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This paper reports a study into estimat-
ing the impact of dissolved Si and Cr on the
crystalline structure, certain mechanical
characteristics, and stability of manganese
austenite. The theoretical study was based
on the first-principle calculations within a
density functional theory (DFT) for aus-
tenite structures, which were modeled in
the form of 2x2x2 superlattices based on a
JSace-centered cubic lattice.

Atoms in the model superlattices were
arranged considering the experimen-
tal results from analyzing the Mossbauer
spectrum and the X-ray phase analysis of
experimental alloys corresponding to high
manganese steels. The superlattices that
represented the structure of the alloyed
austenite contained the C atom in the cen-
tral octahedral pore, which, relative to
the Si(Cr) and Mn atoms, was located in
the first and second coordinating spheres,
respectively.

The analysis of calculation results

reveals that the dissolution of Si and Cr in
manganese austenite leads to an increase
in the stability of the austenite phase,
both according to the results from mod-
eling within the DFT and based on the
findings from the thermodynamic analy-
sis. At the same time, the austenite phase
is transferred to the region of plastic mate-
rials according to the ratio of the volumet-
ric elasticity to shear modules of >1.75
(a B/G criterion). Determining the den-
sity of electronic states shows that among
the structures studied, the lowest number
of electrons at the Fermi level, which indi-
cates the highest electrochemical stability,
is characterized by manganese austenite
alloyed by Cr.

Theresults of this study provide grounds

Jor expanding the systems of alloying high

manganese steels by introducing a signifi-
cant amount (up to 10 at. %) of Si and Cr,
in particular for the application of wear,
shock, and corrosion-resistant coatings by
the method of electric arc surfacing

Keywords: high manganese steel,

Sfirst-principle calculations, Mossbauer
spectroscopy, alloying elements, wear-re-
sistant coatings

u] =,

Received date 20.09.2020
Accepted date 11.11.2020
Published date 02.12.2020

|DOI: 10‘15587/1729-4061.2020.217281|

ANALYSIS OF THE EFFECTS

OF ALLOYING WITH Si AND

Cr ON THE PROPERTIES OF
MANGANESE AUSTENITE BASED
ON AB INITIO MODELLING

P. Prysyazhnyuk

PhD, Associate Professor*

E-mail: pavlo1752010@gmail.com

L. Shlapak

Doctor of Technical Sciences, Professor®

E-mail: tzn@nung.edu.ua

I. Semyanyk

Postgraduate Student*

E-mail: ztk@nung.edu.ua

V. Kotsyubynsky

Doctor of Physical and Mathematical Sciences, Professor
Department of Material Science

State Higher Educational Institution

“Vasyl Stefanyk Precarpathian National University”
Shevchenka str., 57, lvano-Frankivsk, Ukraine, 76018
E-mail: kotsuybynsky@gmail.com

L. Troshchuk

Mechanical Engineer

Utility company «Municipal Road Company»
Maksimovicha str., 13, lvano-Frankivsk, Ukraine, 76006
E-mail: Itroshchuk123@gmail.com

S. Korniy

Doctor of Technical Sciences, Senior Researcher, Head of Department
Corrosion and Corrosion Protection Department
Karpenko Physico-Mechanical Institute

National Academy of Sciences of Ukraine

Naukova str., 5, Lviv, Ukraine, 79060

E-mail: kornii@ipm.lviv.ua

V. Artym

Doctor of Technical Sciences, Professor

Department of Construction and Energy Efficient Buildings**
E-mail: viartym@gmail.com

*Department of Welding**

**|vano-Frankivsk National Technical University of Oil and Gas
Karpatska str., 15, Ivano-Frankivsk, Ukraine, 76019

Copyright © 2020, P. Prysyazhnyuk, L. Shlapak, 1. Semyanyk,
V. Kotsyubynsky, L. Troshchuk, S. Korniy, V. Artym

This is an open access article under the CC BY license (http.//creativecommons.org/licenses/by,/4.0)

