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a b s t r a c t 

The generation of vacancies at a crystal-liquid interface propagating under conditions of undercooling 

below the equilibrium melting temperature is investigated in molecular dynamics simulations performed 

under well-controlled temperature and pressure conditions for two representative metals, bcc Cr and fcc 

Ni. The results of the simulations reveal that, for both metals, vacancy concentrations produced in the 

course of the steady-state propagation of crystallization fronts can exceed the equilibrium values at the 

corresponding temperatures by orders of magnitude. Different trends in the temperature dependences 

of vacancy concentration observed for the two metals, namely, the continuous increase with increasing 

undercooling in Ni and a nonmonotonous temperature dependence in Cr, are related to the qualitatively 

different tem perature dependences of the crystallization front velocity predicted for the two metals. The 

general character of the computational predictions is confirmed in simulations performed for Ni with four 

different interatomic potentials and for both metals with (001), (011), and (111) interface orientations. A 

detailed analysis of atomic rearrangements at the crystallization front suggests that the level of vacancy 

supersaturation is largely defined by the ability of atoms to migrate within the interfacial region and to 

fill the numerous vacant sites produced through the simultaneous construction of several atomic crystal 

planes within the interfacial region. While the majority of the transient vacancies generated during the 

construction of the crystal planes are annihilated by the atomic flux coming from the liquid side of the 

interface, a small fraction of the vacancies are trapped behind the crystallization front. Under conditions 

of strong undercooling, the fast movement of the interface and decreased vacancy mobility prevent the 

equilibration of vacancy concentration in the newly built crystalline region, thus creating a strong vacancy 

supersaturation. Analysis of the temperature dependence of the atomic rearrangements occurring at the 

crystallization front suggests incomplete relaxation of the disordered phase at and in front of the crystal- 

liquid interface rapidly advancing under conditions of strong undercooling. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Rapid crystallization of metals under conditions of deep under- 

ooling below the equilibrium melting temperature is a process 

f general fundamental importance in materials science as well as 

f direct practical relevance for a variety of material applications, 

anging from high energy particle bombardment [1–5] to short 

ulse laser processing [6–11] and additive manufacturing [12] . Ul- 

rashort time and high degree of localization of energy deposition, 

chieved within an electronically excited ion track [13] or a thin 
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urface layer of a target irradiated by a femtosecond or picosec- 

nd laser pulse [14] , can produce very steep temperature gradients 

nd cooling rates reaching the levels of ~10 11 -10 13 K/s [6–10,15,16] . 

esolidification of a transiently melted material can be kinetically 

nhibited under conditions of such extreme quenching, thus bring- 

ng the molten material into a state of deep undercooling or even 

n amorphous state. 

The question on the kinetics of crystallization under conditions 

f deep undercooling, beyond the regime of linear dependence of 

he crystallization front velocity on temperature, has been targeted 

n a number of short pulse laser pump-probe experiments [16–

9] suggesting that the crystallization front velocity in pure metals 

an approach [16] or even exceed [17] 100 m/s at laser fluences 

lose to the surface melting threshold, when the whole melt- 

https://doi.org/10.1016/j.actamat.2020.11.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.11.007&domain=pdf
mailto:lz2n@virginia.edu
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ng and resolidification process is completed on sub-nanosecond 

imescale [16–19] . While the direct measurement of the degree of 

ndercooling is not possible in these experiments, the estimations 

ased on solution of heat transfer equation [7,10,16] and the re- 

ults of molecular dynamics (MD) simulations [7,15,20,21] suggest 

hat the surface of the irradiated target can be undercooled down 

o 0.9-0.6 T m 

by the end of the solidification process, where T m 

is 

he equilibrium melting temperature of the material. 

The solidification occurring under conditions of deep under- 

ooling can be expected to yield highly nonequilibrium defect con- 

gurations that could affect the radiation damage accumulation 

1–5] or define the physical, chemical, and mechanical properties 

f surface layers modified by short pulse laser irradiation [22] . 

ndeed, detailed characterization of microstructural changes pro- 

uced by short-pulse laser irradiation has revealed the presence 

f high densities of dislocations [23–25] , nanoscale twinned do- 

ains [7 , 26 ], and nanograins [26] in the surface regions of the

rradiated targets. The generation of crystal defects has been in- 

estigated in large-scale atomistic simulations, which provide in- 

ights into the mechanisms responsible for surface nanocrystalliza- 

ion [15 , 27 , 28] , growth twinning [7] , and emission of dislocations

29–31] observed in the experiments. 

One intriguing prediction of the simulations, which still awaits 

xperimental confirmation, is the generation of high vacancy con- 

entrations significantly exceeding the equilibrium levels [21 , 29–

4] . The regions where the strong vacancy supersaturation is ob- 

erved after the laser processing are also the regions that have ex- 

erienced transient laser-induced melting and resolidification, thus 

uggesting that the generation of vacancies is related to the crys- 

allization process. Indeed, the results of recent simulations per- 

ormed for Ni and Ni-Fe/Cr solid solution alloys [34] suggest a di- 

ect correlation between the concentration of vacancies and the 

elocity of crystallization front propagating under conditions of 

ndercooling below T m 

. The generation of high concentration of 

acancies in the course of rapid far-from-equilibrium crystalliza- 

ion has important practical implications. In particular, the local- 

zed melting along ion tracks in materials exposed to energetic 

on bombardment can result in the generation and clustering of 

oint defects, leading to the radiation damage accumulation [2–

] . The defect generation in melting and resolidification caused by 

hort laser pulse irradiation may produce the so-called incubation 

ffect, when the laser fluence threshold for ablation/damage de- 

reases with increasing number of laser pulses [35–37] . In multi- 

omponent systems, the large number of vacancies may also fos- 

er atomic diffusion and play an important role in redistribution of 

mpurities, mixing/alloying, or chemical ordering. 

