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Highlights

e Si prefer on the AI8 and Al9 sites, forming 6-Alzo(Si,Al) 4(Al,Si)V"4Feo;
e Lattice parameters and volume of the unit cell decrease linearly with Si content;
e The calculated results agree with the experimental data in the literature;

e 0-(Al, Si)1sFes exhibits ionic, covalent and metallic triple nature.



Abstract

0-AlisFes forms as a primary Fe-intermetallic compound (Fe-IMC) in the casting processes of most Al
alloys. Si is added to Al alloys to improve the mechanical performances of the products. Fe-IMCs
including (Si doped) 6-AlwisFes have nontrivial impacts on the mechanical performances of the
solidified Al-based parts. Here, we investigate systematically Si solution in 6-AlsFes using ab initio
density functional theory (DFT). We reveal that Si prefer substitution on two Al sites (AlI9 and Al8) in
0-AlisFes, forming 0-Alzo(Si,Al)¥4(Al,Si)V""sFezs (the Roman numerals represent the Al sites [13]).
The calculations identify a linear relation between the lattice parameters of the unit cell and the Si
content. The knowledge obtained here is useful to get insight into the formation and structural and
chemical properties of the Fe-Al-Si intermetallic compounds and to optimize the microstructures and
properties of the solidified Al based alloys.

Key words: Fe-intermetallic compounds; Silicon substitution; Ab-initio calculations; Structural
properties; 0-AlisFes



1. Introduction

Iron and silicon exist as impurities in most aluminium alloys. Due to the small solubility in Al, Fe
remain in the form of Fe-containing intermetallic compounds (Fe-IMCs) which deteriorate the
mechanical performances of Al-based components [1-3]. Moreover, Si is widely added into Al alloys to
improve the mechanical performances of the products [1, 2]. The recycling economy requires that
harmful Fe-IMCs including 6-Al.sFes are minimized or at least controlled in the products during the
casting processes of Al alloys, especially Al scraps which contains variable amounts of Fe and Si [4, 5].
To reach this goal, knowledge about Si solubility in the Fe-IMCs, including 6-Al1sFes is a pre-requisite.

0-Al1sFes is the phase richest in Al in the Fe-Al binary system [6-8]. Experiments showed that 6-
Al1sFes contains Si and occurs most frequently in competition with other Fe-IMCs in cast Al-based
alloys [9-12]. Moreover, the primary 0-AlisFes phase may transform into other Fe-IMC phases, e.g.
hexagonal a-AlgFe>Si or monoclinic/orthorhombic B-AlsFeSi during thermal treatments of Al alloys [9-
12]. Structurally, 6-AlisFes has a rich variety of crystal chemistry. It has a monoclinic lattice with space
group C2/m (nr. 12) [13]. There are 20 crystallographically different atomic species (5 Fe and 15 Al)
and 102 atoms in total in a unit cell (Fig. 1 and Table S-I). The Al atoms have 10 to 12 metal
neighbours including 2 to 4 Fe neighbours, except the Al2 atoms at the Wyckoff 4i sites which have
only 6 neighbours including two Fe with Fe-Al bond-lengths below 3.0 A (1 A=0.1 nm = 10"%m).
The Fe atoms have coordination numbers ranging from 9 to 11 with Fe-Al bond-lengths below 3.0 A.

Fig. 1. (Colour online) Schematic structure of 6-AlisFes approximately along its [0 1 0] axis. The parallel axis is
the a-axis and the vertical axis is the c-axis. The black spheres represent the Fe atoms. All the other spheres
represent Al: the green spheres represent Al8, the orange spheres Al9 sites, the violet Al4 and the light pink Al6
and the silvery for the rest Al atoms according to the Grin’s assignments [13]. The bonds between AlI8 and Al9
with Fe atoms are also displayed.

