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Abstract: To investigate structural changes, the Cu95Fe5 alloy system was subjected to cooling rates
of 1 x 103 K/s, 2 x 1012 K/s, 2 x 10" K/s, and 2 x 10" K/s using the molecular dynamics
simulation method. The results revealed that decreasing the cooling rate caused an increase in the
phase transition temperature. Further, the structure of the alloy system exhibited a tendency towards
increased stability following cooling at lower cooling rates. The Fe precipitation behavior of the
Cu95Fe5 alloys during cooling at the rate of 2 x 10'° K/s was further explored, with the results
suggesting that the formation and growth of the Fe cluster is a continuous process governed by the
nucleation and growth mechanism. The size and number of Fe clusters formed at different stages were
found to be affected by three factors, namely, the interaction force between the Fe atoms, the diffusion
ability of the Fe atoms, and the interfacial energy between the Fe cluster and Cu matrix. When the
alloy temperature exceeded 1400 K, the accumulation of the Fe atoms was facilitated by their strong
interaction. However, the high temperatures and the large diffusion coefficient of the Fe atoms acted
as inhibitors to the growth of Fe clusters, despite the intense thermal activities. As the temperature
was reduced from 1400 K to 1050 K, the Fe atoms moved with a reduced intensity in a narrower area,
and both the number of Fe atoms in the largest cluster and the number of clusters increased due to
the action of the interaction force between the Fe atoms. Upon lowering the temperature from 1050 K
to 887 K, the size of the largest Fe cluster increased rapidly, while the number of clusters decreased
gradually. The growth of the largest Fe cluster could be partly attributed to the diffusion of single Fe
atoms into the cluster under the action of the interaction force between the Fe atoms, in addition to
the gathering and combination of multiple clusters. When the temperature was lowered from 967 K
to 887 K, the diffusion coefficient of the Fe atoms approached 0, indicating that the non-diffusive local
structure rearrangements of atoms dominated in the system structure change process. The interface
energy governed the combination of the Fe clusters in this stage. At a temperature below 887 K, the
alloy crystallized, the activities of the Fe atoms were reduced due to a low temperature, and the
movement range of the Fe atoms was small at a fast cooling rate. As such, both the size and number
of Fe clusters showed no obvious changes.

Keywords: Cu-Fe alloys; formation mechanism of Fe clusters; molecular dynamics simulations

1. Introduction

Cu-Fe alloys have been extensively applied in the aviation, automotive, and electronics
industries owing to their low cost, abundant raw materials, and significant magnetoresis-
tance effect [1,2]. Due to increasing demand for high-quality raw materials across various
industries, the performance of Cu-Fe alloys has become increasingly vital. Cu-Fe alloys are
typical precipitation-strengthened immiscible alloys. Fe exhibits a high solid solubility in
the Cu matrix at high temperatures. In the conventional casting process, Fe atoms slowly
precipitate from the Cu-Fe solid solution and accumulate to incur segregation, severely
impairing the mechanical properties and electrical conductivity of alloys [3-5]. Research
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has shown that the distribution and shape of Fe within alloys can considerably affect
their mechanical properties and electrical conductivity [6,7]. Thus, scholars are generally
concerned with removing as many Fe atoms as possible from the Cu matrix and achieving
a uniform distribution of Fe atoms without experiencing segregation.