1. Introduction

for such operational conditions when there are impact-abra-

High-manganese steels are the most widely used material
for the manufacture of parts and the application of coatings

sive wear and destruction under the influence of dynamic and
cyclical loads. The main structural component of such steels
is manganese austenite, capable of intensive deformation



strengthening. Important properties that determine the per-
formance of manganese austenite is its crystalline and elec-
tron structure. Its features determine the level of the structure
stability, the value of elastic constants, as well as the energy
condition of the crystal, and, consequently, the stacking fault
energy (SFE) [1]. A value of SFE is a defining characteristic
when establishing the fundamental possibility for the defor-
mation strengthening of manganese steels by the twinning-in-
duced plasticity (TWIP) [2] or the transformation induced
plasticity (TRIP) [3] techniques. In this case, it is especially
important to assess the influence of dissolved alloying ele-
ments in manganese austenite on its stability and the phys-
ical-mechanical characteristics. In addition, when applying
coatings from manganese steels, it is important to assess the
effect of alloying on the thermophysical characteristics, which
emerge in different procedures for calculating temperature
fields [4, 5]. Among these elements, it is important to assess
the effects of silicon, which is part of almost all high manga-
nese steels and coatings based on them. Chromium is intro-
duced into such coatings to improve corrosion resistance [6],
which is evaluated by electrochemical methods [7, 8].

One common procedure in materials science, which
makes it possible to model the crystalline structure and
determine its properties in a given time, is the quantum-me-
chanical calculations within the framework of the densi-
ty-functional theory (DFT) using a method of nonlocal
pseudopotential [9]. Such calculations typically employ
software tools such as Vienna Ab initio Simulation Package
(VASP) (Austria) [10], Cambridge Serial Total Energy
Package (CASTEP) (UK) [11], and others. The main lim-
itations of this procedure are the complexity of modeling
unordered solid solutions, which include austenite. This ne-
cessitates modeling them in the form of supercells of orderly
solid solutions that simulate individual cases of unordered
structure. In addition, such calculations are carried out for
defect-free structures at 0 K, so only the theoretical values
of mechanical characteristics are reflected. In this case, an
analysis of real solid solutions produces, basically, a qualita-
tive pattern of the influence of dissolved components.

Studying such materials implies the design of new
wear-resistant coatings with composite structures, which is
relevant for materials science and tribology.

2. Literature review and problem statement

The construction of new, as well as the continuous im-
provement of existing algorithms of quantum-mechanical
calculations of the crystalline structure and properties
allow them to be used for modeling the most important
phases in steels, in particular austenite of different com-
positions [12, 13]. In order to study the impact of Si and
Al additives on the elastic characteristics, structure, and
energy state of nickel-chromium austenite, the authors of
work [14] modeled its crystalline structure in accordance
with the FegCryNi, formula. To simulate an unordered solu-
tion, the atoms of dissolved components were symmetrically
arranged in the FCC (face-centered cubic) nodes of the
supercell: 2x2x1, based on y-Fe, which contained 16 atoms.
According to the calculation results, it was found that the
dissolution of Si in the austenite of the specified composi-
tion, additionally alloyed with Al, leads to a decrease in the
elastic constants and theoretical hardness and an increase
in the plasticity and Poisson coefficient. At the same time,

