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ABSTRACT 

Knowledge of thermodynamics of multimetallic nanoparticles is of great importance in prediction 

and advancing the understanding of synthesis, characterization, and applications of metal nanoparticles. 

In this work, molecular dynamics simulations were performed to investigate the melting characteristics 

and behaviors of a ternary Fe-Ni-Cr nanoparticle (19.17 wt.% Cr, 11.72 wt.% Ni, and the rest Fe). It 

was found that the melting of the nanoparticles starts from the surface and proceeds gradually inwards 

to the core, indicating a liquid nucleation and growth melting mode. During heating, severe Cr 

segregation with increasing temperature were observed, and the nano Cr clusters prefer to aggregate 

mostly at the surface due to lower surface energy and stronger cohesive interactions of Cr atoms than 

Fe and Ni. Moreover, the melting temperature of the nanoparticles decreases as the particle radius 

decreases, and there exists a linear relationship between the melting point and the inverse of the radius. 

This signifies the feasibility of the linear depression effect for the size-dependent melting of Fe-Ni-Cr 

nanoparticles accompanying surface segregation and aggregation. The findings in this work are believed 

to provide the atomic scale understanding of mechanisms of melting and surface segregation of ternary 

Fe-Ni-Cr nanoparticles. 
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1. Introduction 

Metal nanoparticles exhibit unique thermodynamic, mechanical and electronic properties different 

from those of the conventional coarse-grained metal powders ascribing to their large surface area to 

volume ratios. They have drawn wide attention in numerous potential applications such as actuators, 

catalysis, sensing and imaging, drug delivery, solar cells, and microstructural engineering, etc. [1-9]. 

For instance, Ag and Au noble metal nanoparticles exhibit high sensitivity, activity, and enhanced 

optical absorption and scattering making them attractive in catalysis and sensing applications [3]. 

Bimetallic nanoparticle catalysts such as M-Pt, where M = Ni, Fe, Co or Pd, offer exceptional catalytic 

activity based on structural sensitivity and high surface area when compared to their bulk counterparts 

[9]. In addition, Fe-based nanoparticles with superior magnetization and biocompatibility are frequently 

used as magnetic drug-targeting carriers for controlled drug release and enhancement agents in magnetic 

resonance imaging [4]. Since the key to all the applications is related to their small size and inherent 

nanostructure, knowledge and control of the size, shape, surface composition, and crystalline structure 

of the metal nanoparticles is of significant importance to understand synthesis, processing, and 

performance of the metal nanoparticles from both scientific and technical viewpoints. 

Recently, considerable efforts have been dedicated to investigate thermodynamics and kinetics of 

growth and stabilization of nanoparticles under thermal and other stresses. Experimental and theoretical 

studies have revealed characteristic size-dependent thermo-physical features such as depression of 

melting and sintering temperatures of the nanoparticles [10-15]. As the particle size decreases beyond 

a critical value, the melting temperature of the nanoparticle with free surface deviates from that of its 

corresponding bulk phase. The depression and deviation effect is mainly associated with the excess 

energy of the large percentage of weakly bound surface atoms that are less constrained in their thermal 

motion. Moreover, the kinetics and melting mechanisms of the nanoparticles have been investigated 

using computational techniques [16-22]. Earlier molecular dynamics (MD) simulations of the melting 

behavior of spherical Au nanoparticles showed that the premelting begins with the outer layer signaling 

the approach of the melting point, and proceeds inwards toward the core [16]. The thermal behavior of 

Na nanoclusters was examined using orbital-free density functional MD method [17]. It was revealed 

that isomers of Na142 and Na92 (both incomplete 3-shell icosahedrons) would melt in two steps: surface 



premelting and homogenous melting involving diffusion of all the atoms across the cluster. On the 

contrary, only a single transition was observed for perfect 2-shell icosahedron Na55. Moreover, in 

bimetallic core-shell systems such as Cu-Ni and Pd-Pt nanoparticles, structural changes accompanying 

the thermal evolution exhibited a characteristic two-stage melting: a dynamical premelting at the surface 

followed by homogenous melting of the core [18,19]. In particular, Cu/Pd atoms tend to diffuse and 

segregate to surface distributing on unsaturated edge sites prior to melting due to their lower surface 

free energy. Another MD simulation of Co-Pt and Co-Au core-shell structured nanoparticles suggested 

the existence of a strong dependence of the thermal stability on the structure of the core and the element 

of the shell [20]. It demonstrated a typical two-stage melting for Co-Au nanoparticles, while the Co 

core and Pt shell were found to melt concurrently. 

