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Coherent phase stability in Al-Zn and Al-Cu fcc alloys: The role of the instability of fcc Zn
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The coherent phase stability of fcc-based Al-Zn and Al-Cu alloys is studied theoretically by first-principles
total energy calculations, a mixed-space cluster expansion approach, and Monte Carlo thermodynamic simu-
lations. We find that a large portion of the differences between Al-Zn and Al-Cu can be explained by the
differences between fcc-Zn and fcc-Cu: While Zn is stable in the hcp structure, fcc-Zn shows an instability
when deformed rhombohedrally alorigj11). In contrast, fcc-Cu is the stable form of Cu and is elastically
extremely soft when deformed alori§j00). These elastically soft directions of the constituents permeate the
phase stability of the alloy$111) superlattices are the lowest energy coherent structures in Al-Zn, (@G
superlattices are stable coherent phases in Al-Cu. The short-range order of both Al-rich solid solutions show
clustering tendencies, with the diffuse intensity due to short-range order in Al-Zn and Al-Cu showing streaks
along (111 and(100), respectively. The mixing enthalpies and coherent phase boundaries are also calculated
and found to be in good agreement with experimental data, where ava[lablE63-18209)01146-7

[. INTRODUCTION thermodynamic properties such as coherent composition-
temperature phase boundaries, mixing enthalpies, and atomic
Al,Zn, _, and ALCu, _, alloys, generally with other ad- short-range order of the solid solution, all of which are com-
ditions, form two important families of commercial alumi- Pared with experiment. We show how the different physical
num alloys(see, e.g., Ref. 1, and references thereie-  Properties of the AlZn, _, vs ALCuy,_, alloys to a large
markably, the phase diagrams and thermodynamic propertiee\§<tent reflect the difference in stability of fcc-Zn vs fcc-Cu.

. . Our study leads to a surprising result: First principles total
of the binary systems differ profoundly even though Cu andenergy calculations indicate amstability of elemental fcc-Zn

Zn are nearest neighbors in the periodic tablgZA} _«isa  \hen distorted rhombohedrally along (11br orthorhomb-
phase-separating system wigsitive mixing enthalpy ex- ically along (110)]. This instability has profound conse-
hibiting a wide fcc miscibility gap in the phase diagram andquences for the phase stability of fcc Zh, _, alloys: Strain
clustering-type short-range order in diffuse scatteringenergies and formation enthalpies of,Zh, (111) superlat-
experiment$:® The miscibility gap in Al-Zn has made this tices become unusually low. Whil&@00) represents the elas-
system a prototype for studies of spinodal decomposition iriically softest direction irfAl-rich) Al-Cu and(111) the elas-
alloys (e.g., see Refs. 4—6 and Ref. Ih contrast, AlCu,_,  tically hardest direction, in Al-Zn the order is reversed—

jemperature studies of Al-rich alloys find short-range order at

thalpy showing many intermediate ordered phases in it - >
phase diagram and exhibiting short-range order in diffus a?c?r?)g\(l\ftlhl)sft(;?%.szﬁlong the100 direction for Al-Cu, but
oG PN of SO he 07 A" "One craracerst which Al and ALCu., aloys
ition-12 While AlZ hibit lid soluti share is that both are heat treatable, i.e., bqth alloys can be
compositions. e Alx2Ny—x EXNIDIS SOIA SOIUtioNS — pardened or strengthened by controlled heating and cooling.
over large temperature and composition regirfie$act, Zn  The increased hardness of the alloys is due to the formation
has the largest solubility in Al of any element in the periodic o hrecipitates which act as obstacles for dislocation motion.
tablé)), the solid solution regime in the phase diagram ofknowledge of the shapes and sizes of the precipitates is es-
Al,Cuy_, is limited to compositions of about 2% C&.*° sential towards understanding the strengthening mechanisms
In this paper, we analyze theoretically the phase stabilityn these alloys. A prerequisite for a detailed study of precipi-
and ordering tendencies of these two alloy systems. We usgte shapes is the knowledge of tbeherent phase bound-
the first-principles mixed space cluster expan§idhin  aries i.e., the locus of composition-temperature points at
which theT=0 total energies of a few ordered,B, com-  which solubility in the solid solution phase is lost and coher-
pounds are computed via the local density approximatiorent precipitation(i.e., with no dislocations between precipi-
(LDA) and used to construct a generalized Ising-like expantate and matrix occurs. The coherent miscibility gap in
sion that describes the configurational energy of the alloy vial-Zn alloys is therefore of great interest and has been stud-
pair and multibody effective cluster interaction energies. Thded using a wealth of experimental techniqisse Ref. 7 for
total energies which are needed as input for the cluster exan assessment of the experimental Jafae coherent phase
pansion were calculated using the pseudopotential methdsbundary is depressed below the equilibrium incoherent mis-
for Al-Zn and the full-potential linearized augmented planecibility gap due to the elastic strain associated with maintain-
wave methodLAPW) for Al-Cu (details are provided in the ing coherency between precipitate and matdExperimen-
Appendi¥. The cluster expansion is then subjected to Montetal measurements of the top of the coherent miscibility gap
Carlo simulations that produce both=0 ground states and from direct measurement techniques, such as x-ray diffrac-

0163-1829/99/6(24)/1644815)/$15.00 PRB 60 16 448 ©1999 The American Physical Society



PRB 60 COHERENT PHASE STABILITY IN Al-Zn AND Al-Cu . .. 16 449

tion, TEM studies, and neutron scattering stutfie® give 100 77 -
values from 318-328 °C for compositions of about 37—-40 % (@)
Zn. (Assessing the coherent phase boundary via aging at low 801
temperatures and reheating to find the reversion temperature
is problematic due to the complex precipitation kinetics at
low temperatured) Decomposition of the solid solution at 40 -
temperatures below the coherent phase boundary gives rise bee
to a series of coherent fcc precipitate shapes. The precipita- 20 1
tion sequence involves spherical Guinier-Prest®P)
zones'?! coherent ellipsoidal precipitates, and partially co-
herent platelet§with coherency along111)].22-2¢

The decomposition of Al-rich ACu; , solid solutions
also produces coherent GP zones. In fact, Al-Cu alloys pro-
vide the textbook example of the formation of GP zones in
supersaturated solid solutioffs?®?The specifics of the pre-
cipitation sequence are somewhat controversial, but it is gen-
erally agreed that coherent platelets of Cu form al¢h@p
directions?® Two types of GP zones have been reported, the
so-called GP1 and GP2 zor@There have been many mea-
surements of the coherent phase boundaries for GP1 and
GP2 zonegsee Ref. 75, and references theyeimich show
a maximum temperature of roughly 200 °C at the solubility
limit of 2% Cu. Recently, the mixed-space cluster expansion
technique used here has been applied to Al-Cu alloys and the
resulting coherent phase boundaries and precipitates
predictec?® This theoretical approach was shown to provide
predictions for the coherent precipitate shapes of GP1 and . , T
GP2, and also provides an explanation for the GP1-GP2 tran- 0.8 0.9 1.0 1.1 1.2
sition observed in terms of a size-dependent transition of the Uniaxial distorsion c/a
equilibrium precipitate shape.

