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A B S T R A C T

τ4-(Al1-xSix)5Fe particles form during casting of Al-based alloys. They have strong impacts on the solidification 
process and the mechanical performance of the products. Meanwhile, experiments revealed notable variations in 
lattice parameters and chemical compositions for the manufactured Al alloys, and knowledge about the intrinsic 
properties of the τ4-phase is still far from complete. We here investigate the crystal chemistry and electronic 
properties of the τ4-phase using a combination of ab initio modelling and thermodynamics analysis. The study 
justified the τ4-Al3Si2Fe superstructure at low temperature. There is a shallow potential valley in the formation 
energy vs Si content curve, corresponding to its compositional and structural flexibility. Thermodynamics 
analysis revealed kinetic effects on its chemical composition and Al/Si distribution during casting. The obtained 
information helps understand the formation of and characterize the Fe-IMCs particles in Al alloys, and design 
novel Al alloys and manufacturing processes for recycling Al.

1. Introduction

Commercial aluminum (Al) metals/alloys contain substantial extents 
of Fe and Si as constituent alloying elements or impurities [1,2]. The low 
solubility of Fe in Al (< 0.05 wt%) leads to formation of Al-rich 
Fe-containing intermetallic compounds (Fe-IMCs) during 
manufacturing [2,3]. Si is often added into Al alloys for improving the 
castability and mechanical performance of the alloys [2,4]. Si impurity 
or addition may stabilize the binary Fe-IMCs, resulting in formation of 
ternary Al-Fe-Si compounds [1,2,4–6]. The binary Al-Fe and ternary 
Al-Fe-Si phases constitute an important part of the microstructures of the 
alloys and determine largely the mechanical performances of the 
products. Among the Fe-IMCs, the τ4-phase has been identified in Al-Si 
alloys [7–9] and Al-Si-Ni alloys [10,11]. The latter exhibit excellent 
mechanical performances and have potential applications at high tem-
peratures. The experimental investigations revealed that the newly 
formed nano-sized τ4-phase particles contribute to the improved me-
chanical performance of the alloys [11]. Meanwhile, sizable Fe-IMCs 
particles with e.g. plate-like or need-like morphologies formed during 
casting deteriorate the mechanical performance of the cast parts [1,4, 
12]. The deterioration becomes more pronounced for recycling of Al 
scraps/wastes in which various Fe-IMCs particles have been accumu-
lated during usage, storage and treatments [13–17]. To minimize the 

harmful effects of the Fe-IMCs particles, various methods have been 
applied, including removing the Fe-IMCs particles [12,18] and manip-
ulating casting conditions and/or adding minor elements to transform 
the harmful Fe-IMCs into less harmful or even beneficial nano-sized 
particles [10,11,19–21]. To realize such purposes basic information 
about the crystal chemistry in the related Fe-IMCs phases, including the 
τ4-phase is essential.

The τ4-phase [3,22] has other metallurgical nomenclatures including 
δ- [12,22–25], K4- [22,26] and A-phase [23,27]. The τ4-phase forms in 
Al-based alloys with relatively high Si contents, and the particles display 
typically a plate-like morphology. In phase characterization the τ4-phase 
is sometime confused with the β-phase since both phases have similar Fe 
contents and their particles exhibit plate-like morphologies [28,29]. 
Chemically, the τ4-phase has the highest Si content among the Al-rich 
Al-Fe-Si compounds [1,20,22,28–30]. Crystallographically, there are 
two structural models used currently for this phase. Pandy and Schubert 
prepared τ4-phase samples by heating an Fe17Al50Si33 alloy at 800 ◦C for 
14 h [31]. They determined its crystal structure to be iso-structural with 
PdGa5 [32]. It has a tetragonal lattice with space group I4/mcm (no. 
140). The lattice parameters were determined to be a = 6.07 Å and c 
= 9.50 Å [31]. The Al/Si atoms were assumed to be uniformly distrib-
uted at the Al Wyckoff sites. Gueneau et al. [30] obtained τ4-phase single 
crystals by heating the Al8Fe5Si7 mixture at 1127◦C for 14 h and then 
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annealing it at 890 ◦C for another 14 h. Based on the single-crystal X-ray 
diffraction patterns they refined the crystal structure of the PdGa5-tye 
with lattice parameters a = 6.061 Å and c = 9.525 Å, which is referred to 
as the average model. The iron atoms occupy the Wyckoff 4a (0,0,1/4) 
with the local symmetry 422, Al occupy the 4c (0,0,0) with 4/m sym-
metry and Al/Si mixture at the 16i (x, x + 1/2, z) (local symmetry C2) 
with x = 0.15216, z = 0.14546. Meanwhile, they also observed extra 
diffraction patterns which lead to a superstructure with an orthorhombic 
lattice with space group Pbcn (no. 60). The same pseudo-tetragonal 
lattice parameters were used. There are four types of atomic species. 
Fe occupy the 4c (0,0.0109,1/4) with the local symmetry C2, Al1 occupy 
the 4a (0,0,0) with only inverse symmetry, Al2 at the 8d (0.141, 0.6345, 
0.8623) and Si at the 8d (0.1613, 0.6687, 0.1526). The local symmetry 
of the Al2 and Si atoms is limited to C1. Its chemical composition is 
Al3Si2Fe accordingly.

