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ABSTRACT  The electronic structures are calculated of four principal precipitate-hardening phases,
Al,Cu, Mg,Si, MgZn, and Al Li in aluminium alloys by the DV-Xa cluster method. It is found that
nearly-free electrons behavior is observed in AlLi. On the other hand, a sort of covalent interaction
seems operating partially in Mg,Si in addition to the ionic interaction due to the charge transfer between
Mg and Si atoms. Although there are directional interactions between Cu atoms in AL Cu, and between
Zn atoms in MgZn,, they are considered to be intermediate between Al Li and Mg _Si from a view of
the nature of chemical bond between atoms in them.
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1. INTRODUCTION

The electronic structures of aluminium alloys have been calculated by many investigators [1,3].
For example, an electronic approach has been proposed to the prediction of mechanical properties of
aluminium alloys [4]. Needless to say, the types of precipitate-hardening phases are important in
understanding mechanical properties of high-strength alloys. The main precipitate-hardening phases
are B(ALCu), B(Mg,Si), n(MgZn,) and &' (AI3Li)

phase in the 2000-,6000-,7000 and Al-Li series ‘=

aluminium alloys, respectively. % 900 - ,
Recently, we have found that the average = gyof

number of valence electrons per atom, (e/a) of the :50700_

precipitates correlates well with the maximum & .t

tensile strength of each alloy as shown in Fig.1. It :i‘;).) saol
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firstly important in understanding characteristics of I

cach precipitate phase in a fundamental manner. Fig.1 Relationship between maximum

In this study, the electronic structures of four ultimate tensile strength and (e/a).




874

Proceedings of ICAA-6 (1998)

precipitates are calculated by the DV-Xo cluster method. The crystal structures of intcrmeqi,ll .l

which appear in the course of aging at low temperatures are not known, so that the present Cy

are performed for their equilibrium precipitate phases.

2. DV-Xoo CLUSTER METHOD AND CLUSTER MODELS
The DV-Xo cluster method is one of the molecular orbital methods, assuming a Slater's X enghan

correlation potential. The parameter o is fixed at 0.7, an empirically appropriate value, and the Bl o s
Jonsis

change approximation is used in the calculation. The matrix elements of the Hamiltonian ang
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for Mg, Si, (c) Mg, ,Zn,, cluster for MgZn,, and (d) Al Li, cluster for Al Li.

Table 1 Interatomic distances in precipitate phases (nm)
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P Li(l) @ Li(2)

| ALCu Mg,Si MgZn, AlLLi
Cu(1)-Cu(2) 0.2439 [Mg(1)-Mg(2) 0.3173 |Zn(1)-Zn(2) 0.2633 [Li(1)-Al(1)  0.2835
Cu()-Al(1)  0.2590 [Mg(1)-Si(l1) 0.2748 |Zn(1)-Mg(l) 0.3062 |AI(1)-Al(2)  0.2835
Al(I)-Al(2)  0.2713 |pure Mg 0.3191 |pure Mg 0.3191 |pure Al 0.2863
pure Al 0.2863 |pure Si 0.2347 |pure Zn 0.2913 |pure Li 0.2758
ure Cu 0.2556
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integrals are calculated by the random sampling method. The molecular orbitals are constructed by a linear
combination of numerically generated atomic orbitals; 1s-4p for 3d transition elements, 1s-5p for 4d transition
clements, 1s-3d for Al and Si and 1s-4d for Ga and Ge. The detailed explanation of the calculation method
is given elsewhere [5,7].

The cluster models of Al Cu,, Mg,,Si;, Mg, Zn, , Al Li  are constructed according to the respective
crystal structures as shown in Fig.2(a)-(d) [8]. The interatomic distances are listed in Table 1, together with
the first-nearest-neighbor interatomic distances of pure metals. The atom symbols used in Table | (e.g.,
Cu( 1)) are the same ones shown in Fig.2(a)-(d). These cluster models are chosen so that its composition

ratio in the cluster is close to that of each precipitate.