Various experimental studies were conducted on Si solution in 6-AlisFes [1-3, 9-12, 14-17]. Casting
experiments revealed a rich variety of Si containing Fe-IMCs, including 6-AlisFes in the final alloys,
depending on the chemical compositions of the alloys and the casting conditions [1-3, 15-17]. As
shown in the critically assessed Al-Fe-Si ternary phase diagram, there appears to be limited Si
solubility in 6-AlisFes at elevated temperatures [14-17]. Stefaniary, Grieger and Turmezey reported



complex relations between the lattice parameters of the unit cell and the Si and Fe compositions in 6-
AlgsFes [18]. There is still however, insufficient information about the chemical composition of Si
solution in this phase and their relative stability to other Fe-IMCs. This is partially due to the
experimental difficulties to obtain samples of high purity.

Theoretical approaches, especially parameter-free first-principles methods can be useful in this aspect.
First-principles density-functional approaches have been applied to investigate the structural, electronic
and magnetic properties of pure 0-AlisFes [19-22], its surfaces for catalysis [23, 24], as well as the
intrinsic defects in this binary compound [25, 26]. However, till now Si solubility in most Fe-IMs,
including 0-AlisFes is largely unknown. In this paper, we present the results of a first-principles
density-functional theory (DFT) study on the formation, stability and structural and electronic
properties of Si solution in 0-AlisFes, the Al richest compound in the Al-Fe system. The calculations
identify the favoured sites for substituting Si in 6-AlisFes. The study also identifies a relationship
between the lattice parameters of the unit cell and Si content in 6-AlisFes. The obtained information
here sheds some light on Si solubility in 6-AlisFes and is helpful to get insight into Si solution in other
Fe-IMCs.

2. Methods

The first-principles’ Vienna Ab initio Simulation Package (VASP) [27, 28] was employed for the
present calculations. This code employs the Density-Functional Theory (DFT) within the Projector-
Augmented Wave (PAW) approach [29, 30]. The spin-polarized Generalized Gradient Approximation
(GGA-PBE) [30, 31] was applied for the exchange and correlation energy terms because the GGA
approximations describe the 3d metals such as iron and related compounds better than the Local
Density Approximation (LDA) [25, 31, 32]. The cut-off energy of the wave functions was set to 550 eV
and the cut-off energy of the augmentation functions to 700 eV (1eV is equal to 1.6022x107°J). These
values are higher than the corresponding default values (Enmax/Eaug = 240.3 eV/291.1 eV for Al,
267.9 eV/511.4 eV for Fe and 245.3 eV/322.1 eV for Si, respectively). The electronic wave functions
were sampled with a dense, e.g. a 4x8x6 grid (70 to 100 k-points) in the irreducible Brillouin zone
(BZ) of 6-Al13Fes and the related compositions depending on the symmetry, using the Monkhorst—Pack
method [33]. First-principles structural optimizations were performed for both lattice parameters and
the coordinates of the atoms. Different k-meshes and cut-off energies were used for the wave functions
and augmentation wave functions, respectively. Tests showed good convergence (<1 meV per atom).

The formation energy of a doped foreign element (Fe or Si) into a-Al is defined as [25, 32]:
AEim(AlnM) = E(AlInM} — [n E(AI) + E(M)] 1)

Here E(M)/E(AI) is the total valence electron energy of the solid element M/AI, E(Al,.M}is the energy
for the doped system AlnM, respectively. The calculated formation energy AEim(AlnM) represents the
energy cost to dope an impurity M in Al with respect to their elemental solids. A 3agx3agx3ao (ao is the
lattice parameter of the conventional cell of a-Al) supercell which contains 108 atoms was employed
for the impurity calculations. The unit of the formation energy is eV per doped atom.

The formation energies of the Al-Fe binary compounds with respect to the elemental solids, Al and Fe
is defined as [25, 32]:

AEform(AImFen) = {E(AImFen} — [mE(AI) + nE(Fe)]}/(rH'm) (2)
The unit for the formation energies of the binary compounds is eV/atom (1 eV/atom = 96.45 kJ/mol).