In contrast to numerous investigation of monometallic and bimetallic nanoparticles [16-24], far less 

attention has been devoted to understanding the kinetics and melting behaviors of multimetallic 

nanoparticles. The additional interatomic interactions and coupling could make thermodynamic 

phenomena, i.e., surface melting and segregation, more complicated. Therefore, in this work, we 

employ MD simulation method to investigate the dynamic and melting behaviors of ternary Fe-Ni-Cr 

nanoparticles. The Fe-Ni-Cr alloy model has been chosen as it is the main constituent of a widely used 

structural alloy, 316L stainless steel. More importantly, microstructural characterization using electron 

backscatter diffraction (EBSD) and energy dispersive spectroscopy (EDS) has revealed that Cr atoms 

accumulate around the edges of the cellular structure, signifying Cr diffusion and segregation to the 

grain boundaries [25]. The distinct interface/surface segregation is of vital importance since it can affect 

most the physical and chemical properties. It was reported that the Cr segregation deteriorates the 

magnetic properties of Fe-Cr and Ni-Cr nanoparticles, thereby minimizing their potential applications 

[26]. However, knowledge and understanding of the mechanisms of Cr segregation in metal 

nanoparticles is incomplete and limited. In our MD simulations, the melting characteristics and 

behaviors of the Fe-Ni-Cr nanoparticles will be studied. The physical metallurgical reasons of Cr 

segregation and aggregation are explored and clarified. Furthermore, the effect of the particle size on 

the structural evolution and phase transition of the Fe-Ni-Cr nanoparticles during heating will be 

investigated. 



2. Molecular dynamics simulation and methodology 

2.1 Molecular models 

The Fe-Ni-Cr nanoparticles were initially constructed in a spherical morphology with a face-

centered cubic (FCC) crystal structure. All the Fe, Ni, and Cr atoms were distributed stochastically in 

the lattice sites across the nanoparticles to provide a clear insight on how Cr segregates at different 

temperatures. Fig. 1 shows a typical equilibrated Fe-Ni-Cr nanoparticle with a radius of R = 60 Å at T 

= 300 K, signifying a rather smooth surface structure. Clearly, the nanoparticles cannot be perfectly 

spherical and would, even in their ground state, exhibit some minor facets [16]. To study the effect of 

the particle size on the melting behavior, we prepared a range of nanoparticles with varying radii from 

30 to 70 Å, comprising around 10000 to 126000 atoms. The composition of all the Fe-Ni-Cr 

nanoparticles was chosen as 19.17 wt.% Cr, 11.72 wt.% Ni, and the remaining to be Fe to mimic a 316L 

austenitic stainless steel model alloy [25]. 

2.2 Simulation method 

To characterize the interatomic interactions for Fe-Ni-Cr nanoparticles, we adopted an embedded 

atom method (EAM) potential proposed by Bonny et al. [27]. This potential model has been successfully 

proven to describe static and dynamic properties of metal alloys containing Fe, Ni and Cr, such as lattice 

parameters, phase transformation, diffusion coefficient, vacancy forming and dislocation, and thermal 

conductivity, etc. [28-30]. To verify the applicability of Bonny’s EAM potential, we have also simulated 

the lattice parameter and stacking fault energy for the bulk Fe-Ni-Cr alloys. The simulation results, 

shown in Table S1, are in good agreement with the experimental data [31-33]. 

In addition to pair interactions V, the EAM potential contains an embedding energy F dependent on 

the local electron density ρ. The latter term approximates the many-body contribution from all nearby 

atoms. The total energy within EAM is thus given as 

 𝐸 ൌ
ଵ

ଶ
∑ 𝑉௧೔௧ೕ൫𝑟௜௝൯
ே
௜,௝ୀଵ
௝ஷ௜

൅ ∑ 𝐹௧೔ሺ𝜌௜ሻ
ே
௜ୀଵ   (1) 

where N represents the total number of atoms in the system, 𝑟௜௝ is the distance between atoms i and j, 

and 𝑡௜ denotes chemical species (Fe, Ni or Cr), respectively. The local electron density around atom i 

contributed from its neighbors is depicted as 



 𝜌௜ ൌ ∑ 𝜑௧ೕ൫𝑟௜௝൯
ே
௝ୀଵ
௝ஷ௜

  (2) 

where 𝜑 denotes the electron density function of the considered element. The details of the parameters 

of the EAM potential can be found in ref. [27]. 

Initially, the Fe-Ni-Cr nanoparticles were equilibrated in a cubic simulation box with a side length 

of 28 nm at T = 300 K for a period of 600 ps. The temperature of the system was maintained constant 

using the Nose-Hoover thermostat with a relaxation time of 0.2 ps. After equilibration, the nanoparticles 

were uniformly heated up to 2000 K with a heating rate of 0.25 K/ps, which is compatible with the rates 

required in laser-related applications [34-39]. The heating duration was 6.8 ns. The Newton's equations 

of motion were integrated using the Verlet leapfrog algorithm with a time step of 2.0 fs and periodic 

boundary conditions were applied in all the three dimensions. The MD simulations were carried out 

using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) software [40]. 

