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Abstract. In the framework of the density functional theory, the alloying effect of Si on the magnetic 
and elastic properties, as well as the thermodynamic stability at T = 0 K of ferromagnetic Fe-Cr solid 
solutions in the BCC structure was studied. Calculations of lattice parameters, mixing enthalpy, elastic 
constants, bulk moduli, Young’s and shear moduli of disordered binary Fe-Cr and triple Fe-Cr-Si alloys 
containing 2.3 at. % and 4.7 at. % Si were performed using PAW-SQS and EMTO-CPA methods. Ef-
fective chemical interactions of the configuration Hamiltonian, magnetic characteristics and exchange 
interactions of the Heisenberg Hamiltonian are obtained. A comparative analysis of all obtained prop-
erties for ternary Fe-Cr-Si alloys with respect to binary Fe-Cr alloys is carried out. It was found that the 
addition of 2.3 at. % Si increases the thermodynamic stability of Fe-Cr alloys; this effect is enhanced 
with an increase in the silicon concentration to 4.7 at.%. The result is due to the Fe-Si and Cr-Si chemi-
cal interactions in addition to the magnetic Fe-Cr interactions that determine the stability of the diluted 
binary alloys. It is shown that with Si addition an increase in the elastic constant C44 is observed, the 
values of the constants C11, C12 and elastic moduli are close to the corresponding values of binary Fe-
Cr alloys. Analysis of the concentration dependence of the ductility parameter G/B and charge density 
difference maps allowed to establish correlations between the changes in interatomic bonding and the 
properties of the alloys.
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1.  INTRODUCTION

The Fe-Cr binary system is the basis for a large 
class of  important technological materials. Fe-
Cr alloys have a low swelling rate under the action 
of neutron irradiation, a low coefficient of thermal 
expansion, high thermal conductivity and strength 
at high temperatures, which makes it possible to use 
them, among other things, as materials for reactor 
vessels, containers for fuel compositions, cladding 
of fuel elements of active zones of thermal neutron 
reactors [1, 2].

Numerous studies have been devoted to  the 
study of  the properties of  the Fe-Cr  binary sys-
tem. Currently, quantum mechanical calculations 

using density functional theory have made it pos-
sible to obtain reliable results of  thermodynamic, 
mechanical, and magnetic properties of  materi-
als, and to  predict the characteristics of complex 
systems. Theoretical studies of alloys based on the 
Fe-Cr system have allowed us to obtain a number 
of important conclusions and general patterns of the 
system, for example, on stability [3-7], interaction 
with defects [8-10], magnetic [5, 7, 11, 12] and elastic 
properties [13-16]. 

In  [3-7], based on calculations of  the enthalpy 
of formation of disordered Fe-Cr BCC alloys in the 
ferromagnetic state, the anomalous stability of the 
alloys at low chromium concentrations was found. 
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It has been shown that with an increase in the con-
centration of chromium, the enthalpy of formation 
becomes positive, passing through a maximum near 
the equiatomic composition. The concentration 
area with a chromium content of more than 20 at.% 
corresponds to alloys that undergo spinodal decom-
positionat a temperature of about 800 K, which neg-
atively affects the mechanical properties of the sys-
tem and requires a solution to neutralization of the 
negative result. In addition, since the range of nega-
tive values of enthalpy of formation in Fe-Cr alloys 
is  quite narrow, increasing phase stability is  also 
an urgent task.

Alloying is an effective method of improving the 
parameters of steels and alloys, including increasing 
mechanical characteristics and changing the bound-
aries of stability. For example, in theoretical works 
[11, 17, 18] it was shown that the addition of Ni, Mo, 
Mn  reduces the stability of  Fe—Cr  alloys, while 
Al has a stabilizing effect. At the same time, it was 
concluded in  [18] that at  certain concentration 
combinations of Ni and Al in Fe-Cr-Ni-Al alloys, 
a  simultaneous increase in  their thermodynamic 
stability and ductility is predicted without a signif-
icant degradation in mechanical properties. 

In this paper, the effect of silicon alloying on the 
properties of Fe—Cr alloys is studied. Silicon in steels 
and iron-based alloys is used as an alloying element 
capable of increasing crack resistance and corrosion 
resistance by forming a protective layer on the sur-
face of  the material. In  [19], the corrosion behav-
ior of Fe Cr Six y- -  ( = 5,10x  at.% and = 5,10y  
at.%) alloys at  a  temperature of  600° C  in  differ-
ent gas mixtures with the same partial pressure 
of  oxygen. The results of  optical and scanning 
electron microscopy have shown that when the 
concentration of chromium is more than 5 at.% and 
5-10  at.% silicon in  the atmosphere of  H2– 2CO ,  
an increase in oxide layers was observed, which sig-
nificantly increased the corrosion resistance of the 
alloys. This is  consistent with the data of  [20], 
in which the authors observed that for Fe85Cr10Si5 
alloy, high-temperature corrosion practically stops 
at temperatures of 870-1070 K. The results of the 
work [21] also demonstrated the beneficial effect 
of Si on the oxidation resistance of steels with 9 at.% 
Cr. The authors of [22] developed the interatomic 
potential (MEAM) for the Fe-Cr-Si  system and 
obtained interaction profiles, structural and elastic 
characteristics for pure elements, binary compounds 

and for one composition Fe86Cr12Si2 (mass.%) 
commercial steel of the triple system, which is used 
as a high-temperature corrosion-resistant material. 
It is shown that the predicted properties using the 
developed potential are in good agreement with cal-
culations within the framework of density function 
theory and available experimental data. The authors 
suggest that the developed potential can be applied 
as various applications, for example, for the design 
of multicomponent layered materials based on the 
Fe-Cr-Si  system for operation under conditions 
of extreme temperatures and radiation doses.

In this paper, the thermodynamic, magnetic and 
elastic properties of BCC alloys of the triple Fe-Cr-
Si system in a ferromagnetic state with a concen-
tration of chromium Cr = 0x –50 at.% and silicon 
concentration Si = 2.3,4.7x  at.% are investigated. 
The values of lattice parameters, mixing enthalpies, 
elastic constants, bulk modules, Young’s and shear 
modes, effective chemical pair interactions, magnet-
ic characteristics and exchange interactions of the 
studied systems are obtained. Maps of  the differ-
ence charge density were constructed, which made 
it possible to visualize the change in the atomic bond 
during alloying.