the thermodynamic and electrochemical stability (calculat-
ed by the number of electrons at the Fermi level) increases
significantly. However, the cited work disregarded the issue
of modeling the introduction solutions involving elements
such as carbon and nitrogen. Determining the effect of
dissolved nitrogen on the crystalline structure and elastic-
ity characteristics of manganese-chromium austenite of the
FeigCrgMng formulation by modeling with the use of DFT
is reported in paper [15]. Austenite with different carbon
content was modeled in study [16]; it was represented in the
form of 5x5x5 supercells based on an FCC cell. They con-
tained 125 Fe atoms in the nodes of the crystalline lattice
and 1, 7 and 9 C atoms located in the octahedral pores. The
results of the reported modeling showed a nonlinear growth
of elasticity and shear modules while increasing the amount
of dissolved C, which clearly manifests itself with an increase
in the amount of dissolved carbon over 5 %. The structure
was modeled in the form of a y-Fe-based superlattice, which
contained 32 metal atoms in the nodes of the lattice and 1 ni-
trogen atom in the octahedral pore located in the center of
the lattice. According to the calculation results, the parame-
ter of the lattice of the Fe;gCrgMngsolid solution at nitrogen
dissolution increases from 3,507 to 3,522 angstrom (A), and
its formation energy increases by 2-2.5 times. At the same
time, the values of modules B and G increase while the Pois-
son coefficient decreases. However, all the structures studied
with different mutual arrangements of Fe and Cr atoms, ac-
cording to the B/G criterion [17], refer to plastic materials:
B/G=2.25-3.25 (higher than 1.75). Determination of the
yield strength of high-manganese steels alloyed with Al on
the basis of a model that included the DFT calculations of the
contribution of short-range ordering energy was carried out
in [18]. In contrast to works [15, 16], instead of superlattices,
the simulation was performed on the basis of calculating the
energy of clusters with an FCC lattice and the octahedral
pore filled with carbon in the center. The number and con-
figuration of the atom arrangement resulted from searching
for crystalline structures with the lowest ordering energy.
As a result, six stable structures of the following formula-
tions were identified: FegAlgC, FesMnAlgC, Fe;Mn,AlgC,
Fe;Al;C, MngAlgC, and FesMn3AlgC. Extrapolating the
data about these structures on the composition of stan-
dard austenite steels has made it possible to determine the
strength limit with a margin of error of ~10 %. The Ni and
Co influence on the electron structure and the elastic char-
acteristics of austenite of the Fe,C formulation was studied
in work [19]. The simulations were carried out using a DFT
procedure employing the CASTEP software for structures
with an FCC lattice, whose Fe atoms were replaced with Co
and Ni atoms in equal proportions in an amount of ~20 at. %.
The resulting equilibrium structures were characterized
by the presence of a tetragonal FCC lattice with modified
parameters (a=3.7367-3.7451 and ¢=3.7843-3.8061) com-
pared to austenite of the Fe,C composition (a=3.7478 A).
All model structures met the criteria for mechanical stability
and were plastic materials according to the B/G criterion.
At the same time, in a general case, there is a simultaneous
dissolution of Co and Ni in austenite of the Fe,;C formula.
An analysis of values of the calculated elastic constants for
structures with a different arrangement of atoms reveals that
in a general case the simultaneous dissolution of Ni and Co
leads to the higher values of G and a decrease in the B value
and plasticity. The comprehensive approach to determining
the elastic characteristics of high-manganese austenite was



reported in work [20], whose authors. in parallel with
DFT calculations, performed experimental research by a
nanoindentation method [21]. The samples for their ex-
perimental study were the coatings applied by magnetron
spraying and alloys from pure components containing C
in the amount of 0.5-3.0 at. %, and Mn, from 28-30 at. %.
The comparison of the calculated and experimental values
of the parameters of austenite lattices of different compo-
sitions shows that the values of the calculated magnitudes
(3.51-3.54 A) are lower compared to the calculated ones
(3.59-3.61). However, the tendency to increase the lattice
parameter when increasing the contents of Mn and C is re-
flected in both calculations and experimental results. The
experimental values of the Young modulus are described
by theoretical calculations with a ~15 % accuracy and are
within 185-220 GPa. At the same time, increasing the car-
bon content within 0-3 at. % does not lead to a noticeable
increase in the elasticity module.

Our generalization of the above data from the scientific
literature shows that for the alloyed austenite with the total
content of alloying elements dissolved by replacing <50 at. %
and in the amount of C<3 at. %, the lattice parameters are
within ~3.45-3.6 A. The calculated values of the E, B, and
G elasticity modules are within 185-346, 150-280, and
70-150 GPa, respectively. The data that most accurately
describe the results from experiments were acquired by us-
ing the generalized gradient approximation (GGA) into the
Perdew-Burke-Ernzerhof (PBE) images using the CASTEP
and VASP programming codes. This allows us to argue that
it is expedient to simulate alloyed manganese austenite in
the form of an FCC superlattice by their central pore filled
with a carbon atom.