3 Results and discussions 

3.1 Structure and shape evolution 

The structural features can be expressed through centro-symmetric parameter (CSP) distribution 

across the nanoparticles. The CSP measures the local lattice disorder around an atom and characterizes 

whether the atom is part of a perfect lattice, a local defect (e.g., a dislocation or stacking fault), or at a 

surface. Generally, CSP has a value of zero for a specific perfect lattice and a large non-zero value for 

thermally disordered or plastically deformed defective systems. Depending on the choice of the 

reference lattice, the parameter for each atom can be computed as [28,41] 

 CSP ൌ ∑ ห𝒓௜ ൅ 𝒓௜ା௟/ଶห
ଶ௟/ଶ

௜ୀଵ   (3) 

where l denotes the number of nearest neighbors for the atom and it has a value of 12 for a FCC lattice, 

𝒓௜ and 𝒓௜ା௟/ଶ are the vectors or bonds from the central atom to a particular pairs of opposite nearest 

neighbors. 

Fig. 2 presents the evolution of the CSP values based on the cross-sectional view of the Fe-Ni-Cr 

nanoparticles. The figure also shows the atomic distribution of the Fe-Ni-Cr nanoparticles with different 

radii during the heating process. The original FCC structure is chosen as the reference lattice for the 

CSP calculation such that blue means that the atom belongs to a perfect FCC lattice and red indicates 



complete amorphization. It is clearly shown that the nanoparticles exhibit FCC structure and are well 

equilibrated at T = 300 K before heated up slowly until they totally melt into a liquid phase at high 

temperatures. As T increases to 1000 K, the nanoparticles could still maintain their spherical crystalline 

structure. However, they start to melt at about T = 1600 to 1640 K (depending on the particle size) from 

a very thin liquid layer on the surface, and then proceed gradually inwards to the core, signifying distinct 

surface melting. This melting process of the Fe-Ni-Cr nanoparticles is also known as the mode of liquid 

nucleation and growth (LNG) [42-44]. As expected, the surface melting is ascribed to the fact that the 

surface atoms in finite nanoparticles have more freedom and experience weaker interactions as 

compared with those in the interior. Moreover, the transition from solid to liquid with increasing 

temperature undergoes dynamic coexistence melting from the thermodynamic viewpoint. During the 

melting, the outer liquid-like and inner solid-like atoms could coexist in a particular temperature range 

between Tms and Tme, with Tms being the critical point at which the surface melting starts to occur and 

Tme being the corresponding upper limit point above which liquid state fully develops. Consistent with 

the literature [42,45], we refer the lower melting limit point Tms as the “melting point” Tm in this work. 

It is shown in Fig. 2 that, the nanoparticles with smaller radii exhibit decreasing Tm and Tme, showing 

good agreement with experimental and numerical studies [10-15,46]. More importantly, the Cr atoms 

gradually diffuse, segregate and aggregate to the surface during heating, coinciding well with the EBSD 

and EDS results for 316L stainless steel [25]. In particular, anomalous “convex nano clusters” are 

formed, and they even become more intense at higher temperatures in smaller nanoparticles due to the 

larger surface area to volume ratios. Although bulges and facets began to form at the surface, the 

nanoparticles could still maintain their spherical shape to some extent. The analysis of the Cr 

segregation and aggregation will be further discussed in Section 3.3. 

3.2 Surface melting and dynamics 

Surface melting of nanoparticles refers to the nucleation and propagation of a quasi-liquid layer, 

which thickens with increasing temperature and ends with the melting of the solid core. Although the 

surface melting behavior is somewhat revealed in the atomic CSP distribution, better insights into the 

same phenomenon could be obtained through radial distribution function (RDF) and thermal diffusion. 

RDF is an important parameter to describe the structural characteristics of solid, amorphous and 



liquid states. It defines the probability of finding an atom in a distance ranging from 𝑟 to 𝑟 + dr (dr is 

the step of calculation) and is expressed as 

 𝑔ሺ𝑟ሻ ൌ
௏

ேమ
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where 𝑉 and 𝑁 are the volume and total number of atoms of the system, 𝑁௜ is the number of atoms 

around ith atom and 𝑛௜ሺ𝑟ሻ is the corresponding atom number in the sphere shell ranging from 𝑟 to 𝑟 + 

d𝑟 at the radius r of the nanoparticle, respectively. Fig. 3 shows the total RDFs as functions of the shell 

radius for the Fe-Ni-Cr nanoparticles at various temperatures corresponding to the critical points in Fig. 

2. The first three peaks located at about 2.5, 3.5 and 4.4 Å exemplify the typical FCC crystalline 

structure at 300 K. The nearest neighbor bond lengths remain almost unaltered (~ 2.5 Å) independent 

of the radius and temperature, while the major peaks become wider and shallower with increasing 

temperature. In contrast, the minor peaks appear vaguely at Tm of about 1600 K for R = 40 Å and 1640 

K for R = 60 Å, which corresponds to surface melting. After the phase transition is complete, the minor 

peaks vanish at Tme of about 1640 and 1680 K for R = 40 and 60 Å respectively. During the entire 

melting, the broadening of major peaks and the disappearance of minor peaks of RDFs are characteristic 

of the solid-to-liquid phase transition of the nanoparticles. 

