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Abstract: The molecular dynamics simulation technique was utilized to examine the struc-
tural variations of the Cu95Feb5 alloy, as well as the precipitation and aggregation processes
of Fe atoms during heat preservation. It is shown that the crystallization temperature
of the Cu95Fe5 alloy under the condition of a 2 x 10'° K/s cooling rate is 882 K. Crys-
tallization of the alloy occurs when it is insulated under the temperature conditions of
900 K, 1000 K, and 1100 K. The lower the holding temperature, the shorter the holding
time required for the system to initiate crystallization. In other words, lower temperature
holding facilitates easier crystallization. The formation process of Fe clusters has been
investigated. The size and quantity of Fe clusters at various stages are influenced by the
interatomic interaction forces between Fe atoms, the diffusion capabilities of Fe atoms, the
local structural rearrangement of nondispersive atoms, and the interfacial energy between
Fe clusters and the Cu matrix. The formation of Fe clusters in the insulation process mainly
undergoes four stages: First, the initial small clusters are disassembled under the influence
of molecular thermal motion and the attractive interactions between Fe atoms. This process
leads to the formation and growth of new small clusters. Secondly, the clusters condense
and grow under non-diffusive atomic local structure rearrangement. Third, the Fe clusters
are sphericalized under Cu-Fe interfacial energy. Fourth, individual Fe atoms are diffused
into large Fe clusters under the action of molecular thermal motion.

Keywords: Cu-Fe alloy; heat preservation; crystallization temperature; Fe clusters

1. Introduction

Copper-iron (Cu-Fe) alloys offer several advantages, including low cost and an abun-
dance of raw materials. These alloys also exhibit remarkable magnetoresistance effects
and unique physical properties. Consequently, they have found extensive applications in
various fields, such as electronics, aerospace, and automotive industries [1-4]. According
to the analysis of the Cu-Fe equilibrium phase diagram, Fe atoms are more solidly soluble
in Cu at high temperatures, and Fe is almost insoluble in Cu at low temperatures. Under
non-equilibrium solidification conditions, iron (Fe) atoms will be directly dissolved into
the copper (Cu) matrix, resulting in the formation of a supersaturated Cu-based solid
solution. The presence of these supersaturated Fe atoms leads to significant impurity
scattering, which can severely impair the electrical conductivity of the composites [5,6].
Many scholars use a fast solidification method at this stage to obtain a Cu-based solid
solution with a uniform distribution of Fe atoms. They then precipitate Fe dissolved in the
Cu matrix via high-temperature aging to obtain both mechanical and electrical conductivity
of the Cu-Fe alloy [1,7,8]. It can be seen that the crystal structure of the Cu matrix and the
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distribution state of Fe atoms in the matrix are the key factors affecting the properties of
the alloy. Molecular dynamics (MD) simulation has emerged as a crucial methodology for
investigating the atomic-scale evolution of microstructural and crystallographic features in
alloys subjected to thermal processing. This computational approach facilitates a system-
atic exploration of short-range order (SRO)-driven local structural rearrangements during
heat treatment while providing fundamental mechanistic insights that inform the rational
design and optimization of advanced metallic materials [9]. A. Samiri et al. employed
molecular dynamics simulations to investigate the structural and dynamic properties of
various binary alloys throughout the cooling process [10]. Furthermore, in conjunction
with the kinetics of alloy solidification, the structural transformations and growth patterns
of the alloy during the solidification process were elucidated. Additionally, the mecha-
nisms underlying phase formation and defect generation throughout the alloy solidification
process were revealed [11]. The authors used molecular dynamics methods to study the
structural changes and Fe precipitation process of the Cul00-XFeX (X = 1%, 3%, 5%) alloy
under the conditions of the cooling rates of 1 x 1013 K/s, 2 x 1012 K/s, 2 x 101 K/s, and
2 x 10'9 K/s [12,13]. The alloy begins to experience substantial aggregation of Fe atoms
at temperatures exceeding 200 K above the crystallization point. It can be seen that the
formation of Fe clusters is influenced by the cooling rate and the Fe content in the system.
This is crucial for studying Copper—iron alloys during preparation, heat treatment, or ser-
vice. Although the phenomenon of Fe cluster formation has been initially described, along
with the reduction in temperature during the solidification process of alloy systems, several
aspects remain unclear. These include the formation mechanism of Fe clusters during
solidification, the manner in which Fe clusters undergo crystalline transformation, and how
insulation temperature affects the morphology of these clusters. Therefore, it is essential to
investigate the behavior of Fe atoms under varying heat preservation temperatures. This
study aims to provide a theoretical foundation for understanding Cu-Fe alloys with rich Fe
phase macro-control and enhanced treatment methods. Therefore, there is an urgent need
to study the behavior of Fe atoms during the holding process at different temperatures,
to provide a theoretical basis for the macro-control and improvement of Fe-rich phases in
Cu-Fe alloy.

