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1. Introduction

Fe—Cu alloys are a typical two-element metal system of Fe and Cu that is completely insoluble, exhibiting
many complex characteristics in terms of microstructure, phase transitions, and crystallization
mechanisms. Recent studies have shown that the Fe—Cu system is considered an important model for
studying the relationship between atomic interactions, bond energy, and structural evolution, and has
many applications in magnetic, electronic, and mechanical materials [1-4]. Furthermore, understanding
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the temperature-dependent characteristics of such multi-component systems is critical for elucidating
electrical conduction mechanisms and thermal stability in heterojunction structures. For instance,
investigations into the temperature dependence of current-voltage characteristics provide essential data
for determining the potential of these materials in electronic device technologies [5]. In this alloy, the two
elements Fe and Cu play completely different roles. Fe is a metal with a BCC structure and strong
magnetic properties, playing a major role in creating the magnetic and mechanical properties of the
material. Conversely, Cu has a stable Face Centered Cubic (FCC) structure, high electrical and thermal
conductivity, contributing to improved conductivity and thermal stability of the alloy [6-8]. Differences in
crystal structure and surface energy between Fe and Cu lead to a strong tendency towards phase
separation, especially at high concentrations of either element [9-11]. At the atomic level, bond length is
a fundamental parameter reflecting the nature of the interactions between atoms in the system. Recent
material data and first-principles calculations show that in Fe—-Cu alloys, the characteristic bond lengths
are in the range: Fe-Fe ~ 2.45-2.48 A Fe—Cu ~ 2.52 A and Cu—Cu ~ 2.45-2.59 A [12-14]. These values
indicate that heteroatomic (Fe—Cu) bonds are generally longer and weaker than coatomic bonds, leading
to reduced lattice compatibility and an increased tendency towards phase separation. Besides bond
length, bond energy and mixing energy also play an important role in determining the stability of the
system. Recent studies using Density Functional Theory (DFT) and atomic simulation have shown that
the Fe—Cu bond energy strongly depends on the magnetic state and local chemical environment, and is
lower than that of Fe-Fe and Cu-Cu, making the system prone to atomic clustering and precipitation of
Cu nanoparticles in the Fe matrix or vice versa [15-18]. Structurally, the formation of basic structural
units such as FCC, Hexagonal Close Packed (HCP), Body Centered Cubic (BCC), and the Amorphous
(Amor) phase is a determining factor in the degree of crystallization and material properties. Recent
molecular dynamics simulation studies have shown that when the composition or temperature changes,
the number of these structural units changes significantly, thereby they can control the phase transition
and crystallization process [19-21, 41]. In particular, in the Cu-rich region, FCC structures tend to
predominate, while in the Fe-rich region, BCC structures predominate, creating complex structural
competition in the system [22-24]. In terms of research methods, experimental techniques such as
transmission electron microscopy (TEM), X-ray diffraction (XRD), and atomic probes (APT) have been
widely used to investigate the microstructure, precipitation, and atomic distribution in Fe-Cu alloys [25-
27]. In addition to these characterization techniques, the microstructural properties of Fe-Cu based
ternary thin films produced by experimental methods such as electrochemical deposition have been
extensively studied. Research has demonstrated that parameters such as current density and bath
composition exert a decisive influence on surface morphology and phase formation, confirming crystal
structure changes that parallel simulation results [28, 29]. However, these methods are limited in their
ability to directly describe atomic interactions and real-time structural evolution. Therefore, simulation
methods such as molecular dynamics (MD) and Density Functional Theory (DFC) have become important
tools for detailed study of the micro-mechanism of material systems [30-32]. Recent MD studies have
shown that crystallization, precipitation, and atomic distribution in Cu-Fe alloys are strongly dependent
on composition, cooling rate, and temperature [33]. Although there have been many important studies,
most previous works have focused on the low or medium concentration region of Cu. Meanwhile, the Cu-
rich region (especially ~80% Cu) has not been fully studied, especially regarding the relationship
between bond length, bond energy, and structural unit distribution under the influence of temperature.
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Therefore, in-depth study of these characteristics is necessary to clarify the structural stabilization
mechanism and optimize the properties of Fe-Cu alloys in modern engineering applications. Although
there have been many studies on Fe-Cu alloys, some important gaps still exist: (i) lack of quantitative
analyses of the correlation between bond length and crystallization degree in the Cu-rich region; (ii) the
role of bond energy in controlling phase transitions has not been clarified; (iii) lack of systematic studies
on glass transition temperatures in high-concentration Fe-Cu systems. Therefore, this study focuses on
clarifying the relationship between atomic bond energy and microstructure phase transition, thereby
providing a more quantitative and systematic view than previous studies.

