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Abstract

:

The process of the devitrification of copper nanoparticles in vacuum and in a silver shell during heating was studied using a molecular dynamics simulation. The results show that there is an inverse relationship between the particle diameter and devitrification temperature. As the size of the particles decreases, the temperature at which devitrification occurs increases due to a higher fraction of atoms near the interface. The presence of a silver shell leads to a significant increase in the devitrification temperature of the copper nanoparticles. For the considered particle sizes, the difference between the devitrification temperatures without a shell and with a shell ranged from 130 K for copper particles with a diameter of 11 nm to 250 K for 3 nm particles. The mechanisms of the nucleation of a crystalline phase in particles in vacuum and in a silver shell are significantly different. In the first case, crystalline nuclei are predominantly formed near the surface, while in the second case, on the contrary, they are formed within the particle’s volume.
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1. Introduction


In recent decades, metal nanoparticles have attracted significant attention due to their unique physical, chemical, and optical properties. Alongside crystalline metal nanoparticles, currently, particles with an amorphous structure are of great interest [1,2,3,4]. Atoms in amorphous particles are in a nonequilibrium state and have a higher Gibbs energy compared to atoms in a crystal, have a unique electronic structure, which makes them promising in the fields of catalysis, biomedicine, optics, and electronics [5,6]. Amorphous metals, or metallic glasses, have a combination of unusual magnetic and mechanical properties and contain a large quantity of stored energy [7,8,9,10].



When exploring the synthesis and processing of metal nanoparticles, a significant focus is placed on managing the size, shape, and phase state of the particles due to their substantial impact on useful properties [11,12]. Consequently, it is crucial to investigate the stability of the phase state, the mechanisms of phase transitions, and the factors that influence the kinetics of these transitions and the temperature at which they occur.



One of the most effective tools for studying the above issues is currently the molecular dynamics method. Molecular dynamics is intensively and successfully used to simulate the structure and properties of nanoparticles, as well as the processes occurring in them and with their participation. To date, simulations have been carried out for both single-component metal clusters, for example [13,14,15,16,17], and clusters of binary alloys [17,18,19,20]. It is now known that the melting temperature of nanoparticles decreases with their decreasing size due to an increase in the fraction of the surface area relative to the volume, which has been shown both experimentally [21,22] and by computer simulations [13,17,23]. Simulations have also revealed that the temperature at which crystallization occurs during cooling from the molten state also depends on the size and shape of the particles, that is, on the surface fraction, and decreases with an increase in this fraction [13,14,16].



Two methods are usually used when studying the processes of crystallization and melting using molecular dynamics: modeling the phase transition at a constant temperature [15,24,25] or at a constant rate of temperature change [14,16,26]. In [15], for example, the crystallization of iron nanoparticles under constant temperature conditions was studied using the molecular dynamics simulation. In [14,16], the crystallization of nickel nanoparticles was simulated during cooling from the melt at constant rates ranging from 2 × 1012 to 4 × 1013 K/s in [14] and from 5 × 1010 to 5 × 1012 K/s in [16]. In [14,16], in particular, it was found that the crystallization of a pure nickel particle already occurs at a cooling rate below 1013 K/s.



At the same time, the mechanism and kinetics of the devitrification of nanoparticles, that is, the loss of an amorphous state as a result of their crystallization upon heating, remain poorly understood. This work is devoted to the study of the process of the devitrification of amorphous copper nanoparticles in vacuum and in a silver shell at the atomic level using a molecular dynamics simulation. The choice of particles of the Cu-Ag system as the object of study was due to their high prospects for use in various fields. For example, bimetallic Cu-Ag nanoparticles are well known for their antibacterial and electrical properties [27,28]. They are used as electrochemical sensors [29] and are actively applied in the field of catalysis [29,30,31]. The potential application of Cu-Ag nanoparticles in the field of corrosion resistance [32] and solar cells [33] has been successfully demonstrated.



When creating the nanoparticles of the Cu-Ag system, for example, by condensation from the gas phase, the formation of the particle structure often occurs with the formation of a Cu core located in the shell of Ag atoms [34,35]. The lattice parameters of Cu and Ag differ by about 13% (3.615 and 4.086 Å, respectively), and therefore, apparently, the Ag shell should affect the process of the devitrification (crystallization) of the Cu core.




