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Bonding in MgSi and Al-Mg-Si compounds relevant to Al-Mg-Si alloys
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The bonding and stability of MgSi and Al-Mg-Si compounds relevant to Al-Mg-Si alloys is investigated
with the use of~linearized! augmented plane-wave1 ~local-orbitals! density-functional theory calculations.
We show that theb andb9 phases found in the precipitation sequence are characterized by the presence of
covalent bonds between Si-Si nearest-neighbor pairs and covalent/ionic bonds between Mg-Si nearest-neighbor
pairs. We then investigate the stability of two recently discovered precipitate phases,U1 and U2, both
containing Al in addition to Mg and Si. We show that both phases are characterized by tightly bound Al-Si
networks, made possible by a transfer of charge from the Mg atoms.
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I. INTRODUCTION

Precipitation or age-hardened alloys are today one of
most important alloy types in industry. In the Al-Mg-Si allo
system, Mg-Si and Al-Mg-Si precipitates formed durin
specific-heat treatments give rise to a very significant
crease in strength. The precipitation sequence is gene
accepted to be

SSSS→Mg/Si clusters→ GPZ →b9→b8→b, ~1!

where GPZ refers to a Guinier-Preston zone and SSSS r
to a supersaturated solid solution. Very little is known ab
the early stages of the precipitation process. However,
believed that when the SSSS is heat treated, Mg and S
oms quickly diffuse substitutionally to form small cluste
due to the large amount of quenched-in vacancies1 ~a large
part of the vacancies move to interfaces such as surfaces
grain boundaries in the later stages of the heat treatme!.
Although the details are hard to investigate experimenta
several studies of such clustering have been carried out u
atom probe microscopy.2,3 The first phase which can be re
solved using high-resolution electron microscopy is the G
From this, a model of its crystal structure has recently b
proposed.4 The structure of the proceeding phase,b9, was
also solved using electron microscopy techniques,5 a result
which has later been supported byab initio calculations.6

Earlier it was believed that the GPZ,b9, andb phases all
had the stoichiometry of theb phase, Mg2Si, and that alloys
should be optimized accordingly. Thus, the terminalb phase
was of primary importance. Later, however, it had been c
firmed that theb9 gives a greater contribution to the har
ness due to its semicoherent interface with the alumin
matrix and needlelike shape, which is more effective for d
location pinning.7 The b9 stoichiometry has been shown
be Mg5Si6.5
0163-1829/2003/67~22!/224106~11!/$20.00 67 2241
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Recently, several additional phases have been ident
experimentally,8–10 giving the extended precipitation
sequence

SSSS→Mg/Si clusters

→ GPZ →b9→~b81U21U11B8!→b. ~2!

In Ref. 8 the phasesU1, U2, andB8 are referred to as type
A, B, andC, respectively. These three phases, in addition
b8, are often grouped together since little is known abo
their interdependence. However, it is believed that the p
of concentration with respect to time for each of these str
tures follows the ordering given by the above precipitati
sequence.8 They all form relatively late in the precipitation
sequence usually at temperatures in the ra
200°C–300°C, and in Si-rich alloy compositions.

It has been considered a general rule of thumb that s
cessful aluminum precipitation hardening alloys contain s
ondary and ternary alloying elements which are larger a
smaller than aluminum.11 Now, the concept of atom size in
this context must be based on the type of bonding involv
One can have either ionic, metallic, or covalent radii for t
constituent elements, giving dramatically different values
atomic size.12 It is clear that when studying the electron
density of compound structures this type of concept may l
to an oversimplification. It it therefore interesting to car
out a theoretical study of the electronic structure and bond
characteristics of the relevant phases with respect to t
relative stability. This is the purpose of the present wo
where we employ full potentialab initio methods based on
density-functional theory~DFT! to investigate the bonding
within the above-mentioned structures. In Sec. II we desc
the linear augmented plane-wave1 local-orbitals approach
@~L!APW1(lo)#, used for all calculations. Section III de
scribes the results obtained for the three models of prec
©2003 The American Physical Society06-1
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tate phases containing only Mg and Si (b9, b8, andb), and
Sec. IV deals with the phases containing Al, Mg, and Si (U1
andU2).