Temperature plays a crucial role in regulating the competition between order and disorder. At low
temperatures, binding energies predominate, promoting the formation of a stable FCC crystal lattice.
However, as temperatures rise, thermal vibrations overcome the weak binding energies of Fe-Cu
heterojunctions, creating perturbation centers that cause the crystal structure to collapse.

2. Research Methods

Initially, the ATOMS software [34] was used to randomly seed Fe and Cu atoms of Fep2Cugs alloy in a cube
of size (l), calculated by the formula (1):

| = i/mFenFe'i'mCuncLJ
p
In which: nee is the number of iron atoms, ncy is the number of copper atoms, p is the atomic density of
Feo2Cuos alloy, p = 8.35 g/cm® and mr = 55.845 g/mol is the atomic mass of Fe atoms, mc, = 63.546
g/mol is the atomic mass of Cu atoms. To study the structural characteristics, phase transition and
crystallization of Feo,Cuos alloy by (EAM) [35], using LAMMPS software [30], the alloy was placed in the
Sutton-Chen potential field (SC) [36] with equation form (2).
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N 1 N
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i-1,j-1
where: ®(rj) is the pair interaction potential between atoms i; N is the number of atoms; U is the total
energy of the system; F(pi) represents the embedding energy as a function of the local electron density pi
at atom i, Ujis the energy of the i-th atom.
Specifically, how is the Fe-Cu interaction energy optimized to accurately reflect the characteristic phase
separation tendency of this system?
The simulation parameters were selected as follows: time step At = 1 fs, total number of atoms N =
32,000, cut radius rc = 6.5 A The system was equilibrated in the number of atoms, volume, and
temperature remain constant (NVT) ensemble using a Nosé-Hoover thermostat for 500 ps before data
collection. The heating rate was maintained at 1012 K/s to ensure numerical stability. To ensure that the
results obtained are accurate and not affected by factors such as surface effects and size effects, periodic
boundary conditions were used. To perform the simulation and computation, the Verlet algorithm [37,
38] was used, in conjunction with the OVITO visualization software [39] and the Common Neighborhood
Analysis (CNA) method [27] to determine structural features such as shape, structural shape, number of
structural units and radial distribution function calculated as:

(1) = 4m12pN >o(rn) @)
This function reflects the probability of finding an atom at distance r, thereby assessing the short- and
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medium-range structural order.
The entire thermodynamic process of the system is determined through the temperature function (4):

1
3Nk,

T= [40] 4)

i=1\ M,

In this formula, kg is the Boltzmann constant, mjand p; are the mass and density of the ith atom, and N is
the number of atoms. The entire research process was standardized from Feo2Cugs by increasing the
temperature from 300 K to 500 K, 700 K, 900 K, and 1100 K.

To gain deeper insights into the structural stability, the local atomic environment was further
characterized using Voronoi tessellation analysis. This method identifies the coordination polyhedra
around each atom, providing a more nuanced description of the amorphous phase than CNA alone.
Furthermore, the dynamic properties of the system were evaluated by calculating the Mean Square
Displacement (MSD) for both Fe and Cu species, defined as:

2
MSD(t) = (Jr (1) -1 () ) ©)
here ri(t) is the position of atom i at time t. The self-diffusion coefficient (D) was then derived from the

slope of the MSD curve in the long-time limit using the Einstein relation, allowing for a precise
determination of the kinetic changes at the glass transition temperature T = 700 K.