Moreover, the shell-based self-diffusion coefficients (D) are calculated to further investigate the 

melting mechanism of the Fe-Ni-Cr nanoparticles. By partitioning the particle into several radial shells 

of equal width dR, the mean square displacement (MSD) calculated within each shell was used to 

calculate the shell-based self-diffusion coefficients for the atoms in that shell. The width dR was taken 

as 2.5 Å denoting the nearest neighbor distance between atoms in the Fe-Ni-Cr nanoparticles. The 

MSDs for each shell and core at different temperatures were obtained by averaging over an atomic 

trajectory of 20 ps with sampling performed at every 0.02 ps. The shell-based self-diffusion coefficient 

D was thus obtained from the slope of the MSD curves, which were extracted from the Einstein relation 

as 

 〈∆𝑟ሺ𝑡ሻଶ〉=
ଵ

ெ
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where t corresponds to time, 𝒓௜ሺ𝑡 ൅ 𝑠ሻ െ 𝒓௜ሺ𝑠ሻ is the vector distance of ith atom, the ensemble average 

is over M atoms and over choices of the time origin s. The value of D at various temperatures and its 

dependence on the radial distance from the center of the nanoparticles are shown in Fig. 4. To 

distinguish atomic movement, the shells were divided into three regions and labeled Z1, Z2 and Z3 from 

the outer to inner regions and the core was labeled Z4. In all the cases, the diffusivities of the outer shells 

are higher than those of the inner ones. There is no noticeable atomic movement for any regions in the 

temperature range of 300 to 1000 K. With further increase in temperature, the inner regions and the core 

could possess vanishing D exhibiting a typical behavior of a crystalline solid, while the atoms in the 

outmost region Z1 begin to move slightly to show a free surface structure. As T reaches the melting 

point, the D coefficients for the atoms in Z1 and Z2 regions gradually increase and the relatively large 

values indicate the occurrence of the surface melting of the Fe-Ni-Cr nanoparticles. Following that, the 

atomic mobility in region Z3 becomes evident and strengthened with temperature due to thermal effect, 

causing steady growth of the molten liquid layer toward the core. After melting (1640 and 1680 K for 

R = 40 and 60 Å), the D coefficients increase abruptly and they are almost identical for the inner regions, 

signifying that the melting of the nanoparticles is complete. It is thus important to note that the melting 

mechanism of the Fe-Ni-Cr nanoparticles follows the LNG mode and proceeds into two steps. Firstly, 

the increasing temperature causes higher atomic mobility and a liquid-like layer is formed at the outmost 

region of the nanoparticle. Then, the molten liquid-like layer thickens with the temperature until the 

entire nanoparticle including the solid-like core melts. 

3.3 Cr segregation and aggregation 

At a given composition, surface segregation and aggregation can be determined by both temperature 

and size of the alloy nanoparticles [26,47-50]. In this work, the temperature- and size-dependent Cr 

segregation and aggregation in the Fe-Ni-Cr nanoparticles was explored via various characterization 

techniques including density profile, deformation parameter, and volumetric evolution of Cr aggregates. 

Fig. 5 shows the density distribution along the radial direction for the nanoparticles with R = 40 and 

60 Å during the heating process. From the total density curves, the solid-like features are preserved at 

low temperatures (< 1600 K) as is indicated by the distinct numerous peaks. As T increases, the peaks 

merge and become broader until Tme, above which the atomic distribution plateaus, indicative of the 



liquid phase. Also, the radial density profiles of Fe, Ni and Cr clearly show the distribution of the three 

atoms (i.e., Fe, Ni and Cr) with increasing temperature. The Cr atoms begin to diffuse and reside to the 

surface even at low temperatures, and the surface segregation and protrusion become more severe 

during the melting process. Contrarily, the Fe and Ni atoms are relatively smoothly distributed across 

the nanoparticles, and the main constituent Fe atoms compensate the loss of Cr atoms in the specific 

regions. Noted that the subtle and broad valley-peak pairs are also observed for the Cr atoms inside the 

particle, signifying the formation of inner Cr aggregates (see the insets of Fig. 5). However, no matter 

whether the clusters are formed in the interior or at the surface, Cr aggregation is thermally and 

energetically favored, as is shown in the pair interaction profiles in Fig. 6. The decrease in the pair 

interaction reveals that the Cr atoms prefer to mix among themselves, and the resulting energy release 

provides extra energy to assist in melting the nanoparticles. Furthermore, these inner Cr clusters would 

finally diffuse and coalesce to the surface (see Fig. 7) to reduce the total free energy of the particles. 

