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Abstract Nano-sized precipitates in Al–Mg–Si alloys

can effectively increase the mechanical property of these

alloys. However, nanoscale dimensions and orientation

variations greatly impede the understanding of crystal

structures and phase relations of precipitates. In this paper,

the structural stability, mechanical, and electronic proper-

ties of twelve Al–Mg–Si compounds in Al–Mg–Si alloys

are examined systematically using first-principles calcula-

tions. The calculated results of Mg2Si and MgAlSi agree

well with the previous experimental and theoretical results.

The Mg4Si7 with P�1 symmetry, MgAl2Si2 with C2/

m symmetry, and Mg4AlSi3 with Pccn symmetry are

identified as the more energetically and mechanically

favorable phases suggested by our calculations. According

to the predictions, MgSi2 and MgAlSi exhibit higher bulk

moduli, 73.1 and 67.7 GPa, due to the tightly bounding Si–

Si/Si–Al covalent networks.

Introduction

Al–Mg–Si alloys are extensively used in many industrial

applications, such as lightweight construction, automotive,

aircraft, and architecture, because of the excellent formability,

mechanical strength, corrosion resistance, and weldability [1–

3]. During a specific heating treatment process (known as

aging hardening), the presence of diverse nano-sized needle-

or plate-like metastable precipitates from the aluminum

matrix greatly hinders the movement of dislocations and thus

enhances the mechanical property of alloys [4]. Generally, the

generic precipitation follows the sequence of SSSS ? Mg/Si

clusters ? GP-zones ? pre-b00 ? b00 (Mg5Si6) ? {U1, U2,

B0, b0} ? b (Mg2Si, stable), where SSSS refers to a super-

saturated solid solution and GP-zones are aggregates of solute

atoms in the aluminum matrix. Among the precipitations, b00

phase, generally present in alloys aged to peak hardness, has

been determined to be a monoclinic structure with an ideal

composition, Mg5Si6 [4]. However, in specific age-hardening

process, low annealing temperatures and short annealing time

limit the appearance of b00 phase, and thus the pre-b00 phase is

formed with varied composition other than Mg5Si6, e.g.,

Mg4Si7, Mg2Al3Si6, and Mg4AlSi6 [5, 6]. The phases U1, U2,

and B0 refer to ‘‘type A’’, ‘‘type B’’, and ‘‘type C’’ precipitates,

respectively [7]. Furthermore, rod-like b0 is reported to appear

in over-aged specimens and is determined to be hexagonal

phase with a composition of Mg9Si5 [2]. The equilibrium phase

in this system, the b phase, Mg2Si, has a cubic anti-fluorite

(CaF2) structure (space group Fm3m). Very recently, two new

compounds, (Mg9Si5)HP and (Mg4AlSi3)HP are reported by Ji
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et al. [8] under high pressure (5 GPa) and high temperature

(900–1100 �C) conditions. In general, the microstructures of

clusters and precipitates are often investigated by atom probe

tomography [1, 9, 10] and high-resolution transmission elec-

tron microscopy [11, 12]. Nevertheless, small grain-size and

many possible orientations of precipitates may limit the

determinations of structure and physical properties.

First-principles calculation is a valuable prediction

approach to understand precipitate energetics and studying

their structural transformations [13, 14]. The bonding char-

acteristics of the key precipitates in Al–Mg–Si alloys were

investigated by Frøseth et al. [15] using augmented plane-

wave under the framework of density functional theory

calculations about one decade ago. The energetics of most of

the precipitates in Al–Mg–Si system was studied by Ravi and

Wolverton [6] using density functional-based calculations in

both the local density approximations (LDA) and general-

ized gradient approximations (GGA). van Huis et al. [5, 16]