II. METHOD

The ab initio calculations were performed usingWIEN2K,
a program package implementing the full potent
~L!APW1(lo) DFT method.13 The augmented plane-wav
~APW! approach1(lo) method14 differs from the LAPW
method in the linearization of the APW’s. In Slater’s origin
APW method15 the unit cell is partitioned into nonoverlap
ping atomic spheres and an interstitial region. The ba
functions are plane waves for the interstitial region and ra
wave functions within the atomic spheres. In the LAP
method the basis functions inside the spheres are linear
with respect to the energyEl :

ckn
~r !5(

lm
@Alm,kn

ul~r ,El !1Blm,kn
u̇l~r ,El !#Ylm~ r̂ !,

~3!

whereul(r ,El) are radial functions andYlm(r) are spherical
harmonics.u̇l(r ,El) is the energy derivative oful(r ,El).
Alm,kn

andBlm,kn
are determined by matching the above ba

to the value and derivative of the plane waves for eack
vector at the sphere boundary. An alternative way for line
izing is the APW1 lo method. One starts with the origina
APW’s and adds local orbitals to obtain the variational fle
ibility in the basis functions,

ckn
~r!5(

lm
@Alm,kn

ul~r ,El !1f lo#Ylm~ r̂!, ~4!

f lo5Blmul~r ,El !1Clmu̇l~r ,El !. ~5!

At first sight this looks very similar to the LAPW basis
However, theBlm and Clm are no longer dependent on th
wave vector and are determined by the requirement that
local orbital is zero at the sphere boundary and normaliz
The great advantage of this scheme is that the calculat
converge to results almost identical with those of the LAP
method but for dimensioning parameters, which effectiv
leads to a smaller basis set.16 TheWIEN2K code uses a mixed
APW1 lo/LAPW basis set, exploiting the advantages of bo
methods.

To make the results for the different structures com
rable, we used the same set of APW1(lo) parameters for all
calculations: Rmt52.1 bohr, RmtKmax57 and Gmax
514 Ry1/2. Here,Rmt is the muffin-tin radius,Kmax is the
plane-wave cutoff, andGmax is the maximum Fourier com
ponent of the electron density. For all calculations we u
the modified tetrahedron method17 for Brillouin-zone inte-
grations. All k-point meshes were checked for convergen
Thus in general, the highly symmetric structures~such as
bulk Al, Si, and Mg! with few symmetrically inequivalen
atoms in the unit cell require a denserk-point mesh than the
precipitate phases with larger unit cells and a lower symm
22410
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try. For the exchange-correlation potential we used the g
eralized gradient approximation of Perdewet al.18

III. MgSi PHASES

A. b

The b phase~fluorite Mg2Si) is the terminal equilibrium
structure of the precipitation sequence. It has a fcc primit
unit cell @space groupFm3̄m ~225!#, with an experimental
lattice parametera56.39 Å.4 It forms precipitates of a plate
like or cubic shape up to 20mm in diameter. Its interface
with the Al matrix is fully incoherent.4 The conventional unit
cell, containing eight Mg atoms and four Si atoms, is sho
in Fig. 1. As can be seen, each of the Si atoms in the st
ture has eight Mg nearest neighbors, giving each Mg at
four Si nearest neighbors at the same distance. The Si a
are arranged as an fcc lattice interpenetrated by a sc
lattice.

Severalab initio studies of the bonding in fluorite Mg2Si
have been carried out in the past.19–21 However, to our
knowledge, none of these involved the LAPW or~L!APW
1(lo) DFT method. For our calculations we use the expe
mentally observed lattice constant for this phase in the
matrix: 6.39 Å. Performing a volume relaxation, this valu
differed by only 0.25% from the calculated optimized val
6.37 Å, and by 0.6% from the experimental value for bu
Mg2Si, 6.338 Å.22 The calculated bulk modulus, derive
from a second-order Birch fit, was 54.3 GPa, compared to
GPa from experiment.22 Using the 6.39-Å lattice constant th
nearest-neighbor~nn! Mg-Si distance is 2.77 Å, the Si-Si n
distance is 4.51 Å, and the Mg-Mg nn distance is 3.29 Å

Past linear-combination-of-atomic-orbitals Hartree-Fo
and DFT pseudopotential calculations19,21 indicate consider-
able charge transfer from the electropostive Mg atoms to
electronegative Si atoms, resulting in a partly ionic Si-M
bond for theb phase. This result is also supported by t
present work. Figure 2 displays the bonding charge den
for the (1̄01) plane of Fig. 1. We define the bonding char