One commonly employed method for producing Cu-Fe alloys is rapid cooling. Such
a process significantly increases the solid solubility of Fe in Cu, reduces the residual Fe
content in the Cu matrix, and mitigates chemical microsegregation. Subsequent aging treat-
ment promotes the separation of Fe from the solid solution and enhances the dispersion of
a-Fe phases, leading to substantial improvements in tensile strength, wear resistance, and
corrosion resistance while maintaining the good electrical conductivity of the alloy [8-10].
Chen et al. [11] prepared Cu-Fe alloys via the rapid cooling process and found that with the
increase in the cooling rate, the number of Fe-rich spheres in the microstructure increased.
However, the size of the spheres was reduced, and the alloy microhardness was strength-
ened. The focus of the vast majority of experimental research has been on analyzing the
microstructure, morphology, and mechanical properties of high Fe-content alloys cooled at
different rates (achieved by different experimental methods). Meanwhile, there has been
a scarcity of research on the precipitation mechanism of Fe clusters. The molecular dy-
namics (MD) method allows researchers to directly and distinctly observe the macroscopic
deformation of crystalline materials, and can reveal the micro-mechanisms underlying the
deformation. Syarif [12] used the MD simulation method to simulate the severe plastic
deformation of single crystal Cu, and to examine the evolution of dislocation structures (for
example, dislocation proliferation, dislocation pile-ups, and grain boundary movement)
in the deformation mechanism of face-centered cubic nano-crystalline metals. The impact
on the macroscopic properties was also explored. Yi Xuehua [13-15] employed the MD
method to investigate the dynamic behavior of liquid Cu clusters during rapid cooling.
Findings were made that in the presence of small cluster sizes, local structural modifications
of atoms were predominantly characterized by atom diffusion. With the growth of the
cluster, there was nucleation that could be ascribed to non-diffusive rearrangements of
atoms. Cui Wenchao [16,17] explored the phase separation of Fe-Cu alloys. The results
suggested that in undercooled Fe50Cu50 alloys, grid structures formed and coarsened, and
then droplets migrated and mixed together. Using the MD approach, Zhang Haichao [18]
investigated the precipitation pattern of Cu in steel and its effects on the microstructure
and properties of steel. Findings were made that both the vacancies and the increase in
Cu content in steel promoted the diffusion of Cu atoms, and the growth of Cu precipitates
accelerated with the increase in Cu content.

In consideration of the current research status, the aim of the present study was to
use the MD method to analyze the Fe precipitation behavior of and structural changes in
Cu95Fe5 alloys during rapid cooling, as well as the formation and precipitation mechanism
of Fe clusters, simulate the solidification process of the alloy at higher cooling rates, and
compare or predict the results of an experiment. The structural changes in Cu95Fe5
alloys were explored by calculating the variations in the average potential energy, radial
distribution function, coordination number, and mean square displacement with the alloy
temperature. Moreover, the changes in the size and number of Fe clusters formed were
visualized based on the atomic structure, so as to identify the mechanism underlying the
effect of the 2 x 10'9 K/s cooling rate on the Fe precipitation behavior of Cu95Fe5 alloys.

2. Simulation Method

Based on existing research, the Cu95Fe5 alloy model was established using Atomsk
(Pierre Hirel 2010-Version 0.11) (The Swiss-army knife of atomic simulations) [19] software.
Specifically, the unit cell of a Cu single crystal was constructed first, and then copied to
generate a 30 x 30 x 12 supercell. There were 43,200 Cu atoms in total in the simulation
box, of which 2160 were replaced randomly by Fe atoms to create the alloy model needed
for simulation. Subsequently, MD simulation analysis was conducted using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) designed and developed by
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Sandia National Laboratory, USA [20]. During the simulation process, the separation of Fe
atoms from Cu-Fe alloys was modeled using the interaction potential function introduced
by Bonny et al. [21], which has been commonly applied to investigate the phase separation
phenomenon in Fe-Cu alloys over the past several years [22]. The NPT ensemble was
implemented in all the MD simulation steps, and a time step of 2 fs was selected as the
periodic boundary condition. The system pressure was fixed at 0 bar and the Nose-Hoover
algorithm was employed to regulate both the pressure and temperature of the system.
The simulation was conducted in the periodic boundary conditions. The model firstly ran
300,000 time steps at 2200 K, so as to allow for the atoms to diffuse fully and the alloy
system to reach the equilibrium state. The alloy was then cooled to 300 K at the rate of
2 x 10'% K/s. The rapid cooling process was achieved through the specification of a total
number of time steps for the simulation, which was set to 4.75 x 107 in this study. The
structural information, kinetic, and thermodynamic parameters of the alloy system were
recorded in the simulated cooling process. Finally, OVITO (OVITO is 3.8.3) [23] software
was used to visualize the simulation results, and common neighbor analysis and cluster
analysis were performed to examine the crystal microstructure, formation, and growth
patterns of the Fe clusters in the simulation process.

3. Results and Discussion
3.1. The Influence of the Cooling Rate on the Cu95Fe5 Alloy Structure

The variation curve of the average atomic potential energy with the temperature is
an accurate and objective indication of the microstructural changes in the alloy system
during rapid cooling. The curve enables a simple and direct analysis of the phase transition
process of the system. In general, when the curve is a straight line, it indicates the absence
of a phase transition in the system. If the curve deviates from the straight line and changes
gradually, but not abruptly, a phase transition occurs, and amorphous structures are formed.
If the curve deviates significantly from the straight line and changes suddenly, crystals are
generated in the system [24-26]. The change curves of the average atomic potential energy
with the temperature for cooling rates of 1 x 1013 K/s, 2 x 1012 K/s, 2 x 10! K/s, and
2 x 1019 K/s are shown in Figure 1.
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Figure 1. Average atomic potential energy and temperature curves of Cu95Fe5 alloys
(APE-Temp curves).

