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First-principles calculation of the pressure dependence of phase equilibria in the Al-Li system
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The solid-phase portion of the Al-Li phase diagram has been computed from first principles both at zero
pressure and at a hydrostatic compression of 5.4 GPa. Computation of the pressure dependence of the Al-Li
phase equilibria answers two questiofls: how important is the effect of the atomic size difference, é2)d
is the stability of the AfLi precipitates influenced by high hydrostatic stress. The zero-pressure first-principles
phase diagram exhibits excellent qualitative agreement with experimental data. The presence or absence of
solid solutions(S9, of stable and metastable intermetallic phases, and their degree of order are computed
correctly. Compression is predicted to affect the phase equilibria in Al-Li as foll(Wshe solubility of Li in
fcc Al-rich SS is decreased?) the solubility of Al in Li is increased. However, the low melting point of Li
limits the range of SS, an(B) the metastable ALi Al-rich fcc SS phase equilibrium is unaffected and the
stability of the precipitates is unchanged,) the ordering tendencies at Li-rich compositions are slightly
enhanced. Although high pressure eliminates the difference in atomic volume of the pure constituents, it has
almost no effect on the solid-solid phase equilibria in this alloy system. A simple method for verifying the
accuracy of the cluster expansion for the configurational internal energy is presented and applied. Moreover, it
has been shown that with a convenient choice of the occupation numbers, one can define correlation functions
which greatly facilitate the determination of new ground state structures.

[. INTRODUCTION Al-Li alloys, where the mechanical properties are enhanced
through the precipitation of a metastable phase. Such precipi-
The stable and metastable phase equilibria in théating phases can be particularly susceptible to stabilization
aluminum-lithium system have been well studefijn part  or destabilization as a result of presslitdoreover, recently,
because of the technical importance of;lAl precipitation  a portion of the high-pressure phase diagram has been deter-
hardening in Al-rich Al-Li alloys.Ab initio approaches for mined experimentall§,so that some of the computational
the study of phase transformations, which do not require anyesults can be verified.
experimental data, are of special interest in the case of the Another point of interest is that studying phase equilibria
Al-Li system because of the difficulties encountered withas a function of pressure allows the examination of the size
experimental determinations of the phase boundaries involeffect in alloy phase stability. Atomic size differences are
ing metastable phases. Another advantage oflnnitio  regarded as a major factor affecting the relative thermody-
study of phase equilibria is the predictive, rather than dehamic stability of intermetallic phases. The occurrence of
scriptive, nature of such a method and the insight that itertain classes of complex phases such as the A15 and Laves
provides into the stability of phases. phases is commonly explained in terms of the volumes as-
Here, the phase diagram is computed both at zero hydreigned to the atomic species in the intermetallic compound.
static pressure, and at 5.4 GPa in order to study the pressukwen for the case of ordering and phase segregation on a
dependence. The computations are facilitated by the fact thaimple lattice, size effects appear to play a major role, e.g., in
the most important phases in the Al-Li system have cubidhe case of ordering in the fcc based Ni-Pt alldy% It is
symmetry, which means that there is a simple relationshipherefore of interest to study an alloy where the ratio of the
between lattice parameter and hydrostatic pressure. Compatomic volumes can be easily manipulated. Al-Li alloys are
ing the two phase diagrams, some general effects of pressua@ example of such an alloy; under ambient pressure the
are outlined and discussed. volume per atom is about 18% greater in pure Li than it is in
The effect of pressure is of interest both in its own right,pure Al so that a large size mismatch exists. However, the
and also because it may indicate whether other states dfulk modulus of Li is much smaller than that of Al, so that
stress affect the phase equilibria. In cases where phase equiRder hydrostatic compression the atomic volume of Li will
libria show a strong response to hydrostatic stress, it is plaudecrease much more rapidly than that of Al. At a compres-
sible that under actual loading the stability of phases, e.gsion of about 5.4 GPa the atomic volumes in pure Li and
phases precipitated during age hardening, can be affectegure Al are computed to be about equal. Hence, by studying
These issues appear to be especially relevant to the casetok Al-Li alloy system as a function of hydrostatic stress one
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can examine how the atomic size mismatch affects the phase. 'Y )
stability.

The current method can be summarized as follows: The
total energies of selected ordered supercells are computed for
various values of lattice parametdi., volume per atoin
with the linear muffin-tin-orbital—atomic-sphere approxima-
tion (LMTO-ASA) method"® Minimizing the energy with
respect to the volume per atom yields for each ordered struc-
ture the equilibrium values of the lattice parameter, the total
energy, and the curvature of the total energy with respect to
the volume yields the bulk modulus.

Total energies are used to extract chemical interaction
energie® between the Al and Li species in various crystal- a
line environments as a function of the volume per atom. This
method of extracting interactions from total energies has
been applied previously to several systems such as Al-Ti,

Cd-Mg,!® Pd-V}" Ni-Pt,*° Ni-Al, and Cu-Pd*® The interac- Oe0 Qe Q OeO
tions are the coefficients in an Ising-type Hamiltonian, which 'Y X d) : 2 ® X X
is solved in an approximate manner, in this case with the XX | e @ XX )
cluster variation methodCVM).1*-%! “Solving this Ising- e )o@ 000 X X
like Hamiltonian” means that configurational free energies XX | Y X Qe
are computed for each state of order, composition, and tem- X X XX ) ° 0 3
perature. Finally, by combining the configurational free en- Oe0O e @ 2 3 ®
ergies of various phases the composition-temperature or the c) XX ) OO
composition-pressure phase diagram is constructed. X X
Here, we have treated all solid phases that occur in the XX e)
Al-Li alloy system, including the two complicated line | 0K -
compound$: the Al,Li4 phase(space group 12, Pearson XX
designation.mC26, B2/m, with 26 atoms in the unit cell 5 2 C‘)

