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Despite their widespread use in the industry, silicon-alloyed bainitic steels remain insufficiently studied in many respects. For
instance, there is no available information on the impact of silicon impurities on the properties of martensitic structure. The
present article deals with this issue. The results of a computer simulation of the impact of silicon impurities on the tetragonal
distortion of martensite lattice and the interaction of carbon atoms in a body-centered cubic (bcc) lattice of iron using the
molecular dynamics method are presented. Interatomic potentials that make it possible to describe the interactions of Fe-Si-C
in martensite within the framework of the embedded atom model (EAM) are developed. It has been established that when
silicon is added to steel, the lattice constant ¢ decreases noticeably and the constant a increases slightly. The tetragonality
expressed by c/a ratio decreases with respect to the results of Kurdyumov’s experiment for any carbon concentrations. The
impact of silicon on the formation of martensite was studied by minimizing the energy of the strain-induced interaction
parameter A,(0) from the order-disorder transition theory in Zener-Khachaturyan interstitial solutions, which determines
the critical temperature of the bec-bet (body-centered tetragonal) transition. The calculations do not confirm the direct
proportional dependence of the change in the tetragonality of martensite and the nature of carbon activity variation during

alloying with silicon, which increases activity but decreases tetragonality.
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1. Introduction

Recently, due to a new generation of nanostructured bainitic
steels, a unique combination of strength (0,=2.1 GPa),
viscosity (K,.~34 MPa-m'?), and plasticity (§=7%) has
been achieved. To obtain a similar level of these properties,
it is necessary to suppress the release of carbides during the
formation of bainite. For that purpose, G. Bhadeshia [1,2]
proposed the introduction silicon into steel (up to 2 wt.%),
and [3,4] showed the practical effect of such introduction. As
a result, interest in alloying of steels with silicon rose again.

The Fe-Si system, the properties of which significantly
determine the characteristics of silicon-alloyed steels, was
studied in detail experimentally. The phase diagram was
presented in [5], wherein up to ~10 at.%, the a-phase, which
is a disordered solution of silicon in the bcc iron, is stable.
With the growing concentration of silicon to 6 at.%, there is
a weak 0.22% decrease of the bcc lattice constant [6]. With
a subsequent increase in the silicon content, the system will
be a mixture of an « -phase (Fe,Si) with a DO, lattice and an
a,-phase (FeSi) with a B2 structure. Usually, steels contain
less than 6 at.% (or 3 wt.%) of Si.

In [7], L. Yu. Kremnev proposed a new sight on the impact
of alloying elements on the martensite tetragonality. He
came to a conclusion that the tetragonality c/a of martensite
steels depended not only on the carbon concentration but
also on the content of alloying elements therein and the
specific features of their interaction with carbon atoms. He
considered the intensity of variation in the carbon activity

coefficient in steel under the influence of an alloying element
as a characteristic of such interaction. The presence of strong
carbide-forming components in steel, which reduce the
coeflicient of carbon activity, leads to a significant decrease
of tetragonality. In contrast, the presence of non-carbide-
forming elements in the martensite lattice, which increase
the coeflicient of carbon activity, causes the formation of
an anomalously large tetragonality of martensite. The last
group of elements includes Al, Ni, and Si. As for nickel and
aluminum, which addition can actually cause abnormal high
tetragonality [8], we agree with Kremnev’s view. When silicon
is introduced into steel, the activity of carbon also increases
and partial factors of carbon activity for ferrite and austenite
are expressed by the formulae:

Inf$=10.35N,, Inf%=14.5N,

where N is the atomic fraction of silicon in the alloy, and do
not depend on carbon content [9]. The authors noted that
the independence of f*' from temperature, both in ferrite and
in austenite, indicates that the impact of silicon on carbon
activity are expressed by a change of the partial vibrational
entropy of carbon, rather than its partial energy. At the same
time, the impact of silicon on the activity of carbon in ferrite
is stronger than in austenite. It should also be noted that
silicon addition increases the activity of carbon more strongly.
Consequently, according to Kremnev’s theory, silicon should
increase the tetragonality of martensite.

