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Summary. A detailed study of the mobility and kinetic properties of solid - liquid interfaces 

(SLI) with different types of crystal lattices (fcc - Al, Cu) and (bcc - Fe) metals in a wide 

range of temperatures and pressures was carried out using atomistic modeling. The ranges of 

maximum permissible values of superheated/undercooled states for each metal have been 

determined. The ultimate goal of the study was to determine the temperature dependences of 

the stationary front velocity υsℓ(ΔT) describing the SLI mobility in each of the metals in an 

analytical form. The analytical dependence υsℓ(ΔT) was constructed by comparing the results 

of atomistic modeling in the area of maximum permissible superheating/undercooling values 

with the data of the main kinetic models of Wilson - Frenkel (WF) and Broughton, Gilmer 

and Jackson (BGJ). An acceptable agreement was achieved by introducing appropriate 

correction parameters into the kinetic models using the least squares method. The influence of 

the crystallographic orientation of metals and external pressure on the SLI mobility is 

investigated. 

1 INTRODUCTION 

The development and evolution of nanostructures of materials [1] in many cases is 

determined by the motion of interphase interfaces, and therefore it becomes urgent to 

determine the main equilibrium and nonequilibrium properties of interfaces. 

Equilibrium properties of interfaces are largely related to grain boundaries, which are 

interfaces between differently oriented crystals of the same material [2]. The importance of 

studying the structure and thermodynamics of heterophase interfaces of solid materials [3] is 

determined by the role they play in the stability and morphology of materials. In particular, in 

situations where the primary solidification process is fully completed, the solid phase, as a 

rule, can pass into new phases and secondary microstructures [4]. 

The non-equilibrium properties of mobile solid-liquid interfaces (SLI) are manifested in 

fast melting and solidification processes, where they play an important role in the 

establishment of various structural and kinetic properties, the morphology of the growth of a 

new phase, and non-equilibrium transfer of matter across the phase boundaries [4], [5] . 

Initially, the greatest efforts in the atomistic research were devoted to the crystal-melt 

interfaces in one-component systems. These studies included a detailed analysis of the 

structure at the interface [6], direct calculations of the interfacial free energies [7], kinetic 

coefficients, [8,9] and associated crystalline anisotropies [10], as well as other structural and 

thermodynamic parameters of the solid-liquid interface [11]. At that, the main attention was 

paid to the determination of the most important property of the mobility of the interphase 
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boundary – the speed of heterogeneous phase transformations υsℓ = υsℓ(ΔT), which depends on 

the value of superheating/undercooling ΔT = Tsℓ - Tm of the interphase boundary Γ(t). 

According to thermodynamic theory, if the constituent parts of a thermodynamic system 

are not in equilibrium with each other, then thermodynamic flows arise through their 

interfaces, accompanied by the process of transformation of matter from one state of 

aggregation to another one (phase transition). Assuming that the processes occurring in the 

system are quasi-static, and the fluxes are infinitely small, one can use the methods of 

equilibrium thermodynamics to describe such a nonequilibrium system. In this case, an 

infinitesimal difference in the thermodynamic parameters in different parts of the system is 

assumed. The driving force of first-order phase transitions is the difference in the free energy 

of two phases at the interface  t . Using the theory of thermodynamic potentials, it can be 

shown that the difference in free energy is linearly proportional to undercooling 

(superheating) [8, 12]: 

    
eqT

TL
TSG


       

where ΔS, ΔT are the change of the entropy and temperature, L, Teq are the specific heat and 

equilibrium phase transition temperature. 

Identifying the difference in free energy ΔG as the speed of the phase transformation υ, one 

obtains the expression for the speed of the transformation, which in the thermodynamic 

approach at constant pressure and small deviations from the equilibrium is proportional to 

superheating/undercooling: ΔT: υ ≈ µΔT, where for the case of the solid-liquid interface Γsℓ(t), 

µ is the proportionality constant between the normal boundary speed and its 

superheating/undercooling. 