(Refs. 22 and 2B8and the AbLi; phase(space group 116,
Pearson d.eS|gn‘2':1}|0ﬂn:R5, R3.m, with 15 atoms in the.hex— FIG. 1. Kanamori projections of bcc-based ordered structures:
agonal unit ce).“* The AlyLiq structure_ can _be considered (@ Al Liq, (b) Al,Lis, () S (AlLi), (d) S2 (AlLi ), (€) S3
asa TCC or as a bce .superstrutl:ture by indexingethk, and (AlLi ;). All structures are projected onto the (110) plane, except
c lattice vectors as indicated in Table I. HOW?VEI’, both thefor (b) which is projected onto the (111) plane. Blatkhite)
fcc- and bee-based superstructures have considerable cell €rcles indicate Li(Al) atoms.

ternal deformation. For the fcc an orthorhombic deformation
is needed which can, to a good approximation, be described
as a Bain transformation in which in the smallest dimension[h

o . 0
of the original fcc cube is 27% smaller than the larger tWOeach superstructure. Of course for noncubic structures, such

dimensions. The bcc-based representatsee Fig. 1 too, . .
- o . as the tetragondll, phase, and for structures with cell in-
undergoes a Bain-like tetragonalization in which the smaller o
; : ternal degrees of freedom, such as thglAk phase, this is
two dimensions are about 13% smaller than the largest di- L
mension, however, in this case a small shear of about 1.6° if}, approximation. However, the stable and_ metastable phases
’ ! ) = of interest in this alloy system have cubic symmeffgc,
the basal plane is required also. Clearly, thglAk structure L1,,B32), so that this approximation is not likely to be of
is more closely related to the bcc structure. ThelAk 2 ' bp y

structure is truly a bee superstructure in which the (411) significance. Moreover, in the Al-rich alloys which are of
lanes are ech}lusiveI ocf;)u ied by Li or by Al atomJ;geiln aparticular interest, Al and Li have the same partial molar

P O SIVEly P y y . ~volumes which indicates that relaxations are very small. For

sequence: Li,Al,Li,Li,Al. Three sequences of these stackings

; X . : example, when the/a ratio of the tetragonal AlLi DO,
(15 planes give a S|mple_ hexagonal celsee F_|g. 1 This phase is computed, a value of 1.974 is found which differs
structure deviates very little from the underlying bcc struc-

ture, there is only a 3.3% expansion along {tid1) direc- insignificantly from the ideal ratio of 2. The/a relaxation in

tion. The rhombohedral unit vectors can be indexed as indiJEhIS phase decreases the total energy by a paltry

cated in Table Il. Neither the ALi ; nor the Al Li 4 phase is
a known bcc ground state. These phases were included in the

In accounting for the hydrostatic pressure it is assumed
at the global volume relaxation only is of importance for

TABLE I. Crystallographic relationships betweerC26 and bcc

phase diagram calculation as line compounds, using expel’i’l—nOI fec.

mentally determined atomic positions and under the assump-__.

tion of perfect configurational order. The latter approxima-rf‘attlce vector (k) pee (hkDrec
tion is suggested by experimental measurem&f.in a (4,33 (4,30
order to evaluate the effect of the cell internal and cell ex- b (—1.5,05,0.5 (-1.5,05,0
ternal relaxations in these two phases, their formation ener- ¢ (0,-1,1) (0,0,

gies have been computed also in the absence of relaxations
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TABLE IIl. Number of correlation functionsN.) and probabili-
ties (N,) with TOP maximum clusters.

Structure N¢ Np

BCC 20 87

a) B2 38 169
B32 53 284

b) B11 88 539

DO, 62 305

C1y, 75 426
S1 211 1446
S2 931 6612
©) 3 177 1068

FIG. 2. TOP maximal clustersa) centered tetrahedrot) oc-  Planes only. Hence, the energy difference between the fcc
tahedron, andc) pentuplet. and R phases should be very small. At constant, nonzero

pressure, enthalpidd, rather than energies need to be con-
0.0125 mRyd/atom. Hence, the approximation of ignoringsidered. Enthalpies of formatioAH¢,,, can be computed
deviations from the exact foco) lattice positiongvolume ~ With
relaxation is treated on)yis well justified in Al-rich alloys N N i ALfo o LiLidee
which are the main practical interest. AHfom(P)=H*(P) = cayH™ ™ (P) = (1= ca) H=™(P),

In the current method configurational and static displace- )
ment effects are considered only. The effect of phonons igherep is the hydrostatic pressure, and the enthalpy itself is
neglected. This neglect should not generally be valid an%iven by
below we will discuss how vibrational effects might affect

our findings. HYP)=Eg[V(P)]+PV(P). 3

The volumeV is found by solvingP = — dE,.;/dV. At finite

temperature one solve®= —gF/dV to find V, whereF is
Total energies of a large number of fcc and bcc superthe Helmholtz free energy of formatiofr & E¢,;i— TS).

structures were computed with the LMTO-ASA metHdd. The total energies are used to obtain effective cluster in-

Equal sphere radii were selected for Al and Li, the “com-teractions (ECI) by means of a Connolly-Williams

bined corrections” to the ASA were included, and the vonprocedur€® The ECIJ; for a clusteri are calculated with

Barth—Hedin parametrization of the exchange correlation po-

tential was used. Care was taken to compute all superstruc- i o

tures with the samk-point grid, which included 1000 points > we AE%rm(V)_iZl Ji(V)&'| =minimal,  (4)

in the first Brillouin zone for the fcc- and bcc-based crystal ¢ -

structures. Formation energiéss,,,,, were extracted from where¢ is the cluster correlation function as defined in Eq.

the total energiesE, by subtracting the concentration- (10) in Ref. 14, andw represents the weights assigned to

weighted average of the total energies of the pure elements #ach structure. In order to make it easier to determine ground

Il. GENERAL METHOD

2

the fcc state, according to states, as will be mentioned below, the occupation humbers
" N e Litee o ALfce for the B(A) atomic species were not selected-ai(1), but
AEfm(V) =Eia(V) —cliEior (Vo) = (1= Eiet (Vo). rather as (1). This means that the correlation functions refer

(1) to the frequency of the particular cluster configuration of
where the superscript refers to a particular superstructure, PUréA occupancy. The weights are determined according to

¢/ is the concentration of the Li species in thgphasey is 1

the volume per atom, and, refers to the equilibrium value Wo=———— (5

of V. Selecting fcc Li as the standard state for the formation 1+ w(d,/(d))*,

energy is justified on the grounds that Li has the closgyhered, represents the energy difference of a structute
packed R structuré® as ground state which is distinguished the convex hull formed by the ground state ordered struc-
from the fcc in the stacking sequence of the dense packegres, andd) is that energy difference averaged for all struc-
tures. Of coursed, takes the value zero i is a ground
state.w is a factor which is assigned the smallest positive
value which insures that the total energies of all structures

TABLE Il. Crystallographic relationship betwedrR5 and bcc.