systematically investigated stability and structural relations

of the matrix-embedded precipitate phases in the Al–Mg–Si

alloys during the evolution process by means of first-prin-

ciples calculations. Zhao et al. [17] calculated the structure,

stability, and finite-temperature thermodynamic properties

of the key precipitates in the Al–Mg–Si alloy. Ehlers

examined interface configuration stabilities and determined

the interfacial energies over the full precipitate cross-section

for the phase b00 in the Al–Mg–Si alloy system [14]. Most of

the efforts were focused on the thermodynamic stability and

structural relationship between the precipitates and the Al

matrix. However, to our knowledge, there are no compara-

tive investigations on the mechanical properties and under-

lying relations between these phases of Al–Mg–Si

compounds. Therefore, by means of first-principles calcu-

lations based on density functional theory, in this paper, we

report the enthalpies of formation, elastic constants, and

electron structures of the whole precipitate phases, i.e., pre-

b00/(Mg4AlSi6, Mg2Al3Si6, Mg4Si7), b00/Mg5Si6, b0/Mg9Si5,

U1/MgAl2Si2, U2/MgAlSi, U3/MgSi2 [2], B0/Mg9Al3Si7, b/

Mg2Si, and two high pressure phases—(Mg9Si5)HP and

(Mg4AlSi3)HP. The systematic studies on the Al–Mg–Si

compounds here would help the further understanding of the

structural behaviors and mechanical properties of the meta-

stable precipitate phases.

Computational details

First-principles calculations were performed using

CASTEP code based on density functional theory (DFT)

[18]. The exchange and correlation functions were treated

by generalized gradient approximation with the parame-

terization by Perdew–Burke–Ernzerhof (GGA-PBE) [19,

20]. The electronic configurations of each element were

3s23p1 for Al, 2p63s2 for Mg, and 3s23p2 for Si, respec-

tively. The convergence of calculations is initially checked

by a 10 9 10 9 10 k-point and cutoff energy of 350 eV.

The ground state and elastic constants (Cij) of all considered

Al–Mg–Si compounds are then calculated for each fully

relaxed structure. Bulk and shear moduli were estimated

based on Voight–Reuss–Hill (VRH) approximation [21].

Elastic moduli and Poisson’s ratio were obtained based on

the relationship: E = 9BG/(3B ? G), v = (3B - 2G)/

(6B ? 2G). The universal elastic anisotropy index (AU) [22]

is obtained from the B and G of Voigt and Reuss with the

equation: AU = 5GV/GR ? BV/BR - 6.

Structural stability

Mechanical stability, a necessary condition for a stable

crystal to exist in experiments, was firstly checked for all of

the precipitates according to the Born–Huang criterion [23,

24]. The mechanical stability criteria are given as follows:

For cubic phase,

C11 [ 0; C44 [ 0; C11 [ C12j j; C11 þ 2C12ð Þ[ 0;

For hexagonal phase,

C44 [ 0; C11 [ C12j j; C11 þ 2C2ð ÞC33 [ 2C13C13;

For tetragonal phase,

C11[0; C33[0; C44[0; C66[0; C11 �C12ð Þ[0;

C11 þC33 �2C13ð Þ[0; 2 C11 þC12ð ÞþC33 þ4C13½ �[0;

For trigonal phase,

C11 [ 0; C33 [ 0; C44 [ 0; C11 þ C12ð ÞC33 [ 2C13C13;

C11 � C12ð ÞC44 [ 2C14C14

For orthorhombic phase,

C11 [ 0; C22 [ 0; C33 [ 0; C44 [ 0; C55 [ 0; C66 [ 0;

C11 þ C22 þ C33 þ 2 C12 þ C13 þ C23ð Þ½ �[ 0;

C11 þ C22 � 2C12ð Þ[ 0;

C11 þ C33 � 2C13ð Þ[ 0; C22 þ C33 � 2C23ð Þ[ 0;

For monoclinic phase,

C11 [ 0; C22 [ 0; C33 [ 0; C44 [ 0; C55 [ 0; C66 [ 0;

C11 þ C22 þ C33 þ 2 C12 þ C13 þ C23ð Þ½ �[ 0;

C33C55 � C35C35ð Þ[ 0;

C44C66 � C46C46ð Þ[ 0; C22 þ C33 � 2C23ð Þ[ 0;

C22 C33C55 � C35C35ð Þ þ 2C23C25C35 � C23C23C55½
� C25C25C33�[ 0;
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2 C15C25 C33C12 �C13C23ð ÞþC15C35 C22C13 �C12C23ð Þ½f
þC25C35 C11C23 �C12C13ð Þ�� C15C15 C22C33 �C23C23ð Þ½
þC25C25 C11C33 �C13C13ð ÞþC35C35 C11C22 �C12C12ð Þ�
þC55 C11C22C33 �C11C23C23 �C22C13C13 �C12C12C33ð
þ2C12C13C23Þg