Furthermore, to have a measure of the relative stability of Si doped AlizFes with respect to the parent
intermetallic compound and the elemental solids (a-Al, a-Fe and diamond-Si), the formation energy per



cell for Si doping in the compounds is given by:
AEsi(Al13(Fe1-xSix)a) = E{Ali3(Fe1xSix)a} — {E(AlisFes) + 4X[E(Si) - E(Fe)]} (3a)
AEsi((Al1xSix)13Fes) = E{(Al1xSix)13Fes} — {E(Al1sFes) + 13x[E(Si) - E(AD]} (3b)
The unit of the formation energy is eV/f.u., here f.u. represents “formula unit”.

At the temperature T = 0 K and the pressure p = 0 Pa, the enthalpy difference is equal to the energy
difference, AH = AE, when the zero-point vibration contribution is not taken into account. A negative
value of the formation energy means that the formation is exothermic and that this reaction is favoured.

3. Results and discussion

We firstly report the results of the structural optimizations for the elemental solids, a-Al, a-Fe and Si
[34, 35], the dilute solutions of Fe and Si in solid Al and for stoichiometric 6-AlizFes (Fig. 1). The
results are listed in Table I with a comparison with the selected experimental data in the literature. The
calculated atomic coordinates for the binary compound are listed in Table S-I together with selected
experimental data in the literature. As shown in Table I, the calculated lattice parameters for the
elemental solids are in good agreement with the experimental values with the corresponding
differences within 1%.

Table | shows that iron prefers to be doped in Al with a formation energy (AEim) of -0.457 eV/Fe with
respect to the elemental solids, whereas Si doping in solid Al is not favoured with a formation energy
as high as +0.431 eV/Si in Al at 0 K. For the binary 6-AlisFes compound the calculations reproduced
well the experimental lattice parameters in the literature (differences within 1 %). The calculated
formation energy for 6-AlisFes is slightly more negative than the experimental values which do have
appreciable scatter as shown in Table I [6, 7, 25, 36].

Table I. Calculated results (lattice parameters, formation energies and magnetic properties) of the related
elemental solids (a-Al, a-Fe and Si), the dilute solutions of Fe and Si in a-Al and the pure 6-AlisFes phase at 0 K
using the DFT-PBE method. Experimental values in the literature (for the elemental solids at 0 K) [34] and for
the binary compound at room temperature were included in the parenthesis for comparison. The formation
energies, AE are based on the total energy calculations and equations 1 and 2 for the impurity and the compound,
respectively. A = (dexp - dcaic)/dexp™100 (%) measures the deviation of the calculated lattice parameters from the
experimental ones. FM represents ferromagnetic, NM non-magnetic.

Elements | Lattice/space group | Lattice parameters(A) /A M(ue/M) AEin

a-Al FCC/Fm-3m (225) | 4.039 (4.0325) [ /-0.2% -

a-Fe BCC/Im-3m (229) | 2.831(2.8607)B4  /-1.0% | 2.18(2.10)% | -

Si FCC/Fd-3m(227) | 5.468 (5.42982)B4  /+0.7 % -

Solutes Bond lengths (A)

Fe* in Al - Fe-Al: 2.74(x12) NM -0.457 eV/Fe

Si*in Al - Si-Al: 2.84(x12) - +0.431 eV/Si

Binary Space group Lattice parameters(A) /A AEform

0-AlisFe; | Mon./C2/m (12) a=15426 (15.4921) /-04% | NM -0.330 eV/atom
b=8.022 (8.0781) /-0.7% (-0.225 to -0.310 eV/atom) [6.7.25.36]
€c=12.425 (12.4711%) /-0.3%
B=107.68° (107.69 ¥ /0.0 %

Grin and co-workers performed a refinement of the crystal structure of 6-AlisFes based on single-
crystal diffraction data [13]. As shown in Table S-1, 0-AlisFes has 20 crystallographically different
atomic species, which assignments are used in present paper. In the calculations, we firstly replace one



atom at each Al site and at each Fe site by a Si atom, respectively. The formation energies were
obtained from the calculations via equation 3.