2.  CALCULATION DETAILS

Ab initio modeling of the properties of Fe-Cr and 
Fe-Cr-Si systems was carried out at a temperature 
T = 0 K using projector augmented wave (PAW) 
methods [23, 24] implemented in the VASP [25-27] 
and exact muffin-tin orbitals (EMTO) in combina-
tion with the approximation a coherent potential 
(CPA) for modeling the substitution disorder [28, 
29]. When using the PAW method, the atomic dis-
order of substitution alloys was modeled using the 
technique of special quasi-random structures (SQS) 
[30] on a 128-atomic BCC supercell. The cutting 
energy of the plane waves was chosen to be 500 eV. 
The Brillouin zone integration was performed us-
ing the Monkhorst-Pack special points method [31] 
on a 4x4x4 grid. To account for the exchange-cor-
relation effects, a generalized gradient approxima-
tion with the PBE functional was used [32]. The con-
vergence criterion of the electronic subsystem was 
chosen as 10-4 eV for the two subsequent iterations, 
and the ionic relaxation technique within the frame-
work of the conjugate gradient method stopped when 
the forces were on the order of 10-3 eV/Å. The val-
ues parameters and the bulk modulus were obtained 
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using regression according to the Birch–Murnaghan 
equation of state. Using the obtained values of the 
equilibrium parameters, the elastic coefficient Cij 
was calculated using the stress-strain ratios, taking 
into account ±1% and ±2% relative deformations 
of the lattice. The values 11C , 12C  and  44C  would have 
been obtained by  appropriate averaging [33] due 
to a decrease in lattice symmetry using SQS. The 
elastic modulus was obtained from the ijC  constants 
using Hill averaging for cubic crystals [34].

For EMTO calculations, the full charge density 
(FCD) [35] was represented by a single-center ex-
pansion of electron wave functions in terms spheri-
cal harmonics with orbital moments up to lmax = 8.  
Calculations were performed for the basic set, in-
cluding valence spdf orbitals. Integration in  the 
reciprocal space was carried out along a  grid of 

´ ´29 29 29 k-points, energy integration was car-
ried out in a complex plane using a semi-elliptical 
contour consisting of 24 points. The total energies 
are calculated using the generalized gradient ap-
proximation [32]. Effective pair interactions were 
determined in  the ferromagnetic state using the 
screened generalize perturbation method (SGPM) 
[36, 37]. The screening constants necessary for cal-
culating the electrostatic contribution to effective 
pair interactions were extracted from calculations 
on a 1024-atom supercell using the method of ex-
act local self-consistent Green functions (ELSGF) 

[38]. The Bader charge analysis [39], obtained from 
the topological representation of  the charge den-
sity distribution, was performed using the code 
developed in [40] for a grid ( , , )NG X Y Z F  with a size 
of  ´ ´400 400 400.

3.  RESULTS AND DISCUSSION

3.1. Thermodynamic properties  
and magnetic interactions

To  assess the phase stability of  Fe-Cr-Si  ter-
nary alloys containing 2.3  and 4.7  at.% silicon, 
consider the effect of  silicon doping simultane-
ously on the mixing enthalpy of ∆H  and the pair 
potentials (X Y)pV -  of  the configuration Ham-
iltonian [41], since in  a  multicomponent alloy, 
the ∆H  sign does not guarantee an unambiguous 
tendency to  ordering or  clustering. If  in  a  mul-
ticomponent alloy the ∆H  has negative values si-
multaneously with all positive quasi-binary values 
∆H  and the pair potentials (X Y)pV - , then this 
corresponds to the energy preference for the pres-
ence of pairs of unlike X Y-  atoms at a distance 
of  the radius of  the coordination sphere p, which 
characterizes the tendency of  the alloy to  form 
a solid solution. If the ∆H  has positive values and 
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Рис. 1. (В цвете онлайн) Энтальпия смешения бинарных

Fe–Cr и тройных Fe–Cr–Si сплавов, рассчитанная с помо-

щью методов PAW-SQS и EMTO-CPA

имеет более плоскую область минимальных значе-
ний и пересекает ось x примерно при 9 ат.% хрома.
При увеличении концентрации хрома значения ∆H

становятся положительными и растут при увеличе-
нии x, значения метода EMTO-CPA показывают бо-
лее резкий рост, чем значения, полученные мето-
дом PAW-SQS. Наблюдаемое различие в результа-
тах двух методов может являться следствием учета
в методе PAW-SQS релаксации решетки и эффекта
локального окружения в данной системе, наличие
которого будет продемонстрировано ниже.

Добавление 2.3 ат.% кремния сдвигает точку с
нулевой концентрацией хрома в область отрица-
тельных значений до −0.028 эВ (в методе PAW-
SQS). При увеличении концентрации хрома вид кри-
вой ∆H для Fe–xCr–2.3Si-сплавов подобен Fe–Cr-
зависимости, при этом наблюдается увеличение глу-
бины минимума и его смещение в сторону меньшей
концентрации хрома, однако из-за сдвижки на ну-
левой концентрации хрома область отрицательных
значений энтальпии смешения увеличивается c 9 до
18 ат.% Cr. Сдвиг ∆H для Fe–2.3Si-сплава в сто-
рону отрицательных энергий качественно согласу-
ется с результатами исследования мессбауэровско-
го спектра на ядрах 57Fe при комнатной темпера-
туре для Fe–Si-сплавов [43]. В работе было получе-
но значение энергии растворения примеси Si в ОЦК
Fe, равное −0.38 эВ/атом, т. е. процесс растворе-
ния примеси соответствует экзотермической реак-
ции, что не противоречит результатам данного ис-
следования. Увеличение концентрации кремния до
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Рис. 2. (В цвете онлайн) Рассчитанные методом EMTO-

CPA параметры бинарных (для Fe–xCr) и квазибинарных

(для Fe–xCr–4.7Si) парных взаимодействий конфигураци-

онного гамильтониана V1(X–Y) на первой КС

4.7 ат.% еще сильнее сдвигает точку xCr = 0 до
−0.054 эВ (−0.048 эВ) в методе PAW-SQS (EMTO-
CPA), при этом область положительных значений
энтальпии увеличивается до 25 ат.% Cr (18 ат.%).

В работе [5] было установлено существование от-
талкивания между атомами Cr в бинарной Fe–Cr-
системе при xCr < 12 ат.%, которое является силь-
ным для ближайших соседей, существенным по
крайней мере до шестой координационной сферы
(КС) центрального атома и имеет магнитное про-
исхождение. Появление атомов Cr в качестве бли-
жайших соседей увеличивало энтальпию образова-
ния на величины до 10 мэВ/атом. Для того чтобы
выяснить наличие тенденции к кластеризации при-
месей Si в Fe–Cr–Si-сплавах были проведены расче-
ты для Fe–xCr–2.3Si-сплавов в области стабильно-
сти с концентрацией хрома 0, 2.34, 3.90, 5.47 ат.%, в
которых атомы Si находятся только в 1–2 КС друг
друга. Для всех концентраций хрома энергии таких
сплавов были выше (примерно на 5 мэВ/атом), чем
для неупорядоченного твердого раствора (рис. 1).
Это согласуется с анализом значений энергии связи
между двумя атомами Si в сплавах Fe–Si, проведен-
ным в работе [43], который показал, что взаимодей-
ствие между атомами Si в исследованных матери-
алах носит отталкивающий характер. Поэтому да-
лее исследования проводились на SQS-ячейках с па-
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Fig. 1. (In color online) The mixing enthalpy  of binary Fe-Cr and 
triple Fe-Cr-Si alloys, calculated using the PAW-SQS and EM-
TO-CPA methods
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Fig. 2. (In color online) The parameters of binary (for Fe Cr− x )  
and quasi-binary (for Fe Cr− −x 4.7Si) pair interactions of the con-
figuration Hamiltonian V1  (X-Y) calculated by the EMTO-CPA 
method at the first CS 
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at  least one value of  (X Y)pV -  is  negative, then 
this is a sign that the alloy has a tendency to phase 
separation [42]. The calculated mixing enthalpy
∆

- -
- - - - -Fe Cr Si Fe Cr Si1

= (1 )
x y x y

H E x y E xE yE  

of the studied alloys, where iE  are the total energies 
of the corresponding systems, are shown in Fig. 1. 
BCC-Fe in the ferromagnetic state, BCC-Cr in the 
nonmagnetic state, and Si in the diamond structure 
were used as the ground state. It should be noted that 
for Fe-Cr-Si alloys, points corresponding to the val-
ues of the ∆H  Fe–Si alloys with silicon concentra-
tions of 2.3 and 4.7 at.% are located on the y axis 
at zero chromium concentration.

