magnitude{A5(Sc) those measured experimentally Bt. Specifically, interfa-
—4AS(Al;Sc)} is even larger than the estimate of Fujikawa cial free energy calculations were performed for tempera-
et al, and that the entropy prefactor is almost entirely re-tures between 0 and 1500 K.
sponsible for resolving the discrepancy between the calcu- In Fig. 5 we plot the cluster-expansion-LTE calculated
lated and measured solubility limits. interfacial free energies fqd.00) and(111) orientations as a

In light of the discrepancies between FLAPW and PP calfunction of temperature. As explained above, results are plot-
culations discussed in Sec. Il D, it is important to considerted from zero temperature fb=1500 K, which is the tem-
further the agreement between experiment and theory for thgerature interval over which the calculated valuesdfT)
enthalpy differencd 4AH(Al;Sc)—AH(Sc)} which is im-  span the range of solubilities measured experimentally up the
portant for determining the bulk solid-solubility limits. The melting point of Al. It can be seen that the effect of tempera-
errors associated with the use of pseudopotentials in the caldure is largest for thé111) interfacial free energy. For the
culation of this enthalpy difference can be estimated by com({100) orientation the interphase energy is nearly independent
paring the PP and FLAPW results for the following quantity: of temperature until the bulk solubilities are on the order of
4E,(AlsSciL1,) — E,(IMP-8) (see Sec. Il . The value 0.1% Sc. By contrast, thel1l) interphase energy decreases
from the FLAPW method is roughly 8% less negative thannearly linearly withT over a wide range of temperatures.
that from the PP calculations. If the magnitude of The main effect of finite-temperature configurational disor-
{4AH(Al;Sc)—AH(Sc)} obtained with pseudopotentials is dering is seen to be a reduction in the degree of crystallo-
reduced by 8%, the value of this enthalpy difference wouldgraphic anisotropy displayed by the calculated interphase en-
lie between the experimental estimates due to Fujikeinal.  ergies.
and Hatch. Therefore, it appears that even if the errors asso- It is interesting to note that in previous first-principies
ciated with the PP approach are taken into account in thand semiempirical calculatiofisfor coherent Al/AbLi inter-

B. Coherent Al/Al;Sc interfaces
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1 —- 30 used in the present study. To test the convergence of the
] L1, LTE, calculations were performed both including and ex-
0.8 cluding the second-order terms in Eg). For the bulk solu-
5 1 bility results plotted in Fig. 4, the difference between the
g 0.6 first-order and second-order LTE results was at most 2% of
g ' the second-order result. For interphase energies the maxi-
A& ] mum differences between first and second-order results was
g 044 1% for (100) and 9% for(111) at T=1500 K. The conver-
S gence of the LTE is found to be somewhat poorer for the
0.2 1 (111) boundaries which display more configurational disor-
fec (Al der. For the LTE-calculated order parameters, the second-
ologagr2 order terms gave rise to at most a 2% correction to values

3 2 1 0 1 2 3 calculated in the vicinity of the interphase boundaries. Over-
all, the contributions of the second-order terms in the LTE
were at least an order of magnitude smaller than the first-

FIG. 6. Calculated order parameters as a function of distanc@'d€r contributions, indicating that the expansion was rea-
across{111} (open squarésand {100 (open circles Al/Al 5S¢ in- sonably well converged over the temperature range of inter-
terfaces af = 1400 K. The right-handleft-hand side of the figure €St in this study.
corresponds to the1, Al;Sc (Al solid-solution phase. Distances
are plotted in units of the average lattice parameter.{Edf} ori-
entations the order parameter was defined as the difference between
the (Sg concentration on the Sc and Al sublattice sites on each The structural, energetic, and configurational thermody-
consecutive plane. For tH&0G interface the order parameter was namic properties of bulk fcc Al-Sc alloys and AlifSc in-
obtained by averaging concentrations over two consecutive planegarfaces have been calculated from first principles. (E00)