If all the individual elastic moduli of a specific phase are

satisfied, the above criteria indicate its stability. The cal-

culated elastic constants of the Al–Mg–Si compounds are

given in Table 1. It can be found that pre-b00/Mg2Al3Si6,

pre-b00/Mg4AlSi6, b00/Mg5Si6, U2/MgAlSi, U3/MgSi2, B0/
Mg9Al3Si7, b0/Mg9Si5, b/Mg2Si, and (Mg9Si5)HP satisfy the

Born–Huang criterion, indicating their mechanical stabil-

ity. However, pre-b00/Mg4Si7 (C44 = -127.7 GPa), U1/

MgAl2Si2 (C55 = -26.5 GPa), and (Mg4AlSi3)HP (C66 =

-8.4 GPa) are mechanically unstable, which are surprising

to appear in the experimental observations [5–8]. To get a

further understanding of the structural configurations of pre-

b00/Mg4Si7, U1/MgAl2Si2, and (Mg4AlSi3)HP, 2 9 2 9 2

supercells were conducted to produce mechanically stable

phases: P�1-type (Space group number: 2) Mg4Si7, C2/m-

type (Space group number: 12) MgAl2Si2 and Pccn-type

(Space group number: 56) Mg4AlSi3, which are found to be

energetically more favorable than the previously identified

structures with about 29, 32, and 10 meV/atom, respectively

(as shown in Fig. 1a). Further dynamical stability for these

structures was also validated, because no soft mode was

observed in their phonon curves (as shown in Fig. 1b–d).

Considering the small size of precipitates and possible ori-

entations in experiment, P�1-Mg4Si7, C2/m-MgAl2Si2, and

Pccn-Mg4AlSi3 should be more likely to precipitate and will

be discussed in the following sections.

To verify the thermodynamic stability of the considered

precipitated phases in the alloys, the formation enthalpies

(DHf) are calculated as listed in Table 2 and compared with

available experimental and literature first-principles cal-

culation results [5, 6, 17, 25–33]. The formation enthalpy

of MgxAlySiz phase is defined as

Table 1 Calculated elastic constants Cij (in GPa) of considered Al–Mg–Si compounds

Phase S.G. C11 C22 C33 C44 C55 C66 C12 C13 C23

pre-b00/Mg4AlSi6 C2/m 105.8 128.0 105.1 5.0 33.4 29.2 23.1 56.0 22.8

pre-b00/Mg2Al3Si6 C2/m 163.2 163.6 137.1 23.6 37.5 68.9 38.8 18.2 -1.8

pre-b00/Mg4Si7 P�1 145.7 111.0 116.4 17.7 23.8 30.3 22.1 34.7 28.5

C2/m 139.0 128.1 89.2 -127.7 40.3 32.5 30.6 49.4 32.8

b00/Mg5Si6 C2/m 132.1 157.6 105.1 13.1 43.4 40.1 32.4 43.2 11.2

U1/MgAl2Si2 C2/m 75.7 143.2 99.0 14.3 41.0 14.4 49.1 51.4 30.5

P�3m1 62.0 64.5 59.6 10.1 -26.5 46.7

U2/MgAlSi Pnma 120.5 146.0 110.8 50.3 60.3 52.4 34.7 51.3 30.3

U3/MgSi2 Imma 126.9 137.1 125.9 26.2 48.8 42.0 31.8 47.6 55.6

B0/Mg9Al3Si7 P�6 98.0 104.9 14.2 26.6 44.6

b0/Mg9Si5 P63/m 126.8 121.8 23.9 28.2 20.2

b/Mg2Si Fm�3m 113.2 42.4 22.8

(Mg9Si5)HP P63 100.1 124.5 18.7 46.0 16.0

(Mg4AlSi3)HP Pccn 138.2 103.7 129.8 24.6 17.7 18.5 54.3 27.7 13.6

P4/ncc 48.03 127.8 20.0 -8.4 123.6 24.0

Fig. 1 (color online) Formation enthalpies of our proposed structures of Mg4Si7, MgAl2Si2, and (Mg4AlSi3)HP compared with previously

identified structures (a), and Phonon dispersion curves of P�1-Mg4Si7 (b), C2/m-MgAl2Si2 (c), and Pccn-(Mg4AlSi3)HP (d)
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Table 2 Calculated enthalpies of A–Mg–Si alloys compared with available theoretical and experimental results