In this study, molecular dynamics simulation methods are employed to investigate
the holding process of the Cu95Fe5 alloy at varying temperatures. The research aims
to examine the impact of the holding process on the alloy’s crystal structure and the
precipitation behavior of Fe atoms. Additionally, it seeks to explore the mechanisms
underlying Fe atom precipitation under different temperature-holding conditions. Through
these simulation studies, a theoretical foundation is provided for both laboratory research
and industrial production.

2. Simulation Methods

According to the study, the Cu-Fe alloy was first modeled using Atomsk (The version
number of Atomsk is Pierre Hirel 2010- Version 0.11) [14] software (the Swiss-army knife
of atomic simulations). Specifically, it is the first established Cu single cell; the single
cell is replicated as a 30 x 30 x 12 supercell. At this time, the simulation box contains
43,200 Cu atoms, and then, the Cu atoms in the box are randomly replaced with 2160 Fe
atoms to obtain the alloy model required for the simulation. Subsequently, a molecular
dynamics approach was used for the simulation study, and the simulation calculations
were implemented using LAMMPS (the large-scale atomic/molecular massively parallel
simulator), a large-scale atomic/molecular simulator designed and developed by Sandia
National Laboratory, Albuquerque, NM, USA [15]. The interaction potential function
developed by Bonny et al. [16] was chosen for the simulation, which is a system of potential
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functions that has been often used to study the phase separation process of Fe-Cu alloys
in the past few years and can accurately describe the process of Fe atom precipitation in
Cu-Fe alloys. All the steps in the molecular dynamics simulation were performed using
the NPT system, and the time step was chosen as 2 fs. The system pressure was maintained
at 0 Bar, and the control of pressure was executed using a Nose-Hoover algorithm. The
simulation was performed using periodic boundary conditions. The model was first run
at 2200 K for 300,000 time steps to fully diffuse the atoms, and then, the alloy was cooled
to 1400 K, 1300 K, 1200 K, 1100 K, 1000 K, 900 K, 800 K, and 500 K under the 2 x 10'° K/s
cooling-rate condition; held at this temperature for 140 ns; subsequently cooled from
the holding temperature condition to 300 K under 2 x 10'° K/s cooling-rate condition;
and cooled from the holding temperature condition to 300 K. Structural information and
kinetic and thermodynamic parameters of the system are recorded during the simulated
cooling of the alloy. Finally, OVITO visualization software (The version number of OVITO
is 3.8.3.) [17] was used to visualize the simulation results, and methods, such as common
neighbor analysis and cluster analysis, were used to analyze the crystal microstructure and
Fe cluster formation and growth patterns during the simulation process [18,19].

3. Results and Discussion
3.1. Structural Changes in the System of the Alloy Cooling—Insulation Process

The system atomic potential energy versus temperature change curve can truly and
objectively reflect the microstructural changes in the alloy system during the cooling
process [20,21]. It can simply and intuitively analyze the system’s phase transition process.
In general, the alloy melts in the continuous cooling process. If the curve deviates from the
straight line without mutation, the alloy system will form amorphously. A linear regression
was applied to the curve, with the intersection of the two fitted lines representing the
crystallization point. When the curve exhibits a deviation from linearity and experiences a
sudden change, it indicates that a crystal has formed; thus, this point of abrupt change is
identified as the crystallization point [22,23].

