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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-wavé (local-orbital density-functional theory calculations.
We show that the8 and 8" 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 pHagesnd 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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[. INTRODUCTION Recently, several additional phases have been identified
experimentallf1° giving the extended precipitation
Precipitation or age-hardened alloys are today one of theequence
most important alloy types in industry. In the Al-Mg-Si alloy
system, Mg-Si and AI-Mg-Si precipitates formed during
specific-heat treatments give rise to a very significant in-

crease in strength. The precipitation sequence is generally , , )
accepted to be — GPZ—-pB"—(B'+U2+U1+B")—B. (2

SSSS-Mg/Si clusters

In Ref. 8 the phased1, U2, andB' are referred to as types
A, B, andC, respectively. These three phases, in addition to
B', are often grouped together since little is known about
where GPZ refers to a Guinier-Preston zone and SSSS refetiseir interdependence. However, it is believed that the peak
to a supersaturated solid solution. Very little is known abouiof concentration with respect to time for each of these struc-
the early stages of the precipitation process. However, it isures follows the ordering given by the above precipitation
believed that when the SSSS is heat treated, Mg and Si asequencé.They all form relatively late in the precipitation
oms quickly diffuse substitutionally to form small clusters sequence usually at temperatures in the range
due to the large amount of quenched-in vacar’:c@aslarge 200°C-300°C, and in Si-rich alloy compositions.
part of the vacancies move to interfaces such as surfaces and |t has been considered a general rule of thumb that suc-
grain boundaries in the later stages of the heat treaymentcessful aluminum precipitation hardening alloys contain sec-
Although the details are hard to investigate experimentallyondary and ternary alloying elements which are larger and
several studies of such clustering have been carried out usingnaller than aluminurt: Now, the concept of atom size in
atom probe microscopy? The first phase which can be re- this context must be based on the type of bonding involved.
solved using high-resolution electron microscopy is the GPZOne can have either ionic, metallic, or covalent radii for the
From this, a model of its crystal structure has recently beemonstituent elements, giving dramatically different values for
proposed. The structure of the proceeding phag¥, was  atomic size'? It is clear that when studying the electronic
also solved using electron microscopy techniquesresult density of compound structures this type of concept may lead
which has later been supported &l initio calculations’ to an oversimplification. It it therefore interesting to carry
Earlier it was believed that the GPA!, and3 phases all  out a theoretical study of the electronic structure and bonding
had the stoichiometry of th8 phase, MgSi, and that alloys characteristics of the relevant phases with respect to their
should be optimized accordingly. Thus, the termi@gdhase relative stability. This is the purpose of the present work,
was of primary importance. Later, however, it had been conwhere we employ full potentiahb initio methods based on
firmed that theB” gives a greater contribution to the hard- density-functional theoryfDFT) to investigate the bonding
ness due to its semicoherent interface with the aluminunwithin the above-mentioned structures. In Sec. Il we describe
matrix and needlelike shape, which is more effective for disthe linear augmented plane-wave local-orbitals approach
location pinning” The B" stoichiometry has been shown to [(L)APW+ (lo)], used for all calculations. Section Il de-
be Mg;Sig.° scribes the results obtained for the three models of precipi-

SSSS-+Mg/Si clusterss GPZ —p8"—8'—8, (1)
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tate phases containing only Mg and &"( 8', andg), and
Sec. IV deals with the phases containing Al, Mg, and$i ( ®
andU?2).

Il. METHOD ‘ .’
The ab initio calculations were performed USINgEN2K, ®

a program package implementing the full potential
(L)APW+ (lo) DFT method*® The augmented plane-wave ®

®
(APW) approach+ (lo) method* differs from the LAPW
method in the linearization of the APW's. In Slater’s original o

APW method® the unit cell is partitioned into nonoverlap-
ping atomic spheres and an interstitial region. The basis
functions are plane waves for the interstitial region and radial .
wave functions within the atomic spheres. In the LAPW
method the basis functions inside the spheres are linearized
with respect to the enerdy, : FIG. 1. Conventional unit cell for fluorite M@i, equivalent to
the B phase in the Al-Mg-Si precipitaion sequence. The large
spheres are Mg atoms and the smaller ones are Si.