Since martensitic transformation is diffusionless and
is produced by shear displacement of atoms to a distance
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less than interatomic, martensite will inherit the mutual
arrangement of the carbon atoms and the alloying element
that exists in austenite near the martensitic point. Therefore,
the effects of activity in austenite should be considered in
Kremnev’s concept. However, no experimental studies for the
Fe-Si-C system have been found in the literature.

In [10], the interaction of carbon and silicon atoms
located at different distances in the crystal lattice of iron was
calculated. It was found that in the first two coordination
shells, a repulsive potential of 0.48 and 0.75 eV, respectively,
influences the interstitial impurity, and at large distances the
Si-C interaction drops to zero. Based on this data, it would
be logical to consider the impact of silicon impurities on
the ordering of carbon atoms in martensite. Therefore, we
propose computer simulation of this system by the molecular
dynamics method, using EAM-type interatomic potentials,
which ensure a fairly accurate reproduction of the Fe-Si-C
system properties.

2. Fitting of interatomic potential
in the Fe-Si-C martensite

Realistic interaction between atoms can be obtained only
when the electronic subsystem is considered using the
electron density functional theory. However, this method
requires huge computing resources, and its capabilities are
very limited (no more than 200 ions in a time interval of
about 100 ps).

The number of particles under consideration can be
increased using the method of classical molecular dynamics
based on Embedded Atom Method (EAM) interatomic
potentials. These potentials, developed by D. Daw and
M. Baskes [11] and reformulated by Finnis and Sinclair [12],
give sufficiently realistic calculation results when appropriate
fitting based on the results of the first-principles simulation
has been made. In the EAM, the potential energy of the i-th
atom of type « has the form:

U =Y228,(r) +F(p), (1)

where the first term is a pair interaction of ions and the second
term is an interaction of the ion with the remaining system
by embedding energy F(p), which represents the difference
between the energies of an atom embedded in the electron
gas and an isolated atom. The dependence of energy on the
total electron density characterizes the interaction of an ion
with an electronic system, wherein the total density created at
a distance  from the i-th ion is equal to the sum:

p= 2V, (r),

where y(r) represents electron density created by the atom j
of type 8 in the point of the atom i of type a.

We propose the following model for building interatomic
interaction potentials in ternary dilute alloys of the Fe-Si-C
system with a bcc lattice. The basis used is the EAM-type
potential for the binary Fe-C system [13] which, as was
shown earlier [14], allows us to adequately describe the
interaction of carbon atoms in bcc iron, which leads to the
appearance of a tetragonal martensite lattice. According to ab
initio calculations carried out in [15], the substituted Si atoms
do not significantly distort the a-iron crystal lattice and do

not cause changes in the short-range order. In addition,
there is strong repulsion between silicon and carbon atoms
in the first two coordination spheres. These results allow us
to assume that the Si-Fe and Si-Si interactions do not differ
too much from the Fe-Fe potential. Therefore, we assume that
for the potentials determined by Eq. (1) the equality of the
corresponding functions would be fair: F_=F,_, ¢, .=, ...
and ¥, = V.= Vi As the pairs of Si-C atoms cannot
approach each other to the distance of overlapping electron
orbitals, their interactions (1) preserved only the pair part of
the potential, turning the corresponding functions of electron
densities to zero: v =y, . =0.

The Si-C interaction was fitted to the data of the first-
principles simulation [10], wherein the pair potential
approximation was considered. Therefore, the corresponding
electron density functions were set to zero: vy =y . =0.
The pair interaction ¢ (r), which is a series of splines with
continuous first-order and second-order derivatives, had
a functional form as introduced in [16] and was optimized
for the values of the binding energy of silicon with carbon
E’ (p), which is calculated as:

E' (p)= [Ep((N— 1)Fe+Si+C)-E(NFe+C)] -
—[E((N-1)Fe +Si) - E(NFe)],

where E(NFe) is the energy of a perfect lattice containing N
atoms of iron; E((N - 1)Fe +Si) and E(NFe + C) represent the
energies of the systems containing the silicon replacement
atom and the carbon atom embedded in the octahedral
site of the lattice, respectively. The energy of the supercell
with atoms of silicon and carbon located at the distance p
is denoted by EP((N —1)Fe+Si+C). With this calculation
method, positive values of E (p) correspond to repulsion
between silicon and carbon impurities, and negative values
correspond to attraction.