The use of the equilibrium theory of thermodynamic potentials to describe phase 

transformations (nonequilibrium processes) makes it possible to take into account only a 

small entry into the metastable superheated/undercooled region and to study phase 

transformations near the equilibrium line, where the temperature dependence of υsℓ(ΔT) is 

mainly controlled by the difference of the free energy of the crystal and liquid phase. This 

determines the main disadvantages of the thermodynamic approach. Since thermodynamics 

does not take into account the internal structure of the bodies under consideration, a number 

of its conclusions and provisions do not have sufficient accuracy and physical clarity. 

Structural particles of matter in continuous motion are displayed in the main statements of 

the molecular kinetic theory, in which all processes are considered at the atomic or molecular 

level, and the particles have a Maxwellian velocity distribution. 

The simplest kinetic dependence in the form of the linear growth rate of a crystal from a 

melt, which outwardly agrees well with the above thermodynamic relationship, was obtained 

on the basis of classical molecular kinetic models. In this dependence, the proportionality 

constant is called the kinetic coefficient [14, 15]. The main application of the kinetic 

coefficient and its various modifications [16, 17] was found in the description of melting - 

solidification processes in the vicinity of the equilibrium melting temperature Tsℓ ≈ Tm, where 

the coefficient µ is the main parameter characterizing the mobility of the SLI. In the kinetic 

approach in the most general form, the coefficient   is written as [9, 18]: 

       T
khkh



      (1) 
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where hkℓ are the indices characterizing the anisotropy of the kinetic coefficient and 

indicating the dependence of the SLI rate on the crystallographic orientation of the interface. 

The anisotropy of the kinetic coefficient and its value are the most important factors affecting 

the growth rate and the associated morphology of solidification at small undercooling.  

The need to consider an extended range of superheated/undercooled states was caused by a 

large number of theoretical [19 - 24] and experimental [25-27] works that showed that the 

kinetics of melting/solidification processes far from the equilibrium melting temperature Tm is 

significantly different from the kinetics in the vicinity of Tm. 

In this work, using atomistic modeling, a detailed study of the mobility and kinetic 

properties of SLI with different lattices (fcc - Al, Cu) and (bcc - Fe) and crystallographic 

orientations for metals is carried out in a wide range of temperatures and pressures. The 

ultimate goal of the study is to construct the temperature dependences of the stationary front 

velocity describing the SLI mobility in metals in a wide range of maximum permissible 

values of superheating/undercooling. The analytical dependences of υsℓ(ΔT) were determined 

by comparing the results of the atomistic modeling in the area of maximum permissible 

values of superheating/undercooling with the data of the kinetic models. An acceptable match 

is achieved by introducing the corresponding correction parameters into the model [28], [29].  

 

2 MAIN KINETIC MODELS 

Traditionally, the kinetic theories have developed most intensively in the direction of the 

processes of crystallization - solidification of melts, which is explained by the large content in 

them (along with the fundamental aspects) of a large number of technological applications, in 

which crystallization of metastable phases in deeply supercooled melts leads to significant 

structural changes associated with thermodynamic, kinetic and mechanical properties of 

materials.  

Kinetic theories depicting temperature dependences υsℓ(ΔT) of SLI mobility are based on 

various physical phenomena. The most well-known kinetic theories include the classical 

Wilson - Frenkel (WF) theory [30-32] with a diffusion mechanism for controlling the 

interface kinetics, the kinetic model of Broughton, Gilmer and Jackson (BGJ) [33] with a 

collisional thermal mechanism, and the kinetic theory [7,34], with the mechanism of influence 

of density changes, the so-called density functional theory (DFT). 

In the kinetic theory of WF, [30-32], the interface speed is related to the diffusion of atoms 

in the liquid phase. This theory is often called the transition state theory, since it is based on 

the assumption that melting or solidification occurs through some intermediate or transition 

state. In this theory, the SLI rate is controlled by a diffusion limiting mechanism. This 

mechanism is based on the assumption that atoms (molecules) must overcome the diffusion 

barrier during the transition from liquid to solid phase. The transition is accompanied by a 

significant restructuring of the interface. In this case, the rate of the crystallization process is 

assumed to be proportional to the diffusion coefficient, which is usually presented in the form 

of the Arrhenius equation 











sBTk

Q
DD exp0

      (2) 
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where Q is the energy of activation for diffusive motion in liquid, kB is the Boltzmann 

constant, kBT is the average thermal energy for a single atom, D0 is the prefactor determining 

the speed of the process. 