Lattice vector {nkDoce are in the correct order, as in the spirit of Ref. 27. In the
a (1,1,0 actual calculationss was given the value 20) for the fcc
(1,0,2) (bco lattice.
c (-25,2525 The idea of weighting each structure is as follows: If a

structure is very close, or right on the convex hull, it repre-
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sents an atomic configuration that occurs with high probabilsome tolerance, the expansion is considered to be uncon-
ity in the actual alloy, and hence it is important that thisverged and a LMTO-ASA calculation is carried out for a new
energy be described accurately. Some other structure that $éructure. If this structure has a compositiop different

far above the convex hull represents a configuration that i§om 0.5, both compositior;; and 1-c; are considered.

not very likely to occur in the actual alloy, and thus does notThis procedure was repeated until the average error was less
need to be described quite as accurately. Equadorwas  than 1.5(2.0) mRyd/atom corresponding to a relative error in
solved using a singular value decomposition procedure. Thie formation energy of about 209441%) on the fcc(bco
advantage of this method over the usual Connolly-Williamg'attice. _

procedure is that in one calculation not only the values of the 1he procedure was started with the set of ground states
ECI are determined but, that in an underdetermined systerfj@pilized by the first(first and secondnearest neighbor
one also finds at the same time the set of clusfigrsvhich N) effective pair interactiontEP1) on the fec(beg lattice.

best describe the energetics of the alloy. We have checke-|<_1hIS set was expanded with other ground states stabilized by

. . more distant EPI, and also with some simple structures based
that the cluster expansion thus obtained correctly orders ths:n alternating occupancies on low index crystallographic
relative stabilities of all phasé$.An additional benefit of lanes. For the fcc lattice, the following set of 14 structures
weighting the lowest energy states more heavily in the, o5 sed to extract the iECI: foblo, L1,, K40, DO,,,
Connolly-Williams method is that a much_ more rgpid coN-co/m AB; andA,B,,% andC11, (MoPt, prototyps. K40
vergence of the cluster expansion is obtained. This has be§Rrers 1o structure nr 40 in the fcc ground state analysis by

noticed in particular in ionic systent8. Kanamori and Kakehasff.On the bcc lattice a set of 19
_Finally, the energy of any superstructure can be computegryctures was used to compute the ECI: bBe, B32,
with DO;, C11, (MoPt, prototyps, B11, F9, F10, F13, F17,

unrelaxed AlLi g and AlgLi ,, where the structures with pre-
. . fix “ F” refer to ground states discovered by FiffIThe
AEform(V):Ei &'Ji(V). (6) energies of formation for structures in both sets were repro-
duced to within a fraction of a mRyd/atom by the fcc and bcc

cluster expansions, E¢6). The fcc ECI were used to com-

The convergence of the cluster expansion of the formatiom, ie the formation enthalpies of all fcc ground state struc-
energy has been checked with the following procedure: A s res stabilized by first and second NN pair interactir.

of n ordered structures is selected. Using the “exdc€ad  The bcc ECI were used to compute the formation enthalpies
LMTO-ASA) formation energies afi—1 ordered structures, of all known bcc ground state structuiesis well as the

the ECI are computed according to Eq. 4. The ECI are theninterloper” phases(i.e., those which cannot be considered
inserted in Eq.(6) to compute the formation energy of the as simple superstructures of the fcc and bcc lattices
structure nn, which has not been included in the calculation mapped onto the bcc crystal structure as described above.
of the ECI, and the difference between the “exact” value andCVM calculations on the bcc lattice indicated that at zero
the ECI predicted value for the formation energy is com-pressure an unknown ordered phase should exist between the
puted; this difference is referred to as the “error of the pre-Li-bcc and the AlLi B32 phases. Below, we will indicate
dicted formation energy.” This procedure is repeated so thahow it was determined that such a phase should exist, and
each structure is excluded once, such that for each structutew its structure was found.

the error of the predicted formation energy is calculated. The phase equilibria at nonzero temperature were deter-
When the error averaged for all structures is greater thamined with the Gibbs free energy
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TABLE |V. Total energies at 0 GPa and 5.4 GPa.