With the decline in the temperature, the thermal activity of the atoms in the system was
gradually abated and the atom movement speed gradually slowed down in the simulation
process. Such changes allowed for the atoms to more easily combine and form ordered
structures, thereby reducing the system volume. The volume shrinkage and altered atomic
position led to the reduction in the system energy. When the system volume dwindled to
a certain degree, local clusters that were already formed in the alloy were broken quickly
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and the atoms reunited to produce more stable structures. Such a process is referred to as
crystallization, where there is a sudden reduction in the system energy, corresponding to a
sudden change in the curve of the average atomic potential energy and temperature.

At the cooling rate of 1 x 10'® K/s, the average atomic potential energy reduced
continuously with the gradually lowering alloy temperature. An observation can be
made that the APE-Temp curve is not linear, and there is a subtle breakpoint that appears
around 685 K. Such findings indicate that the system underwent phase transformation and
amorphous structures formed at 685 K. At the cooling rate of 2 x 10'2 K/s, the APE-Temp
curve is continuous without sudden changes, but both the bending degree of the curve
and the breakpoint temperature are higher than those at 1 x 10'3 K/s. The APE-Temp
curves at cooling rates of 2 x 10! K/s and 2 x 10'° K/s show abrupt changes at 867 K and
887 K, respectively, suggesting that crystals were generated in the system. The APE-Temp
curves indicate an increase in the phase transition temperature with decreasing cooling
rates. Lower cooling rates correspond to a decrease in the average atomic potential energy
and increased structural stability of the system following phase transition. To facilitate the
observation of the crystallization process of alloys at different cooling rates, visualization
software was used to further analyze the crystal configuration. In Figure 2, the color gray
represents crystal classes that are classified as “other” (not belonging to any of the common
crystal classes), green indicates the crystal type as FCC, blue signifies the crystal type as
BCC, and red denotes the crystal type as HCP.
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Figure 2. Atomic configuration diagram of Cu95Fe5 alloys at the cooling rates of (a) 1 x 1013 K/S,
(b) 2 x 1012 K/S, (c) 2 x 101 K/S, and (d) 2 x 100 K/S.
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According to Figure 2 and Table 1, at a temperature of 300 K and a cooling rate of
1 x 10'3 K/S, there were few crystal structures in the alloy, and the sum of atoms in the
FCC, HCP, and BCC crystal structures accounted for 4.8% of the total number of atoms.
As the cooling rate decreased, more crystal structures formed in the alloy system, and the
crystallization process was continuous. When the cooling rate was reduced to 2 x 101 K/s,
the sum of the atoms in the FCC, HCP, and BCC crystal structures occupied 82% of the
total number of atoms at 300 K. The sum of atoms in the crystal structures to the total
number of atoms at the cooling rate of 2 x 10! K/s was slightly different from that at
2 x 10'9 K/s. Compared with that at 2 x 10!! K/s, the alloy crystallized more thoroughly
after cooling at 2 x 10! K/s. As such, to obtain a more representative understanding of
Fe precipitation behavior in Cu95Fe5 alloys, investigation into their cooling process at a
rate of 2 x 10! K/s would be more appropriate. Further analysis of such a condition was
subsequently conducted.

Table 1. The ratio of the sum of atoms in FCC, HCP, and BCC crystal structures to the total number
of atoms in the alloy during cooling.

