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Highlights
« This paper focuses on modeling of the Fe-Cr-Ni alloys by molecular dynamics sim
» We examine the phase mechanism of the Fe-Cr-Ni medium entropy alloy.
» The simulation results have been compared with available experimental data j

Article Info Abstract

In the presented study, Fe-Cr-Ni te s classified as medium entropy
Received: 16 May 2023 alloys, was modelled using mole i lation method. Model system was
Accepted: 07 Dec 2023 built at specific concentration ratios in acc ith the crystal lattice structures in the phase

diagrams. The potential en Grujicic-Zhou (GZ) type embedded atom
method (EAM) was ch as the potential function suitable for the system. The phase
transformation mechanisms §f the model system were investigated by applying heating-cooling
Fe-Cr-Ni processes on the stable §tructures. In these processes, thermodynamic parameters such as
Medium-entropy alloys temperature, vol idl energy and density were calculated. In addition, the phase
Modelling transformation mechanlsm ructural properties were analysed using radial distribution
Molecular dynamics functions (RDF). Three-dimensi i

Keywords

during“th sformationy. In all these processes, the results obtained by the MD calculation
preted af@i$ compared with the experimental data.

1. INTRODUCTION

idely used in producing metallic alloys, classified according to their
]. In this classification, high entropy alloys differ from traditional alloys,

which have attracted considerable attention, have been found to have advantageous properties such as high
strength, corrosion resistance, low thermal expansion coefficient, and coating properties [7, 8]. Therefore,
many experimental studies have been conducted on this alloy to understand some of its complex properties
[9, 10]. Among the studies performed on Fe-Cr-Ni medium entropy alloys, the study conducted by Blinova
et al. investigated the effect of large plastic deformation and austenitic-martensitic transformation induced
in Bridgman anvils on their mechanical properties in microstructure [11]. Furthermore, Mahesh et al.
studied whether or not bimodal grain size distribution, rather than nano-crystalline grain size, can
significantly improve the ductility of these alloys [12]. Du et al. made a comparative analysis on the
oxidation behavior of Ce-containing Fe—Cr—Ni medium alloy in the temperature range of 950~1050 °C in
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a certain period of time [13]. Zhang et al. examined the precipitation behavior of Niz(Ti, Al) and the bulk
mechanical properties using Fe—Cr—Ni maraging stainless steel [14].

These studies revealed that some properties of Fe-Cr-Ni alloy have not yet been explained because of
experimental deficiencies. However, upon the development of various computational methods, it has
become possible to obtain incomplete and unavailable analyses due to the difficulties associated with
experimental conditions [15]. This is especially relevant, as performing some experiments is extremely
difficult or economically challenging. However, computational methods offer researchers many advantages
in terms of cost, time, and safety [15, 16]. The most important one of these methods is molecular dynamics
(MD) computer simulation, which has recently become an important tool in scientific studies to compare
the predictions of theoretical models with experimental results [16]. In an MD method, tte position and
velocity of atoms and molecules placed in a computational box or cell are calculated in e space using
the laws of Newton's equations of motion. In general, the initial velocities of the ato iti
the atoms must be placed according to the structure of the lattice to be built enWyronmental
conditions are determined in the initial stage [17]. Subsequently, the force j
calculated using a potential energy function to represent the interatomic inte

p, some
subsequent step. In the final step, a series of measurements are made | system in equilibrium

to obtain thermodynamic, dynamic, and structural properties [18, 1

entropy alloys. Among these studies, the research conducted by . in¥estigated the mechanical
i i i EAM and first principles

al. discussed the effect of Cu precipitation on te
Das et al. worked the surface morphology of

le properties of Fe—Cu—Ni alloy via MD simulation [22].
—Cr—Ni ternary alloys with stress corrosion cracking
. Wang et al. studied the interfacial phase stability and
stems as Fe-Cr-Ni [24]. Kumar et al. have used large-
iety of crystal-type structures in Fe—Cr—Ni alloy

grain boundary phase diagrams in Fe-Cr-bas
scale MD simulations to investigatg the evolution

In this study, Fe-Cr-Ni medi s modeled using MD method. Grujicic-Zhou (GZ) type
potential energy functig was used for interactions between atoms. Based on the
experimentally know! 5 grams of grodel system, heating-cooling and rapid cooling from the liquid
phase were performed a : transformations of the phase regions were compared. In all these
processes, the t rameters of the model system were obtamed Also, the characteristics of
the structural tra

cesses of model system, it is necessary to use their motion and velocity at the molecular
ore with embedded atom method (EAM), which predicts an approximate calculation of the
various interatomic forces which are determined from the potential energy of the system [26]. EAM was
often chosen along the lines of effective-medium theory represented as a collection of effective atom [27].
In this representation the average energy per atom,

() =3 |Z1Fi (i) + 5 = 0(rip) | = (Fi(p)) = 5 (2= 0(rip)) (1)

J U#0
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where p; (electron density) is assumed to be fairly uniform from atom to atom. An average atom is can be
rewritten by interaction with a Ni atom [27]

Eni-n () = Xnitbwioni(r) + Xy du-n (=222 Xy Zyi () + X Zy (1] = 2222 (7)) . 2
2.2. Simulation Details

In the simulation studies, the phase transformation processes of the Fe-Cr-Ni alloy at different temperatures
were performed using Scigress commercial source software code [28]. The Grujicic-Zhqu based EAM
potential energy function (PEF) proposed by Smith et al., was used for the Fe-Cr-Ni mod
determine the reliability of the PEF, the model system was equilibrated in phase spage. FoRthe Fe-Cr-Ni
ternary alloy system, 3000 atoms of nickel, 750 atoms of Fe and 250 atoms of Cr
4000 atoms. The MD computational cell was created by applying periodic bougdary iiONS in three

was used to determine the |n|t|al atomic velocities. The unit MD step Wi the 5th order
predictor-corrector Gear algorithm was chosen for the integration step al statistical
ensemble was used to describe the thermodynamic states of the N Inyall simulations, the
velocities of the atoms in the MD cell were scaled and the Nose-H

K and kept at these temperatures for a total of 30 ps during i JAIlso, the temperature of
the model system was raised to 3000 K within 10 ps, he at thi
within 10 ps by decreasing of temperature to 300 K wi i f 101 K/s.