Here, we construct a mixed-space cluster expansion for FIG. 1. Volume-conserving first-principles total_ energy calcula-
Al-Zn alloys using first-principles total energy calculations. tions of (@ fcc-Cu and(b) fec-Zn deformed along different crystal-
Then, we compare the resulting phase stability of Al-Zn with!ographic directions. The energy differences caused by distortions

the previous calculations of Al-C{Ref. 29 in terms of their ~2/°n9(100, (110, and(111) as well as for bce Cu and hep Zn are
ays given with respect to the undistorted fcc lattice. The energy

zero-temperature superlattlce ?nergles and Qr.ound state§, ggtl)cc Cu is denoted as an open triangle, while the energy of hcp Zn
well as thermodynamic properties such as mixing enthalpless d
3 enoted as an open hexagon.

coherent phase boundaries, and short-range order in the soll
solutions. We show how the instability of fcc-Zn is, to a 1 demonstrates that Cu has a minimum energy at the undis-
large extent, responsible for many of the thermodynamiaorted (c/a=1) fcc structure(as it must, since fcc is the
properties of Al-Zn, and is hence responsible for the contrasgtable form of Ciy while the bec structurec{a=1/1/2) is 46
between many properties of Al-Zn and Al-Cu. All of these meV/atom higher in excellent agreement with earlier LAPW
results are compared with experimental observations, whergtudies® In contrast, the stable hcp form of Zn is 21 meV/
available. The calculations described here create a basis foradom lower in energy than fcc Zn. Furthermore, while all the
detailed theoretical study of precipitation in Al-Zn. energies of “distorted” fcc-Cu show the expected parabolic
shape exhibiting a minimum for the undistorted fcc structure,
distorting fcc-Zn produces an intriguing result: The volume
[Il. INSTABILITY OF ELEMENTAL FCC ZN conserving total energies for fcc-4Rig. 1(b)] showan in-
. . tability of fcc-Zn when rhombohedrally distorted along
The constituents of the two considered alloys Cu, Al, an 111) or orthorhombically distorted along (110Votal en-
Zn, haye @fferent struqtural prgferences: while Cu 'and A'ergy minima occur at c/a~1.15 lying —5.5 and
crystallize in an fcc lattice, Zn is hcp. Confronted with the _3'7 mev below the energy level of the ideal undistorted
problem of describing the fcc solid solution in the&h, _x  fcc-zn unit cell for(111) and(110), respectively. This insta-
alloy system we have to inquire about the stability and elaspjlity is, as we show below, essential for a correct description
tic properties of this unusual phase: fcc-Zn. Figure 1 comof the properties of Al-Zn alloys. Because of their central
pares LDA-calculated total energies of volume-conservingole in this work the curves of Fig. 1 were also calculated
distortions along the three principal crystallographic direc-using the LAPW method. The agreement between pseudopo-
tions for fcc-Cu(a) and fcc-Zn(b). The calculation is volume  tential and LAPW total energies is excellent: Deviations are
conserving in that the “basal plane” lattice constaatare  smaller than 3 meV for each individuala ratio, and the
varied, while the third lattice constaetis chosen so as to LAPW results show the same instability of fcc Zn with re-
maintain the constant volume of the undistorted unit cell. Wespect to(111) and (110 distortions atc/a~1.15.
define c/a=1 as the undistorted fcc state. We used the The instability of elemental metals in crystal structures
pseudopotential method, as detailed in the Appendix. Figurether than their stable state has been foutheoretically
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many times beford' =3 However, the most common ex- is the energy required to hydrostatically deform the solid
ample is fcc-stable elements.g., Cu which are unstable in  elementA to the lattice constara of the alloy.

the bcc structure, or vice vergd@he 100-type distortion con- (b) The epitaxial strain energyAES(a,G), representing
nects the fcc and bcc structures via the Bain path, and thghe energy of the elemental solidepitaxially (or, biaxially)
instability of bcc Cu can be seen from the 100 distortion indeformed to the “substrate” lattice constaatin the two
Fig. 1(a).] This fcc-bce instability may be phrased in terms gjrections orthogonal t€ andrelaxedalongG.

of elastic constants by a negative valueQyfi—Cj, for the Thereby, it is important to mention that all energy differ-
unstable phase. However, the instability in fcc Zn is due to @nces in this work are given with respect to the idgadis-
negative value o4, and is, to the authors’ knowledge, the torted fcc structure of Cu, Al, and Zn. The ratio of the two
first known case of an hcp element which is unstable in theenergies €(;:1iven above defines thepitaxial softening
fce structure. Furthermore, as we show below, the instabilityfunctior?®

of fcc-Zn permeates the energetics of fcc-based Al-Zn alloys eni . A
and effects strain energetics, ordered formation enthalpies, AL AE;"(a,G)
and thermodynamic properties such as the atomic short- a(a,6)= AERka)
range order. The instability of fcc Zn is also expected to have . o ) . o
consequences in the stacking fault energies in hcp Zn an?b'”ce it is always easier to deform a material epitaxially

also in any experiments which might attempt to epitaxiallyPiaxially) than hydrostaticallftriaxially), g=1. Small val-
grow a stable form of fcc zn. ues ofg(G) indicate elastically soft direction&. The dif-

The c/a ratio (with respect to ideal close packingt ference betweerd E®”' and the volume-conserving calcula-

which the fcc-Zn total energy has a minimum is practicallytions of Fig. 1 is that the lattice vector alois relaxed in
identical to thec/a ratio in hcp Zn[shown in Fig. 1b) as a  the epitaxial calculations, while in a volume-conserving cal-
hexagon. Experimentally, hcp Zn has an anomalously largeculation it is fixed by the constant-volume condition.

c/a ratio of 1.15 (with respect to ideal close packingA In the harmonic elasticity theoryj depends only on the
study by Singh and Papaconstantopotfishows that the directionG, but not on the substrate lattice constarif**4°
density of states of hcp Zn fara=1.15 shows a splitting of Recent studies have demonstrated that anharmonic effects
states, which leads to a low density of states at the Fernfian be important and thereforgbecomes a function of the
level. In contrast, at the ideafa the density of states at the Substrate lattice parametas** Figure 2 shows our LDA-
Fermi level is even larger than that calculated for undistortedtalculated epitaxial softening ratm(a,G). The shaded ar-
fcc Zn. The authors suggest that this change in the density ¢fas denote the lattice parameter range pertinent to the alloys
states is responsible for the anomal@da ratio in hcp Zn  studied. We note the following(i) Zn shows overall the
and that the Znl states play an important role in the stability Smallestq values, i.e., relative to hydrostatic deformation,
of hcp Zn. A recent paper reaches a similar conclusion€pitaxially deformed Zn is softer than Cu or Ali) At the
Zheng-Johansson, Eriksson, and Joharssimow that the equilibrium Iatucegonstantgof each element, the order of
deviation ofc/a in hcp Zn is caused by the one electron elastic softnesg|(G) is guaranteed by harmonic elasticity
d-band energy and therefore to théand filling. This work (i.e., the 100 and 111 directions must be the elastic extrema
shows that the Madelung energy and, to lesser extent, tHeor Cu and Al,(100 is the softest and111) the hardest,
Born-Mayer repulsion stabilize the hcp crystal at the ideathile for Zn, (111) is the softest an@00) the hardest direc-
axial ratio, while the one-electrareigenvalue sum having a ton- (iii) The order of elastic softness can change for sub-
distorted asymmetric parabolida dependence is the domi- Strate lattice constants which differ froa,. For example, a
nant term that favors a deviation of the axidh ratio from 2% compression .Of AI Is softer anr_(gl_O) than along100),

the ideal one. The observation of the laea instability in while at the equilibrium the opposite is true.