Structure Cii Eform a B Structure Cyi Eform a

(al0) (mRyd/atom  (A) (GPa (al0)  (mRyd/atom  (A)
fcc 0.0 0 3.999 84.4 fcc 0 0.000 3.913
c2/im 0.167 -2.126 4.008 7.0 c2/m 0.167 -2.428 3.904
L1, 0.25 -5.676 3.985 700 L1, 0.25 -6.704 3.910
DO,, 0.25 -5.420 3.995 65.3 DO, 0.25 -6.346 3.901
C11, 0.333 -4.018 4.000 58.8 C2/m 0.333 -5.205 3.898
C2/m 0.333 -4.070 4.005 583 cC11, 0.333 -5.265 3.896
73 0.333 -1.531 4.053 56.6 73 0.333 -1.830 3.943
L1, 0.5 -7.068 3.979 46.4 ka0 0.5 -9.969 3.844
K40 0.5 -7.048 3.967 451 L1, 0.5 -9.312 3.861
L1, 0.5 -1.617 4.021 429 L1, 0.5 -3.305 3.884
72 0.5 -0.721 4.075 463 72 0.5 -0.033 3.957
C11, 0.667 -6.135 4.002 341 ciy, 0.667 -9.185 3.844
c2/m 0.667 -6.832 3.997 346 C2/m 0.667 -9.950 3.842
73 0.667 -2.384 4.075 352 73 0.667 -3.935 3.903
L1, 0.75 -1.534 4.046 26.8 DO,, 0.75 -8.346 3.843
DOy, 0.75 -5.257 4.023 284 L1, 0.75 -4.168 3.852
C2/m 0.833 -4.168 4.084 24.6 C2im 0.833 -6.284 3.871
fce 1.0 0 4.235 14.7] fec 1 0.000 3.911
bce 0.0 3.068 3.194 76.] bce 0 3.825 3.123
F17 0.2 2.616 3.203 614 F17 0.2 2,731 3.117
DO, 0.25 -2.897 3.175 58.9 DO, 0.25 -4.064 3.091
C11, 0.333 2.009 3.199 51.1 C11, 0.3333 -.195 3.104
F10 0.333 -2.785 3.180 56.3 F10 0.3333 -4.053 3.092
F13 0.333 -0.745 3.219 55.1 F13 0.3333 -0.370 3.127
F9 0.375 -5.251 3.147 54.1 F9 0.375 -7.519 3.065
B2 0.5 -10.388 3.099 479 B2 0.5 -14.324 2.999
B32 0.5 -15.636 3.140 51.4 B32 0.5 -18.637 3.053
B11 0.5 -1.693 3.225 443 Bl11 0.5 0.165 3.119
F9 0.625 -7.873 3.133 37.6 F9 0.625 -12.275 3.010
C11, 0.667 -3.528 3.189 33.3 cCi1y, 0.6667 -7.910 3.061
F10 0.667 -8.424 3.171 357 F10 0.6667 -11.828 3.043
F13 0.667 -0.877 3.239 34.0 F13 0.6667 -1.525 3.112
DO, 0.75 -7.581 3.177 29.)] DO, 0.75 -11.489 3.020
E17 0.8 -1.905 3.257 259 F17 0.8 -3.568 3.085
bcc 1.0 0.283 3.367 15.2 bee 1 0.473 3.110
Al sLi, (bco 0.4 -6.131 3.186 53.1
Al ,Li 5 (bco 0.6 -13.644 3.152 43.4
Al,Li ; (relaxed 0.6 -15.877 - -
AlLi, (bco) 0.308 -2.773 3.192 60.
Al,Lig (bco) 0.692 -9.250 3.192 35.
Al ,Li ¢ (relaxed 0.692 -12.591 - -

G*=H*- TS, (7) be insufficient to accurately represent the states of order and

the associated enthalpies of formation. Instead, the
tetrahedron-octahedron maximal clustéssere used for the

whereT andS are the temperature and entropy, respectivelyfcC and its superstructures, and the centered tetrahedron-
The tetrahedron approximation of the CVM was found tooctahedron-pentupléTOP) maximal clusters were used for
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the bcc and its superstructures. The TOP maximal clusters, . RESULTS

see Fig. 2, were chosen according to the maximal cluster
selection rule proposed by Vul and de Fontalh&o the best
of the authors’ knowledge, the TOP maximal clusters have The results from the electronic total energy calculations
not been used before. The TOP approximation can treat cofe summarized in Table IV. At zero pressure, we confirm
relations up to and including the third NN and the number ofPrevious results? ordering is predicted on both the fcc and
correlation functions and the number of probabilities thatbcc lattices with as intermetallic ground statB82 AlLi on
contribute to the CVM expression for the entropy is still the bcc lattice and.1, AlLi and L1, Al sLi on the fcc lat-
rather small, making phase diagram calculations both featice. However, here we considered also ground states which
sible and accuratésee Table ). are stabilized by second and more distant neighbor EPI, as
The CVM equation were solved with the Newton Raph-well as a few other structures. Consequently some structures
son technique as described previodélidowever, here it is were found to break the convex hull of the lattice ground
not assumed that the total energy can be expanded as a sates reported previousl.On the fcc lattice theC2/m
rabola in terms of the volume per atom; instead a Birch-AlLi5 andC2/m Al ,Li, (Ref. 29 were found to be margin-
Murnaghan interpolation to the LMTO-ASA total energies ally more stable than the two phase mixtures of fcc Li and
was performed. L1, AlLi, see Fig. 3. On the bcc lattice no new ground states

A. Phase stability at zero temperature
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were found. In fact, here we find one ground state less than TABLE V. Energies of formation & =0 K in mRyd/atom from

in Ref. 14. The full-potential linearized augmented-plane-electronic structure calculations, and from phase diagram assess-
wave (FLAPW) method used in that work predicts that the ment(assessof experimental data.

AlLi ; DO phase was marginally stable. In this study, using
the LMTO-ASA method, theDO; is just not quite stable Structure Method Reference  Energy of formation
with respect to a two-phase mixture of bcc Li and AlLi

B32. The ordered ground states on the fcc lattice at Li-ricH?3? Assess Ref. 1 -18.0
compositions appear to contradict the predicted phase segre- Assess Ref. 4 -11.9
gation tendencies reported in an earlier witkBut of LMTO-ASA  (this work) -15.6
course, the “new” ground states are all stabilized by ECI FLAPW Ref. 14 -16.4
beyond the NN shell which were not considered previouslyAl,Li; Assess Ref. 1 -24.1
Hence, the previously predicted phase segregation Assess Ref. 4 -11.8
tendency” is an artifact caused by limiting the interaction LMTO-ASA  (this work) -15.9
range to the NN shell. Here, the Ali 4 and Al,Li ; phases FLAPW Ref. 60 -14.2
have been included also. The Al 3 is almost perfectly bce, a1, AsSess Ref. 1 207
and hence its formation energy too can be computed with Eq. Assess Ref. 4 -16.9
(6). In that case, this phase is found to break the convex hull. LMTO-ASA (this work 126
The bcc form of the AlLi 4 phase can be included too, but FLAPW Ref. 60 _11' 5
without the cell external relaxation it is not stable with re- AlLi L1 LMTO-ASA (thi ' '
spect to bce Li and AILIB32. When the AlLig¢ phase is S i (this work 7
computed with the experimentally measured atomic posi- FLAPW Ref. 14 83
ASW Ref. 59 -9.0