Phase S.G. DHf Method Reference

eV/atom kJ/mol-atom

pre-b00/Mg4AlSi6 Mon.(C2/m) 0.067 6.46 This work

10.8 VASP-GGA van Huis et al. [5]

10.0 VASP-GGA Ravi and Wolverton [6]

pre-b00/Mg2Al3Si6 Mon.(C2/m) 0.102 9.84 This work

17.9 VASP-GGA van Huis et al. [5]

pre-b00/Mg4Si7 Tric. (P�1) 0.044 4.25 This work

Mon.(C2/m) 0.073 7.04 This work

11.1 VASP-GGA van Huis et al. [5]

b00/Mg5Si6 Mon.(C2/m) -0.020 -1.93 This work

4.0 VASP-GGA van Huis et al. [5]

3.312 GGA Zhao et al. [17]

3.5 GGA Zhang et al. [32]

3.3 GGA Ravi and Wolverton [6]

U1/MgAl2Si2 Mon.(C2/m) -0.031 -2.99 This work van Huis et al. [5]

P�3m1 0.0001 0.0096 This work

P�3m1 -2.9 VASP-GGA van Huis et al. [5]

-3.1 VASP-GGA Ravi and Wolverton [6]

-0.7530 VASP-GGA Zhao et al. [17]

U2/MgAlSi Ort.(Pnma) -0.106 -10.23 This work

-5.2 VASP-GGA van Huis et al. [5]

-5.8 VASP-GGA Ravi and Wolverton [6]

-4.506 VASP-GGA Zhao et al. [17]

U3/MgSi2 Ort.(Imma) 0.034 3.28 This work

12.7 VASP-GGA van Huis et al. [5]

B0/Mg9Al3Si7 Hex.(P�6) -0.067 -6.46 This work

-6.7 VASP-GGA van Huis et al. [5]

-6.9 Ravi and Wolverton [6]

b0/Mg9Si5 Hex.(P63/m) -0.127 -12.25 This work

-12.7 VASP-GGA van Huis et al. [5]

-12.6 VASP-GGA Zhang et al. [25]

-11.7 VASP-GGA Ravi and Wolverton [6]

-11.552 VASP-GGA Zhao et al. [17]

b/Mg2Si Cub.(Fm�3m) -0.163 -15.73 This work

-17.8 VASP-GGA van Huis et al. [5]

-18.0 VASP-GGA Ravi and Wolverton [6]

-15.667 VASP-GGA Zhao et al. [17]

-25.9 Calorimetry Kubaschewski and Villa [26]

-27.1 Calorimetry Gerstein et al. [27]

-29.7 Calorimetry Blachnik et al. [28]

-61.9 Knudsen cell Caulfield and Hudson [29]

-27.9 Knudsen cell Ryabchikov and Mikulinski [30]

-26.4 EMF Lukashenko and Eremenko [31]

-22.2 EMF Rao et al. [32]

-21.1 Calorimetry Feufel et al. [33]

(Mg9Si5)HP Hex.(P63) -0.084 -8.10 This work
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DHf ¼ Etotal MgxAlySiz
� �

� xEtotalðMgÞ þ yEtotalðAlÞ þ zEtotalðSiÞð Þ ð1Þ

where Etotal(MgxAlySiz) is the total energy of MgxAlySiz at

equilibrium lattice constants; Etotal(Mg), Etotal(Al), and

Etotal(Si) are the calculated total energies of hcp-Mg (S.G.

P63/mmc), fcc-Al (S.G. Fm-3m), and diamond-Si (S.G. Fd-

3m); and x, y, and z (x ? y ? z = 1) are the atomic frac-

tions of Mg, Si, Al, respectively. Generally, our obtained

results agree well with previous ones. Figure 2 shows the

formation enthalpies of the precipitated phases in comparison

with GGA (VASP) results by van Huis et al. [5]. It can be

seen that all three pre-b00 phases (Mg4Si7, Mg4AlSi6, and

Mg2Al3Si6) show positive formation enthalpy, which were

identified in the early stage during age- hardening process

based on both experimental and theoretical results [3, 16, 34,

35]. Following the precipitation sequence, except for MgSi2
(an only theoretically predictive phase and has not been

observed experimentally), the formation enthalpy of the

metastable precipitates becomes negative, suggesting the

stable behaviors against the decomposition into their ele-

mental compositions under ambient conditions. The forma-

tion enthalpy of the precipitates follows the sequence of pre-

b00 (Mg2Al3Si6[Mg4AlSi6[Mg4Si7)[b00/Mg5Si6[ {U1/

MgAl2Si2[B0/Mg9Al3Si7[U2/MgAlSi[ b0/Mg9Si5}[
b/Mg2Si. Our calculated results also confirmed that Mg2Si

phase has the most negative DH (-0.163 eV/atom;