3. Results and Discussion
3.1. Structural Characteristics at 80% Cu
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Figure 1 Structural characteristics of Feo2Cuog alloy with: Shape (a), Number of structural units (b),
Radial distribution function (c), Feo2Cuos bond length (d) at temperature 300 K.
At 80% Cu, the alloy structure is dominated by Cu atomic clusters. Radial Distribution Function (RDF)

shows a distinct Cu—-Cu peak with high intensity, indicating that the Cu—-Cu bond is dominant and creates
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a stable structure. Conversely, the Fe-Cu bond is weaker and peak splitting occurs, reflecting local
structural deformation and a tendency towards phase separation. Structural unit analysis revealed a
significant increase in crystalline phases of Face Centered Cubic (FCC), Hexagonal Close Packed (HCP),
Body Centered Cubic (BCC) and a decrease in amorphous phases, demonstrating the highest degree of
crystallization at this concentration. This result is consistent with previous studies [10, 11], in which the
dominance of Cu—Cu bonds in the Cu-rich region has been noted. The main reason is the lower Cu-Cu
bond energy and the more stable FCC structure compared to the BCC of Fe. In addition, the atomic radius
deviation (~2.56 A for Cu and ~2.48 A for Fe) leads to lattice distortion, weakening the Fe—Cu
heterobond and promoting phase separation. At 300 K, the first sharp peak of the g(r) curve
corresponding to Fe-Cu pairs is located at 2.52 A , intermediate between the bulk equilibrium distances of
Cu-Cu is 2.56 A and Fe-Fe is 2.48 A. This intermediate bond length induces a localized lattice distortion
within the Cu-dominant matrix (80%). As the temperature reaches 1100 K, the broadening and structural
flattening of the second peak split signify a long-range translational symmetry breakdown, shifting the
system from a highly correlated crystalline state to a topologically disordered, liquid-like configuration.
3.2. Thermodynamic stability and Atomic Mobility

The calculated MSD curves reveal a sharp transition in atomic mobility near 700 K. Below this threshold,
the MSD remains nearly constant over time, indicating a solid-state behavior where atoms vibrate around
their equilibrium positions. As the temperature approaches Ty the slope of the MSD for Cu atoms
increases significantly compared to Fe atoms. This suggests that the Cu-rich matrix gains fluidity first,
while the Fe atoms, acting as 'perturbation centers’, remain relatively constrained. This disparity in
diffusion rates confirms that the breakdown of long-range order is initiated by the thermal activation of
the Cu skeleton, which then facilitates the dissolution of Fe-rich BCC clusters into the disordered phase.
To quantitatively evaluate the atomic mobility near the glass transition temperature (Ty ~ 700 K, the self-
diffusion coefficient (D) was extracted from the long-time linear regime of the Mean Square Displacement
(MSD) using the Einstein relation:

D :Iimé<|ri(t) () ®)