The curves of the atomic potential energy of the system versus the temperature change
during alloy solidification (without holding) of the Cu95Fe5 alloy under the condition of
the 2 x 10'° K/s cooling rate are plotted as shown in Figure 1.
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Figure 1. Atomic potential energy—temperature variation line during solidification of Cu95Fe5 alloy.

As the temperature of the system decreases, the intensity of thermal vibrations among
the atoms gradually diminishes, leading to a corresponding reduction in their velocity.
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These changes facilitate the combination of atoms into an ordered structure. The formation
of this ordered structure results in a decrease in the volume of the system. Furthermore, this
reduction in volume, along with alterations in atomic positions, contributes to a decrease
in the overall energy of the system. When the system volume is lowered to a specific level,
the system’s energy is minimized, leading to the rapid dissolution of the formed alloy
cluster structure. The atoms then re-combine into a more stable arrangement, resulting
in crystallization. This process is marked by a sudden decrease in the system’s energy,
reflected in a noticeable change in the atomic potential energy—temperature curve. The
gray color in Figure 1 indicates the other category (not belonging to any common crystal
category), the green crystal type is FCC, the blue crystal type is BCC, and the red crystal
type is HCP. Crystallization of the melt occurs when the alloy is at a temperature of 882 K.
The melt is liquid above 882 K and solid below it [24,25].

After previous studies, it has been found that the alloy temperature during alloy
solidification has an important effect on the formation of Fe clusters. The alloy model was
first run at 2200 K for 300,000-time steps to allow full diffusion of atoms. Then, the alloy was
cooled to 1400 K, 1300 K, 1200 K, 1100 K, 1000 K, 900 K, 800 K, and 500 K under 2 x 10'° K/s
cold rate condition, held at this temperature for 140 ns, and subsequently cooled to 300 K
under the 2 x 10! K/s cooling-speed condition from the holding temperature condition to
300 K. The atomic potential energy—temperature variation line during the solidification of
the Cu95Fe5 alloy was plotted as shown in Figure 2.
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Figure 2. Atomic potential energy—temperature variation line during solidification of Cu95Fe5 alloy
(including holding at different temperatures for 140 ns).

According to the analysis of the graph line changes, the alloy is in a crystalline state
before it is held at 500 K and 800 K. The atomic potential energy—temperature change line
remained straight during the 500 K and 800 K temperature holding, which indicates that
there was no significant change in the alloy structure from a macroscopic point of view.
At the end of the holding period, the atomic potential energy continues to decrease with
temperature. This result shows that the volume of the alloy decreases, and the structure
becomes denser during this process. The change curve of the insulation properties of the
alloy system under 900 K temperature conditions was analyzed in detail. In the process of
decreasing the temperature of the alloy, when the temperature of the system reaches 900 K,
there is a rapid decrease in the atomic potential energy. This phenomenon indicates that
the crystallization of the alloy occurs at 900 K. According to the analysis of Figure 1, under
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the condition of the 2 x 10'% K/s cooling rate, the crystallization point of the Cu95Fe5 alloy
should be 882 K. Under the insulation temperature of 900 K, the crystallization of the alloy
occurs early in the insulation process. This observation suggests that high-temperature
insulation can preliminarily increase the crystallization point of the alloy. The atomic
potential energy change curves of the alloy at holding temperatures of 1000 K and 1100 K
show that the system is in the liquid state before the start of the holding period, and
during the holding period, it is clearly observed that there is a sudden change in the curves
during the holding process, which indicates that the alloy is crystallized at this temperature.
Comparing the conditions of the holding temperatures of 1000 K with those of 1100 K,
the crystallization occurs in a shorter period at the holding temperature of 1000 K, which
indicates that it is more likely to be crystallized at low temperatures. In the atomic potential
energy—-temperature change curves of the alloy system under the holding conditions of
1200 K, 1300 K, 1400 K, and 1500 K, the alloy has been a straight line without sudden change
during the holding process of 140 ns. This indicates that the alloy has not crystallized under
these conditions, and whether the internal structure of the alloy has been altered needs to
be further investigated.