-15.73 kJ/mol-atom), verified by experiment as the equi-

librium phase. The sequence of the calculated formation

enthalpy is quite consistent with the experimental observa-

tions [1, 15, 36] and results by van Huis et al. [5]. It is also

interesting to know that the structural symmetry of the key

precipitates in Al–Mg–Si alloys changes following the pre-

cipitation sequence, i.e., from triclinic (P�1-Mg4Si7) and

monoclinic (C2/m-Mg2Al3Si6; C2/m-Mg4AlSi6, C2/m-Mg5-

Si6 andC2/m-MgAl2Si2) to orthorhombic (Pnma-MgAlSi and

Imma-MgSi2), then hexagonal (P�6-Mg9Al3Si7 and P63/m-

Mg9Si5), and finally cubic (Fm�3m-Mg2Si), which may result

from the structural stabilization of the temperature-dependent

entropic contributions to the free energy.

The calculated structural parameters and Wyckoff

positions of different precipitates, after full stress and

position relaxation, are shown in Table 3 and Supporting

Information. In general, our results are in good accordance

with the previous theoretical results [2, 4–6, 8, 14, 37–40].

The lattice constant of a of monoclinic Mg4AlSi6 deviates

by *12 % comparing with the experimental values, as

suggested by Ref. [4], which may result from the interfacial

and strain energies generated during precipitate process,

influencing the crystal structure of the precipitate phases,

the matrix phase, and the interface between them. As

shown in Fig. 3, the crystal structures of the pre-b00 phases

(P�1-type Mg4Si7 in Fig. 3a, Mg4AlSi6 in Fig. 3b, and

Mg2Al3Si6 in Fig. 3c) are composed of corrugated Si lay-

ers, and the Si layers are alternately stacked with Mg atoms

paralleling to c axis. The Si layers can be also viewed as

parallelogram-Si4 (denoted as P-Si4 later) zigzag chains

connected by rhombus-Si4 (denoted as R-Si4 later) planar

chains. The structures of Mg4AlSi6 and Mg2Al3Si6 are

reasonably built from P�1-type Mg4Si7 with Si1, Mg2, and

Mg3 atom substituted by Al atoms, respectively. Experi-

mentally, in the precipitation process, Si and Mg tend to

form clusters at the beginning. Initially, the clusters will be

Si-rich due to its poorer solubility in Al and have higher

diffusion speed. Subsequently, Mg will diffuse into the Si-

rich clusters to form Mg/Si clusters [41]. Then Al atoms

diffusing from the matrix replaced Mg or Si atoms in Mg/

Si clusters. The bond lengths of Si–Si in P-Si4 unit are 2.37

Table 2 continued

Phase S.G. DHf Method Reference

eV/atom kJ/mol-atom

(Mg4AlSi3)HP Ort. (Pccn) -0.052 -5.02 This work

Tet.(P4/ncc) -0.042 -4.05 This work

Tet.(P4/ncc)

Fig. 2 (color online) Calculated formation enthalpies of the precip-

itates in Al–Mg–Si alloys comparing with theoretical results in Ref.

[5] by GGA

6502 J Mater Sci (2015) 50:6498–6509
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and 2.68 Å for P�1-type Mg4Si7, 2.42 and 2.55 Å for

Mg4AlSi6, and 2.47 and 2.72 Å for Mg2Al3Si6, corre-

spondingly. The bond lengths of Si–Si (or Si–Al) in R-Si4
unit (or R-Si2Al2 unit) in P�1-type Mg4Si7, Mg4AlSi6, and

Mg2Al3Si6 are 2.53, 2.70, and 2.87 Å, respectively. The

close structural features imply the small barrier of the

phase transformation among Mg4Si7, Mg4AlSi6, and Mg2-

Al3Si6 in experiment. Additionally, the structure of Mg5Si6
(Fig. 3d) is also constituted with alternated layers of Si and

Mg atoms, which can be derived from P�1-type Mg4Si7 with

Si1 atoms substituted by Mg1 atoms.

