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

Article Info Abstract

In the presented study, Fe-Cr-Ni ternary alloy system, which is classified as medium entropy
Received: 16 May 2023 alloys, was modelled using molecular dynamics (MD) simulation method. Model system was
Accepted: 07 Dec 2023 built at specific concentration ratios in accordance with the crystal lattice structures in the phase

diagrams. The potential energy function based on the Grujicic-Zhou (GZ) type embedded atom
method (EAM) was chosen as the potential function suitable for the system. The phase

Keywords transformation mechanisms of the model system were investigated by applying heating-cooling
Fe-Cr-Ni processes on the most stable structures. In these processes, thermodynamic parameters such as
Medium-entropy alloys temperature, volume, potential energy and density were calculated. In addition, the phase
Modelling transformation mechanism and structural properties were analysed using radial distribution
Molecular dynamics functions (RDF). Three-dimensional pictures of MD cells and the number of crystal structures

were obtained using the visualization and analysis software via the atomic positions obtained
during the transformations. In all these processes, the results obtained by the MD calculation
method were interpreted and compared with the experimental data.

1. INTRODUCTION

Nanotechnology applications are widely used in producing metallic alloys, classified according to their
components or concentration [1-3]. In this classification, high entropy alloys differ from traditional alloys,
as at least five elements come together and introduce secondary properties with a concentration ratio
ranging from 5 to 35 percent. This main characteristic affects some of the physical properties of the alloys,
such as hardness, corrosion resistance, high wear, and oxidation resistance [4, 5].

In recent years, the use area of medium entropy alloys has constantly increased due to their better
mechanical properties than high entropy alloys [6]. Among these alloys, Fe-Cr-Ni medium entropy 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, the position and
velocity of atoms and molecules placed in a computational box or cell are calculated in phase space using
the laws of Newton's equations of motion. In general, the initial velocities of the atoms, the positions where
the atoms must be placed according to the structure of the lattice to be built, and the environmental
conditions are determined in the initial stage [17]. Subsequently, the forces acting on each atom are
calculated using a potential energy function to represent the interatomic interactions. In the next step, some
numerical integration algorithms are used to predict where the atoms will be placed in phase space in the
subsequent step. In the final step, a series of measurements are made on the model system in equilibrium
to obtain thermodynamic, dynamic, and structural properties [18, 19].

An extensive literature review reveals that few MD simulation studies are conducted on Fe-Cr-Ni medium
entropy alloys. Among these studies, the research conducted by Mabhata et al. investigated the mechanical
properties of nanowires composed of Fe-Cr-Ni alloy through MD using the EAM and first principles
approach [20]. Wu et al. developed a modified EAM (MEAM) potential for the Fe-Cr-Ni ternary system
based on previously developed MEAM potentials for pure Cr, Fe, and Ni [21]. In addition, Li-Juan You et
al. discussed the effect of Cu precipitation on tensile properties of Fe—Cu—Ni alloy via MD simulation [22].
Das et al. worked the surface morphology of Fe—Cr—Ni ternary alloys with stress corrosion cracking
mechanism by quantum chemical MD approach [23]. Wang et al. studied the interfacial phase stability and
grain boundary phase diagrams in Fe-Cr-base alloy systems as Fe-Cr-Ni [24]. Kumar et al. have used large-
scale MD simulations to investigate the evolution of variety of crystal-type structures in Fe—Cr—Ni alloy
during solidification [25].

In this study, Fe-Cr-Ni medium entropy alloy was modeled using MD method. Grujicic-Zhou (GZ) type
potential energy function based on the EAM was used for interactions between atoms. Based on the
experimentally known phase diagrams of model system, heating-cooling and rapid cooling from the liquid
phase were performed and the structural transformations of the phase regions were compared. In all these
processes, the thermodynamic parameters of the model system were obtained. Also, the characteristics of
the structural transformations are analyzed using radial distribution functions