3. The aim and objectives of the study

The aim of this study was to establish the impact of Si and
Cr additives on the crystalline structure and properties of man-
ganese austenite by experimentally determining the structure
parameters and by ab initio simulation based on DFT methods.

To achieve the set aim, the following tasks have been solved:

—to determine the phase composition of high-manganese
steel and to analyze its Mossbauer spectrum;

—to assess the impact of Si and Cr on the elastic con-
stants, mechanical characteristics, and stability of manganese
austenite;

—to establish patterns in the electron structure of man-
ganese austenite with the dissolved atoms of Si and Cr and to
establish its relation to the physical-mechanical characteristics.

4. Materials and methodology to study the influence of Si
and Cr on the characteristics of manganese austenite

We theoretically determined the parameters of the crys-
talline structure and elastic constants of manganese austenite
depending on its composition within the framework of DFT
and pseudopotential methods using the basis of flat waves. The
calculations were performed using the CASTEP programming
code by the generalized gradient approximation (GGA) method
in the representation by Perdew-Burke-Ernzerhof (PBE) [22].
The Brillion’s zone was split into a grid of 4x4x4 k-points
according to the Monkhorst-Pack scheme [23]. We described
the potentials of ions by using the ultra-low potentials by Van-

derbilt [24] for the electron configurations of ions: C—2s*2p?,
Si-3s23p?, Mn-3d54s2, Fe-3d64s2. The optimization of the
geometry (relaxation of the structure) was considered complete
at a volumetric tension of <0.05 GPa and the forces acting on
an atom of <0,03 eV/A. The 2x2x2 supercells based on an FCC
lattice with 32 iron atoms and alloying elements per one cell
were used to simulate the structure of austenite (Fig. 1). A car-
bon atom was placed in the central octahedral pore.

Fig. 1. A model of the crystalline structure of alloyed
austenite

In the model superlattice, the following groups of sym-
metrically arranged atoms can be identified: along the edg-
es (1) and faces (II), as well as at the cube vertices (I1I), and
the octahedron vertices (IV) around the central octahedral
pore. Thus, the composition of austenite corresponded to the
formula A{Bj,DY'F;¥ —C, where A, B, D, F are the alloying
elements that form the substitutional solutions with iron in
positions I, IT, ITI, IV.

Samples for our experimental study were manufactured
by the electric arc fusion of ferrosilicon-manganese and
low-carbon steel. Based on the results from an X-ray fluores-
cence analysis, the composition of the alloys corresponded to
high-manganese steel containing, % by weight: Mn ~19 %,
Si~4 %, C ~1.5, the rest — Fe.

We experimentally studied the parameters of the crys-
talline structure by a Mossbauer spectroscopy method using
the nuclear gamma-resonance spectrometer YaGRS-4M. The
Fe?? electron Mossbauer spectra were acquired by using Co®”
in the chromium matrix as a source of y-quants and by cali-
brating the isometric offsets relative to sodium nitroprusside.

Thermodynamic calculations were carried out using the
CALPHAD (CALculation of PHAse Diagrams) procedure
employing the OpenCalphad programming code [25] and
the thermodynamic functions given in works [26-28].

The phase composition of the samples was determined by
X-ray phase analysis (XRD) using the DRON-3M diffrac-
tometer in the filtered CuK, radiation with the subsequent
diffractogram processing based on the Rietveld method.

5. The results of studying the crystalline structure and
certain mechanical characteristics of the manganese
austenite alloyed with Si and Cr

5.1. The results from the X-ray phase analysis, mi-
crostructure study, and Mossbauer spectroscopy of
high-manganese steel

The results from the X-ray phase analysis of experimental
alloys (Fig. 2, a) showed that their base phase is Fe with a
face-centered lattice (spatial group Fm-3m). The Fe lattice



parameter was a=3.576 A, which is close to the parameters of
the austenite lattice in Hadfield’s steel after casting [29] and in
welded joints of 3.60—3.62 A [30]. The results of studying the
microstructure of the experimental alloys obtained during the
alloying with Si (Fig. 2, b) and Cr (Fig. 2, ¢) show that in both
cases the structure of the alloys consists of uneven grains of
austenite and eutectics with different morphology. In this case,
alloying with Cr leads to the formation of a rougher structure
of the austenite-carbide eutectics compared to alloying with Si.
This is probably due to the different nature of the carbide
phases that make up the eutectics. For alloys, alloyed with Cr,
it is thermodynamically beneficial to form carbides of the type
(Fe, Mn, Cr);Cs, while when alloying with Si, there is only the
formation of cementite-type carbides (Fe, Mn)3C.