Temperature dependence of the crystallization / melting front velocity υsℓ(ΔT) in the model 

with diffusive limitation is expressed in the generalized form as: 
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where f
a

C
kh 2

2
WF




 , a  is the interatomic distance, λ is the man free path for the atoms of 

this process, it is assumed to be proportional to the lattice constant, a: λ < a, f  is the 

efficiency coefficient (a constant of the order of unity, f < 1), characterizing the fraction of 

collisions of liquid atoms with solid, which leads to crystallization. These quantities do not 

have a rigorous definition, are difficult to measure, and, moreover, depend on the 

crystallographic orientation of the interface [18, 35]. 

The BGJ theory [33], originally proposed as an improvement on the earlier WF theory, 

uses the frequency of thermal collisions of atoms with the interface [36] as a constraint. The 

modification of the WF transition state theory was motivated by the results of MD simulation 

[33] performed with the Lennard-Jones potential, which was assumed to be metal-like, which 

showed that the growth of crystals of monatomic systems may not in all cases be limited by 

diffusion. In particular, in the region of very low temperatures, the diffusion coefficient tends 

to zero, but according to the simulation results, the SLI rate is still finite and the WF model 

turns out to be wrong. Following the hypothesis [36] that the solidification of monatomic 

metals is limited only by the frequency of collisions of melt atoms with the crystal surface, 

the authors of the BGJ model [33] replaced the diffusion term in (3) with the average thermal 

velocity of atoms mTk sBT /3   
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where   0f
a

С BGJ

kh




 
is a dimensionless coefficient, m is the atom mass. 

In the kinetic theory developed on the basis of DFT [7, 34], the interface kinetics is 

controlled by the relaxation of short-wave density waves. Density functional theory also 

explicitly explains the anisotropy of the coefficient µhkℓ, confirming that it is determined only 

by hkℓ factors. 

Within the framework of the kinetic approach it is easy to formulate an analytical form of 

the kinetic coefficient µhkℓ (1). For the temperatures in the vicinity of the equilibrium melting 

temperature Tm, ( ms TT  ) from the Eqs. (3) и (4) one can obtain the coefficient µhkℓ in the 

form: 
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It is easy to see that the equations (5), (6) represent the first term in the expansion of 

equations (3), (4) in the neighborhood of Tm. The dimensionless coefficients WF

kh
C , BGJ

kh
С


 do 

not have a strict definition and depend on the crystallographic orientation of the interface [6]. 

The presence of the values without strict definition Q, D0, λ and dimensionless coefficients 

f, WF

kh
C , BGJ

kh
С


) the models (3) - (6) required further investigation of the kinetics of the phase 

transformations. It was performed using atomistic modeling. Modeling based on molecular 

dynamic methods using both pair Lennard-Jones [37] and many-particles EAM [4, 5, 

23,35,38 - 41] potentials for metallic interfaces with different crystallographic orientation 

100, 110 and 111 allowed to find that both theories (models WF (3) и BGJ (4)) near the 

equilibrium temperature Tm give the results that are in reasonable agreement between 

themselves and the results of theory (DFT) [7, 34]. 

With the development of more accurate many-particle potentials for metals, a number of 

molecular dynamics studies of crystal growth in pure metals were carried out. Atomistic 

modeling [23, 27] showed that in the range of values close to the melting point, the 

crystallization process can be represented with acceptable accuracy by kinetic models with 

diffusion (3) and collisional thermal constraints (4), as well as by models of the density 

functional theory [7, 34]. For deep undercooling, it is preferable [23, 27] to use the kinetic 

model with collisional thermal constraint [33] and the Arrhenius-type model [35]. In the 

region of intermediate undercooling at a level of ~ 0.7Tm, the advantage is retained by the 

model of the transition state with diffusion limitation of WF. In the paper [42], a specially 

developed semi-empirical potential was used to simulate the phase transformation in a 

disordered one-component system. The modeling showed that the WF theory satisfactorily 

describes the results of MD simulation of interface migration in the temperature range from 

0.55Tm to Tm, while the BGJ theory is less accurate in describing the temperature dependence 

of the SLI speed in the same temperature range. Below 0.55 Tm, none of the existing theories 

is able to reproduce the temperature dependence of the interface speed. 

