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The phase diagrams and elastic properties of the Fe-Cr-Al alloys in full-temperature and all-compositional ranges
are calculated. By combining ﬁrst-principles calculations and cluster variation method, binary and ternary phase
diagrams are obtained. A new ternary ordered phase B32 which is diﬀerent from ternary extension of binary
phases appears in the ternary section around temperature of 600 K. The binary FeAl phases show an extremely
high solubility for Cr, while the binary CrAl phase solid solution has a low solubility for Fe. By combining ﬁrstprinciples calculations and cluster expansion method, the bulk modulus, shear modulus and Poisson's ratio are
calculated. The shear modulus and Poisson's ratio show a strong ordering dependency, while the ordering dependency in bulk modulus is weak. Disordered Fe-Cr alloys with a little Al solvent shows ductile property, the Alrich corner has brittle property.
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1. Introduction
Fe-Cr-Al alloys are of interest in high temperature structural applications [1] due to the easy production of protective coatings alumina
[2,3]. They have also been proposed as candidates for nuclear-grade
alloys [4,5]. Besides the extraordinary corrosion and oxidation resistance [6,7], the properties such as formability, mechanical strength
[8,9], creep strength [10], and radiation tolerance [11] have been investigated.
The bulk modulus, shear modulus and Poisson's ratio are three most
fundamental mechanical properties. The bulk modulus and shear
modulus reﬂect the resistance of a material against shape and shear
deformation [12], and Poisson's ratio characterizes diﬀerent mechanical behavior such as stiﬀ and brittle [13,14]. The ﬁrst-principles calculations of elastic properties on binary Fe-Al alloys [15,16], Fe-Cr alloys [17,18] and CrAl-B2 phase [19] revealed the lattice, pressure and
concentration dependencies of the three properties. The ﬁrst-principles
based calculations present a reduction in bulk modulus as the increase
of temperature in the CrAl-B2 and FeTi-B2 phase [19,20]. Due to the
complexity of ternary alloys, there are no ﬁrst-principles calculations of
mechanical properties on Fe-Cr-Al alloys.
Phase diagrams are the foundation in performing materials research. Calculations of phase diagrams are of great interest since they
serve as a roadmap for materials design and process optimization. The

experimental phase diagram of the Fe-Cr-Al alloys has two sections, the
Fe-Cr rich section in which Fe-Cr solid solution is stable [21] and the Al
rich section in which ternary intermetallic phases exist [22]. At
1000 °C, no ternary intermetallic phase was found experimentally in the
Al-corner region [23]. The binary intermetallic phases can be extended
to ternary ones by dissolving considerable amounts of the third component. In the exploration of Fe-Cr-Al quasicrystals, ternary intermetallic phases which were crystal approximations of quasicrystals in
Al-rich regions were experimentally sythesised [24–27]. Although there
are phase diagrams of the Fe-Cr-Al alloys obtained by the experimental
methods and thermodynamic approach [28,29], there are no phase
diagrams based on ﬁrst-principles calculations.
In this paper, we have calculated the phase diagrams and elastic
properties of the Fe-Cr-Al system in full-temperature and all-compositional ranges based on ﬁrst-principles calculations. We found that FeCr-Al system shows a high solubility for Cr and low solubility for Fe,
and a new ternary ordered phases B32 is found around 600 K. There are
strong ordering dependencies in the shear modulus and Poisson's ratio,
and Poisson's ratio reveals the brittle properties in Al-rich corner. The
outline of this paper is as follows: Section 2 describes the methods used
for the calculations. Section 3 shows the results on phase diagrams and
elastic properties. And Section 4 is our conclusions.
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2. Methods

U = 6N ∑

The Fe-Cr-Al phase diagrams and elastic properties are investigated
in the following way. The ﬁrst-principles calculations give the stable
phases and elastic properties at zero temperature. Then the results are
extended to ﬁnite temperature by means of the cluster variation method
(CVM) [30,31] and cluster expansion method(CEM) [32]. In the following, ﬁrst-principles calculations, CVM and CEM are brieﬂy introduced.

where εαβγδ is the eﬀective four-body interaction parameter [43], which
can be written as

αβγδ

εαβγδ =

x α = (pαi + pαj + pαk + pαl )/4.