i ()= %‘4 [Atm e, Ui (1 ED) + By i Ui (F,ED Y im(T),

(3) try. For the exchange-correlation potential we used the gen-
eralized gradient approximation of Perdetwal 8
whereu(r,E,) are radial functions an¥l,,,(r) are spherical
harmonics.u,(r,E,) is the energy derivative ofy(r,E)).
Aimk, andB,m,kn are determined by matching the above basis

to the value and derivative of the plane waves for elch A. B

vector at the Sphere boundal’y. An alternative Way for linear- Theﬁ phase(ﬂuorite M928|) is the terminal equi”brium

izing is the APWH-lo method. One starts with the original structure of the precipitation sequence. It has a fcc primitive
APW's and adds local orbitals to obtain the variational flex- | . .o [space groug=m3m (225)], with an experimental

ibility in the basis functions, lattice parametea=6.39 A* It forms precipitates of a plate-
like or cubic shape up to 20m in diameter. Its interface
P (D=2 [ A Ui(1,E) + d1o]Yim(D), (4  with the Al matrix is fully incoherent.The conventional unit
" Im o cell, containing eight Mg atoms and four Si atoms, is shown
in Fig. 1. As can be seen, each of the Si atoms in the struc-
— : ture has eight Mg nearest neighbors, giving each Mg atom
Pro=Binth (1.E)+ Cinth (1. Ey). ® four Si nearest neighbors at the same distance. The Si atoms
At first sight this looks very similar to the LAPW basis. aré arranged as an fcc lattice interpenetrated by a sc Mg
However, theB,, and C,,, are no longer dependent on the lattice. o _ o _ _
wave vector and are determined by the requirement that the Severalab initio studies of the bonding in fluorite M§i
local orbital is zero at the sphere boundary and normalized’ave been carried out in the padt’* However, to our
The great advantage of this scheme is that the calculatiorfd10wledge, none of these involved the LAPW @nAPW
converge to results almost identical with those of the LAPW (I0) DFT method. For our calculations we use the experi-
method but for dimensioning parameters, which effectivelymentally observed lattice constant for this phase in the Al
leads to a smaller basis 2&The WIEN2K code uses a mixed Mmatrix: 6.39 A. Performing a volume relaxation, this value
APW+ lo/LAPW basis set, exploiting the advantages of bothdiffered by only 0.25% from the calculated optimized value
methods. 6.37 A, and by 0.6% from the experimental value for bulk
To make the results for the different structures compaMg,Si, 6.338 A?? The calculated bulk modulus, derived
rab|e, we used the same set of AMo) parameters for all from a second-order Birch f|t, was 54.3 GPa, Compared to 59
calculations: Rp=2.1 bohr, RyKmax=7 and Gp.x ©CPa from experimerf? Using the 6.39-A lattice constant the
=14 Ry*2 Here, Ry, is the muffin-tin radiusK .y is the ~ nearest-neighbdinn) Mg-Si distance is 2.77 A, the Si-Sinn
plane-wave cutoff, an ., is the maximum Fourier com- distance is 4.51 A, and the Mg-Mg nn distance is 3.29 A.
ponent of the electron density. For all calculations we used Past linear-combination-of-atomic-orbitals Hartree-Fock
the modified tetrahedron metHddfor Brillouin-zone inte- and DFT pseudopotential calculatidhé' indicate consider-
grations. Allk-point meshes were checked for convergence@blée charge transfer from the electropostive Mg atoms to the
Thus in general, the highly symmetric structuesich as ~€lectronegative Si atoms, resulting in a partly ionic Si-Mg
bulk Al, Si, and Mg with few symmetrically inequivalent bond for theg phase. This result is also supported by the
atoms in the unit cell require a dendepoint mesh than the Present work. Figure 2 displays the bonding charge density
precipitate phases with larger unit cells and a lower symmefor the (101) plane of Fig. 1. We define the bonding charge

Ill. MgSi PHASES
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Bonding Charge Density for Fluorite the occupied states are projected onto the muffin-tin eigen-
vectors(see Sec. )lof the particular atom. In this way, some
information can be gained regarding the local DOS at each
atom, however, such a procedure is not complete since the
interstitial region cannot be locally resolved. On the other
hand, the total DOS represents the DOS derived from all
the“muffin-tin-decomposed” densities of states and the inter-
stitial DOS of the entire computational cell. Note that the
calculation is based on the primitive unit cell, containing one
symmetrically inequivalent Si atom and two symmetrically
inequivalent Mg atoms, thus the partial Mg DOS contains
the contribution for two Mg atoms, and the Si DOS the con-
tribution from one Si atom.