3. RESULTS AND DISCUSSION
3.1 Electron density of states

The electron density of states is shown in Fig.3 (a), (b), (¢) and (d), for AlCu, Mg,Si, MgZn, and
Al Li phase respectively. The Fermi energy level, Ef, is indicated by an arrow in cach figure. As
shown in (a) for Al,Cu, Al 3s and 3p components spread near the Ef, even though Cu 4s and 4p
components still exist near the Ef. Also, for Mg, Si, both the Mg 3s, 3p and Si 3s, 3p components
extend over the wide energy range as shown in (b). Similarly, the electron density of states for MgZn,
shown in (¢) resembles that for ALCu shown in (a). Furthermore, as shown in (d) for Al_zLi, it changes
in an approximately parabolic way with respect to the energy, indicating that the electrons behave

ncarly-freely in this phase. This is reasonable since both Al and Li atoms are simple s, p metals.
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Fig.3 Total and partial electron densitiess of states for (a) AL,Cu, (b) Mg Si, (¢) MgZn, and (d) Al Li.
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Fig.4 Contour maps of the electron density distributions; (al) the (360) atomic plane and (42
(002) atomic plane in ALCu, (b) the (110) atomic plane in Mg Si, (c1) the atomic plane cont
both Mg atoms and Zn atoms and (¢2) the atomic plane containing only Zn atoms in Mg
and (d) the (001) atomic plane in Al,Li. The denoted numbers, 1,2,3,4,5 and 6 correspond |
electron density values, 0.005, 0.01, 0.02, 0.04, 0.08 and 0.16 (in electrons per cube of

atomic unit), respectively (1 2.u.=0.0529nm).
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3.2 Spatial electron density distributions

The spatial electron density distributions are shown in Fig.3(al)-(d) for the four precipitates. For
Al Cu, as shown in (al), strong directional interactions are operating between Cu atoms aligned along
the [001] direction. In response to this, the Cu(1)-Cu(2) interatomic distance, 0.2439 nm, is much
shorter in this phase than that in pure Cu, 0.2556 nm. Similarly, as shown in (a2), strong interactions
are operating between Al atoms. Their interatomic distance is 0.2713 nm, shorter than that in pure Al,
0.2863 nm.

For Mg,Si, the spatial electron density is spread between Mg and Si atoms, as each atom is indicated
by A for Mg and B for Si in the figure (b). This implies that a sort of covalent interaction seems
operating between them. On the other hand, such a strong interaction is not present between Mg atoms
as indicated by A and C in the figure. This may be understood from their interatomic distance, 0.3173
nm, comparable to that in pure Mg, 0.3191 nm.

For MgZn,, as shown in (c1), the electron densities around a central Zn atom and also around the
surrounding Mg atoms seem to be less extended on this atomic plane. This probably means that the
interaction is weak between Mg and Zn atoms. This is also the case between Mg atoms. However, as
shown in (c2), Zn atoms form a hexagon and they interact rather strongly with each other. Thus, more
important is this Zn-Zn interaction in MgZn,, as might be expected from the fact that the Zn-Zn
interatomic distance of this phase, 0.2633 nm, is much shorter than that of pure Zn, 0.2913 nm.

Finally for ALLi, as shown in (d), all the interactions may not be strong between Al atoms, between
Li atoms, and between Al and Li atoms. This is because, the electron density distributions around each

atom are spherical without showing any directional distributions in it.

3.3 Ionicity of atoms and charge transfer

In order to investigate the charge transfer between atoms, the ionicity of each atom is estimated
following the Mulliken population analysis. The charge transfer takes place between the central atom
in the cluster (e.g., Cu(l) in the AL Cu cluster) and the surrounding atoms (e.g., Al(1)), as is illustrated
in Fig.5. In case of Al Cu, it occurs from Al(1) atom to Cu(1) atom. The amount of transferred charges
changes in the order, Mg,Si > Al,Cu > MgZn, > Al,Li. Thus, Mg,Si is a compound of having a covalent
interaction as well as the ionic interaction due to the charge transfer between atoms. This is reflected
on the highest melting temperature, 1358 K, of Mg,Si among the four precipitates. By contraries,

Al Li is a compound of having weak atomic interactions and its solvus temperature is as low as 613 K.

4. CONCLUSION

The electronic structures of precipitate-hardening phases in aluminium alloys are investigated by
the DV-Xa.cluster method. Nearly-free electrons behavior is observed in the electronic structure of
Al Li, even though charge transfer takes place slightly from Al atom to Li atom in it. On the other

hand, in case of Mg Si, a sort of covalent interaction seems operating in addition to the ionic interaction
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Fig.5 lonicities of a central atom in the cluster and the surrounding atoms. The difference in the

ionicity between them represents the amount of transferred charges between atoms.

due to the considerable charge transfer from Mg atom to Si atom. Both AL,Cu and MgZn, are intermediate

between Al Cu and Mg_Si in view of the nature of chemical bond between atoms.
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