(4)

By minimize the normalized grand potential

J
kB TN

with respect to the

αβγδ
probability pijkl
, we obtain the natural iteration method (NIM) formula
[44,45]
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where the factor Φ depends on the interaction energies and chemical
potentials

2.2. Cluster variation method
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The cluster variation method(CVM) introduced by Kikuchi [31] has
been widely used in investigating alloy phase diagrams [38–40]. For
the phase diagram calculations of Fe-Cr-Al alloy, the irregular tetrahedron (IT) cluster approximation [41] which is commonly used in
literature [39,40,60] is adopted. Fig. 1 is the IT cluster and the four
vertices of an IT cluster are labeled by i, j, k , l for convenience. The
basic variables in CVM are the occupation probabilities on sublattices of
the basic IT cluster. Point probability pαi represents species α occupying
site i, pair probability pijαβ represents species α and β occupying sites i

(6)

λ is the Lagrange multiplier which ensures the normalization condition
αβγδ
∑ pijkl

= 1.
(7)

αβγδ

For each T and μα , an equilibrium state can be obtained by iteration
procedure. The tolerance of the probability convergence is 10−8 in our
calculations.
The ordered and disordered phase of bcc lattice are listed in Table 1.
They can be distinguished by the symmetries among the four sites in IT
clusters. The order parameters for species α in Table 1 are deﬁned as
[46]

αβγ
and j respectively, three-point probability pijk
represents species α , β
and γ occupying sites i, j and k respectively and four-point probability
ijkl
pαβγδ
represents species α , β , γ and δ occupying sites i, j, k and l, respectively. In our calculations, we consider only eﬀective interaction
energies containing nearest neighbor, next neighbor, three-body and
four-body interactions. The largest correlations in entropy is four-body
correlation and vibrational eﬀects on the thermodynamics are neglected here.
The grand potential J of an n-element alloys with N lattice points is
written as [41,42]

ξ1 (α ) = pαi + pαj − pαk − pαl ,
ξ2 (α ) = pαi + pαk − pαj − pαl ,
ξ3 (α ) = pαi + pαl − pαj − pαk .

(8)

The A2 phase is disordered one because the four sites are equivalent
and the order parameters for n species of the system are zero. While the
other three are ordered ones because the symmetry among four sites is
broken and the nonzero order parameters appear. Eq. (5) holds

n
α=1

(3)
(2)
wαβ

The
s are interactions between the nearest neighbors and
s are
those between the next nearest neighbors. The w̃αβγδ s are the correction
terms beyond two-body interactions in the tetrahedron approximation
[43,44]. These interactions are deduced from formation energies of
stoichiometric compounds obtained by the ﬁrst-principles calculations
[37]. In the second term of Eq. (1), T is temperature and S is the conﬁgurational entropy [45]. In the third term of Eq. (1), μα and x α are
respectively the chemical potential and concentration of species α . The
latter can be calculated by the point probabilities piα as

The formation energies and elastic properties of the stoichiometric
compounds are calculated using VASP(the Vienna ab initio simulation
package) [33,34]. The approach is based on an iterative solution of the
Kohn-Sham equations of the density-functional theory (DFT). Since the
system is known to be magnetic, we have performed the spin-polarized
calculations. The ion core are modeled by the projector augmented
wave potentials (PAW) [35]. The valence electrons are described by a
plane-wave basis set with cutoﬀ energy of 520 eV and the exchange
correlation functional of the generalized gradient approximation (GGA)
is given by Perdew et al [36]. The tolerance of the energy convergence
is 10−5 eV. In order to determine the accurate interaction parameters,
we have employed the same size of supercells for diﬀerent structures
[37]. The calculations are performed on the supercell of same size with
the D03 structure containing 16 atoms. A mesh of Γ centered grids
10 × 10 × 10 is used to sample the Brillouin zone for self-consistent
calculations.

∑ μα x α .