The average model has been widely used by experimentalists for 
characterizing the τ4-phase in Al alloys [12,19–22]. Krendelsberger 
et al. prepared a series of AlFeSi alloys with various chemical compo-
sitions under different thermal treatments. They also determined the 
crystal structures of the Fe-IMCs in the alloys. The obtained τ4-phase was 
characterized using the average model. Their study revealed variable 
lattice parameters with a = 6.0570–6.1043 Å and c = 9.4954–9.6542 Å 
for the τ4-phase in the alloys [19]. Based on the previous experiments in 
the literature, Gueneau et al. suggested variable compositions (atomic 
percentage): Fe 15–17, Si 27–43 and Al 40–48 for the τ4-phase. The 
single crystal they used for the structure determination was measured to 
have the chemical composition of Al2.7Si2.3Fe deviating from the ideal 
Al3Si2Fe [30]. The extra Si was believed to be distributed at the Al2 
(Wyckoff 8d) sites with the structural formula τ4-AlI(Al1-xSix)II

2Si2Fe, 
here the Raman numerals represent the Wyckoff sites for the Al atoms 
(Fig. 1). Such deviation of the Si content in the samples from the ideal 
composition means local symmetry breaking in the crystals. The 
mechanism behind is still unknown. In practice, the difficulties to obtain 
samples of high purity and the minor difference of diffraction co-
efficients for Al and Si in the Fe-IMCs limit the accuracy of determination 
of Al/Si occupations at the Wyckoff sites [12,31,33–35].

Parameters-free first-principles methods have advantages to obtain 
reliable information about intrinsic properties, such as formation, sta-
bility, crystal structure and chemical bonding and electronic structures 
of the Fe-IMCs [36–39]. Amirkhanyan et al. investigated the mechanical 
and electronic properties of the τ4-Al3Si2Fe superstructure [39] using a 
first-principles approach. Hou et al. [40] studied the structural and 
electronic properties of several Fe-IMCs including Al2Si3Fe by means of 
the density-functional theory. First-principles calculations were per-
formed for the τ4-phase with Fe-Ni alloying [11]. Up to now there is still 

a lack of comprehensive understanding about the intrinsic structural 
properties of the τ4-phase. Such understanding is essential to study its 
potential multicomponent alloys. Herewith we investigate the forma-
tion, stability, chemical composition, crystal structure and electronic 
properties of the τ4-phase using an electronic density-functional theory 
approach. Possible defects in the τ4-Al3Si2Fe superstructure were stud-
ied. Thermodynamics analysis was employed to investigate impacts of 
the kinetic factors on its stability and chemical composition around the 
casting temperature. The combined study revealed a shallow potential 
valley in the curve of the formation energy vs Si content with the su-
perstructure τ4-Al3Si2Fe being the stable one at low temperature. The 
configurational entropy contribution stabilizes structures bearing a 
broad range of Si contents during casting. The information enriches our 
knowledge about the Fe-IMCs and is useful not only for phase charac-
terization in Al-based alloys, but also for understanding the general 
chemistry and thermodynamics of the Fe-IMCs, and further for devel-
opment of new Al-alloys, particularly for circular Al metals [14,15,18, 
41,42].

2. Methods

During solidification, the iron atoms in the liquid either become 
solution in solid Al matrix or react with Al (and Si) to form Fe-IMCs. Fe 
solution in Al bulk (Fe*) together with elemental solids, Al and Si is thus, 
used as a reference here to address the stability of the τ4-phase. The 
stability of τ4-(Al1-xSix)5Fe is assessed by the formation energy, 

ΔEform = E((Al1-xSix)5Fe) – [5(1-x) E(Al) + 5x E(Si) + E(Fe*)]          (1)

here, E((Al1-xSix)5Fe), E(Al), E(Si) and E(Fe*) represent the calculated 
total valence-electron energies for τ4-(Al1-xSix)5Fe, the elemental solids 
Al and Si, and the effective atom energy of a dilute Fe solution in the Al 
matrix (Fe*), respectively. The solution energy of a dilute Fe solution in 
Al, ΔE(Fe*) is defined as, 

ΔE(Fe*) = E(AlnFe) – [n E(Al) + E(Fe)]                                          (2)

here, E(AlnFe) and E(Fe) are the calculated total valence-electron energy 
for AlnFe and elemental solid Fe, respectively. In this way the effective 
atom energy of the Fe in the Al matrix is defined as, 

E(Fe*) = E(AlnFe) – nE(Al)                                                             (3)

The term E(Fe*) in Eq. (3) is thus obtained for Eq. (1). The unit of ΔE 
(Fe*) and E(Fe*) is eV/Fe. We also performed dilute Si solution in Al 
using Eq. (2) with Si replacing Fe.

For the dilute solution of Fe or Si in the FCC-Al matrix, a 3a0 × 3a0 
× 3a0 supercell (here a0 is the lattice parameter of α-Al) was used. This 

Fig. 1. Schematic structure of novel Al5Fe (a) and the most stable Al3Si2Fe (b). The coordination of Fe in Al3Si2Fe is illustrated in (c). The silvery-grey spheres 
represent Al, the blue Si and the dark-brown Fe. The atomic species is illustrated in Figs. 1a and 1b. For simplicity bonds longer than 2.6 Å are not linked in Figs. 1a 
and 1b.
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supercell contains 107 Al atoms and one impurity atom. A 2a0× 2b0×c0 
supercell (here a0, b0, c0 are the lattice parameters of the conventional 
unit cell [30]) was utilized for investigating the intrinsic defects and Si 
doping in τ4-Al3Si2Fe and novel τ4-Al5Fe.

The first-principles code Vienna Ab initio Simulation Package 
(VASP) [43,44] was employed in this study. This code utilizes a pseu-
dopotential plane-wave scheme within the density functional theory 
[45]. It exerts the projector augmented wave method [46] and the ex-
change and correlation terms are handled by means of the spin-polarized 
generalized gradient approximation (GGA) with the scalar relativistic 
approximation [47]. The previous studies revealed that the GGAs work 
better than the local density approximation for the compounds con-
taining 3d transition metals, e.g. Fe [5,11,48].