The calculations showed that replacement of one Fe atom by Si in 6-AlisFes costs between 2.01 eV and
2.57 eV with respect to the elemental solids and 6-Ali3Fes. As shown in Table I, dilute solution of Fe in
solid Al is favoured. Therefore, the costs of Si incorporation in the Fe sites become even high if we
take the formation energy of dilute Fe solution in a-Al as reference. Such high costs indicate that Si
doping on the Fe sites is very unlikely.

Here we address the results of Si incorporation in the 15 inequivalent Al sites. The detailed results for
one Si doping on the Al sites are listed in Table II.

Table Il. Calculated results (lattice parameters, bonds and doping energies at 0 K) for one Si doping on each of
the 15 inequivalent Al sites in 0-AlisFes using the first-principles DFT-GGA-PBE approach.

Lattice parameters (A) Si-Al/Fe (A) AEs; (eV/cell)
a b c B(®)

Pure 15.426, 8.022, 12.425, 107.68 |- 0.0

Si at Al1(4i) 15.409, 8.034, 12.394, 107.71 |Si-Fe: 2.36, 2.43, 2.51 +0.149
Si-Al:2.48, 2.82%2,2.85%x2,2.87x2

Si at Al2(4i) 15.419, 8.010, 12.442, 107.70 |Si-Fe: 2.16x2 +0.313
Si-Al: 2.93x%2,2.97x2,3.05%2,
3.07x2,3.21x2

Si at Al3(4i) 15.391, 8.028, 12.431, 107.82 |Si-Fe: 2.32, 2.37 +0.454
Si-Al: 2.70%2,2.76x%2,2.84,
2.85%x2,2.86%2,2.96%2

Si at Al4(4i) 15.406, 8.023, 12.410, 107.62 |Si-Fe: 2.42, 2.52%x2, 2.54 +0.040
Si-Al, 2.50,2.51,2.63%2, 2.74,2.74x2

Si at Al5(4i) 15.363, 8.032, 12.437, 107.58 |Si-Fe: 2.27,2.28 +0.323
Si-Al: 2.74,2.74x2, 2.78%2,2.85%2,
2.89x2,2.91

Si at Al6(4i) 15.411, 8.029, 12.397, 107.72 Si-Fe: 2.37, 2.40, 2.45 +0.020
Si-Al: 2.51, 2.82%2,2.84x2,2.88x2

Si at Al7(2d) 15.394, 8.023, 12.405, 107.46 | Si-Fe: 2.37x2 +0.207
Si-Al: 2.67, 2.67x2, 2.79%2,
2.79%2,3.22%x2

Si at Al8(4i) 15.416, 8.012, 12.409, 107.66 |Si-Fe: 2.40 x2, 2.50 -0.014
Si-Al: 2.52, 2.62, 2.65%2, 2.66x2,
2.81x2

Si at Al9(4i) 15.413, 8.015, 12.405, 107.64 |Si-Fe: 2.37, 240x2, 2.82 -0.077
Si-Al: 2.52x2, 2.61%2,2.66,2.67%2

Siat Al10(8j) |15.416, 8.021, 12.413, 107.78 |Si-Fe: 2.41, 2.46, 2.58 +0.226
Si-Al: 2,61, 2.63, 2.74, 2.76, 2.82,
2.84,2.86, 2.89, 3.14

SiatAl11(8j) |15.417,8.024, 12.403, 107.61 |Si-Fe: 2.39, 2.43 +0.218
Si-Al; 2.58, 2.61, 2.65, 2.76, 2.78, 2.82,
2.84,2.85%2, 3.05

Siat Al12(8)) |15.398, 8.024, 12.417,107.52 |Si-Fe: 2.38, 2.48. 2.56 +0.223
Si-Al: 2.58, 2.62, 2.79, 2.84, 2.86x2,
2.88, 3.02, 3.16




Siat Al13(8j) [15.394,8.024, 12.428, 107.77 |Si-Fe: 2.36,2.42,2.51 +0.184
Si-Al: 2.64, 2.69, 2.72, 2.79, 2.84, 2.86,