Recent use of ultrashort fs, ps - laser pulses to achieve deep undercooling in melts of thin 

(10–50 nm) metal films [23–27] has brought to the fore the study of bulk and surface 

mechanisms of melting of solids [43, 44]. The degree of undercooling during solidification 

can be easily controlled by varying the thickness of the thin films. The problem of 

determining the mobility of the crystal-melt interface during melting / solidification of metals 

[49] as a function of temperature υsℓ(ΔT) in the entire range of deep 

superheating/undercooling became urgent especially with the subsequent transition to the 

problems of crystal growth from deeply undercooled melts [45, 46], as well as kinetic glass 

transition of undercooled liquids [47, 48].  

Since in the overwhelming majority of works [5, 9-11, 18, 23, 27, 35, 42] the study of the 

temperature dependence of the stationary speed υ(Tsℓ) was carried out in the temperature 

range of crystallization with deep undercooling, the important question of the possibility of 

using the analyzed kinetic models remained open: is it possible to determine the speed of 

movement of a SLI with acceptable agreement in the temperature range of melting with 

strong superheating of the solid phase? In the literature there is a small number of works [28, 
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29, 49-54], in which the kinetic models (3), (4) were tested in a wide temperature range, 

covering the processes of crystallization and melting.  

 

3 STATEMENT OF THE PROBLEM AND COMPUTATIONAL ALGORITHM 

The determination of the stationary temperature dependence of the kinetic rate of SLI in 

the range of maximum permissible values of superheating/undercooling was carried out using 

a computational experiment consisting of a large series of molecular dynamics calculations.  

Metals of two types were involved in the modeling: with fcc lattice - aluminum (Al), 

copper (Cu); and bcc lattice - iron (Fe) with different crystallographic orientations. Atomistic 

models are based on the model concept of a polyatomic molecular system in which all atoms 

are represented by material points, the motion of which is described in the classical case by 

Newton's equations. As a result, the evolution of an ensemble of N point particles is described 

by a system of 2N ordinary differential equations. The interaction between particles was 

described by various many-particle EAM potentials: for aluminum [38], copper [39], and for 

iron [40] with parameterization [41]. The integration of this system of equations for all N 

particles requires the knowledge of the coordinates and velocities 
0

),(
tiir 


 at the initial time 

t = 0. For Al (and in a similar way for other metals), the computational domain was set in the 

form of a parallelepiped with a size of 5×5×41 nm and filled with 57 600 particles. All the 

atoms of the parallelepiped were formed in the form of a set of 20×10×10 lattice unit cells. 

The periodic boundary conditions were set in all three spatial directions at the boundaries of 

the computational domain, i.e. the simulated object was an infinite single crystal of metal.  

The initial state of the computational domain for modeling of the process of heterogeneous 

melting of a metal is a solid-state structure with a liquid layer in the middle of the 

computational domain, in which the crystalline and liquid phases are separated by two flat 

interfaces. To study the melting process, the liquid phase occupies about 18% of the volume 

of the computational domain, and to study the crystallization process ~ 80%. Subsequently, 

the interface speed was measured directly as a function of its temperature.  

In the course of calculations using a thermostat, a fixed temperature value was established 

and maintained throughout the entire computational domain during the entire numerical 

experiment. At the same time, the barostat kept a constant value of the external pressure. This 

excluded the reverse effect of the release / absorption of the latent heat of fusion on the local 

temperature at the fronts. As a result, the process of heterogeneous melting / crystallization 

quickly reaches a stationary regime, and the change in the amount of a new phase occurs 

almost linearly. The position of the melting-crystallization fronts was tracked using the order 

parameter.  