The cut-off energy was 400.0 eV for the wave functions and 550.0 eV 
for the augmentation functions, respectively. The employed energies are 
higher than the default values, ENMAX/EAUG = 245.3 eV/322.1 eV for Si, 
240.4 eV/291.1 eV for Al and 267.9 eV/511.9 eV for Fe, respectively. 
Such high cut-off energies provide results of high accuracy and reli-
ability. The NPT ensemble was adopted. The energy and force conver-
gence criteria are 10− 4 eV and 10− 3 Å/eV, respectively, when finding an 
equilibrium structure. Dense k-meshes were employed, e.g. 12 × 12 × 8 
(84–576 k-points) and 6 × 6 × 8 (24–144 k-points) for the Brillouin 
zones of the conventional cell and the 2a0 × 2b0 × c0 supercell, 
respectively using the Monkhorst-Pack approach [49]. Tests of the 
cut-off energies and k-meshes displayed good convergences of the cal-
culations with energy deviations being less than 1 meV/atom.

3. Results and discussions

3.1. The novel τ4-Al5Fe and the superstructure τ4-Al3Si2Fe

First-principles calculations were first performed for the elemental 
solids, Al, Si and Fe and the dilute solutions of Fe and Si in Al matrix, as 
well as the novel binary τ4-Al5Fe and the ternary superstructure τ4- 
Al3Si2Fe [30]. The results are presented in Supplementary materials, 
Table S-1. The crystal structures for the novel binary τ4-Al5Fe, the su-
perstructure τ4-Al3Si2Fe and the coordination of Fe in the latter were 
shown in Fig. 1a–c, respectively.

The calculated lattice parameters for the elemental solids, Al, Fe and 
Si are in good agreements with the experimental values extended to 0 K 
[50] with deviations within 1 % (Table S-1). The calculations produced 
the ferromagnetic solution for α-Fe with a local moment of 2.18μB which 
is close to the experimental value [51]. This moderate value of the 
magnetic moment corresponds to the weak ferromagnet nature of α-Fe 
[51].

A dilute Fe solution in Al becomes non-magnetic with a solution 
energy of − 0.46 eV/Fe. Meanwhile, a dilute Si solution in Al costs an 
energy as high as 0.43 eV/Si, agreeing with the previous calculations [5, 
38]. This indicates that Si solution in Al at ambient conditions is un-
likely. Therefore, we use bulk Si as reference in Eq. (1).

The calculations for novel τ4-Al5Fe provided a non-magnetic solution 
with a formation energy − 0.64 eV per formular unit/or per Fe (Table S- 
1), indicating its stability with respect to the elemental Al and Fe solu-
tion in Al. However, this value is notably higher than that of θ-Al13Fe4 
(-1.13 eV/Fe) using the same method [5,52,53], indicating that the bi-
nary τ4-Al5Fe is less competent to form as a primary phase in Al alloys 
during casting. The calculated lattice parameters of this novel binary 
compound are also notably larger than that of the ternary compound 
[30].

The formation energy for the superstructure τ4-Al3Si2Fe is −

1.08 eV/Fe with a non-magnetic solution. This value is notably lower 
than that of the novel τ4-Al5Fe. This reflects the strong Si stabilization 
effect. Moreover, this formation energy is even lower than of the 
θ-Al13Fe4 [5,54]. This indicated that τ4-Al3Si2Fe particles may form as a 
primary phase during casting, in agreement with the experimental ob-
servations [9]. The calculations also revealed that the τ4-Al3Si2Fe 

superstructure exhibits an orthorhombic lattice with the lattice param-
eters close to the pseudo-tetragonal cell from the previous 
density-functional theory calculations [39] and the experimental values 
[30,31].

The calculated atomic coordinates and local chemical bonding for τ4- 
Al3Si2Fe are listed in Table S-2 with the experimental data [30] for 
comparison. The calculated fractional coordinates of atoms in the 
τ4-Al3Si2Fe superstructure clearly agree with the experimental mea-
surements [30] within deviations less than 0.01.

Each Si has two Fe, six Al and one Si neighbours (Figs. 1b and 1c). 
There is a long Si-Al2 with a length of 3.12 Å. Each Al1 has two Fe, four 
Al and four Si neighbours, meanwhile, an Al2 atom has two Fe, three Al 
and four Si and one long Al2-Si bond.

We also performed calculations the configuration for τ4-Al3Si2Fe 
with the Si full occupation at the Al2 sites and Al occupying the original 
Si sites which correspond to the Al3 sites in the novel τ4-Al5Fe phase 
(Fig. 1). The calculations produced similar lattice parameters and for-
mation energy as the one reported. This agrees with the fact that both 
Al2 and Si(Al3) sites have the same local symmetry.

3.2. Intrinsic defects in τ4-Al3Si2Fe superstructure and novel τ4-Al5Fe

Intrinsic defects may form in the Fe-IMCs during manufacturing at 
elevated temperatures (around 700 ◦C) [5,52,53]. They have impacts on 
the formation, stability and properties of the compounds. Serval possible 
intrinsic defects including vacancies, replacing Al by Fe, Fe by Al, Fe by 
Si and Si by Fe in the novel τ4-Al5Fe and the ternary τ4-Al3Si2Fe su-
perstructure were investigated. Configurations for different Si occupa-
tions in τ4-Al3Si2Fe were included in the study. The calculated results for 
the latter are listed in Table 1. The results for the former defects are 
listed in Table 2. The chemical bonding in the configurations were 
analyzed with the numbers of Si-Si bonds in each configuration were 
included in Table 1.

As shown in Table 1, moderate energy costs for one exchange of Si at 
the Si site and Al at the Al1 (0.10 eV, conf_3) and the Al2 sites (0.07 eV, 
conf_2). Structural analysis revealed that the Si/Al exchanges increase 
the number of Si-Si pairs from four in the ideal configuration to six per 
unit cell. This result indicates repulsive nature of the Si-Si bonds formed 
in the Fe-IMCs. Meanwhile, exchanging more Si/Al atoms (Conf_4 and 

Table 1 
Energy costs for different Si occupation site in τ4-Al3Si2Fe. The energy cost with 
respect to the most stable configuration is ΔE = E(conf.) - E(τ4-Al3Si2Fe). We 
include the symmetry, calculated (averaged) lattice parameters and number of 
Si-Si bonds in the configurations. Here Si1, Si2 and Si3 represent Si atoms at the 
Al1, Al2 and Si sites in [30].