It can be seen from Table.1 that the potential has been
optimized rather accurately for the available results of the
first-principles simulation of the Si-C interaction in the iron
lattice. According to the data from [10], repulsion between
Si and C atoms reaches its maximum value of 0.8 eV in the
second coordination sphere at the distance \/an/ 2, where a,
is the iron lattice constant, and it becomes practically equal to
zero when placed in the third coordination shell. Fig. 1 shows
the form of an optimized pair interaction function ¢ (r).
The position of the local minimums corresponds to the first
two configurations.

3. Computer simulations

Diffusion of impurities is important in many process
especially the carbon diffusion in steels. Alloying substituted
elements can make strong influence on interstitials mobility.
Molecular dynamics simulations are the powerful method to
predict many thermally activated process. According to the
theory of random walks, diffusion coeflicient D is express as:

1 2
o L)
6 t
where (%) is the mean square displacement of carbon atoms

over time t.
We used LAMMPS package [17] to calculate the diffusion
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coeflicient of carbon atoms in ferrite. The simulation cell
consisted of 30x30x30 unit cell translations (54,000
atoms). Temperature and pressure was controlled by the
Nose-Hover [18,19] thermostat and barostat. Periodical
boundary conditions were applied along all directions in our
simulations. In pure bec Fe, the diffusion coefficient of carbon
atoms equals 1.53-107'° m?/s, it has sufficiently great error
compared to results of the Monte-Carlo simulations presented
in [10], where D=9-10""2 m?/s, but experiments do not
result in such difference: 1.39-107'! [20], 8.04-10""' m?/s [21].

Carbon diffusivity is reduced by silicon content as is
shown in Fig. 2 where the normalized diffusion coefficient
is plotted versus silicon concentration. For instance, 8 at.%
Si reduces the diffusion coefficient with ~45% at 1000 K.
C diftusivity is decreased because the first- and second-
neighbor shells around Si are so high in energy that C is
blocked from these sites. Qualitatively agreement between the
MD results for fitted potential and Monte-Carlo simulations
is evident.

Iron atoms in the bcc lattice form irregular octahedrons,
in which one space diagonal is shorter than the other two.
When the carbon atom enters the octahedral sites of a-iron,

Table 1. The binding energy of Si-C in the a-iron lattice for various
configurations. The position of the interstitial carbon atom is
indicated in the table, and the substituted silicon has the coordinates
[000]. The results for the fitted potential built and available data of
the first-principles calculations that were used in the optimization
are presented here.

# C coordinates DFT [10], eV EAM, eV
1 [1500] 0.478 0.54
2 [v5150] 0.75 0.8
3 [1150] -0.021 0.02
4 (11 15] ~0.057 0
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Fig. 2. Calculated diffusion coefficient of carbon in the presence of
silicon substitutes relative to diffusion without Si, in bcc Fe when
temperature equals to 1000 K.

the lattice is stretched only along one of the cube’s edges. In
the bec lattice, there is an equal number of octahedral sites,
in which the direction of the short diagonal is oriented along
the x, y, and z axes. Accordingly, it is necessary to distinguish
X, ¥, and z site types. When the carbon atom is in pore z, it
stretches the lattice locally in the direction of axis z.

According to the Zener-Khachaturyan theory [22,
23], the properties of iron based martensite, for example,
lattice constants and tetragonal distortion, depend on
the distribution of carbon atoms in octapores of different
sublattices, and this dependence is determined by the
magnitude of the strain induced interaction parameter 1,(0).
However, the impact of silicon impurities on the value of this
parameter is still unstudied.