2. Description of the Model


To describe the interatomic interactions in the Cu–Ag system, we used EAM potentials from [36], where they were obtained based on comparison with experimental data and ab initio calculations for the various properties and structures of Cu and Ag metals, as well as their compounds. They effectively reproduce a broad spectrum of structural-energetic and mechanical properties of the Cu-Ag system. According to tests carried out in [36], these potentials demonstrate good transferability to high-temperature properties, including their fairly good reproduction of phase transition temperatures, thermal expansion, changes in elastic moduli with temperature, and diffusion characteristics. The entire Cu-Ag phase diagram calculated in [36] with these potentials in conjunction with Monte Carlo simulations is in satisfactory agreement with the experiment. These potentials are most often used for the molecular dynamics simulation of the Cu-Ag system [37,38]. In particular, in [39], this potential was successfully used to study the copper crystallization process by the molecular dynamics method.



At the first stage, a copper particle was created by cutting a ball of the appropriate size from an ideal crystal. The study focused on particles ranging in diameter from 1.5 to 11 nm. For particles with a diameter of less than 1.5 nm, determining the onset of crystallization was challenging, and for particles with a diameter greater than 11 nm, the impact of the free surface was relatively minor. The particle was in vacuum in a cubic computational cell with periodic boundary conditions. The distance between the cell boundaries was large enough to exclude any possible interaction of the particle with its virtual twin. In this model, it is also possible to use free boundary conditions (that is, just a vacuum around the particle), but, firstly, this does not affect the results at all, and, secondly, the use of periodic conditions is more convenient for controlling the constancy of the number of atoms in the system. Temperature control was carried out using a Nose-Hoover thermostat. The temperature in the model was set through a change in the velocities of the atoms. The time integration step in the molecular dynamics method was equal to 1 fs. The particle was able to freely change its volume within the computational cell. With a sharp change in temperature (at the initial setting) and during phase transitions, the particle changed its volume quite quickly, within just a few picoseconds, that is, there was no pressure in the model. Thus, the NPT canonical ensemble was used in the model under consideration.



To simulate a silver layer around a copper particle, a shell was created containing approximately the same number of atoms as the particle contained. Initially, the silver shell was also cut from the crystal. The distance between the surface of the copper particle and the inner surface of the silver shell was initially set to 0.28 nm. However, as a result of the subsequent procedures for preparing the model, such as structural relaxation, the melting of both metals, and subsequent sharp cooling, the choice of the initial distance between the particle and the shell had virtually no effect on the final results. After creating a particle with a shell, the structure was relaxed at a temperature of 500 K for 20 ps to eliminate the appearance of stresses at the interface between copper and silver. This was followed by the procedure for creating particles with an amorphous structure of the core and shell.



Particles with an amorphous structure were created by the ultrafast (in the order of 1016 K/s) cooling of particles melted upon heating to a temperature that is significantly higher than the melting point (typically 2000–2500 K). When the metal is cooled at such a rapid rate, homogeneous crystallization does not have sufficient time to occur, resulting in the formation of an amorphous structure that is characteristic of a supercooled liquid [7]. It is known that the atomic structure of real metallic glasses is not just a set of randomly located atoms, but is a metastable system consisting of a set of small ordered clusters [8,9,10]. However, pure metals have a very high tendency to crystallize and such a high cooling rate when obtaining an amorphous structure at the initial stage was used in our work to reduce the likelihood of the formation of crystallization nuclei in the particle, which could affect the results. In addition, after this, structural relaxation was carried out at a temperature of 200 K for 100 ps, as a result of which the structure was rearranged and a metastable structure was formed, resistant to structural transformation up to the devitrification temperature, as evidenced by not a gradual change in the average energy of atoms during heating, but a relatively sharp change. The quality of the amorphous structure was checked using the diagrams of the radial distribution of atoms and the average energy of atoms in a nanoparticle (this will be discussed in more detail in the next section). In addition, the destruction of the crystal structure of particles, as well as their crystallization, as a rule, were clearly visually visible, as well as when using a crystal phase visualizer that relied on the common neighbor analysis (CNA) method [40]. Figure 1 shows the examples of cuts of amorphous copper particles with a diameter of 9 nm in vacuum and in a silver shell.



Two constant heating rates, 5 × 1011 and 1012 K/s, were used to simulate the heating of particles of different sizes. The temperature was changed by correspondingly changing the velocity moduli of the atoms in the system after an equal time period of 10 fs. It was shown in [14,16] that a temperature change rate of 1013 K/s is adequate to induce the homogeneous crystallization in a metal. However, the lower the rate, the more accurate the determination of the phase transition onset temperature. On the other hand, the longer the computer experiment, the higher the mutual diffusion at the Cu-Ag interface, which also affects the error in determining the devitrification temperature. The rate in the range 5 × 1011–1012 K/s turned out to be optimal in this case.