When decomposing the atomic DOS, we project outdhe
states in addition to the and p valence states, in order to
make sure that we have completely specified the orbital con-
tributions to the total atomic DOS. This is especially impor-
tant for the phases containing aluminum since previous cal-

FIG. 2. Bonding charge density for the @1) plane. The two culations have shown that the band structure of fcc Al
central peaks are Mg atoms. The four corner peaks are Si atom€ontains bands with a non-negligible contribution fram
Thick lines represent positive contour lines and thin dashed linestates below the Fermi level around thepoint 23
represent negative contour lines. A general feature of the total and partial densities of states

in Fig. 3 is the two broad bands below the Fermi energy

density as the difference between the converged valendéhdicated by the horizontal line at 0.26 Ryeparated by an -
charge density from DFT and the charge density derive@nergy of approximately 0.4 Ry. That the occupancy is domi-
from the isolated neutral atoms. Thus the bonding charggated by Si states, where the partial Mg DOS represents the
density indicates the charge transfer resulting from the contWo inequivalent Mg atoms, is a further indication of the
verged electronic structure. In Fig. 2, the thick lines represenrésence of ionicity whereby the Mg has simply donated
positive contours corresponding to charge transfer to the reglectrons to the Si. In addition this phase has a band gap. The
gion, while the thinner dashed lines represent negative corfhagnitude of the gap at thié point is 0.13 Ry(1.77 eV,
tours corresponding to charge transfer away from the regiorivhich is somewhat smaller than the experimental value of
The concentration of thick lines around the Si atoms thug-27 eV for a lattice constant of 6.3387A.
displays a net buildup of charge around the Si atoms coun- Figures 4a) and 4b) now display thes, p, andd decom-
terbalanced by a net reduction of charge around the centrosed partial densities of states for both Si and the two in-
Mg atoms, indicating that some ionicity is indeed at play. €quivalent Mg atoms. In this case, the total DOS represents
Figure 3 displays the corresponding total and partial electhe total muffin-tin-decomposed DOS for the particular
tronic densities of states for the phase. Here the partial atom, that is, the sum of the p, andd partial densities of
density of states (DOS) represents the “muffin-tin- States. Inspection of Fig.(d reveals that the lower band

decomposed” DOS for both the Mg and Si atoms, in whichCOnsists ofs states whereas the upper band consists of pre-
dominantlyp states with a littles-state character. For the case

Total DOS for Fluoite of_th_e Mg, Fig. 4p), the DOS below the F_ermi level Iargely
25 , , , , . mimics that of Si apart from both occupied bands being of
mixed s and p character.

Insight into the general features of the densities of state
shown in Fig. 4 can be understood from the perspective of
beginning with pure fcc Si with a lattice constant of 6.39 A,
giving a rather large nn Si-Si separation of 4.52 A. For such
a system there can be no strong hybridization between the
atomic valences andp states, maintaining a gap of approxi-
mately 0.3 Ry in the corresponding DQSot shown. Thes
and p band centers differ by about 0.4 Ry, which is not so
dissimilar from the 0.49-Ry difference between the isolated
atom 3 and 3P valence states. With the addition of the
interpenetrating cubic array of Mg atoms, both bands
broaden, reducing the gap to about 0.2 Ry. Thus in Rig), 4
the dominants character of the filled lower band and the

FIG. 3. Muffin-tin-decomposed DOS for th& phase. Note that dominantp character of the upper filled band arise from the
the atomic Mg DOS is half the magnitude of the total Mg DOS. Thestrong on-site Si orthogonality requirement, whereas in Fig.
vertical line represents the Fermi level. 4 the mixeds andp character of the corresponding Mg bands
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Si DOS for Fluorite
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g 5l tion, and(b) slightly away from the(010) Cartesian direction. The
2’ large circles represent Mg and the small circles Si.
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©
@ al procedure with respect to tl&2/m space group. The result-

ing inequivalent atomic coordinates are listed in Table I. The
2+ given space group of this phase was first solved by high-
resolution electron microscopy technigtieand later sup-

