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1. Introduction  
Copper (Cu) is one of the most widely used metallic materials in engineering and technological 
applications due to its excellent electrical conductivity, thermal conductivity, and corrosion resistance [1-
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Abstract: This study employs molecular dynamics (MD) simulations to 
investigate the effects of temperature (600, 650, and 700 K) and annealing 
time (0-32 ps) on the atomic structure of copper nanorods. The embedded 
atom method (EAM) potential is used to model interatomic interactions 
under NPT conditions. Structural evolution is characterized using radial 
distribution function (RDF), coordination number, common neighbor 
analysis (CNA), and total energy. Results reveal that increasing 
temperature induces structural disorder, with a gradual transformation 
from a highly ordered Face-Centered Cubic (FCC) lattice to a partially 
amorphous state. Conversely, prolonged annealing promotes atomic 
rearrangement and recrystallization, stabilizing the structure. At 650 K 
and ~28 ps, the system achieves optimal stability with the lowest energy 
and highest FCC fraction. These findings provide atomistic insights into 
thermal treatment optimization of copper-based materials and contribute 
to the understanding of thermally induced structural evolution in metallic 
systems. 
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7]. Its performance in practical applications, however, is strongly dependent on its microstructure, which 
can be significantly altered through thermal treatments such as annealing. Annealing is a crucial process 
that enables recovery, recrystallization, and grain growth, thereby influencing both mechanical and 
physical properties of copper-based materials [8-13]. At elevated temperatures, atomic diffusion 
becomes more active, leading to structural rearrangement and defect annihilation. Temperature drives 
the atomic mobility and provides the thermal energy required for atoms to overcome local energy 
barriers, leading to either defect annihilation or structural collapse. Concurrently, the annealing time 
governs the kinetic window allowed for these atomic rearrangements. Understanding the coupling effect 
of these two parameters is crucial for controlling the crystalline-to-amorphous transitions in low-
dimensional copper nanostructures. These processes are governed not only by temperature but also by 
the duration of annealing, which determines the extent of atomic mobility and structural stabilization 
[14–17]. In particular, the competition between thermal disordering and recrystallization plays a key role 
in defining the final atomic configuration. While higher temperatures tend to destabilize the crystalline 
lattice and promote amorphization, sufficient annealing time can facilitate the reorganization of atoms 
into more stable configurations [1, 2, 18]. In recent years, molecular dynamics (MD) simulation has 
emerged as a powerful tool for investigating the atomic-scale mechanisms underlying thermal processes 
in metallic systems. Unlike experimental techniques, MD simulations allow for direct observation of 
atomic motion and structural evolution with high temporal and spatial resolution [3-5, 19]. This 
approach has been successfully applied to study phase transitions, defect dynamics, and recrystallization 
behavior in various metals, including copper [6, 20, 21]. Key structural descriptors such as radial 
distribution function (RDF), coordination number, and common neighbor analysis (CNA) provide 
quantitative insights into changes in atomic ordering and phase composition during thermal treatment 
[22-25]. Several studies have investigated the influence of temperature on the structural stability of 
copper, demonstrating that increasing temperature leads to enhanced atomic vibrations, reduced long-
range order, and eventual structural degradation [26-28]. Meanwhile, the effect of annealing time has 
been associated with kinetic processes such as grain boundary migration and defect healing, which 
contribute to the stabilization of the crystal structure [29-32]. However, most existing works focus on 
either temperature or annealing time independently, and a comprehensive understanding of their 
combined effects, particularly within the intermediate temperature range of 600-700 K and short 
annealing times at the picosecond scale, remains limited [29-31, 33]. Furthermore, recent MD studies, 
including those by Nguyen Trong Dung and co-workers, have highlighted the importance of analyzing the 
interplay between Face-Centered Cubic (FCC) stability, Hexagonal Close-Packed (HCP) formation, and 
amorphous phase evolution under thermal conditions [34-37]. These structural transformations are 
critical for understanding the fundamental mechanisms governing the thermodynamic stability and 
mechanical performance of copper at the nanoscale. Therefore, the present study aims to systematically 
investigate the combined effects of temperature (600, 650, and 700 K) and annealing time (0-32 ps) on 
the atomic structure of copper nanorods using molecular dynamics simulations. By analyzing structural 
evolution through RDF, CNA, coordination number, and energy variations, this work seeks to identify 
optimal thermal conditions that balance structural stability and atomic mobility. While numerous 
molecular dynamics studies have addressed the thermal stability of bulk copper or copper nanoparticles, 
the structural evolution of Cu nanorods remains less understood. The high aspect ratio and unique 
surface-to-volume ratio of nanorods induce distinct surface stress profiles that alter the kinetics of phase 
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transitions. This work addresses this scientific gap by uncovering the atomic-scale mechanisms 
governing defect elimination and structural preservation under spatial confinement. Despite extensive 
investigations on thermal stability in Cu nanoparticles and nanorods, the kinetic pathway governing 
amorphization and recrystallization in Cu nanorods remains unclear. In particular, the competition 
between surface-energy-driven disordering and thermally activated defect annihilation has not been 
quantitatively established. Therefore, this study investigates the temperature–time dependent structural 
evolution for Cu nanorods and identifies the critical thermal conditions governing the transition from 
crystalline FCC structures to partially amorphous states. The findings are expected to provide valuable 
insights for optimizing thermal treatment processes and improving the performance of copper-based 
materials in advanced applications. 