The maximum permissible values of overheating/overcooling are understood as the 

temperatures at which, in the event of overheating, the initial crystal still retains mechanical 

stability, the loss of which is associated with the onset of homogeneous melting. For 

stationary action conditions, the value of the limiting superheating is Tsℓ ≈ 1.25Tm which is in 

good agreement with the results of [43]. Under unsteady action, the limiting value of 

overheating reached the value of 1.5Tm or more, which coincides with the estimates [55].  

In the case of undercooling, the limiting temperature is the temperature at which the 

undercooled melt is still pure liquid. The limitation of deep penetration into the metastable 

undercooled region is associated with the formation of an intermediate (interstitial) phase, for 
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which the order parameter turns out to be much larger than that of a liquid, but much less than 

that of a normal crystal. The appearance of the interstitial phase indicates the beginning of the 

vitrification process. The glass transition temperature for most metals is in the region 

Tc ≈ (0.3 ÷ 0.5)Tm [35]. The variants of calculations in which a noticeable proportion of the 

interstitial phase appeared were excluded from consideration. 

Taking into account the above estimates in the calculations, the temperature range of the 

superheating/undercooling limit values was chosen within Tsℓ ≈ (0.3 ÷ 1.25)Tm. For the 

considered metals Cu, and Fe, the influence of the crystallographic orientation of the interface 

in the plane 100 was considered and for Al - 100, 111. The influence of external pressure 

for two values, 0 and 80 kbar, was also considered for each of the metals. 

 

4 THE RESULTS OF THE ATOMISTIC MODELING. THE CONSTRUCTION OF 

AN ANALYTICAL DEPENDENCE υhkℓ(ΔT) 

The result of the molecular dynamics simulation was obtaining a discrete set of values of 

the phase front velocity depending on the crystallographic orientation of the interface: for Al: 

υ100(ΔT), for Cu and Fe: υ100(ΔT) in the range of extreme values of 

superheating/undercooling. Discrete values υhkℓ(ΔT) in Fig. 1, 2, 3, 4 are marked with 

markers (circles and triangles – P = 80 kbar). 

The analytical dependencies were constructed using the least squares method. 

The discrete set of values υhkℓ(Tsℓ) obtained from the molecular dynamics modeling was 

compared with the results of the kinetic models of BGJ [33], (equation (4)) and WF [30-32], 

(equation (3)). When comparing, it was taken into account that equations (3), (4) contain two 

thermophysical parameters - the equilibrium melting temperature Tm and the latent heat of 

melting Lm, the values of which, due to the peculiarities of the interaction potentials used in 

molecular dynamics calculations, may slightly differ from the reference ones. To correctly 

compare the MD data with the kinetic data in equations (3), (4), we used the values of Tm and 

Lm determined for all considered metals Al, Cu, Fe from additional MD calculations 

performed by the method [56] with the same potentials [38], [ 39], [40, 41]. The calculation 

results for 2 values of external pressure are shown in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

Table 1. The calculation results of Tm and Lm for 2 values of external pressure 

Metal Pressure [kbar] Tm, [K] Lm, [kJ/mol] 

Al 
0 949 8.90 

80 1332 11.30 

Cu 
0 1315 11.48 

80 1602 13.21 

Fe 
0 1775 15.57 

80 2062 17.14 
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The model of BGJ. Full alignment of a discrete set of values υhkℓ(ΔT) with equation (4) was 

achieved using a 2-parametric Chkℓ, βhkℓ approximation:  
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where BGJ

kh
С


, BGJ

kh 
  are the approximation parameters. By introducing additional parameters 

BGJ

kh
С


 before the whole expression and BGJ

kh 
  in the exponent, it is possible to achieve the 

required precision of the temperature dependence  T
kh

BGJ


 in a wide temperature range. 

The values of the parameters BGJ

kh
С


 found from MD calculations allow to automatically 

estimate the value of f
a


, which is not very precisely determined in the BGJ model. 