In this paper, we perform a detailed analysis of the mechanisms 

f vacancy generation at the crystallization front propagating un- 

er well-controlled undercooling conditions. The analysis is based 

n the results of MD simulations performed for two representative 

etals, body centered cubic (bcc) Cr and face centered cubic (fcc) 

i, a broad range of undercooling conditions extending down to 

emperatures where the solid-liquid interface ceases to move, and 

ifferent crystallographic orientations of the crystallization front. 

he correlations between the velocity of solid-liquid interface and 

he concentration of vacancies trapped behind the crystallization 

ront is established and related to the atomic-scale mechanisms 

f crystallization. The sensitivity of the results to the interatomic 

nteraction potential is also investigated by comparing the results 

btained with four different potentials for Ni. The computational 

etup used in the MD simulations of the crystallization process 

s briefly described in Section 2 , the results are reported and dis- 

ussed in Section 3 , and the conclusions on the vacancy generation 

echanisms and their connection to the crystallization kinetics are 

rovided in Section 4. 
C

2 
. Computational setup 

In order to identify the general mechanisms responsible for the 

eneration of vacancies in the course of rapid solidification, sev- 

ral series of MD simulations are performed for bcc Cr and fcc Ni 

rystal-liquid coexistence systems, where the steady propagation 

f crystallization fronts proceeds under well-controlled undercool- 

ng conditions. The coexistence systems represent solid slabs sur- 

ounded by molten material. The lateral sizes of the computational 

ystems, in the directions parallel to the crystal-liquid interfaces, 

re chosen so that the lattice parameters in the crystalline parts 

re equal to the equilibrium values at a desired temperature and 

ero pressure. The liquid part is prepared by superheating a crys- 

alline material to 1.3-2.0 T m 

to induce rapid homogeneous melt- 

ng [38 , 39] , followed by cooling of the molten part down to the

esired temperature. The periodic boundary conditions are applied 

n all directions, and a constant zero pressure is maintained by 

caling the system in the direction of the longest axis normal to 

he crystal-liquid interfaces using the Berendsen barostat algorithm 

40] . 

To avoid local temperature spikes near the advancing crys- 

allization fronts due to the release of latent heat of melting 

27 , 34 , 41] , the computational systems are divided into slices with 

hickness of 2-4 nm parallel to the crystal-liquid interfaces, and the 

emperature is controlled through the Berendsen thermostat algo- 

ithm [40] applied independently to each slice. We note that the 

ormation of a temperature spike at a rapidly advancing solidifica- 

ion front is a real effect that should be taken into account when 

omparing the results of the simulations reported in this paper to 

xperimental data [16] . In metals, where the electrons make the 

ominant contribution to the heat transfer, the actual vibrational 

phonon) temperature at a rapidly advancing crystallization front 

s defined by the kinetic balance between the release of the la- 

ent heat of melting upon the crystallization, the electron-phonon 

nergy transfer at the interface, and the electron heat conduction 

rom the crystal-liquid interface to the surrounding colder mate- 

ial. The finite time of electron-phonon equilibration can create a 

ap between the electron and phonon temperatures in the inter- 

acial region. Computationally, the conditions of electron-phonon 

onequilibrium generated at a rapidly propagating melting [42] or 

rystallization [10 , 15 , 16 , 21 , 27 , 34] fronts can be accounted for with

he two-temperature model (TTM) [43] or a combined TTM-MD 

pproach [44] . Since the kinetics of the liquid-crystal interface is 

ontrolled by the local phonon temperature of the interfacial re- 

ion, the results of the present study can be readily mapped to the 

onditions predicted in TTM or TTM-MD simulations. 

The interatomic interactions in the Cr system are described by 

he embedded atom method (EAM) potential with parameters sug- 

ested in Ref. [21] . To investigate the effect of interatomic poten- 

ial on the generation of vacancies, the simulations for Ni are per- 

ormed with four EAM potentials suggested by Johnson [45] , Foiles, 

askes, and Daw (FBD) [46] , Mishin [47] , and Bonny [48] , respec-

ively. For all the potentials, the equilibrium melting temperatures 

re determined in series of crystal-liquid coexistence simulations 

erformed under well-controlled temperature and zero pressure 

onditions. For EAM Cr, the melting temperature of 2366 K, is 

ithin 1% of the value reported for the same potential by Lin et 

l. [21] and is 9% above the experimental value of 2180 K [49] .

he melting temperatures calculated for Johnson, FBD, Mishin, and 

onny EAM Ni potentials are 1445 K, 1719 K, 1701 K [50] , and 1530

 [34] , respectively, with all the values being lower than the exper- 

mental value of 1728 K [49] . The effect of crystallographic orienta- 

ion of the crystal-liquid interface on the velocity of the crystalliza- 

ion front and vacancy concentration is investigated by considering 

ystems with (100), (011), and (111) orientations of the interface in 

r and in Mishin’s EAM Ni coexistence systems. 
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Fig. 1. Contour plots depicting the evolution of the fraction of liquid phase in MD crystal-liquid coexistence simulations performed for the Ni system with lateral size of 28 

nm at undercooling levels of 0.8 T m (a), 0.55 T m (b), and 0.1 T m (c). The regions of liquid and solid phases are noted on the plots. The dashed lines in (b) predict the position 

of the solid-liquid interface in the absence of homogeneous nucleation based on the initial velocity of the crystallization front. The appearance of yellow and green regions 

in (b) reflect the formation of a nanocrystalline region in the course of homogeneous solidification. 
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. Results and discussion 