tions, it is found to be stable with respect to all known bcc
superstructuré$ and the AbLi; structure. As can be ex-
pected from the large cell external relaxation, the formation
energy of the bce modification of the Alli g phase is much  observed values of 0.50 GRRef. 35 and 0.58 GP&’ and
less negative than that of the relaxed struciuieh the ex-  those found in other calculations: 0.48 GPaand 0.53
perimental atomic positionsThe Al,Li 53 structure also is GPa*
stabilized noticeably by cell external relaxation, see Table [V A particularly noteworthy feature is the strong variation of
and Fig. 3. Formation energies of these phases can be coriie lattice parameter with the state of order: on the bcc lattice
pared with those obtained from phase diagram assessment8¢ B11 configuration has a lattice parameter that is 4%
see Table V. Clearly, the computed formation energies aré@rger than that of th&2 state of order. On the fcc lattice the
well within the spread of those obtained from fitting to ex- local atomic order also produces large variations in the lat-
perimental data. The formation energy of the,lily phase tice parameter. When the equilibrium lattice parameter is
reported in Ref. 4 appears incongruous, and is inconsisteirongly dependent on the state of order, methods based on a
with the phase diagram assessment. perturbation of the configurationally random alloy, such as
The structural energy differences between fcc and bcghe KKR-CPA-GPM method!*® require special care. Typi-
crystal structures for the pure elements also mirror the earliegally, in a perturbation approach energies of all states of or-
result3* where they have been discussed in detail. We findler are derived from the properties of the random alloy at its
somewhat smaller structural energy differences with theequilibrium lattice parameter. When a particular state of or-
LMTO-ASA than were found previously with an FLAPW der occurs at a lattice parameter far removed from that of the
calculation: for Al(Li) we find 3.1(0.3) mRyd/atom as com- random state, a significant error may be introduced in the
pared to 4.60.5) mRyd reported in previousfy Our result ~ energy.
for Li is in excellent agreement with another, very careful ~As was reported previously,the technologically impor-
FLAPW calculatiod* of the Li fcc-bec structural energy dif-  tant Al-fcc and AkLi L1, phases are computed to have
ference of 0.2 mRyd/atom, which is much closer to thenearly identical lattice parameters, in agreement with the ex-
LMTO-ASA result in our calculations. The spread in the perimental observation that thel, phase precipitates as an
FLAPW result$*34for Li gives an indication of the accuracy almost perfectly coherent phase with no lattice mismatch
of theseab initio total energy calculations. Considering that with the Al-rich matrix. At a hydrostatic pressure of 5.4 GPa
the FLAPW does not assume a spherical potential, we beghe lattice mismatch remains very small, and even appears to
lieve that those structural energy different¥é§are the most  be getting less. Hence, it is expected that the morphology of
accurate. It should be mentioned that the actual ground statbe AlsLi precipitates in Al-rich fcc matrix is unaffected by
of Li appears to be B,2° a dense packed hexagonal structurepressure. Of course, comparing the lattice parameter of sto-
which is related to the fcc structure by a slight variation inichiometricL 1, with that of pure fcc Al is not quite correct
the stacking of the close-packed (11d)planes. The bulk because in the actual alloy the compositions ofltfig and
moduli compare favorably with those computed fcc matrix are not stoichiometric or pure. Below, when the
previously*3* and with those measured, see Table VI. InCVM calculations are discussed, we will return to this point.
other aspects, such as the particular deviation of the lattice One of the parameters which characterizes the strengthen-
parameter from Vegard's rulésee Fig. 4, and the linear ing of alloys by ordered precipitates is the specific antiphase
dependence of the bulk modulus on the composifieme  boundary(APB) energy. In the case of ALi L1, precipita-
Fig. 5 the previous results are confirmed. The bulk modulugion in Al-Li alloys the (111) APB energy determines the
of the fcc Al-rich solid solution(SS decreases by 0.57 GPa strengthening. Measurements on large precipiatesmed
for every atomic percent Li added, which is close to theat elevated temperature indicate a value of about 165
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mJ/m?. In the smaller precipitates that are formed at roomloying has become much smaller. The large influence of the
temperature a lower value of about 126 m3/nis  state of order on the volume per atom remains for equiatomic
measured?® In previous phase diagram fitting work rather bce-based structures: the lattice parameter ofthé struc-
lower values were found: 72 mJ/min a simple Bragg- ture is still 4% larger than that of thB2 structure. At 5.4
Williams approximatiorf. and 103 mJ/rf in more accurate GPa hydrostatic pressure, the ground states on the Li-rich
CVM work.** In the present work, thel11) APB energy has side change: On the fcc lattice thel, AlLi structure is
been computed by designing a large supercell which conrgplaced by thé&K40 ground state, which is almost degener-
tained the APB and comparing' its formation. energy calcUxta with theL 1, state of order, and at composition AlL&
lated with the cluster expansiofEq. (6)] with that of o qinaily stableDO,, ground state emerges. On the bcc

the perfectl 1, phase. We find a111) APB energy of 85 . lattice, theB32 structure remains by far the most stable or-

mJ/m? Wh'c.h is of the same_orq_er as that obtained in PreVI-yered state, but compression stabilizes the AIRIO; phase
ous theoretical work, and significantly less than the experi-