FIG. 1. Conventional unit cell for fluorite Mg2Si, equivalent to
the b phase in the Al-Mg-Si precipitaion sequence. The lar
spheres are Mg atoms and the smaller ones are Si.
6-2
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density as the difference between the converged vale
charge density from DFT and the charge density deri
from the isolated neutral atoms. Thus the bonding cha
density indicates the charge transfer resulting from the c
verged electronic structure. In Fig. 2, the thick lines repres
positive contours corresponding to charge transfer to the
gion, while the thinner dashed lines represent negative c
tours corresponding to charge transfer away from the reg
The concentration of thick lines around the Si atoms th
displays a net buildup of charge around the Si atoms co
terbalanced by a net reduction of charge around the ce
Mg atoms, indicating that some ionicity is indeed at play

Figure 3 displays the corresponding total and partial e
tronic densities of states for theb phase. Here the partia
density of states ~DOS! represents the ‘‘muffin-tin-
decomposed’’ DOS for both the Mg and Si atoms, in whi

FIG. 2. Bonding charge density for the (10̄1) plane. The two
central peaks are Mg atoms. The four corner peaks are Si at
Thick lines represent positive contour lines and thin dashed l
represent negative contour lines.

FIG. 3. Muffin-tin-decomposed DOS for theb phase. Note that
the atomic Mg DOS is half the magnitude of the total Mg DOS. T
vertical line represents the Fermi level.
22410
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the occupied states are projected onto the muffin-tin eig
vectors~see Sec. II! of the particular atom. In this way, som
information can be gained regarding the local DOS at e
atom, however, such a procedure is not complete since
interstitial region cannot be locally resolved. On the oth
hand, the total DOS represents the DOS derived from
the‘‘muffin-tin-decomposed’’ densities of states and the int
stitial DOS of the entire computational cell. Note that t
calculation is based on the primitive unit cell, containing o
symmetrically inequivalent Si atom and two symmetrica
inequivalent Mg atoms, thus the partial Mg DOS conta
the contribution for two Mg atoms, and the Si DOS the co
tribution from one Si atom.

When decomposing the atomic DOS, we project out thd
states in addition to thes and p valence states, in order t
make sure that we have completely specified the orbital c
tributions to the total atomic DOS. This is especially impo
tant for the phases containing aluminum since previous
culations have shown that the band structure of fcc
contains bands with a non-negligible contribution fromd
states below the Fermi level around theG point.23

A general feature of the total and partial densities of sta
in Fig. 3 is the two broad bands below the Fermi ene
~indicated by the horizontal line at 0.26 Ry! separated by an
energy of approximately 0.4 Ry. That the occupancy is do
nated by Si states, where the partial Mg DOS represents
two inequivalent Mg atoms, is a further indication of th
presence of ionicity whereby the Mg has simply dona
electrons to the Si. In addition this phase has a band gap.
magnitude of the gap at theG point is 0.13 Ry~1.77 eV!,
which is somewhat smaller than the experimental value
2.27 eV for a lattice constant of 6.338 Å.24

Figures 4~a! and 4~b! now display thes, p, andd decom-
posed partial densities of states for both Si and the two
equivalent Mg atoms. In this case, the total DOS represe
the total muffin-tin-decomposed DOS for the particu
atom, that is, the sum of thes, p, andd partial densities of
states. Inspection of Fig. 4~a! reveals that the lower ban
consists ofs states whereas the upper band consists of p
dominantlyp states with a littles-state character. For the cas
of the Mg, Fig. 4~b!, the DOS below the Fermi level largel
mimics that of Si apart from both occupied bands being
mixed s andp character.

Insight into the general features of the densities of st
shown in Fig. 4 can be understood from the perspective
beginning with pure fcc Si with a lattice constant of 6.39
giving a rather large nn Si-Si separation of 4.52 Å. For su
a system there can be no strong hybridization between
atomic valences andp states, maintaining a gap of approx
mately 0.3 Ry in the corresponding DOS~not shown!. Thes
and p band centers differ by about 0.4 Ry, which is not
dissimilar from the 0.49-Ry difference between the isola
atom 3s and 3p valence states. With the addition of th
interpenetrating cubic array of Mg atoms, both ban
broaden, reducing the gap to about 0.2 Ry. Thus in Fig. 4~a!,
the dominants character of the filled lower band and th
dominantp character of the upper filled band arise from t
strong on-site Si orthogonality requirement, whereas in F
4 the mixeds andp character of the corresponding Mg ban