1 (1)
1 (2)
(1)
(1)
(1)
(2)
(wαγ + wαδ
+ wβγ
+ wβδ
) + (wαβ
+ wγδ
) + w˜ αβγδ .
6
4
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2.1. First-principles calculations

J = U − TS − N

(2)

(1)

The ﬁrst term U is the formation energy, which can be represented as

Table 1
Ordered and disordered phases in bcc lattice. The A2 phase is disordered one
and the other three are ordered ones.
phase

prototype

point probabilities

order parameters

A2

Fe

pαi = pαj = pαk = pαl

ξ1 (α ) = ξ2 (α ) = ξ3 (α ) = 0

B2

CsCl

pαi = pαj ≠ pαk = pαl

ξ1 (α ) ≠ 0, ξ2 (α ) = ξ3 (α ) = 0

D03

BiF3

ξ1 (α ) ≠ 0, ξ2 (α ) = ξ3 (α ) ≠ 0

B32

NaTl

pαi
pαi

≠
=

pαj
pαk

≠
≠

pαk
pαj

=
=

pαl
pαl

ξ2 (α ) ≠ 0, ξ1 (α ) = ξ3 (α ) = 0

The relations for point probabilities and order parameters hold for every species
of the system.

Fig. 1. Irregular tetrahedron cluster on bcc lattice.
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stable phases with notation ‘ †’ are the ground states which located on
the convex hull lines of energy convex hull where the y-axis is the
formation energy and the x-axis is the composition as shown in Fig. 2.
The formation energies are used to determine the stable phases and
deduce the CVM interaction parameters. The reference states are bcc
structures of pure components for simplicity. The reference states are
related only to the site energies and do not aﬀect the interaction energies. As the energy diﬀerence between antiferromagnetic and nonmagnetic bcc Cr is only 1.3 meV/atom [55], the nonmagnetic Cr reference state is used in our calculations. The energy diﬀerence of
antiferromagnetic and nonmagnetic bcc Cr only leads to 1% shifting in
CVM interaction parameters. The bulk modulus K, shear modulus G and
Poisson's ratio v are obtained by Voight-Reuss-Hill (VRH) approximation [56]. The interaction parameters for phase diagrams and elastic
properties calculations are listed in Table 3.
For the phase diagram calculations of Fe-Cr-Al alloy, we only consider bcc and bcc superstructures. The energy convex hulls of Fe-Cr, FeAl, and Cr-Al are shown in Fig. 2, and the formation energies for nonbcc stable structures FeAl 6 -Cmcm, Cr2 Al-I4/mmm, CrAl3 -I4/mmm and
Cr7Al 45 -C2/m from USPEX [57,58] calculations are also included. These
non-bcc stable phases are consistent with the phases in Materials Project [59]. In Fig. 2, the stable phases on red solid lines are the stable
phases within bcc superstructures, and the ones on black dotted lines
are the stable phases beyond bcc superstructures. As we can see, there is
no stable intermetallic phase in Fe-Cr alloy, and the non-bcc stable
phase FeAl 6 -Cmcm does not aﬀect the stabilities of the bcc ones in Fe-Al
alloy. While in Cr-Al alloy, the non-bcc stable phases Cr2 Al-I4/mmm,
CrAl3 -I4/mmm and Cr7Al 45 -C2/m aﬀect the stability of the bcc one
CrAl-B32. The bcc phase CrAl-B32 becomes a metastable phase and
notated as ‘ ‡’ in Table 2.
And also the results computed by others and experimental ones are
also listed in Table 2. For the Fe-Cr alloys, there are no experimental
results to compare. Our results show linear dependencies of the lattice
constant, bulk modulus and shear modulus on concentration, which are
in good agreements with the results in Ref. [17]. The lattice constants
and bulk moduli of the Fe-Al alloys show good agreement with other
experimental and calculated values [16,48–50,52–54]. The slight deviations arise from diﬀerent calculation methods. As for the Cr-Al alloys, we merely found a B2 phase result by calculation [19].

symmetry in iteration procedure [30].
2.3. Cluster expansion method
According to Eq. (2), the formation energy depends on the occuijkl
pation probabilities pαβγδ
. Similarly, a function f of any conﬁguration σ
can be calculated by CEM [47,48]. For elastic property f, we have

f (σ ) = 6

ijkl
∑ ε (f )αβγδ pαβγδ

+

αβγδ

∑ ν (f )α x α ,
(9)

α

where ν (f )α is the property f for species α , and ε (f )αβγδ is eﬀective
coeﬃcients within the tetrahedron approximation and is expressed by

ε (f )αβγδ =

1
(1)
(1)
(1)
(w (f )αγ
+ w (f )(1)
αδ + w (f ) βγ + w (f ) βδ )
6
1
(2)
˜ (f )αβγδ .
+ (w (f )αβ
+ w (f )(2)
γδ ) + w
4