The results of MD simulations of crystallization front propaga- 

ion are discussed in this section first for Cr and Ni systems rep- 

esented by Johnson EAM potentials [21 , 45] . Out of the four EAM 

otentials used for Ni, this potential predicts the lowest propen- 

ity for homogeneous nucleation of new crystallites under con- 

itions of deep undercooling down to ~0.65 T m 

and below (see 

ppendix A ). As a result, it was possible to extend the simulations 

f the melting front propagation with this potential to the whole 

ange of undercooling temperatures, down to 0.01 T m 

. The depen- 

ence of the velocity of the crystallization front on the undercool- 

ng temperature predicted in the simulations is presented and re- 

ated to the earlier studies and analytical models in Section 3.1. The 

acancy concentration in the solidified part of the system and the 

echanisms of the vacancy generation at the crystallization front 

re discussed in Section 3.2. The sensitivity of the computational 

redictions to the interatomic potential and crystallographic orien- 

ation of the crystal-liquid interface are discussed in Sections 3.3 

nd 3.4, respectively. 

.1. Velocity of crystallization front 

The simulations of crystallization process discussed in this sec- 

ion are performed for temperatures ranging from T m 

to 0.1 T m 

for 

r and to 0.01 T m 

for Ni, with the interatomic interactions described 

y Johnson potential [21 , 45] . The lateral dimensions of the compu- 

ational system used for Cr are 17 × 17 nm 

2 , while systems of two

izes, 28 × 28 nm 

2 and 5 × 5 nm 

2 are used for Ni. The crystalliza-

ion front velocities are calculated by tracking the movement of the 

wo liquid-crystal interfaces present in the coexistence systems, as 

llustrated in Fig. 1 . This figure shows the spatial and time evolu- 

ion of the fraction of liquid phase in three representative simula- 

ions performed for a Ni system with lateral size of 28 nm. The in-

erface velocities can be reliably determined from the plots shown 

n Figs. 1 a and 1 c, where a steady-state propagation of the crystal-

ization fronts is observed for temperatures of 0.8 T m 

and 0.1 T m 

. 

In the simulations performed in the range of temperatures from 

.35 T m 

to 0.65 T m 

, however, the crystallization process is compli- 

ated by the onset of homogeneous nucleation of new crystallites 

nside the undercooled liquid. This effect is exemplified for a tem- 

erature of 0.55 T m 

in Fig. 1 b, where the emergence of new regions

ith nonzero fraction of crystalline atoms can be seen. As dis- 

ussed in more detail in Appendix A , the homogeneous nucleation 

f new crystallites results in deceleration of the interface between 
3 
he “main” crystal growing from the initial seed and the rest of 

he system. This deceleration is related to the need for small ran- 

omly nucleated crystallites to reorient and join the growing main 

rystal. The growth of multiple new crystallites may also lead to 

he formation of a continuous nanocrystalline region, bringing the 

rowth of the main crystal to a halt. The nucleation and growth 

f new crystallites not only makes it impossible to obtain a reli- 

ble estimate of the crystallization front velocity for a particular 

rystallographic orientation of the crystal-liquid interface, but also 

omplicates the analysis of the vacancy generation, which is the 

ain focus of the present study. In particular, for the Johnson EAM 

i system with 28 nm lateral size, the nucleation starts at ~0.65 T m 

,

nd reliable values of the crystallization front velocity and vacancy 

oncentration cannot be obtained for temperatures below 0.6 T m 

. 

he probability of nucleation of new crystallites at a time scale 

equired for the evaluation of crystallization front velocity in MD 

imulations can be reduced by decreasing the lateral size of the 

omputational systems. Therefore, we use a system with smaller 5 

m lateral size to extend the simulations to deeper undercooling 

onditions, below 0.6 T m 

. Note that the rate of homogeneous nu- 

leation is sensitive to the parametrization of the EAM potentials 

51] . In particular, the analysis reported below, in Section 3.3, in- 

icates that the nucleation predicted with most of the alternative 

AM potentials for Ni is more active as compared to Johnson EAM 

i, which limits the range of temperatures where the steady-state 

rystallization front propagation can be studied to T > 0.65 T m 

. 

The crystallization front velocities evaluated in the simulations 

erformed for Johnson EAM Cr and Ni at different levels of un- 

ercooling are shown in Fig. 2 a,b. For both systems, two distinct 

emperature regimes can be identified in the kinetics of the crys- 

allization front propagation. In the regime of small to moderate 

ndercooling, extending from the melting temperature T m 

down to 

0.75 T m 

for Cr and to ~0.7 T m 

for Ni, the crystallization front ve-

ocity increases with decreasing temperature in a similar manner 

or both metals and reaches its maximum value of ~140 m/s for Cr 

nd ~170 m/s for Ni. At lower temperatures, under conditions of 

eep undercooling, however, the two systems exhibit very differ- 

nt temperature dependences of the crystallization front velocity. 

n the case of Cr, a steady decrease of the velocity from its maxi- 

um value is observed with increasing undercooling, and the ve- 

ocity drops down to a level that cannot be resolved in an MD sim- 

lation at ~0.1 T m 

(no noticeable motion of the interface is recorded 

uring a 10 ns-long simulation at this temperature). In contrast, 

or Ni, the crystallization front velocity stays at an approximately 

onstant level of 160 – 180 m/s in a broad range of temperatures 
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Fig. 2. Velocities of crystallization front and concentrations of vacancies in solidified parts of Cr (a,c) and Ni (b,d) crystal-liquid coexistence systems predicted in MD 

simulations performed at different levels of undercooling below the equilibrium melting temperature. The red circles represent the results of the simulations performed for 

larger systems with lateral size of 17 nm for Cr and 28 nm for Ni, while green diamonds show the results for smaller Ni systems with lateral size of 5 nm. For smaller-scale 