The experimental Mossbauer spectrum of Si, Cr-alloyed
manganese austenite is formed by a combination of double and
singlet components (Fig. 3). No manifestations of the Seeman
nuclear effect are observed, indicating that there are no "Fe
nuclei in a magnetically-ordered state. It could be argued that
the a-Fe phase is absent and all Fe atoms are part of the aus-
tenite structure. Using the UNIVEM-MS software, subject to
the Lorentz form of resonance lines, the experimental spectrum
was represented as a superposition of two double and one sin-
glet component. They correspond to the resonant absorption of
%7Fe by the nuclei, which are in the crystalline- non-equivalent
positions of the lattice. The estimation values of the character-
istic parameters of the spectrum components (isomeric shift,
quadrupole cleavage) of Lorentzian line shape agree well with
the data reported in work [31] when analyzing the spectra of
austenite (Table 1). The use of Mossbauer spectroscopy has
made it possible to calculate the relative proportion of Fe atoms
with different types of close neighbors, which would affect the
size of the electric field gradient on the core and determine the
quadrupole splitting of a particular component. Comparing the
findings, it can be argued that the formation of the observed
spectrum layout is a consequence of the presence of carbon and
alloying atoms in the near coordinating areas of 5’Fe. In this
case, doublet 1 corresponds to the crystallographic position
of ®Fe number I, doublet 2 — positions number IT and IV, sin-
glet 1 — position number III (Fig. 1). Taking into consideration
the value of the relative proportion p of Fe atoms in a particular
environment (Table 1), the most likely is the localization of Si,
Mn, and Cr alloying elements in the austenite superlattice in
positions number 11, I11, and TV.

Based on this conclusion, in the further calculations
of the model crystalline structure, the Mn atoms were ar-
ranged in the crystallographic position of position ITI, and
the Si or Cr atoms — in position IV. The initial parameter of
the superlattice was set to 2xa, where a is the parameter of
the austenite lattice, defined experimentally (3.576 A). This
arrangement of atoms ensured that all the necessary pairs of
adjacent atoms were available: C-Mn, C-(Si,Cr), C-Fe, Mn-
(Si,Cr), Mn-Fe, Fe-(Si,Cr).

Table 1

Results of processing the experimental spectrum of
manganese austenite: Qs — quadrupole uncoupling, mm/s;
G — line width, mm /s; p — relative share of Fe atoms, %

Doublet 1 Doublet 2 Singlet 1

Phase (o[ G [ ,[olal|,|e],
mm/s | mm/s mm/s | mm/s mm/s

v-Fe(Mn,C) | 0.65 | 0.31 |38.7 | 0.16 | 0.21 | 50.0 | 0.18 | 11.3
y-FejoC [31] | 0.65 | 0.30 | 57.0 | 0.10 | 0.24 | 34.0 | 0.23 | 9.0

(111)

(200)

Intensity, arb. units

(202)

40 50 60 70 80
20, degrees

Fig. 2. The analysis of phase composition and microstructure
of experimental materials: a — diffractogram of high
manganese experimental steel; b — microstructure of high-
manganese steel alloyed with silicon; ¢ — microstructure of
high-manganese steel alloyed with chrome
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Fig. 3. Mossbauer spectrum of alloyed high manganese steel



The comparative analysis of the parameters of the Moss-
bauer spectra of carbon and manganese austenite reveals
the proximity of the parameters of quadrupole uncoupling
and line width, which indicates the stability of the austenite
phase in experimental alloys.