. . 0 02 . . ported by full potential linear argumented plane-wave DFT
(b) Energy (Ry) calculations In this paper we elaborate further on the elec-
tronic structure calculations presented by Desetl® by
FIG. 4. () Si and(b) Mg muffin-tin-decomposed densities of g|so analyzing the partial DOS.
state for theg phase. Note that for the Si DOS, tisecurve is Figure 6 displays the bonding charge-density contour plot
practically superimposed on thetal curve for the lower band in_ for the (002) plane. A dominant feature is the concentration
the range—0.4 to —0.25 Ry. The scaled square-root curve is 4t charge between the Si nearest neighbors, and to a lesser
shown for comparison. extent, between the Si and Mg nearest neighbors, indicating
. ] o i that covalency is at play in this systénSuch charge transfer
arises from the Mg-Ss and p matrix interaction elements. 4 the bonding regions originates from the core regions of
We note that the corresponding heights of the Mg total DO$,oth the Si and Mg atoms, in addition to the homogeneous
are significantly less than the Si DOS, following approxi-interstitial region between the Mg atoms. The depletion of
mately the square-root dependen.ce of a metallic DOS. Th”%harge from the Mg is comparable to that seen in fhe
through charge transfer to the Si, the Mg plays the role ofase indicating that for this system both ionicity and cova-
“strengthening” the Si backbone lattice, providing an expla- lency is present in the bonding. The nearest-neighbor dis-
nation of the origin of theg phase band gap through the tance range in this structure is 2.39-2.53 A for Si-Si and
pulling down of the excited, p, andd states of atomic Si. 2 g1_2 84 A for Si-Mg. This is not dissimilar to the nearest-
neighbor distance of 2.33 A in covalently bonded diamond
B. B" cubic Si and 2.76 A in the covalent/ionic equilibriug

The B" phase has a base-centered-monoclinic conven-
tional unit cell(space grouc2m) with experimental lattice
parametersa=15.16 A, b=6.74 A, ¢c=4.05 A, and vy,
=105.3°2 Figure 5 displays the conventional cell for two Atom a b c
viewing orientations. This phase forms precipitates of a

TABLE |. Relaxed fractional coordinates for the inequivalent
atomic positions of thgs” phase.

needlelike shape, typically with a thickness of 30—50 A andvig1l 0.0 0.0 0.0
a length of 300-400 A. The needle length, which is alongvg2 0.3441) 0.0719) 0.0
the (001 direction of theB”-phase unit cell, runs parallel to Mg3 0.4216) 0.0636) 0.0
the (001) direction of the aluminum matrix. For the present sj1 0.05%7) 0.6627) 0.0
work we use the experimentally derived lattice parameters;2 0.1944) 0.2505) 0.0
and the relaxed atomic positions of the inequivalent Si andj3 0.2091) 0.6275) 0.0

Mg atoms by minimizing the forces by a Newton-Coates
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Bonding Charge Density for 002 Plane Section Si2 DOS for p”
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FIG. 6. Bonding charge density for t{602) plane section of -0 0. 0 02
the B" structure. Thick contour lines represent a positive charge @ Eneray (Ry)
ggzzz:, while thin dashed lines represent a negative charge Mg3 DOS for B~
. 4.5 T T T T
al
phase. Moreover, one of the inequivalent Si atomsps 35|
(tetrahedrally coordinated and another $* coordinated. s |
Figure 7 displays the total DO@ncluding the muffin-tin )
and interstitial regionsfor the 8 phase. Unlike thg8 phase, % 281
there is no band gap. However, depressions can be identifieg 2
at —0.1 and 0.4 Ry, reminiscent of the gaps seen in Fig. 3.” 15}
By inspection of the partial DOS for each inequivalent atom 1L
we find that for the Si atoms there is a dominarmtharacter 0s |
for the lower-energy states<(—0.2 Ry), whereas, at about g S
0.2 Ry, thep character dominates. In between these regimes, O o4 0.2 0 02 04 06 0.8
a mixture ofp ands character exists, indicating strong hy- ®) Energy (Ry)

br|Q|zat|on. Indeed F|g..(&) d|splay§ the pgrual DOS for.S|2, FIG. 8. Partial DOS for théa) Si2 and(b) Mg3 (see Table )
which from past work is locallsp® coordinated, showing atoms in theg” phase

approximate correspondence with the diamond cubic Si '
DOS?® In particular the dominare character of thé.,, , the

s andp character of thé.;, and the dominanp character of

X, are the high-symmetry points. Alternatively, Figb8 A. U1

shows the partial DOS for Mg3, which from charge-density 1o 41 conventional/primitive unit cell is trigonaspace

profile analysi& is in a homogeneous metallic environment, — . . . .