mental values. It is gratifying that a fully first-principles re- sufficiently to breaK the convex hull. Although compression
sult agrees about just as well with the experimental data a: nha_nces the or_derlng tendenmes at L"”Ch. compositions, the
what can be achieved with fitting. Under compression of 5.4\ 2Li s @nd AlsLi ¢ phases remain stable with respect to the
GPa, the cluster expansion predicts that thel) APB en- bcc gnd fcc supers.truct'ures. Therefore, M@, phase, even
ergy should increase insignificantly to 88 m¥/nThat phase at high pressure, is still not a stable phase. As one might
diagram work underestimates the APB energy is a surprisin§XPect on the basis of a naive dense packing argument, the
result. In the calculated APB energies the effect of relaxatiorftructural energy difference between fcc and bec shifts in
and chemical disorder at the the boundary have been igavor of the fcc structure at this high pressure both for pure
nored. Both effects reduce the APB energy in actual APB'SAl and pure Li. At pressures over 2 GPa, M&tthas found
and thus the calculated values should be greater than ttibat bce Li becomes mechanically unstable because the shear
experimental values. A possible explanation might be that thenodulus,C,;— C;,, vanishes. In other recent work t&bit
Ising-type parametrization of configurational internal energyhas been shown that a given element or intermetallic com-
is approximate only. When temperature-independent ECI'pound may not be mechanically stable in certain crystal
are obtained from a fit to the experimental phase diagramstructures. Here we will only consider stability with regards
highly temperature-dependent contributions from vibrationato isotropic deformations and short- and long-range ordering.
and electronic excitations are “mapped” onto an Ising-like This means that when a phase is found to be stable, it still
Hamiltonian. Such a procedure must introduce a certain efean be unstable with respect to a degree of freedom not con-
ror. In the current work, vibrational and electronic excita- sidered here.
tions are neglected altogether. Considering that the APB en-
ergies are in reasonable agreement with experimental data it
appears that these errors are not very large. B. BCC phase equilibria at nonzero temperature

As mentioned above, at a hydrostatic pressure of 5.4 GPa
Al and Li are predicted to have almost identical atomic vol- At finite temperatures, phase equilibria were computed
umes in the pure element states, so that at this pressure Al-with the CVM. First, the zero-pressure phase diagrams will
is an alloy without any atomic size difference. At high pres-be discussed. The bcc based phase diagram is shown in Fig.
sure the deviation from Vegard’s rule has the same sign as if(a). It displays, as expected on the basis of the ground state
the uncompressed alloy, but clearly the contraction upon alanalysis, only one intermetallic phase, the ARB2 phase,
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which remains ordered up to very high temperature. In factbeen observed in actual alloys. It has been shown that in
the B32 order-disorder temperature is well above the experiti-rich B32, Li atoms substitute for Al atoms, whereas in
mental melting temperature, which means that this phaski-poor alloys Li-site constitutional vacancies occur as the
melts before disordering occurs, as is indeed observed idominant defect?=*°A similar effect occurs in the fcc phase
actual alloys’ Another feature of interest is that tHe00 diagram with the AjLi L1, phase also. Thik 1, phase is
spinodal follows just below the solubility line of the bcc predicted to have a significant substitutional solubility for
(SS. This implies that bcc SS's are unstable in a large comexcess Li, but not for Al. In both cases the underlying phe-
position and temperature region. Analysis of the eigenvectoraomenon is the same: at the Al-rich side of stoichiometry
of the second derivative matrix of the Gibbs free energyonly very unfavorable structures occur and phase separation
reveals that the instability results from a chemical shorttendencies emerge. Li vacancies are more likely to occur
range order effect. The implication is that in oversaturatedhan Al vacancies because the vacancy formation energy is
Al-rich Al-Li alloys one could never form a bcc SS in place approximately proportional to the number of valence elec-
of the B32 phase. If theB32 type of ordering is somehow trons per atont’*® The presence of a “buried” miscibility
prevented from taking place, no bcc SS could develop. gap(MG) at Al-rich compositions is evidenced by the shape
The B32 single-phase region is skewed towards the Li-of the (000 spinodal.
rich side. Clearly, in th®32 phase Al sites can be filled with The (000 spinodals on the Li-rich side display a curious
Li atoms, but the reverse is energetically too costly. This hadeature: there is a pronounced dip down to zero temperature
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TABLE VI. Calculated and measured bulk moduli in GPa. LMTO-A8KAis work) and FLAPW refer to first principles results at 0 K.

Structure bulk modulus

LMTO-ASA FLAPW (Ref. 39 FLAPW (Ref. 19 Experiment
Al fcc 84.4 824 82.2 83.3Ref. 6]
Al,Li L1, 69.1 70.0 70.3 66Ref. 36
Li bcc 15.2 15.1 15.2 12.(Ref. 62
Li fcc 14.7 15.0 13.6
in the vicinity of ¢ ;=0.85. This suggests that there could be C. fcc phase equilibria at nonzero temperature