Metal 
Pressure 

[kbar] 

BGJС
100

 BGJ

100
   

[m/s] 

Al 

 TBGJ

100
 

P = 0 0.344 5.01 5.97 

P = 80 0.374 5.37 8.00 

Cu 

 TBGJ

100
 

P = 0 0.416 5.74 11.75 

P = 80 0.441 5.51 12.36 

Fe 

 TBGJ

100
 

P = 0 0.365 6.34 3.89 

P = 80 0.416 6.31 8.56 

Al 

 TBGJ

111
 

P = 0
 

BGJ

111
C  BGJ

111
   

[m/s] 

0.165 7.27 5.11 

Table 2. The values of the approximation parameters and the mean square deviation  

of the approximating function  T
kh

BGJ

 from the discrete set of values  T
kh




. 

The best agreement, with an error not exceeding a few percent, over the entire temperature 

range was achieved with the values of the approximating parameters 
BGJ

kh
С

 , 
BGJ

kh 
 presented 

in Table 2. 

In Figures 1, 2, 3, solid red and dashed blue lines show the plotted dependences of the SLI 

speed in the crystallographic planes 100 and 111 at the external pressure P = 0 and P = 80 

kbar for the elements Al, Cu, Fe.  

In Fig. 4 for Al, the solid red and dashed black lines show the plotted stationary 

dependences of the SLI speed in the crystallographic planes 100 and 111 and at external 

pressure P = 0. 
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Fig. 1. The dependence of the SLI rate in the crystallographic plane 100 on the 
superheating/undercooling value for Al at P = 0 and P = 80 kbar. 
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Fig. 2. The dependence of the SLI rate in the crystallographic plane 100 on the 

superheating/undercooling value for Cu at P = 0 and P = 80 kbar. 
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Fig.3 The dependence of the SLI rate in the crystallographic plane 100 on the 

superheating/undercooling value for Fe at P = 0 and P = 80 kbar. 
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Fig. 4. The dependence of the SLI rate in the crystallographic planes 100 and 111 on the 
superheating/undercooling value for Al at P = 0. 
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Note that when simulating the crystallization of aluminum in the region of significant 

undercooling of the interface with the orientation 111, the probability of the appearance of 

stacking faults significantly increases. Their accumulation leads to a curvature of the initial 

crystallographic plane and the further propagation of the front is going in a direction different 

from 111. For this reason in the crystallographic direction 111, it was not possible to enter 

the undercooling region below 0.6Tm. 

The model of WF. The diffusion limited model [30 - 32] was also used to approximate the 

discrete set of values υhkℓ(Tsℓ) from molecular dynamics modeling for aluminum at two 

values of external pressure (P = 0, P = 80 kbar). 

A complete fit of the discrete values υhkℓ(ΔT) to the equation (5) was reached using a 

three-parameter WF

kh
C , WF

kh 
 , 

kh
Q  approximation: 

  
 
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exp

Tk

Q
exp

a

D
dimCT  (8) 

In the considered range of the limiting values of superheating/undercooling in the 

crystallographic plane 100, the best fit with an error less than few percent was reached with 

the values of the approximation parameters 
WF

100
C , 

WF

100
 , 

100
Q  listed in the Table 3. The 

value of WF

100
C  was determined keeping in mind that dim 









a

D0  = (m/s) is only a 

dimensionality of the relation D0/a. 

 

Metal 
Pressure 

[kbar] 

WF

100
C  

[m/s] 

100
Q  

[kJ/mol] 

WF

100
   

[m/s] 

Al 

 TWF

100
 

P = 0 198.9 1.58 5.65 5.82 

P = 80 233.8 1.73 6.28 6.90 

Cu 

 TWF

100
 

P = 0 140.64 0 6.88 10.70 

P = 80 163.18 0 6.67 11.48 

Fe 

 TWF

100
 

P = 0 251.02 0.051 6.63 3.87 

P = 80 244.11 0.033 7.10 8.31 

Table 3. The values of the approximation parameters and the mean square deviation  of the 

approximating function  TWF

100
. 