s.
s

6-3
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FRO”SETH, HO” IER, DERLET, ANDERSEN, AND MARIOARA PHYSICAL REVIEW B67, 224106 ~2003!
arises from the Mg-Sis and p matrix interaction elements
We note that the corresponding heights of the Mg total D
are significantly less than the Si DOS, following appro
mately the square-root dependence of a metallic DOS. T
through charge transfer to the Si, the Mg plays the role
‘‘strengthening’’ the Si backbone lattice, providing an exp
nation of the origin of theb phase band gap through th
pulling down of the exciteds, p, andd states of atomic Si.

B. b9

The b9 phase has a base-centered-monoclinic conv
tional unit cell~space groupC2m) with experimental lattice
parametersa515.16 Å, b56.74 Å, c54.05 Å, and gab
5105.3°.5 Figure 5 displays the conventional cell for tw
viewing orientations. This phase forms precipitates o
needlelike shape, typically with a thickness of 30–50 Å a
a length of 300–400 Å. The needle length, which is alo
the ^001& direction of theb9-phase unit cell, runs parallel t
the ^001& direction of the aluminum matrix. For the prese
work we use the experimentally derived lattice parame
and the relaxed atomic positions of the inequivalent Si a
Mg atoms by minimizing the forces by a Newton-Coat

FIG. 4. ~a! Si and ~b! Mg muffin-tin-decomposed densities o
state for theb phase. Note that for the Si DOS, thes curve is
practically superimposed on thetotal curve for the lower band in
the range20.4 to 20.25 Ry. The scaled square-root curve
shown for comparison.
22410
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procedure with respect to theC2/m space group. The result
ing inequivalent atomic coordinates are listed in Table I. T
given space group of this phase was first solved by hi
resolution electron microscopy techniques5 and later sup-
ported by full potential linear argumented plane-wave D
calculations.6 In this paper we elaborate further on the ele
tronic structure calculations presented by Derletet al.6 by
also analyzing the partial DOS.

Figure 6 displays the bonding charge-density contour p
for the ~002! plane. A dominant feature is the concentrati
of charge between the Si nearest neighbors, and to a le
extent, between the Si and Mg nearest neighbors, indica
that covalency is at play in this system.6 Such charge transfe
to the bonding regions originates from the core regions
both the Si and Mg atoms, in addition to the homogene
interstitial region between the Mg atoms. The depletion
charge from the Mg is comparable to that seen in theb
phase, indicating that for this system both ionicity and co
lency is present in the bonding. The nearest-neighbor
tance range in this structure is 2.39–2.53 Å for Si-Si a
2.61–2.84 Å for Si-Mg. This is not dissimilar to the neare
neighbor distance of 2.33 Å in covalently bonded diamo
cubic Si and 2.76 Å in the covalent/ionic equilibriumb

FIG. 5. Conventional unit cell forb9 seen from~a! ^001& direc-
tion, and~b! slightly away from thê 010& Cartesian direction. The
large circles represent Mg and the small circles Si.

TABLE I. Relaxed fractional coordinates for the inequivale
atomic positions of theb9 phase.

Atom a b c

Mg1 0.0 0.0 0.0
Mg2 0.346~1! 0.071~9! 0.0
Mg3 0.421~6! 0.063~6! 0.0
Si1 0.055~7! 0.662~7! 0.0
Si2 0.194~4! 0.250~5! 0.0
Si3 0.209~1! 0.627~5! 0.0
6-4
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BONDING IN MgSi AND Al-Mg-Si COMPOUNDS . . . PHYSICAL REVIEW B 67, 224106 ~2003!
phase. Moreover, one of the inequivalent Si atoms issp3

~tetrahedrally! coordinated and another issp2 coordinated.6

Figure 7 displays the total DOS~including the muffin-tin
and interstitial regions! for theb phase. Unlike theb phase,
there is no band gap. However, depressions can be iden
at 20.1 and 0.4 Ry, reminiscent of the gaps seen in Fig
By inspection of the partial DOS for each inequivalent ato
we find that for the Si atoms there is a dominants character
for the lower-energy states (,20.2 Ry), whereas, at abou
0.2 Ry, thep character dominates. In between these regim
a mixture ofp and s character exists, indicating strong h
bridization. Indeed Fig. 8~a! displays the partial DOS for Si2
which from past work is locallysp3 coordinated,6 showing
approximate correspondence with the diamond cubic
DOS.25 In particular the dominants character of theL28 , the
s andp character of theL1, and the dominantp character of
X4 are the high-symmetry points. Alternatively, Fig. 8~b!
shows the partial DOS for Mg3, which from charge-dens
profile analysis6 is in a homogeneous metallic environmen
displaying an approximate shifted metallic square-r
behavior.