) . . The instability of fcc-Zn is manifested by the softening of
fcc-zZn [Fig. 1(b)] suggests that the physical mechanism :
which i£ rgsp%)(n)s]ible ?gr the anomaloug >;atio of hcp-Zn q(111) and by negativg values along thé110 and (111

Id be th h hich he i bility of f directions for lattice parameters up to about 5% smaller than
could be the same as that which causes the Instability of IC,q equilibrium fcc Zn lattice constant. This observation is

Zn. Indeed, the devglopment of an energy m_inin_qum of fcqunderstandable in light of Fig.(): It shows that(111) dis-
Zn at the same/a ratio as stable hcp Zn is indicative of the i4rtions of fcc Zn lower the total energy asa increases

()

propensity of the former to “imitate” the latter. from 1. Suchc/a>1 values in Fig. 1 correspond in Fig. 2 to
lattice constants below the equilibrium,, value. Thus,

IIl. AL-ZN VERSUS AL-CU: COMPARISON OF ALLOY AE®Ma,(111)] is negative in this lattice parameter range.
STRAIN ENERGIES AND FORMATION ENTHALPIES Since, howeverA E™K(a) is always positiveq(111)<0 for

We next investigate the consequences of the instability oft < 8eq:
fcc Zn on the properties of fcc AZn, _, alloys. We will thus
compute the strain energies of,&Zh, , and ALCu,_, al-
loys and show how the behavi@ffig. 1) of the elements Cu The calculated elemental epitaxial energies can now be

B. The alloy constituent strain energies

and Zn effect the alloy properties. used to determine theonstituent strain energyhat is de-
fined as the equilibrium value of the composition-weighted
A. Elemental epitaxial energies sum of the epitaxial energies éf andB:

A description of the strain properties of alloys requires Aged(x G)=min[xAES(a,,6)+(1-x)AEP(a,,6)],
specifying two types of quantiti&$ a P P
(a) The hydrostatic deformation energyE3"(a) which 2
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FIG. 3. Constituent strain energia€gk, Eq.(2), for Al,Zn;
and ALCu,_, as function of composition for different directions.
The energy values are about an order of magnitude larger for
Al Cuy, _, than for AlZn, _, . All calculated energy differences are
given with repsect to the ideal undistorted fcc-crystal of Cu, Al, and
Zn.
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strain parametrized in terms of a sum of cubic harmdfics
for a concentration of 90% Al. The distance from the surface
to the center of the cube represents the amount of the strain
energy for a given orientation. It can be seen that for Al-Cu
the figure has a “depression” in the very saft00 direc-

tion. In contrast, Al-Zn has the largest extension and there-

o
n
i

-0.4 -

Epitaxial softening ratio q (G)

06 T T T T . T fore, the largest strain energy in tK&00) direction, but the
(© fcc-Al smallest extension in the11) direction.
0.5 -(111) 1
\o\
0.4 _M i C. Formation enthalpies of ordered structures
The formation enthalpyAH(x,o) of an orderedA,B,

0.3 1 201) 7 bulk compound is defined as the energy gain or loss with
respect to the bulk constituents at their equilibrium lattice
constants

66 68 70 72 74 76 AH¢(x,0)=E(A;Bq,0) ~xEx(an) —(1-X)Eg'(ag).

()

Here,o denotes the type or ordered structure, apdndag

Lattice parameter a [a.u.]

FIG. 2. Epitaxial softening functiog(a,G), Eq. (1), for fcc-Cu,
fcc-Zn, and fcc-Al calculated via LDA. The shaded areas mark the
lattice parameter range between the individual components of the |Directi0n-dependence of constituent strainl
considered alloy. The-factor values for th€110 and(111) direc-
tion of Zn become negative for lattice parameter values smaller than - -
the fcc-Zn equilibrium value. Arrows denote the position of the r
equilibrium lattice constang,, of each element. The lines are
drawn merely to guide the eye.

wherea,(x) is the lattice constant that minimizesECY at
each x. Figure 3 presents the constituent strain energy for
AlL,Cu,_, and AlZn;_, as function of the Al composition
for different directions! We see thati) all strain energies
are about an order of magnitude smaller for Al-Zn than for

Al-Cu. In fact, the strain energy in &Zn, _, does not exceed (100
a value of 5 meV/atom for any directiofii) The strain en- ) )
ergies of the AlZn,_, alloy are characterized by the exis- soft in [111] 5oF im,[100]

. . . . hard in [100 hard in [11
tence of an elastically soffl11) direction and an elastically el IR0l Bk ELE0]

hard (100 direction. In contrast, for ACu,; _, the (111 di- FIG. 4. Parametric three dimensional presentation of the con-
rection is the hardest up to=0.70, while(100 is the elas-  stityent strainAEL, Eq. (2), for a composition of 90% Al. The
tically softest direction between 25 to 100 % Al. The differ- distance from the surface to the center of the cube represents the
ent directional strain behavior of AMn;_, and ALCu_y,  amount of the strain energy. The figure demonstrates the different
alloys can be illustrated by a three-dimensional parametrizasehavior of Al-Zn and Al-Cu. While thé€100) direction is the hard-

tion of the constituent strain. Figure 4 shows the constituengst for ALZn, _,, it is the softest direction for ACu; _.
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TABLE |. Cluster expansion fit for Al-Zn. The compounds are sorted by superlattice direction and
composition. Compounds marked by a star are not input structures of the cluster expansion fit, but represent
prediction. While the “average fit error” gives the standard deviation of cluster expansion formation enthal-
pies of input structures, the “average prediction error” represents the standard deviation of all predicted
structures. The “maximum error” is the largest deviation between the cluster expansion and LDA values of
all considered structures.

Average fit error (CE, 26 structures): 1.51 meV
Average prediction error (9 predictions*): 2.16 meV
Maximum error: 4.06 meV

Direction
Stoich. x4 (100) { (110) | (111) | (201) | (311) | others
Zn 0.0 Fee
direct: 0.0
CE: +0.6
AlZng 025 Y 3% V3 DO04y,b w3 L1,
24.8 4.3 13.3 9.0 5.3
24.2 3.7 12.5 11.0 10.2
AlZny, 0.333 82 ~¥2 o2
14.9 177 2.0
18.3 21.3 3.3
7.0
7.2
AlZn 0.50 L1, L1,
23.5 7.4
26.9 9.9
AlyZn; 0.50 Z2 Y2 V2 |CH(40)] W2
9.0 24.6 4.8 24.8 18.6
9.6 26.8 7.3 28.8 22.3
AlsZnsg 0.50 Z6x% Y 6x% V6
6.2 18.8 2.8
5.7 16.4 3.2
1.8 18.4
1.7 20.9
6.0
6.2
AlsZn  0.667 £1 1 al
17.4 32.6 15.9
20.4 33.7 16.7
AlzgZn 0.75 Z1 Y1 Vi D020 | Wlx L1,
10.2 26.0 14.6 27.6 23.0 35.1
14.1 27.2 12.7 32.6 25.8 34.9
AlzZn 0.875 D7
10.7
12.4
Al 1.00 fee
0.0
-0.6

are the equilibrium lattice constants of the bulk elemekts metrically fully relaxed compoungdsge., structures were op-

andB. EX(a,) andES'(ag) are the total energies @t and  timized (consistent with the symmetry of the structuveth

B, respectively. IfAH¢(x,0)<0, the compound lies ener- respect to unit cell vectors, atomic displacements and volume

getically below phase separation, while for a positive valueof the unit cell. Indeed, earlier investigations on Cu-#u,

of AH(x,0) the phase separated state is favored over th€u-Pd**®semiconductor alloy&*°~*3and Al-Cu(Ref. 29

compound. have clearly demonstrated that inclusion of atomic relax-
The formation enthalpies for AZn, ordered compounds ations in compounds is essential to yield correct physical

were calculated here using the pseudopotential method. Eonclusions. The compounds we considered are defined in

thalpies for Al,Cu, were calculated in Ref. 29 using the Table I in terms of their stoichiometrie.g., AbZnz) and

LAPW method. Appendix A gives the details of the calcula-superlattice descriptiofe.g., “Z7” is a label for a (100

tion methods. All formation enthalpies correspondgeo-  superlattice with 2 monolayers of Al followed by 3 mono-
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TABLE II. Cluster expansion fit for Al-Cusee Table | for details