and (111) orientations we compute zero-temperature

phase boundarie@s is the case for Al/ABc, the Al/ALLi Al/Al ;Sc interfacial energies of 192 and 226 m3/mespec-
interface is between fcc arldl, structurey the (111) inter-  tively. For the range of temperatures considered in this study,
phase energy approach&e-0 K with a finite slope. This is chosen in order that the calculated solid-solubilities of Sc in
in contrast to what is found in the current calculations forfcc Al span the values measured experimentally up to the
Al/Al 3Sc (11)) interphase boundaridsee Fig. 5 where the  melting point of Al, we find that the interfacial free energy
dy/dT=0 atT=0 K. The finite slope found in the Al/ALi decreases much more rapidly with increasinfpr the (111)
calculations originates from the use of a cluster expansiogrystallographic orientation. Therefore, an important effect
containing only ECI's within the range of the second- of configurational disordering near the Al4Sic interphase
neighbor pair on the fcc lattice. With such a short-rangedboundaries is to reduce the degree of anisotropy in the values
cluster expansion it is found that some of the excitation enef the interfacial energy.
ergies for the(111) interfaces vanish, and a residual excess The present calculated results for the properties of
interfacial entropy results which leads to a finite slopeAl/Al ;Sc interphase boundaries can be compared with those
dy/dT at T=0 K. This artifact of a short-ranged cluster ex- obtained in a prior EAM study by Hylandt al> These au-
pansion is removed through the consideration of relativelythors computed zero-temperature values for interfacial ener-
long-ranged ECI’s in the present work. gies which were 33, 51, and 78 mJnrespectively, for

In Fig. 6 are plotted the results of LTE calculations for the{100}, {110}, and{111} orientations. These values are signifi-
order-parameter profile acrogs00) and (111) interfaces at cantly smaller than the presently calculated interfacial ener-
T=1400 K (where the calculated bulk solubility i€;  gies. Due to the limited amount of experimental data which
=0.23% Sc, which is roughly the experimentally measuredvas available for Al-Sc alloys and which was used in the
solubility at the melting point of Al The horizontal axis fitting of the EAM potentials, this result is not surprising.
represents the distance, in lattice parameters, away from thEhe formation energy of the A$c phase is computed to be
Al/Al 5Sc interface. The order parameter, plotted on the ver—0.26 eV/atom with the EAM potentiafsThis value is sig-
tical axis, is defined to have values of zero and unity in thenificantly smaller in magnitude than the LDA results of
solid-solution and perfectly ordered 48lc phases, respec- —0.53 eV/atom obtained hefsee Table I). In addition, the
tively. It can be seen that the interfaces are predicted to berdering energy of the ABc phase is calculated to be only
quite sharp compositionally with the value of the order pa-0.16 eV/atom using the EAM potentialghis value is again
rameter varying between 0 and 1 within roughly two latticesmaller than the current result of 0.29 eV/atom shown in
parameters. Notice that thHd11) interphase boundary dis- Fig. 1. These comparisons establish the fact that binding of
plays a slightly larger degree of compositional diffusenessAl and Sc atoms is predicted to be weaker by the EAM
illustrating that for this orientation the interface is slightly potentials in comparison with the LDA results; this finding is
more disordered. The larger degree of configurational disoreonsistent with the result that the EAM potentials predict
der for the(111) interphase boundary is consistent with the smaller interface energies and more compositional diffuse-
finding that the calculated temperature dependence of theess near the interphase boundaries at lower temperatures. It
excess free energy is larger for this orientation. should be noted that the relative energies for the different

Before concluding this section it is worthwhile to com- interfacial orientations computed with the EAM suggest that
ment about the accuracy of the second-order LTE approadhoth {110 and {111} interfaces would be unstable with re-

Distance (Lattice Parameters)