5. 2. The results of determining the stability and me-
chanical characteristics of manganese austenite when
dissolving Si and Cr

One of the attributes of stability of a crystalline structure
is, in particular, its mechanical stability, which, depending
on the type of crystal lattice, is determined by the Bourne-
Huang criterion. For a tetragonal lattice, which was the basis
for model structures, the stability, depending on the elastic
constants (Cy), is determined by meeting a series of criteria:
Ci1>0, C33>0, C44>0, Cg6>0, C11C15>0, C{1+C332C19>0 and
2(Cy1+Cy9)+C33+4Cy3>0. The elastic constants were calcu-
lated after optimizing the geometry (structure relaxation) in
accordance with the relationship between deformation and
stresses under the generalized Hook law:

6, =C;ey, )
where oj; is the stretching strain; ey is the longitudinal de-
formation.

Comparing the results of our calculations of values for
the elastic constants, the lattice parameter (a), and the full
energy of the crystalline lattice (Et) for pure y-Fe, according
to the selected methodology, to the data reported in [32]
shows that they are in good agreement (Table 2).

Table 2
Characteristics of the crystalline structure of y-Fe

Elastic a A

constants Cui Ciz Cas Et, eV /atom

Calculation |445.591 | 204.884 | 254.627 | 3.45342
Data from [32] | 484 234 287 3.45

-27,685.6
-34,634.5

The elastic constants and the parameters of the
model structures’ lattices are given in Table 3. An
analysis of them shows that the value of the austen-
ite (Fe-C) lattice parameter (3.5743 A), calculated

Given the known values of B and G for polycrystalline
structures, the Young module (E) and the Poisson coeffi-
cient (v) can be calculated from the following equations:

9GB
= , 4
G+3B @
3B-2G
“T2(G+3B) ®)

We assessed hardness (theoretical) according to Vickers
by using a Lyakhov-Oganov procedure, whereby the Knoop
hardness is calculated from the equation given in [36]:

n 1/n
HK = 42‘/3'874(]'[ N X, e " ) -34, )
k=1

where V is the volume of the crystalline lattice, N is the
number of k-type bonds in the crystalline lattice. X; and f;
are the energy of holding electrons of the type & bonds and
the indicator of ionization, which are determined from the
following equations:

kyk
S
k k k
CNICN'

and
y Xf-Xt
BT kyk
44/Xin

where X/, X # are the electronegativity of atoms i, j; and CN'
is their coordination number.

The anisotropy (A,) of a crystalline structure with cubic
symmetry at known values of the elastic constants is deter-

mined from a Zener ratio:
2C
A= ©)
(C11 - C12 )

For completely isotropic crystalline structures, A,=1.

Table 3

Calculated values of elastic constants and parameters of the model

structures’ lattices

by extrapolating the empirical equation proposed in .

Elast tants| C C C C C C A
work [33] to 7=0 K, and that of the model structure T convans ! 2 o i “ % 1<
are within the typical error for calculations based Fes,C 451.21 | 199.848| 199.848| 451.21 |221.318|221.318(3.4754
on a DFT method (10 %). FeysMngC | 421.46 |215.519(215.519 | 421.46 |221.934(221.934|3.4863

T}flle .fe,s‘%lfmg values {)f lthe elastic COESt'%Ht? FeysMngSisC |325.404] 191.274] 191.274] 325.404] 97.588 | 97.588 [3.5204
are the 1nitial ones to calculate some mechanica
characteristics of a polycrystalline material [34]. FeisMngCrgC  [282.433]152.656|152.656|282.433 |144.541 | 144.541|3.5162

According to the average Voight-Reuss-Hill (VRH)
scheme [35], the values of the volumetric elasticity
module (B) and the shear module (G) are deter-
mined from the following equations:

1 2
B=§(C“+C22+C33)+§(C12+C13+C23), (2
1
G :E(cn +Cpy+Cyy-C, —Cyy _C23)+
1
+g(c44 + Css + CGG)' 3)

The results of our calculations (Fig. 4) show that the dis-
solution of C and the studied alloying elements (Mn, Si, Cr),
forming substitutional solutions, leads to the growth of the
v-Fe lattice parameter. This is accompanied by the growth of
thermodynamic stability of the austenite phase. Dissolving
Mn in austenite leads to a slight decrease in the values of mod-
ules E and G and the growth of module B. In this case, there
is an increase in plasticity, hardness, thermodynamic stability.
Dissolution of Si and Cr in manganese austenite leads to its
increased thermodynamic stability, hardness, and plasticity,
while the values of elasticity modules (B, G, and E) decrease.