In  addition to  the supercell method, in  which 
a  quasi-disordered periodic model (PAW-SQS) 
is used to describe the disordered structure, for al-
loys of the Fe-Cr-4.7Si system, the mixing enthalpy 
of ∆H was calculated using an approach based on 
the Green's function formalism, in which the substi-
tution disorder is described in the coherent potential 
approximation (EMTO- CPA). The results of the 
two methods are compared in order to then extract 
effective pair (X Y)pV -  and exchange (X Y)pJ -  
interactions, which can be directly calculated using 
the EMTO-CPA method. 

The graphs of  the mixing enthalpy of  binary 
Fe Crx-  alloys for the two methods are in  good 
agreement with each other (Fig. 1), while fully re-
producing the region of anomalous stability at low 
chromium concentration obtained in previous stud-
ies using PAW, EMTO, ELSGF methods [3-7], 
which show an interval of negative values ∆H  and 
the presence of a minimum on the curve with a low 
chromium content. The concentration of chromi-
um corresponding to the minimum depends on the 
method and ranges from 3 to 10 at.%. In this case, 
the curves obtained by both methods have minima at 
» 4x  at.% Cr, while using the EMTO-CPA meth-

od, the ∆H  values become positive at  » 6x  at.% Cr, 
and in the PAW-SQS method, the ∆H  curve lies be-
low the EMTO graph, has a flatter region of mini-
mum values and crosses the x axis at about 9 at.% 
chromium. With an increase in chromium concen-
tration, the values of ∆H  become positive and in-
crease with an increase in x, the values of the EM-
TO-CPA method show a more dramatic increase 
than the values obtained by the PAW-SQS method. 
The observed difference in  the results of  the two 
methods may be a consequence of the consideration 

in the PAW-SQS method of lattice relaxation and 
the effect of the local environment in this system, 
the presence of which will be demonstrated below. 

Adding 2.3 at.% silicon shifts the point with zero 
chromium concentration to  the range of  negative 
values up to -0.028 eV (in the PAW-SQS method). 
With an increase in the chromium concentration, 
the type of ∆H  for Fe Cr 2.3Six- -  alloys is sim-
ilar to  the Fe–Cr-dependence, while an  increase 
in the depth of the minimum and its shift towards 
a lower chromium concentration is observed, how-
ever, due to a shift to zero of  the chromium con-
centration, the region of  negative values of  the 
mixing enthalpy increases from 9 up to 18 at.% Cr. 
The shift of the ∆H  for Fe-2.3Si alloy to negative 
energies is qualitatively consistent with the results 
of the study of the Mossbauer spectrum on 57 Fe nu-
clei at room temperature for Fe-Si alloys [43]. In the 
work, the value of the energy of dissolution of the 
Si  impurity in  the Fe  BCC was obtained, equal 
to  -0.38  eV/atom, i.e., the process of  dissolution 
of the impurity corresponds to exothermic reaction, 
which does not contradict the results of this study. 
Increasing the silicon concentration to  4.7  at.% 
shifts the point Cr = 0x  even more to -0.054 eV  
(-0.048 eV) in the PAW-SQS (EMTO-CPA) meth-
od, while the range of positive enthalpy values in-
creases to 25 at.% Cr (18 at.%).

In  [5], it  was established that there is  a  repul-
sion between Cr atoms in a binary Fe-Cr system at 

Cr < 12x  at.%, which is strong for the nearest neigh-
bors, significant at least up to the sixth coordination 
sphere (CS) of the central atom and has a magnet-
ic origin. The appearance of Cr atoms as the near-
est neighbors increased the enthalpy of  formation 
by values up to 10 MeV/atom. In order to find out 
the presence of a tendency to clustering at Si con-
centrations in  Fe-Cr-Si  alloys, calculations were 
performed for Fe Cr 2.3Six- -  alloys in the region 
of stability with a chromium concentration of 0, 2.3, 
3.90, 5.47 at.%, in which Si atoms are located only 
in the 1-2 CS of each other. For all chromium con-
centrations, the energies of such alloys were higher 
(by about 5 MeV/atom) than for the disordered solid 
solution (Fig. 1). This is consistent with the analysis 
of the binding energy values between two Si atoms 
in Fe-Si alloys carried out in  [43], which showed 
that the interaction between Si atoms in the studied 
materials is repulsive. 
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Therefore, further studies were carried out 
on SQS cells with Warren-Cowley short-range pa-
rameters [44] close to zero to 4 CS, which corre-
sponds to an disordered state.

Using Fig. 2, we consider the behavior of effective 
pair cluster interactions of  the nearest neighbors 
of the 1(X Y)V -  Hamiltonian 

δ δ
¹ Î

- -åå å X Y

X Y ,

1= (X Y) ,
2conf p i j

p i j p
H V c c  

where δ X
ic  is  the fluctuation of  the concentration 

of component X at position i from its average con-
centration in the alloy. The values of -1(X Y)V  in the 
EMTO-CPA method have a quasi-binary represen-
tation, the advantage of which is its direct connec-
tion with Hamiltonian and interactions of binary 
systems of components that are part of a multicom-
ponent system [41]. The values -1(X Y)V  were ob-
tained for ferromagnetic alloys with a fixed silicon 
concentration Si = 4.7x  at.% for the equilibrium 
volumes at each concentration point. As can be seen 
in Fig. 2 and demonstrated in previous studies [7, 11, 
45], dilute binary Fe-Cr alloys have positive values 
of effective interatomic interactions at the first CS, 
which indicates a tendency to form a solid solution. 
This result is consistent with the negative calculat-
ed values of  the mixing enthalpy of Fe-Cr alloys. 
With an increase in the concentration of chromi-
um to about 18 at.% pair interactions change sign, 
demonstrating the appearance of a tendency to clus-
terization in the system, which correlates with pos-
itive values of ∆H. The inversion of the short-range 
order parameters was theoretically predicted us-
ing the generalized perturbation method (GPM) 
[46] and subsequently confirmed by measurements 
of diffuse neutron scattering [47] and the Mossbauer 
atomic short-range order study (ASRO) [48].