t—>o0

At 300K, both species exhibit negligible diffusion (D < 10-7 cm2/s), indicating a locked crystalline state.
However, upon approaching 700 K, the diffusion coefficient of Cu atoms undergoes a sharp increase
(Dcy~2.4.105 cm2/s), which is nearly three times higher than that of Fe (Dre ~0.8.10-5 cm2/s). This
disparity implies that the Cu matrix softens prematurely, creating fluidic channels that subsequently
release the pinning effect on Fe clusters.
The total energy of the system reaches its minimum value at 80% Cu, indicating the highest
thermodynamic stability. This is mainly due to the formation of a stable Cu-Cu bond network, which
optimizes the structure and reduces the free energy of the system.
3.3. Effect of temperature on the structure at 80% Cu
Based on molecular dynamics (MD) simulation results, the structural evolution of the Fep2Cuog System in
the temperature range from 300 K to 1100 K reveals profound phase and atomic order changes. Under
the influence of thermal energy, the structural order of the alloy is gradually broken down due to the
sharply increased thermal vibration amplitude of the atoms, leading to a significant degradation of the
crystalline phases of Face Centered Cubic (FCC): With 80% Cu concentration, the FCC lattice acts as the
structural framework. At 300 K, the system reaches its maximum crystallization state with an X; index of
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0.78. However, when exceeding the glass transition threshold (Tg), the FCC lattice rapidly decays due to
thermodynamic instability of Hexagonal Close Packed (HCP) phase: Appears mainly as stacking faults in
the FCC matrix or at the boundaries of atomic clusters. The HCP ratio is inversely proportional to the
increase in temperature, reflecting the process of eliminating lattice defects to transition to a disordered
state of BCC phase: Characteristic of iron-rich clusters (Fe). Although Fe has a stable BCC structure under
normal conditions, in a predominantly Cu matrix, these BCC units become less stable, easily deformed,
and dissolve into a disordered state when exposed to high thermal energy. The RDF function g(r)
provides visual evidence of the change in atomic interactions: Interaction characteristics at 300 K: Cu-Cu
pairs are absolutely dominant with high-intensity and sharp peaks, confirming the role of the crystal
"skeleton" of the system. Fe—Cu pairs exhibit peak splitting, demonstrating local structural deformation
and a strong tendency towards phase splitting due to lattice incompatibility (heteroatomic bonds ~2.52 A
longer and weaker than coatomic bonds). Temperature-dependent changes: As the temperature
increases from 300 K to 1100 K, the intensity of the g(r) peaks gradually decreases while the peak width
increases, reflecting the blurring of ordered positions. State at 1100 K: At this temperature threshold, the
system completely transitions to a liquid-like state. Amor units dominate, while the total crystalline phase
is only about 12% (X, is 0.12). The stability of the system at 80% Cu concentration follows the Gibbs free
energy minimization principle.
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Figure 2 Structural characteristics of Feq2Cugs alloy with: Shape (al, b1, .j1), Number of structural units
(a2, b2, .., j2), Feo2Cuos bond length (a3, b3, .., j3) at different temperatures.

The formation of a Cu-rich FCC lattice minimizes surface energy and lattice strain energy. Iron (Fe) acts
as "perturbation centers,” promoting local crystallization at low temperatures but becoming a
disordering agent as the temperature increases, leading to a redistribution of atomic stress in the
amorphous lattice. Thus, temperature plays a decisive role in regulating the balance between order and
disorder. Although the Feo2Cuos system exhibits high structural stability at room temperature, but the
limiting threshold for applications requiring crystallization of the material.
The structural degradation is tightly linked to the proliferation of the <0, 0, 12, 0> Voronoi polyhedra
(icosahedral short-range order, ISRO). The five-fold rotational symmetry intrinsic to these icosahedral
clusters is packing-inefficient and topologically incompatible with the continuous translational symmetry
of the FCC lattice. This incompatibility introduces a 'geometric frustration' that acts as an energetic
barrier against recrystallization. The Fe dopants, acting as perturbation centers due to their smaller
atomic size, lower the local coordination penalty, thereby stabilizing these amorphous-inducing <0, 0, 12,
0> configurations during thermal excitation.
3.4. Quantitative Analysis of Crystallization Degree
Crystallization degree is quantified through the percentage ratio of crystal structure units (FCC + HCP +
BCC) to the total number of atoms:

)(c - (NFCC + NHCP + NBCC)

Ntotal

The results are determined through Table 1.

Table 1 Quantitative analysis of crystallization degree

Temperature L State of Structure
« Crystallization Index (Xc)

300 K ~0.78 Highly crystalline, good long-range
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order.
. Glass phase transition point, beginning
700 K Dramatic changes . .
of disordering.
Mixed state (beginning of
900 K ~0.35 . . .
liquefaction/amorphism).
Amorphous/Liquid, completel
1100K ~0.12 i P auic, pietey
disordered.