FIG. 6. Bonding charge density for the~002! plane section of
the b9 structure. Thick contour lines represent a positive cha
transfer, while thin dashed lines represent a negative ch
transfer.

FIG. 7. Total DOS for theb9 phase. The vertical line represen
the Fermi level.
22410
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IV. Al-Mg-Si PHASES

A. U1

TheU1 conventional/primitive unit cell is trigonal~space
groupP3̄m1) with experimentally derived lattice paramete
a5b54.05 Å andc56.74 Å. It contains one Mg, two Al,
and two Si atoms, giving the formula MgAl2Si2. The unit-
cell and atomic positions are shown in Table II and Fig.
Experiments show that thê001& direction of theU1 unit
cell runs parallel to thê310& direction of the fcc Al matrix.9

The U1 phase usually forms rodlike precipitates with
length of 50–500 nm and a width of approximately 50 n
Performing a volume relaxation, we found the calculat
unit-cell equilibrium volume to differ by only 1% from the
experimentally derived unit-cell volume. From a secon
order Birch fit we obtained a bulk modulus of 71 GPa.

e
ge

FIG. 8. Partial DOS for the~a! Si2 and~b! Mg3 ~see Table I!
atoms in theb9 phase.

TABLE II. Fractional coordinates for the inequivalent atom
positions of theU1 phase Ref. 9.

Atom a b c

Mg 0.0 0.0 0.0
Al 1/3 2/3 0.632~8!

Si 1/3 2/3 0.243~8!
6-5
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The U1 phase can be categorized as belonging to a c
of structures given the name of CaAl2Si2-type Zintl
compounds.26 In Zintl compounds, the electropositive ele
ments are thought of as merely electron donors to the e
tronegative elements which thereby are able to fulfill the
tet rule. For MgAl2Si2 this implies that each Mg atom
donates two electrons to Al2Si2 for each unit cell. This gives
Al2Si2

22 , or two units of AlSi2 which is isoelectronic to
AlN, fulfilling the octet rule. The resulting layered structu
is sketched in Fig. 10. AlSi2 constitutes a double layer o
tightly bound ‘‘chairlike’’ six-membered rings separated b
layers of hexagonal Mg21. In the Al-Si network, each S
atom bonds to four Al atoms forming an umbrellalike stru
ture, while each Al atom forms the more common tetrahed
structure with four nearest-neighbor Si atoms. The Al
bond length within each AlSi layer is 2.48 Å, while th
length of the Al-Si bonds connecting the two AlSi2 layers is
2.62 Å. The length of the Mg-Si bond is 2.86 Å~see below
and Fig. 11!, somewhat larger than the length of the par
ionic bond in theb equilibrium structure, but similar to
Mg-Si bonds found in the Mg5Si6 b9 phase.6

The calculated bonding charge density for the~110! plane
is shown in Fig. 11. There is a clear concentration of cha
between the Al and Si atoms, indicating strong Al-Si bon

FIG. 9. U1 conventional unit cell in the~a! perspective and~b!
^001& direction. The small black spheres are Si atoms, the la
dark spheres Al atoms, and the large white spheres Mg atoms
22410
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ing. There is also a small buildup of charge between the
and corner Mg atoms which constitutes a coupling betw
Mg21 and AlSi2 layers.