To further investigate the effect of the holding temperature on the alloy structure
during the alloy-holding process, the crystal configuration was analyzed using the OVITO
visualization software, (The version number of OVITO is 3.8.3.) as shown in Figure 3.
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Figure 3. Analysis of crystal types during alloy holding: ((a): 500 K, (b): 800 K, (c): 900 K, (d): 1000 K,
(e): 1100 K, (f): 1200 K).

The results are shown in Figure 3. The proportion of each type of crystal structure
is basically unchanged when the alloy is held at 500 K and 800 K temperatures, which
indicates that the structure of the alloy has not changed. The structure of the alloy system at
800 K thermal insulation is mainly that the other category represents atoms (not belonging
to any crystal structure, which is generally considered to be defective and not on the
lattice site) whose structures account for more. The sum of other crystal types, such as
FCC, accounts for less. When the alloy was held at 900 K, the proportion of each type of
crystal structure changed slightly for 5 ns at the beginning of the holding time and then
remained essentially unchanged. Combined with the above analysis, the main reason for
this phenomenon is that the alloy was held at a temperature (900 K) higher than the normal
crystallization point (882 K), which increased the crystallization point of the alloy. The alloy
crystallizes at 900 K. The alloy structure is unstable in the early crystallization stage, but
subsequent heat preservation leads to a more stable alloy structure. When the alloy is held
at temperatures of 1000 K and 1100 K, crystallization occurs during the holding process,
transforming the alloy from a liquid to a solid. The liquid-solid transition takes less time at
1000 K. Figure 3d,e show that at the early stage of crystallization, the proportion of each
crystal type in the system varies relatively greatly. Specifically, the proportions of HCP and
BCC crystal structures show an increasing and then decreasing trend, the proportion of the
other category represents atoms continues to decrease, and the crystal type of FCC structure
continues to rise, which is because the alloy is a Cu matrix with a predominantly FCC
structure, and the atom groups with non-FCC structures preferentially crystallize at the
early stage of crystallization. For example, with Fe atoms dominating the BCC atom group,
with the prolongation of the holding time, some of the atoms of the non-FCC structure of
the atom group are redistributed, and some of the atoms are inlaid into the matrix of the
FCC, so that the proportion of the FCC crystal structure type continues to increase. With
the prolongation of the holding time, the alloy is gradually stabilized, and the proportion
of each crystal structure type remains basically unchanged. From the alloy in 1000 K and
1100 K temperature conditions, the detailed processes of the changes in the insulation
of the crystal structure and the insulation process of the internal alloy atom migration
and aggregation need further study. When the alloy is held at 1200 K temperature, the
alloy is always in a liquid state without crystallization within 140 ns holding time, and
further study is needed to extend the holding time to see if the alloy will be crystallized.
It is noteworthy that the percentage of the other category represents atoms in the alloy at
the end of holding gradually increasing with the increase in holding temperature, which
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indicates a decrease in the stability of the alloy. It is necessary to analyze the crystal types
of the alloy after cooling (300 K). Figure 4 plots the scale of crystal types of the alloy when
the temperature is reduced to 300 K after holding.
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Figure 4. Scale diagram of alloy crystal types at 300 K.

Combining the data of Figure 3 and comparing them with Figure 4, it can be found
that most of the other-type structures in the alloy are transformed into FCC, HCP, and BCC
crystal structures after insulation, which again proves that the alloy is a non-stationary
alloy and some atoms are not in the lattice sites during the insulation process. According
to the modeling analysis, it can be seen that the alloy is a Cu alloy based on FCC, so it is
more meaningful to study the effect of the holding temperature on the structure of the
alloy when cooling down to 300 K via the change in the percentage of the FCC crystal
type. As shown in the figure, the FCC crystal structure occupies the lowest percentage at
300 K after 1100 K insulation, which indicates that this insulation condition has the greatest
influence on the structure of the alloy, and the migration and aggregation of atoms in the
alloy are the most intense, followed by the conditions of the adjacent 1000 K and 1200 K
insulation temperatures.