simulations, the error bars represent the standard deviations obtained by rerunning simulations three times for the same undercooling, each starting at different initial 

conditions. For larger-scale simulations, the error bars are comparable to the size of the symbols representing the data points and are not shown. The solid and dashed lines 

in (a,b) show the predictions of Eqs. (1) and (2) , respectively, with parameters provided in Table 1 . The red and green parts of the curves correspond to the temperature 

range where the equations provide a good description of the MD results, while the parts where the equations do not match the results of the simulations are colored 

black. The black triangle in (c) is the equilibrium concentration of vacancies at T m predicted in an MD simulation, and the dashed line shows the theoretical equilibrium 

concentration of vacancies evaluated as described in Appendix C . The grey areas in (c,d) serve as guidance to the eye and highlight the difference in the dependences of 

vacancy concentration on undercooling predicted for Cr and Ni. 
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xtending down to 0.05 T m 

. Further cooling from 0.05 T m 

to 0.01 T m 

eads to the decreases of the velocity from 167 m/s to 137 m/s. 

The temperature dependences of the crystallization front veloc- 

ty obtained in this work for Cr and Ni are consistent with the re-

ults of earlier MD simulations, where extended plateaus of the 

rystallization front velocity at low temperatures are commonly 

bserved for fcc metals, while a gradual decrease of the velocity 

rom the maximum value down to zero level is reported for most 

f the bcc metals [52–57] . The exceptions from this general trend 

ave also been reported, e.g. , an observation of a plateau extend- 

ng down to ~0.2 T m 

for bcc Ta [53] and a gradual decrease of the

rystal growth velocity reported for fcc Al [57] . 

The two regimes of the crystal growth cannot be consistently 

tted to any single kinetic equation suggested for the description 

f the crystallization process [58–60] , although the traveling wave 

olution of the phase field model has been shown to provide, with 

ppropriate choice of parameters and an account for the condi- 

ions of local nonequilibrium at the crystal-liquid interface, a con- 

istent description of the transition between the low and high tem- 

erature regimes observed in MD simulations [61] . In the present 

tudy, we follow an approach suggested in Ref. [53] , and describe 

he temperature dependence of the velocity of crystallization front 

y two independently fitted kinetic equations. 

N

4 
In the temperature range from T m 

down to 0.6 T m 

, the veloc- 

ty of the crystallization front is described by the Wilson-Frenkel 

xpression based on the phenomenological transition state theory 

hat considers the exchange of atoms between the liquid and crys- 

al phases at the interface [60] , 

( T ) = νh 
0 exp 

(
−E h a / k B T 

)
[ 1 − exp ( −�G ( T ) / k B T ) ] , (1) 

here �G (T ) is the free energy difference between the liquid and 

rystal phases, E h a is the activation energy associated with the mo- 

ility of atoms in the liquid phase, k B is the Boltzmann constant, 

nd νh 
0 

is a constant prefactor. At moderate deviations from the 

quilibrium melting temperature T m 

, the temperature dependence 

f the thermodynamic driving force �G (T ) can be approximated as 

G (T ) ≈ �H m 

( T m 

− T ) / T m 

, where �H m 

is the latent heat of melt- 

ng at T m 

. While the difference of the heat capacities of the crystal 

nd liquid phases can lead to a deviation of �G (T ) from this ap-

roximation, the deviation remains relatively small in the range of 

emperatures where Eq. (1) is fitted to the results of MD simula- 

ions in the present study. The values of �H m 

are determined in 

 separate set of MD simulations performed for liquid and solid 

hase EAM Cr ( �H m 

= 22.6 kJ/mol = 0.234 eV/atom)[21] and EAM 

i ( �H m 

= 14.47 kJ/mol = 0.15 eV/atom) [62] . 
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Table 1 

The parameters of Eqs. (1) and (2) fitted to describe 

the dependence of the velocity of (001) crystal-liquid 

interface on the level of undercooling in the high ( T m 
≥ T ≥ 0.6 T m ) and low ( T < 0 . 6 T m ) temperature re- 

gions, respectively. The interatomic interactions in Ni 

and Cr systems are described by Johnson EAM po- 

tential [21,45]. The latent heat of melting calculated 

for this potential is 0.150 eV/atom for Ni and 0.234 

eV/atom for Cr. 

νh 
0 , m/s E h a , eV ν l 

0 , m/s E l a , eV 

Ni 3848 0.195 174 0.320 ×10 -3 

Cr 9066 0.464 384 0.156 
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The two parameters of Eq. (1) , E h a and νh 
0 

, obtained by fit- 

ing to the results of MD simulations in the range of tempera- 

ures from T m 

to 0.6 T m 

, are listed in Table 1 . As can be seen from

ig. 2 a,b, Eq. (1) provides an adequate description of the MD re- 

ults in this range of temperatures, including the nearly linear in- 

rease in the close vicinity of T m 

, commonly described in terms of 

he kinetic coefficient [41 , 60 , 63–66] , weakening of the dependence 

ith increasing undercooling, and transition through a maximum 

t ~0.75 T m 

for Cr and ~0.7 T m 

for Ni. This behavior is characteris-

ic of the diffusion-controlled crystallization process described by 

q. (1) , where the increase of the crystal-liquid interface velocity in 

he vicinity of T m 

is defined by the increase in the thermodynamic 

riving force for the phase transformation, �G (T ) , while the de- 

rease in atomic mobility with increasing undercooling, accounted 

or by exp( −E h a / k B T ) in Eq. (1) , drives the velocity though the max-

mum and into a gradual decrease at lower temperatures. 