The deformation parameters are commonly adopted to monitor surface segregation associated with 

size and shape changes of the nanoparticles. The radial deformation parameter 𝜀௔ for each element (a 

= Fe, Ni or Cr) is expressed as [18,19] 

 𝜀௔ሺ𝑡ሻ ൌ
ଵ

ேೌ
∑ |𝒓௜ሺ𝑡ሻ െ 𝒓௖௠ሺ𝑡ሻ|
ேೌ
௜ୀଵ  (7) 

where 𝑁௔ is the number of the chosen atoms (Fe, Ni or Cr), and 𝒓௜ሺ𝑡ሻ and 𝒓௖௠ሺ𝑡ሻ are the vector 

positions of ith atom and the nanoparticle center of mass at time t respectively. Fig. 7(a) depicts the 

variation of 𝜀௔  at various temperatures for the nanoparticle with R = 40 Å. Initially, the Cr atoms 

possessing a smaller 𝜀େ୰ are located closer to the interior as compared to Fe and Ni. As T increases, 

the deformation parameters increase gradually indicating an outward diffusion of the three atoms in the 

range of 300 to 1300 K. With further increase in T, the deformation parameter of Cr starts to overweigh 

that of Fe and 𝜀େ୰  exhibits a larger increasing rate than other two atoms, signifying a stronger 

temperature-dependent mobility of Cr [27,51]. Then, a sharp increase in 𝜀େ୰  is observed during 

melting, corresponding to the progressive Cr segregation and aggregation, which is attributed to the 

lower surface energy of Cr atoms [10]. After melting, inner nano Cr clusters form, however, they prefer 

to coalesce with adjacent interior clusters to reduce the interfacial free energy. This in turn causes a 



sudden decrease in 𝜀େ୰, and the inward diffusion of Cr results in a relatively large single cluster close 

to the core at 1717 K, as captured in the atomic configuration in Fig. 7(a). 𝜀୊ୣ and 𝜀୒୧ show several 

upward shoulders signifying their outward movement due to the thermal expansion. To further explore 

the movement of Cr aggregates, the nanoparticles were thermally heated at 2000 K for another 4 ns in 

an NVT ensemble. The radial deformation parameters were calculated and their time evolution for R = 

40 Å is shown in the inset of Fig. 7(a). It is clearly demonstrated that 𝜀େ୰ continues to increase sharply 

after heating at 2000 K for 2.2 ns. This corresponds to the thermodynamics-driven segregation of the 

inner Cr cluster to the surface. 

However, in the case for R = 60 Å in Fig. 7(b), 𝜀େ୰ is initially larger than 𝜀୊ୣ and 𝜀୒୧, unlike the 

one in Fig. 7(a), due to the stochastic atomic distribution at 300 K. At all the temperatures, the 

deformation parameters are: 𝜀େ୰  > 𝜀୒୧  > 𝜀୊ୣ , which is consistent with the diffusion behavior in 

experiments, i.e., DCr > DNi > DFe [51,52]. It is expected that higher mobility results in a larger 𝜀 . 

Although the same is not observed for R = 40 Å, it eventually exhibits 𝜀େ୰ > 𝜀୒୧ > 𝜀୊ୣ upon further 

heating. Near to Tm, there is a sharp increase in 𝜀, and the relatively larger 𝜀େ୰ indicates the surface 

melting associated with severe Cr segregation. Given that the inner Cr clusters are broadly distributed 

(see the snapshot at T2 = 1678 K in Fig. 7(b)), they might have insufficient driving force to coalesce in 

the interior. Contrarily, they would diffuse and aggregate to the surface to reduce the total surface energy, 

which is shown by the minor peaks of 𝜀େ୰ at 1754 and 1961 K for the additional net outward movement 

of Cr clusters. 

It is evident that Cr segregation and aggregating occur concurrently at elevated temperatures. 

Therefore to gain a better insight into the Cr aggregation, the volumetric concentration of the Cr clusters 

at various temperatures was estimated for different radii and it is defined as 

 𝐶௏ ൌ
∑ ௏೔
೙
೔సభ

௏బ
  (8) 

where 𝑉଴ is the initial nanoparticle volume, n and 𝑉௜ are the total number and individual volume of 

Cr aggregates, respectively. Here, the volume of the Cr aggregates can be calculated based on a surface 

construction algorithm [53] implemented in the Construct Surface Mesh Modifier in Ovito [54]. In this 

method, a probe sphere radius parameter is required and it is usually determined as the nearest neighbor 



atom separation of the material of interest. The nearest neighbor distance between atoms is about 2.5 Å 

for the Fe-Ni-Cr nanoparticles. The variation of the volumetric concentration of Cr clusters as a function 

of temperature for the nanoparticles is shown in Fig. 8. Since T = 1000 K, the mobile Cr atoms diffuse 

and aggregate to the surface, and 𝐶௏ gradually increases with the temperature. When the molten liquid-

like layer proceeds from the surface to the core, the Cr clusters quickly form near the surface and exhibit 

a rapid growth mode. Moreover, it is also found that the growth rate of the Cr clusters increases with 

decreasing radius due to the larger surface atoms. After that, many inner Cr clusters develop upon the 

thermal effect until 𝐶௏ approaches to a steady value of 14% to 16%, which is close to the total volume 

concentration of the Cr atoms (about 18%) in the Fe-Ni-Cr nanoparticles. If the atomic diffusivity time 

is sufficiently long, almost all the Cr would segregate and aggregate to the surface, and this is due to 

their relatively low surface energy and strong cohesive interactions. 

