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Abstract First principle calculations have been carried out

to study energetic of boron atom impurities in bulk and

symmetric R5(310) tilt grain boundaries of the ordered stoe-

chiometric B2 FeAl intermetallic. A set of configurations was

considered for studying the bulk behaviour: B in tetrahedral

and octahedral interstitial positions or substituting Al and Fe.

For the analysis of the segregation at the grain boundary,

calculations were done for B substituting Al and Fe at three

different locations and for B filling empty spaces along the

interface. In each case, the defect formation energies were

calculated to determine the site preference and their relative

stability. The results indicate that B doping is metastable in

the bulk and tends to segregate along the grain boundary. The

overall behaviour of the B atoms at the boundary is essentially

driven by the strong Fe–B interactions.

Introduction

Iron-rich aluminides are potential candidates for a wide range

of applications as high-temperature structural materials for

magneto-electronic, automotive and power production

industries. It is well known that iron–aluminide alloys

exhibit limited strength and creep resistance at high tem-

perature and low ductility at room temperature. The

introductions of a second phase as precipitate or doping by B

atoms are common practices used to improve these weak-

nesses. Several theoretical and experimental works have

demonstrated that the mechanical and embrittlement prop-

erties can be improved by small addition of boron and 3d-4d

transition metallic elements [1–9]. For example, FeAl alloys

present an intrinsic intergranular brittleness in their ‘pure’

state and change their fracture mode, when boron-doped,

towards a less brittle fracture taking place in a transgranular

manner [10–12].

Several theoretical studies based on first principles cal-

culations have already concentrated on determining the

stability and the nature of the defects present in FeAl

intermetallic compounds [13–17]. In the case of B doping,

the B atom has only been studied as interstitial on octahedral

sites [18, 19] or as a substitute to Fe and Al atoms [17, 20]

but the insertion on tetragonal sites has been ignored. Fur-

thermore, the effect of the B atom at grain boundaries has

not been studied in FeAl using the high potential of ab-initio

calculations. Therefore, the aim of this article is to gain new

insights on the effect of B atoms in FeAl intermetallics,

including the study of B on tetrahedral sites and at sigma 5

(310)[001] type of grain boundary.

Methods

Computational method

Calculations based on the density functional theory (DFT)

[21, 22] have been carried out using the Vienna ab initio

software package (VASP) [23–27]. The Vanderbilt
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ultrasoft pseudopotentials [28] of the VASP library and a

plane wave basis set were used for the calculation. The

pseudopotentials were generated within the framework of

the gradient-conjugated approximation (GGA) [29] to

describe the exchange correlation energy. In the pseudo-

potential approach, the core electrons that do not

participate in the atomic bonding are frozen and only the

valence electrons are taken into account. The electronic

configurations, the selected kinetic energy cut-off and the

atomic Wigner-Seitz radii used to calculate the partial

density of states are reported in Table 1.

A Monkhorst-Pack grid was used to sample the Brillouin

zone [30]. The dimension of the k point grid varies with the

cell size in order to keep a constant k point density in the

Brillouin zone. In the pure FeAl compound, with a kinetic

value of cut-off fixed at 240 eV and a grid of 84 points

(12 9 12 9 12), the convergence of the total energy was

close to 0.001 eV. The influence of different boron defects

was analysed with periodic boundary conditions using a

supercell containing 54 atoms (3 9 3 9 3 primitive cell).

In this case, the k points grid of the supercell was 4 9 4 9 4

(10 points). In some cases, comparison was also done with a

supercell containing 16 atoms (2 9 2 9 2 primitive cell).

The grid was modified in the case of the grain boundary

studies in order to conserve the k points density.

Among the different convergence tests performed to

assess the energy cut-off of FeAl, some comparisons were

done with 240 and 350 eV as energy cut-off. The differ-

ence in energy convergence between the two cases was

lower than 0.005 eV. The selected kinetic energy cut-off

was 280 eV in the supercell when a boron atom was added.

The calculation was semi-relativistic and the spin

polarisation was taken into account for the all the calcula-

tions. Only the ferromagnetic cases were considered

because the iron ferromagnetic case was the most stable.

All the structures have been relaxed using a conjugate

gradient algorithm. Both the atomic position and supercell

volume have been optimised. After relaxation, the forces

on the atoms were checked to be lower than 0.02 eV/Å and

the external pressure lower than 0.5 kB.

Simulation boxes

The FeAl compound has a B2 structure (space group 221,

prototype CsCl, person symbol cP2) where the cell is cubic

and the coordinates of the iron and Al atoms are (0,0,0) and

(0.5,0.5.0,5), respectively. This is represented in Fig. 1.