The coefficients of thermal expansion for copper and silver are close in value (approximately 17 × 10−6 and 19 × 10−6 K−1 for normal temperatures [36]), which excluded the appearance of additional internal stresses at the Cu-Ag interface due to unequal expansion. In addition, the computer experiments had a relatively long duration, which was sufficient to rid the system of possible stresses at the boundary as a result of structure relaxation.




3. Results and Discussion


The average potential energy of copper atoms      E a   ¯    was employed as a means of characterizing the structure of the nanoparticles. Figure 2 depicts the changes in the average energy of copper atoms with increasing temperature for particles with diameters of 8 and 3 nm in vacuum and in a silver shell. The dotted lines also show the dependencies for single-crystal particles that do not contain any defects, except for the free surface.



The sharp decrease in the average energy on the graphs is an obvious sign of a phase transition—devitrification, that is, the crystallization of amorphous particles upon heating. Melting-crystallization phase transitions do not happen instantaneously, and the crystal-liquid front moves at a finite speed that is typically several tens of meters per second and is temperature-dependent [41,42]. Therefore, we determined the devitrification temperature from the onset of the phase transition, which is shown by arrows in the figure.



For relatively small particles, the change in energy during the crystallization was sharper (Figure 2b), which is explained by the relatively shorter duration of this process in particles with a smaller diameter.



For particles in vacuum (blue graphs in Figure 2), the devitrification started at about 320 K for a particle with a diameter of 8 nm and 410 K for a particle with a diameter of 3 nm. The devitrification temperature increased as the particle diameter decreased, likely due to the effect of the surface.



After the devitrification and crystallization of the entire particle in vacuum, the average energy of the atoms almost coincided with the energy of a single-crystal particle. The upward energy deviation in the case of the 8 nm particle (Figure 2a) is due to the formation of defects during crystallization, particularly grain boundaries. Small particles crystallized with the formation of a lower defect density compared to larger diameter particles.



The graph of the change in the energy of the copper atoms for the 3 nm particle in a silver shell (red in Figure 2b) is located lower than the graph for a particle without a shell, and for 8 nm particle, the energy values are similar in both cases. This is explained by an increase in the contribution of mutual diffusion with a decrease in the particle diameter–as the diameter decreases, the fraction of atoms interacting with silver atoms increases, which leads to a decrease in the average energy of the copper atom.



The drop in the average energy of the copper atoms during the devitrification is much smaller for particles in a shell compared to those in vacuum, which is again explained by the contribution in the calculation of the average energy of copper atoms in contact with silver atoms.



The presence of a silver shell, as can be seen from the graphs in Figure 2, does have a significant effect on the devitrification temperature. It begins at a much higher temperature than for particles in a vacuum: approximately 440 and 670 K for particles 8 and 3 nm in diameter, respectively.



For a particle with a diameter of 3 nm surrounded by a silver shell, as seen in Figure 2b, the change in energy during crystallization was insignificant, which complicated the determination of the temperature at which devitrification began. In such cases, a second characteristic was additionally used, which helps to more accurately determine the devitrification temperature, but requires more time to perform calculations. It consisted of plotting the dependence of the fraction of the crystalline phase found using the CNA method [40].



Figure 3 shows examples of these dependencies for the same particles used in Figure 2. To construct them, the content of crystalline phases in a copper particle was periodically analyzed during a computer experiment. As can be seen, the resulting graphs correlate with the graphs of changes in the average energy of atoms in Figure 2. Two features should be noted. Firstly, the proportion of the crystalline phase in all cases does not reach 100%. Secondly, in the case of the presence of a silver shell, this proportion is significantly lower. The first is obviously explained by the presence after crystallization of the particle of a high concentration of defects, mainly grain boundaries. Moreover, this concentration, as a rule, decreased as the particle size decreased. The second, that is, the influence of the shell, is apparently due to the absence in this case of a free surface, which, as will be shown below, plays an important role in the devitrification of particles, as well as the contribution of mutual diffusion at the interface. Crystallization in the presence of a shell was, as a rule, noticeably less intense and with the generation of a comparatively larger amount of defects.