2.89,3.13,3.19

Siat Al14(8j) |[15.406, 8.023, 12.410, 107.62 |Si-Fe: 2.42, 2.52x2, 2.54 +0.101
Si-Al: 2.50, 2.51, 2.63%2,2.74,2.74x2,

Si at Al15 (4g) |15.405, 8.014, 12.429, 107.64 | Si-Fe: 2.40 x2, 2.240x2 +0.114

Si-Al: 2.78x2, 2.78%2, 2.86x2, 2.90x2

It is notable that partial replacements at the Al sites by Si break the local symmetry, and
correspondingly change the lattice symmetry of the crystal from being monoclinic to being triclinic.
However, the calculations showed that the deviation of the Si doped crystals from the pure phase is
minor and the doped system can be treated as monoclinic (pseudo).

Table 11 shows that Si doping is favoured at both the AI9 and Al8 sites. Moreover, the energy cost of Si
doping at the Al6 and Al4 is minor (+0.020 eV and +0.040 eV, respectively). The four Al species are at
the Wyckoff 4i sites with a mirror symmetry (m), and each Al at these sites has three or four Fe
neighbours. As shown in Table I1, each atom at the Al2, Al3 and Al5 sites has only two Fe neighbours
and Si incorporation in these sites costs energies higher than 0.3 eV. This indicates Si prefers sites with
more than two Fe neighbours. This conclusion is also true for Si incorporation in the Al7 sites (AEsi =
0.207 eV) as shown in Table II.

Meanwhile, as shown in Table 11 Si doping is not favoured on the remaining Al sites, including the 8j
sites with doping energies >0.100 eV/Si. The 8(j) sites have the site symmetry C:. This indicates local
symmetry and multiplicity of the Al sites may play a role in Si incorporation.

We also investigated higher compositions of Si doping on the Al sites in a systematic way. The
formation energies for various Si contents for the more stable configurations are plotted in Fig. 2 with
details in Table S-I1. The calculations showed that the most stable configurations have Si at the Al9
sites. The formation energy decreases with increasing Si content and reaches a minimum at x(Si) =
0.051, which corresponds to fully occupying the Al9 sites by Si with chemical formula Al72Si™4Feza,
where the Roman numeral represents the Al site. Then the formation energy increases with increasing
Si content. As shown in Fig. 2, the maximum Si doping is reached with x(Si) = 0.103, corresponding to
the full occupation of both AI9 and Al8 sites by Si which has the chemical formula AlzoSi™4SiV"'sFeza.
Beyond this composition, the formation energy becomes positive. The formation energy is +0.163
eV/unit cell for x(Si) = 0.115. The study also revealed extra freedom of Si occupation, which has
impact on the free energy of the system at elevated temperature. This will be addressed later.
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Fig. 2. (Colour online) The dependence of the formation free energies on the composition of Si doped in 6-(Al;-
xSix)13Fe4 at 0 K for configurations of high stability and at 1000 K for the most stable configurations at different
Si contents. The spheres represent the formation energies at 0 K for the more stable configurations. The dotted-
line linked squares represent the most stable configurations with Si occupying series at the Al9 firstly and then
the Al8 sites. Csi and Ca represent the Si and the Al components in 0-(Al1xSix)13F€s, respectively.

Next, we address the relationships between the lattice parameters of the unit cell and the Si content.
The calculated values for the more stable configurations are plotted in Fig. 3. The calculations showed
little variation of the angle B for the configurations of different Si content. There is a simple linear
decrease of the lattice parameters and the unit cell volume with increasing Si content (Fig. 3).

Experimentally, Stefaniay and co-workers investigated the dependences of the lattice parameters and
the unit cell on the compositions of Fe and Si impurities [18]. They reported complex relations: with
increasing Si content, the length of the a-axis decreases, whereas the length of the b-axis and the
volume of the unit cell increase. This observed behaviour is not in line with our first-principles
calculations. We consider that their results are not comparable with the calculations due to the
difficulties in experiments to accurately measure the Si and Fe compositions in the samples.