The selected system size (number of atoms) used for the

calculations is a compromise between accuracy and com-

puting cost. A ‘‘supercell’’ of 3 9 3 9 3 B2 cubic cells

consisting of 54 atoms in total was used to study the effect

of B in the bulk. The cell has the following lattice vectors

(3a,0,0), (0,3a,0), (0,0,3a), and both the atomic positions

and the supercell volume have been optimised. For the case

of B segregating at sigma 5 (310)[001] boundaries, a cell

configuration consisting of a total of 36 Fe and Al atoms

was used. In order to simulate a structure with defect, an

extra impurity atom of boron was placed within the

supercells.

For the bulk analysis, three different types of structural

defects were investigated. In the first configuration

(Fig. 2a), the interstitial impurity atom was placed on the

Table 1 Pseudopotentials parameters used in the present work

Element Fe Al B

Electronic configuration [Ar]3d74s1 [Ne]3s23p1 [He]2s22p1

Kinetic energy cut-off (eV) 237 129 257

Atomic Wigner-Seitz radii (Å) 1.302 1.402 0.905

Fig. 1 B2 structure of the FeAl compound

Fig. 2 Schematic of the three boron insertion configurations in the

B2-FeAl structure: (a) boron atom in a tetrahedral position having

2Fe and 2Al atoms first neighbours (Bi tetra). (b) boron atom in an

octahedral position with 2Al atoms as first neighbours (Bi octa Al),

(c) boron atom in an octahedral position with 2Fe atoms as first

neighbours (Bi octa Fe)
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tetrahedral site (Bi tetra) of the B2 lattice. In the second one

(Fig. 2b and c), the impurity atom was placed at octahedral

positions (i.e. at the middle of the cubic cell and at the

middle of the edge). The octahedral configuration allows

two different positions: (i) the B atom placed between two

aluminium atoms as first neighbours (Bi octa Al—Fig. 2b) or

(ii) between two first neighbour atoms (Bi octa Fe—Fig. 2c).

The third configuration is the substitution of a metallic

atom by the B impurity. Again, this generates two possi-

bilities: (i) B replacing Al and having iron as first

neighbours BAl (Fig. 3a) and (ii) B replacing an Fe atom

(Fig. 3b).

The simulation of the R5 grain boundaries was done

within the CSL (Coincidence Site Lattice) scheme.

Figure 4 shows the simulation cell with its (310) interfacial

plane. In this case, 18 atomic planes were needed to obtain

sufficient separation between the two cell boundaries and,

thereby, reasonable energy convergence. This has lead to a

total of 36 atoms. In Fig. 4, the simulation cell used is

viewed along the [001] direction and the different empty

positions used to place impurities are highlighted. The

cell containing the 36 atoms has following lattice vectors

(
ffiffiffiffiffi

10
p

a,0,0), (0, N
ffiffiffiffiffi

10
p �

6 sin a,0), (0,0,a). N is the number

of planes, a is the angle of misorientation (36.87� for the

sigma 5 (310)). Both the atomic positions and the supercell

volume have been optimised for the calculations.

Formation energies

The formation energy of a defect was calculated using the

procedure described in [31, 32].

For the boron atom in insertion, the following reaction

way is considered:

FeAl (solid) + B (solid)! FeAl + B (solid).

In this case, the formation energy is given by:

EF ¼ Esolid
FeAlþB � Esolid

FeAl � Esolid
B , where Esolid

FeAlþB is the energy

of the supercell with a boron atom (16 or 54 atoms with one

boron atom), Esolid
FeAl is the energy of the supercell without

the defect and (16 or 54 atoms 50% iron and 50% alu-

minium) Esolid
B is the energy of one boron atom in the

rhombohedral structure (cell with 12 atoms).

For substitution, the following reactional way is

considered:

FeAl (solid) + B (solid)!FeAl + B (solid) + Fe or Al (solid).

The formation energy associated is EF¼Esolid
FeAlþBþ

Esolid
Fe or Al�Esolid

FeAl�Esolid
B ; where solid

Fe or Al is the energy of one

atom of Fe or Al depending on which atom is replaced (the

cell of Al or Fe pure has one atom).

The number of atoms transferred from the supercell to

the reservoir (B solid or Fe/Al solid) in order to create the

defect is one. To maintain the accuracy by error cancella-

tion, the energies are computed with the same grid of k

points and the same kinetic energy cut-off values for the

same supercell size.

Results and discussion

Bulk

Table 2 gives the calculated lattice parameter together with

the energy of convergence, the k points and energy cut-off

values that were used in the case of the bulk FeAl B2

structure without any defect. For comparison, in Table 2, is

also given the experimental lattice parameter.

The structure was optimised by the relaxation of the

lattice parameter in order to minimise the forces and the

stress tensor. At the most, the a parameter is only

approximately 0.5% different from the experimental one.