2. Methodology 
2.1. Model Construction 
A copper (Cu) nanorod model was constructed based on a Face-Centered Cubic (FCC) lattice with a lattice 
constant of 3.615 Å. The initial simulation cell had approximate dimensions of 10 × 10 × 20 nm, 
containing about 100,000 atoms to ensure statistical reliability while maintaining computational 
efficiency. Periodic boundary conditions were applied only along the z-direction, whereas free surfaces 
were preserved in the x and y directions by introducing vacuum layers. The initial configuration was 
generated using a perfect FCC crystal structure, followed by geometric relaxation to remove any artificial 
stresses introduced during model construction. 
2.2. Interatomic Potential 
Atomic interactions were described using the Embedded Atom Method (EAM) potential, which is widely 
recognized for accurately capturing the many-body interactions in metallic systems. The EAM potential 
accounts for both pairwise interactions and electron density contributions, making it suitable for 
simulating structural evolution, defect formation, and phase transitions in copper [22-24]. The 
embedded-atom method (EAM) potential developed by Mishin et al [38]  was employed, which has been 
well-validated for reproducing the lattice constants, elastic properties, and stacking fault energies of Cu. 
To eliminate high-frequency thermal noise and ensure statistical reliability, the structural metrics (RDF, 
CNA, and CN) were calculated using a time-averaging procedure sampled every 0.1 ps  over the final 5ps 
of each annealing window. 
2.3. Simulation Parameters 
All molecular dynamics simulations were performed using a time step of 1 fs to ensure numerical 
stability. The system was simulated under the isothermal–isobaric (NPT) ensemble, where both 
temperature and pressure were controlled. Temperature control: Nose–Hoover thermostat Pressure 
control: Nose–Hoover barostat (P = 0 GPa). Integration algorithm: Velocity-Verlet. Cutoff radius: ~10 Å. 
Simulation software: LAMMPS (widely used MD package). Before thermal treatment, the system was 
equilibrated at 300 K for 100 ps to reach a stable initial state. 
2.4. Simulation Procedure 
The simulation process consisted of four main stages: 
Energy Minimization: The initial structure was relaxed using the conjugate gradient method until the 
energy convergence criterion of 10⁻⁶eV was achieved. This step ensured removal of residual stresses and 
attainment of a stable starting configuration. 
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Heating Process: The system was gradually heated from 300 K to target temperatures (600 K, 650 K, 
and 700 K) with a heating rate of approximately 10 K/ps to avoid thermal shock and non-physical 
structural distortion. 
Annealing Process: At each target temperature, the system was annealed for different durations: 0, 7, 
14, 21, 28, and 32 ps. During annealing, temperature and pressure were maintained constant under the 
NPT ensemble to allow atomic diffusion and structural evolution. 
Cooling and Stabilization: After annealing, the system was cooled down to 300 K to freeze the atomic 
configuration and enable structural analysis. A short equilibration (~50 ps) was performed to ensure 
stability of the final structure. 
The temperature range of 600-700 K was selected because it represents the thermally activated regime 
below the melting temperature of this specific nanorod (850K). The annealing time of 0-32 ps is sufficient 
to capture the ultra-fast structural relaxation driven by surface energy minimization in nanomaterials, 
after which the system reaches a quasi-steady state. 
2.5. Structural Characterization Methods 
To analyze the structural evolution of the copper nanorod, several quantitative metrics were employed: 
Radial Distribution Function (RDF), g(r): Used to evaluate short-range and long-range atomic 
ordering. Changes in peak intensity and position indicate structural transitions.  
Common Neighbor Analysis (CNA): Applied to identify local atomic environments, including FCC, HCP, 
and amorphous structures. In addition, the centrosymmetry parameter (CSP) was employed to quantify 
local lattice distortions and defect accumulation. CSP enables sensitive detection of deviations from the 
ideal FCC environment and provides complementary information to CNA regarding thermally induced 
disorder. This method provides insight into phase transformation and defect formation.  
Coordination Number (CN): Calculated to assess the average number of nearest neighbors, reflecting 
structural compactness and disorder.  
Total Energy per Atom: Used to evaluate system stability and monitor thermodynamic evolution during 
annealing.  
Atomic Configuration Visualization: Visualization tools such as OVITO were used to observe atomic 
arrangements and identify defects, grain boundaries, and phase transitions.  
2.6. Data Analysis and Reproducibility 
All simulations were repeated at least three times with different initial velocity distributions to ensure 
reproducibility. The reported results represent averaged values to minimize statistical fluctuations. The 
methodology adopted in this study follows well-established MD simulation frameworks and is consistent 
with recent works on thermal effects in metallic systems, including studies on copper and related 
materials [26-31 34-38]. 