Configuration Space 
group

Latt.e paras. 
(Å)

ΔE (eV/ 
cell)

N(Si-Si) per cell

Conf_1: 
(ideal [30])

Orth. 
Pbcn 
(Nr. 60)

a = 6.057 
b = 6.061 
c = 9.483 
V = 348.17 Å3

0.00 four Si–Si 
bonds.

Conf_2: 
7Si3 + 1Si2

Triclinic 
P1(nr. 1)

a = 6.092* 
b = 6.088 
c = 9.399 
V = 348.59 Å3

+ 0.07 six Si–Si bonds

Conf_3: 
7Si3 + 1Si1

Triclinic 
P1(nr. 1)

a = 6.062* 
b = 6.066 
c = 9.515 
V = 349.89 Å3

+ 0.10 six Si–Si bonds

Conf_4: 
4Si2 + 4Si3

Triclinic 
P1(nr. 1)

a = 6.052* 
b = 6.036 
c = 9.671 
V = 353.26 Å3

+ 0.27 eight Si–Si 
bonds

Conf_5: 
4Si3 + 4 Si1

Triclinic 
P1(nr. 1)

a = 6.175* 
b = 6.169 
c = 9.204 
V = 350.55 Å3

+ 0.55 nine Si–Si 
bonds
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Conf_5 in Table 2a) causes higher numbers of Si-Si pairs. Consequently, 
the structure becomes notably less stable. The moderate energy costs for 
Si/Al exchanges (Conf_2 and Conf_3) suggest that the Si distributions 
differ from the ideal superstructure model [30] at elevated temperatures 
at which conditions kinetic factor plays a role. Moreover, the calculated 
lattice parameters for conf_2 and conf_3 in Table 1 differ moderately 
from those of the superstructure (Conf_1). The energy-cost difference for 
the different configurations also means energy-hierarch in this phase.

Table 2 lists the formation energy costs for various defects in the 
novel τ4-Al5Fe and the superstructure τ4-Al3Si2Fe structures. Formation 
of any vacancy at the Al, Fe and Si sites costs energies over 1 eV in both 
compounds. Replacing an Fe atom by Al or Si, and Si by Fe costs high 
energies ranging from 0.9 eV to 3.1 eV. Energy costs to replace one Al2 
or Al3 atom by Fe are above 1 eV. Replacement of an Al1 atom by Fe 
which costs 0.6 eV. These high energy costs mean highly unlikely for 
formation of these defects even at the casting temperature.

Adding an extra Si in the Al sites in the superstructure τ4-Al3Si2Fe 
costs moderately (~0.2 eV). Analysis revealed that one extra Si at the Al 
sites enhances the number of Si-Si pairs in the cell. Meanwhile, replacing 
Al by Si in the novel τ4-Al5Fe structure gains energies. The former cor-
responds to the stability of the superstructure [30] and the latter means 
favor of Si solutions at the Al sites in the novel binary crystal.

3.3. Si solution at the Al sites in τ4-(Al1-xSix)5Fe

Present calculations revealed that Si solution at the Al sites in the 
novel τ4-Al5Fe enhances its stability, meanwhile extra Si solution in the 
superstructure τ4-Al3Si2Fe costs moderate amounts of energy. Moreover, 
the experiments showed variable Si contents in the τ4-phase samples 
[19,30]. Therefore, it is necessary to study the relation between stability 
of the τ4-phase and the Si content in a systematic way.

Based on the superstructure [30], various configuration of Si solu-
tions in the Al/Si sites in τ4-(Al1-xSix)5Fe were studied. The relation 
between formation energy and Si content for the highly stable config-
urations is shown in Fig. 2. Fig. 3 shows the relations between the lattice 
parameters/volume and Si contents in the highly stable τ4-phase.

Fig. 2 showed that in τ4-Al5Fe, increasing Si content at both Al1 or 
Al3 sites lowers down the formation energies. The formation energy 
reaches a minimum with x = 0.2 which the Si occupy fully the Al1 sites. 
Addition of extra Si atoms at the other Al2 or Al3 sites causes formation 
of extra Si-Si bonds. Correspondingly the formation energy increases 
strongly (the red spheres in Fig. 2).

The energy minimum is reached with Si fully occupying the Al3 sites, 
forming the compositions of τ4-Al3Si2Fe, the ideal superstructure [30]. 
Further addition of Si atoms increases the formation energy. This relates 
to increasing number of Si–Si bonds. For example, in the crystal with 
chemical formula (Al0.55Si0.45)5Fe, the number of Si-Si bonds is eight 

with the extra Si at one of the Al1 or Al2 sites and thus, the stability of 
the structure is reduced.

As shown in Fig. 3 (bottom), there is an almost linear relation be-
tween the cell volume and the Si content. With increasing Si content, the 
length of a-axis decreases moderately at first (from x(Si) = 0.0–0.20) 
and then it decreases faster. The behavior of c-axis is more complex. 
With increasing Si content up to 0.25, the length of the c-axis decreases 
and it then increases moderately with Si content.

The experimental lattice parameters from the single-crystal structure 
determination for τ4-Al2.7Si2.3Fe [30] were included into Fig. 3 for 
comparison. Clearly, the experimental data are close to the predicted 
values.