In  - -Fe Cr 4.7x Si alloys, Fe-Cr interactions de-
crease relative to binary alloys and the chromium 
concentration decreases (from about 18 to 15 at.% 
Cr), at which a change in the sign of  interactions 
is observed. However, Fe-Si and Cr-Si interactions 
appear in ternary alloys, which have positive values 
and exceed Fe-Cr interactions in magnitude. The 
high values of  1(Fe Si)V -  coincide with the values 
of the pair Fe-Si potentials for an alloy with 8 at.% 
Si obtained in [49], in which the role of magnetism 
in the formation of short-range order in Fe-Si alloys 
was investigated. At zero and low concentrations 

of chromium, the pair Fe-Si and Cr-Si interactions 
make a significant contribution to the configuration 
Hamiltonian [7, 45], which stabilizes the system. 
Cr-Si  interactions also increase the depth of  the 
minimum, which leads to a shift towards high con-
centrations of chromium, at which the ∆H  value 
is negative. However, with an increase in chromium 
concentration, the role of  Fe-Cr  interactions in-
creases, and their negative values after inversion in-
crease the tendency to phase separation. Thus, in the 
range of chromium concentrations from 0 to 20 at.% 
for alloys containing 4.7 at.% Si, all pair interactions 
have positive values, and the mixing enthalpy is neg-
ative, which shows the presence of a tendency in the 
system to form a solid solution.

Next, we will analyze the concentration changes 
in  the lattice parameters and magnetic moments 
of Fe-Cr-Si alloys, which are shown in Fig. 3. The 
dependences of the lattice parameters in Fe-Cr and 
Fe-Cr-Si alloys are nonlinear with positive devia-
tions from Vegard’s law with a maximum of about 
10 at.%, while the curves of the Si lattice parameters 
almost repeat the shape of the curve corresponding 
to Fe-Cr alloys. Relative to pure iron, the addition 
of Si almost does not change the lattice parame-
ter, with the appearance and increase of chromi-
um content, the concentration dependences of Fe-
Cr-Si alloys lie below the Fe-Cr curve, while the 
higher the concentration of silicon, the smaller the 
lattice parameters. For Fe-Cr alloys, the deviation 
of lattice parameter values from experimental data 
is about 1% (see Table 1 and papers [50, 51]), which 
can be explained by the generalized gradient approx-
imation used, which, as is known, underestimates 
the equilibrium volume of magnetic 3d metals [52]. 
But, as shown in [16], the use of experimental lattice 
parameters to  calculate elastic properties in  Fe-
Cr alloys does not change their dependencies relative 
to  the calculated lattice parameters, leading only 
to certain shifts depending on the property under 
consideration.

On all curves, at low concentrations of chromi-
um, a sharp increase in the lattice parameters indi-
cates a relatively large effective size of the Cr atom 
in dilute Fe-Cr alloys. As the chromium content in-
creases, the slope of the curve changes, which corre-
sponds to a decrease in the effective size of Cr atoms. 
At the same time, the addition of silicon reduces the 
size of the chromium atom at the intervals of both 
growth and decline of the lattice parameter values. 
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As shown by the calculation of Bader charges X
BQ ,  

this is due to the charge transfer from chromium at-
oms mainly to silicon atoms and to a lesser extent 
to iron atoms. Iron atoms with a deficiency of elec-
trons, surrounded by silicon, have also been found. 
So, for the - -Fe 12.5Cr 4.7Si  alloy, the following 
values change: Cr

BQ  from about -0.34e to  -0.43e, 
Si
BQ  from about +0.16e to +0.26e, Fe

BQ  from about 
–0.04e to +0.15e, where e  is the electron charge. 
It  is worth noting that the signs and values of  X

BQ  
correlate with the values of  the electro-negatives 
of the alloy elements.

Let’s consider the magnetic characteristics of the 
studied systems (Fig. 3 and 4). The total magnetic 
moments in binary alloys decrease with an increase 
in the chromium content. When silicon is added, all 
concentration curves lie lower than the Fe-Cr depen-
dence, but the difference in values is no more than 
0.1 Bµ  in dilute alloys and about 0.2 Bµ  in alloys with 
a chromium concentration at approximately 50 at.%. 
The average magnetic moments of Fe and Cr at-
oms also decrease with increasing concentrations 

of  chromium and silicon, but the change in  the 
magnetic moments of iron is significantly weaker. 

There are regions with small extremes on  the 
curves for all Fe-Cr and Fe-Cr-Si alloys, while the 
maximum is more pronounced for the graph of mag-
netic moments of Fe atoms, the behavior of which 
resembles the concentration dependence of  the 
lattice parameters. The magnetic moment of  the 
iron atom is parallel to the full magnetization vec-
tor, the negative sign of the magnetic moment of the 
Cr atom reflects the fact that in the ferromagnetic 
state, the magnetic moments of chromium atoms are 
antiparallel to the magnetic moments of iron atoms 
and the full magnetization vector. With an increase 
in the chromium concentration, the values of  the 
magnetic moments of chromium decrease sharply, 
reaching zero at approximately 50 at.%.

The local magnetic moments of all atoms in Fe-
Cr and Fe-Cr-Si alloys are shown in Fig. 4, from 
which it follows that in the magnitudes of the mag-
netic moments of Fe and Cr there is a spread of val-
ues, especially for chromium atoms. At  the same 
time, the values of the local and, accordingly, the 

Fig. 3. (In color online) Lattice parameters (a) and magnetic moments (b-d) of binary Fe-Cr and triple Fe-Cr-Si alloys calculated using 
the PAW-SQS method
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average magnetic moments of  Si  atoms are close 
to zero for all the alloys under consideration.

The magnetic moments of iron atoms have a range 
of values for the studied systems and concentration 
ranges from 1.1 µB  to 2.4 µB . Fe atoms with min-
imal magnetic moments of about µ-(1.1 1.5) B  are 
observed in Fe-Cr-Si alloys with a chromium con-
centration of 25-40 at.% (Fig. 4 b, c) and contain 
1-2 CS 2 silicon atoms and 4-5 chromium atoms. 
Si atoms in 1 CS of iron reduce the magnetic moment 
of the latter from about µ-(0.1 0.2) B (1 Si atom) to 

µ0.3 B  (2 Si atoms), Cr atoms also reduce the mag-
netic moment on iron atoms, but to a lesser extent 
than silicon. The maximum values on iron atoms 
are observed in situations when 1 CS is filled with 
only iron atoms or chromium atoms with high an-
tiferromagnetic values of  magnetic moments are 
present in it, which, as will be shown below, satis-
fy the sign of the Fe-Cr exchange interaction. The 
dependence of  the magnetic moment of  an  iron 
atom on the number of neighboring silicon atoms 
is consistent with the results of experimental work 
[53], in which, when studying macroscopic and local 
atomic structures, as well as the magnetic charac-
teristics of crystalline and amorphous Fe-Si alloys, 

it was demonstrated that a decrease in the number 
of neighboring Fe atoms due to their substitution 
two or more Si atoms leads to a significant decrease 
in the local magnetic moment of the Fe atom. Also 
in [54], when measuring the fields of  ultrafine in-
teraction in  3Fe Si with the 3DO  structure, it  was 
found that the magnetic moment of an atom with 
eight iron atoms in its 1 CS has a magnetic moment 
equal to  µ2.2 B, at the same time an atom of Fe with 
four iron atoms and four silicon atoms in 1 CS have 
a magnetic moment equal to  µ1.2 B. 