The decrease of the crystallization front velocity with further 

ncrease of the undercooling predicted in MD simulations, how- 

ver, is substantially weaker than that predicted by Eq. (1) for Cr, 

nd is virtually absent in a broad range of temperatures for Ni. 

he inability of Eq. (1) to provide an adequate description of the 

D results is apparent from the large deviation between the data 

oints and parts of the solid lines colored black in Fig. 2 a,b. Nom-

nally, the temperature dependence of the interface velocity pre- 

icted in MD simulations at T < 0 . 6 T m 

can be described by a sim-

le Arrhenius equation, 

( T ) = ν l 
0 exp 

(
−E l a / k B T 

)
, (2) 

ith the values of the two fitting parameters listed in Table 1 . The

ctivation energy E l a produced by fitting to the MD results, how- 

ver, is reduced by almost a factor of 3 with respect to the acti- 

ation energy E h a found for the higher temperature regime for Cr. 

or Ni, the apparent activation energy required to describe the ex- 

ended plateau in the temperature dependence of the crystalliza- 

ion front velocity ( Fig. 2 b) by Eq. (2) is close to zero, suggesting

n athermal character of the crystallization process [53] . 

Note that the transition to the region with weaker tempera- 

ure dependence of the crystallization front velocity is observed 

t the levels of undercooling approaching the glass transition tem- 

erature T g . For the EAM Cr, T g = 810 K = 0.35 T m 

is determined

33] from the temperature dependence of the second moment of 

he atomic-level hydrostatic stress distribution, following a method 

uggested in Ref. [67] . For the EAM Ni, T g = 717 K = 0.5 T m 

is

ound [8] from the temperature dependence of the shape of the 

air distribution function, using a criterion suggested in Ref. [68] . 

he range of temperatures where the crystal growth velocity is in- 

reased and the apparent activation energy is greatly reduced with 

espect to the diffusion-controlled growth ( E l a � E h a ), therefore, cor- 

esponds to the transition from crystal-liquid to crystal-glass inter- 

acial kinetics. While, at a general level, the drastic drop in the ap- 

arent activation energy in bcc Cr and the transition to the ather- 

al crystallization kinetics in fcc Ni at T ≤ T g can be attributed to 
5 
he limited relaxation of glass or deeply undercooled liquid in the 

icinity of the advancing crystallization front [53 , 61 , 69] , a reliable

redictive analytical model of crystallization front propagation in 

he absence of full relaxation of the disordered phase is still lack- 

ng for this regime. 

The direct quantitative experimental verification of the values 

f crystallization front velocity predicted in MD simulations for the 

onditions of deep undercooling is not feasible, although the re- 

ults of time-resolved probing of resolidification in metal targets 

rradiated by short laser pulses [16–19] are consistent with max- 

mum crystallization front velocities on the order of 100 m/s. Ex 

itu analysis of the microstructure of laser-processed samples can 

lso reveal the signs of deep undercooling realized in the course 

f solidification. In particular, the observation of nanoscale hori- 

ontal twinned domains in subsurface regions of single crystal Ni 

argets with (111) surface orientation suggests a highly nonequilib- 

ium character of the solidification process, as the growth twinning 

s predicted to only occur at T < 0.87 T m 

[7] . Finally, the difference

n the crystal growth kinetics in bcc and fcc metals illustrated by 

ig. 2 a,b may be related to the inability to produce stable one- 

omponent metallic glass from fcc metals even at extreme cool- 

ng rates of ~10 13 K/s realized in a specially designed experimental 

etup [55] . The thermal stability of the amorphous tantalum and 

anadium produced in this study through the ultra-rapid quench- 

ng may be explained by the crystal growth rate vanishing with 

ecreasing temperature for bcc metals ( e.g. , Fig. 2 a), while for fcc 

etals the velocity of the crystallization front remains high even 

t extreme levels of undercooling ( e.g. , Fig. 2 b). 

.2. Generation of vacancies at crystallization front 

Following the complete resolidification of the crystal-liquid co- 

xistence systems, the final computational samples are quenched 

o zero temperature and analyzed to identify the vacancies pro- 

uced in the crystallization process. The regions that belong to 

he initial crystal, the parts of the system crystallized during the 

reparation of the coexistence system at a desired temperature, 

he regions where the two solidification fronts meet each other 

reating high density of crystal defects, and the regions solidified 

hrough the homogeneous nucleation of new crystallites are all ex- 

luded from the analysis of the vacancy concentration. Only the 

arts of the system where the crystallization proceeded through 

he steady-state propagation of crystal-liquid interfaces are used 

n the calculation of vacancy concentration defined as the average 

raction of unoccupied lattice sites in the crystalline planes present 

n the regions of interest. 

The results of the calculation of the vacancy concentration at 

ifferent levels of undercooling are shown for the Cr and Ni sys- 

ems in Fig. 2 c,d. In the Cr system, the vacancy concentration in- 

reases with decreasing temperature from 0.29% at 0.99 T m 

to the 

aximum level of 0.60% at 0.82 T m 

. This increase is followed by 

 sharp drop down to 0.27% at around 0.53 T m 

and a moderate 

ise up to 0.33% at 0.15 T m 

, which is the lowest temperature when

 noticeable movement of the solidification front is observed. In 

ontrast to the nonmonotonous dependence of the vacancy con- 

entration obtained for Cr, the results for the Ni system exhibit a 

early linear increase from a much lower, as compared to Cr, start- 

ng level of 9.05 × 10 −3 % at 0.95 T m 

to a maximum value of ~0.17%

t 0.1 T m 

. The qualitative difference in the general trends observed 

or the temperature dependence of the vacancy concentration in 

r and Ni systems is visually highlighted by the grey shaded areas 

ncompassing the data points in Fig. 2 c,d. 