To mathematically explain how the free surface of nanoparticles affects their melting point, a formula is commonly used which assumes that the change in the phase transition temperature is proportional to the ratio of the particle’s surface area to its volume [13,23]. For a particle with a spherical shape, this change should be proportional to N−1/3 or d−1, where N represents the number of atoms in the nanoparticle, and d is its diameter. We applied the same assumption to the devitrification temperature, but with the addition of a correction, δ, which accounts for the finite thickness of the near-surface layer of the particle or the diffusion zone in the case of a silver shell:


   T d   ( d )  =  T d 0  −  A  d − δ    



(1)







Here,    T d    and    T d 0    represent the devitrification temperatures of the particle and hypothetical bulk material, respectively, and A is the parameter that determines the extent to which the particle surface affects its devitrification.



The approximation curves for the relationship between the devitrification temperature of copper nanoparticles in a vacuum and in a silver shell and their diameter were created using Formula (1) (dashed lines in Figure 4). The markers in Figure 4 show the values obtained in the model: filled—for a rate of 5 × 1011 K/s, unfilled—for a rate of 1012 K/s. As can be seen, the approximation curves and the data are in good agreement, providing evidence of the dominant role played by the interface (free surface or interphase boundary) in the devitrification process of the nanoparticles. The values for Formula (1) for the copper particles in a vacuum are as follows:    T d 0    = 270 K,    A d    = −360 K∙nm, δ = 0.4 nm for a rate of 5 × 1011 K/s, and    T d 0    = 300 K,    A d    = −390 K∙nm, δ = 0.4 nm for a rate of 1012 K/s. In a silver shell:    T d 0    = 380 K,    A d    = −490 K∙nm, δ = 1.2 nm for a rate of 5 × 1011 K/s, and    T d 0    = 400 K,    A d    = −590 K∙nm, δ = 1.0 nm for a rate of 1012 K/s.



As can be seen, the effect of the silver shell on the devitrification temperature of the copper particles is quite strong. For the considered particle sizes, the difference in the devitrification temperatures without a shell and with a shell ranged from about 130 K to 250 K, depending on the copper particle diameter—the temperature difference increased with the decreasing copper particle diameter. When considering the diffusion zone and blurring the particle boundary, the value of δ increased by 0.8 nm at a heating rate of 5 × 1011 K/s and by 0.6 nm at a rate of 1012 K/s, which approximately corresponds to the picture that was observed during the simulation.



The considered temperatures for diffusion in polycrystalline materials are relatively low, but it should be taken into account that the metals in the model were in an amorphous state, which is characterized by higher diffusion. In addition, part of the diffusion process occurred at the stage of creating a particle with a shell. To estimate the inter-diffusion that occurred at the Cu-Ag interface during the simulation, we used the fraction of dissolved copper atoms in silver. Using it to estimate the diffusion coefficient in this case was inconvenient, since, in particular, when calculating it, it was difficult to separate inter- and self-diffusion. A Cu atom was considered dissolved if the number of Ag atoms in its immediate environment (within a radius of 3.7 Å) exceeded 50%. For heating from 100 to 800 K at a temperature change rate of 5 × 1011 K/s, the fraction of dissolved atoms was, for example, 5.9% for a particle with a diameter of 8 nm and 13.5% for a 3 nm particle.



Figure 4 illustrates that the onset temperature of devitrification is also dependent on the heating rate: as the rate increases, the devitrification temperature increases. Homogeneous crystallization is typically divided into two key phases: the generation of stable crystalline nuclei and the propagation of the crystallization front. The first stage is a random process that necessitates a certain amount of time for the nuclei to develop, which will then begin to grow and initiate the second stage. This has also been discussed in works [25,43], which studied the process of devitrification in massive samples. An increase in the rate of temperature growth reduces the time that the system spends at a certain temperature and decreases the probability of stable nuclei formation.



The probabilistic nature of the crystallization process can cause its onset at noticeably different temperatures in experiments with similar conditions. This was the main reason for the error and deviation of the markers in Figure 3 from the approximation curves.



The value    T 0    in Formula (1), which is typically interpreted as the melting temperature of a massive sample when considering the melting of nanoparticles, was found to be different in our case for different heating rates and for particles in a vacuum and in a shell. The first is obviously explained by the previously described influence of the rate of the temperature change on the temperature of the onset of devitrification. However, the second is an interesting fact, indicating, apparently, that this value also depends on the phase transition mechanism. Below it will be shown that the mechanism of initiation and the occurrence of crystallization during devitrification for particles in a vacuum and in a shell is indeed fundamentally different.



The value  A , which determines the extent to which the particle interface affects the change in the devitrification temperature relative to the bulk material under identical conditions, also turned out to be different and depends on both the heating rate and the absence or presence of the shell. The value  A  increases in the modulus with an increase in the heating rate and in the presence of a shell.