The magnetic moments of  chromium atoms 
have a range of values for the studied concentration 
range from µ-1.9 B  to  µ0.3 B . For a  binary Fe-
Cr alloy, it was shown in [5] that the values of the 
magnetic moment Cr  strongly depend on  the lo-
cal environment. This is also confirmed by  these 
calculations (Fig.  4a). At  low concentrations 
of  chromium (0-5 at.%) magnetic moments have 
values at  measured µ±(1.8 0.1) B , with increas-
ing concentration, the spread increases and some 
magnetic moments begin to decrease. This is ob-
served on chromium atoms, which are the nearest 
neighbors of each other, i.e. the magnetic moments 
of chromium atoms, which are surrounded by iron 
atoms, remain high, and those in which chromi-
um atoms appear in 1 CS begin to decrease (Fig. 4, 
chromium concentrations from about 15 to 30 at.%). 
With an increase in the concentration of chromium, 
such atoms associated with the atoms of the same 
name become more and more, and at  »Cr 50x  at.%, 
the magnetic moments on chromium atoms become 
zero (Fig. 4). It should also be noted that the magni-
tude of the magnetic moment of chromium decreas-
es if chromium atoms are present in the second CS, 
even if only iron atoms are present in the first; this 
decrease is less than when located in 1 CS, but also 
linearly depends on the number of Cr atoms.

When silicon is  added, the dependence of  the 
magnetic moments of  chromium on  the number 
of neighbors of  the same name is completely pre-
served, in addition to the dependence on the pres-
ence of Si atoms. It was found that at a fixed concen-
tration, the magnetic moment of a chromium atom 
is maximum when its 1 and 2 CS are completely oc-
cupied by iron atoms, as well as if there are silicon 
atoms in 1 CS under the condition that only iron at-
oms are placed in the remaining positions in 1-2 CS. 
The value of the magnetic moment of Cr atoms next 
to silicon at some positions is even higher than when 
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Рис. 4. (В цвете онлайн) Значения локальных магнитных

моментов атомов Fe, Cr, Si в бинарных Fe–Cr и трой-

ных Fe–Cr–Si сплавах, рассчитанные с помощью метода

PAW-SQS

Магнитные моменты атомов железа имеют раз-
брос значений для исследуемых систем и интер-
валов концентраций от 1.1µB до 2.4µB. Атомы
Fe с минимальными магнитными моментами око-
ло (1.1 − 1.5)µB наблюдаются в Fe–Cr–Si-сплавах c
концентрацией хрома 25–40 ат.% (рис. 4 b, c) и име-
ют в 1–2 КС 2 атома кремния и 4–5 атомов хро-
ма. Атомы Si в 1 КС железа уменьшает магнит-
ный момент последнего примерно от (0.1 − 0.2)µB

(1 атом Si) до 0.3µB (2 атома Si), атомы Cr также
уменьшают магнитный момент на атомах железа,
но в меньшей степени, чем кремний. Максимальные
значения на атомах железа наблюдаются в ситуаци-
ях, когда 1 КС заполнена только атомами железа
либо в ней присутствуют атомы хрома с высокими
антиферромагнитными значениями магнитных мо-
ментов, которые, как будет показано ниже, удовле-
творяют знаку обменного взаимодействия Fe–Cr. За-
висимость магнитного момента атома железа от ко-
личества соседних атомов кремния согласуется с ре-
зультатами экспериментальной работы [53], в кото-
рой при исследовании макроскопической и локаль-
ной атомных структур, а также магнитных характе-
ристик кристаллических и аморфных Fe–Si-сплавов
было продемонстрировано, что уменьшение числа
соседних атомов Fe за счет замещения их двумя
или более атомами Si приводит к существенному
уменьшению локального магнитного момента желе-
за. Также в работе [54] при измерении полей сверх-

тонкого взаимодействия в Fe3Si со структурой DO3

было обнаружено, что магнитный момент атома же-
леза с восемью атомами железа в своей 1 КС име-
ет магнитный момент, равный 2.2µB, в то же вре-
мя атом Fe c четырьмя атомами железа и четырьмя
атомами кремния в 1 КС имеет магнитный момент,
равный 1.2µB.

Магнитные моменты атомов хрома имеют раз-
брос значений для исследуемого интервала концен-
траций от −1.9µB до 0.3µB. Для бинарного сплава
Fe–Cr в работе [5] показано, что значения магнитно-
го момента Cr сильно зависит от локального окру-
жения. Это также подтверждается и данными рас-
четами (рис. 4 а). При низких концентрациях хрома
(0–5 ат.%) магнитные моменты имеют значения при-
мерно (1.8 ± 0.1)µB, при увеличении концентрации
разброс увеличивается и некоторые магнитные мо-
менты начинают уменьшаться. Это наблюдается на
атомах хрома, которые являются ближайшими со-
седями друг друга, т. е. магнитные моменты атомов
хрома, которые окружены атомами железа, оста-
ются высокими, а те, в 1 КС которых появляются
атомы хрома, начинают уменьшаться (рис. 4, кон-
центрации хрома примерно от 15 до 30 ат.%). При
увеличении концентрации хрома таких атомов, со-
седствующих с одноименными атомами, становится
все больше и больше, и при xCr ≈ 50 ат.% магнит-
ные моменты на атомах хрома становятся равными
нулю (рис. 4). Также нужно отметить, что величина
магнитного момента хрома уменьшается, если ато-
мы хрома есть во второй КС, даже если в первой на-
ходятся только атомы железа; это уменьшение мень-
ше, чем при расположении в 1 КС, но также линейно
зависит от числа атомов Cr.

При добавлении кремния зависимость магнит-
ных моментов хрома от количества одноименных
соседей полностью сохраняется, в дополнение по-
является зависимость от наличия атомов Si. Было
обнаружено, что при фиксированной концентрации
магнитный момент атома хрома максимален, когда
его 1 и 2 КС полностью заняты атомами железа, а
также если в 1 КС есть атомы кремния при усло-
вии размещения на остальных позициях в 1–2 КС
только атомов железа. Значение магнитного момен-
та атомов Cr рядом с кремнием на некоторых пози-
циях даже выше, чем при полном окружении атома-
ми железа. При появлении атомов хрома магнитный
момент резко уменьшается, как в случае бинарных
сплавов, но при наличии атома кремния в первой
КС хрома с несколькими одноименными атомами
позволяет сохранить магнитный момент на уровне
значений, когда в 1 КС на 1–2 атома хрома меньше.