The C2/m-type MgAl2Si2 (Fig. 3e) consists of bilayers

of puckered graphene-like sheets of AlSi, with Mg atoms

capping the puckered hexagons. The bond lengths of Si–Al

within [AlSi]3 six-rings are 2.49 (92) and 2.50 (94) Å,

respectively, while the Si–Al bonds length connecting two

[AlSi] layers is 2.62 Å.

In the MgSi2 phase (Fig. 3f), rectangle-Si4 units build a

tightly bound bonding network, and zigzag chains of Mg

atoms run through the Si channels. MgAlSi phase

(Fig. 3g), close to the MgSi2 structure, can be described as

half of the diagonal Si atoms in the rectangle-Si4 units

substituted by Al atoms. The bond lengths of Si–Si (Si–Al)

in MgSi2 (in MgAlSi) are 2.45, 2.47, and 2.56 Å (2.55,

2.63 and 2.71 Å), respectively.

The crystal structure of Mg9Al3Si7 (Fig. 3h) can be

described as the linear [Al3Si7] chains separated by Mg

atoms along c direction. The Si–Al bond lengths are 2.53,

2.55, and 2.59 Å. The Si atoms in Mg9Si5, (Mg9Si5)HP, and

Mg2Si (Fig. 3i, l, j) can be classified to three different

types: isolated Si atoms, Si2 dimers, and not fully occupied

linear chains. The Si–Si bond lengths in Si2 dimers are

2.46 Å for Mg9Si5, 2.46 and 2.47 Å for (Mg9Si5)HP. The

Si–Si bond length in linear chains in (Mg9Si5)HP is about

2.20 Å. Finally, the crystal structure of (Mg4AlSi3)HP

(Fig. 3k) is composed of alternating [AlSi2] and [Mg4Si]

layers, with each Al atom having five nearest Si atoms with

Si–Al bond length 2.50 (92) and 2.75 (92) Å (within

Fig. 3 (color online) Crystal structure of the precipitates in the Al–

Mg–Si alloys after full stress and position relaxation. a P�1-Mg4Si7;

b Mg4AlSi6; c Mg2Al3Si6; d Mg5Si6; e C2/m-MgAl2Si2; f MgSi2;

g MgAlSi; h Mg9Al3Si7; i Mg9Si5; j Mg2Si; k Pccn-(Mg4AlSi3)HP

and l (Mg9Si5)HP
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[AlSi2] layer) and 2.83 Å (between [AlSi2] and [Mg4Si]

layer), and each Si atom two nearest Al atoms and one Si

atom (Si–Si bond length is 2.44 Å).

Elastic properties

The calculated individual elastic constants within the

strain–stress method are listed in Table 1 for different Al–

Mg–Si compounds. In general, all of the mechanically

stable phases show the relatively higher values of C11, C22,

and C33 than that of C44, indicating relatively higher

incompressibility along a-, b-, and c-axis. Moreover, C22

(163.6 GPa) of Mg2Al3Si6 is the largest value among the

individual elastic constants, suggesting its low compress-

ibility along b-axis. Additionally, the largest C44 value,

50.3 GPa, is observed in MgAlSi, indicating its relatively

strong shear strength.

To further demonstrate the mechanical properties of Mg–

Al–Si alloys, bulk modulus, shear modulus, Young’s

modulus, Poisson’s ratio, and universal elastic anisotropy

index (AU) were estimated from the calculated individual

elastic constants (Table 4); the previous available results

are also listed for comparison. It can be seen that our cal-

culated results are in good agreement with previously the-

oretical and experimental results. For example, the

calculated bulk moduli of Mg2Si and MgAlSi were 53.0 and

67.7 GPa, respectively, consistent with theoretical values

reported by Anders et al., 54.3 and 69.1 GPa, respectively

[15]. Also, bulk moduli of all precipitates are higher than

that of pure Mg (45 GPa), but lower than that of pure Al

(76 GPa) and diamond-Si (97.6 GPa). Furthermore, MgSi2
exhibits highest bulk modulus, 73.1 GPa, followed by

MgAlSi, 67.7 GPa, due to the strong covalent Si–Si (Si–Al)

bond in three-dimensional Si-framework (Si–Al-frame-

work). It is interesting that the bulk modulus decreased

gradually with the increasing Mg concentration by the fitted

function B = 69.2 - 20.7xMg (as shown in Fig. 4a), pos-

sibly induced by the decreasing of the Si–Si or Si–Al

covalent bonding and the increasing of the Si–Mg ionic

bonding. However, there is no apparent interaction between

the shear modulus and the concentration of Mg (as shown in

Fig. 4b). MgAlSi possesses a maximum value, 48.8 GPa,

while Mg4AlSi6 exhibits a minimum value, 22.0 GPa.