a stable structure. However, none of the known bcc ground The zero-pressure fcc-based phase diagram displays more
state structuréS was found to be stable on the bcc lattice atintermetallic phases. Fig. 8 exhibits a prominentldl L1,
this composition. The correlation functions which minimize phase, the.1,, C2/m Al ,Li, and C2/m AlLi 5 phases, as
the free energy can be found by doing a CVM computationye|| as a minor MG at high Li concentrations. It should be
for the disordered phase down to zero temperature becauggmarked that the.1, and C2/m phases are all unstable
the short-range order in the disordered state, with very fevapove room temperature and hence cannot be observed ex-
exceptiong?? mimics the long-range ord&?.Using specially  perimentally. These phases are not stable with respect to the
defined correlation functions, it was found that pure Al clus-a|, i, and Al,Li4 phases, so that the features associated
ters could only occur for the point and the thind pair. All - \yith the L1, andC2/m phases are of little practical interest.
other cluster correlations had zero probability for pure AlThe Al Li L1, phase, however, is of great interest and some
occupancy. Moreover, the zero-temperature correlation funcsyiking experimental features are accurately reproduced: Un-
tions indicated that for every Al atom there are two third jike earlier work? the two-phase region between the Al-rich
NN’s_qf Al-Al type. The s_implest structures that fulfill these ¢ 55 and the.1, phase has almost the correct width. The
conditions consist of mixed Al-Li occupandl00) planes  metastable solubility limit of Li in the Al-rich SS is some-
where each Al atom is surrounded by four Al atoms in theyyhat overestimated. It is correctly predicted that thi,
third NN shell and where these mix€t00) are separated by phase should precipitate with near stoichiometric composi-
two or more pure Li(100 planes. The highest symmetry {jon and the corresponding Li solubility in the fcc matrix is
layered structures of this type are shown in Fig. 1. The St.rucpredicted to approach zero at low temperatdr@ased on
ture labeled 'S1" was found to be the most stable. Consid- experimental observatiodsind on a phenomenological fit to
ering that these structures were not found in the ground staigperimental datdjt has been surmised that there should be
analysis with first, second, third, and fifth NN pair 5 MG “buried” at low temperature, in the sense that local
interactions’ indicates that they are stabilized by many-body phase separation would be observed if the order-disorder fcc
ECI. The AlLis S1 phase is stable up to about 300 K as isequilibrium, itself metastable with respect to the 882
shown in Fig. €b), and the AlLis S2 and AlLi; S3 phases equilibrium, were prevented from occurring. Figure 8 exhib-
do not occur. TheS1 phase is not stable with respect to aits such a MG which is induced by the short-range order.
mixture of the AlLigy and Li fcc phases. There also is no Figure 8 also shows that thel , phase can occur up to about
high temperature bcc SS from which it is likely to be formed 400 °C, which is in excellent agreement with the highest
and therefore it is unlikely that this phase will ever be ob-temperatures of about 350 °C at which metastalde pre-
served. TheS1 phase should not be confused with thecipitates have been observed in actual Al-Li alldysThe
AlLi 5 phase in a revisioh of an earlier assessméhThe  predicted misfit parameter is very small. At temperatures
new version! is inconsistent with the accompanying text andabove 100 °C, the lattice parameter of thell phase is
with any of its references to previous work, so that it is mostabout 1% smaller than that of the fcc Al-rich SS. The ob-
likely that an error has been made in the drawing of theserved misfit is even smaller than the one computed Here.
phase diagrarn? A comparison with the previous first-principles phase dia-
Although in the present calculatigt) more distant ECI's  gram(Fig. 5 in Ref. 14 reveals that the current result agrees
have been taken into account af® many more ordered much better with the experimentally observed Ect; phase
configurations were used for the determination of thoseequilibria. Clearly, the more accurate treatment afforded by
ECI's, and(3) a more accurate, larger maximal cluster wasthe larger cluster in the CVM, and the much higher accuracy
used in this phase diagram calculation than in the previouslin the cluster expansion for the configurational energy are
computed first-principles phase diagrdfig. 6 in Ref. 14 required. There has been substantial controversy over
the results are rather similar. The difference is quantitativewhether and for which compositions and temperatures the
the temperature scale in the present calculation is somewhgptecipitation of the ALLi phase is of a spinodal or of a
higher. nucleation and growth type. Here we find that #f00)
Under compression the bcc-based phase diagram changeslering spinodal is some 100-150 °C below the fcc bin-
as follows:(1) a rather stable AlLi DO phase emerges, and odal, which agrees with previous phase diagram fitting re-
(2) the AlLis S1 phase disappear$3) the order-disorder sults using the tetrahedron-octahedron C¥\and the less
temperature of th&32 phase is increased slighti) and  accurate Bragg-WiliamgBW) method® However, as the
the single-phase region of ti32 is expandedsee Fig. 7. metastable Li solubility limit is somewhat overestimated, the
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location of the(100) spinodal too, is computed to be at and in the present calculation the CVM approximation is
higher Li concentrations than is experimentally employed which gives correct topological and quantitative
observed?°*%° features of the phase diagrams for frustrated systems.
Concerning previous “fitted” metastablel, equilibria a Under compression, as mentioned above, there is a minor
comment is in order. In the BW approximation the higher-change in the ground states at Li-rich compositions. At tem-
temperature phase boundaries of thk, phase, which are peratures well below 50 K, an AlkiDO,, phase formgnot
not displayed in Fig. 10 of Ref. 6, behave incorrectly; theindicated in Fig. 9. Around equiatomic compositions, pres-
calculation gives a second-order transition at 50 atif  sure enhances the ordering tendencies appreciably, so that
stead of close to 25¥mat a temperature of about 1000 K. the region of fairly strong ordering tendencies is expanded
These features are clearly incorrect and are caused by the ussvards more Li-rich compositions. For Al-rich composi-
of a “single-site” mean field approximation in a frustrated tions, the changes with compression are rather gradual and
(fcc) system. In contrast, in the work by Sanchetzal>*'  minor. The most noticeable is the increase in¢heo spin-
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odal temperature, which now is only 50—-100 °C below the D. The Al-Li phase diagram

fce binodal. This means that under high-pressure nucleation a petter comparison with experiment can be made by
and growth behavior will tend to be replaced by spinodalcombining the bcc and fcc phase diagrams and by including
ordering. Minor effects with pressure are a very slight in-the “interloper” Al ,Li 3 and Al,Li 4 phases. At zero pres-

creases in the order-disorder temperature of thgLAL1, sure, the only stable phases are computed to be Al-rich fcc,
phase, and in the maximum temperature of the buried MGAILI B32, and at the Li-rich side both fcc and bcc, see Fig.
(see Fig. 9. At 5.4 GPa compression, the solubility limit of 10. In addition, the metastablel, phase and its two-phase

Li in the Al-rich fcc matrix in equilibrium with theL1,  region with the Al-rich fcc SS have been shown. It can be
phase is only very slightly decreased, which means that atoted that the Li solubility limit in the Al-rich SS and the