3.4 Size-dependent melting point 

In addition to atomic CSP values, the melting temperature of nanoparticles can also be identified by 

studying the variations in thermodynamic and structural properties such as potential energy and 

Lindemann index. 

In this work, the temperature dependence of the average potential energy of the Fe-Ni-Cr 

nanoparticles with various radii is shown in Fig. 9. We can see that the atomic potential energy gradually 

increases with temperature, and then it suddenly rises at Tm indicating the occurrence of the surface 

melting. After that, the potential energy starts to decrease quickly before it further increases with the 

temperature. The sharp increase and decrease is due to a synergetic result of heat adsorption of melting 

and progressive Cr aggregation with T. However, this distinct hump in the potential energy has not been 

observed in other nanoparticle systems [16-20], which only exhibit a simple jump during melting 

transition from solid to liquid state. The energetically favored Cr segregation and aggregation decrease 

the surface energy, compromise the conformational entropy differences between the solid and transition 

states, and therefore lower the internal energy of the nanoparticles during melting. The temperature of 

the phase transition can be regarded as the one at which the potential energy starts to increase sharply. 

This gives rise to the melting temperatures Tm of 1599 and 1640 K for R = 40 and 60 Å respectively. In 

all the cases (R ≤ 70 Å), the melting points are approaching towards the bulk melting temperature of 



316L stainless steel (1693 K) [55,56] and the depression effect is intensified at smaller particles due to 

increasing surface atoms. 

In a system containing N atoms, the Lindemann index 𝛿 is defined as the relative root-mean-square 

bond-length fluctuation and it is computed as [57-59] 

 𝛿 ൌ
ଵ

ேሺேିଵሻ
∑ ට〈𝑟௜௝

ଶ〉௧ െ 〈𝑟௜௝〉௧
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where 𝑟௜௝ is the distance between atoms i and j. The Lindemann index is useful in understanding the 

thermal properties and melting behaviors of nanoparticles. Fig. 10 shows the temperature dependence 

of the Lindemann index of the Fe-Ni-Cr nanoparticles for various radii during heating. It is clearly seen 

that the Lindemann index increases slowly at low temperatures because of the smooth increase in atomic 

kinetic energy with the temperature. The value of 𝛿 in this stage is very small since the atoms undergo 

small amplitude vibrations about their original lattice sites with the root-mean-square deviations in the 

bond lengths being less than 3%. During melting transition, the atoms gain some translational freedom, 

and this index increases rapidly by as much as a factor of 3. Especially, the melting point Tm can be 

obtained by the sharp increase in 𝛿. At the temperature corresponding to the abrupt change, most of the 

atoms exhibit large amplitude diffusion in transition state, considered as melting of nanoparticle [57-

59]. The melting points estimated from Fig. 10 are consistent with those shown in Fig. 9, and they are 

summarized in Table 1. 

It is known that, when the radius is below a critical value, the melting point of the nanoparticle 

decreases with decreasing radius. Although there is no linear function between the melting point and 

radius, it varies linearly with the reciprocal of the radius [10,60,61]. This linear relationship is also 

observed for the Fe-Ni-Cr nanoparticles in our simulations, as shown in Fig. 11. 

The lowering of the melting point with respect to the reciprocal of the particle radius can be related 

to the Nanda fitting equation which is computed as [10,43] 

 ೘்ሺ௥ሻ

்೘,್ೠ೗ೖ
ൌ 1 െ

଺௩బఊ

ఈ்೘,್ೠ೗ೖௗ
ൌ 1 െ

ఉ

ଶோ
 (10) 

with 

 𝛽 ൌ
଺௩బఊ

ఈ்೘,್ೠ೗ೖ
 (11) 



where 𝑇௠ and 𝑇௠,௕௨௟௞ are the melting temperatures for nanoparticles and corresponding bulk phase 

respectively, R is the particle radius, 𝑣଴ is the atomic volume, 𝛾 is the coefficient of surface energy, 