The data in Table 2 also show that there is no or very

Fig. 3 Schematic of the two substitution configurations: boron atom

(in grey) substituting (a) an Al atom (BAl) and (b) a Fe atom (BFe)

Fig. 4 Schematic of the sigma 5 grain boundary with the (310)

interfacial plane
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limited effects when modifying the k points and Ecut val-

ues within the range used in the present work. The different

parameter modification yields a volume error of 2% or less,

which is within the error usually obtained with DFT

methods.

Concerning the supercell doped by boron atoms, the

structure was optimised by alternatively repeating the

relaxation of the ions in order to minimise the forces,

the variation of the volume and the shape of the supercell

to minimise the stress tensor. The values of the energy of

the various defects within the grand-canonical framework

formed with boron (Ed) are given in Table 3 together with

their energy of formation. The Ed values obtained with a

supercell of 54 atoms are quite consistent with the previ-

ously reported data given in [18, 19]. In addition, even

when the cell size is reduced down to 16 atoms, the trends

are nicely reproduced.

In terms of energy formation, all the energies are posi-

tive. This indicates that the energy of the system without

defect is always lower than the energy of the system with a

defect. In other words, none of these configurations with

boron atom is energetically favourable in the bulk, which

suggests that additional ‘‘perturbation’’ of the crystallo-

graphic structure should be required to stabilise the boron

atom in this intermetallic. As will be discussed further

hereafter, this can be done by the presence of dislocations

and grain boundaries, for example. Among these ‘‘virtual’’

metastable configurations, the classification of the most

favourable case to the least probable one is:

BAl\Bi octa Al\Bi octa Fe\BFe\Bi tetra Fe.

The energy maximum is for the configuration where B is

on a tetrahedral site. Modelling showed that a relative

maximum point exists for the atomic migration of the B

atom. This point is located halfway between the two types

of octahedral sites. Despite this high energy value at

2.06 eV corresponds to a local minimum because the boron

atom was found to be stable at the centre of the tetrahedral

site. The migration energy must be higher than the energy

difference between the octahedral and the tetrahedral

configurations: 0.70 eV on the Bi octa Al side and 0.18 eV

on the Bi octa Fe side.

The lattice parameter associated with the different types

of B defects together with their relative variation with

respect to the configuration corresponding to the bulk,

defect-free FeAl structure are given in Table 4.

In terms of cell size, the variations in lattice parameter

are always rather small, less than 0.6%. However, the

trends are very clear. The data indeed indicate that the

substitutions of Fe and Al by B create a contraction while

inserting a B atom on an interstitial site creates an

expansion of the lattice. The highest amount of expansion

is obtained for B inserted on a tetrahedral site.

Grain boundary without defect

The sigma 5 (310) structure was optimised for different

number of crystallographic planes separating the grain

boundaries. Table 5 gives the calculated surface energy as

a function of the number of separating planes.

The interface energy, c, was calculated using the fol-

lowing expression:

c ¼ Einterfaces
FeAl Evolume

FeAl

2Sinterfaces

Table 2 Lattice parameter and convergence energy in the primitive

FeAl cell

Optimization B2 FeAl

Energy by motif

(eV)

k points Ecut

(eV)

A (Å)

This work -12.590 8 9 8 9 8 240 2.8759

-12.593 15 9 15 9 15 240 2.8759

-12.589 15 9 15 9 15 350 2.8774

Experimental

[33]

2.862

Table 3 Formation energies of Boron defect and grand canonical defect energies (Ed) in eV

Boron defects

Bi octa Al Bi octa Fe Bi tetra BAl BFe Atom by supercell

Ed Yan (LDA) [18] -5.94 -5.09 – -1.93 +1.42 136

Besson (SGGA) [19] -5.88 -4.92 -2.54 +3.54 54

This work (SGGA) -4.52 -4.67 -4.18 -1.62 +3.62 16

This work (SGGA) -5.34 -4.82 -4.64 -2.47 +3.64 54

Eformation Yan (LDA) [18] +0.97 +0.12 – 0.00 +0.11 136

This work (SGGA) +2.18 +2.03 +2.52 1.38 +2.02 16

This work (SGGA) +1.36 +1.88 +2.06 0.54 +2.03 54
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where Einterfaces
FeAl is the energy of the FeAl with two grain

boundaries by cell, Evolume
FeAl is the energy of the FeAl

compounds without defect and Sinterface is the dimension of

the interface. We can observe that the interface energy

converge quite rapidly. Therefore, for the B free structure

the configuration with nine crystallographic planes

between two grain boundaries can be considered.