Temperature

, 2200 K 1000 K  PhaseTransition 5554 399k
Cooling Rates Temperature

1 x 1013 K/S 0 0.5% 1.5% 3.3% 4.8%

2 x 1012 K/S 0 0.5% 3.4% 43.1% 54.1%

2 x 1011 K/S 0 0.5% 6.4% 75.5% 78.9%

2 x 1010 K/S 0 0.5% 20.6% 79.7% 82%

3.2. Structural Changes in the Cu95Fe5 Alloy System during Cooling

To analyze the variation in the crystal type with the temperature, the proportions of
different crystal types at different temperatures were extracted using visualization software
(Figure 3). At the cooling rate of 2 x 10!% K/s, the atoms were irregularly distributed liquid
in the alloy temperature range of 2200-887 K. At 887 K, the alloy began to crystallize. In
the temperature range of 500 K and 300 K, the alloy appeared in the form of crystals. Such
findings are consistent with the aforementioned results.
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Figure 3. The change curves of the proportions of different crystal types in Cu95Fe5 alloys
with temperature.
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According to Figure 3, the system remained in a liquid state between 2000 K and
887 K, and no crystal formation was observed during such a temperature range. The other
feature observed in the figure does not correspond to any known crystal type, but is instead
believed to be a vacancy defect in the lattice. As the temperature was decreased from 887 K,
the number of BCC, HCP, and FCC crystal structures increased significantly in the alloy.
More specifically, the proportions of FCC and HCP crystal structures increased swiftly
in the range of 887-850 K but slowly in the range of 850-300 K. Different from that of
the FCC and HCP crystal structures, the proportion of BCC crystal structures surged in
the early crystallization stage (887 K) but decreased after reaching the peak. The smallest
proportion was achieved at around 800 K, and subsequently, the proportion exhibited
slow growth. Based on the formation process of Fe clusters, the reason for the sudden
decline in the quantity of BCC crystal structures in the early crystallization stage could be
deduced as follows. Because the Fe cluster formation is a continuous process, there were
already large or small Fe clusters in the system before the alloy crystallization. Once the
crystallization temperature was reached, the Fe clusters quickly turned into BCC crystals.
However, the proportion of Fe atoms in the system was 5%, far less than that of Cu atoms
(95%). As the temperature of the alloy decreased, some of the small clusters fragmented
into individual atoms or merged to form densely packed Cu-based FCC and HCP crystal
structures. Ultimately, the Fe-embedded Cu matrix was found to predominantly consist
of FCC and HCP crystal structures. The proportion of BCC crystals increased slowly at
low temperatures because few Fe atoms moved towards Fe clusters and were incorporated
into a larger cluster. As such, the alloy was liquid above 887 K in the simulation process,
and began to crystallize at 887 K. The proportions of FCC and HCP crystals increased
dramatically in the range of 887-850 K, and the growth rate decelerated below 850 K. The
proportion of BCC crystals increased first, before decompensation into FCC and HCP
crystals. Finally, Cu-Fe alloys mainly containing FCC and HCP crystals and a small number
of BCC crystals were formed.

The radial distribution function is expressed with g(r), a statistical parameter repre-
senting the distribution characteristics of atoms in a system. g, 4 (r) is physically defined
as the ratio of the probability for the « atom to have a neighbor of the (3 atom at a given
distance r to the conditional probability [27,28].

(r) = i [ Ne N (1) / (4m2Ar)} 1)
Eap NaNp L&i=1 ip

The categories of atoms are denoted by o and (3, while L represents the side length of
the simulation system box. Ny and Ng indicate the respective numbers of o and 3 atoms.
Nig (r) denotes the number of 3 atoms in the spherical shell from the i-th « atom r to r + Ar,
and Ar represents the thickness of this shell.

The radial distribution function provides valuable structural information, such as the
atomic radius, atomic spacing, and coordination number, which enables differentiation
between the liquid, crystalline, and amorphous phases. Moreover, the interaction intensity
between atoms and the short- and medium-range order can be determined based on the
change pattern of the peak in the radial distribution function curve [29-32]. The radial
distribution function curves of Cu95Fe5 alloys in the temperature range of 2000-300 K at
the 2 x 10'Y K/s cooling rate are depicted in Figure 4.

In the temperature range of 2000-887 K, the first peak in the radial distribution function
curve is not sharp and has an obvious symmetric peak, suggesting that the alloy was liquid.
In the temperature range of 887-300 K, the first peak is sharp and greatly higher than other
peaks, indicating that the system was in a crystal state. Such findings are consistent with
the aforementioned analysis results.
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Figure 4. The radial distribution function curves of Cu95Fe5 alloys at the temperatures of (a) 2000 K,
(b) 1500 K, (c) 1000 K, (d) 887 K, (e) 500 K, and (f) 300 K.