𝛼 is a content with a value of 0.00055424 eV/K for FCC crystal structure, and 𝛽 is a self-determined 

parameter (see Eq. (11)) of the material of interest. The atomic volume deduced from the molar volume 

is 0.0080, 0.0081 and 0.0082 nm3 for Fe, Ni and Cr, and the corresponding coefficients of surface energy 

are 2206, 2104, and 2031 mJ/m2 [10]. Considering that the two parameters for the alloy are unknown, 

we use a simple geometric mixing law [46] to predict the effective 𝑣଴  and 𝛾  for the Fe-Ni-Cr 

nanoparticles, that is, 𝑣଴ = 0.0080 nm3 and  𝛾 = 2160 mJ/m2. As a result, the value of 𝛽୒ୟ୬ୢୟ is 

estimated to be around 0.697 using Eq. (11), in contrast to 𝛽୑ୈ  (0.548) as observed in the MD 

simulations. Compared with all the calculated values in Fig. 11, it is found that our simulated melting 

points of the nanoparticles are marginally higher than those of the theoretical model. This discrepancy 

could be due to two reasons. Firstly, the heating rate of the simulation process is much higher than that 

of the experiment, and the nanoparticles could have insufficient time to melt under rapid heating, 

resulting in a larger 𝑇௠. Secondly, the Nanda equation derived from the liquid-drop model may be 

inadequate to describe the size-dependent melting behaviors of the alloy nanoparticles, as described in 

ref. [60]. 

4 Conclusions 

In this work, we performed MD simulations to investigate the melting characteristics and behaviors 

of the Fe-Ni-Cr nanoparticles. Their structural evolution and phase transition were characterized during 

heating in terms of CSP distribution, RDF, shell-based self-diffusion coefficients, density profiles, and 

radial deformation parameters. Through the calculations, it was found that the melting of the Fe-Ni-Cr 

nanoparticles begins from the surface and proceeds gradually toward the core, indicative of the LNG 

melting mode. During heating, progressive Cr segregation and aggregation with increasing temperature 

were also observed, and the anomalous “convex nano clusters” of Cr exhibit the maximum growth rate 

at phase transition from the solid to liquid state. The Cr segregation and aggregation is energetically 

favored due to the fact that the Cr atoms have less surface energy than Fe and Ni and possess stronger 

cohesive interactions with themselves. Moreover, the melting temperature of the nanoparticles at 



various radii was identified by studying the variations of potential energy and Lindemann index. The 

size-dependent melting points of the nanoparticles were also compared with the Nanda equation. 

Although a smaller 𝛽 was estimated in MD simulations, both calculations predict a linear relationship 

between the melting temperature and the inverse of the particle radius. The findings in this work are of 

particular value to provide the atomic scale understanding of the melting mechanisms, distinct surface 

segregation and aggregation of ternary Fe-Ni-Cr nanoparticles. 
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Table 1 Number of atoms N, particle radius R, melting temperature Tm, and the melting upper limit point 

Tme for the Fe-Ni-Cr nanoparticles obtained from MD simulations. The bulk melting temperature from the 

experiment is also shown as a comparison. 

N R (Å) Tm (K) Tme
 (K) 

369 10 1200 1301 
2899 20 1470 1561 
9909 30 1557 1603 
23455 40 1599 1638 
45995 50 1623 1653 
79213 60 1640 1672 

125879 70 1645 1682 
187945 80 1652 1690 

Bulk crystal  1693a  
a Data for 316L stainless steel from refs. [55,56] 



 

Fig. 1 Atomic distribution of a typical equilibrated Fe-Ni-Cr alloy nanoparticle of R = 60 Å at T = 300 K. 

   



 

Fig. 2 Snapshots of the Fe-Ni-Cr nanoparticles of (a) R = 40 Å, (b) R = 50 Å and (c) R = 60 Å at different 

temperatures: (i) cross-sectional view of the atomic CSP and (ii) atomic distribution. In the color bar, blue 

represents a perfect FCC lattice and red indicates complete amorphization. 

   



 

(a) 

 

(b) 

Fig. 3 Radial distribution function (RDF) profiles of Fe-Ni-Cr nanoparticles of (a) R = 40 Å and (b) R = 

60 Å at different temperatures. 

   



 

(a) 

 

(b) 

Fig. 4 Shell-based self-diffusion coefficient D of Fe-Ni-Cr nanoparticles of (a) R = 40 Å and (b) R = 60 Å 

at different temperatures. 

   



  

        (a)          (b)  

Fig. 5 Total and partial density profiles of Fe-Ni-Cr nanoparticles of (a) R = 40 Å and (b) R = 60 Å at 

different temperatures. The inset is the corresponding cross-sectional view of the atomic distribution. 
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(b) 

Fig. 6 The average pair interaction as a function of temperature for Fe-Ni-Cr nanoparticles of (a) R = 40 

Å and (b) R = 60 Å. 

   



  

(a) 

  

(b) 

Fig. 7 The radial deformation parameters as functions of temperature for Fe-Ni-Cr nanoparticles of (a) R 

= 40 Å and (b) R = 60 Å. The color bar in the snapshots of the Cr atom distribution indicates the radial 

distance from the nanoparticle center. In the inset of Fig. 7(a), the deformation parameters of the 

nanoparticle with R = 40 Å at T= 2000 K for another 4 ns are calculated for better clarity. 