3.2. Study on the Precipitation Mechanism of Fe Clusters
3.2.1. Radial Distribution Function Analysis

The radial distribution function, which can be expressed as g(r), is a statistical param-
eter that characterizes the distribution of atoms in a system. g_ap (r) physical significance
is the ratio of the probability of finding atom {3 at a fixed atom « at a distance r from
the radius relative to the conditional probability [26,27]. The radial distribution function
can effectively give the atomic radius, atomic spacing, coordination number, and other
structural information, which are used to distinguish liquid, crystalline, and amorphous.
According to the law of change in the peak of the radial distribution function curve, it

can judge the strength of inter-atomic interaction, short-medium-range ordering, and so
on [28,29].

L3 Ny 5
gaﬁ(r) = NaNp [; Nl-ﬁ(r)/(47'rr Ar)] (1)

o and 3 denote the atomic classes, L denotes the side length of the simulation box,
and N and Ng denote the number of « and 3 atoms, respectively, N_if (1) denotes the
number of 3 atoms in the spherical shell from the i-th « atom r to r + Ar, and Ar denotes
the thickness of the nuclear shell.
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According to the previous study, the radial distribution function of Fe atoms during
the solidification of Cu-Fe alloys is characterized by significant changes. The first peak of
the radial distribution function indicates that the alloy is crystallized if it is a symmetric
sharp peak; otherwise, it is a liquid phase in the molten state. The height of the peak
represents the aggregation capacity of Fe atoms. As a result, the radial distribution function

of Fe atoms in Cu-Fe alloys at different temperatures is plotted in Figure 5.
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Figure 5. Radial distribution function of Fe atoms in alloys during holding at different temperatures
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In Figure 5a-h represent the radial distribution function curves of the alloy at different
times under 500 K, 800 K, 900 K, 1000 K, 1100 K, 1200 K, 1300 K, and 1400 K holding
conditions, respectively. The radial distribution function curves at various times during
the holding process exhibit significant overlap, as observed in Figure 5a-c. This finding
indicates that the Fe atoms do not undergo migration and remain in a relatively stable
state throughout the holding process. In addition, the first peaks of the curves are all
symmetric sharp peaks, which again proves that the alloy is in a crystalline state at this
temperature. The comparison of the highest values of the first peak in plots Figure 5a—c
reveals a gradual decrease from Figure 5a—c. This trend indicates that the alloy exhibits
the strongest interatomic forces and the most compact arrangement of Fe atoms when
maintained under thermal conditions at 500 K. The changes observed in Figure 5d,e are
more significant; as the insulation time increases, the radial distribution function of Fe
atoms at the first peak also rises. This indicates that during this process, Fe atoms attract
one another and gradually become aggregated. Comparing the Figure 5d,e, the first peak
of the alloy reaches the highest value at 1000 K temperature with 60 ns holding time, while
the first peak of the alloy reaches the highest value at 1100 K temperature with 140 ns
holding time, which indicates that the low-temperature holding time is more favorable
for the aggregation of Fe atoms. The first peak of the curve in Figure 5f does not show
a clear high—low distribution, but there is still a high—low distribution trend. Combined
with the Figure 5d,e curve graph trend and Figure 4 analysis, for the alloy in the 1200 K
temperature-holding conditions, the Fe atoms still tend to aggregate. If the holding time
continues to be prolonged, the Fe atoms will likely aggregate and crystallize. The peaks
of the first peak in the curves of Figure 5g/h are not very different and are asymmetric,
which indicates that the alloy is in a molten liquid state, and there is no tendency for the
aggregation of Fe atoms.