We showed previously in [14] that the value of the
parameter A (0) within the framework of atomistic modeling
can be determined using the expression for the free energy of
martensite with the long range order parameter # from the
theory of K. Zener and A. G. Khachaturian [23]:

F(c.,n) = F(c.,0) = 3NA(0)-c2n* +
+ % Ne kT [(1-1) In(1-#) + (1+27) In(1+27) ],
where N is the number of atoms in the crystal lattice and ¢, —

the content of carbon atoms from this number. The long range
order parameter is determined by the following expression:
ni—Ysn,

%,

This shows an excess of carbon atoms in z-octahedral
sites compared to the amount that should be present when x-,
y-» and z-sites (n}=nl=n:=n_/3) are uniformly filled with
carbon atoms. As can be seen from the definition, the long
range order parameter can vary from zero (disordered state)

to 1 (ordered state).
If martensite is fully ordered, then

F(c_,1) = F(c_,0) + E_+ k,TNc_In3,

}’I:

where E, = =N-1,(0)-c?/3 represents the energy of the strain
induced interaction of carbon atoms if they are in an ordered
state, i.e. all carbon atoms are in the z sublattice, =1. In turn,

F(c_,0) = Em -k, T-N-c_.-In3,

where E__is the energy of interaction of carbon atoms in
disordered ferrite. Based on these expressions, we obtained
the formula:

E -E
1,(0) =3~ =

e

>

which was further used to calculate the A,(0) parameter.
Theenergies E,_and E_were calculated by minimizing the
energy of the supercell, which is a bec lattice of iron with the
dimensions of 30 x 30 x 30 of elementary cells (54,000 atoms).
Silicon and carbon atoms were randomly distributed among
the crystal lattice and octahedral interstices, respectively. The
energies E_and E_were averaged by 100 configurations;
carbon content of 4 at.% was chosen. It should be noted that,
according to Zener-Khachaturian theory, the strain-induced
interaction parameter does not depend on the carbon
content. As silicon concentration increases, the parameter
A,(0) decreases (Fig. 3) up to 4.2 eV/atom (-18%) at 10 at.%
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of Si, which is probably preconditioned by a strong repulsion
of silicon and carbon atoms in close coordination shells.

Fig. 4 shows the concentration dependence of the lattice
constants ¢ and a of the martensite for Fe-C and Fe-C-Si
solutions with 10 at.% of Si compared to experimental results
from Kurgjumov [24]. It can be seen that the introduction of
silicon reduces the lattice constants and, correspondingly, the
tetragonal distortion (c/a) of Fe-Si-C martensite lattice.

4. Conclusions

In this paper, we proposed EAM-type interatomic potentials
for the Fe-Si-C system which correctly reproduce the data
of the first-principles simulation of the interaction energy
between silicon and carbon atoms located at different
distances in the a-iron lattice. The dependence of C diffusion
on silicon content also qualitatively agrees with Mote-Carlo
simulations at 0-2 at.% Si.

Simulation of the tetragonality of martensite of siliceous
steels carried out by molecular dynamics method made it
possible to establish that the addition of silicon significantly
reduces the constant ¢ and slightly increases the constant a.
The c/a ratio decreases relative to Kurdyumov’s experiment
results at all carbon content level.

Using the Zener-Khachaturyan theory, we calculated the
dependence of the strain-induced interaction parameter in
the Fe-C-Si triple solution on the silicon content. An increase
in the concentration of silicon within the range up to 10 at.%
leads to monotonic decrease in the parameter A,(0) from 5.2
to 4.2 eV/atom.

Thus, it must be admitted that Kremnev’s concept [7]
of the direct proportional dependence of change in the
tetragonality of martensite and the nature of carbon activity
variation during the alloying of steels with different elements
is not confirmed with respect to silicon. Silicon increases the
activity of carbon in steel, but reduces tetragonality.
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Fig. 3. Dependence of strain induced interaction parameter on the
silicon concentration.
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Fig. 4. Dependences of the lattice parameters on the carbon
concentration. G.V. Kurdjumov’s experimental results and data
obtained from a simulation using EAM potentials.
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