Average fit error (CE, 41 structures): 8.24 meV
Average prediction error (0 predictions): —
Maximum error: 41.84 meV

Direction
Stoich. T Al (100) (110) (111) (201) (311) others others
Cu 0.0 Jee
direct: 0.0
CE: -4.4
AlCusg 0.111 NigNbs
-90.8
-106.3
AlCur 0.125 D7y
-93.1
-108.7
AlCus 0.25 Z3 Y3 V3 DO022b L1 SQS14bx
-148.2 -143.0 -29.6 -201.7 -193.7 -118.9
-133.3 -164.6 -51.6 -223.3 -169.3 -129.1
Al2Cug 0.25 LPS3bx D023
-196.8 -199.3
-191.9 -200.2
AlzCug 0.25 LPS21b
-199.7
-206.5
AlCu2 0.333 B2 ~2 a2
-222.5 -215.8 -59.4
-180.7 -210.6 -80.6
AlCu 0.50 Llo L11
-164.0 -112.9
-173.4 -112.7
Al;Cuz 050 Z2 Y2 V2 |CH(40)| W2
-74.0 -140.8 -33.5 -128.8 -124.7
-92.6 -110.0 -51.4 -111.2 -117.9
Al Cu 0.667 £l ~1 al
-100.1 -71.1 -102.1
-111.3 =777 -89.9
AluCu4 0.733 r2 X r2
-20.5
-24.9
AlsCu 0.75 Z1 Y1 Vi DO022a* L1, SQS14ax*
-96.2 -32.5 -51.2 -25.9 -23.1 -52.6
-93.2 -47.9 -64.7 -36.6 -11.3 -46.7
AlsC'U.z 0.75 Z8.2
-49.4
-41.0
Al;:Cu 0.875 Z8 D7 5 X rb
-40.7 +2.4 -64.9
-42.0 +14.7 -84.0
Al14Cus  0.875 Z16.2
-14.0
-18.9
AlgCu 0.888 NigNb,
-15.4
-6.5
Al15Cu 0.938 Z16 D16
-19.1 +3.2
-20.0 +19.8
Al 1.00 fee
0.0
-14
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FIG. 5. Fully relaxed LDA formation enthalpieAH; for all
considered AlZn, and Al,Cu, ordered compounds sorted by super-
lattice direction. While the AiZn, compounds have exclusively
positive formation enthalpies, the /&u, compounds possess
nearly all negative formation enthalpies.

layers of Zr. The calculated\H; are given in Tables | and
[l and plotted in Fig. 5. We note the following:
(i) While for Al,Cu, compounds nearly all formation en-
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—222.5 meV/atom to+3.2 meV/atom, while for AJZn,
they range only between +1.8 meV/atom to
+35.1 meV/atom.

(i) Formation enthalpies for AZn, compounds with
layer ordering along thel11) direction are smallest. This is
evident in Fig. 6 which shows all directly calculated forma-
tion enthalpies of AlZn, compounds and can be interpreted
as a consequence of the unusually low constituent strain en-
ergy.

(iii) The formation enthalpies of Al-Z(110) superlattices
are relatively large, even larger than along (%60 super-
lattices, although Al-Zn also appears to be very soft along
(110 (see Fig. 3.

To understand the trends in formation enthalpies we will
use the following rougliand admittedly, nonunigyelecom-
position: We describe the formation enthalpy of any struc-
ture as the sum of the constituent strain energy of(Egand
the relaxed “chemical energy” including all other contribu-
tions,

AH{(X,0)=AEZY ) + AE hen{ X, 7). (4)

The partitioning of Eq(4) leads to the conclusion that for
AlpZn, compoundsAE ey on the average must be more
positive for structures ordered alofgl0) than(111). Tak-

ing all directly calculated formation enthalpies of ordered
compounds alongl1l) and(110) into account we get aver-
age values of AEge,{(111)=6.6 meV/atom and
AE;hen{110)=24.5 meV/atom. The averages of the con-
stituent strain energy for considered superlattices amount to
AEZY0)(111)=1.1 meV/atom and AEgYo)(110)

thalpies are negative, they are exclusively positive for—1-6 meV/atom. In other words, for(111) compounds”

AlpZng. This already characterizes Al-Cu as ordering sys-

even the very soft strain energy gives a fractionally larger

tem, and Al-Zn as phase separating system. The formatiofontribution to the formation enthalpies shown in Fig. 6,

enthalpies of AlCy, compounds range between
AlZn
35 ®
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FIG. 6. Fully relaxed LDA formation enthalpieAH; for

while the fractional contribution of strain to formation en-
thalpies along110 is relatively small.

D. A detour: The need to use geometrically equivalenk
points in evaluating formation enthalpies

The small formation enthalpies in fdn, demand ex-
tremely careful convergence. In addition to convergence
with respect to the basis set, one needs to assure convergence
with respect tdk points. Considering Eq3), we see that one
needs to converge therepresentation for a compoudgB,,
as well as for the elemental constitueAtsindB. The stan-
dard way of accomplishing this is to increase the number of
k points in all 3 systems until convergence is obtained. This
can be done using any method of Brillouin zone sampling,
e.g., Chadi-Cohéti or Monkhorst-Pack® The disadvantage
of this approach is that it requirebsolute kpoint conver-
gence forA, B and separately, foA,B,. An alternative
method is to take advantage ofelative k point
convergencé!

The idea is to sample the Brillouin zomeguivalentlyfor
A, B and for A,B,. This could be done by considering
ApAq, BpBg, and A B, as isostructural solids and sample
the Brillouin zone of all equally. Then, any relatikepoint
sampling error cancels out. This is called theethod of
equivalent k points! In practice, we do not have to calculate

Al,Zn, compounds: The smallest values are found for compoundshe total energies oA,A, and BB, but we can calculate

which are superlattices along tli€11) direction.

instead the energies éfandB, at suitably folded-irk points.
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TABLE lIl. Influence ofk point set on formation enthalpiesH; and epitaxial energieAE®P' of Al-Zn:
The table compares equivalefRef. 51) and regular meskRef. 50 k-point setsNXNXN represents the
number ofk points in the Brillouin-zone before reduction by symmetry. Structures are defined in Table I.

System Equivalenk points Regular mesh
AH; (meV/atom) AH; (meV/atom)

N=8 N=10 N=12 N=8 N=10 N=12
epi: Zn(100) +14.6 +15.5 +15.6 +4.8 +20.8 +11.7
epi: Al(110 +4.3 +4.5 +4.5 —-2.1 +10.2 +8.7
epi: Zn(117) —-5.3 +3.3 +3.2 —2.6 +0.9 +3.0
AH;: L1, (AlzZn) +33.8 +33.1 +34.2 +34.1 +33.8 +33.7
AH;: L1, (AlZn) +22.7 +23.6 +235 +15.7 +18.1 +20.0
AH;: L1, (AlZn) +6.5 +9.1 +9.4 —4.6 +3.2 +4.0

For comparison three epitaxial energies as well as threx12X12 while using 1&18x18 gives +2.0 and
formation enthalpies were calculated usMg NX N regular  +2.8 meV/atom, respectively. As a result, a<IP2X 12 set
(Monkhorst-Pack and equivalenk points for N=8,10,12.  of k points would erroneously predict the Al-Zn system to be
Here, NXNXN is the number ofk points in the first ordering-type along(11l), but phase separating along all
Brillouin-zone before reduction by symmetry. The chosenother directions. Thisk-point problem is connected to un-
epitaxial systems are Zh00) and Zn (111) relaxed ata  usual small formation enthalpies of ,&n; . It should be
=7.50 a.u. 8,=7.23 a.u.) as well as AL10) relaxed at mentioned that the problem described only appears for com-
a=7.33 a.u. @,=7.50 a.u.). The three ordered com- pounds with equivalent superlattices alofill), i.e., for
pounds are_1,, which does not allow any cell-vector dis- compounds showing large cell-vector distortions and atomic
tortions, as well as 1, andL1, allowing distortions along movements. Formation enthalpies calculated for other com-
the c-axes in thg100 and (111) directions, respectively. pounds do not show such a high sensitivity to the number of
The results are shown in Table Ill: It can be seen that thé& points.