3.2.2. Mean Square Displacement Analysis

Atomic diffusion is the process by which atoms move from one of their positions
to another across lattice vacancies or other defect sites during thermal movement within
a crystal [30]. In molecular dynamics simulations of alloy systems, the rate of atomic
diffusion motion is described by the atomic diffusion coefficient, which is often achieved by
counting the mean square displacements (MSDs) of the atoms during the simulation [31].

w g1 2
D* = tlzzzoth <|r(t) =r(0)|]" > )
N—the dimension of the simulation system, N=3 for this system; t—the simulation time;
ps, 1(t), r(0)—the position of the atom at time t and the initial position of the atom, respectively.
1 N 2
MSD =< r*(t) >= Nzizl < |r(t) — r(0)* > 3)
where MSD is the mean square displacement.
Equations (1) and (2) yield the following:
D* = MTS;D — MSD = 6D"t 4)
In total, 1/6 of the slope of the MSD vs. t curve is the diffusion coefficient of Fe atoms.
Figure 6 plots the MSD of Fe atoms extended in the X, Y, and Z directions versus the
holding time of the alloy during holding at different temperature conditions.
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Figure 6. MSD of Fe atoms extended in X, Y, and Z directions versus holding time of the alloy during
holding time at different temperatures.

When the alloy is held at 500 K, 800 K, and 900 K, the MSD and time curves are
approximately parallel to the X-axis. From the above analysis, it can be seen that the alloy
is in a crystalline state under this holding condition, and the MSD data show that there
is almost no migration of Fe atoms within the crystal. The alloys were pre-insulated at
1000 K and 1100 K. The MSD data of the alloys increased with the increase in the holding
time and then suddenly decreased at about 57 ns and 136 ns, respectively, after which they
were approximately parallel to the X-axis. When the alloy is maintained at temperatures
of 1200 K, 1300 K, and 1400 K, the relationship between MSD and time exhibits a nearly
linear trend. Furthermore, the MSD values increase with prolonged holding duration. The
diffusion coefficients of Fe atoms in the alloy at various holding temperatures are presented
in Table 1. Calculated results indicate that as the insulation temperature increases, the
diffusion coefficient of Fe atoms also rises. This observation suggests that temperature
plays a crucial role in the diffusion process of Fe atoms. Furthermore, the enhancement of
thermal movement among Fe atoms is attributable to the rise in insulation temperature.
The diffusion coefficient of Fe atoms in the alloy system is negative when holding at 500 K,
800 K, and 900 K, which indicates that the diffusion of Fe atoms in this process is uphill
diffusion. There is a tendency for Fe atoms to migrate from the low-concentration area to
the high-concentration area, which is mainly manifested in the crystal structure change
trend in conjunction with the above analysis. The diffusion coefficient of Fe atoms is the
positive value when the alloy is held at temperatures above 1000 K, and the atomic diffusion
is intense, but the radial distribution function data show that Fe atoms have a tendency to
aggregate under the temperature conditions of 1000 K and 1100 K. In order to explain the
reason for this, the aggregation behavior of Fe atoms is visualized and analyzed.

Table 1. Diffusion coefficients of Fe atoms in alloys at different holding temperatures.

HoldmgTTfIr(t;perature D* (cm? s-1)
500 —4.5695 x 10~ 11
800 —8.825 x 10710
900 —2.4938 x 10~?
1000 4.6867 x 10~° (0-57 ns)
1100 7.0698 x 1076 (0-136 ns)
1200 1.3933 x 10~°
1300 1.9081 x 105

1400 2.5438 x 107>
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3.2.3. Study of Fe Atom Precipitation Behavior During Solidification of Cu-Fe Alloys

The representative conditions under various insulation processes, specifically at tem-
peratures of 800 K, 1000 K, 1200 K, and 1400 K (with time intervals of 0 ns, 30 ns, 60 ns,
and 120 ns), were chosen to analyze the atomic distribution state of Fe for visualization
purposes. Atomic visualization is realized by using the cluster analysis function of OVITO
software, (The version number of OVITO is 3.8.3.) and different colors in the picture
represent clusters containing different numbers of atoms, as in Figure 7.