Table 2 
Calculated formation energies for intrinsic defects (Al/Fe vacancies, Fe at Al/Al2 
sites, Si at Al1/Al2 sites, Fe replaced by Al, Fe replaced by Si) in the novel τ4- 
Al5Fe and the superstructure τ4-Al3Si2Fe based the methods in [52]. The Si sites 
at τ4-Al3Si2Fe superstructure corresponds to the Al3 sites in the novel τ4-Al5Fe. 
The energy costs for the intrinsic defects refer to the τ4-Al3Si2Fe superstructure, 
the elemental solids Al and Si and solute Fe in Al matrix [52].

Defect type τ4-Al5Fe τ4-Al5Si2Fe

Al1 vacancy + 1.97 + 1.12
Al2 vacancy + 1.06 + 1.21
Si/Al3 vacancy + 1.06 + 1.45
Fe vacancy + 1.32 + 2.60
Al1 by Fe + 0.60 + 0.94
Al2 by Fe + 1.20 + 1.08
Si/Al3 by Fe + 1.20 + 1.87
Al1 by Si − 0.17 + 0.23
Al2 by Si − 0.18 + 0.18
Fe by Al + 0.91 + 2.60
Fe by Si - + 3.12

Fig. 2. Calculated formation energies for the stable configurations of the (Al1- 

xSix)5Fe (x = 0.0–0.60) with respect to the elemental solids Al, Si and Fe so-
lution in Al matrix according to Eq. (2). The formation energies for configu-
rations with Si at different sites deviating from the τ4-AlIAlII2SiIII2 Fe are included 
(blue diamonds). The dotted lines are used to guide readers’ eyes.

Fig. 3. The calculated relations between the a-axis (top), c-axis (middle) and 
volume of the conventional cell of τ4-(Al1-xSix)5Fe (bottom) and the Si contents. 
The general structural formula is τ4-AlIAlII2(Al1-xSix)III

2 Fe for x < 0.40 and τ4- 
AlI(Al1-xSix)II

2SiIII2 Fe for x > 0.40, here the Roman numerals in superscript 
represent the Al sites. The experimental values (filled green triangles) [30] are 
included for comparison.
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3.4. Chemical bonding and electronic properties of τ4-phase

Electronic structure calculations were performed for the τ4-Al3Si2Fe 
superstructure. The iso-surfaces of the electron density distributions 
with ρ0(r) = 0.045e/Å3 is displayed in Fig. 4i and the density of states for 
selected atoms were plotted in Fig. 4ii, respectively. Fig. 5a showed the 
dispersion curves along the high-symmetry lines of the Brillouin zone 
(Fig. 5b).

The curve of the total density of states curve (Fig. 4ii_e) displays one 
broad band, starting from − 12.14 eV. Analysis revealed that the bottom 
of the band is at Γ, (0,0,0) of the Brillouin zone (Fig. 5b) and it consists of 
Si 3s mixing with some Al 3s and Fe 4s characters from the eigen 
character analysis. The total density of the states of the valence band 
(from the bottom to the Fermi level) increases with increasing energy 
from the bottom to about − 2 eV. There are several peaks at the energy 
ranging from − 2.0 eV to − 0.6 eV. Fig. 4ii_e shows a broad valley from 
− 0.5 eV to + 1.0 eV with a deep well (pseudo gap) at about + 0.59 eV.

Fig. 4ii shows that the Al/Si 3 s and 3p states mix all over the whole 
valence and conduction bands. The Si/Al 3s states dominate the lower 
part of the valence band from the bottom to about − 6.0 eV. From about 
− 4.0 eV the Si/Al 3p states have higher densities than the 3s states. The 
Fe 3d states dominate the curve around the Fermi level (− 4.0 to 3.0 eV).

Fig. 4i shows high electron density around the Si–Fe bonds, which 
seems like a two-dimensional (2D) nature for this compound. We per-
formed eigen characters for the three states at Γ around the Fermi level. 
The state at − 0.28 eV at Γ is composed mainly of Fe 3dxy and some Fe 
3dyz components. The state at 0.23 eV above the Fermi level consists 
dominantly of Fe 3dx

2-y2 components and the state at + 0.38 eV Fe 3dyz 
components. These results indicate three-dimensional (3D) character of 
this crystal. The 3D character is justified by the dispersion curves 
crossing the Fermi level along A-Γ and Y-M lines (Fig. 5a).

To obtain more direct knowledge about the interatomic interaction 
in τ4-Al3Si2Fe crystal, Bader charge analysis [55,56] was employed. This 
method was implanted by Henkelman et al. into VASP [57]. The analysis 
provided charges at the atomic species: + 0.8e/Al at Al1, + 0.6e/Al at 
Al2, − 1.1 e/Si and − 0.5e/Fe. The charges at the atomic sites corre-
spond well to the Pauling electronegativity values: 1.61 for Al, 1.90 for 
Si and 1.83 for Fe in Pauling unit [58]. The highly ionic nature of Si atom 
in this ternary phase is responsive for the repulsive Si-Si interaction 
which formation reduces the stability of the crystal.

In the periodic table of elements, Al and Si are neighbours with the 
latter having one more electron. Therefore, Si solution at the Al sites 

means increasing of the number of electrons in the crystal. We calculated 
the electronic structures for τ4-(Al0.55Si0.45)5Fe which is close to the 
chemical composition in the prepared crystal (Al2.7Si2.3Fe) [30]. The 
calculated dispersion curves along the high symmetry lines in the Bril-
louin zone (Fig. 5b) are displayed in Fig. 6i and the related partial 
density of states for the two different Fe atoms in and total density of 
states of the compound are shown in Fig. 6ii.

Overall, both the dispersion curves and density of states curves of τ4- 
(Al0.55Si0.45)5Fe (Fig. 6) display strong similarities to the corresponding 
ones for τ4-Al3Si2Fe (Fig. 5a and 4ii), respectively. This indicates 
availability of the rigid band filling model. However, a careful look 
provided some subtle differences. 