2. MATERIAL METHOD
2.1. Potential Energy Function

The dynamical processes of model system, it is necessary to use their motion and velocity at the molecular
scale, and therefore 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,
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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]
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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-Zhou based EAM
potential energy function (PEF) proposed by Smith et al., was used for the Fe-Cr-Ni model system [27]. To
determine the reliability of the PEF, the model system was equilibrated in phase space. For the Fe-Cr-Ni
ternary alloy system, 3000 atoms of nickel, 750 atoms of Fe and 250 atoms of Cr were used for a total of
4000 atoms. The MD computational cell was created by applying periodic boundary conditions in three
dimensions to the model system. The Maxwell velocity distribution appropriate for the desired temperature
was used to determine the initial atomic velocities. The unit MD step was set to 1.0 fs and the 5th order
predictor-corrector Gear algorithm was chosen for the integration step size. The NVT canonical statistical
ensemble was used to describe the thermodynamic states of the model system. In all simulations, the
velocities of the atoms in the MD cell were scaled and the Nose-Hoover thermostat algorithm was preferred
for temperature control [29]. The temperature of the model system was heated starting from 300 K t01200
K and kept at these temperatures for a total of 30 ps during the heating process. Also, the temperature of
the model system was raised to 3000 K within 10 ps, held at this temperature for 10 ps, and cooled again
within 10 ps by decreasing of temperature to 300 K with a high cooling rate of 104 K/s.

2.3. Radial Distribution Functions (RDF)

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

g = (T, ) ®)

In a periodic crystal structure with long-distance arrangement, the heights of the peaks corresponding to
the atomic distances are high and sharp. In liquid and amorphous structures, which do not exhibit long-
distance arrangement, the atomic distributions are more irregular, so there is a higher peak at the nearest
adjacent distance, indicating a high probability of atoms in the nearest adjacency. Subsequent peaks
decrease in intensity with increasing r atomic distances and as a result, the average intensity becomes stable
ata point [17, 30].

3. THE RESEARCH FINDINGS AND DISCUSSION
3.1. Phase Mechanism 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.



1543 Merve DUMAN, Fatih Ahmet CELIK/ GU J Sci, 37(3): 1540-1550 (2024)

$ $ &

Atomic Percent Nickel Atomic Percent Nickel

Figure 1. The phase diagram of Fe-Cr-Ni at 750 and 850 °C [31]

Figure 2 shows the model system's potential and temperature variation with simulation time. The system's
temperature was increased from 300 K to 1000 K in 10 ps. Subsequently, the temperature was increased
from 1000 K to 1200 K in 20 ps time. The energy increased as the temperature increased in the heating
process. This increment can be interpreted as an increase in the system's atomic vibrations and mobility.
Therefore, the atomic rearrangements occur with increasing temperature during the heating process.
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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.
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Figure 3. The RDF curves obtained at certain temperatures during the heating process for the model
system

Figures 4 and 5 show the MD cells formed by the atomic positions obtained at 1000 K and 1100 K for the
Fe-Cr-Ni system. It was observed that the atomic distributions and planes forming the MD cells were
ordered with the 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 other structures obtained at 1000 K and 1100 K
temperatures of the model system (FCC: face centered cubic, BCC: body centered cubic and HCP:
hexagonal close packed)

The temperature was increased to 3000 K within 10 ps, held at this temperature for 10 ps, and cooled within
10 p by reducing the temperature to 300 K (~10* K/s) to investigate the phase transformation mechanism
of the Fe-Cr-Ni system from the liquid to the solid phase. Figure 7 shows the total RDF curves obtained at
3000 K and 300 K during the cooling process. When the RDF curves were analyzed at 3000 K, the structure
completely melted, representing the liquid phase. As a result of the rapid cooling at 300 K, the
transformation of the structure into an amorphous type or glassy structure was realized. The splitting in the
second peak of the RDF curve is characteristic of glassy structures and indicates the presence of atomic
correlation in the second neighborhood compared to the liquid phase [27]. At the final of the cooling
process, the fractions of the most dominant crystal lattices of FCC, BCC, HCP, icosahedral (ICO), and
other structures in the MD cell were calculated as 0.3, 0.4, 1.1, 0.9, and 97.3 percent at 300 K, respectively.
These results indicated that the formation of ICO/HCP forms a significant fraction in the glass Fe-Cr-Ni
alloy.
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Figure 7. The RDF curves obtained at 300 K and 3000 K temperatures during the rapid cooling process
of the model system

4. RESULTS

In this study, Fe-Cr-Ni ternary alloy system was modelled by molecular dynamics (MD) method based on
Grujicic-Zhou (GZ) type potential energy function. The model system was subjected to different heat
treatments and the phase transformation mechanisms in these processes were investigated with different
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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