Recently Que and colleagues obtained small single crystals from the cast Al alloys [3]. The author also
selected crystals containing different Si content from the cast Al alloys [37]. Structure refinements on
the X-ray diffraction patterns for the single crystals revealed the lattice parameters: a = 15.447 A b =
8.057 A, c=12.429 A and p = 107.80 ° for a single crystal without Si, 8-AlisFes; and a = 15.424 A, b
=8.052 A, ¢ =12.404 A and p = 107.65 ° for a single crystal with Si, 8-(Al1xSix)13Fes with x = 0.026
[37]. Clearly, the lattice parameters of the pure 8-AlisFes are slightly larger than the corresponding
values of 0-(Alo.e74Si0.026)13F€4. This experimental results are in line with the first-principles
calculations.
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content at ambient temperature. Csi and Ca represent the Si and the Al components in 6-(Al1Six)13Fes,
respectively.

To get some insight into the chemical bonding in the 6-phase, we analysis the local chemical bonding
between Si and the neighbouring Fe atoms for 6-Al74Si™4Fe24, the crystal with the lowest formation
energy and 0-Alzo Si™4SiV!"4Fey4, the configuration with the highest Si content,. The symmetry of the
two crystals keeps same as the pure 6-AlizFes. The important interatomic distances between Si(Al) and
the Fe atoms are listed in Table I11. We also performed electronic structure calculations for these
crystals. The iso-surfaces of the valence-electron density distributions of the two crystals are shown in
Fig. 4. Curves of the partial density of states (pDOS) of the selected atoms and the total density of
states of (Al1xSix)13Fes with x = 0.051 and x = 0.103 are shown in Fig. 5.

The Si-Fe interatomic distances are slightly shorter than the corresponding Al-Fe bond-lengths as
shown in Table 111. This agrees with the results that the lattice parameters of the unit cell decrease with
increasing Si content in the (Al1xSix)13Fes crystals, as shown in Fig. 3.

Table I1I. Interatomic distances between Si/Al atoms at the AI9/AI8 sites and the Fe atoms, the Bader charges at
the (Al,Si)9 and (Al,Si)8 sites in pure 0-AlisFes and the Si doped crystals at ambient conditions.

Compounds Al(Si)-Fe bond-length (A) Charge (e/atom)

0-AlisFes Al9-Fe3: 2.46, -Feb: 2.49(x2) Al9: +1.09
Al8-Fed: 2.61, -Fe5: 2.47(x2) Al8: +1.28

0-(Alo.0487Si0.0513)13F€4 Si9-Fe3: 2.37, -Fe5: 2.41(x2) Si9:-1.16




Al8-Fe4: 2.59, -Feb: 2.48(x2) Al8: +1.29
9-(A|0,3974Sio,1026)13|:e4 Si9-Fe3: 2.36, -Feb: 2.43(X2) Si9:; -1.25
Al8-Fed: 2.42, -Feb: 2.47(x2) Si8: -0.89

Both Fe and Si atoms are surrounded by dense electron clouds (Fig. 4). This corresponds well to the
itinerant Fe 3d states and the semi-localized Si 3s states, respectively. In Alz4Si™sFez4 there are Si-Fe
clusters. Each Si atom is coordinated to three Fe atoms. There are Fe-Si linked networks in
Al70Si%,SiV!"yFezs (Fig. 4). The iso-surfaces of valence-electron density between the Si and Fe atoms
indicates strong Si-Fe chemical bonding. In both crystals, there are no notable electron clouds around
the Al atoms, in agreement with its free electron nature.

The curves of the partial density of states (pDOS) of Al8 atoms/ions in Alz4Si™4Fez4 provide us the
general behaviours of the Al 3s and 3p eigen states in the intermetallic compounds. Both Al 3s and 3p
states are distributed across the whole valence and conduction bands, reflecting its free-electron nature
in the metallic compound. On the other hand, the pDOS curves of Si 3s and 3p states exhibit different
behaviour. The Si 3s states dominate the lower part of the valence band between -11.6 eV to -10.0 eV.
There is an isolated peak in the Si 3s density of states at about -11.0 eV for the Si atoms in the two
crystals. This corresponds to the semi-core nature of the orbit. Interestingly, there are notably
differences in the heights of the bonding Si 3s peaks corresponding to the Si9 atoms in Al72Si™sFezs
and the Si9 and Si8 atoms in the Al70Si™4SiV""'4Fe24 crystals. This means that the semi-core Si 3s states
also have chemical interaction with the neighbouring atoms. These differences of the local chemical
bonding with the neighbouring atoms including the Fe atoms are shown in Table I1I. The antibonding
Si 3s and 4p states hybridized with Al 3s, 3p and Fe 4s 4p states across all the valence and the
conduction bands.