1) For τ4-(Al0.55Si0.45)5Fe, the lowest state is at − 12.44 eV which is 
0.3 eV lower than that of τ4-Al3Si2Fe.

2) There are rather flat dispersion curves from Y to R above the Fermi 
level in Fig. 6i, which corresponds to the small peak at 6ii_c at about 
0.17 eV for τ4-(Al0.55Si0.45)5Fe. This peak about above 0.2 eV lower 
than that for τ4-Al3Si2Fe (Figs. 4ii and 5a). Moreover, the position of 
the valley in the curves of the total density of states of τ4- 
(Al0.55Si0.45)5Fe (Fig. 6ii_c) is at + 0.44 eV which is 0.15 eV lower 
than that of τ4-Al3Si2Fe (0.59 eV) as shown in Fig. 5ii_e.

3) The Fermi level in the tDOS curve of τ4-Al3Si2Fe is at a small peak 
which has density of 2.0states/eV, meanwhile the Fermi level in the 
tDOS curve of τ4-Al2.75Si2.25Fe is at a small valley with density of 1.5 
states/eV, lower than that of τ4-Al3Si2Fe.

The above results mean a shift of the tDOS curve in τ4- 
(Al0.55Si0.45)5Fe as compared with that of τ4-Al3Si2Fe and availability of 
the rigid band filling model for τ4-phase. τ4-(Al0.55Si0.45)5Fe has a lower 
density of states at the Fermi level, indicating high stability of the system 
according to Stoner [59]. Meanwhile, the formation energy increases 
significantly as shown in Fig. 2 due to the increased number of Si–Si 
bonds: there are seven Si-Si pairs for τ4-(Al0.55Si0.45)5Fe, three more than 
that in τ4-Al3Si2Fe (Tables 2 and 3a). Further increasement of Si may 
lead to a more stable compound. This might be the origin of formation of 
a more stable phase, Al2Si3Fe which is a semiconductor [40]. The rela-
tion between electron counting and phase stability works for various 
intermetallic compounds [20,27,60–62].

Fig. 4. (i) Iso-surfaces of electron density distribution (ρ0(r) = 0.045e/Å3) and (ii) partial density of states for the atom species (a–d) and total density of states for 
the superstructure τ4-Al3Si2Fe [30]. The perpendicular dark-green dotted lines represent the Fermi level (at 0 eV) in (ii).
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4. Thermodynamics analysis on Si content in τ4-(Al1-xSix)5Fe 
during casting

The stability of the τ4-Al3Si2Fe superstructure was further investi-
gated via exchanging an Si atom and an Al atom at the Al1 or Al2 sites in 
the 2a0 × 2b0 × 1c0 supercell (a0, b0, c0 are the lattice parameters of the 
conventional cell). The calculations confirmed the previous calculations 
with energy cost of 0.39 eV for exchanging one Si with an Al1 atom and 
0.27 eV for Al2 in this supercell, which correspond to the values in the 
conventional cell (Table 1). This result means i) there is a moderate 
energy hierarchy for Si at the Al sites and ii) there are extra configura-
tions caused by both Al occupation at the Si sites and the Si occupation at 
the Al sites. The latter indicates configurational entropy contributions in 
the system at elevated temperatures. Here we analyze the relation be-
tween the energy hierarchy of the Si/Al exchange and configurational 
entropy contributions to the stability.

The change of the free energy of the system at temperature T depends 
on the formation enthalpy (ΔH) and configurational entropy contribu-
tions according to the Gibbs relation: 

ΔG = ΔH – T ΔS                                                                            (4)

here T is the temperature and ΔS = R lnw, and R(= 8.6173 × 10− 5 eV/K) 
is the Boltzmann constant and w represents the number of 

configurations. Two possible models are employed here. Model I relates 
to the Si occupying randomly all the Al and Si sites, and Model II the Si 
occupying only the Al2/Si sites in the superstructure model.

For the supercell of τ4-Al3Si2Fe structure, if one Si-Al exchange oc-
curs, there are (w1 =) 32 configurations at the Si sites, and (w2 =) 48 at 
the Al sites (Al1 + Al2). Thus, the total number of configurations, w = w1 
× w2 for Model I. For model II, w1 = 32 and w2 = 32. Then, for one Al-Si 
exchange we obtain ΔS = 6.32 × 10− 4 eV/K for Model I and ΔS 
= 5.97 × 10− 4 eV/K for Model II according to Eq. (4).

For ΔG = ΔH – Tc ΔS = 0, the critical temperature Tc = ΔH/ΔS. 
Then, we obtain Tc = 430 K for ΔH = 0.27 eV for Si at Al2 and Tc 
= 620 K for ΔH = 0.39 eV for Si at Al1 for Model I. For Model II, Tc 
= 450 K for ΔH = 0.27 eV for Si at Al2 and Tc = 660 K for ΔH = 0.39 eV 
for Si at Al1. For both models, if temperature is higher than 660 K, the Si 
atom can occupy both Al1 and Al2 sites.

The above discussion provided a potential evolution path of τ4- 
Al3Si2Fe with Si distribution on temperature: τ4-(Al0.6Si0.4)5Fe (Model I) 
transforms to τ4-AlI(Al0.6Si0.4)II+III

4 Fe (model II) at 620 K to ordered τ4- 
Al3Si2Fe superstructure at 430 K.

The temperatures for preparing τ4-Al3Si2Fe samples are 1073 K [31]
or 1163 K [30]. The experimental observations revealed formation of 
this phase during casting (~ 930 K) [11]. There temperatures are 
notably higher than the critical temperature (660 K). Thus, we can 

Fig. 5. (a) Dispersion curves along the high-symmetry lines in (b) the Brillouin zone of an orthorhombic lattice of τ4-Al3Si2Fe. The horizontal red line at 0 eV in (a) 
represents the Fermi level.

