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Here,o denotes the type of ordered structure, apd
andag are the equilibrium lattice constants of the bulk
elementsA and B
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Fig. 3. Equilibrium configurations of an AbseZNo 034 @lloy from Monte-Carlo simulations above and below
T, only Zn atoms are shown. Starting from a random configuration the Zn precipgiaie- ©18) is formed
during careful annealing below the critical temperatligéx) given by the coherent fcc miscibility gap.

ordered AlZn, compounds whose layers are oriented It is noteworthy that the/a ratio (with respect to
along the [111] direction. Consequently, we find [41]deal close packing) at which the fcc Zn total energy
that such [111] superlattices show unusually stableas a minimum is practically identical to tleéa ratio
formation enthalpies. For example, the;2h; super- in hexagonal close-packed (hcp) Zn (shown in Fig. 6
lattice along [111] has a formation enthalpy of onlyas a hexagon). Experimentally, hcp Zn has an anom-
DH; = + 2.8 meV/atom [41], while [001]-oriented alously largec/a ratio of 1.15 (with respect to ideal
structures are much higher in energy. The conselose packing). This anomaly of hcp Zn has been the
qguence for the formation of precipitates is now obvisubject of a number of earlier investigations (e.g.,
ous: in no direction other than [111] are deformationRefs. [59, 60]). The observation of the large value

so low in energy. Therefore, the “flattening” of pre-in fcc Zn (Fig. 6) suggests that the physical mech-
cipitates in the [111] direction evident in Fig. 4 isanism that is responsible for the anomal@ies ratio
caused by the extremely small [111] strain in Al-Zrof hcp Zn could be the same as that causing the insta-
in combination with a strong anisotropy of the chemibility of fcc Zn. A detailed discussion about the insta-
cal energy. bility of fcc Zn can be found in Ref. [41].
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Fig. 4. Dependence of calculated coherent fcc Zn precipitate shape on the number of Zn atoms and temperature
in Al-Zn alloys. The bottom right marks the anda-axes of the precipitate, which can be used for a quantitat-
ive comparison to experimental data (only Zn atoms are shown).

Fig. 5. Comparison of size versus shape relation of precipitates in Al-Zn between our calculations and experi-
mental results for two different temperatures.= (ca?)** is the radius of the associated sphere having the
same volume.
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Fig. 6. Volume-conserving first-principles total energy calculations of fcc Zn deformed along the (100) and

(111) directions. The energy differences caused by distortions along (100) and (111), as well as for hcp Zn,

are always given with respect to the undistorted fcc lattice. The energy of hcp Zn is denoted as an open
hexagon.

5. PHYSICAL ANALYSIS OF THE Fig. 7 shows the dependence of the= 0 energy
COMPUTATIONAL RESULTS of the four chosen model precipitates on their size.
In order to shed light on the predicted size-depe Only for extremely small preupltates (Ie_ss than about
- - 90 Zn atoms) does the ideal sphecta(=1.0) rep-
dent precipitate shape, we construct model precipi- _ o .
. . - resent the lowest energy dt=0. With increasing
tates with agivenshapec/a, and then evaluate their _; . -
. . size, the lowest-energy/a ratio decreases, until at
energy as function of size. Naturally, our cluster A
. o . about 1600 Zn atoms the model witt/a=0.35
expansion Hamiltoniahl-g of equation (3) allows the

. ¢ . ' : becomes the energetically favorable shape. The tran-
calculation of any arbitrary given configuration at

T=0K, ie., without any Monte-Carlo simulations. sition points of the energy curves belonging to differ-

. . nt c/a ratios are denoted in Fig. 7 by arrows. This
The advantage of such an inverse approach is that t . .
. . ) -~ Calculation can be used to construct a step function
calculated energies of given shapes isolate the influ- - . . .
. n the size versus shape diagram, which we show in
ence of the shape change on the energy, while t|'1_e

MC simulation changes the shape and the degree Qltl? .8' For. comparison, .the SIZ€ Versus shape curve
. . - obtained via MC annealing fof—0 is also shown.
order (i.e., disorder caused by finite temperatwae)

the same timethus not allowing the effects to be sep-lt can be seen that the

arated. We chose the ideal sphecta 1), as well

as hexagons with varyinga ratios of 0.85, 0.50 and
0.35, as model precipitates for our calculations and
determined theil = 0 energies for different numbers
N, of Zn atoms. The model precipitates are embed-
ded in a 40x 40 x 40 fcc lattice cell. All sites that
are not occupied by the Zn atoms, are occupied by
Al atoms. So, the total number of atoms of any con-
figuration is always 64,000. It should be mentioned
that such a calculation of a formation enthalpy for a
configuration consisting of 64,000 atoms does not
take longer than a few seconds on a workstation or
a modern PC. This short computer time for—in an
atomistic sense—huge systems makes our cluster
expansion a powerful tool.
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Eed0) = 45 ISP YIS . 9

As described in Section DEEE can be calculated by
the energy change caused by deformation ofpthes
bulk elements Al and fcc Zn in well-defined direc-
tions for a common lattice constaat Consequently
DEZY, and thereforeE-{o), does not include infor-
mation about the strength of chemical interactions
between Al and Zn atoms, but is a function of compo-
sition x and directiork only. Precipitate shapes calcu-
lated by considering onli£-4(o) will therefore reflect
the elastic properties of the alloy system. Second, we
present the case where non-strain (pair and
multibody) interactions to come into play:

Ecnerd0) = > Jpad K)[S(k, 0)2 + X DIP(0). (6)
k f

This part includes all of the information about
strength and importance of different chemical interac-
tions characterized by effective cluster interactions
Joair and J;. It does not consider the energy necessary
to maintain coherency between the Al and fcc Zn
matrix caused by the lattice misfit; i.e., the precipitate
is able to maintain coherency with the Al matrix for
any arbitrary precipitate size. Precipitate shapes cal-
culated by considering onl¥....(c) will therefore
reflect the properties of the chemical interactions in
Al-Zn. Naturally, this separation is not unique, but,
as we shall see, it allows us to discuss and understand
by which energetical factors the precipitate shape is
controlled. It should be emphasized that an analogous
decomposition of precipitatehapescorresponding to
the two defined energy parts of the Hamiltonian is
not possible because, unlike the energies, geometrical
shapes araot additive.

For the following, a fixed precipitate size
(N2, =11,656) was chosen. The Monte-Carlo cell
consisted of 60< 60 x 60
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cess. Unlike the simulations leading to Fig. 9, th@. while the chemical energy decreases strongly with
decomposition of the energy was always maidier decreasing temperature, the strain energy is nearly
the MC simulation. The resulting energy curves for temperature-independent.

the total HamiltoniarDH, the chemical energ#.nem

and the strain energlcs as function of temperature

are shown in Fig. 10. Since the energy was separatedThe temperature dependence of the two energy
after the simulation, for each temperature, the sum @bmponents becomes more obvious if we separate
chemical and strain energy must be equal to the totddem into temperature-dependerand temperature-
energyDH per Zn atom. We observe the following: independentparts. For this, the CE Hamiltonian is

written as
1. at high temperatures (> 150 K) the contribution
of the chemical energy to the total energy is larger DH = E¢pendN, Te) + [Echen{N, T)
than the contribution of the strain energy, while 2 Echen(N, To)] + EcdN, 0) + [Ec{N, T)  (7)
the opposite is true for lower temperatures ( 2 EcqN, 0)].

150 K); and

— 180 A ——

|
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i

R ————

Fig. 10. Dependence of enerH on temperature for a given precipitate sikg (= 11,656). After annealing,

the energy was decomposed into str&igs and chemicalE.,.,, parts. While for temperatures higher than

~ 150 K the contribution of the chemical part to the total energy is larger than that of the strain part, the

opposite is true for lower temperatures. Her T and T—0 K the resulting precipitate shapes are shown (only
Zn atoms are shown).
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Here, Egen(N, T
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The dependence of the shape on the size &@- Murray, J. L.Bull. All. Ph. Diagr, 1983,4, 55.
T =0K can already be found by calculating energie%l' Hatch, J. E.Aluminum: Properties and Physical Metal-

. lurgy. American Society for Metals, Metals Park, OH,
for perfectly ordered model precipitates. We used an 1982;_ y

ideal spherical precipitate and hexagons wita 12. Laslaz, G. and Guyot, PActa metall, 1977,25, 277.
ratios of 0.8, 0.5 and 0.35 for our calculations. ThesE. Deguercy, J., Denanot, M. F., Fumeron, M., Guillot, J. P.
four model precipitates already give qualitatively, via —and Caisso, JActa metall, 1982,30, 1921.

Monte-Carlo simulations, the observed size versug" ggarg;u’ R. and lder, H., Phys. Stat. Sol. (2)1981,

shape relation: namely, a decreasitig ratio with 15 Ramlau, R. and lfler, H., Phys. Stat. Sol. (2)1983,
increasing precipitate size. 79, 141.
The separation of the cluster expansion Hamiltorit6. Bubeck, E., Gerold, V. and Kostorz, @ryst. Res. Tech-

; : : ; nol., 1985, 20, 97.

Ia.m m.to .Chemlcal and St.ram energy aIIow§ a deep r7 Hibner, G., Ldfler, H. and Wendrock, G.Cryst. Res.
view inside the energetically controlled size versus " 1ochnol 1986.21 8.

shape relation. Monte-Carlo simulations only takings. Gerold, V., Siebke, W. and Tempus, ®hys. Stat. Sol.
the chemical and strain energy into account lead, for (a), 1987,104 213.

T=0K, to different characteristic shapes for botH9: Guilarducci de Salva, A., P Simon, J., Livet, F. and Guyot,
P., Scripta metall. 1987,21980621

energy parts: while the strain energy is platelet-stabil, |} cfter p. R. and Cohoc, J.,sals(P.)5ld,8 /F12 1 T 19.1647 7. [(1]{
izing, the chemical part leads to a more spherical

shape. Using this separation also for finite tempera-

tures, it turns out that the shape versus size versus

temperature relation for a given precipitate size is

controlled by two different factors:

1. competition between strain and chemical energy—
the chemical energy dominates over the strain part
for higher temperatures, and the opposite is true
for lower temperatures; and

2. temperature dependence of chemical energy—
while the strain energy is nearly constant as a
function of temperature, the chemical energy
decreases strongly with decreasing temperature.

Since our model is parameter-free, the excellent
agreement demonstrates the ability to predict precipi-
tate shapes and sizes even without carrying out
experiments.
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