V. SUMMARY AND DISCUSSION
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spect tof100} faceting up to temperatures where the precipi-rise to significant errors in the estimated interfacial free en-
tates are experimentally observed to be sphetiddle cur-  ergies. Given these uncertainties, further experimental work
rent results for the relative interfacial energies{d®0, and  would be desirable.
{111} interphase boundaries suggests substantially less crys- The current work for Al/ASc interfaces can be compared
tallographic anisotropy, and no faceting instability for the to recent semiempiricéi and first-principle¥’ computational
{111} orientations. Despite the discrepancies between th&tudies of the configurational thermodynamic properties for
previous EAM and present first-principles results, both seté\l/Al sLi interphase boundarie@s is the case for Al/ABc,
of calculations suggest that configurational disordering givedh€ Al/AlsLi interphase boundary is also an interface be-
rise to a weak temperature dependence for the interfacial fréd/een disordered-fcc and ordg(r)la_dz structures In the
energy of the (minimum-free-energy (100 interphase studies of Astd and Sluiteret al™" it was found that, com-
boundary. pared with Al/ALSc, Al/AlsLi interfaces were considerably

It is interesting to consider a comparison between oufMmore d|sorQered at temperatures below the meltmg.pomt of
calculated values for interfacial energies and the estimate L in .p.artlcular, the W'qth of compositionally difiuse
94+23 mJ/i obtained by Hylant who used classical I/Al ;Li interfaces was estimated to extend between 4 and 5

nucleation theory to interpret the results of his measured da tt'cfh pgrgrln?:ie s bertwrﬁep r400 Iamlj fZZinKihcorr:parerl? \\/vatrhk
for precipitation kinetics. Hyland’s estimated value is etstsh ?]. h at tce pa at ete s;ca:lu ate E the prese th 0
smaller than the numbers obtained in the present study. It i e highest temperatures for AlgSc. Furthermore, the

unclear whether this discrepancy is due primarily to inaccu_mite-te_m_perature correctiong to the interfacial energies of
racies introduced by our computational methods, for ex-AI/AI sl mt_erphase boundaries was found to be a .mUCh
arger fraction of the zero-temperature valuesyofThe dif-

ample due to possible overbinding by the LDA or the neglec¢ bet the interfacial th q - ties f
of vibrational contributions to the interfacial free energies, or erence between he interfacial thermodynamic properties for

whether it is to some extent attributable to limitations asso—A,VAI 5S¢ and AALLI can be assomated_ with the much
ciated with the application of classical nucleation theory inhlgher degree of long-range o_rder as;c_>0|ated W'th.l'thg

the interpretation of the experimental data. Specifically, for*:’h"?‘se a”“! the much lower solid-solubility present in th? Al
the range of temperatures over which the experimental me olid-solution phase for the Al-Sc system. The comparison
surements were performed the critical radius ofS&l pre- etween AI/Ang_and AAl 3.8.C |I|ust_rates that, ”.‘.gef‘efa"
cipitates is estimated to be only a few lattice spacihgs. the extent to wh|c.h compogﬂm_nal dlso_r dgr modifies |r_1terfa-
discussed by Hylanét al.® the critical radius is likely to be cial thermodyna.lmlc properties in substitutional alloys is sys-
comparable to the width of the compositionally diffuse tem dep_endent, such eﬁect_s are expected to be most Impor-
Al/Al ;Sc interface in the range of temperatures considered @t for mtgrphase boundaries bet\_/\(een phases which feature
experimentally and the classical description of the precipitat(!,;‘EIat'VGIy high degrees of compositional disorder.

free energy is therefore of questionable validityn light of

the possible sources or error associated with both the present
calculations and Hyland's interpretation of experimental ki- We are grateful for many helpful discussions with A. J.
netic data, it is important to consider the independent meaArdell, J. J. Hoyt and R. W. Hyland, Jr. We thank Z. W. Lu
surement of the interfacial free energy due to Jo andand Chris Wolverton for assistance with the FLAPW codes,
Fujikawa®® The values of 40—-60 mJfobtained by these and acknowledge useful suggestions by Alex Zunger. We
authors are based upon an analysis of coarsening kinetiteank also M. |. Baskes for a critical reading of the manu-
using LSW theory*=%’In this analysis, a value of the solute script, and D. Gorelikov for providing Ref. 4. This work was
diffusivity is required. This value was obtained from an ex- supported by the U.S. Department of Energy, Office of Basic
trapolation from high temperature in the analysis of Jo andEnergy Sciences, Materials Science Division, under Contract
Fujikawa. It is possible that such an extrapolation could giveNo. DE-AC04-94AL85000.
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