2.3. Radial Distribution Functions (RDF)

The structural changes determined by thgrarran§ement of atoms during phase transformations can be
determined by the RDF. This function e probability of atoms remaining in a circle (volume
element) of thickness Ar and radius r, located at a nce r + dr from the central atom (or an atom chosen
as a reference). In this case, n(r) ig the number of al@Ws remaining in this volume (V) element. RDF is
defined as follows [30]:

@)

-distance arrangement, the heights of the peaks corresponding to
arp. In liquid and amorphous structures, which do not exhibit long-
istributions are more irregular, so there is a higher peak at the nearest
high probability of atoms in the nearest adjacency. Subsequent peaks

3.1. Phase M€chanism of Model System

Figure 1 shows the experimentally determined phase diagram for the Fe-Cr-Ni ternary alloy [31]. Upon
examining the phase diagram, it was observed that the face-centered cubic (FCC) (y) phase did not change
between 750°C and 850°C for the region with high concentrations of Ni atoms and low concentrations
(atomic percentage) of Fe and Cr atoms. More mixed-phase transformations occurred as the Fe
concentration increased.
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Figure 1. The phase diagram of Fe-Cr-Ni at 750

Figure 2 shows the model system's potential and temperature
temperature was increased from 300 K to 1000 K in 10 ps. Su
from 1000 K to 1200 K in 20 ps time. The energy inc
process. This increment can be interpreted as an incréas syitem's atomic vibrations and mobility.
Therefore, the atomic rearrangements occur Wiwncreasing te

on time. The system's
perature was increased
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Figure 2. Potential energy and temperature change in the heating process of the model system
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The RDF analysis describes any system's atomic arrangements and structural interactions [32]. The first
peak of the RDF or g(r) is proportional to the number of nearest neighbors, and the loss of sharpness of the
peaks means that phase transformations occur with the increase of atomic vibrations [33]. Figure 3 shows
the total RDF curves obtained at 1000 K and 1100 K during the heating process of the system. The figure
shows that the RDF curves represent the ideal FCC structure at 1000 K and 1100 K temperatures. It means
that no phase transformation occurred in this temperature range. This result is consistent with the
experimentally obtained phase diagram of the system in Figure 1.

O = D W P

g(r)

O = D LI B n

r(A)

*The Rlvrve( obtained at certain temperatures during the heating process for the model

Fi

system

Figures the MD cells formed by the atomic positions obtained at 1000 K and 1100 K for the
Fe-Cr-Ni s . It was observed that the atomic distributions and planes forming the MD cells were
ordered with fhe same periodicity. At 1000 K and 1100 K, it can be concluded that the crystal structure of
the system did not change. This result is consistent with the experimentally obtained phase diagram and
RDF curves of the alloy system [where orange colors represent iron (Fe), and yellow and blue colors
represent nickel (Ni) and chromium (Cr) atoms, respectively
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Figure 5. Atomic distribution image in the MD cell at 1100 K for the model system

The percentage numbers of crystal-type lattice structures in the system can be examined using the OVITO
visualization and structural analysis program [34]. Figure 6 shows the percentage values and the image of
the MD cell obtained at 1000 K and 1100 K of different crystal systems obtained using the OVITO program.
When the percentages of the crystal structures comprising the system were examined, FCC crystal lattices
were dominant in a large proportion (~99.5 percent) at both temperatures.
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Figure 6. Percentage ratios of crystal lattice and

se. As a result of the rapid cooling at 300 K, the

s type or glassy structure was realized. The splitting in the
second peak of the RI2

correlation in the secon
process, the fra
other structures i
These results indit ormation of ICO/HCP forms a significant fraction in the glass Fe-Cr-Ni
alloy.

Beilmeg”compared to the liquid phase [27]. At the final of the cooling
gst dominant crystal lattices of FCC, BCC, HCP, icosahedral (ICO), and
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at 300 K and 3000 K temperatures during the rapid cooling process
of the model system

urves ob

ternary alloy system was modelled by molecular dynamics (MD) method based on
type potential energy function. The model system was subjected to different heat

analysis metHods. The results obtained were compared with the experimental data and it was seen that the
results were compatible with the experimental data.

For the model system, it is seen that the FCC (y) phase does not change between the temperature of 1000-
1100 K and in the region of high concentration (as atomic percentage) of Ni atoms and low concentrations
of Fe and Cr atoms during the heating process. The Fe-Cr-Ni system, which was kept for 10 ps at 3000 K,
was stabilized at 300 K using high cooling rate and it was determined that the system turned into glass
(amorphous) phase.
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In the future studies, the concentration ratios of Cr, Fe and Ni elements, which form the binary and ternary
systems, are selected for a single region of the phase diagram. Studies can be repeated according to different
concentration ratios and the results can be compared using different potential functions for model system.
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