(10)

The coeﬃcients in Eq. (10) are calculated using the methods described
in Ref. [37]. Eq. (2) and (3) are the CEM for formation energy U.
3. Results and discussion
3.1. Interaction parameters
The relaxed lattice constants, formation energies, and elastic properties of the phases are listed in Table 2. Since the unit cells of D03 and
B32 structures are 2 × 2 × 2 as the ones of A2 and B2 structures, the
lattice constants of A2 and B2 are doubled for easy comparison. The
Table 2
Results of ﬁrst-principles calculations: lattice constants a (Å), formation energies U (eV/atom), bulk moduli K (GPa), shear moduli G (GPa) and Poisson's
ratios v of the system.
compounds
Fe-A2

†

Cr-A2†

Al-A2†
FeCr-B2
FeCr-B32
Fe3Cr-D03
FeCr3-D03
FeAl-B2†

FeAl-B32
Fe3Al-D03†
FeAl3-D03
CrAl-B2
CrAl-B32 ‡
Cr3Al-D03
CrAl3-D03
a
b
c
d
e
f
g
h
i
j

a

U

K

G

v

5.66
5.74a
5.68b
5.68
5.76c
5.70d
6.46
6.44e
5.64
5.65
5.65
5.65
5.76
5.82f
–
5.86
5.80h
5.74
5.81g
5.99
5.98h
6.06
6.10j
5.89

0
–
–
0
–
–
0
–
0.19
0.09
0.06
0.12
− 0.37
− 0.38i
− 0.24
− 0.22i
− 0.24
− 0.26i
− 0.08
− 0.09i
− 0.07
–
− 0.12

190.7
173.1a
187.0b
261.5
191.0c
254.7d
61.4
68.8e
196.4
232.9
191.3
231.4
175.3
152.0f
176.0g
144.1
169.8h
175.1
152.0g
130.6
127.4h
128.7
120.2j
170.9

79.0
87.5a
84.0b
104.4
119.8c
128.1d
32.6
–
39.4
35.1
88.4
102.9
95.4
–
112.0g
20.6
–
77.2
88.0g
59.9
–
87.3
34.6j
78.9

0.318
0.284a
0.305b
0.324
0.241c
0.285d
0.273
–
0.406
0.428
0.230
0.306
0.270
–
0.238g
0.432
–
0.308
0.257g
0.301
–
0.224
0.369j
0.300

5.91
6.12

− 0.04
0.07

210.1
81.4

57.9
118.0

0.374
0.011

3.2. Binary phase diagrams
Three binary phase diagrams have been obtained by CVM with the
interaction parameters listed in Table 3.
Fig. 3(a) shows the calculated Fe-Cr phase diagram. There is no
stable intermetallic phase in the Fe-Cr alloy which is consistent with the
result obtained from the ﬁrst-principles calculations. The maximum
critical temperature that separates the solid solution section and miscibility gap is 350 K which is close to the critical temperature 370 K
obtained with interaction parameters ﬁtted by experimental data [60].
Experimentally, there was an intermetallic σ phase when temperature is
320 ∼ 1103 K [61]. The space group of the σ phase is P 4 2/ mnm [62],
and its possible structures have been investigated by ﬁrst-principles
calculations [63,64]. Since the σ phase is non-bcc lattice, it is not included in the present calculations.
Fig. 3(b) shows the calculated Fe-Al phase diagram. The phase
transitions between the A2/B2 and B2/D03 are the second-order one
[40]. The stable intermetallic phases are FeAl-B2 and Fe3 Al-D03 which
are consistent with the results from ﬁrst-principles calculations. The
main features of the experimental phase diagram are reproduced. The
maximum critical temperatures for the A2/B2 and B2/D03 transition
are 3200 K and 1015 K respectively, which are consistent with pervious
calculations [40]. The low solubility of Fe in Al-A2 is in good agreement
with the experimental results [65]. And the large phase separation in
Al-rich region corresponds to three non-bcc experimental intermetallic
phases FeAl2 , Fe2 Al5 , and FeAl3, as well as the phase separations