Despite the quantitative differences in the values of vacancy 

oncentration and qualitative differences in its temperature depen- 

ence, an important computational prediction common for both 

ystems is that the vacancy concentrations generated by the rapid 
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rystallization are orders of magnitude higher than the equilibrium 

evels at corresponding temperatures. This prediction is illustrated 

y adding a dashed line in Fig. 2 c showing the temperature depen- 

ence of the equilibrium concentration of vacancies calculated for 

he EAM Cr system as described in Appendix C . At T m 

, the equilib-

ium vacancy concentration, n eq = 2.9 × 10 −3 , marked in Fig. 2 c by

he black triangle, is very close to the vacancy concentration gen- 

rated at the crystal-liquid interface propagating with a velocity of 

 m/s at T = 0.99 T m 

. As the undercooling increases, however, the

quilibrium vacancy concentration drops by orders of magnitude, 

o less than 10 −4 at 0.76 T m 

and less than 10 −6 at 0.57 T m 

. At the

ame time, the vacancy concentration generated in the crystalliza- 

ion process remains above 2 × 10 −3 at all levels of undercooling, 

own to 0.15 T m 

. We can conclude, therefore, that the crystalliza- 

ion occurring under conditions of strong undercooling below the 

elting temperature can produce strong vacancy supersaturation 

xceeding the equilibrium levels of vacancy concentration by many 

rders of magnitude. 

The prediction of the strong vacancy supersaturation produced 

y the nonequilibrium crystallization process is consistent with the 

bservation of high vacancy concentrations in atomistic simula- 

ions of ultrashort pulse laser processing of metals, which involves 

ransient melting and rapid resolidification of thin surface layers 

f irradiated targets [21 , 29–34] . In particular, the vacancy concen- 

rations of 0.1% to 0.5% are observed in the surface regions of Cr 

argets irradiated in vacuum [21 , 29,30,32,33] and water environ- 

ent [31] , ~0.15% in Ag targets [32] , ~0.1% in Ni, ~0.15% in Ni 80 Fe 20 ,

0.1% in Ni 80 Cr 20 , and ~0.02% in Ni 50 Fe 50 targets [34] , with all tar-

ets represented by EAM potentials. Due to the strong localization 

f the laser energy deposition and steep temperature gradients, 

he cooling of the transiently melted surface regions in short pulse 

aser processing of metal targets is very rapid, up to ~10 11 -10 13 K/s 

10] , and the levels of undercooling of 0.9 - 0.8 T m 

can readily be

chieved prior to the solidification. Similarly high levels of vacancy 

oncentration, up to ~0.3% have also been observed in MD simu- 

ations of crystallization performed under controlled temperature 

onditions for several fcc metals and solid solution binary alloys 

33 , 34 , 57] . 

In order to understand the atomic-scale mechanisms responsi- 

le for the generation of the high vacancy concentrations in the 

apid crystallization process, we perform a detailed analysis of the 

tomic rearrangements at the advancing crystallization front. The 

nalysis is done for a small (3 nm × 3 nm × 100 nm, 70,000 

toms) Cr crystal-liquid coexistence system with (001) orienta- 

ion of the two crystal-liquid interfaces. The uniform tempera- 

ure of 0.5 T m 

is maintained throughout the system as explained 

n Section 2 . The system is divided into 700 layers parallel to the 

rystal-liquid interfaces, so that each layer in the solid part cor- 

esponds to one atomic plane (100 atoms in the absence of crys- 

al defects), and the atoms are assigned identification numbers ac- 

ording to the planes they belong to. A side view of a part of the

ystem in the vicinity of the interface is shown for a time of 102

s in Fig. 3 a, where the atoms are colored according to the plane

dentification numbers. The top views of four of the planes identi- 

ed in Fig. 3 a are shown in Fig. 3 b for six moments of time during

he following 9.5 ps, when the crystallization front passes through 

hese planes. 

To facilitate the analysis of atomic rearrangements involved in 

he construction of the bcc crystal lattice at the crystallization 

ront, the atoms that are going to move to another plane by the 

ime the next snapshot is shown for are marked by crosses colored 

ccording to the plane of their destination. The atoms that came 

rom a different plane during the time period illustrated in the fig- 

re are outlined by circular ribbons with color reflecting the plane 

f origin. For example, during the time between 102 ps and 104 

s, 8 atoms originally located within plane 240 jumped to plane 
6 
39 to occupy the lattice sites within this plane. These atoms are 

abeled in plane 240 at a time of 102 ps by green crosses, with 

he green color reflecting their new position within plane 239 at 

04 ps. The same 8 atoms appearing in plane 239 starting from 

04 ps are encircled by yellow ribbons denoting their origin from 

lane 240. The atoms that are going to move to and came from 

lanes not shown in Fig. 3 b (planes with identification numbers 

ower than 239 or higher than 242) are marked by black crosses 

nd black ribbons, respectively. 

The representation of the rapid atomic rearrangements occur- 

ing at the crystallization front provided in Fig. 3 b enables a de- 

ailed analysis of the vacancy generation mechanisms. At a time 

f 102 ps, the formation of the ordered crystal structure within 

lane 239 is almost complete, plane 242 is largely disordered and 

an be considered to belong to the liquid phase, while planes 

40 and 241 can be associated with the interfacial region. Dur- 

ng the following 9.5 ps, the crystal structure in the interfacial 

egion gradually builds up through atomic rearrangements lead- 

ng to the increased occupation of the lattice sites. These rear- 

angements are irreversible and are stabilized by a large thermo- 

ynamic driving force for crystallization, resulting in the advance- 

ent of the crystal-liquid interface. Since the liquid phase of met- 

ls has lower density and more “open” structure than solid, a 

arge number of vacant lattice sites are formed at the advanc- 

ng crystallization front. Most of these sites are then filled by 

toms jumping from upper planes (higher identification numbers 

n Fig. 3 ) in the direction opposite to the crystal growth. The mi- 

ority of the vacant sites, however, are not filled by atoms jump- 

ng from the more disordered liquid side of the interface and 

re left behind the rapidly advancing crystallization front. These 

lucky survivors” are the vacancies observed in the final crys- 

al structures produced by the nonequilibrium crystallization and 

ounted to yield the values of vacancy concentration plotted in 

ig. 2 c,d. 