Evidence of the layered structure can also found in
DOS. Figures 12 and 13 show the muffin-tin-decompos
total and partial densities of states. The total DOS below
Fermi level is characterized by two broad bands, separa
by a 0.1-Ry band gap@Fig. 12~a!#. It is also evident that the
major contribution to the total DOS stems from the Al and
states. This is an indication that the Mg donates charge to
Al-Si network and is not strongly involved in the electron
bonding. Furthermore, the Si states give a relatively lar
contribution to the total DOS than do the Al states. From
angular decomposed Si DOS@Fig. 12~b!# one can see that th
contribution to the lower band comes mainly from Sis states,
while the higher band consists mainly ofp states with a
modest mixing in ofs states. This can be seen as an indic
tion of a partial hybridization of the Si states resulting in t
Si bonding environment being partly covalent. This hybr
ization can also be identified in the Al DOS@Fig. 13~a!#.
Compared to a metallic DOS,12 there is a peak concentratio
of s states with mixed- inp states slightly below 0 Ry, re
sembling theL1 lobe of a covalent DOS. However, for bot

e

FIG. 10. U1 bonding network

FIG. 11. U1 bonding charge density for the~110! plane. Thick
lines represent contour levels with a positive value and thin das
lines show levels with a negative value.
6-6
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BONDING IN MgSi AND Al-Mg-Si COMPOUNDS . . . PHYSICAL REVIEW B 67, 224106 ~2003!
Al and Mg @Fig. 13~b!#, the overall shape of the total atom
DOS seems roughly to follow the square-root relations
characteristic of a metallic DOS.

The origin of the band gap at the center of the occup
states can be understood from the same line of reasonin
that for the b phase. In theU1 phase, the Si atoms ar
arranged as an hcp lattice with lattice parametersa
54.05 Å andc56.74 Å. If we once again consider only th
Si system~with a nearest-neighbor distance of 4.05 Å!, then
little hybridization of the atomic Sis andp valence states ca
be expected and a similar DOS to theb is seen. That is, the
occupied valence states will be separated into two relativ
narrow bands. By introducing the Al and Mg, the Al forms
tightly bound bonding network with the silicon via the don
tion of charge from the Mg atoms. This coupling results in
broadening~with respect to the artificial Si substructure! of
the two occupied bands and the removal of the band gap
in b. This has its origins in the stronger mixeds and p
character of the second occupied band~centered at'20.2
Ry! of Si @Fig. ~12~b!#, when compared to the strongp char-
acter of the corresponding band forb ~Fig. 4!, indicating
strong hybridization between the Sip states and the Als and
p states.

FIG. 12. ~a! Total and~b! Si muffin-tin-decomposed densities o
states for theU1 phase. Note that the Al and Si densities of sta
consists of the contribution from two symmetrically equivalent
oms, while the Mg DOS stems from only one atom. One theref
has to divide by a factor of 2 to get the atomic densities of states
Al and Si.
22410
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B. U2

The U2 primitive/conventional unit cell is orthorhombi
~space groupPnma) with experimentally derived lattice pa
rametersa56.75 Å, b54.05 Å, andc57.94 Å. It contains
four Mg, four Al, and four Si atoms giving the formul
Mg4Al4Si4 ~Fig. 14!. The coordinates of the symmetricall
inequivalent atoms of the unit cell are shown in Table I
The morphology and size of the precipitate formed by
U2 phase is usually the same as those for theU1 phase. The
^100& direction of the unit cell is oriented parallel to th
^310& direction of the fcc Al matrix.10 By performing a vol-
ume relaxation of the unit cell, we get an equilibrium volum
differing by less than 1% from the experimentally deriv
unit-cell volume. A second-order Birch fit gives a bu
modulus of 69.1 GPa, very close to the value obtained for
U1 phase.

The U2 phase is similar to the TiNiSi structure type.27,28

As for theU1 phase, the bonding in theU2 phase is char-
acterized by the electropositive Mg atoms donating charg
the electronegative Al and Si atoms forming a tightly bou
bonding network~Fig. 15!. However, unlike for theU1
phase, the electropostitive Mg atoms retain a large amoun
charge and~using a simple chemical picture! there is not
enough transfer for the electronegative elements to fulfill
octet rule.28 The Al-Si bond lengths are all 2.59 to 2.61 Å
while the bond lengths of the Mg-Si neighbor coupling
2.78 and 2.86 Å.

s
-
e
or

FIG. 13. ~a! Al and ~b! Mg muffin-tin-decomposed densities o
states for theU1 phase.
6-7
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Figure 16 displays the bonding charge density maps

the~040!, ~020!, and (04̄0) planes of theU2 unit cell. As for
the U1 phase, there is a concentration of charge betwee
and Si nearest neighbors making up the AlSi bonding n
work. This charge concentration appears to have more
covalent, directional character than that of theU1 Al-Si
bond. Furthermore, one can identify a more pronoun
charge concentration between Mg-Si neighbors than for
of the U1 phase. This fits well with the general assumpti
for this structure class—that a large amount of Mg charg
retained. As for theU1 phase there is no indication of charg
buildup between Al and Mg neighbors, indicating that t
AlSi network is mainly coupled to the Mg atoms via the
atoms.