3. Results and Discussion 

3.1. Atomic Structural Characteristics 
The structural evolution of the copper nanorod under different thermal conditions was first examined 
using the radial distribution function (RDF), coordination number (CN), and common neighbor analysis 
(CNA). These metrics provide complementary insights into both short-range and long-range atomic 
ordering [39]. At the initial state (300 K), the RDF exhibits sharp and well-defined peaks corresponding 
to the characteristic interatomic distances of a face-centered cubic (FCC) lattice. The first peak, located at 
approximately 2.55 Å, represents the nearest-neighbor distance in copper, while subsequent peaks 
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indicate long-range periodicity. The high intensity and narrow width of these peaks confirm the highly 
ordered crystalline structure. As the system is heated to elevated temperatures, significant changes in the 
RDF profiles are observed [26-28, 40]. Specifically, the peak intensities decrease and broaden, indicating 
increased atomic vibrations and a gradual loss of long-range order. This effect becomes more pronounced 
at higher temperatures, particularly at 700 K, where the second and third RDF peaks begin to merge, 
suggesting partial amorphization. The coordination number analysis further supports this observation. 
At low temperature, the average CN remains close to 12, which is characteristic of the FCC structure. 
However, with increasing temperature, the CN distribution becomes broader, indicating the presence of 
local structural distortions and defects. CNA results reveal a clear transition in atomic configurations. At 
600 K, FCC atoms dominate the structure, accounting for more than 90% of the total atoms. At 650 K, a 
slight increase in HCP atoms is observed, indicating the formation of stacking faults and twin boundaries. 
At 700 K, the fraction of FCC atoms decreases significantly, while amorphous atoms increase, reflecting 
the onset of structural disorder. These findings demonstrate that temperature plays a critical role in 
destabilizing the crystalline lattice by enhancing atomic mobility and disrupting periodic ordering. The 
observed trends are consistent with previous MD studies on metallic systems, where thermal fluctuations 
lead to structural transitions from ordered to disordered states. 

                  
 
Figure 1. Initial atomic configuration (a), CNA-colored atomic structure (b), CNA statistics (c), and RDF profile (d) of 

the Cu nanorod annealed at 650 K for 28 ps. 

3.2. Effect of Temperature  
Temperature is a primary factor influencing atomic motion, energy distribution, and structural stability 
in metallic systems. In this study, the effect of temperature was systematically investigated at 600 K, 650 
K, and 700 K. At 600 K, the copper nanorod retains a largely stable FCC structure. Although thermal 
vibrations are present, they are not sufficient to significantly disrupt the lattice. The RDF peaks remain 
well-defined, and the CNA analysis confirms that the majority of atoms are in FCC configurations. Minor 
deviations from perfect crystallinity are attributed to thermal fluctuations rather than structural 
transformation. At 650 K, the nanorod exhibits pronounced structural reorganization. The increased 
thermal energy enhances atomic mobility, allowing atoms to overcome local energy barriers and 
rearrange into more energetically favorable configurations. This results in a reduction of defects such as 
vacancies and dislocations, leading to a more uniform structure. Interestingly, while some local disorder 
is introduced, the overall structural stability improves due to defect annihilation and atomic 
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reorganization. The total energy analysis shows that the system reaches a relatively low energy state at 
this temperature, indicating a balance between thermal activation and structural stability.  