The first peak value of gp,_,(r) was greater than that of g, _p,(r) and g-,_c,(r),
and the difference gradually increased with the decrease in the system temperature. Such
findings show that the system was more inclined to form Fe-Fe pairs than Cu-Fe and Cu-Cu
pairs, and the attractive force between the Fe atoms was larger than that between the Cu
and Fe atoms and between the Cu atoms. At high temperatures, g-,_p,(r) and g-,_, (1)
almost overlapped. When the temperature was below the phase transition temperature,
8cu_cyu(r) was located above g, _ -, (r). According to the definition of g(r), the ratio of
the probability of a Cu atom having a neighboring Cu atom to the conditional probability
is equivalent to the ratio of the probability of a Cu atom having a neighboring Fe atom to
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the conditional probability at high temperatures, which is related to a small quantity of Fe
atoms. With the decrease in the system temperature, the first peak value for the Fe-Fe pairs
increased, indicating that the Fe atom was more likely to have a neighboring Fe atom and
the bond between the Fe atoms was tighter at low temperatures. The second peak in the
radial distribution function curve is closely related to the medium-range structures in the
system. A conclusion could be drawn from the definition of the radial distribution function
curve that g, (r) — 1, implying there was no connection between the atoms. Although the
content of the Fe atoms is low in the Cu95Fe5 system, the second peak value of g, p,(r)
increased with the decrease in the temperature. At 300 K, the overall g, p,(r) curve is
located above 1, suggesting that the nearest and second-nearest neighbors of the Fe atoms
were all Fe atoms. However, the second peak values of g, _p,(r) and g-,_c, (r) decreased
with the lowering temperature, being smaller than 1 at 300 K. Such results show that the
probability for a Cu atom to have a neighbor of Fe or Cu is the same as the conditional
probability, and there is no relevance between atoms. Due to the low content of Fe atoms,
the Fe clusters formed were small in number, compared with the Cu atoms. Thus, the
neighboring sites of the Cu atoms were inevitably occupied by Fe atoms, and the first peak
value of the Cu-Fe pairs was greater than 1. Thus, a conclusion could be drawn that in the
simulation process of the Cu95Fe5 system, the interaction force between the Fe atoms was
stronger than that between the other atoms, acting as a driving force for the formation of Fe
clusters. During the formation of Fe clusters, Fe atoms are more likely to combine with Fe
atoms at low temperatures, and a larger proportion of Fe atoms tend to have Fe atoms as
the nearest and second-nearest neighbors, thereby facilitating the formation of Fe clusters.

The coordination number (CN) is an indicator of the local combination of atoms in
alloys and the short-range order of the atom arrangement. Such an indicator can be used
to describe how closely the atoms are arranged [33,34]. The coordination number method
is a statistical approach that involves investigating the arrangement law of the nearest
neighbors of atoms. A rise in the coordination number suggests that the local packing
density of atoms increases [35-37]. Figure 5 describes the variation in the coordination
number with the temperature in simulated conditions. The coordination number was
obtained from the radial distribution functions.
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Figure 5. The variation curve of the coordination number with temperature in Cu95Fe5 alloys.

At 2000 K, the coordination number of the Cu-Cu pairs was 11.8078, far greater than
0.88302 of the Fe-Fe pairs and 0.58139 of the Cu-Fe pairs. As the temperature decreased,
the coordination number of the Cu-Cu pairs increased, attaining the largest value at 887 K.
Subsequently, the coordination number decreased, and the alloy began to crystallize. At
800 K, the crystallizing process was almost complete, and the coordination number of
the Cu-Cu pairs remained basically unchanged as the temperature continued to drop.
The coordination number was 11.4232 at 300 K. Different from the variation curve of the
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coordination number of the Cu-Cu pairs with the temperature, the coordination number
of the Fe-Fe pairs exhibited evident changes. The coordination number of the Fe-Fe pairs
was 0.88302 at 2000 K and increased with the decline in the temperature. The growth
rate of the coordination number of the Fe-Fe pairs accelerated greatly as the temperature
dropped to below 1400 K, indicating that the Fe atoms were surrounded by an increasing
number of Fe atoms, and the Fe atoms were arranged more closely. At a temperature of
887 K, the coordination number of the Fe-Fe pairs attained its maximum value of 3.52145.
Subsequently, as the temperature decreased, the coordination number showed a slight
decrease. There was a minimal change in terms of the coordination number of the Cu-Fe
pairs, but there was evidence to suggest a decrease with the decline in the temperature.
Such results demonstrate that the binding force between the Cu and Fe atoms was weak
and there was a repulsive force between them. Based on the variation in the coordination
number with the temperature, a conclusion could be drawn that Fe atoms are more likely
to be the nearest neighbor of atoms. As the temperature decreased, the arrangement of
the Fe-Fe pairs became more compact. The Fe atoms demonstrated a proclivity to actively
combine with each other, which is evidenced by the continuous change in the coordination
number with the temperature. Such findings indicate that the formation of Fe clusters is an
ongoing process.