AH; values for equivalent sets converge much faster than

using regular sets. Indeed, even axi®x 10 regular mesh IV. THERMODYNAMIC QUANTITIES

k-point set for most casggxceptL 1,) is not sufficient. For o ) ]
equivalentk-points a set of 18 10x 10 k points represents To calculate finite temperature, thermodynamic properties

the smallest acceptable choice especially for distortiondith first principles accuracy, pair- and multibody effective
along(111). cluster interactions are needed as input for Monte Carlo

To determine the minimum number of equivaléroints ~ Simulations. These interactions are generated by use of a
needed we calculatkH; for superlattices alongl11) direc-  Mixed-space cluster expansion with directly calculated LDA
tion. The reason for selecting this ordering direction is thatrain energies and formation enthalpies as input. We next
atomic movements alongl1l) are very large due to the describe the construction of the cluster expansion for Al-Cu
unusual epitaxial softness along this direction. These tes@nd Al-Zn.

(Table V) show that sometimes evenX22X 12 equivalent

k points are not sufficient for convergence: While for the A. The mixed space cluster expansion for Al-Zn and Al-Cu

L1, L1,, andV2 structures, the use of>88x8 k points It has been demonstrafd**?°that amixed-space cluster

already leads to stable results, for #2, V3, V6, andV8  oyhangioh®7js an efficient and accurate tool for calculating

structures this is definitely not the case. For examAls  gr6und states, mixing enthalpies, superlattice energies, phase

for «2 andVé are —4.1 and—9.9 meV/atom using 12 giagrams, and short-range order. This expansion allows a

) _ _ fast and precise prediction of formation enthalpies for any

TABLE 1V. Formation enthalpiemeV/aton] of Al-Zn for dif-  grpitrary atomically relaxed configuratianexpressed in the

ferent numbers of equivalerk points. NXNXN represents the form
number ofk points in the Brillouin-zone before reduction by sym-
metry. Structures are defined in Table I.
AHce(0) =2 JpailK)[S(K,0)|?

Structure Stoichiometry NXNXN k points K

N=8 N=10 N=12 N=16 N=18 MB
L1, Al,zn  +33.8 +33.1 +34.2 +34.9 +35.1 +Z DJill¢(0) + AEc(0). ®)
L1, AlZn +65 +9.1 +94 +80 +7.4
Vs, Al,Zn, +29 +4.3 +4.8 The first term includes all pair figures whedg, (k) and
a, AlZn, -4.1 +2.0 S(k,o) are the lattice Fourier transforms of real space inter-
V3 AlZn, -53 —-35 +43 actions and spin-occupation variables. The second term rep-
Ve Al3Zn, -99 +2.8 resents many-body interactions and runs over symmetry in-
Vg Al,Zn, ~-106 +1.8 equivalent clusters consisting of three or more lattice sites.

D stands for the number of equivalent cluster per lattice site,
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and ﬁf(a) are structure-dependent geometrical coefficients. Pair Interactions
The last term represents the constituent strain energy of the ¢ 10
structures, AEc4 o), and can be calculated by expanding % 5 -
the equilibrium constituent strain energyE&y(x,k) in Eq. > 0 2 Pe® aeteocooe
(2), 3.516'45 é v' A4 L Zad i
~ n‘- ]
AECS(U)=; Jes(x,K)[S(k,0) |2 (6) z -10 |
" -% -15 |
wit
£ 20
& AE%CIS(X,R) 7 E 25 AI-Zn
‘JCS(X1 )_ 4X(1_X) . ( ) E 30 I I I '
For more details, see Refs. 16,17,42—44. 0 5 10 15 20 25
This method has been applied previously to the Al-Cu Number of fcc shells

systen?® Here, we apply it to Al-Zn and contrast the results
of energetic and thermodynamic properties with those of Al- \ .
Cu. To determine the coefficienfd,,;(Kk)}, and{Js} of the Multibody Interactions
cluster expansion we need as input the formation enthalpies
AH¢(A,B,) of ordered compounds which were discussed in
detail in Sec. Ill C. The real-space pair and multi-body inter-
actions are fit to the\, formation enthalpiesAH;}, mini-
mizing the root mean squarfems) error A !

N
o
¢

10 1

1
A1 2 WolAHce(0) — AH pa(0) I

o T

t
2 2 Jpai KL= Vil pail ), ®

where\ andt are free parameters andis a normalization
constant® This k-space smoothness criterion automatically
selects optimally short-ranged pair interactions. Then, a large ) _ _ ) )
number of different sets of three and four-body figures is FIG. 7. Pair and mult_lbody effective cluster interactions f_or
tested as to whether it improves the rms error of the overaff-2" deduced from the fit of Table I. The symbols characterize
fit. An individual multi-body interaction is only added to the "dividual multibody interactions: 3" stands for three- and "4

fit if it strongly decreases In this sense, it is important for four-body interactions. In general, the distance between atoms

rms* )

to check the stability of the clust . d increases with the letter, i.e., for example, “J” means only nearest
0 check Ine stability of the cluster expansion as measure eighbors, “K” nearest neighbors and one second nearest neighbor,
a change in other multibody interactions upon the addition of,;.

a particular figure. Table | shows the input formation enthal-

piesAH; and the fitted enthalpies for Al-Zn. All enthalpies ynysical properties regarding short-range order behavior of
that have an aster|sl_< <_jenote structures not us_ed in the fit. Thga alloy system. This example makes clear that the average
average error of fittingN,=26 enthalpies is 1.5 meV it error of a cluster-expansion cannot be used as an absolute
whereas the error for the 9 other structures not used in the ftheasure for its quality. Moreover, the stability of the fit and
is 2.5 meV. Figure 7 gives the pair and selected multibodyne correct ground state behavior are more important, for the
interactions used for the Al-Zn system. It can be seen th%redictiveabilities of the expansiof?
pair interactions converge rapidly, so that a consideration of
15-20 pair interactions is sufficienfFor more details on
construction of a mixed-space cluster-expansion, see Ref.
43) The effective cluster interactions of Al-Zn were used to
The mixed-space cluster-expansion for Al-Cu is given incalculate the mixing enthalpy for a disordered alloy by
Table 1l. Because this expansion was constructed to studylonte Carlo simulations in the canonical ensemble. Test cal-
precipitates in Al-rich alloy$? the Al-rich compounds were culations for different numbers of atoms found that the use
heavily weighted in the fitting procedure, at the expense obf a fcc grid consisting of 2820X 20 atoms is more than
larger errors for Cu-rich compounds. The average fit error isufficient. The temperatufe= 643 was chosen, because an
a factor of two larger than for Al-Zn, partly a reflection of earlier study by Me3? done for the same temperature opens
the larger formation enthalpies in Al-Cu. While it is possible the possibility for a direct comparison. This earlier investi-
to dramatically reduce the fit error in Al-Cu by giving Cu- gation used a polynomial description which was adjusted for
rich compounds more weight in the cluster-expansion fit, thisa best fit to all experimental information using a least squares
leads to an incorrect ground state and therefore, to incorregrogram|[CALPHAD | (Ref. 54]. The calculation was made

Multibody interactions x D, (meV/atom)
o

B. Mixing enthalpies of disordered and random alloy
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| Disordered alloy: mixing enthalpy " o042
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FIG. 9. Calculated coherent fcc-miscibility gap of &h;_, .
The experimental phase diagram, which showsitieseherentmis-
cibility gap, is taken from Ref. 15.