416

Fig.4. (Online in colour) Values of local magnetic moments of Fe, 
Cr, Si atoms in binary Fe-Cr and triple Fe-Cr-Si alloys calculated 
using the PAW-SQS method
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completely surrounded by iron atoms. When chro-
mium atoms appear, the magnetic moment decreas-
es sharply, as in the case of binary alloys, but in the 
presence of a silicon atom in the first CS of chromi-
um with several atoms of the same name, it allows 
you to keep the magnetic moment at the level of val-
ues when 1-2 chromium atoms are less in 1 CS.

A strong change in the magnetic moment of chro-
mium in the presence of the like neighbors in alloys 
based on the Fe-Cr system is associated with the be-
havior of magnetic exchange interactions -1(X Y)J  
between atoms X and Y at 1 CS Heisenberg Hamil-
tonian [55]

Î

- - ×åå
,

= (X Y) ,magn p i j
p i j p

H J e e

where p is  the number of CS, ei  is  the unit vector 
in  the direction of  the magnetic moment at node 
i. As  shown in  [5, 7, 45] and in  Fig. 5, in  binary 
alloys, the values of the interactions J1 (Cr-Cr) and 
J1 (Fe-Cr) are negative, J1 (Fe-Fe) are positive, i.e. 
Cr atoms interact antiferromagnetically with each 
other and with iron atoms, at  the same time, fer-
romagnetic interaction is established between iron 
atoms. Therefore, the appearance of a pair of chro-
mium atoms as the nearest neighbors causes mag-
netic frustration, leading to  a  gradual loss of  the 
magnetic moment on  the chromium atom with 
an increase in Crx  [5]. When silicon is added, the 
exchange interactions do not change fundamentally: 
J1(Si-X) are almost equal to zero, while Fe-Cr in-
teractions remain dominant at low chromium con-
centrations, and at high concentrations — J1(Fe-Fe). 
There is a slight decrease in Fe-Cr and Fe-Fe values 
and a slight increase in Cr-Cr interactions, a weak 
increase in  J1(Cr-Cr) relative to  the binary alloy 
correlates with a slight increase in the magnetic mo-
ment on the chromium atom near the silicon atom. 
Therefore, with an increase in chromium concen-
tration, the occurrence of frustrated states in terna-
ry alloys also leads to a gradual degradation of the 
magnetic moment on chromium atoms, but slightly 
slower than in the binary system.

To  analyze the relationship between magnetic 
interactions and phase stability, it is worth noting 
that in [45], in which the exchange interactions were 
considered as part of the configuration of Hamilto-
nian, it was shown that in Fe-Cr alloys, the magnet-
ic interactions J1 (Fe-Fe) and J1(Cr-Cr) contribute 

to solid solution formation, and J1(Fe-Fe) clustering 
in this system. In addition, at low chromium con-
centrations, the exchange interactions of Fe-Fe and 
Cr-Cr largely compensate for each other, and the 
exchange interactions of Fe-Cr are the dominant 
contribution to  the effective cluster interactions 
of V1(X-Y), which determines the stability of  the 
alloy, manifested in negative values of the enthalpy 
of binary Fe–Cr alloys [45] (see Fig. 1). An increase 
in chromium concentration and the loss of mag-
netic moments by chromium atoms leads to a de-
crease in  magnetic and chemical interactions be-
tween Fe and Cr atoms, while the Fe-Fe interaction 
becomes dominant, which leads to destabilization 
of the alloy. Since the exchange interactions change 
insignificantly with the addition of silicon, it can 
be concluded that the stabilization of Fe-Cr-Si al-
loys (relative to Fe-Cr alloys) is  influenced by the 
chemical interactions of  V1(Fe-Si) and V1(Cr-Si) 
in  addition to  the magnetic interactions of  Fe-
Cr, which determine the stability of dilute binary 
Fe-Cr alloys.

The features of the electronic structure of the stud-
ied alloys are also related to the dependence of the 
values of the magnetic moment of chromium atoms 
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Рис. 5. (В цвете онлайн) Параметры обменного взаимо-

действия гамильтониана Гейзенберга J1(X–Y) на первой

КС в бинарных Fe–xCr и тройных Fe–xCr–4.7Si сплавах,

рассчитанные с помощью метода EMTO-CPA

Сильное изменение магнитного момента хрома
при наличии одноименных соседей в сплавах на ос-
нове системы Fe–Cr связано с поведением магнит-
ных обменных взаимодействий J1(X–Y) между ато-
мами X и Y на 1 КC гамильтониана Гейзенберга [55]

Hmagn = −
∑

p

∑

i,j∈p

Jp(X–Y) ei · ej ,

где p � номер КС, ei � единичный вектор в на-
правлении магнитного момента на узле i. Как по-
казано в работах [5, 7, 45] и на рис. 5, в бинар-
ных сплавах значения взаимодействий J1(Cr–Cr) и
J1(Fe–Cr) отрицательны, J1(Fe–Fe) � положитель-
ны, т. е. атомы Cr взаимодействуют антиферромаг-
нитно друг с другом и с атомами железа, в то
же время между атомами железа устанавливается
ферромагнитное взаимодействие. Поэтому появле-
ние пары атомов хрома в качестве ближайших со-
седей вызывает магнитную фрустрацию, ведущую
к постепенной потере магнитного момента на ато-
мах хрома с увеличением xCr [5]. При добавле-
нии кремния обменные взаимодействия принципи-
ально не меняются: J1(Si–X) практически равны ну-
лю, при этом Fe–Cr-взаимодействия остаются до-
минирующими при низких концентрациях хрома,
а при высоких � J1(Fe–Fe). Наблюдается неболь-
шое уменьшение Fe–Cr- и Fe–Fe-значений и неболь-
шое увеличение Cr–Cr-взаимодействий, слабый рост

J1(Cr–Cr) относительно бинарного сплава коррели-
рует с небольшим увеличением магнитного момен-
та на атоме хрома вблизи атома кремния. Поэтому
при увеличении концентрации хрома возникновение
фрустрированных состояний в тройных сплавах то-
же ведет к постепенной деградации магнитного мо-
мента на атомах хрома, но чуть более медленной,
чем в бинарной системе.

Для анализа взаимосвязи магнитных взаимодей-
ствий и фазовой стабильности стоит отметить, что в
работе [45], в которой обменные взаимодействия бы-
ли рассмотрены как часть конфигурационного га-
мильтониана, было показано, что в Fe–Cr-сплавах
магнитные взаимодействия J1(Fe–Fe) и J1(Cr–Cr)
способствуют образованию твердого раствора, а
J1(Fe–Fe) � кластеризации в этой системе. Кроме
того, при малых концентрациях хрома обменные
взаимодействия Fe–Fe и Cr–Cr в значительной сте-
пени компенсируют друг друга, а обменные взаимо-
действия Fe–Cr являются доминирующим вкладом в
эффективные кластерные взаимодействия V1(X–Y),
что определяет стабильность сплава, проявляющу-
юся в отрицательных значениях энтальпии смеше-
ния бинарных Fe–Cr-сплавов [45] (см. рис. 1). Увели-
чении концентрации хрома и потеря атомами хрома
магнитных моментов приводит к уменьшению маг-
нитных и химических взаимодействий между ато-
мами Fe и Cr, при этом Fe–Fe-взаимодействие ста-
новится доминирующим, что приводит к дестаби-
лизации сплава. Поскольку обменные взаимодей-
ствия при добавлении кремния меняются незначи-
тельно, можно сделать вывод, что на стабилиза-
цию Fe–Cr–Si-сплавов (относительно Fe–Cr-сплавов)
оказывают химические взаимодействия V1(Fe–Si) и
V1(Cr–Si) в дополнение к магнитным взаимодей-
ствиям Fe–Cr, которые определяют стабильность
разбавленных двойных Fe–Cr-сплавов.