Figure 7. Visualization of Fe atomic distribution states during alloy holding: ((a): 800 K, (b): 1000 K,
(c): 1200 K, (d): 1400 K; the four pictures in the horizontal row are the Fe atomic distribution states at
0 ns, 30 ns, 60 ns, and 120 ns, respectively).

During the holding process at a temperature of 800 K, there is essentially no observable
change in the atomic distribution of Fe. However, the Fe atoms changed significantly before
60 ns during the holding at 1000 K temperature, and the atoms migrated and aggregated,
with small clusters in the initial state, which gradually gathered into large clusters, with
small changes in the time range of 60 ns—120 ns. The migration of Fe atoms is clearly
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observed when the alloy is held at 1200 K and 1400 K temperature conditions, but the
absence of aggregation is not significant. In order to analyze the degree of Fe origin more
clearly, the number of Fe atoms contained in the largest Fe clusters and the number of
clusters containing more than five atoms in the clusters were plotted versus the holding
time under different holding temperature conditions, as shown in Figure 8.
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Figure 8. Plot of the number of Fe atoms contained in the largest Fe cluster and the number of clusters
containing more than five atoms in the clusters versus the holding time of the alloy at different
holding temperatures: ((a): 800 K, (b): 1000 K, (c): 1200 K, (d): 1400 K).

The maximum number of Fe atoms contained in the Fe clusters remained constant at
183 during the holding process of the alloy at 800 K. The number of clusters containing
more than five atoms in the clusters did not change much, fluctuating up and down around
62. The number of Fe atoms contained in the largest Fe clusters when the alloy is held at
1000 K increase with the holding time and remain constant until the alloy crystallizes. In
contrast, the number of clusters containing more than five atoms decrease with time in the
early stage of holding time, and the number of clusters fluctuate after alloy crystallization,
but the overall region is stable. From the comparative analysis of the curves in Figure 8b, it
can be preliminarily judged that the formation of the largest Fe clusters mainly depends on
the continuous migration and condensation of small clusters. Comparing Figure 8c,d, the
alloys show an up-and-down trend in the number of Fe atoms contained in the largest Fe
cluster and the number of clusters containing more than five atoms in the clusters during
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the holding time at 1200 K and 1400 K temperature conditions. There is no single increasing
or decreasing trend during the holding time, and the average values of the maximum
number of Fe atoms contained in Fe clusters and the number of clusters containing more
than five atoms in clusters during the holding time at 1200 K are higher than the values
during the holding time at 1400 K. The results show that the alloys are more susceptible to
the polymerization of Fe atoms during the holding time at 1200 K. The main reason for this
conclusion is that high-temperature molecular thermal motion is intense, the interaction
force between Fe atoms is certain, and the higher the temperature, the more uniform the
distribution of Fe atoms. To elaborate on the formation process of Fe clusters more clearly,
the distribution state of the largest Fe clusters in the alloy at different holding times when
the alloy is held at a temperature of 1000 K for 140 ns is derived, as shown in Figure 9, in
Figure 9a—i correspond to the holding times of 0 ns, 20 ns, 40.4 ns, 40.889 ns, 41 ns, 41.7 ns,
44 ns, 52.266 ns, and 60 ns.

(h) (i)

Figure 9. Distribution of maximum Fe clusters at different holding times for the alloy held at 1000 K
for 140 ns. ((a): 0 ns, (b): 20 ns, (c): 40.4 ns, (d): 40.889 ns, (e): 41 ns, (f): 41.7 ns, (g): 44 ns, (h):52.266 ns
(i): 60 ns).