 

Fig. 8 The volume concentration of Cr aggregates as a function of temperature for various Fe-Ni-Cr 

nanoparticle radii. 

   



 

Fig. 9 The average potential energy as a function of temperature for various Fe-Ni-Cr nanoparticle radii. 

The enlarged potential energy curve and corresponding CSP distribution during heating for the 

nanoparticle with R = 50 Å are shown in the inset for better clarity. 

   



 

Fig. 10 The Lindemann index as a function of temperature for various Fe-Ni-Cr nanoparticle radii. 

   



 

Fig. 11 Melting point versus the reciprocal of the particle radius for Fe-Ni-Cr nanoparticles. The dash line 

is the fitted curve for the MD simulation results, while the solid line is directly drawn using the effective  

𝑣଴ and 𝛾 according to Eq. (11). 
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Table S1 Comparison of lattice parameter and stacking fault energy for different bulk 

Fe-Ni-Cr alloys at T = 300 K between MD simulations and experiments. 

 
Composition, wt.% Lattice parameter 

(Å) 
Stacking fault energy 

(mJ/m2) Cr Ni 
MD 19.17 11.72 3.57 19.7 

Exp. 
17.37 14.51 3.59 [31]  
18.00 8.00 3.59 [32]  
18.97 11.45  21.52 [33] 

 
The accuracy of the MD simulations depends substantially on the selection of the 

force field. To justify the validity of Bonny’s EAM potential [27], we have compared 

the calculated and experimental measured properties such as the lattice parameter and 

stacking fault energy. It is shown in Table S1 that the MD results agree well with the 

experiments, illustrating the applicability of Bonny’s EAM potential to our Fe-Ni-Cr 

alloy models. 

  



 

Fig. S1 The average potential energy as a function of temperature for various heating 

rates with R = 60 Å. 

Table S2 Melting temperature Tm, and the melting upper limit point Tme for the Fe-Ni-

Cr nanoparticles with R = 60 Å at various heating rates. 

Heating rate β, (K/ps) Tm (K) Tme
 (K) 

0.10 1642 1667 
0.25 1640 1672 
0.50 1640 1694 
0.85 1634 1718 
1.25 1618 1748 

 

The effect of heating rate on the melting process of the nanoparticle with R = 60 Å 

is shown in Fig. S1. The corresponding melting temperature Tm, and the melting upper 

limit point Tme are also listed in Table S2. It is shown that the characteristic hump in 

the potential energy profiles becomes higher and wider at a larger heating rate β due to 

the thermal effect as well as the Cr segregation and aggregation during melting. More 

importantly, at β > 0.25 K/ps, Tm and Tme increase rapidly with increasing β, while they 

remain almost constant at β ≤ 0.25 K/ps.  



 

Fig. S2 Radial distribution function (RDF) profiles of the bulk Fe-Ni-Cr alloy at 

different temperatures. 

Figure S2 shows the total RDFs as functions of the shell radius for the bulk Fe-Ni-

Cr alloy at various temperatures, which is consistent with the observed features for the 

nanoparticles in Fig. 3.  



 

(a) R = 30 Å 

 

(b) R = 40 Å 



 

(c) R = 50 Å 

 

(d) R = 60 Å 

Fig. S3 The radial deformation parameters as functions of temperature for Fe-Ni-Cr 

nanoparticles with various radii. The color bar in the snapshots of the Cr atom 

distribution indicates the radial distance from the nanoparticle center. In the insets of 

(b) and (c), the deformation parameters of the nanoparticles at T= 2000 K for another 

4 ns are calculated for better clarity. 



Figure S3 shows the radial deformation parameters as functions of temperature for 

the Fe-Ni-Cr nanoparticles at various radii. It is clearly shown that the deformation 

parameters present different sequences before melting. This is probably ascribing to the 

stochastic atomic distribution at 300 K. Then, 𝜀Cr rapidly increases as a result of Cr 

aggregation and segregation during melting, giving rise to 𝜀Cr ൐ 𝜀Ni ൐ 𝜀Fe. As the 

temperature continues to increase up to 2000 K, either an increase or a sharp decrease 

of 𝜀Cr occurs depending on the distribution of Cr aggregates in the interior. If the inner 

Cr nano clusters have insufficient driving force to coalesce in the interior, they would 

diffuse to the surface, causing a continuous increase in 𝜀Cr. Otherwise, they coalesce in 

the interior and 𝜀Cr decreases abruptly. However, for all the cases, it eventually exhibits 

𝜀Cr ൐ 𝜀Ni ൐ 𝜀Fe upon further heating, which is consistent with the diffusion behavior in 

experiments, i.e., DCr > DNi > DFe [50,51]. 
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