Особенности электронной структуры изучаемых
сплавов также имеют отношение к зависимости зна-
чений магнитного момента атомов хрома от окруже-
ния. И в бинарной Fe–Cr [7,11] и в тройных Fe–Cr–Si
системах (рис. 6) при низких концентрациях хрома
на плотности электронных состояний (DOS) наблю-
дается разное заполнение d-зоны со спином вверх
атомов железа и хрома. Железо имеет практически
полностью заполненную зону со спином вверх, в то
время как у хрома существуют частично незапол-
ненные антисвязываюшие состояния, что может яв-
ляться причиной флуктуации магнитных моментов
из-за эффекта локального атомного окружения [56].
При этом в зоне DOS со спином вниз энергия Ферми
находится в псевдощели и для атома Fe, и для атома
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Fig. 5. (In color online) The parameters of the exchange interaction 
of the Heisenberg Hamiltonian 1(X Y)J −  at the first CS in bina-
ry Fe Crx−  and triple Fe Cr 4.7x− − Si alloys calculated using the 
EMTO-CPA method
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on the environment. In both binary Fe-Cr [7,11] and 
triple Fe-Cr-Si systems (Fig. 6), at low concentra-
tions of chromium, the density of electronic states 
(DOS) shows a different filling of the d-band with 
the spin up of iron and chromium atoms. Iron has 
an almost completely filled band with spin up, while 
chromium has partially unfilled antibonding states, 
which may be the cause of fluctuations in magnet-
ic moments due to  the effect of  the local atomic 
environment [56]. At  the same time, in  the DOS 
band with spin down, the Fermi energy is  in  the 
pseudo-gap for both the Fe atom and the Cr atom. 
As noted above, the addition of silicon causes charge 
transfer from chromium and iron atoms to silicon 
atoms. When doped with silicon, both DOS bands 
are rearranged, associated with the formation of s–d  
(in  the range from -11  to  -9  eV) and p–d  (-7 
to  -4  eV) hybridization of  Fe  and Cr  states with 
Si states (Fig. 6). There is also an electron outflow 
and a decrease in DOS in  the spin-up band (rel-
ative to  the general magnetization vector), since 
it is energetically favorable to fix the Fermi energy 

in  a  pseudo-gap. This leads to  a  decrease in  the 
magnetic moment on  iron atoms next to  silicon 
and, conversely, to an increase in the magnetic mo-
ment on chromium atoms located in 1 CS of silicon 
atoms.

3.2. Elastic properties

The strength characteristics of  the material, 
as  well as  its mechanical properties, are related 
to  the values of  elastic constants, which, in  turn, 
carry important information about microscop-
ic interatomic interactions. Figures 7 and 8 show 
the elastic constants ijC , polycrystalline modules 
obtained by  the Hill method, as well as  the ratio 
of shear and bulk moduli, G/B, for binary and terna-
ry alloys as a function of chromium concentration. 
The elastic properties of the alloys were investigated 
using the PAW-SQS method for calculated equilib-
rium lattice parameters with optimized atomic po-
sitions and cell shapes with appropriate averaging 
along the axes [33] due to a decrease in lattice sym-
metry when using SQS.

Fig. 7. (In color online) Elastic constants C11 , C12 , C44 of binary 
Fe-Cr and triple Fe-Cr-Si alloys calculated using the PAW-SQS 
method

Fig. 6. (In color online) The local density of electron states in the 
ferromagnetic BCC alloy Fe-8.6Cr-4.7Si obtained using the PAW-
SQS method
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Fig. 7 shows that the elastic constants 11C  and 12C  
for dilute binary and ternary alloys have shallow 
minima of about 5-7 at.% Cr, and at  Cr > 10x  at.% 
there is an increase in these conditions. For Si al-
loys, the minimum depth decreases relative to the 
values for the Fe-Cr system, at low chromium con-
centrations up to 10 at.% all values of  11C  and  12C  
are slightly lower than values for Fe—Cr alloys. With 
an increase in the concentration of chromium, the 
constants increase, practically falling with each oth-
er; a slight increase in  12C  for alloys with Si is ob-
served relative to Fe-Cr alloys. The 44C  constant for 
all alloys increases to 15 at.% Cr, at  Cr > 15x  at.% 
the dependences reach a plateau, while the values 
for alloys with 2.3 at.% Si lie slightly higher than the 
values for binary alloys, the highest constants have 
Fe-xCr-4.7Si alloys for the entire chromium con-
centration range under study. 

Bulk modules in Fe-Cr alloys have a nonmonotonic 
concentration dependence with a  local minimum 
at 10 at.% Cr, which correlates with a change in lat-
tice parameters. When Si is added, the nonmonoto-
nicity decreases, while at very low values of xCr, the 
values of the bulk modulus B are lower than in the 

binary alloy (despite the fact that the lattice parame-
ter decreases with increasing silicon concentration), 
with increasing chromium concentration, the values 
for Fe-Cr and Fe-Cr-Si alloys they practically match. 
The values of Young’s modulus E and shear modulus 
G in triple alloys are very close to the values in bina-
ry alloys with a slight decrease in the region of di-
lute compositions. The values of the modules show 
reasonable agreement with the experimental results 
for Fe—Cr alloys, the theoretical values are slightly 
higher due to underestimation of the lattice parame-
ters. At the same time, the main trends in changing 
properties with increasing chromium concentration 
are well reproduced: the experimental volumet-
ric module also has a minimum, and C/ rE x∆ ∆  and 

C/ rG x∆ ∆  have positive values (see [57] and the table). 
It is worth noting that all the stability criteria of cubic 
crystals, C44 > 0, C11 – C12 > 0, C11 + 2C12 > 0 [58], 
are satisfied for both binary and ternary alloys.