displaying an approximate shifted metallic Square_romgroupPSml) with experimentally derived lattice parameters
a=b=4.05 A andc=6.74 A. It contains one Mg, two Al,

IV. Al-Mg-Si PHASES

behavior. and two Si atoms, giving the formula Mg#8i,. The unit-
cell and atomic positions are shown in Table Il and Fig. 9.
Total DOS for B Experiments show that th@01) direction of theU1 unit
10— . : : , cell runs parallel to thé310) direction of the fcc Al matrix,
90 | The Ul phase usually forms rodlike precipitates with a
8o | length of 50-500 nm and a width of approximately 50 nm.
70 | Performing a volume relaxation, we found the calculated
= unit-cell equilibrium volume to differ by only 1% from the
< or experimentally derived unit-cell volume. From a second-
g 50 r 1 order Birch fit we obtained a bulk modulus of 71 GPa.
g a0r 1
30 1 ] TABLE Il. Fractional coordinates for the inequivalent atomic
20 . positions of theJ1 phase Ref. 9.
10} 1
0 ) . Atom a b c
-0.4 -0.2 0 0.2 0.4 0.6 0.8
Eneray (Ry) Mg 0.0 0.0 0.0
Al 1/3 2/3 0.6328)
FIG. 7. Total DOS for theg” phase. The vertical line represents Sj 1/3 2/3 0.248)

the Fermi level.
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FIG. 10. U1 bonding network

ing. There is also a small buildup of charge between the Si
and corner Mg atoms which constitutes a coupling between
Mg?* and AISi™ layers.

Evidence of the layered structure can also found in the
DOS. Figures 12 and 13 show the muffin-tin-decomposed
total and partial densities of states. The total DOS below the
Fermi level is characterized by two broad bands, separated
by a 0.1-Ry band gafFig. 12a)]. It is also evident that the
major contribution to the total DOS stems from the Al and Si
states. This is an indication that the Mg donates charge to the
Al-Si network and is not strongly involved in the electronic
bonding. Furthermore, the Si states give a relatively larger
contribution to the total DOS than do the Al states. From the

(b) angular decomposed Si DQBig. 12b)] one can see that the
contribution to the lower band comes mainly fromsSitates,
while the higher band consists mainly pfstates with a
FIG. 9. U1 conventional unit cell in théa) perspective andb) modest mixing in ofs states. This can be seen as an indica-
(001) direction. The small black spheres are Si atoms, the largdion of a partial hybridization of the Si states resulting in the
dark spheres Al atoms, and the large white spheres Mg atoms.  Si bonding environment being partly covalent. This hybrid-
ization can also be identified in the Al DOFig. 13a)].
The U1 phase can be categorized as belonging to a classompared to a metallic DO there is a peak concentration
of structures given the name of CaBl-type Zintl  of s states with mixed- irp states slightly below 0 Ry, re-
compounds? In Zintl compounds, the electropositive ele- sembling thel, lobe of a covalent DOS. However, for both

ments are thought of as merely electron donors to the elec-

tronegative elements which thereby are able to fulfill the oc-
tet rule. For MgA}Si, this implies that each Mg atom
donates two electrons to #8i, for each unit cell. This gives
Al,Si3™, or two units of AISi which is isoelectronic to
AIN, fulfilling the octet rule. The resulting layered structure
is sketched in Fig. 10. AISi constitutes a double layer of
tightly bound “chairlike” six-membered rings separated by
layers of hexagonal Mg . In the Al-Si network, each Si
atom bonds to four Al atoms forming an umbrellalike struc-
ture, while each Al atom forms the more common tetrahedral
structure with four nearest-neighbor Si atoms. The Al-Si
bond length within each AISi layer is 2.48 A, while the
length of the Al-Si bonds connecting the two AlSiayers is
2.62 A. The length of the Mg-Si bond is 2.86 (Bee below
and Fig. 1), somewhat larger than the length of the partly
ionic bond in theB equilibrium structure, but similar to
Mg-Si bonds found in the MBis 8" phasée’