The value  A  in the case of describing the dependence of the devitrification temperature on the particle diameter turned out to be negative. Thus, if the melting temperature of nanoparticles decreases as the particle size decreases, the devitrification temperature, on the contrary, increases. This can be explained as follows. Potential wells in which atoms are located on the surface or near defects are less deep and wider, blurred due to the less regular arrangement of neighboring atoms, thermal vibrations, and diffusion. Therefore, the presence of defects and interfaces reduces the probability of the nucleation of the centers (nuclei) of crystallization. However, on the other hand, their formation requires the presence of a certain mobility of atoms, that is, self-diffusion, which is just more intense near the surface. This is clearly seen in Figure 5, where the mechanism of crystallization during devitrification was studied using common neighbor analysis (CNA). This visualizer analyzes the location of neighboring atoms to determine the crystal structure to which each atom belongs.



Figure 5 clearly shows that during the devitrification, the nucleation of the crystal structure occurs from the surface, which is explained by the relatively large contribution of self-diffusion near the surface in this case. As seen in the given example, a polycrystalline structure with a high density of grain boundaries forms after crystallization in the volume of the particle. Upon subsequent relaxation at a sufficiently high temperature, the density of defects is expected to decrease due to recrystallization, grain growth, and the displacement of defects to the free surface.



The formation of a polycrystalline structure with grain boundaries inside nanoparticles has also been experimentally observed during the rapid crystallization of gold nanoparticles [4], as well as during the molecular dynamics modeling of the crystallization of nickel [14,16] and iron [15] nanoparticles.



In the case of the presence of a silver shell, the devitrification mechanism changed dramatically (Figure 6). Crystallization nuclei are formed in the volume of the “core” of the copper particle, rather than near the interface as in the absence of a shell. Here, the factor of the high mobility of atoms near the boundary disappears, and the formation of relatively deeper and narrower potential wells in the volume of the “core” of the particle comes to the fore. In addition, the strong difference between the lattice parameters of copper and silver, as well as the presence of a diffusion zone, lead to the smearing of potential wells for copper atoms and a reduction in the likelihood of crystallization nuclei forming near the interface.



The result obtained, that is, an increase in the temperature range for the existence of an amorphous phase of metal nanoparticles in the shell of another metal, can apparently be qualitatively extended to other binary systems. Moreover, a greater influence of the shell on the increase in the devitrification temperature should be expected with a greater difference in the radii of the atoms of the two metals, as well as with greater mutual diffusion.




4. Conclusions


The process of the devitrification of copper nanoparticles in vacuum and in a silver shell during heating at rates of 5 × 1011 and 1012 K/s was studied using a molecular dynamics simulation. The results show that there is an inverse relationship between the particle diameter (considering the adjustment related to the finite thickness of the surface layer or diffusion zone in the case of the presence of a silver shell) and the devitrification temperature. As the size of the particles decreases, the temperature at which devitrification occurs increases due to a higher fraction of atoms near the interface. The presence of a silver shell leads to a significant increase in the devitrification temperature of copper nanoparticles. For the considered particle sizes, the difference between the devitrification temperatures without a shell and with a shell ranged from 130 K for copper particles with a diameter of 11 nm to 250 K for 3 nm particles. Thus, a decrease in the size of copper particles and the presence of a silver shell increase the temperature interval for the existence of an amorphous phase. The mechanisms of nucleation of a crystalline phase in particles in vacuum and in a silver shell are significantly different. In the first case, crystalline nuclei are formed near the surface, while in the second case, they are formed in the volume of the particle. With an increase in the heating rate from 5 × 1011 to 1012 K/s, the temperature at which the process of the intense devitrification of nanoparticles began increased.







Author Contributions


Data curation, G.P., Y.B. and A.S.; writing—original draft preparation, G.P.; conceptualization, writing—review and editing, G.P., Y.G. and S.G. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Russian Science Foundation (project No. 23-12-20003, https://rscf.ru/project/23-12-20003/) with parity financial support from the Government of the Republic of Khakassia.