Figure 9a is the distribution state of Fe atoms at 0 ns of heat preservation. The
distribution of atoms in the figure is relatively uniform and only some small clusters.
Comparing with the distribution of Fe atoms at 0 ns in Figure 9b, it can be found that the
largest Fe clusters are not formed at the beginning, and the original small clusters have
been split at a later stage, which is mainly due to the diffusion of Fe atoms caused by
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the molecular thermal motion. Comparing Figure 9a—c, aggregation of Fe atoms occurs
and nucleation grows. This process is mainly the result of interactions between Fe atoms,
where the Fe interatomic interaction forces overcome the molecular thermal motion and
aggregation occurs. Figure 9d—f show the process of condensation of two large clusters;
this process is mainly the result of the combination of atomic diffusion and interatomic
interaction forces, which is the main reason for the change in the curve in Figure 8b.
Comparing Figure 9f-i, three changes can be found: One is the gradual aggregation of two
large clusters after condensation, which is mainly the role of non-diffusive atomic local
structure rearrangement. Secondly, after the large clusters are gathered into one cluster,
the morphology of the newly formed cluster gradually changes from irregular shape to
spherical shape. The main reason is that the Cu-Fe alloy is a difficult miscible alloy, and
there is a large interfacial energy between Cu and Fe. Under the action of interfacial energy,
the Fe cluster is gradually spherical. Thirdly, the Fe atoms dispersed in the simulation
box are also gradually approaching the Fe clusters, and of course, the Fe atoms have
been aggregating to the larger clusters since the beginning. But it is most obvious at this
stage, which is the result of atomic diffusion by molecular thermal motion. It is worth
noting that the time for Fe atoms to aggregate and form small clusters during the heat
preservation process is relatively long, while the condensation time of large clusters is
relatively short, which indicates that the mutual attraction of Fe atoms gradually increases
after the aggregation of Fe atoms, and the condensation process can be completed in a
short period.

4. Conclusions

(1) Insulation can improve the crystallization point of the alloy. Cu95Fe5 alloy insulation
process atomic potential energy—temperature change line results show that the alloy
in the 900 K, 1000 K, and 1100 K temperature conditions when insulation alloy crystal-
lization (normal cold speed conditions alloy crystallization point of 882 K). The lower
the holding temperature, the less holding time is required, which indicates that it is
easier to crystallize with low-temperature holding.

(2) The crystalline structure of the alloy is unstable after holding, and some atoms are
not in the lattice sites. The alloy is a Cu matrix with a predominantly FCC structure.
During the initial stages of crystallization, atom groups with non-FCC structures
preferentially crystallize. Subsequent to the holding-cooling process, a redistribution
of certain atoms within these non-FCC atom groups occurs, and some atoms become
incorporated into the FCC matrix. As a result, the proportion of FCC crystal structure
types continues to increase. With the prolongation of the holding—cooling time, the
structure of the alloy system is gradually stabilized, and the proportion of each crystal
type remains basically unchanged.

(38) Interaction forces between Fe atoms and molecular thermal motion are important
factors affecting the formation of Fe clusters. The analysis of the radial distribution
function shows that the Fe atoms of the alloy aggregate under interaction during the
insulation at 1000 K and 1100 K. The tendency of aggregation of Fe atoms is weaker
under other insulation temperature conditions. The Fe atomic diffusion coefficient
was calculated using MSD as a function of holding time. The diffusion coefficient of
Fe atoms increases with the increase in the holding temperature, and the diffusion
coefficient of Fe atoms is a negative value when the alloy is held at 500 K—900 K,
which indicates that the diffusion of Fe atoms in this process is the uphill diffusion,
and the diffusion coefficient of Fe atoms is positive under the condition of a holding
temperature of more than 900 K.
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(4) The formation of Fe clusters during the insulation process undergoes four main stages.
Firstly, the original clusters undergo decomposition, leading to the formation of
new clusters as a result of the interplay between molecular thermal motion and the
attractive forces among Fe atoms. The second is the condensation and growth of small
clusters under the action of non-diffusive atomic localized structural rearrangements.
Thirdly, Fe clusters gradually sphericalize under the effect of Cu-Fe interfacial energy.
Fourth, individual Fe atoms gradually join large Fe clusters by diffusion
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