The calculated bonding charge density for (h&0 plane

Bonding Charge Density for 110 Plane Section

FIG. 11. U1 bonding charge density for thH&10 plane. Thick

is shown in Fig. 11. There is a clear concentration of chargdines represent contour levels with a positive value and thin dashed
between the Al and Si atoms, indicating strong Al-Si bond-lines show levels with a negative value.
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FIG. 13. (a) Al and (b) Mg muffin-tin-decomposed densities of
FIG. 12. (a) Total and(b) Si muffin-tin-decomposed densities of gtates for theJ1 phase.

states for thaJ1 phase. Note that the Al and Si densities of states

consists of the contribution from two symmetrically equivalent at- B. U2

oms, while the Mg DOS stems from only one atom. One therefore  The 2 primitive/conventional unit cell is orthorhombic
has to divide by a factor of 2 to get the atomic densities of states fo(space groufPnma with experimentally derived lattice pa-
Al and Si. rametersa=6.75 A, b=4.05 A, andc=7.94 A. It contains

Al and Mg [Fig. 13b)], the overall shape of the total atomic four Mg, four Al, and four Si atoms giving the formula

DOS seems roughly to follow the square-root reIationshidVlg4A!4Si4 (Fig. 14. The coor_dinates of the syr_nmetrically
characteristic of a metallic DOS. inequivalent atoms of the unit cell are shown in Table Ill.

The origin of the band gap at the center of the occupiedThe morphology and size of the precipitate formed by the

states can be understood from the same line of reasoning 42 Phase is usually the same as those foililiephase. The
that for the 8 phase. In theU1l phase, the Si atoms are 100 d_|rect_|on of the unit cell is 0orlented par_aIIeI to the
arranged as an hcp lattice with lattice parameters (310 direction of the fec Al matrix” By performing a vol-
—4.05 A andc=6.74 A. If we once again consider only the UMe _relaxat|on of the unit cell, we get an equmbrlum volgme
Si system(with a nearest-neighbor distance of 4.05 then  differing by less than 1% from the experimentally derived
little hybridization of the atomic S andp valence states can Unit-cell volume. A second-order Birch fit gives a bulk
be expected and a similar DOS to tds seen. That is, the Mmodulus of 69.1 GPa, very close to the value obtained for the
occupied valence states will be separated into two relativeJ 1 phase.

narrow bands. By introducing the Al and Mg, the Al forms a~  The U2 phase is similar to the TiNiSi structure type?®
tightly bound bonding network with the silicon via the dona- As for theU1 phase, the bonding in tHé2 phase is char-
tion of charge from the Mg atoms. This coupling results in aacterized by the electropositive Mg atoms donating charge to
broadening(with respect to the artificial Si substructuref  the electronegative Al and Si atoms forming a tightly bound
the two occupied bands and the removal of the band gap sedonding network(Fig. 15. However, unlike for theU1l

in B. This has its origins in the stronger mixedand p  phase, the electropostitive Mg atoms retain a large amount of
character of the second occupied bdndntered at~=—0.2  charge and(using a simple chemical picturg¢here is not
Ry) of Si[Fig. (12(b)], when compared to the stropgchar-  enough transfer for the electronegative elements to fulfill the
acter of the corresponding band f@r (Fig. 4), indicating  octet rule® The Al-Si bond lengths are all 2.59 to 2.61 A,
strong hybridization between the Sistates and the Adand  while the bond lengths of the Mg-Si neighbor coupling is
p states. 2.78 and 2.86 A.
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‘ FIG. 15. U2 bonding network.