FIG. 14. U2 conventional unit cell in the~a! perspective and~b!
^010& direction.

TABLE III. Fractional coordinates for the inequivalent atom
positions of theU2 phase unit cell~Ref. 10!.

Atom a b c

Mg 0.034~9! 3/4 0.327~4!

Al 0.361~4! 1/4 0.432~5!

Si 0.239~3! 1/4 0.120~9!
22410
r

Al
t-
a

d
at

is

This picture is further justified by the total and parti
densities of states shown in Figs. 17 and 18. Comparing
DOS of theU2 phase with the DOS of theU1 phase one can
identify several common features, supporting the proposit
that the electronic bonding picture is very similar for the tw
phases. Note that the total DOS is the sum of one Mg,
Al, and one Si atom, as opposed to one Mg, two Al, and t
Si atoms for theU1 phase@Fig. 12~a!#. From the atom de-
composed DOS of theU2 phase@Fig. 17~a!# one can see tha
the Al and Si states are dominating with respect to the
states, and that the Si states give a slightly larger contribu
than do the Al states. This is consistent with the donation
charge from Mg to Al1Si atoms, as in the case ofU1. How-
ever, the Mg DOS gives a larger contribution to the to
DOS than that for theU1 phase. This is an indication tha
there is less Mg to Al and Si charge transfer than for theU1
Zintl-type phase. We remind the reader that it is difficult
quantify the charge transfer because the~L!APW1(lo)
method does not use an atomic/localized basis set. Fur
more, the magnitude of the band gap separating the two
cupied bands is slightly smaller for theU2 phase than for the
U1 phase~0.075 Ry vs 0.1 Ry for theU1 phase!. Conse-
quently, the region of hybridization around 0 Ry is increas
for the Al and Si densities of states@Figs. 18~a! and 18~b!#
consistent with the pronounced covalent character of
Al-Si bonds found in the bonding charge density. As for t
U1 andb phases, the origin of the band gap in the occup
states can be explained by the separation of the Si atoms
respect to each other, which for this structure forms a sligh
distorted hcp structure~not shown here! with lattice param-
eters comparable to those of theU1 Si hcp sublattice.

V. DISCUSSION AND CONCLUDING REMARKS

We have made a comparative study of the electro
structure of theb, b9, U1, andU2 phases in the Al-Mg-Si
alloy precipitation sequence. The bonding in theb phase is
characterized by the covalent bonding between Si-Si nea
neighbor pairs and ionic/covalent bonding between Si-
nearest-neighbor pairs. For theb phase the bonding is domi
nated by the partly ionic Mg-Si bond. By calculating the he
of formation for the various precipitate phases further insi
can be gained into the observed precipitation sequence. P
ently we employ the formula

FIG. 15. U2 bonding network.
6-8
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FIG. 16. Bonding charge density for the~a! ~040! plane, ~b!

~020! plane, and~c! (04̄0) plane of theU2 unit cell. Thick lines
represent contour levels with a positive value and thin dashed l
show levels with a negative value.
22410
DH5EAlMgSi2xMgEMg2xSiESi2xAlEAl , ~6!

where DH is the formation energy/enthalpy per atom
EAlMgSi is the energy of the given Al-Mg-Si compound; an
EMg , ESi , and EAl are the equilibrium ground-state~zero-
temperature! energies per atom of hcp Mg, diamond cub
Si, and fcc Al, respectively.xi is the relative content of ele
menti in the compound. Results for the various phases in
precipitation sequence are shown in Table IV and Fig.
For the b and b9 phases we used the experimentally o
served lattice parameters. For theb9 we used the relaxed
coordinates found from force minimization~Table I!. We
have also included the corresponding energy from a p
model for theb8 phase proposed by Matsudaet al.8