Data Availability Statement


Data will be made available upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liang, S.-X.; Zhang, L.-C.; Reichenberger, S.; Barcikowski, S. Design and perspective of amorphous metal nanoparticles from laser synthesis and processing. Phys. Chem. Chem. Phys. 2021, 23, 11121–11154. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Sinha, S.K.; Khammari, A.; Picher, M.; Terrones, M.; Banhart, F. The amorphization of metal nanoparticles in graphitic shells under laser pulses. Carbon 2020, 161, 495–501. [Google Scholar] [CrossRef]

	



He, D.S.; Huang, Y.; Myers, B.D.; Isheim, D.; Fan, X.; Xia, G.-J.; Deng, Y.; Xie, L.; Han, S.; Qiu, Y.; et al. Single-element amorphous palladium nanoparticles formed via phase separation. Nano Res. 2022, 15, 5575–5580. [Google Scholar] [CrossRef]

	



Qian, Y.; da Silva, A.; Yu, E.; Anderson, C.L.; Liu, Y.; Theis, W.; Ercius, P.; Xu, T. Crystallization of nanoparticles induced by precipitation of trace polymeric additives. Nat. Commun. 2021, 12, 2767. [Google Scholar] [CrossRef]

	



Jia, Z.; Wang, Q.; Sun, L.; Wang, Q.; Zhang, L.C.; Wu, G.; Luan, J.H.; Jiao, Z.B.; Wang, A.; Liang, S.X.; et al. Metallic glass catalysts: Attractive in situ self-reconstructed hierarchical gradient structure of metallic glass for high efficiency and remarkable stability in catalytic performance. Adv. Funct. Mater. 2019, 29, 1807857. [Google Scholar] [CrossRef]

	



Chen, Q.; Yan, Z.; Guo, L.; Zhang, H.; Zhang, L.-C.; Wang, W. Role of maze like structure and Y2O3 on Al-based amorphous ribbon surface in MO solution degradation. J. Mol. Liq. 2020, 318, 114318. [Google Scholar] [CrossRef]

	



Tilocca, A. Cooling rate and size effects on the medium-range structure of multicomponent oxide glasses simulated by molecular dynamics. J. Chem. Phys. 2013, 139, 114501. [Google Scholar] [CrossRef] [PubMed]

	



Tavanti, F.; Calzolar, A. Multi-technique approach to unravel the (dis)order in amorphous materials. ACS Omega 2022, 7, 23255–23264. [Google Scholar] [CrossRef]

	



Song, J.; Zhu, W.; Wei, X. Correlations between the hierarchical spatial heterogeneity and the mechanical properties of metallic glasses. Int. J. Mech. Sci. 2021, 204, 106570. [Google Scholar] [CrossRef]

	



Yuan, Y.; Kim, D.S.; Zhou, J.; Chang, D.J.; Zhu, F.; Nagaoka, Y.; Yang, Y.; Pham, M.; Osher, S.J.; Chen, O.; et al. Three-dimensional atomic packing in amorphous solids with liquid-like structure. Nat. Mater. 2022, 21, 95–102. [Google Scholar] [CrossRef]

	



Wagener, P.; Jakobi, J.; Rehbock, C.; Chakravadhanula, V.S.K.; Thede, C.; Wiedwald, U.; Bartsch, M.; Kienleand, L.; Barcikowski, S. Solvent-surface interactions control the phase structure in laser-generated iron-gold core-shell nanoparticles. Sci. Rep. 2016, 6, 23352. [Google Scholar] [CrossRef] [PubMed]

	



Ziefub, A.R.; Reichenberger, S.; Rehbock, C.; Chakraborty, I.; Gharib, M.; Parak, W.J.; Barcikowski, S. Laser fragmentation of colloidal gold nanoparticles with high-intensity nanosecond pulses is driven by a single-step fragmentation mechanism with a defined educt particle-size threshold. J. Phys. Chem. C 2018, 122, 22125–22136. [Google Scholar] [CrossRef]

	



Qi, Y.; Cagin, T.; Johnson, W.L.; Goddard, W.A., III. Melting and crystallization in Ni nanoclusters: The mesoscale regime. J. Chem. Phys. 2001, 115, 385–394. [Google Scholar] [CrossRef]

	



Nguyen, T.D.; Nguyen, C.C.; Tran, V.H. Molecular dynamics study of microscopic structures, phase transitions and dynamic crystallization in Ni nanoparticles. RSC Adv. 2017, 7, 25406–25413. [Google Scholar] [CrossRef]

	



Trang, G.T.T.; Kien, P.H.; Hung, P.K.; Ha, N.T.T. Molecular dynamics simulation of microstructure and atom-level mechanism of crystallization pathway in iron nanoparticle. J. Phys. Conf. Ser. 2020, 1506, 012020. [Google Scholar] [CrossRef]

	



Poletaev, G.M.; Bebikhov, Y.V.; Semenov, A.S. Molecular dynamics study of the formation of the nanocrystalline structure in nickel nanoparticles during rapid cooling from the melt. Mater. Chem. Phys. 2023, 309, 128358. [Google Scholar] [CrossRef]