The ratio between the shear and bulk modulus (B/G) has

been proposed by Pugh [42] to predict brittle or ductile

behavior of materials. According to the Pugh criterion, a

high B/G value indicates a tendency for ductility, while a

low B/G value is associated with brittleness. From Table 4,

it can be seen that G/B value of Mg2Al3Si6, MgAlSi,

Mg9Si5, and Mg2Si are under the critical value, 1.75,

separating ductility from brittleness, indicating the brittle

behaviors; while the other phases are ductile, with a higher

value than the critical value. The elastic anisotropy index

(AU) represents a universal measure to quantify the single-

crystal elastic anisotropy. From Table 4, Mg2Si is an iso-

tropic phase with the lowest AU value closed to zero

(0.006), while Mg4AlSi6 has the largest AU absolute value

(5.09) displaying the most anisotropic.

Electronic properties

Figure 5 displays the total and partial density of states

(DOS) for all the precipitates and high pressure phases. We

found that Mg2Si phase is the only phase showing the

Table 4 The bulk modulus (B,

BV, and BR in GPa), shear

modulus (G, GV, and GR in

GPa), and Young’s modulus

(E in GPa), Poisson’s ratio (t),

Pugh’s ration (B/G), and

universal elastic anisotropy (AU)

of Al–Mg–Si compounds

compared with available

experimental and theoretical

results

Phase SG B BV BR G GV GR E t B/G AU

pre-b00/Mg2Al3Si6 C2/m 60.9 63.8 57.9 47.0 53.3 40.7 112.1 0.19 1.30 1.65

pre-b00/Mg4AlSi6 C2/m 58.8 60.3 57.2 22.0 29.3 14.6 58.6 0.33 2.67 5.09

pre-b00/Mg4Si7-2 P�1 54.9 60.4 49.4 28.2 33.5 22.8 72.2 0.28 1.95 2.57

b00/Mg5Si6 C2/m 61.7 63.2 60.3 34.2 39.8 28.6 86.7 0.27 1.80 2.00

U1/MgAl2Si2-12 C2/m 62.9 64.4 61.4 22.7 26.4 18.9 60.7 0.34 2.78 2.04

P�3m1 71a

U2/MgAlSi Pnma 67.7 67.8 67.5 48.8 50.0 47.6 118.0 0.21 1.39 0.26

69.1a

U3/MgSi2 Imma 73.1 73.3 72.9 39.2 40.4 38.1 99.8 0.27 1.86 0.31

B0/Mg9Al3Si7 P�6 58.7 59.2 58.3 23.2 25.2 21.2 61.5 0.33 2.53 0.95

b0/Mg9Si5 P63/m 56.9 56.9 56.8 37.4 39.9 34.9 92.0 0.23 1.52 0.71

b/Mg2Si Fm�3m 53.0 53.0 53.0 43.5 43.5 43.4 102.4 0.18 1.32 0.006

54.3a

(Mg9Si5)HP P63 53.4 53.4 53.4 27.2 29.3 25.1 69.8 0.28 1.96 0.84

(Mg4AlSi3)HP Pccn 61.4 62.6 60.2 27.8 30.5 25.0 72.4 0.30 2.21 1.14

a Ref [15] from second-order Birch fit
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semiconducting feature. The calculated band structure of

Mg2Si presents an indirect gap with an energy value of

0.22 eV, in agreement with the previous theoretical results

(0.23 eV) [43], but lower than experimental value, 0.74 eV

[44], because of the underestimation of band gap by GGA.

P�1-Mg4Si7, Mg4AlSi6, Mg2Al3Si6, and Mg5Si6 phases

Fig. 4 (color online)

Calculated bulk modulus B (in

GPa) and shear modulus G (in

GPa) as a function of Mg atomic

fraction x

Fig. 5 (color online) Calculated total and partial density of states of the precipitates in Al–Mg–Si alloys
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exhibit metallic features, as evidenced by finite DOS values

at Fermi level (EF), which originate mostly from 2p elec-

trons of Si. The Si–Mg (or Si–Al) covenant interactions is

relatively weak because of the less overlapping between

the partial DOS of Si and Mg atoms (or Si and Al atoms).