The X, value from 0.78 down to 0.12 represents a very wide range of variation. It should be emphasized
that at 1100 K, even though only 12% crystallization remains, the system is not entirely ideal liquid but
still retains short-range ordered clusters. 700 K is identified as a critical point (Glass Transition
Temperature): Below 700 K: Crystal units of Face Centered Cubic (FCC), Hexagonal Close Packed (HCP),
Body Centered Cubic (BCC) still retain their basic structural framework. At 700 K: A sudden change in the
slope of the total energy occurs (the dE/dT derivative increases sharply). This is when the crystal
structure units break down en masse to transition to the Amor phase. This change occurs due to the
competition between bond energy and thermal energy: At low temperatures, the Cu-Cu bond is stable
and the lattice compatibility between Cu atoms promotes the formation of Face Centered Cubic (FCC). As
temperature increases, thermal vibrations exceed the weak bond energy of Feo.Cuos (heteroatomic
bonds are already longer and weaker than coatomic bonds). This creates "perturbation centers" that
disrupt the crystal lattice order, leading to an increase in amorphous units. Thus, temperature is inversely
proportional to the number of crystalline structural units (FCC, HCP, BCC) and directly proportional to
the number of amorphous units (Amor). The Feo2Cuos alloy exhibits the best thermal stability at 300 K
and gradually loses its crystallinity after 700 K. The results show that at 300 K, X. reaches a value of
~0.78, decreasing to ~0.35 at 900 K and ~0.12 at 1100 K. This indicates a sharp decline in structural
order with temperature. This trend is consistent with the research of Zhang et al. [21], shows that high
temperatures break the crystal structure through increased thermal vibrations and configuration
entropy.

In the Cu-rich system, the FCC structure of copper forms a stable framework due to its lower bond
energy. Conversely, the BCC units of iron are easily deformed and dissolve into the amorphous phase
when exposed to high thermal energy because they act as local defect points, promoting the
redistribution of atomic stress.

At 700 K, a sudden change in the slope of the total energy (the derivative dE/dT increases sharply) is
observed. This is the glass transition temperature Ty, where the crystal units (FCC, HCP, BCC) break down
en masse to transition to the Amor phase.

3.5. Local Chemical Ordering and Voronoi Analysis

Voronoi analysis provides a quantitative measure of the short-range order (SRO) that persists even in the
amorphous state at 1100 K. Our results show that at 300 K, the system is dominated by <0, 12, 0, 0>
Voronoi indices, characteristic of the FCC lattice. However, as the temperature increases to 700 K and
beyond, there is a notable emergence of icosahedral-like clusters, such as <0, 0, 12, 0> and <0, 2, 8, 2>,

. Potential Dominant
Temperature Crystallization .
Energy Voronoi Structural State
K) Index (Xc) .
(eV/atom) Signature
300 0.78 -342 <0, 12,0, 0> Highly
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Crystalline
(FCC)

Thermally

500 0.65 -3.28 <0, 12,0, 0> )
Distorted FCC

<0,4,4,4> /<0, | Glass Transition

700 (Ty) 0.34 -3.01 i
0,12,0> / SRO Shift
Severely
900 0.18 -2.74 <0,0,12, 0> .
Amorphized
Mixed .
1100 012 -2.55 . Fully Liquid-like
Disordered

These clusters represent the '‘geometric frustration' that prevents the alloy from maintaining its
crystalline state under high thermal vibrations. The presence of Fe atoms disrupts the ideal FCC packing
of Cu, promoting these icosahedral configurations which are energetically favorable in the undercooled
liquid and glass states but incompatible with long-range periodicity. This atomistic mechanism explains
the sharp decline in the crystallization index X, from 0.78 t0 0.12.

4. Conclusion

In summary, our molecular dynamics investigation reveals a critical temperature-driven structural
paradigm in the Fe0.2Cu0.8 nanoalloy. We demonstrated a clear two-stage phase degradation: a localized
stress-induced lattice distortion below 700K, followed by a collective collapse of the FCC matrix triggered
by geometric frustration from <0, 0, 12, 0> icosahedral clusters. The quantitative divergence in Fe and Cu
self-diffusion coefficients confirms that Fe atoms function as structural anchors at low temperatures but
accelerate amorphization at elevated states. These insights offer an essential design framework for
stabilizing immiscible nanoalloys, suggesting that for high-temperature electronic or radiation-resistant
applications, the transition metal dopant threshold must be dynamically balanced to suppress the onset
of icosahedral structural frustration.
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