-60
-80 -

-100
energy of the configurationally-random state. The composi-

1204 | AH -
120 rondom tion dependence afH (random) is given in the lower part of
'14000 o o o os o Fig. 8. The difference between the results of Fi¢g)&nd

Al ’ ’ ' ) Zn those in Fig. &) are due to the energetic effect of short-

Composition x cu range order in the solid solution. For the phase separating
alloy system AJZn; , all values are positive exhibiting a

FIG. 8. (a) Calculated mixing enthalpAH of AlZn_y atT o avinim around 40% zn, while for the ordering system

=643 K as function of composition. The dashed line defines theAI cu all values are neaative exhibiting a minimum
result of a study usingALPHAD from Ref. 53, while the solid line is x~=1-x 9 9

our calculated first-principles mixing enthalgyH 57,(x,643 K). around 30% Cu. The ”.“X'“g enthalpy of the,&h, _ ran-
(b) Calculated mixing enthalpy of the random alloy as function ofdom alloy "?‘t_ the maximum amounts t624 meV/atom,
composition for AjZn, , and ALCu,_,, and comparison with While the mixing enthalpy of the ACu, _, random alloy at
measured values of Cu-rich alloys taken from Refs. 58,59. the minimum amounts to-130 meV/atom. These calcu-
lated enthalpiegwithout the effects of short-range orgler
for the fcc solid solution relative to fcc constituents, i.e., themay be compared with measured vaffes for disordered
fcc-hcp energy difference for Zn was already subtractedCu-rich alloys which are also shown in Fig. 8. As can be
Our calculated first-principles  mixing  enthalpy seen, the agreement is very good, especially, if we consider
AHpz0(%,643 K) and the phenomenological fit to experi- that the theoretical values are for the fully random alloy and
ment of an Mey® are compared in Fig.(8). The two curves a discussion of the cited experimental investigations by
agree very well: Both show a maximum around 40% Zn withHultgren'® gives an error estimate of 30 meV/atom for
a corresponding mixing enthalpy of about 20 meV/atom. Athese measured values.
comparison to individual experimental studies of the fcc The limited solubility of Cu in Al means that it is not
phase appears to be very difficult, because their results diffggossible to compare the entire curve in Fig. 8 with experi-
profoundly: For example, while calometric studies of Wittig ment, but rather only the Al-rich dilute limit. The dilute heat
and Schi&l®® (T=643 K) and Connel and Downie (T  of solution for Cu in Al can be computed from our cluster
=637 K) lead to a maximum in the enthalpy of mixing at expansion approach: The calculated value for aguflug o1
about 25% Zn, electromagnetic field studies by Hilliard,alloy is AHgy o= —50 meV/Cu atom for the random al-
Averbach, and Cohéh (T=653 K) find a maximum loy, and AHuiof T=700 K)=—70 meV/Cu atom when
around 60% Zn. To our knowledge these discrepancies fashort-range order is taken into account. Both of these values
the thermodynamic properties of the fcc solid solution areare extremely smallin magnitudé compared to the forma-
not yet clarified; hence, future experimental studies would b¢ion enthalpies of ordered Al-rich compounds, e.g.,
desirable. AH(Z1)=—-96.2 meV/ators —385 meV/Cu atom, nearly
We also have calculated the mixing enthalpy of thean order of magnitude larger than the heat of solution. The
configurationally-random alloy: Monte Carlo simulations smallness of the heat of solution is due to the asymmetric
were performed for extremely high temperatufesg., T  shape of the random alloy energy in Fig. 8. The curvature of
=50000 K) where almost all atomic exchanges of the Me-the random alloy energy changes sign and the mixing energy
tropolis algorithm are accepted. This simulation samples theearly becomes positive for Al-rich alloys. Interestingly, this
configuration space in an unbiased manner, and gives thesymmetry also exists in the measured enthalpy of liquid
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. The equilibrium Al-Cu phase diagram shows no miscibil-
Calculated Al'rICh. ity gap. Rather, the Al-rich portion has a small region of
Al-Cu Coherent Phase Diagram solubility of Cu in Al followed by an incoherent two-phase
500 field of this solid solution with the equilibriunfnon-fcc-
Al-rich Solid Solution based Al,Cu (6) compound. The details of the Al-rich por-
Equilibrium Incoherent tion of the coherent phase diagram are related to the structure
400 | Phase Boundary and ordering of coherent Cu precipitates in Al, which is the
source of much experimental controveféyHowever, re-
6 cently it has been theoretically predictagsing the methods
% 300 | Calculated Coherent described in this papgr that the coherent Al-Cu phase dia-
e Phase Boundary gram possesses an Al-rich &8lu compound. The coherent
2 phase boundary between the Al-rich solid solution and this
g Al;Cu compound is shown in Fig. 10. Measurements of the
S 0 | 800 coherent solvus curves are redrawn from Fig. 9 of Ref. 75.
g © %Qo Both “GP” (Guinier-Preston, or GBland 8" (or GP2 data
= (9‘5 Al + AL.Cu are redrawn from Ref. 75, however, since it was recently
3 found® that these phases are not distinct thermodynamic
100 | O phases, we have not distinguished the two sets of measured
°fo data. In both the Al-Zn and Al-Cu alloys, the agreement
between the calculated and measured coherent phase bound-
0 ) , ) ) aries is quite good, particularly since our calculations involve
0 1 2 3 4 5 a statically relaxed, but nonvibrating lattice.

Atomic % Cu D. Short-range order

FIG. 10. Calculated coherent phase boundary between Al-rich  The short-range orddéSRO) behavior of a system can be

solid solution and predicted 4Cu coherent ground state and com- yascribed in terms of the Warren-Cowley SRO parameters
parison to measured values of coherent precipitation solvus CUNV&SHich are given for shelllnn) by

taken from Ref. 75.

A(B)
Al-Cu.” The smallness of our calculated heats of solution is (X)) =1— mn , (9)
consistent with the measured heat of sollffaliH 0= X
—35 meV/Cu atom. where P{®) is the conditional probability that given af

Naturally, our random alloy calculation represents a solidgtom at the origin, there isBatom at {mn). The sign ofx
state fcc solid solution, but it is nevertheless interesting tandicates qualitatively whether atoms in a given shell prefer
compare with the measured formation enthalpies of liquidg order @<0) or cluster ¢>0). The SRO parameter may

alloys: Assessed data and unpublished resisé® Ref. Y pe written in terms of the cluster expansion pair correlations
give a mixing enthalpy for liquid Al-Cu(with respect to a5

liquid constituents which is asymmetric towards Cu-rich .
compositions  with a  minimum value of ~ (I jmn) — g2
—100 meV/atom, consistent with our solid-state calcula- a|mn(X)=—2
tions. Experimentaf®! and theoreticaf investigations of 1-q
the Al-Zn liquid alloy find a maximum mi'xing enthalpy be- whereq=2x—1 and<ﬁlmn> is the pair correlation function
tween 25 and 27 meV/atom at 50% Zn in very good agreefor shell (mn). In diffraction experiments the portion of
ment to our calculations of the solid solution. diffuse scattering due to SRO is proportional to the lattice
Fourier transform ofx,(X)

: (10

C. Coherent phase boundaries

R
As stated in the Introduction, a special property of Al-Zn a(x,K)= D aymq(x)e K Rimn, (11)
is the large solubility of Zn in Al and the existence of a fmn

miscibility gap in the solid solutioriFig. 9). We calculated h tands for th ber of real hell di
the coherent fcc miscibility gap by annealing the solid soly-VNereng stands for th€ number of real space shelis used in
the transform.(For more details, see, for example, Refs.