The atom diffusion process is a significant factor in the analysis of the atom precipita-
tion mechanism, and thus, the diffusion coefficient of Fe atoms in the system needs to be
calculated [38—40]. During the MD simulation of the alloy system, the diffusion coefficient
of atoms is typically calculated by measuring the mean square displacement (MSD) [41,42]
of atoms. .

1
D= o <
where N is the dimension of the simulation system; N = 3 for the present system; t denotes
the simulation time in ps; and r(t) and #(0) are the position of the atom at time ¢ and its
initial position, respectively.

r(t) — r(0)]* > )

MSD =< A2(t) >= %ZN < |HE) = r(O)2 > 3

i=1
where MSD is the mean square displacement;
Combining Formulas (1) and (2), the following can be obtained

b _ MSD
6t

The diffusion coefficient of the Fe atoms was 1/6 of the slope of the relationship curve
between the MSD and time ¢.

Figure 6 summarizes the MSD values of the Fe atoms along the X, Y, and Z directions
at the cooling rate of 2 x 100 K/S.

Between 0 and 61,404 ps (T = 967 K), the slope of the MSD and time curve decreased
over time, indicating that the diffusion rate of the Fe atoms in the system decreased with
the passing time. Such results could be attributed to the system temperature becoming
increasingly lower over time, and at large undercooling, the thermal activities of the
atoms were weakened and the atom movement range shrank. In the temperature range
of 967887 K, the slope of the curve is almost 0, suggesting that the diffusion rate of
the Fe atoms decreased to 0, and the structural changes within the system were mainly
non-diffusive local structural rearrangements of atoms. Non-diffusive local structural
rearrangement refers to when a moving atom is still bound by its surrounding atoms,
namely, there is no change in the local structure formed by the atom and its surrounding
atoms. In contrast, diffusion movement pertains to a scenario in which the atom is released
from the constraints of its neighboring atoms, leading to a modification in the local structure
created by the atom and its surrounding atoms. As evidenced, the Fe atoms exhibited
predominant diffusion behavior during the time interval of 0-61,404 ps, and the intensity

— MSD = 6D*t @)
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of the diffusion activity declined gradually over time. At 65,510 ps, there is a break in the
curve, indicating that crystallization took place. Subsequently, the curve shows minimal
change, which could be mainly attributed to the narrowed movement range of the atoms
caused by the low system temperature and fast cooling rate.
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120,000 | t=61,404ps
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20,000 -
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Figure 6. The variation in MSD with time.

3.3. Formation Mechanism of Fe Clusters in Cu95Feb Alloys during Rapid Cooling

Figure 7 illustrates the distribution of the Fe atoms at different temperatures in the
Cu95Fe5 alloy system cooled at 2 x 10 K/S. At 2000 K, the Fe atoms were uniformly
distributed in the system, and showed no structural heterogeneity. The distinct color
categories depicted in Figures 7 and 8 represent iron clusters comprising varying numbers
of atoms. Each individual cluster is assigned a unique and non-repetitive random color
label. With the decrease in the temperature, the Fe atoms gathered, and in the temperature
range of 2000-887 K, small clusters were generated, which continuously grew to form
non-uniformly distributed large clusters. The crystallization transition temperature of
the system was 887 K. The size of the Fe clusters remained almost unchanged in the
temperature range of 887-300 K, and the system structure was relatively stable. To facilitate
the investigation into the formation and growth of the clusters, the largest cluster at 300 K
was selected for analysis. Notably, the largest cluster at 300 K remained the largest in the
range of 887-300 K (Figure 8).