It is difficult to draw any quantitative conclusions bas
on the relative formation energy of these phases in alu
num, at finite temperatures, without taking into account
effects of the interface and entropy. The calculated ener
are nonetheless very reasonable. As can be seen, only
phases (b, U1, andU2) give a negative formation energy
TheU1 andU2 are lower in energy thanb9, but higher than
the b phase.b shows the most negative energy, which is
line with expectations, since it is the terminal equilibriu
structure of the precipitation sequence. The energy ofb9 is
slightly positive, but not markedly different fromb, U1, and

es

FIG. 17. ~a! Total and~b! Si muffin-tin-decomposed densities o
states for theU2 phase.
6-9
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U2. b9, which can be derived from an fcc supercell, form
early in the precipitation sequence at temperatures ab
150°C, but gradually disappears after further heat treatme4

We note the unusually high heat of formation for Mats
da’s b8 model which has a hexagonal unit cell with spa
groupP6̄2m with experimentally derived lattice paramete
a5b54.05 Å andc56.74 Å, and the stoichiometry Mg2Si.
For the calculated formation energy, we used the experim
tally derived lattice parameters and published coordina
Upon volume relaxation, we found, however, that the str
ture reduced in volume by 26%, corresponding to a hea

FIG. 18. ~a! Al and ~b! Mg muffin-tin-decomposed densities o
states for theU2 phase.
22410
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formation of 25 mRy. Furthermore, from a second-ord
Birch fit, we find that for the experimental lattice consta
the Matsuda’sb8 phase is under a negative pressure of
proximately 6.9 GPa. Since the experimentally derived u
cell parameters are regarded as being extremely accura
becomes difficult to see how such as phase might e
within the Al matrix.

To this dateU1 andU2 are the only phases in the pre
cipitation sequence of the Al-Mg-Si alloy system containi
aluminum in addition to magnesium and silicon. The cryst
lographic structure type of both phases belongs to struc
families containing an abundance of documented co
pounds. A characteristic of both phases is the formation o
tightly bound network of Al and Si atoms made possible
charge transfer from the electropositive Mg atoms. Cons
ering the wide range of structures belonging to this family
is possible that these these type of structures containing o
hardening elements than Mg and Si would form stable p
cipitates in aluminum alloys. For example, it is quite rema
able that theU1 phase with magnesium replaced by the ra
earth element europium produces a CaAl2Si2-type structure
with lattice parameters and coordinates differing from t
U1 phase by only few percent.29 Suggested further work
includes the calculations on these two phases with isova
species substituted for the Si and Mg sites. In the future th

FIG. 19. Calculated energies of formation for the various p
cipitate phases. The error bars indicate the estimated level of a
racy of 62.0 mRy. The line connectingb9 andb is a guide to the
eye.
s.
TABLE IV. Calculated formation energies and bulk moduli. Space groups are given with space-group number in parenthese

Structure Space Al:Mg:Si Lattice Bulk modulus Energy/atom
type group in unit cell parameters (Å) ~GPa! ~mRy!

b9 C2/m ~12! 0:5:6 a515.16,b56.74, c54.05 65 3.53
b Fm3̄m ~225! 0:4:2 a5b5c56.39 54 210.93

b8 Matsudab P6̄2m ~189! 0:4:2 a5b57.1, c54.05 NA 38.174

U2 P3̄m1 ~164! 4:4:4 a5b54.05, c56.74 69 23.04

U1 Pnma ~62! 2:1:2 a56.75, b54.05, c57.94 71 20.45

aReference 5.
bReference 8.
6-10



en
b

um
y
su
e
n
he
n
f
p

lle
fo

he

rch
P
op-
nd
en
PU

-

ta

rge

,

A.

H

H

l
d,

itz
al

un.

rd-

f

n

m.

m.

rg.

mon
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calculations could also be used together with interfacial
ergies and entropy calculations to estimate the solid solu
ity of these phases in aluminum.

Furthermore, the rule of thumb that successful alumin
precipitation hardened alloys have secondary and ternar
ements that are larger and smaller than aluminum is not
ficiently accurate when applied to the stability of bulk phas
in the precipitation sequence. The atomic radii of Al, Si, a
Mg vary with the bonding environment. For example, in t
equilibrium b phase the atomic size of Si is increased a
that of Mg correspondingly decreased during formation o
dominating ionic/covalent Mg-Si bond. Also, using the a
propriate values for ionic radii,12 the Mg-Si bond lengths in
theb andb9 phases are predicted to be considerably sma
than what the present calculations show. A more precise
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