tion, lowering the temperature, and looking for the tempera, o o
ture at which the specific heat shows a maximum. Thes 2,63, and references therein; fqr examples_ of appl_u_:atlons of
calculations were done for a number of different Zn concen™ € mixed-space cluster expansion to SRO in transition-metal

trations. The resulting curve is given in Fig. 9, the experi-and noble-metal alloys, see Ref. )4.4'

mental phase diagram is taken from Ref. 15. The coherent Th? SRO of AlZn, SOI.'d solutions was calculatoed for
miscibility gap is supressed below the incoherent miscibility WO dlfferent.Zn concentrations, namely 10 and 50 % Zn at
gap due to the additional elastic energy required to maintairl ~ /00 K (Fig. 11. For these alloysqm, were computed
coherence with the fcc matrfi® We find a coherent critical by taking thermal averages of the spin produdls,,,) and
temperature off =295 °C for about 40% Zn in reasonable then using Eq.(10) to obtain the SRO parametetg,,.
agreement to the experimental values of about 318—328 °Using a finite numbeng of these real-space shells in Eq.
(Refs. 18—2Das already discussed in the Introduction. (11), we obtain the SRO in reciprocal spaegx,k) (for
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TABLE V. Calculated SRO parameters for any4Zng ; and an

AlysZnysat T=700 K for the first 10 shells.

Shell

(Imn) AlgoZng 4 AlgZngy 5
000 1.000 1.000
110 0.107 0.094
200 0.079 0.044
211 0.035 0.018
220 0.036 0.018
310 0.021 0.007
222 0.007 —0.019
321 0.010 —0.003
400 0.009 —0.001
330 0.008 —0.001

AVAYa

(000)

(100)

(100)

FIG. 11. Short-range order maps of (8fny, (left) and

Al Zngy 5 (right). Peaks are af and streaks in the SRO intensity

ments on 7 and 17 % Zn single crystals and extracted SRO
parameters for the first six nearest neighbor shells. Their re-
sults show thatr decreases rapidly with distance, and all
values are positive as expected for a clustering-type system.
Our theoretical values show the same tendency, but are about
a factor of 1.5-2.0 larger than the values given by Desplat
et al. The reason for this discrepancy is not yet clear, so that
more theoretical and experimental studies would be desir-
able. In this connection, our predicted values for the short-

along (111 are visible. Clustering tendencies are clearly stronger@ng€ order parametees for xz,=0.1 andxz,=0.5 atT
for 10% than for 50% Zn resulting in a higher intensity value = 700 K are given for the first ten shells in Table V.

around thd™ point for Aly ¢Zn, ;. A temperature off =700 K was
chosen for the calculations in order to guarantee presence in thgain, the SRO peaks are at tfie point, indicative of a

solid solution.

more details, see Ref. #4The SRO in A} sZng 5 shows
diffuse intensity atl’=(000), with streaks along thel11)

The calculated SRO of ApbdClUy g, iS shown in Fig. 12.

clustering tendency in the solid solution. However, in Al-Cu
the SRO pattern shows streaks aldd@0 rather than the
(111 streaks seen in Al-Zn. T 00 SRO streaks are again
a high-temperature reflection of the elastically soft direction

direction. The SRO at’ is indicative of a clustering ten-

of Cu, which manifests itself in low-energyl00)-type su-

dency in the solid solution, consistent with the miscibility Perlattices for Al-rich compoundgable Ii).

gap in the Al-Zn phase diagrariFig. 9 and the positive
formation enthalpiegTable ). The streaking of the SRO
along(111) is a “fingerprint” (Table ) of the energetic pref-
erence for superlattices alorigj11), which as we described
above, are due to the instability of fcc Zn when distorted
rhombohedrally. Therefore, the shape of the SRO peaks in

the solid solution can be interpreted as a consequence of the

instability of fcc-Zn. The SRO behavior of Al-Zn alloys in
the solid solution is also interesting since it can manifest
itself at lower temperatures in precipitation experiments. Ag-
ing of Al-Zn alloys showm(111) faceting of Zn precipitates as
well as a crossover at a critical particle size from spherical to
oblate ellipsoid, with the short axis i111) direction?3252
Upon going to Al-rich compositions, the SRO of AZn, 4

also peaks alf, but the streaking along tH&11) direction is
diminished. This reduction of thél11) streaks for Al-rich
compositions is a consequence of the fact that formation en-
thalpies of superlattices alori@11) become large(i.e., less
stable with increasing Al concentration. Another interesting
point is that the clustering tendency appears to be stronger
for x;,=0.1 thanx,,=0.5. For the latter the maximum in-
tensity around thd" point results to be about a factor of 2
lower than forx,,=0.1. A comparison of our theoretical
values of the SRO parametarwith those coming from ex-

perimental measurements shows a qualitative agreement: FIG. 12. The calculated and experimental SRO patterns in

Al 95Cuy 4,

theory

(000)

(220)

experiment

(220)

(200)

(000)

(020) (220) (020) (220)
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= \ 2y ) AL
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Desplatet al? performed neutron diffuse scattering measure-Al, ¢fCly 02. The experimental data are taken from Ref. 8.
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TABLE VI. Experimental(Ref. 8 and calculated SRO param- ing a limited sampling of reciprocal spa¢such as that of
eters for an A osCly oo alloy, and comparison with SRO parameters Ref. § can lead to artificially large SRO parameters for pre-
of the fully ordered A{Cu (Z1) state. cipitation experiments. Additionally, these comparisons of
SRO parameters for aged alloys are always clouded by issues
IShe” A|CS|CU|a£eld AICaIcuIated A CalculatedAl Measured ot kinetics, aging times, vacancy concentrations, etc. How-
(Imn) - AlsCuy (21) - AlpseCthor  AlosdClooe AlogedCto.orr ever, for temperatures where the solid solution is in thermo-

650 K 800 K 793 K . e Lo L

dynamic equilibrium, these kinetic issues and ambiguities

000 1.000 1.000 1.000 1.019 should not arise in measurements of SRO in the disordered

110 0.111 0.041 0.029 0.141 phase. Hence, future work on the SRO of Al-Cu solid solu-

200 0.556 0.029 0.020 0.095  tions would not only be of considerable interest in resolving

211 —0.333 —0.002 —0.002 0.012 the discrepancy present in Table VI, but also would shed

220 0.111 —0.005 —0.005 0.014 light on some of the controversy surrounding the models of

310 0111 —o00o1 0001 0.032 coherent precipitation in Al-Cu alloys

222 —0.333 —0.005 —0.004 0.004 '

321 —0.333 —0.000 0.0000 0.002

400 1.000 0.004 0.002 —0.007 V. SUMMARY

330 0.111 —0.001 —0.001 0.018

Total energy calculations of elemental fcc Zn yield an
instability when rhombohedrally distorted along tkEL])