Let’s analyze the change in the G/B ratio during 
alloying (Fig.  8). It  was shown in  [59] that the 
G/B  ratio can be  used as  an  indicator of  plastic 
(G/B < 0.5) or brittle behavior (G/B > 0.5), while the 
higher the G/B value, the more brittle the material 

Fig. 8. (In color online) The bulk modulus B, the Young’s modulus E, the shear modulus G and the G/B ratio for binary Fe-Cr and triple 
Fe-Cr-Si alloys calculated using the PAW-SQS method
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is. Fig. 8 shows that the dependences of G/B on the 
chromium concentration of all alloys have a strong-
ly nonlinear character with a  pronounced maxi-
mum at concentrations of about 10 at.%, i.e., at the 
same concentrations where the maximum curves 
of lattice parameters and magnetic moments of iron 
atoms are located. A sharp increase in G/B at low 
xCr indicates the formation of directional bonds with 
a high degree of covalence, which correlates with 
large magnetic moments on Fe and Cr atoms with 
localized valence electrons. With increasing Crx  the 
magnetic moments on the chromium atom decrease 
(see Fig. 4), which leads to the appearance of delo-
calized electrons capable of participating in atomic 
bonding. Indeed, the ratio of G/B at xCr > 10 at. % 

begins to decrease sharply, which indicates an in-
crease in the degree of metallicity of the bond, which 
ensures an increase in Cij and elastic moduli.

When silicon is  added, the dependencies 44C  
in Fig. 7 follow the reverse order of the lattice pa-
rameters (see Fig.  3), which is  to  be  expected. 
However, the bulk modulus B  and the constant 

11C  in Fe-Cr—Si alloys decrease at low Crx  relative 
to the values in Fe—Cr alloys. At the same time, the 
G/B ratio for ternary alloys is higher than for binary 
alloys. This may indicate an additional restructuring 
of the charge density due to the presence of silicon, 
which leads to a weakening of the axial atomic bond 
and an increase in the atomic bond responsible for 
shear deformations.

Table 1. Experimental values of the parameters of the lattice a, Young’s modulus E, shear modulus G, bulk modulus 
B and the ratio G/B for some BCC alloys Fe-Cr and Fe-Cr-Si

System, a, E , G , B , /G B 

concentration, at.% Å  GPa GPa GPa

Fe–1.98Cr [50] 2.869 

Fe–3.35Cr [50] 2.870 

Fe–5.48Cr [50] 2.871 

Fe–1.65Cr [57] 209 80.9  167.8  0.48 

Fe–5.56Cr [57] 211 82.4  161.4  0.51 

Fe–10.7Cr [57] 215 84.5  157.1  0.51 

Fe–14Cr–3Si [60] 178 68  157 

Fe–10Cr–5Si [61] 2.869 

Fig. 9. (In color online) The difference charge density of Fe-5.4Cr-4.7Si and Fe-30.5Cr-4.7Si alloys, calculated using the PAW-SQS 
method. The red color indicates an excess charge, the blue color indicates a defciency of electrons
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To  verify this, a  calculation of  the differ-
ence electron density was carried out for the 
Fe-5.4Cr-4.7Si and Fe-30.5Cr-4.7Si triple alloys as 

Fe Cr Si Fe Cr Si=∆ρ ∆ρ ∆ρ ∆ρ- - -- -  (Fig. 9), which 
allowed us  to  isolate the direct influence of  sili-
con. Figure 9  clearly shows areas with an  excess 
of electrons forming on the Si-Cr and Si-Fe bond 
lines, which is  consistent with the calculation 
of Bader charges. The maximum localization of the 
excess charge is  observed in  the direction of  the 
nearest neighbor, which indicates an increase in the 
shear component of  the atomic bond and is con-
firmed by an increase in the elastic constant C44 (see 
Fig. 7). 

With an  increase in  chromium concentration, 
electron delocalization increases significantly (due 
to a decrease in the magnetic moment on chromi-
um atoms) and the formation of  regions with ex-
cess charge can be observed not only between the 
first Si-Fe- and Si-Cr-neighbors, but also between 
the second Fe-Cr-neighbors, which strengthens the 
axial coupling and leads to an increase in the con-
stant C11 and the modules B , E and G.

4.  CONCLUSION

In this paper, within the framework of the ab initio 
approach using PAW-SQS and EMTO-CPA meth-
ods, the effect of Si alloying on the thermodynamic 
stability, magnetic and elastic properties of ferro-
magnetic Fe-Cr solid solutions in the BCC structure 
is investigated. It is demonstrated that calculations 
for Fe-Cr alloys reproduce the region of the nega-
tive values of the mixing enthalpy of ∆H and show 
a minimum on the curve at a low chromium con-
tent, which reflects the anomalous stability of fer-
romagnetic dilute binary alloys found in previous 
studies [3-7]. When adding 2.3 at.% of silicon, there 
is an increase in the depth of the minimum on the 
enthalpy curve and an increase in the region of neg-
ative values of the mixing enthalpy compared to the 
binary system. When the silicon concentration in-
creases to 4.7 at.%, this effect is enhanced. At the 
same time, in the range of chromium concentrations 
from 0 to about 20 at.% for alloys containing 4.7 at.% 
Si, all pair interactions V1 (X-Y) have positive values, 
which, together with negative values of the mixing 
enthalpy, demonstrate tendency to  form a  solid 
solution in the system. Analyzing the trends in the 
dependence of  the mixing enthalpy of DН, pair 

potentials V1 (X-Y), exchange interactions J1(X-Y) 
in binary and triple alloys, it can be concluded that 
the addition of Si to Fe-Cr alloys increases the sol-
ubility of Cr in ferromagnetic iron, for which Fe-
Si and Cr-Si chemical interactions are responsible 
in addition to the magnetic interactions of Fe-Cr, 
which determine the stability of dilute binary alloys.

In  the Fe-Cr-Si  system, at  low concentrations 
of chromium and silicon, the presence of weak re-
pulsion of Si atoms located in the first and second 
coordination spheres of each other is shown.

It was found that in ternary alloys, with an in-
crease in  the chromium content, the tendency 
of a gradual decrease in magnetic moments on chro-
mium atoms due to magnetic frustrations persists. 
At the same time, the values of the magnetic mo-
ments of  iron atoms next to silicon decrease, and 
chromium atoms increase, which is associated with 
the electronic structure of ferromagnetic BCC alloys 
based on the Fe-Cr system.

It is shown that the elastic constants C11, C12 and 
the bulk modulus B for dilute binary Fe-Cr and tri-
ple Fe-Cr-Si alloys have shallow minima at xCr = 
5-7 at.%, and at xCr > 10 at.% there is an increase 
in these elastic constants. Over the entire concen-
tration range considered, the values of C11 , C12 , the 
bulk modulus B, the Young modulus E and the shear 
modulus G for triple alloys are very close to the cor-
responding values for binary alloys. The constants 
C44 for all alloys increase up to ~15 at.% Cr, at xCr 
> 15 at.% the dependences show a weak increase, 
while the C44 values ​​for ternary alloys are higher 
than for binary ones.

The analysis of the parameters of the ductile be-
havior of G/B and maps of the difference charge den-
sity allowed us to establish the relationship between 
the elastic and magnetic properties of alloys and the 
redistribution of electron density during alloying. 
It is shown that with an increase in the chromium 
concentration in ternary alloys, a change in the ra-
tio of the atomic bond components is observed with 
a decrease in the proportion of covalence and an in-
crease in the degree of metallicity due to electron 
delocalization.
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