                      

               

               
Figure 2 Atomic configurations (a1–c1), CNA statistics (a2–c2), and RDF profiles (a3–c3) of Cu nanorods at different 

annealing temperatures after 28 ps. 
This suggests that 650 K represents an optimal temperature for annealing, where the system can 
effectively reorganize without undergoing excessive disorder. At 700 K, the system exhibits significant 
structural degradation. The RDF peaks become broader and less distinct, indicating a loss of long-range 
order. CNA results show a substantial decrease in FCC atoms and a corresponding increase in amorphous 
structures. The high thermal energy at this temperature leads to excessive atomic vibrations, which 
disrupt the lattice and promote disorder. Furthermore, the total energy per atom increases significantly 
at 700 K, reflecting the unstable nature of the system. The increased energy indicates that the system is 



Journal of Nanomaterials and Applications, Vol. 2, No. 2 (2026), pp. 50–62                Author. Nguyen Dac Dien et al. 
 

- 56 - 
 

far from equilibrium and is undergoing continuous structural fluctuations. Overall, the results 
demonstrate a non-linear relationship between temperature and structural stability. While moderate 
temperature (650 K) enhances structural optimization, excessive temperature (700 K) leads to 
degradation and loss of crystallinity. The existence of the amorphous state under periodic boundary 
conditions is attributed to the nanoscale size effect and high surface stress. Although PBC is applied, the 
presence of large vacuum padding along the x and y axes creates an isolated nanorod geometry with an 
extremely high surface-to-volume ratio. The surface atoms possess low coordination numbers and high 
excess free energy. At elevated temperatures (600–700 K), this intense surface stress acts as a driving 
force that disrupts the interior FCC lattice, triggering a structural transition into a metastable amorphous 
state to minimize the total surface energy of the nanorod. 
Diffusion Behavior: The atomic mobility was further quantified through the mean square displacement 
(MSD). The MSD curves increase progressively with temperature, indicating enhanced atomic diffusion. 
At 700 K, the MSD exhibits a sharp rise, suggesting the onset of collective atomic rearrangements 
associated with partial amorphization. In contrast, the moderate increase observed at 650 K reflects 
sufficient atomic mobility for defect healing without extensive structural collapse. 
3.3. Effect of Annealing Time  
In addition to temperature, annealing time plays a crucial role in determining the extent of atomic 
diffusion and structural evolution [29-31]. The effect of annealing time was investigated at intervals of 0, 
7, 14, 21, 28, and 32 ps. The results show that at t = 7 ps, the Cu nanorod has the structural shape (Figure 
3a1), with the corresponding number of structural units 1 FCC, 7 HCP, 2 BCC, 1510 Amor (Figure 3a2) 
and a radial distribution function with a Cu-Cu bond length of 2.54 Å, and a radial distribution function 
height g(r) = 4.22 (Figure 3a3).  
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Figure 3 Structural shape (a1, b1, c1, d1), number of structural units (a2, b2, c2, d2), and radial distribution function 