A comparison of  T
kh

WF

  (8) with the curves  T
kh

BGJ

 , (7), at Figs. (1 – 3) showed 

almost complete fit with an error less than 1%. For this reason in this paper, a separate plot of 

 T
kh

WF


 is not provided. 
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5 SHORT ANALYSIS 

The obtained curves  T
kh

 BGJWF,


, characterizing the mobility of SLI, for the considered 

(fcc) and (bcc) metals in the crystallographic plane 100 have a great generality. The melting 

branches in the range Tm ≤ Tsℓ ≤ 1.25Tm have exponential behavior as the superheating rises, 

reaching the maximum values   smTBGJWF

s /350300~,   . The crystallization process in the 

undercooling region 0.5Tm < Tsℓ ≤ Tm takes place in a more complicated manner. The speed of 

crystallization  TBGJWF

s  ,

  at all curves, Figs.1-3, in the vicinity of Tsℓ ~ 0.7Tm have a well-

noticeable maximum of ~ 140÷160 m/s. It should be noted that the maximum crystallization 

rate for Fe coincides with similar data obtained in [35]. The appearance of the maximum in 

the crystallization rate is associated with the beginning of the formation of the interstitial 

phase, which slows down the speed of the phase front. In this work, only crystallization 

processes in a undercooled pure liquid are considered. Glass transition processes occurring 

near and below the temperature Tg, 0 < Tsℓ ≤ Tg, are not included in the consideration, since 

the complexity and importance of this process, in particular, for technological applications 

deserves a separate consideration. 

External pressure (P = 80 kbar) has no significant effect on the behavior of the kinetic 

speed in the entire considered range of superheating/undercooling (blue curves). But the 

maximum values of the rate of melting and crystallization in this case increase to 350 ÷ 450 

m/s and 160 ÷ 180 m/s, respectively. To a much greater extent, SLI mobility is affected by its 

crystallographic orientation. For example, for aluminum, the ratio of the maximum 

crystallization rates reaches  TBGJ

100
/   2BGJ

111
 T times, and that of melting, 1.2 times, 

Fig. 4.  

 

6 CONCLUSIONS 

The molecular dynamics method was used to study the kinetics of melting/crystallization 

of (fcc) and (bcc) metals (Al, Cu, Fe) in the range of limiting values of 

superheating/undercooling. The limiting superheating/undercooling for each of the metals is 

determined by the temperature values at which the superheated crystal retains the properties 

of the crystal, and the undercooled melt still remains liquid. 

a) The modeling results showed that for the considered metals, the range of the limiting 

values of superheating/undercooling is in the range Tsℓ ≈ (0.3 ÷ 1.25)Tm for Al100, 

Tsℓ ≈ (0.6 ÷ 1.2)Tm for Al111, Tsℓ ≈ (0.6 ÷ 1.3)Tm for Сu, Tsℓ ≈ (0.65÷ 1.18)Tm for Fe.  

b) A discrete set of velocity values υhkℓ(Tsℓ,P) obtained from the atomistic modeling 

together with the kinetic models of WF (3) and BGJ (4) were used to construct 

analytical dependences of the stationary velocity of motion of the SLI  PTBGJWF

kh
,, 

  

(Eqs. (7, 8)) over the entire range of limiting values of superheating/undercooling. 

c) In the considered range of limiting superheating/undercooling, both kinetic models of 

WF and BGJ allow, with practically the same error of ~ 1%, to construct analytical 

expressions for the velocities in the form of two- and three-parametric curves in the 

case of using models of BGJ (4) and WF (3) respectively. 
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d) The temperature dependences of the solid/liquid interface velocity for Al, Cu, and Fe, 

determined from the results of simulations using different crystallographic planes, 

demonstrate a clear asymmetry with respect to the melting point Tm, which is 

explained by the strong difference between the melting kinetics in a highly 

superheated state and the kinetics of solidification in a highly undercooled state.  

e) For all metals, the change in the temperature dependence of the velocity υsℓ(ΔT) when 

passing through the melting point Tm occurs smoothly without a bend in the slope. 

f) The crystallographic orientation of the metal, rather than its crystal lattice type, has the 

greatest impact on SLI mobility. 

g) External pressure has no significant effect on the kinetic velocity behavior over the 

entire superheating/undercooling range under consideration, but leads to an increase in 

the maximum melting and crystallization rates. 

h) The obtained results of atomistic modeling indicate that the capabilities of the classical 

Wilson - Frenkel model [30–32] were greatly underestimated. 
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