The effect of silicon on the change in these characteristics
manifests itself more clearly. However, dissolution of silicon
leads to a decrease in the anisotropy of the austenite phase
(A,) while, when dissolving Cr, anisotropy increases.
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Fig. 4. Results of calculating the characteristics of model

austenite structures: a — elastic constants; b — plasticity

and Poisson coefficient; ¢ — the parameter of lattice and
anisotropy; d — stability and theoretical hardness

The analysis of Gibbs energy temperature dependences
(G,) of alloys, whose composition corresponds to the model

structures (Fig. 5), calculated according to the CALPHAD
methodology, shows the same tendencies to stabilize the
austenite phase as the DFT calculations. In particular, the
dissolution of C leads to a slight decrease in G, in the tem-
perature stability region y-Fe (~1,184-1,665 K), according
to the equilibrium Fe state diagram. Further dissolution of
Mn leads to a significant decrease in the G, of the austenite
phase, which is observed throughout the entire temperature
range (800-1,800 K). With the simultaneous dissolution
of Mn and Si, the intensity of reducing the free energy of
austenite increases by almost two times, compared to Fe-C
alloys, where only Mn dissolved. Dissolution of Cr in man-
ganese austenite also leads to a decrease in its Gibbs energy
but, compared to Si, its effect is much weaker.

1184 1665
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Fig. 5. Gibbs energy temperature dependence of alloys
corresponding to model structures: y-Fe, Fe15C, Fey;Mn5C,,
and Fe,4Mn;SisCy

The DFT calculation data at 0 K agree well with the
CALPHAD thermodynamic calculations at 800-1,600 K.
This indicates that the identified trends in the impact of Si
and Cr on elastic constants would be maintained under nor-
mal conditions and elevated temperatures.

3. 3. The results of analyzing the electron structure of
manganese austenite when dissolving Si and Cr

The calculated density of electron states (DOS) of aus-
tenite structures (Fig. 6) indicates the similarity of their elec-
tron structure, and the lack of energy cracks near the Fermi
level (zero energy point) is a sign of the bond of metallic type.
According to [14], the number of electrons at the Fermi level
determines the level of electrochemical stability of a structure,
namely, when it increases, the level of stability decreases.
According to this, the model austenite structures in the order
of growth of their electrochemical stability can be placed in
a series: Fe3yC—FeysMngC(FeigMngSigC)—FeigMngCrgC.
Thus, dissolving Mn in austenite increases its electrochemi-
cal stability while the further dissolution of Si in it does not
significantly affect its value. In this case, the dissolution of
Cr in manganese austenite leads to a significant increase in
electrochemical stability, which can manifest in the growth of
corrosion resistance.

The analysis of electron distribution density maps for
model structures in the plane (002) (Fig.7) shows that
interatomic bonds with high concentrations of Fe-C and
Cr-C electrons are formed in Fes;MngC and FejgMngSigC
structures, respectively. For the Fe;gMngSigC structure, the
density of electrons in Si—C pairs is much lower but the rela-
tively high density of electrons is found in Fe-Si pairs. Bonds



in pairs of metal-carbon are characterized by a covalent
type, which, in a general case, is reflected on the mechanical
properties such as a decrease in plasticity. Therefore, the
nature of the distribution of electron density indicates that,
for FeysMngC, the plasticity would be lower compared to
FeigMngSigC. For Fe;gMngSigC, the low concentration of
electrons around the C atom implies the increased plasticity,
on the one hand, while the presence of the developed cova-
lent metal bonds metal-silicon increases hardness, on the
other hand.