This picture is further justified by the total and partial
densities of states shown in Figs. 17 and 18. Comparing the
. DOS of theU2 phase with the DOS of thé1 phase one can
0 identify several common features, supporting the proposition
that the electronic bonding picture is very similar for the two
phases. Note that the total DOS is the sum of one Mg, one
‘ Al, and one Si atom, as opposed to one Mg, two Al, and two
0 Si atoms for theU1 phasdFig. 12a)]. From the atom de-
composed DOS of the2 phasdFig. 17(a)] one can see that
‘ ' the Al and Si states are dominating with respect to the Mg
states, and that the Si states give a slightly larger contribution
- ‘ than do the Al states. This is consistent with the donation of
‘ charge from Mg to Ak-Si atoms, as in the case OfL. How-
ever, the Mg DOS gives a larger contribution to the total
(b) DOS than that for thé&J1 phase. This is an indication that
there is less Mg to Al and Si charge transfer than forlite
FIG. 14. U2 conventional unit cell in théa) perspective andp) ~ Zintl-type phase. We remind the reader that it is difficult to
(010 direction. quantify the charge transfer because ti9APW+(lo)
method does not use an atomic/localized basis set. Further-
. . . ) more, the magnitude of the band gap separating the two oc-
Figure 16 dlsplays_the bonding charge density maps fOEupied bands is slightly smaller for th&2 phase than for the
the (040, (020, and (0D) planes of th&J2 unit cell. Asfor U1 phase(0.075 Ry vs 0.1 Ry for thé&J1 phasg Conse-
theU1 phase, there is a concentration of charge between Aduently, the region of hybridization around 0 Ry is increased
and Si nearest neighbors making up the AlISi bonding netfor the Al and Si densities of stat¢Bigs. 18a) and 18b)]
work. This charge concentration appears to have more of eonsistent with the pronounced covalent character of the
covalent, directional character than that of tbd AI-Si  Al-Si bonds found in the bonding charge density. As for the
bond. Furthermore, one can identify a more pronounced)1 andg phases, the origin of the band gap in the occupied
charge concentration between Mg-Si neighbors than for thadtates can be explained by the separation of the Si atoms with
of the U1 phase. This fits well with the general assumptionrespect to each other, which for this structure forms a slightly
for this structure class—that a large amount of Mg charge iglistorted hcp structurénot shown hergwith lattice param-
retained. As for thé&J 1 phase there is no indication of charge eters comparable to those of thel Si hcp sublattice.
buildup between Al and Mg neighbors, indicating that the

AlSi network is mainly coupled to the Mg atoms via the Si V. DISCUSSION AND CONCLUDING REMARKS
atoms.

We have made a comparative study of the electronic
structure of the3, B”, U1, andU2 phases in the Al-Mg-Si
alloy precipitation sequence. The bonding in ighase is
characterized by the covalent bonding between Si-Si nearest-
neighbor pairs and ionic/covalent bonding between Si-Mg

TABLE lIl. Fractional coordinates for the inequivalent atomic
positions of theU2 phase unit cel(Ref. 10.

Atom a b ¢ nearest-neighbor pairs. For tjgephase the bonding is domi-

Mg 0.0349) 3/4 0.3274) nated by the partly ionic Mg-Si bond. By calculating the heat
Al 0.361(4) 1/4 0.4375) of formation for the various precipitate phases further insight
Si 0.2393) 1/4 0.1209) can be gained into the observed precipitation sequence. Pres-

ently we employ the formula
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FIG. 16. Bonding charge density for tha@) (040 plane, (b)
(020 plane, and(c) (040) plane of theU2 unit cell. Thick lines
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FIG. 17. (a) Total and(b) Si muffin-tin-decomposed densities of
states for theJ2 phase.

AH = E ppmgsi— XmgEmg— XsiEsi— XaiEai » (6)

where AH is the formation energy/enthalpy per atom;
Eamgsi is the energy of the given Al-Mg-Si compound; and
Emg, Esi» andE, are the equilibrium ground-statgero-
temperaturg energies per atom of hcp Mg, diamond cubic
Si, and fcc Al, respectively; is the relative content of ele-
menti in the compound. Results for the various phases in the
precipitation sequence are shown in Table IV and Fig. 19.
For the 8 and B"” phases we used the experimentally ob-
served lattice parameters. For tjg¢ we used the relaxed
coordinates found from force minimizatiofTable I). We
have also included the corresponding energy from a past
model for theB’ phase proposed by Matsudaal®

It is difficult to draw any quantitative conclusions based
on the relative formation energy of these phases in alumi-
num, at finite temperatures, without taking into account the
effects of the interface and entropy. The calculated energies
are nonetheless very reasonable. As can be seen, only three
phases g, U1, andU2) give a negative formation energy.
TheU1 andU2 are lower in energy tha@”, but higher than

the B phase 8 shows the most negative energy, which is in
line with expectations, since it is the terminal equilibrium

represent contour levels with a positive value and thin dashed linestructure of the precipitation sequence. The energg’ofs

show levels with a negative value.