Exp. in Ref. [49].
Cal. in Ref. [50].
Exp. in Ref. [51].
Cal. in Ref. [17].
Cal. in Ref. [52].
Exp. in Ref. [53].
Cal. in Ref. [16].
Cal. in Ref. [48].
Cal. in Ref. [54].
Cal. in Ref. [19].
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Fig. 2. (a)-(c) Energy convex hulls of Fe-Cr, Fe-Al, and Cr-Al alloys. Red solid and black dotted lines correspond to the convex hull lines within and beyond bcc
superlattices. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

only one metastable intermetallic phase CrAl-B32 as shown in Table 2.
The maximum transition temperature for the A2/B32 transition is
1395 K at 48 at% Al. The only ordered compound B32 shows a narrow
stability range near the equiatomic composition. The nonzero Al solubility in Cr begins at 300 K and the solubility increases to 30 at% Al at
900 K. The phase separation A2(Cr)+B32 in the Cr-rich region is in
good agreement with the experimental results [67]. The other phase
separation A2(Al)+B32 in the Al-rich region corresponds to the nonbcc phases determined by the experimental methods [67,68]. The Cr-Al
phase diagram obtained by Eleno using CVM method shows two stable
ordered phases B2 and D03 [39], and the B2 and D03 ordering phenomena are due to the interaction parameters derived from the experimental data at the temperature where B2 phase exists [67].

Table 3
Interaction parameters for phase diagrams and elastic properties calculations.
Phase diagrams: formation energies U(10−2 eV/atom). Elastic properties: bulk
moduli K(GPa), shear moduli G(GPa), and Poisson's ratios v (10−2) .
α

β

f

w (f )(1)
αβ

w (f )(2)
αβ

w˜ (f )αβαβ

w˜ (f )αβββ

Fe

Cr

Fe

Al

Cr

Al

U
K
G
v
U
K
G
v
U
K
G
v

4.80
− 7.42
− 13.08
2.13
− 1.86
12.31
9.89
− 0.66
− 9.22
− 8.18
4.68
− 1.89

− 2.31
− 1.53
19.44
− 4.14
0.04
− 5.27
− 6.68
0.93
− 3.83
10.02
− 25.30
6.68

1.01
4.38
− 14.80
3.15
− 1.34
1.54
− 5.83
2.01
0.93
− 0.71
12.82
− 2.70

0.92
0.80
0.31
0.06
1.85
3.36
0.99
0.25
2.68
− 4.78
16.01
− 5.63

3.3. Ternary isothermal phase diagrams
Fig. 4 shows the isothermal sections of the Fe-Cr-Al phase diagrams
from 600 to 3000 K. Since the only stable phase in the Fe-Cr alloys is
solid solution, all these isothermal phase diagrams give the disordered
phase along the FeCr axis. The ordered phases in the Fe-Al and Cr-Al
alloys are dissolved with the third component, resulting in an extension
of binary ordered phases to the ternary region.
The isothermal section at 600 K shows more complex phases than
other sections. There is a wide phase separation at the Al-rich corner.
The solubility of Fe in the Cr-Al binary phase is small and thus there is
only a small sector for the ternary extension of CrAl-B32 and a narrow

between them [65]. We notice that the experimental critical temperature of A2/B2 transition is 1750 K [66]. Since the maximum temperature of B2 phase in experiment is the peritectic temperature, which
leads to liquid phase cap on the temperature scale, we can not compare
our maximum critical temperature with the experimental one. Also we
ignore the phonon eﬀect which can lead to a reduction of ∼ 10% in
temperature scale [38].
In Fig. 3(c), we show the calculated Cr-Al phase diagram. There is
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Fig. 3. (a)-(c) Phase diagrams of Fe-Cr, Fe-Al, and Cr-Al systems. Red solid and dotted lines correspond to the ﬁrst- and second-order phase transitions, respectively.
The shaded areas are the phase separation regions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article).