Fig. 4. (Colour online) The atomic arrangements and iso-surfaces of the valence-electron density distribution
(po(r) = 0.05 e/A3) for Alz4Si™sFezs (a) and AlzoSi™4SiV!"'sFess (b) crystals at 0 K. The yellow clouds represent
the iso-surfaces. The silvery spheres represent Al, the dark spheres Fe and the green Si.
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Fig. 5. (Colour online) Total and partial density of states near the Fermi level (at zero eV) for the two Si doped
compositions at OK. The dotted lines represent Al/Si 3s and Fe 4s, the red liens Al/Si 3p, Fe 4p and the green
lines Fe 3d states, the filled black lines represent the total density of states of the unit cells.

The partial DOS curves of the Fe atoms/ions in the crystals show dual characteristics. The Fe 3d states
exhibit itinerant nature and occur mainly within the energy range between -4.0 eV to 0.0 eV with some
tails above the Fermi level, whereas the Fe 4s and 4p states are hybridized with Al/Si 3s and 3p states,
being delocalized overall the whole valence and conduction bands. The Fe 3d states are almost fully
occupied. The density of Fe states at the Fermi level is low (<0.8 states/eV). This indicates the stability
of the non-spin-polarization solution [38]. The almost fully occupation of the Fe 3d states means that
the Fe atoms have excess electrons. The different shapes of the curves of the density of the 3d states of
the different Fe species come from the local crystal-field splitting.

The Bader charge analysis model provided a unique approach to define the shape and volume of an
atom in solid [39]. The Bader change method is implemented within the VASP code [40]. We applied
this method to get the Bader charges at the atomic sites of the studied crystals using the optimized
valence-electron density distributions from the first-principles electronic structure calculations. The
important results are included in Table Il1. The analysis also showed that the charges at the related Fe
sites change but slight (about 0.2 e/Fe) after Si doping at the Al sites. This indicates dominantly
covalent bonding between Fe and Si. As shown in Table Ill, clearly the Al atoms lost electrons to the Si
atoms and Fe atoms. This corresponds to the values of the elemental electronegativity (1.61 for Al vs.
1.90 for Si and 1.83 for Fe, in Pauling scale).



The analysis shows that Si doped 6-AlisFes crystals exhibit ionic, covalent and metallic triple nature. The
strong interaction between Fe and Si is the cause of the high stability of the Si doped 0-AlsFes crystals
at ambient conditions.

The primary Fe-IMCs form at elevated temperature, typically between 600 °C and 800 °C during
casting processes [1-3, 11, 12]. At such high temperature, extra freedom of due to partial Si occupation
at the Al sites becomes an important factor in determination of relative stability of the configurations.
Here we estimate the contribution of configurational entropy to the relative stability of the Si doped
structures at elevated temperature.

The Gibbs energy of a system is defined as AG = AH - T ASconfig, here AH is the change of enthalpy, and
T is the temperature, when we only discuss the effect of number of configurations of systems. The
change of configuration entropy is defined as, ASconfig = R InW, R is the Boltzmann constant, W the
number of configurations. Table S-1I includes the numbers of configurations (W) for the Si doped 6-
Al1sFes crystals. Using the data listed in Table S-11, we calculated the configurational entropies to the
relative stability of the Si doped 0-AlisFes crystals at 1000 K. The results are included in Table S-11 and
plotted in Fig. 2.