Grain boundary with Boron segregation

B atoms have been introduced at different locations along

the grain boundary for the previously optimised cell size

where nine crystallographic layers separated the grain

boundaries in the simulation box. In this case of a fairly

small supercell (nine planes), a small distortion occurred at

the opposite grain boundary that was not doped with B. To

avoid this effect, calculations were also carried out using a

supercell having 20 planes between the adjacent grains

boundaries. In this case, to avoid extremely long calcula-

tion times, only the gamma point was used to represent the

k points (1 9 1 9 1 instead of 4 9 2 9 9). The details of

the calculation are recalled in Table 6 together with the

different results of energy formation (EF) obtained for the

different B atom locations studied. The calculations were

done for B substituting Al and Fe at different locations

along the interface as well as for B filling empty spaces

where the free volume is important. The different config-

urations are shown in Fig. 5. They consist of three

substitutions of Al atoms (marked Al1 to Al3—black

atoms), three substitutions of Fe atoms (marked Fe1 to

Fe3—white atoms) and two insertions at the boundaries for

which the B atom is either surrounded by Fe near-neigh-

bour atoms (Insertion 1) or Al ones (Insertion 2).

For the insertion and substitution cases respectively, the

formation energy of the boron defects in the grain bound-

ary are the following:

EGB
F ¼ EGB

FeAlþB � EGB
FeAl � Esolid

B for the energy of an

insertion defect, and

EGB
F ¼ EGB

FeAlþB þ Esolid
Fe or Al � EGB

FeAl � Esolid
B for the energy

of a substitutional defect, where EGB
FeAl and EGB

FeAlþB are the

energies of a grain boundary without and with a boron

defect.

The results for the six possible substitutions and two

insertions along the sigma 5 (310) boundary are given in

Table 6. Except for the case of the Fe2 substitution, the

results of the calculations done using 9 or 20 planes in the

simulation box give the same general trends. In the case of

Table 4 Lattice parameters associated with the different types of B

defects and their relative variation compare to a defect-free FeAl

structure

Type of boron associated defect

Bi octa Al Bi octa Fe Bi tetra BAl BFe FeAl

a0 (A) 2.891 2.892 2.895 2.869 2.872 2.878

Da0 (%) +0.44 +0.49 +0.59 -0.33 -0.24 0

Table 5 Interface energies convergence test carried out with the

(4 9 2 9 9) k-points grid

Interface energies cs (J/m2)

Atomic planes between two grain boundaries R5(310)[001]

5 1.149

7 1.128

9 1.124

Table 6 Formation energy of a boron defect in a sigma 5 (310) grain boundary

Boron defects in the sigma 5(310)

Positions Planes k points Insertion 1 Insertion 2 Al1 Al2 Al3 Fe1 Fe2 Fe3

EF (eV) 9 4 9 2 9 9 -1.53 -0.30 1.16 -1.29 0.51 1.39 -0.50 0.47

EF (eV) 20 1 9 1 9 1 – – 1.02 -0.22 0.12 1.24 1.36 1.05

Fig. 5 Visualisation of the possible doped boron sites in the sigma 5

grain boundary with the (310) interfacial plane
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Fe2 substitution the change in trend are associated with a

fairly strong modification of the self consistent calculation,

which is more precise for this highest atomic plane (20

planes). Thus, it is clear that the substitution of Fe by B is

never favoured when compared to substituting an Al atom.

Among the different substitution configurations, the Al2

configuration is the most favourable. In this case, the B

atom substituting Al becomes surrounded by three Fe near-

neighbours. The presence of these Fe-B bindings is the

reason for the higher stability of this configuration. It has

indeed been demonstrated recently that Fe–B interactions

are much more important than Al–B ones when the B atom

is located on an Al site [20]. Other favourable configura-

tions are the insertion of the B atom within the empty

spaces left along the R5 boundary. Again, this is particu-

larly true when Fe near neighbours surround the B atom

such as the case ‘‘Insertion 1’’.

Conclusion

Ab initio calculations have been carried out to depict the

behaviour of B atoms in the bulk and at symmetric R5(310)

tilt grain boundaries of the ordered stoichiometric B2-FeAl

intermetallic compound. The main results are as follows:

– In the bulk, 0.50 eV must be given to stabilise a BAl

(substitution) defect and the insertion of B at tetragonal

sites is the least possible case.

– The lattice parameter decreases when the boron atom is

on a substitution site (volume effect), and increases

when the boron atom is on an insertion site.

– A boron atom in the bulk is metastable and tends to

segregate as an interstitial or a substitutional (for Al)

impurity along the grain boundary.

– The interface energy in a symmetric R5(310) tilt

boundaries of the ordered stoichiometric B2-FeAl

compound has been established to be 1.12 J/m2 in the

B-free system.

– At the grain boundary, the favoured configurations are

those that create Fe-B interactions very close to the

theoretical boundary. Therefore, for a R5(310) tilt

boundary, only two configurations are favoured out of

the eight possible ones.
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