	



Poletaev, G.M.; Sitnikov, A.A.; Yakovlev, V.I.; Filimonov, V.Y. Melting point of Ti, Ti3Al, TiAl, and TiAl3 nanoparticles versus their diameter in vacuum and liquid aluminum: Molecular dynamics investigation. J. Exp. Theor. Phys. 2022, 134, 183–187. [Google Scholar] [CrossRef]

	



Duan, G.; Xu, D.; Zhang, Q.; Zhang, G.; Cagin, T.; Johnson, W.L.; Goddard, W.A. Molecular dynamics study of the binary Cu46Zr54 metallic glass motivated by experiments: Glass formation and atomic-level structure. Phys. Rev. B 2005, 71, 224208. [Google Scholar] [CrossRef]

	



Fernandez-Navarro, C.; Mejia-Rosales, S. Molecular Dynamics of Free and Graphite-Supported Pt-Pd Nanoparticles. Adv. Nanopart. 2013, 2, 323–328. [Google Scholar] [CrossRef]

	



Pryadilshchikov, A.Y.; Kosilov, A.T.; Evteev, A.V.; Levchenko, E.V. Molecular-dynamics study of the Ni60Ag40 binary alloy glass transition. J. Exp. Theor. Phys. 2007, 105, 1184–1189. [Google Scholar] [CrossRef]

	



Allen, G.L.; Bayles, R.A.; Gile, W.W.; Jesser, W.A. Small particle melting of pure metals. Thin Solid Films 1986, 144, 297–308. [Google Scholar] [CrossRef]

	



Castro, T.; Reifenberger, R.; Choi, E.; Andres, R.P. Size-dependent melting temperature of individual nanometer-sized metallic clusters. Phys. Rev. B 1990, 42, 8548. [Google Scholar] [CrossRef] [PubMed]

	



Safaei, A.; Attarian Shandiz, M.; Sanjabi, S.; Barber, Z.H. Modeling the melting temperature of nanoparticles by an analytical approach. J. Phys. Chem. C 2008, 112, 99–105. [Google Scholar] [CrossRef]

	



Sun, W.; Dierolf, V.; Jain, H. Molecular dynamics simulation of seeded crystal growth in glass. J. Non-Cryst. Solids X 2022, 15, 100113. [Google Scholar] [CrossRef]

	



Herrero, C.; Scalliet, C.; Ediger, M.D.; Berthier, L. Two-step devitrification of ultrastable glasses. Proc. Natl. Aacd. Sci. USA 2023, 120, e2220824120. [Google Scholar] [CrossRef] [PubMed]

	



Trong, D.N.; Long, V.C.; Talu, S. The structure and crystallizing process of NiAu alloy: A molecular dynamics simulation method. J. Compos. Sci. 2021, 5, 18. [Google Scholar] [CrossRef]

	



Abdul Salam, A.; Singaravelan, R.; Vasanthi, P.; Bangarusudarsan Alwar, S. Electrochemical fabrication of Ag-Cu nano alloy and its characterization: An investigation. J. Nanostruct. Chem. 2015, 5, 383–392. [Google Scholar] [CrossRef]

	



Sharma, M.K.; Buchner, R.D.; Scharmach, W.J.; Papavassiliou, V.; Swihart, M.T. Creating conductive copper-silver bimetallic nanostructured coatings using a high temperature reducing jet aerosol reactor. Aerosol Sci. Technol. 2013, 47, 858–866. [Google Scholar] [CrossRef]

	



Rahman, L.; Shah, A.; Lunsford, S.K.; Han, C.; Nadagouda, M.N.; Sahle-Demessie, E.; Qureshi, R.; Khan, M.S.; Kraatz, H.; Dionysiou, D.D. Monitoring of 2-butanone using a Ag-Cu bimetallic alloy nano scale electrochemical sensor. RSC Adv. 2015, 5, 44427–44434. [Google Scholar] [CrossRef]

	



Wang, H.; Yi, C.Y.; Tian, L.; Wang, W.; Fang, J.; Zhao, J.; Shen, W. Ag-Cu bimetallic nanoparticles prepared by microemulsion method as catalyst for epoxidation of styrene. J. Nanomater. 2012, 2012, 453915. [Google Scholar] [CrossRef]

	



Shin, K.; Kim, D.H.; Yeo, S.C.; Lee, H.M. Structural stability of AgCu bimetallic nanoparticles and their application as a catalyst: A DFT study. Catal. Today 2012, 185, 94–98. [Google Scholar] [CrossRef]