high pressure the composition and temperatures for precipividth of the B32 single-phase region are underestimated.
tation remain practically unchanged. Comparison of theExcept for those quantitative differences, the agreement with
equilibrium lattice parameters of thel, and fcc SS phases the solid-phase part of the experimental phase diagram is
indicates that pressure reduces the misfit parameter to vestriking. The correct phases are indicated and their composi-
small values. Hence, under compression the precipitateion and temperature ranges are qualitatively correct. The
matrix interface will remain perfectly coherent. computed ALLi L1, order-disorder temperature is just
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above the highest temperature at which, precipitates are fcc SS(Ref. 8 than is possible under ambient pressures. This
observed, and the1, fcc two-phase region exhibits a good is due to the great increase in the melting temperature of
gualitative agreement with that determined in actual alloysAl-rich Al-Li alloys under pressure. The large melting point
The low-temperature metastable MG for Al-rich fcc-basedincrease in turn is caused by the large expansion of Al-rich
alloys, which has been postulated in previous wotlhas  alloys upon melting.
been found. Without such a low temperature MG, the Our results indicate that at high pressure the formation
L1,-fcc two-phase region tends to be much narrdéran  energies of thé.1, andB32, and other ordered phasese
is experimentally observed. Table 1V), become slightly more negative. That is, compres-
About the quantitative shortcomings of the computedsion enhances ordering in this system.
phase diagram, we note the following: The too low value for The strong ordering tendencies (£00) type in Al-rich
the Li solubility limit in the fcc SS might be due to the fcc alloys contradict some results reported with the
neglect of the vibrational degrees of freedom. We expect th&KR-ASA-CPA-GPM>® In that work the NN EPI is found
free energy of the SS to be lowered more than that of théo be strongly negative, indicative of phase separation. This
B32 phase because the SS has a lower melting point, amésult must be incorrect because tHel, phase is
because the stiffness of tl82 structure is greater than the (metgstable, and because several independent local density
average of its constituenté Recently Garbulski and Cedér approximation calculations, including this work, have shown
have shown that, in the harmonic approximation, the ECI athat theL1, phase is stable with respect to phase separation
high temperature can be modified considerably when then the fcc latticé*>°3*Hence the sign of the NN EPI should
spring constants between unlike atomic species differ fronibe positive.
the geometric mean. The high relative stiffness of B82
phase destabilizes it with respect to less stiff competing

. . IV. CONCLUSION
phases because those phases can lower their free energies

more by vibrations than thB32 will. Neglect of vibrational The solid-phase portion of the Al-Li composition-
effects is also responsible for the absence of an fcc to bctemperature phase diagram has been computed from first
transformation at finite temperature in pure Li. principles at zero pressure and at 5.4 GPa. Although this

In the bce phase diagram it was predicted that B3  calculation does not contain adjustable parameters, the result
phase has a significant solubility for Li but not for Al, as was agrees well with available experimental observations. Spe-
discussed above. However, in the presence of the very stabtéfic correct features of the calculation af&) Close-packed
Al ,Li 5 phase the solubility for Li almost completely disap- structures for both pure Al and Li are more stable than bcc at
pears. Apparently, our calculations somewhat overestimatabsolute zero of temperatur@) The lattice stability differ-
the formation energy of the ALi ; phase. At 5.4 GPa com- ence for Li &0 K between bcc and fcc is small enough to be
pression the solubility of Li in the Al-rich fcc matrix is re- compensated for by vibrational contributions at higher tem-
duced by some 35%see Fig. 11 Indeed, experiments and a peratures in favor of the more “open” bcc structutd) The
simple argument based on experimentally measure®32 structure is much more stable than other equiatomic
parametelssindicate that at a given temperature the Li solu-ordered configurations, such B2, B11, L1,, andK40. (4)
bility limit should decrease with pressure. At 600 °C the ex-The Al;Li-L1, phase exists as a metastable ordered Site.
perimentally observed reduction is about 28%. The calculated congruent order-disorder temperature of the

It has been shown that under compression Al-Li alloysmetastable AdLi-L1, phase falls within the wide scatter of
can be prepared with much higher Li concentrations in thets experimental determinatiof6) The correct width of the
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fcc-AlsLi L1, two-phase field(7) The small negative value mental estimate of 25%We also predict that compression
of the misfit between the Al-rich SS and the sAl-L1,  should very slightly enhance the solubility of Al in Li.
phase(8) The relatively high solubility of Li in fcc Al which The (111) APB energy has been computed to be about 85
increases with temperature and the very small solubility ofmJ/n?. This value lies between the values obtained
Alin both fcc and bec Li(9) The AlLi phase B32) being so  Previously** by fitting to experimentally determined ther-
stable that it melts before disordering takes pl4d6) The  Modynamic data, and, just as in previous calculations, it is
asymmetry in the Al and Li solubility in AILiB32 and S|gn|f|_cantly less than that m(_easured _expe_rlmenfﬁiﬂ?.

AlgLi L1,. (11) The low-temperature MG in Al-rich alloys, Using a new set of <_:0rre|at_|on functions it has been shown
itself metastable with respect to metastable order-disorde?/SC Now one can quite easily deduce an unknown ground
fcc phase separationl2) The decrease of the bulk modulus sFate structure. As an example the structures in Fig. 1 were
with increasing Li content(13) The stability of the ApLi; ~ 9V€N- ) ) i

and Al,Li ¢ “interloper” phases. Clearly, the phase diagram Atomg°11$'ze r_msmatch, which in some other alloy
computed in this work is in much better qualitative angSystem& ™! is so important, here hardly plays a role. The

guantitative agreement with experiment than the prevaus 18%_difference in volume per atom in pure Al and pure Li at
initio result4 ambient pressures can be eliminated by a hydrostatic com-

Using about 10—20 ordered configurations to obtain ression of 5.4 GPa. Howg\./er', we find that this pressure
cluster expansion for the configurational internal energy i ardly alters the phase equilibria at all. On the fcc and bce

apparently sufficient to accurately model the configurationa/@ttices we find that eliminating the size mismatch very
aspects of alloying. A remaining shortcoming is that the Vi_weakly ef_‘haf_‘ces _the ordermg tendencies. We conclude that
brational degrees of freedom are not considered. As a resuft',1e atomic size d'ﬁere(‘ce W'.th r(_aference to the pure ele-
the fce-bec transformation in pure Li is not modeled, and thd"ents Is not very meamngfu! in this "?‘”Oy- More ”?ea”'r.‘gf“'
Li solubility in fcc Al-rich SS may be underestimated. An- IS & comparison of the partial atom|q volqm&ieflngd n
other quantitative shortcoming of the first principles phaseRef' 14. In AI-rlch alloys, the AI and Li partial atomic vol-
diagram is the underestimated width of 182 single-phase umes are almost |dent|c_édee Fig. 4 and hence these alloys
region. The computed width is less than 1% at all temperat'q’(ah":we as perfectly lattice matched systems.
tures below the actual melting point, whereas the assessment
gives a maximum width of 8%.This discrepancy may be
due to an overestimated formation energy of thelAk One of the authorg§M.S.) gratefully acknowledges the
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