At the temperature of 2000 K, the Fe atoms were uniformly distributed in the system,
which exhibited uniformity and consistency. In the temperature range of 2000-1100 K,
several small clusters were formed, but disappeared over time. In this stage, the Fe atoms
gathered through diffusion, and the small clusters formed were unstable. The cluster
formation—separation-formation process in this stage was governed by atom diffusion,
which was affected by changes in the undercooling degree. At 1050 K, small Fe clusters
were generated in the system, which continued to exist as the temperature dropped. The Fe
atoms around the small clusters kept diffusing due to the strong interaction force between
the Fe atoms, and the small clusters gradually increased in size. Under the action of
the interface energy, the area of the interface between the clusters decreased, and the Fe
atoms at the edge of the clusters tended to move towards the cluster center. The cluster
demonstrated a proclivity to assume a spherical shape (Figure 8e,f). The growth of the
cluster could be ascribed to the incorporation of surrounding individual Fe atoms into the
cluster by the aforementioned means of diffusion, and to the aggregation and combination
of two clusters. Figure 8f-h show the combination of two clusters in the temperature
range of 950-915 K. A developing cluster underwent diffusion towards another cluster as
a cohesive unit, driven by the mutual attraction between them, resulting in their merger
and the formation of a larger cluster. In the temperature range of 915-887 K, the droplet
size increasingly enlarged, leading to a greater decrease in both the interfacial energy
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and the interfacial area. The process of minimizing the interfacial area facilitated a faster
transformation of clusters into spherical shapes (Figure 8h,i). At a temperature below
887 K, the system crystallization and high cooling rates resulted in a marked decrease in
the diffusion rate of the atoms, and the morphology and size of the Fe clusters remained
basically unchanged. As such, the formation of Fe clusters appeared to be controlled by the
nucleation and growth mechanism. Under the action of the strong interaction between Fe
atoms, the Fe atoms gathered and grew via diffusion. During rapid cooling, small clusters
were formed in the range of 2000-1100 K but were unstable and easy to decompose. When
the temperature was below 1050 K, the clusters were more stable, which could be mainly
attributed to the reduced thermal activities and the significantly lowered diffusion property
of the Fe atoms with the decrease in the temperature. The increase in Fe atoms in the cluster
could be ascribed to the integration of surrounding single Fe atoms into the cluster via
diffusion, and to the attraction, migration, and combination of two clusters to produce a
large cluster. Since the interaction between the Fe atoms was stronger than that between
the Fe and Cu atoms, the interfacial energy between the Fe clusters and Cu matrix was
high. The presence of a high interfacial energy drove the minimization of the interfacial
area, inducing a spherical shape preference in the clusters, consequently expediting the
formation and growth of Fe clusters. Such a phenomenon shares similarities with oil
droplets in water.

(b

(d)

(e)

0

Figure 7. The distribution of Fe atoms in Cu95Fe5 alloys at (a) 2000 K, (b) 1500 K, (c) 1000 K, (d) 887 K,
(e) 500 K, and (f) 300 K.
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(g) (h)

(i) (k) (h

Figure 8. The distribution of Fe atoms in the largest cluster at (a) 2000 K, (b) 1500 K, (c) 1100 K,
(d) 1050 K, (e) 1000 K, (f) 950 K, (g) 930 K, (h) 915 K, (i) 887 K, (j) 800 K, (k) 500 K, and (1) 300 K.

To further explore the relationship between the growth of Fe clusters and nucleation
rate during rapid cooling, a graph was drawn (Figure 9), which shows the variations in
the number of atoms in the largest cluster and the number of clusters containing more
than five atoms with the temperature at different times. Since clusters containing fewer
than five atoms exhibit instability, only those clusters containing more than five atoms
were considered for counting purposes, thereby facilitating the subsequent analysis and
discussion of the research outcomes.
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Figure 9. The variations in the number of atoms in the largest cluster and the number of clusters
containing more than 5 atoms with temperature at 300 K.

The changes in the number of atoms in the largest cluster and the number of clusters
with the temperature underwent four stages. The temperature range of the first stage was
2000-1400 K, when the number of atoms in the largest cluster was approximately 15, and
remained basically unchanged as the temperature scaled down. Despite a slight change in
the number of atoms in the largest cluster, the number of clusters in the system increased
with the decrease in the temperature. In other words, the nucleation rate of the Fe clusters in
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such a temperature range increased steadily. The Fe atoms gathered to form small clusters
under the action of the strong interaction between the Fe atoms. The slight variation in the
quantity of atoms within the most extensive cluster could be ascribed to the heightened
thermal agitation and substantial atomic diffusion rate at elevated temperatures. In such
circumstances, the nearest-neighbor position of a Fe atom was occupied by another Fe
atom, but the attraction force was not strong enough for other Fe atoms to hold the second-
and third-nearest-neighbor positions. The second stage took place in the temperature range
of 1400-1050 K. In this stage, the number of atoms in the largest cluster increased while the
nucleation rate increased, and the number of atoms in the largest cluster steadily increased
from 15 to 21. As the temperature decreased, both the thermal activities and diffusion
rate of the atoms decreased. The nucleation rate increased, and the Fe clusters increased
simultaneously under the joint action of the strong interaction between the Fe atoms and
atom diffusion in the system. The third stage occurred in the temperature range of 1050-887
K, when the number of atoms in the largest cluster surged. Based on the described analysis
results, the rapid growth of the clusters was mainly a result of the combination of small
clusters. However, the number of clusters was reduced with the sharp increase in the atoms
in the largest cluster. Such findings could be attributed to the system structure changing
mainly in the form of the non-diffusive local structural rearrangements of the atoms in
this stage. Due to the lowered nucleation rate of the system, the number of newly formed
clusters could not compensate for the number of clusters that combined, resulting in the
gradual growth of large clusters and a decrease in small clusters. The fourth stage was
between 887 and 300 K, when the system crystallized. As the temperature dropped, the
diffusion rate of the atoms decreased. Due to the rapid cooling rate, there was insufficient
time for atomic diffusion to occur. Consequently, the magnitude of the principal cluster
and the number of secondary clusters underwent minimal modification. Based on the
aforementioned analysis, a conclusion could be drawn that Fe clusters nucleate throughout
the cooling process due to the interaction between Fe atoms, and atom diffusion affects
the size and nucleation rate of Fe clusters. Therefore, the formation of clusters at different
stages is the result of the joint action of the interaction force between the Fe atoms and
atom diffusion.