The scenario described above can be exemplified by consider- 

ng atomic jumps between the planes shown in Fig. 3 b. Let us 

tart the analysis from plane 239, which has 94 atoms (6 vacan- 

ies) at a time of 102 ps. During the time period from 102 to 104

s, 3 atoms from this plane move to plane 238 (marked by black 

rosses) and annihilate vacancy sites there, and one atom with 

ellow cross jump to plane 240. During the same time period, 8 

toms from plane 240 and one atom from plane 238 move to plane 

39, leaving only one vacancy site in plane 239 at 104 ps. During 

he following 1.5 ps, 2 atoms move from plane 239 to plane 238, 

ncluding the atom that came from plane 238 in the previous time 

eriod. The resulting 3 vacancy sites are filled by 3 atoms jumping 

rom plane 240, making this plane defect-free. Switching our at- 

ention to plane 240, we note that this plane has 97 atoms (equiv- 

lent to 3 vacancy sites) at 102 ps. During the following 2 ps, 8 of

he atoms from this plane move down to plane 239, while 8 new 

toms are joining the plane from the side of the liquid (7 atoms 

riginate from plane 241 and one from plane 242). Three atoms 

ove from plane 240 to plane 241 during the time period of 102 

 104 ps and jump back to plane 240 within the following 1.5 ps, 

herefore, these atoms are marked by yellow ribbons with crosses 

n plane 241 at 104 ps. We also notice an atom marked by green 

ibbon with cross in plane 240 at 104 ps, which jumps back and 

orth between plane 239 and plane 240 between 102 ps and 105.5 

s. In addition, at the time of 104 ps, two atoms with green crosses 

re going to leave plane 240 towards plane 239, and three atoms 

ith yellow crosses are going to move to plane 240 from plane 

41. The overall atomic flux through plane 240 during the initial 

.5 ps illustrated in Fig. 3 b adds only one atom to this plane, but

elps to eliminate 10 vacancy sites in the underlaying crystalline 

lanes. During the following 3 ps, the two vacancies remaining in 

lane 240 are eliminated by atoms jumping into this plane from 
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Fig. 3. Close up view of four atomic planes that, at a time of 102 ps, include liquid-like plane 242, interfacial region (planes 241 and 240), and largely crystalline plane 239 

in a simulation performed at T = 0.50 T m for a Cr crystal-liquid coexistence system with (001) orientation of crystal-liquid interfaces. The side view of the planes is shown 

for 102 ps in (a) and the top views of the four planes are shown for six consecutive moments of time in (b). The atoms are colored according to the atomic planes they are 

associated with. The atoms with circular ribbons are the ones that came from a different plane during the time span illustrated in the figure, and the color of the ribbons 

corresponds to their plane of origin. The atoms marked by crosses are the ones that are going to move to another atomic plane at the next moment of time shown in the 

figure, and the color of the crosses represents the color of their new atomic plane. The black ribbons and black crosses indicate that the planes of origin and destination, 

respectively, are below plane 239 or above plane 242, which are not shown in (b). The atomic configurations are quenched to 0 K in order to reduce the thermal noise in 

atomic positions. 

7 
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lane 241, completing a perfect crystalline plane by 108.5 ps. Sim- 

lar processes of vacancy annihilation are observed for the other 

wo planes (241 and 242) shown in Fig. 3 b. A notable difference, 

owever, is that one vacancy in plane 241 is not annihilated and is 

rapped behind the crystallization front. This vacancy is confirmed 

o stay in place as the crystallization front moves away from the 

lane containing the vacancy. 

Note that once a vacancy is generated at an advancing crystal- 

iquid interface, it can hardly escape through diffusion towards the 

nterface rapidly moving away under conditions of deep undercool- 

ng below the equilibrium melting temperature. The characteristic 

ime between jumps of a vacancy in the crystal lattice, τv , can be 

stimated from the vacancy jump rate, 1 / τv = 6 D υ/r 2 
1 

, where D v is

he diffusion coefficient of a vacancy and r 1 is the nearest neighbor 

istance in the crystal lattice ( r 1 = 

√ 

3 / 4 a for bcc and r 1 = a/ 
√ 

2

or fcc, where a is the lattice parameter). Using the Arrhenius 

xpression for the diffusion coefficient, D υ (T ) = D 

0 
υ exp (−E m 

υ / k B T ) 

ith parameters calculated for EAM Cr in Ref. [21] , E m 

υ = 0 . 81 eV

nd D 

0 
υ = 0 . 39 × 10 −6 m 

2 /s, the characteristic time between va- 

ancy jumps at a temperature used in the simulation illustrated in 

ig. 3 , T = 0.5 T m 

, is τ v = 76 ps. With the crystallization front ve-

ocity of ~80 m/s at this temperature ( Fig. 2 a), the front moves ~6

m away from the vacancy during time τ v , i.e. , about 42 atomic 

lanes, such as the ones shown in Fig. 3 b, are added during the

haracteristic time of a vacancy jump. Close to the melting temper- 

ture, however, the time between vacancy jumps can exceed the 

ime required for the addition of a single crystal lattice plane. In 

articular, τ v = 1.5 ps at 0.99 T m 

, when the interface velocity is 7

/s. Thus, a vacancy can jump ~14 times during the buildup of a 

ingle atomic plane of the crystal lattice. As a result, the vacancy 

oncentration generated at this low level of undercooling is very 

lose to the equilibrium vacancy concentration, as can be seen in 

ig. 2 c. 