Fig. 6. (i) Dispersion curves along the high-symmetry lines in the Brillouin zone of a pseudo-orthorhombic lattice (Fig. 5b) for τ4-(Al0.55Si0.45)5Fe. The horizontal red 
line in (i) and the perpendicular dotted dark green lines in (ii) at 0 eV represent the Fermi level.
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conclude that at the formation temperatures, the τ4-phase samples have 
their Si distributed at both the Al1 and Al2 and Si sites (Model I). In the 
other word, the average model works [30,31] for experiments, consid-
ering the low diffusion processes at temperatures below 660 K in the 
Al-based alloys.

The above discussion also suggests availability of a random Al/Si 
distribution for assessing the stability of this phase on Si contents [30, 
31]. Two models are chosen: Model I (Si at Al1, Al2 and Al3(Si) sites); 
and Model II with Si at the Al2 and Al3(Si) sites, based on the calculated 
results (Fig. 2). We choose T = 1000 K to illustrate the temperature ef-
fects on the stability of the τ4-phase with Si contents. The obtained re-
sults are shown in Fig. 7.

The present analysis provides us the following results. 

1) Fig. 2 showed a shallow potential well at 0 K for the ground state τ4- 
(Al1-xSix)5Fe phase with moderate dependences of formation energy 
on Si content: x(Si) = 0.35, ΔE = 0.04 eV/cell or 1.7 meV/atom; x 
(Si) = 0.45, ΔE = 0.05 eV/cell or 2.0 meV/atom with respect to the 
most stable τ4-Al3Si2Fe superstructure.

2) For Model II with Si at the Al2 and Al3(Si) sites, the maximum 
configurational entropy contribution is for x(Si) = 0.40. Thus, the 
local potential well becomes deeper: x(Si) = 0.35, ΔG = 0.05 eV/cell 
or 2.0 meV/atom and x(Si) = 0.45, ΔG = 0.06 eV/cell or 2.5 meV/ 
atom with respect to the τ4-Al3Si2Fe superstructure.

3) For Model I with Si at all the Al/Si sites, the maximum contribution 
of configurational entropy is for x(Si) = 0.50. Thus, the Si-rich is 
favored: x(Si) = 0.35, ΔG = 0.08 eV/cell or 3.5 meV/atom, 

meanwhile, x(Si) = 0.45, ΔG = 0.025 eV/cell or 1.0 meV/atom, for 
x(Si) = 0.55, ΔG = 0.06 eV/cell or 2.3 meV/atom with respect to τ4- 
Al3Si2Fe.

Since the preparation temperatures are notably higher than the 
critical point for the Si random occupation at all the Al sites (Model I) in 
the τ4-particle, the chemical formula is better described as, τ4-(Al1- 

xSix)5Fe (the average model [30]). Moreover, at the preparation tem-
perature, the fraction of the substitution Si atoms can be higher than that 
of the ideal composition, depending on local chemical and thermody-
namical conditions.

When temperature lowers down, the contribution of thermody-
namics factors including configurational entropy decreases according to 
Eq. (4). At the same time the Si content and distribution in the crystals 
change towards more ordered with composition approaching to the 
ideal superstructure [30] when the samples kept at a low temperature 
for a reasonably long period.

The present first-principles calculations and thermodynamics anal-
ysis revealed compositional and structural flexibility of the τ4-phase. 
They also provide an opportunity to revisit the experiments in the 
literature [27,30,31]. The ternary Al-Fe-Si diagrams at high tempera-
tures showed a very narrow range for Fe content in the τ4-phase [8,22, 
23]. The Si content varies notably in the experimental observations [27, 
30,63] and the phase diagrams at elevated temperatures [8,22,23]. For 
example, the section of the Al-Fe-Si ternary phase diagrams at 600 ºC 
provided a broad range of Si content with x = 0.33–0.45 in the formula 
(Al1-xSix)5Fe (Table 3), which is in line of our study (Fig. 7). Moreover, 
we also performed structural analysis on τ4-phase particles formed in an 
Al-13.0Si-3.0Fe alloy which was cast at 720 ºC [63]. Table 3 lists the 
calculated lattice parameters for τ4-(Al1-xSix)5Fe with x = 0.40, 0.45 and 
0.50 and the available experimental data in the literature, where the 
composition of the Al-alloy and preparation conditions are included.

Although there are many publications revealed the formation of the 
τ4-phase particles in high-Si Al alloys, most of them are about phase 
characterization and structural determination but contain no composi-
tional analysis results. Gueneau et al. [30] performed a single-crystal 
structure determination and chemical composition analysis. The 
recent work provided smaller lattice parameters based on the average 
model [30,31] for samples cast at 720 ºC, indicating high Si content 
[63]. Krendelsberger et al. prepared a series AlFeSi alloys which were 
heat at heated at 550 ºC for 1 month and 770 ºC for two weeks. They 
observed τ4-phase in the samples with relatively high Si contents 

Table 3 
The chemical composition and lattice parameters of τ4-phase from the present 
calculations and the experimental data from the available literature [8,27,30,31, 
39] and the new experiment for Al-13.0Si-3.0Fe alloy [63]. *The lengths of the 
in-plane axis are the averaged since those of a- and b-axis differ moderately (<
1 %).