One might be surprised by the clustering tendency of thdlirection [or orthorhombically distorted alon@l10)]. This
solid solution since almost all the calculated formation eninstability leads to unusually small epitaxial energies espe-
thalpies for ordered compound8able 1)) and mixing ener- ~ cially in the (111) direction. Consequently111) is the soft-
gies of random alloygFig. 8 are negative. This apparent €st elastic direction in fcc-Zn, but the hardest in Cu and Al
dichotomy can be explained by examining the predicted cofor small distortions. This unusual property of fcc-Zn is per-
herent ground state of ACu:?° this phase is an ACu,  Vasive and strongly influences the physical properties of
(00]_) Super|attice, refered to as “Zl’(see Table |)| In AIXan,X aIons. Not onIy for elemental fcc Zn, but also for
Table VI SRO parameters are shown for fully ordered z1,AlZn; _, alloys,(111) is always the softest direction. There-
the calculated values for an Al-2%Cu alloy at 650 and 800 Kfore, strain energies and formation enthalpies al¢hl)
as well as the experimental values at 793 K from Ref. 8, alpossess unusually small values compared to all other consid-
for the first ten real-space shells. The interesting thing to noté€red compounds. The small formation enthalpies of superlat-
is thata>0 (indicating clusteringfor the first two shells of tices along(111) also affect thermodynamic properties such
Z1. In other words, if one only looks “locally” at the z1 as the SRO, which shows clustering with streaks of intensity
structure(within the first two neighbor shelisit looks more  along the(111) direction and sharp peaks at thepoint. In
like clustering than ordering. Only when the third neighborcontrast, for Al-Cu the formation enthalpies are an order of
shell is taken into account does a negativappear. For the magnitude larger in absolute value, and streaking of SRO
calculated SRO for Al-Cu, the signs of the first three calcu-ntensities along100) is visible due to the soft100) direc-
lated parameters are in accord with those of Z1, but it can b#on in Al-Cu for Al-rich compositions.
seen that the calculated SRO parameters decay very rapidly, Effective cluster interactions obtained from a mixed-space
so that they are practically zero by the time the third neighluster expansion were used as input for Monte Carlo simu-
bor shell is reached. The first and second shells dominate tHations to study thermodynamic quantities of both alloy sys-
SRO pattern and producelalike clustering behavior. Thus, tems. Mixing enthalpies of disordered and random alloys
Al-Cu shows a clustering tendency even though the underlyagree very well with most earlier theoretical and experimen-
ing coherent ground staté&Z1” ) are ordered compounds. tal data. The calculated coherent phase boundaries of
The coherent ground state is an ordered phase which apped¥sZn;—x and ALCu;_, are also in good agreement with
locally as “clustering” on a short length scale. experimental data. The determination of the 24, , fcc

Also shown in Table VI is the SRO as measured by dif-coherent miscibility gap represents an important prerequisite
fuse x-ray scatterinj The measured SRO pattern also showsfor a detailed study of precipitate shapes in Al-Zn. Precipi-
a clustering tendency with peaks at thiepoint and streaks tates in Al-Zn are observed as ellipsoidal with a polar axis
along the elastically soft100) direction; additionally, it is parallel to the(111) direction?**>**Even the form of these
noteworthy that the measured SRO parameters in Al-Ci@precipitates could perhaps be controlled by the extremely
(Ref. 8 are much largefindicating “more clustering’) than ~ small (111) strain in Al-Zn and therefore, would be an indi-
the calculated ones. In fact, the measured SRO parameter fegct consequence of the instability of fcc Zn found here. The
the first shell is even larger than the value for the predictednstability will presumably influence all binary and multi-
Al;Cu fully ordered coherent compound. This large value forcomponent fcc-alloy systems with Zn as one constituent. So,
the measured SRO parameter is difficult to explain, and inthe instability of fcc Zn is generally important towards un-
terestingly, the same qualitative distinction was found previ-derstanding the constituent strain and precipitation in fcc al-
ously between calculatétiand measuréd coherent precipi- l0ys containing Zn.
tate shapes: The calculated precipitate shdpesolve Cu
monolayers and ordering of monolayers, an(_j hence are “!ess ACKNOWLEDGMENTS
clustered” than the model deduced from diffuse scattering
measurements of thicker multilayer zones. Some authGrs The work at NREL was supported by the Office of Sci-
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APPENDIX: PSEUDOPOTENTIAL AND LAPW METHODS
Element Cu Al fcc-Zn

The full-potential linearized augmented plane-wave o
method (LAPW) (Ref. 64 was applied to calculate forma- 2eq [A] 3.61 4.03

tion enthalpies for AJCu, compounds, while a plane-wave aEPEP\EvA] 3.56 3.96 3.82
code for pseudopotential®P was applied to calculate first eq =~ [A] 3.53 3.98 3.79
principles total energies for AZn, . In both approaches the Bg* [MBar] 1.37 0.72

exchange correlation term was always treated by the locdo [MBar] 1.78 0.84 0.98
density approximation of Ceperley and Alfféin the param-  Bg"™" [MBar] 1.98 0.84 1.12

etrization of Perdew and Zung®t.
In the plane-wave pseudopotential calculatjdhe kinetic

energy and the implementation of Kleinman-Bylarfd@on-  cases the selection s as local potential does not lead to
local potentials are performed in reciprocal space, the locajny “ghost states.”

potential and exchange correlation energy are calculated in For the LAPW calculations, we have used the code of
real space. For a given occupied screened potential, the ogyei and Krakauef* The Perdew-Zung&t parametrization

cupied eigenstates at differektpoints are calculated using ¢ the Ceperley-AldéF exchange correlation functional was

the conjugate gradient method. The conjugate gradient I_inﬁsed, along with a highly converged basis set corresponding

minimization is performed one state at a time. Since the in- _ _ .
put potential is fixed during the conjugate gradient processé%aErC‘g_ dle?{s7it RZutsﬁKggi9).=§)Sherrr1u$1$rrlirirr]1e::cri?} ;\;(ge. a
analytic energy curves can be used to determine the energy 9 _y max = . A
minimum in the line minimization. At any given time, only 2.4 andRe,= 2'_2 a.u., the maximum dlffe_renqe in the an-
the wave functions of on& point need to be stored in the 9ular momenta in the nonspherical Hamiltonian terms of
memory, while all other wave functions are stored on disk/ma—4, and the maximum angular momenta in the non-
This method allows calculations with a large numberkof spherical charge densities and potentials inside the muffin-tin
points as required in our study. As in the conventionalSPheres of,,=8. Equivalentk points corresponding to an
approactf® an outside loop is provided to converge the self-8x8x 8 mesh(or largej were used for Al-Cu compounds.
consistent field. While Kerker's approdchs used to mix For the plane-wave basis a cutoff energy of 80 Ry is
the input and output screened potential differently at differ-necessary in order to guarantee convergence of the calcula-
ent reciprocal vector components, Pulay’s algorithris  tions. Total energy calculations for fcc-Zn, Al, Cu by use of
used to take advantage of all the previous input-output pobAPW and the pseudopotential plane-wave-code give nearly
tential pairs to determine the optimal input potential for thethe same lattice parametessand bulk moduliB, for both
next iteration. methods. The values are given in Table VII, experimental
The atomic pseudopotential®P were generated using values are taken from Ref. {for hypothetical fcc Zn there
the scheme of Troullier and Martiffswhereby 3l electrons ~ are no experimental data
of Cu and Zn were treated as valence electrons. The cutoff Moreover, the spectra of eigenvalues at thel, and X
radii used fors, p, and d pseudopotentials areg(Al) point were compared between LAPW and pseudopotentials
=22 A, ry(A)=20 A, r{(Cu)=1.8 A, r,(Cu) results for fcc-Zn, Cu, and Al In all cases the deviation
=23 A, ry(Cu)=15 A, ry(zn)=2.0 A, r,(zn) between differences of eigenvalues are smaller than 60 meV.
=26 A, ry(Zn)=2.0 A. Atomic PP and all-electron ei- In a last test formation enthalpies for a number o,
genvalues agree for all elements better than 0.07 meV. Teéompounds were calculated using both methods. As an ex-
guarantee stability of the PP a number of transferability test@mple we give the enthalpy fow2 [Al,Zn, in (111)]
were made, e.g., excitation energies were calculated. Furthewhich belongs to the structures with an extremely small for-
more, the chosen non-local Kleinman-Bylander-fbfof the ~ mation enthalpy demanding an unusual large set of k points
pseudopotentials demands a “ghost-state” analysis bys discussed in Sec. [lID. The values amount to
Gonzeet al° to find out if there are unphysical bound statesAH{*""(V2)=+3.6 meV and AH{(V2)=+4.8 meV
or resonances in the valence spectrum of the atom. In allsing 16< 16X 16 k points.
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