[}
(=]

—Fe,,C —Fe,Mn,C
—Fe Mn,SiC —Fe MnCr,C

[V e |
(=R )

w
[w=)

— N
S O

Density of states, electrons/eV
N
)

(=)

-15 -10 -5 0
Energy, eV

Fig. 6. Complete density of electron states of austenite of
different formulation

Fe, Mn,C

w

electrons/A’
[\

—_—

0.05

Fig. 7. Maps of the electron density distribution of model structures in the plane (200)

Thus, the dissolution of Si and Cr in both cases causes
significant enough changes in the distribution of the density
of electrons, which leads to a simultaneous increase in the
hardness and plasticity indicators of the austenite phase.

6. Discussion of results of analyzing the impact of
alloying with Si and Cr on the structure of manganese
austenite

The generalization of results from our experimental
research and the results of modeling shows that the disso-
lution of Si and Cr leads to the increased stability of the
austenite phase (Fig. 4, d). Increasing the stability of aus-
tenite (Fig. 5) is a prerequisite for preventing the process of
cement phase evolution, which negatively affects the capa-
bility of manganese austenite to be used for surfacing. On
the other hand, the dissolution of Si and Cr leads to changes
in mechanical characteristics, in particular to a decrease in
the elastic constants (Fig. 4, @) and an increase in plasticity
(Fig. 4, b). The theoretical hardness of manganese austenite,
calculated from equation (5) (Fig. 4, d), correlates with the

level of its stability and the nature of the formation of inter-
atomic bonds (Fig. 5, 7). When dissolving Si in manganese
austenite, its stability is higher than when dissolving Cr;
hence, its theoretical hardness is also higher although the
level of electrochemical stability (Fig.6) is higher when
dissolving Cr.

Our results are useful for the development of new sys-
tems to alloy materials for wear-resistant surfacing based on
high-manganese steel, under operating conditions involving
dynamic and cyclical loads. The scope of application of such
materials includes the working surfaces of milling units, ag-
ricultural machinery, as well as equipment for woodworking
and processing of timber biomass.

The main limitation in the use of our data in relation to
actual systems is the need to extrapolate them to the ratio
of components that cannot be set for supercells (Fig. 1) due
to a significant labor intensity of calculations. In addition,
due to the presence of defects in actual structures, such as
vacancies, dislocations, grain boundaries, etc., the calculat-
ed hardness values could mainly be used for a comparative
analysis only.

The presence of Si dissolved in the austenite is a prereq-
uisite for the fundamental possibility of applying coatings by
electric arc methods, that is, Si is primarily a technological
additive. In contrast to Si, introducing Cr into austenite aims
to enhance performance, namely corrosion resistance and
hardness. Based on this, further studies should investigate
the total impact of Si and Cr, as well as other carbide-forming

elements that may dissolve in small

Fe, Mn.Cr,C quantities in manganese austenite.

7. Conclusions

1.1t was established that the
[ main phase in high-manganese steel,

containing, % by weight: Mn ~19 %,
Si ~4 %, C ~1.5, made by electric
arc fusion, is y-Fe with a lattice pa-
rameter of a=3.576 A. Analyzing it
by a Mossbauer spectroscopy meth-
od shows that the Si and Mn dissolved in y-Fe mainly
occupy those positions in the lattice relative to which the
carbon atom is in the first or second coordinating sphere.

2. The ab initio simulation and the thermodynamic
calculations using a CALPHAD method helped establish
that dissolving Si and Cr in manganese austenite leads to
an increase in its stability. In this case, plasticity and theo-
retical hardness increase while the value of elastic constants
decreases. Si dissolution has a more significant impact com-
pared to Cr, both to increase the stability of austenite and to
change its mechanical characteristics.

3. Based on the results of calculating the density of
electron states, it is found that the dissolution of Si and
Cr does not significantly affect the electron structure of
manganese austenite. This, in particular, indicates that the
stacking fault energy (SFE) value would not change signifi-
cantly, and, consequently, the mechanism of the deformation
strengthening of manganese austenite would not change.
The lowest density of electron states at the Fermi level was
found for the manganese austenite alloyed with chromium,
indicating the highest level of its electrochemical stability
among the structures examined.
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