ordered phase B32 disappears. The signiﬁcant reduction occurs in the
extensions of Cr-Al ordered phases. There is a slight increase of Al solubility in the ternary extensions of Fe-Al binary phases B2, D03 , and
A2. At 1000 K, the ternary extension of FeAl-D03 disappear. The ternary
extensions of Cr-Al ordered phases also disappear and is replaced by a
solid solution A2 phase.
As temperature increases to 2000 K, the main feature of the section
is that there are wide A2 phases and the ternary extension of FeAl-B2,
and the phase separation between them remains. When temperature
increases to 3000 K, the phase separation is deﬂated to a second-order
phase transition, and the solubility of Cr in the extended FeAl-B2
ternary phase is 18 at%. The ternary extension of the FeAl-B2 phase
disappears when temperature above 3200 K. The eﬀect of phonon
which is not considered in our rigid lattice CVM model gets more important with the temperature up to 2000 K. Kikuchi comes up with a
continuous displacement model which is beyond rigid lattice assumption by introducing the atom degrees of freedom [40], and Mohri and
Chen handle the vibrational degrees of freedom by using a DeybeGrünneisen model [38]. Both of them get a reduction of temperature in
phase diagrams.

extension of Cr-A2. While the solubility of Cr in the Fe-Al alloys approaches 90 at%Cr, resulting in three triangle regions for the extended
binary phases B2, D03, and A2. Furthermore, a ternary ordered phase
B32 appears which is located between the ternary extension of FeAl-B2
and the phase separation A2(Cr)+B32(CrAl). It may be considered as a
transitional phase between two extensions of equiatomic binary phases
FeAl-B2 and CrAl-B32.
The ternary ordered phase B32 gives two sets of equivalence sites
i, k and j, l see Table 1, and the occupation probabilities show diﬀerent
behavior from the binary extension phases where the third component
have equal occupation probabilities at four sites i, j, k , l . Near the phase
separation boundary, the i, k sites are mainly occupied by the Cr, Al
i
i
i
> pAl
⪢pFe
), and the j, l sites are mainly occupied by Cr
atoms ( pCr
atoms, while Fe and Al atoms have the same occupied probabilities
( pCrj > pAlj = pFej ). Near the FeAl-B2 phase, the occupation probabilities
of Fe on the i and k sites increase and those of Al on the i and k sites
decrease, resulting in a tendency of reducing the diﬀerence between the
two sets of sites. The A2 like occupation probabilities of Fe and Al atoms
appear at the phase boundary B32/FeAl-B2, causing the extension FeAlB2 phase.
As temperature increases, the compositional intervals of the disordered phases in the binary alloys become wider and the solubility of
the third component increases as well, resulting in the extension of the
disordered phases. Meanwhile the compositional intervals of the ordered phases in the binary alloys become smaller and the solubility of
the third component decreases, resulting in the reduction of extensions
of the ordered phases. As temperature reaches 800 K, the only ternary

3.4. Elastic properties
Elastic properties of Fe-Cr-Al alloys have been obtained by CEM
with the interaction parameters listed in Table 3. We focus on bulk
modulus K, shear modulus G and Poisson's ratio v.
Fig. 5 shows the calculated bulk moduli K at 600 K ∼ 3000 K using
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Fig. 4. (a)-(f) Ternary isothermal phase diagrams of Fe-Cr-Al system at 600 K ∼ 3000 K. Red solid and dotted lines correspond to the ﬁrst- and second-order phase
transitions, respectively. The shaded areas are the phase separation regions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article).

CEM method. There is a signiﬁcant reduction in bulk modulus with
increasing Al concentration at the FeAl and CrAl axes, which is consistent with the tendency shown in Ref. [16,15]. While a modest reduction with increasing Fe at the FeCr axis presents the same trend as
previous ﬁrst-principles calculations [17,18]. The maximum of bulk
modulus K is located at Cr-rich corner and the minimum is located at
xAl = 0.5at % (T < 1400 K) or Al-rich corner (T > 1400 K). The bulk

modulus shows a nearly linear concentration dependency among all
compositional ranges. As temperature increases, a slight reduction in
bulk modulus is presented, which is consistent with the results in Ref.
[19,20]. The ordering dependence of bulk modulus is weak at all
temperatures.
Fig. 6 shows the calculated shear moduli G at 600 ∼ 3000 K. The
signiﬁcant reduction in shear modulus with increasing Fe concentration
60
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Fig. 5. (a)-(f) The bulk moduli K at 600 K ∼ 3000 K. Solid and dotted lines correspond to the ﬁrst- and second-order phase transitions, respectively. The shaded areas
are the phase separation regions.