slightly positive, but not markedly different frog, U1, and
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Al DOS for U2 Formation Energy/Atom
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(a) Energy (Ry)
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10

States (1/Ry)

Mg DOS for U2

8 FIG. 19. Calculated energies of formation for the various pre-

cipitate phases. The error bars indicate the estimated level of accu-
racy of +2.0 mRy. The line connecting” and g is a guide to the
eye.

formation of 25 mRy. Furthermore, from a second-order
Birch fit, we find that for the experimental lattice constant,
the Matsuda’'sB’ phase is under a negative pressure of ap-
proximately 6.9 GPa. Since the experimentally derived unit-
cell parameters are regarded as being extremely accurate it
becomes difficult to see how such as phase might exist
within the Al matrix.
Lozt To this dateU1 andU2 are the only phases in the pre-
-0.4 -0.2 0 02 04 06 08 cipitation sequence of the Al-Mg-Si alloy system containing
®) Energy (Ry) aluminum in addition to magnesium and silicon. The crystal-
lographic structure type of both phases belongs to structure
families containing an abundance of documented com-
pounds. A characteristic of both phases is the formation of a
. . tightly bound network of Al and Si atoms made possible by
U2. g", which can be derived from an fcc supercell, forms charge transfer from the electropositive Mg atoms. Consid-
early in the precipitation sequence at temperatures abov&ing the wide range of structures belonging to this family it
150°C, but gradually disappears after further heat treatfhentis possible that these these type of structures containing other
We note the unusually high heat of formation for Matsu-hardening elements than Mg and Si would form stable pre-
da's g* model which has a hexagonal unit cell with spacecipitates in aluminum alloys. For example, it is quite remark-
group P62m with experimentally derived lattice parameters able that theJ 1 phase with magnesium replaced by the rare-
a=b=4.05 A andc=6.74 A, and the stoichiometry M&i. earth element europium produces a G&SA-type structure
For the calculated formation energy, we used the experimerwith lattice parameters and coordinates differing from the
tally derived lattice parameters and published coordinatedJ1 phase by only few perceft.Suggested further work
Upon volume relaxation, we found, however, that the strucincludes the calculations on these two phases with isovalent
ture reduced in volume by 26%, corresponding to a heat o$pecies substituted for the Si and Mg sites. In the future these

States (1/Ry)

FIG. 18. (a) Al and (b) Mg muffin-tin-decomposed densities of
states for théJ2 phase.

TABLE IV. Calculated formation energies and bulk moduli. Space groups are given with space-group number in parentheses.

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

B" C2/m (12 0:5:6 a=15.16,b=6.74,c=4.05 65 3.53

B Fm3m (225 0:4:2 a=b=c=6.39 54 —10.93

B’ Matsud& P62m (189 0:4:2 a=b=7.1,¢=4.05 NA 38.174

u2 P3m1 (164 4:4:4 a=b=4.05,c=6.74 69 -3.04

Ul Pnma(62) 2:1:2 a=6.75,b=4.05,c=7.94 71 —-0.45

8Reference 5.
bReference 8.
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calculations could also be used together with interfacial enmulation would involve the ability of the secondai) and

ergies and entropy calculations to estimate the solid solubilternary (B) elements to form stable bond&8, A-A, and

ity of these phases in aluminum. B-B) with bond lengths which are comparable that of the
Furthermore, the rule of thumb that successful aluminumpj-Al bond.

precipitation hardened alloys have secondary and ternary el-

ements that are larger and smaller than aluminum is not suf-

ficiently accurate when applied to the stability of bulk phases

in the precipitation sequence. The atomic radii of Al, Si, and

Mg vary with the bonding environment. For example, in the This study has been performed as part of the research

equilibrium B phase the atomic size of Si is increased andprograms “KMB Heat Treatment Fundamentals” and “SUP

that of Mg correspondingly decreased during formation of aMicrostructure and Nanostructure Based Materials Develop-

dominating ionic/covalent Mg-Si bond. Also, using the ap-ment,” supported by the Norwegian Research Council and

propriate values for ionic radi? the Mg-Si bond lengths in  collaborators from the industry. Parts of this work have been

the 8 andB8” phases are predicted to be considerably smallesupported by the Norwegian Research Council through CPU

than what the present calculations show. A more precise fotime on the NOTUR Origin 3800.
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