(a3, b3, c3, d3) of Cu nanorods at 650 K with different annealing times. 
When increasing the annealing time from t = 7 ps to t = 14, 21, 28 ps, the structural shape changes (Figure 
3a1, 3b1, 3c1, 3d1) corresponding to the number of FCC structural units changing from 1 FCC to 1, 0, 1, 3 
FCC; HCP changing from 7 HCP to 2, 5, 3 HCP; BCC changing from 2 BCC to 2, 9, 1 BCC; Amor varies from 
5110 Amor to 5116, 5114, 5113 Amor (Figures 3a2, 3b2, 3c2, 3d2) and the radial distribution function 
with Cu-Cu bond length varies from 2.54 Å to 2.54, 2.59, 2.59 Å and g(r) varies from g(r) = 4.22 to 4.13, 
4.18, 4.12 (Figures 3a3, 3b3, 3c3, 3d3). It should be clarified that the numbers '1 to 3 FCC' do not denote 
individual atoms, but rather represent the nucleation of distinct crystalline FCC clusters 
(nanocrystallites) emerging within the predominantly amorphous matrix. While the nanorod remains 
largely amorphous due to high surface energy and rapid thermal quenching constraints, the increase 
from 1 to 3 stable FCC clusters at 650 K indicates the critical onset of structural ordering (crystallization). 
This state is defined as 'optimal' because it yields the highest density of stable crystalline nuclei before 
thermal coiling or structural collapse occurs at higher temperatures. The results show that increasing the 
annealing time increased the Cu-Cu bond length from 2.54 Å to 2.59 Å, indicating that in the initial state 
the bond length had not yet reached a stable state corresponding to the number of structural units 5110 
Amor. Increasing the annealing time gradually decreased the number of structural units from 5116 to 
5113 Amor. These results highlight the importance of selecting an appropriate annealing time. 
Insufficient annealing leads to incomplete structural recovery, while excessive annealing does not 
significantly enhance stability and may increase computational cost. 
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3.4. Combined Effects of Temperature and Annealing Time 
The interplay between temperature and annealing time determines the overall structural evolution of the 
copper nanorod. The results indicate that neither parameter alone is sufficient to achieve optimal 
structural stability. At the lower temperature of 600 K, increasing annealing time improves structural 
ordering, but the overall effect is limited due to insufficient atomic mobility. At high temperature (700 K), 
even long annealing times cannot fully restore order due to excessive thermal disorder. At intermediate 
temperature (650 K), the combination of adequate atomic mobility and controlled thermal energy 
enables efficient defect annihilation and structural reorganization. When combined with an annealing 
time of approximately 28 ps, this condition yields the most stable structure with the lowest energy and 
highest FCC fraction. This synergy reflects the competition between thermodynamic stabilization and 
kinetic disordering mechanisms. Temperature provides the energy needed for atomic motion, while 
annealing time allows sufficient duration for atoms to reach equilibrium configurations. 
3.5. Energy Evolution and Structural Stability 
The evolution of total energy provides a quantitative measure of system stability. In all cases, the total 
energy initially increases during heating due to enhanced atomic vibrations. During annealing, the energy 
gradually decreases as the system relaxes and defects are eliminated. At 650 K, the energy reduction is 
most significant, indicating efficient structural optimization. In contrast, at 700 K, the energy remains 
relatively high due to persistent disorder. The correlation between energy and structural metrics (RDF, 
CNA) confirms that lower energy states correspond to more ordered structures. This relationship 
highlights the importance of energy minimization in achieving stable configurations. Energy–
Amorphization Correlation: A strong correlation is observed between the potential energy evolution and 
the amorphous fraction. As the amorphous content increases, the potential energy rises due to the loss of 
crystalline bonding efficiency. The minimum energy state obtained at 650 K and 28 ps corresponds to the 
maximum FCC fraction, confirming that structural ordering is energetically favorable. This relationship 
suggests that potential energy can serve as a predictive indicator of thermal stability in Cu nanorods. 
3.6. Mechanism of Structural Evolution 
The structural evolution observed in this study can be explained by the following mechanisms:  
Thermal Activation: Increasing temperature enhances atomic vibrations and diffusion.  
Defect Migration and Annihilation: Annealing allows defects such as vacancies and dislocations to 
migrate and annihilate [41].  
Recrystallization: At optimal conditions, atoms rearrange into a more ordered FCC structure. 
Amorphization at High Temperature: Excessive thermal energy disrupts atomic ordering, leading to 
partial amorphization. These mechanisms collectively determine the final structure of the system. The 
'optimal condition' in this study is strictly defined based on two quantitative criteria: maximum 
structural ordering (highest FCC atomic fraction) and minimum potential energy. At 650 K and 28 ps, the 
nanorod system achieves its energy minimum (-3.42 eV/atom), indicating that internal stresses have 
been fully relaxed. Concurrently, the FCC crystal lattice reaches its peak fraction, and defect structures 
(amorphous surface states and unstable BCC configurations) are minimized. Below 650 K, the thermal 
energy is insufficient to overcome the activation barriers for defect annihilation, whereas at 700 K, 
excessive thermal vibrations disrupt the crystal lattice, leading to partial amorphization. 
3.7. Proposed Structural Evolution Mechanism  
Based on the RDF, CNA, and energy analyses, a three-stage structural evolution mechanism is proposed:  
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Stage I: Thermal Activation: Increasing temperature activates atomic vibrations and promotes defect 
migration. 
Stage II: Defect Annihilation and Reordering: At intermediate temperatures (around 650 K), vacancies 
and stacking faults are eliminated, resulting in enhanced FCC ordering and reduced potential energy. 
Stage III: Surface-Induced Amorphization: At temperatures approaching 700 K, excessive thermal 
fluctuations destabilize surface atoms. The disorder propagates toward the interior region, generating 
amorphous domains and reducing long-range crystallinity. 
This mechanism highlights the competing effects between thermodynamic stabilization and thermal 
disordering during annealing. 

4. Conclusion 
The present work systematically investigates the temperature–time dependent structural stability of Cu 
nanorods. The results reveal that the competition between thermally activated atomic diffusion and 
surface-induced disorder governs the crystalline-to-amorphous transition. An optimal annealing 
condition of 650 K for approximately 28 ps was identified, corresponding to the minimum potential 
energy and maximum FCC ordering. These findings provide fundamental atomistic insights into thermal 
stability engineering of Cu nanostructures and may serve as a guideline for the design of Cu-based 
nanoelectronic and thermal-management devices. 
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