The contribution of configurational entropy has influences on the relative stability of the crystal of
different Si contents at high temperature. The most stable ones at 1000 K are: Al73Si™3 SiV",Fezq (AG
=-0.392 eV) with x = 0.0641; AlzsSi™; SiV"'1Fes (AG = -0.382 eV) with x = 0.0385 in the formula
(Al1xSix)13Fes, as well as the structure with 3Si at A9 and 1Si at Al8, Al74Si™sSiV"'1Fezq (AG = -0.368
eV) (x = 0.0513) (Fig. 2). These configurations are different from the case at 0 K where Al74Si™sFe is
the most stable as shown in Fig. 2. However, the general trend of the relative stability of the Si doped
0-Al1sFes crystals on Si is unchanged. The maximum of Si doping composition is still the same. The
Gibbs energy remains positive even we include the contribution of configurational entropy for the
crystal contains 4Si at Al9, 3Si at Al8 and 3Si at Al6. This case has a large number of configurations W
= 64 (Table S-I1).

The analysis also indicates that the chemical potential of an alloy has also impact on the formation of 6-
(Si,Al)13Fes crystals in Al-alloy melt under different casting conditions. Under the conditions the Si
content is relatively low and the cooling rate is relatively high, and the Si content in solidified 0-
(Al,Si)13Feq crystals is expected to be low with dominating AlzsSi™2SiV!"'1Fe,4 component, whereas
under the conditions of high Si content and quick cooling one expects dominating Alz3Si™sSiV!"';Fezq
component. Correspondingly, slow cooling rate enhances solidified 6-(Al,Si)13Fes crystals with
Al74Si™%4Fe24 dominance.

The ternary Al-Fe-Si phase diagrams showed that between 600 °C to 1000 °C, the maximum Si content
in 0-AlsFes is about 2 at.% to 3 at.% [15-18], which corresponds to (Al1-xSix)13Fes with x = 0.026 to
0.039, respectively. Recently, Que obtained single crystals for both pure 6-AlizFes and 6-(Al1xSix)13Fes
with x = 0.026 in the cast Al alloys [3, 37]. The experimental values are overall in line with our
analysis that for 6-(Al1xSix)13Fes, the x value is between 0.038 to 0.064 with consideration of the
chemical compositions and experimental conditions.

In brief, the present first-principles study revealed Si solution on theAl9 and Al8 sites in 6-AlisFes at
ambient conditions. The lattice parameters of unit cell decrease with Si content in a linear way. The
calculated results are in good agreement with the experiments available in the literature and recent
experimental measurements [3, 37]. The obtained information helps us to get insight into the formation
regions of the 6-(Al,Si)13Fes phase at various conditions. Moreover, the present approach can be
applied to the other Fe-IMCs to get a comprehensive understanding of the phase relations in the Al-Fe-
Si ternary system and the formation of Fe-IMCs in casting processes of Al alloys.



4. Conclusions

A first-principles DFT approach has been applied to study the formation, stability and structural
properties of Si doping in the Al-rich intermetallic compound, 6-AlisFes. Clearly Si atoms prefer
solution on the Al9 and Al8 sites, whereas Si replacement of Fe in 8-AlisFes is unlikely. The chemical
composition with the lowest formation energy is Al74Si'™sFe24 and the composition with highest Si
content corresponds to AlzSi4SiV!"sFezs (the Roman numerals represent the Al sites), respectively.
The doped Si atoms have strong covalent interaction with neighbouring Fe atoms. The Si doped 0-
Al1sFe4 crystals exhibit ionic, covalent and metallic triple nature. The lattice parameters and volume of
the unit cell of the Si doped 6-Al1sFes crystals decrease with increasing Si content in a linear manner.
The calculated results are overall agree with the available experimental observations. The origin of Si
doping in 6-AlisFes stems from the strong Si-Fe chemical bonding and repulsive interaction between Si
and Al. The obtained information about Si incorporation in 6-AlysFes is helpful to understand the
thermal equilibria of Al(Si)-Fe systems, and further to have a comprehensive understanding about
formation of and competence among the Fe-IMCs under the casting conditions for Al-based alloys.
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