extension phase. In comparing with the results of bulk modulus in
Fig. 5, the shear modulus is sensitive to ordering and temperature.
Fig. 7 shows the calculated Poisson's ratio v at 600 ∼ 3000 K. Our
result shows that the Poisson's ratio has the value between 0.2 and 0.35
in Figs. 7(a)-(e). Since when T > 2000 K the system is a liquid [22,69]
and the liquid eﬀect is ignored in our calculation, we focus on the cases
where T < 2000 K. The Poisson's ratio v is almost linear along the FeCr
axis, which is in a good agreement with the previously calculated

at the FeCr axis presents the same trend as previous calculation [17].
And also a reduction with increasing temperature is observed, which is
in consistent with the previous calculations [19]. The exception of increasing in shear modulus happened at 2000–3000 K. Above 2000 K,
the alloys become liquid [69,22]. In our calculations, the liquid eﬀect is
ignored. We can see that the maximum of shear modulus is located at
the ternary extension of FeAl-B2 below 1400 K, and it relates to the
large solubility of Cr in Fe-Al alloys and the arise of ordered FeAl-B2
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Fig. 6. (a)-(f) The shear moduli G at 600 K ∼ 3000 K. Solid and dotted lines correspond to the ﬁrst- and second-order phase transitions, respectively. The shaded areas
are the phase separation regions.

results [17]. In Table 2, we can see that the phases with low Poisson's
ratios are CrAl3 − D03 , CrAl-B2 and Al-A2, indicating that the solution
of Al can reduce the Poisson's ratio. As the Al rich region are mainly
phase separation at T < 2000 K, a minimum of Poisson's ratio is located
near the 50 at% Al. Comparing with Fig. 4 and 7, the ordered phase has
more lower Poisson's ratio than disordered one. Also the temperature
dependence of Poisson's ratio is weak.
The blue lines in Fig. 7 correspond to brittle-ductile critical value
v = 0.26 of Pugh's criteria [70]. The materials with the value v > 0.26

(v < 0.26) have ductile (brittle) character. Disordered Fe-Cr alloys with
a little Al solvent keeps the ductile property, while Al-rich corner and
ternary extended FeAl-B2 ordered phases exhibit brittle property, in
agreement with experimental observation [71]. It can be seen that
concentration dependency near FeCr axis is modest, and the addition of
Al can soften both bulk modulus and Poisson's ratio. The diﬀerent inﬂuence between Al solvent and Fe, Cr solvent in Fe-Cr-Al alloys origins
from the mismatch in lattice constants of them at zero temperature
listed in Table 2. The concentration dependency, as well as the
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Fig. 7. (a)-(f) The Poisson's ratio v at 600 ∼ 3000 K. Solid and dotted lines correspond to the ﬁrst- and second-order phase transitions, respectively. The shaded areas
are the phase separation regions. The blue lines correspond to brittle-ductile critical value v = 0.26 of Pugh's criteria.

properties of Fe-Cr-Al alloys in full-temperature and all-compositional
ranges based on ﬁrst-principles calculations combined with CVM and
CEM method.
For phase diagrams, our calculations are consistent with results
obtained by experimental and other theoretical methods. We ﬁnd that a
new ternary phase B32 appears in 600 K isothermal phase diagram. The
B32 symmetry holds for all three components. The solubility diﬀerence
is observed in ternary phase diagrams, the binary FeAl phases show an
extremely high solubility for Cr, while the binary CrAl phase has a low

temperature and ordering dependencies is presented. Bulk modulus K
and Poisson's ratio v show weak ordering and temperature dependencies, while shear modulus G shows a signiﬁcant reduction with
increase of temperature, and the ordering also improves the resistance
of shear deformation.

4. Conclusions
In summary, we have investigated the phase diagrams and elastic
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solubility for Fe.
For elastic properties bulk modulus, shear modulus and Poisson's
ratio, our results reveal the changes tendency among temperature, ordering and concentration. The concentration dependency near FeCr axis
is modest, and the addition of Al softens both bulk modulus and
Poisson's ratio. Bulk modulus K and Poisson's ratio v show weak ordering and temperature dependencies. Shear modulus G exhibits a
signiﬁcant reduction with the increase of temperature, and the ordering
improve the resistance of shear deformation. The isothermal Poisson's
ratio results show that disordered Fe-Cr alloys with Al solvent exhibit
ductile property, while the Al-rich corner displays brittle property.
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