Authors/year Details of ally and method τ4-composition Latt.paras. 
(Å)

This work DFT-GGA 1). Al3Si2Fe 
(superstructure)
[30]
2). 
(Al0.55Si0.45)5Fe 
3). 
(Al0.50Si0.50)5Fe

a = 6.059*, 
c = 9.496 
a = 6.020*, 
c = 9.524 
a = 5.989*, 
c = 9.578

Amirkhanyan 
(2014) [39]

DFT-GGA Al3Si2Fe 
superstructure 
[30]

-

Pandy (1969) 
[31]

an Fe17Al50Si33 alloy 
Heat at 800 ◦C for 14 h 
XRD powder diffraction

- 
average model 
[30,31]

a = 6.07, c 
= 9.50

Gueneau 
(1995) [30]

An Al8Fe5Si7 mixture heat 
at 1127◦C for 14 h, then 
annealed at 890 ◦C for 
another 14 h. 
Single crystal 
determination.

i) (Al0.54Si0.46)5Fe 
(average model) 
ii). Al2.7Si2.3Fe 
mixed model [30]

a = 6.061, c 
= 525 
a = 6.061, c 
= 525

Krendelsberger 
(2007)[27]

1). Al40Si38Fe22 alloy 
2). Al42Si40Fe18 alloy 
3). Al50Si29Fe21 alloy 
4). Al53Si33Fe14 alloy 
5). Al60Si20Fe20 alloy 
The alloys were heated at 
550ºC for 1 month. XDR 
diffraction

- 
- 
- 
- 
- 
Average model 
[30,31]

a = 6.062, c 
= 9.520 
a = 6.057, c 
= 9.542 
a = 6.056, c 
= 9.552 
a = 6.104, c 
= 9.454 
a = 6.101, c 
= 9.503

Que (2025) 
[63]

Al–13.0Si–3.0Fe alloy 
Liquid poured out at 720 
ºC 
HR-TEM

- 
Average model 
[30,31]

a = 6.054, c 
= 9.497

Li (2000)[8] Al-Fe-Si at 600 ºC (Al1-xSix)5Fe 
x ≈ 0.33–0.45

-

Fig. 7. Thermodynamics analysis for the configurational entropy contributions 
to the free formation energy of Si content in τ4-(Al1-xSix)5Fe (x = 0–0.6) crystals 
at 1000 K with the two random models. The formation energies at 0 K are 
included for comparison. The dotted lines linking the points are used to guide 
readers’ eyes.
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(Table 3) and prepared at 550 ºC [27]. There are small but systematic 
lattice parameter variations. The length of a-axis decreases with 
Si-content, which is consistent with our calculations (Fig. 3_top). 
Furthermore, they found no indications for a superlattice yielding an 
orthorhombic lattice. This is again because the preparation temperature 
is at 550 ºC (823 K) is notably higher than the transformation temper-
ature to the superstructure (660 K) and the average model is available, 
in agreement with our previous thermodynamics analysis. This is most 
likely the origin that most experimentalists using the average model for 
structural characterizations for this phase.

Here, the relative stability of the widely observed primary phases, θ-, 
cubic α- and hexagonal α’-, β-phase as well as the τ4-phase during casting 
of Al-alloys [9,29,65] is addressed. The definition of the formation en-
ergies is similar to Eqs. (1)–(3) with changes of the chemical composi-
tions [5,38,52]. The relative stability of the binary and Si-containing 
ternary θ- and β-phases were investigated using the same code and set-
tings as present work. The first-principles calculations for these phases 
are listed in Table 4.

Table 4 shows for the phases of highest stability, the contents of Si 
solution at the Al sites vary significantly. The highest Si content is for the 
τ4-Al3Si2Fe with 40.00 % Si in the total Al/Si sites. 18.2 % of the Al/Si 
sites were occupied by Si in β-phase, while there is only moderate Si 
content in θ-phase (5.1 %).

The relative stability of the binary θ-Al13Fe4, β-Al5.5Fe and τ4-Al5Fe 
phases has the order (from lowest formation energy to highest): θ- > β- 
>> τ4-phase. Meanwhile, for the ternary AlFeSi phases, the order is β- 
> θ- > τ4- phase with moderate energy differences (0.20 eV per Fe). 
These results mean strong impact on the formation of these phases. 
Clearly the high stability of the binary θ-Al13Fe4 phase indicates its 
dominance of formation in Si-poor Al alloys, while the relatively high Si 
containing β-Al4.5SiFe phase form in the Al alloys of relative high Si 
contents. The relatively less stabile τ4-(Al1-xSi)5Fe were experimentally 
observed less frequently and may form in high-Si All alloys as shown in 
the experiments. This is also due to the high energy cost of Si solution in 
solid Al (0.43 eV/Si) (Table S-1), which forces the extra Si atoms to 
move into low potential regions, forming e.g. the τ4-phase particles in 
high-Si alloys. The energetics about the θ-, β-, τ4- phases help get some 
insight into the formation of the Fe-IMCs during casting. During casting, 
there is nucleation competition for these Fe-IMCs. Nucleation of one Fe- 
IMC phase requires precise structural and compositional templating and 
involves multiple alloying elements at specific atomic positions and 
necessitates substantial undercooling [66]. Unfortunately, the knowl-
edge on the stability and structural properties for cubic α- and hexagonal 
α’-phases is still lacking, which hinders us to provide a complete picture, 
and this topic deserves further investigation.

5. Conclusions

First-principles density-functional theory calculations and thermo-
dynamics analysis were utilized for investigating the intrinsic stability, 
chemical composition, interactions and structural and electronic prop-
erties of the τ4-(Al1-xSix)5Fe phase. This study justified the high stability 
of the τ4-Al3Si2Fe superstructure which is relatively stable at low tem-
perature (< 430 K). Meanwhile the potential well on Si content is 
relatively shallow, which relates to compositional and structural flexi-
bility of the τ4-phase. At temperature higher than 660 K, Si atoms are 
distributed at the Al/Si sites uniformly with the formula τ4-(Al1-xSix)5Fe, 
which is available for this phase in cast Al alloys. The Si content varies in 
τ4-(Al1-xSix)5Fe, depending on local chemical compositions. Moreover, 
the cell volume decreases linearly with increasing Si content.

The electronic structure calculations and chemistry analysis showed 
that τ4-(Al1-xSix)5Fe exhibits a triplet nature: metallic, ionic and cova-
lent. Furthermore, there is a balance between electron count and 
repulsive Si-Si interaction in the crystal.
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