4. Conclusions

(1) The phase transition temperature of the alloys varied with the changing cooling rate.
As the cooling rate decreased, the phase transition temperature increased. At a lower
cooling rate, the average atomic potential energy after phase transition was lower, the
system structure was more stable, and the proportion of atoms in the crystal structure
was larger. At the cooling rate of 2 x 10'° K/s, the alloy was liquid above 887 K.
When the temperature reached about 887 K, the alloy began to crystallize. In the
temperature range of 887-850 K, the proportion of FCC and HCP crystals rapidly
increased at first, and then the growth rate decreased. The content of BCC crystals
first increased, before decomposition into FCC and HCP crystals. Finally, a Cu-Fe
alloy was generated, primarily comprising FCC and HCP crystals, accompanied by a
limited quantity of BCC crystals.

(2) The interaction between the Fe atoms served as the driving force for the formation
of the Fe clusters. The radial distribution function and coordination number of the
simulation system structure parameters were analyzed. The results reveal that with
the lowering temperature, the difference between the first peak value of g, p,(r)
and thatof g, r,(r) and g-,_c, (r) enlarged, the coordination number of the Fe-Fe
pairs increased steadily, and the coordination number of the Cu-Fe pairs decreased
gradually. Such results indicate that the interaction between the Fe atoms was stronger
than that between the Cu atoms and between the Cu and Fe atoms, and there was a
repulsion force between the Cu and Fe atoms. With the decrease in the temperature,
the second peak value of g, p,(r) increased, but that of g, p,(r) and g-,_, (1)
decreased. At 300 K, all parts of the g, Fe(r) curve were located above 1, while
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the second peak values of g, _p,(r) and g-,_, (r) reduced below 1. Such findings
suggest that the nearest and second-nearest neighbors of the Fe atoms were mostly
occupied by Fe atoms, and the Fe atoms were more prone to form nearest-neighbor
structures with Fe atoms.

(8) Temperate changes affected the thermal activities of the atoms. The diffusion coef-
ficient of the atoms influenced the growth of the Fe clusters. A smaller diffusion
coefficient indicated a stronger bond between the atoms and a more stable cluster.
When the temperature dropped but still remained above 967 K, the diffusion coeffi-
cient of the Fe atoms decreased. The diffusion coefficient of the Fe atoms approached 0
within the temperature range of 967-887 K. During this period, the principal structural
modification within the system was attributable to the localized rearrangements of the
atoms, rather than diffusion-driven processes. This stage represents a crucial period
for cluster expansion.

(4) The formation and growth of the Fe clusters were governed by the nucleation and
growth mechanism. When the alloy temperature was above 1400 K, more Fe clusters
were formed due to the strong interaction between the Fe atoms, and the large diffu-
sion coefficient of the Fe atoms inhibited the growth of Fe clusters. In the temperature
range of 1400-1050 K, both the number of atoms in the largest cluster and the number
of clusters increased due to the interaction between the Fe atoms. In the temperature
range of 1050-887 K, there were two reasons for the growth of Fe clusters. One reason
for such a phenomenon is that the interaction among the Fe atoms facilitated the
aggregation of individual Fe atoms into Fe clusters. Another contributing factor is the
coalescence and fusion of pre-existing clusters. The minimization of the surface area
energy promoted the formation and expansion of Fe clusters. When the temperature
fell below 887 K, the alloy underwent crystallization, and subsequent alterations in
the magnitude and quantity of Fe clusters were minimal.
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