For MgSi2, it can be found that there is a wide overlap

between Si-s and Si-p from -12 to -7 eV, showing strong

sp3 hybridization, which mainly accounts for the largest

bulk modulus among the considered Mg–Al–Si phases.

Furthermore, there is a general feature for stable C2/m-

MgAl2Si2, MgAlSi, Mg9Al3Si7, Mg9Si5, Mg2Si, Pccn-

(Mg4AlSi3)HP, and (Mg9Si5)HP. Below the Fermi level, the

valence bands were dominated by Si states with Si-s states

at lower band and Si-p states at the higher band. Further-

more, for Mg9Si5 and (Mg9Si5)HP, the Fermi level nearly

falls in the pseudogap valley, implying more stability of

these two phases than others, quite consistent with the

experimental findings [8]. Nevertheless, from Fig. 5, it can

be observed that, for all the Al–Mg–Si precipitated phases,

the contributions to the total DOS from the Mg states are

not significant because Mg atoms donate electrons to Al–Si

(or Si–Si) network to stabilize the structure, for example,

about 1 and 0.67–0.79 electron transformed from one Mg

atom to Al–Si (or Si–Si) network for MgAl2Si2 and Mg4-

Si7, respectively, by analyzing the atomic Milliken overlap

population.

The calculated DOS of lower energy structures,

P�1-Mg4Si7, C2/m-MgAl2Si2, and Pccn-(Mg4AlSi3)HP

(Fig. 6b, d, f) was compared with that of the previously

proposed phases (Fig. 6a, c, e). The DOS around Fermi

level (EF) at right side is lower than that at left side in

Fig. 4, and it shows a ‘‘splitting’’ into a pseudogap, thus

underlying their stability. In (Mg4AlSi3)HP and C2/m-

Mg4Si7, the pseudogap appears far below EF (about 1 eV),

Fig. 6 (color online)

Comparing total and partial

density of states near Fermi

level for a P4/ncc-

(Mg4AlSi3)HP; b Pccn-

(Mg4AlSi3)HP; c P�3m1-

MgAl2Si2; d C2/m-MgAl2Si2;

e C2/m-Mg4Si7 and f P�1-Mg4Si7
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pointing to the electronic origin of their instability. Fur-

thermore, for (Mg4AlSi3)HP, DOS at EF of Pccn-type

structure Mg4AlSi3 was contributed more from Mg atoms

than that of P4/ncc-type structure, and a similar profile

between PDOS-Si and PDOS-Mg is observed, suggesting

relatively stronger Si–Mg bond in Pccn-(Mg4AlSi3)HP,

thereby more favorable mechanical stability. Similarly,

relatively stronger Si–Al (Si–Mg) bond for MgAl2Si2
(Mg4Si7) with C2/m (P�1) symmetry can be induced from

their electronic DOS. Therefore, one can understand that

the enhancement of Si–Mg (or Si–Al) bond interactions in

P�1-Mg4Si7, C2/m-MgAl2Si2, and Pccn-(Mg4AlSi3)HP

contributes to their energetic and mechanical stabilities.

Conclusions

In summary, we systematically investigated the crystal

structure, phase stability, mechanical properties, and elec-

tronic structure of the precipitates and high pressure phases

of in Al–Mg–Si alloys by first-principles calculations. The

sequence of our calculated formation enthalpy of the pre-

cipitates is coincident with the experiment trend. Previously

suggested phases C2/m-Mg4Si7, P�3m-MgAl2Si2, and P4/

ncc-(Mg4AlSi3)HP, are found to be mechanically unstable.

The new structures of P�1-Mg4Si7, C2/m- MgAl2Si2, and

Pccn- (Mg4AlSi3)HP are proposed in this paper. Among the

precipitates, MgSi2 and MgAlSi exhibit higher bulk modu-

lus, 73.1 and 67.7GPa due to the tightly bound Si–Si/Si–Al

covalent networks. MgAlSi possesses the maximum shear

modulus of 48.8 GPa, and Mg4AlSi6 exhibits minimum

shear modulus 22.0 GPa. Furthermore, the bulk modulus

decreased gradually with the increase in Mg concentration

by the fitted function B = 69.2 - 20.7 xMg (x, Mg atomic

fraction), because of the interaction of Si–Si or Si–Al

covalent bonding and ionic Si–Mg bonding.
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