	



Tolou, N.B.; Fathil, M.; Monshil, A.; Mortazavi, V.; Shirani, F. Preparation and corrosion behavior evaluation of amalgam/titania nano composite. Dent. Res. J. 2011, 8, 43–50. [Google Scholar]

	



Bansal, A.; Sekhon, J.S.; Verma, S.S. Scattering efficiency and LSPR tunability of bimetallic Ag, Au, and Cu nanoparticles. Plasmonics 2014, 9, 143–150. [Google Scholar] [CrossRef]

	



Bochicchio, D.; Ferrando, R.; Panizon, E.; Rossi, G. Structures and segregation patterns of Ag-Cu and Ag-Ni nanoalloys adsorbed on MgO(001). J. Phys. Condens. Matter 2016, 28, 064005. [Google Scholar] [CrossRef] [PubMed]

	



Panizon, E.; Bochicchio, D.; Rossi, G.; Ferrando, R. Tuning the structure of nanoparticles by small concentrations of impurities. Chem. Mater. 2014, 26, 3354–3356. [Google Scholar] [CrossRef]

	



Williams, P.L.; Mishin, Y.; Hamilton, J.C. An embedded-atom potential for the Cu-Ag system. Model. Simul. Mater. Sci. Eng. 2006, 14, 817. [Google Scholar] [CrossRef]

	



Muser, M.H.; Sukhomlinov, S.V.; Pastewka, L. Interatomic potentials: Achievements and challenges. Adv. Phys. X 2023, 8, 2093129. [Google Scholar] [CrossRef]

	



Drewienkiewicz, A.; Zydek, A.; Trybula, M.E.; Pstrus, J. Atomic level insight into wetting and structure of Ag droplet on graphene coated copper substrate-molecular dynamics versus experiment. Nanomaterials 2021, 11, 1465. [Google Scholar] [CrossRef]

	



Zhang, Y.; Jiang, S. Atomistic mechanisms for temperature-induced crystallization of amorphous copper based on molecular dynamics simulation. Comput. Mater. Sci. 2018, 151, 25–33. [Google Scholar] [CrossRef]

	



Tsuzuki, H.; Branicio, P.S.; Rino, J.P. Structural characterization of deformed crystals by analysis of common atomic neighborhood. Comput. Phys. Commun. 2007, 177, 518–523. [Google Scholar] [CrossRef]

	



Chan, W.-L.; Averback, R.S.; Cahill, D.G.; Ashkenazy, Y. Solidification velocities in deeply undercooled silver. Phys. Rev. Lett. 2009, 102, 095701. [Google Scholar] [CrossRef] [PubMed]

	



Poletaev, G.M.; Zorya, I.V. Influence of light impurities on the crystal-melt interface velocity in Ni and Ag. Molecular dynamics simulation. Tech. Phys. Lett. 2020, 46, 575–578. [Google Scholar] [CrossRef]

	



Ou, Z.; Wang, Z.; Luo, B.; Luijten, E.; Chen, Q. Kinetic pathways of crystallization at the nanoscale. Nat. Mater. 2020, 19, 450–455. [Google Scholar] [CrossRef] [PubMed]








[image: Metals 13 01664 g001] 





Figure 1. Amorphous Cu nanoparticles with a diameter of 9 nm in vacuum (a) and in a silver shell (b). Particle cuts are shown. 
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Figure 2. Dependencies of the average potential energy of Cu atoms      E a   ¯    on temperature during heating at a rate of 5 × 1011 K/s of an amorphous Cu particle in vacuum and in a silver shell: (a) 8 nm in diameter; (b) 3 nm in diameter. The dotted line shows the dependence for a single-crystal particle. Td is the devitrification temperature of an amorphous particle in vacuum; T’d– in a silver shell. 






Figure 2. Dependencies of the average potential energy of Cu atoms      E a   ¯    on temperature during heating at a rate of 5 × 1011 K/s of an amorphous Cu particle in vacuum and in a silver shell: (a) 8 nm in diameter; (b) 3 nm in diameter. The dotted line shows the dependence for a single-crystal particle. Td is the devitrification temperature of an amorphous particle in vacuum; T’d– in a silver shell.



[image: Metals 13 01664 g002]







[image: Metals 13 01664 g003] 





Figure 3. Dependencies of the fraction of the crystalline phase Nc on temperature during heating at a rate of 5 × 1011 K/s of an amorphous Cu particle in vacuum and in a silver shell: (a) 8 nm in diameter; and (b) 3 nm in diameter. 
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