The results of the detailed analysis of atomic-level rearrange- 

ents at the crystallization front provided above for Cr (001) in- 

erface are consistent with the results of a similar analysis per- 

ormed for the crystal-liquid coexistence Bonny EAM Ni (001) sys- 

em undergoing crystallization at 0.72 T m 

(not shown). The results 

btained for both Cr and Ni suggest the following scenario of the 

acancy generation in the far-from-equilibrium crystallization pro- 

ess. The rapid buildup of the crystal lattice proceeds through 

he simultaneous construction of several atomic planes constitut- 

ng the interfacial region. Due to the partially disordered structure 

f the atomic planes within the interfacial region, the number of 

toms within the atomic planes tend to be smaller than that of the 

erfect crystal, and the disordered regions serve as precursors of 

acancy sites. Most of the vacancies and vacancy precursors within 

he interfacial region are rapidly (on the timescale it takes for the 

nterface to propagate a distance comparable to the thickness of 

he interface, τ i ) annihilated by the flux of atoms coming from the 

iquid side of the interface. A small fraction of the transient vacan- 

ies created at the initial stage of the construction of the crystal 

lanes, however, are not annihilated during the time τ i and are left 

ehind the crystallization front. At temperatures close to T m 

, when 

he velocity of the solidification front is relatively low and the va- 

ancy mobility is high, i.e., τ v < τ i , the vacancies in a part of the

rystal adjacent to the interface can move to and from the inter- 

ace, leading to the establishment of a quasi-equilibrium vacancy 

oncentration in the solidified material. As the level of undercool- 

ng increases, however, the interface velocity increases ( Fig. 2 a,b) 

hile the vacancy mobility in the crystallized material decreases 

ccording to the Arrhenius temperature dependence, so that τ v 

ecomes comparable or greater than τ i . Under these conditions, 

he vacancies left behind the crystallization front cannot escape 

o the liquid and are trapped in the crystallized material, creat- 

ng a highly nonequilibrium vacancy concentration defined by the 
8 
inetic processes at the crystallization front rather than the condi- 

ions of thermodynamic equilibrium at the temperature of crystal- 

ization. 

At the qualitative level, the scenario described above is con- 

istent with the temperature dependence of the vacancy concen- 

ration shown for Cr and Ni in Fig. 2 c,d. The increase in the 

evel of undercooling accelerates the propagation of the interface 

nd leaves less time for atoms to migrate from liquid into the 

ew crystal planes and to fill the vacant sites generated by the 

apid construction of these planes occurring on the picosecond 

imescale. The decreasing temperature also reduces the rate of the 

hermally-activated atomic rearrangements at the interface. The 

ombination of these two factors is likely to be responsible for the 

ncrease in the vacancy concentration with increasing undercooling 

bserved in the whole range of temperatures for Ni ( Fig. 2 d) and

or 0.8 T m 

< T < T m 

for Cr. The decrease in the vacancy concentra-

ion at T < 0.8 T m 

followed by a moderate increase at T < 0.45 T m 

bserved for Cr can be related to the slowdown in the interface 

elocity at low temperatures ( Fig. 2 a). 

The translation of the qualitative physical picture outlined 

bove into the design of an analytical model capable of quantita- 

ive description of the temperature dependences of vacancy con- 

entration predicted in MD simulations, however, remains a chal- 

enge. Our attempt to adapt the existing models of vacancy gen- 

ration [70–72] , which treat the vacancy entrapment at the crys- 

allization front in a manner similar to that of well-known solute 

rapping models, has not been successful. The non-Arrhenius tem- 

erature dependence of the atomic rearrangements responsible for 

he vacancy annihilation at the interface, as well as the lack of 

omplete relaxation of the disordered phase in front of the rapidly 

dvancing crystal-liquid interface [53 , 61 , 69] are likely to play an 

mportant role in defining the concentration of vacancies generated 

nder conditions of strong undercooling. 

.3. Effect of interatomic interaction potential 

In order to verify the general character of the temperature de- 

endences of the vacancy concentration predicted in the MD simu- 

ations discussed above, we performed additional series of simula- 

ions of solidification in Ni crystal-liquid coexistence systems with 

001) orientation of the crystal-liquid interfaces represented by the 

BD [46] , Mishin [47] , and Bonny [48] EAM potentials. The lateral 

izes of systems used in the simulations performed with Johnson 

45] , FBD [46] , Mishin [47] , and Bonny [48] EAM potentials are 28

m, 5 nm, 28 nm, and 7 nm, respectively. 

Before presenting the results of these simulations, we would 

ike to note an important factor that has largely been ignored in 

he interpretation of predictions of earlier MD studies of crystal- 

ization under conditions of deep undercooling [52–57] . This factor 

s the onset of homogeneous nucleation of new crystallites inside 

he strongly undercooled liquid. As already mentioned above and 

llustrated in Fig. 1 b, the homogeneous nucleation of small crystal- 

ites can significantly reduce the apparent velocity of the crystal- 

ization front at high levels of undercooling and can also affect the 

eneration of crystal defects at the solidification front. The sensitiv- 

ty of the kinetics of homogeneous crystallization predicted in the 

imulations to the choice of interatomic potential has been demon- 

trated [51] , and is likely to be partially responsible for the vari- 

bility of the crystallization front velocity trends predicted in the 

imulations. For example, a continuous decrease of the crystalliza- 

ion front velocity with increasing undercooling at T < 0.6 T m 

pre- 

icted for FBD EAM Ni in Ref. [52] is different from the plateau ex- 

ending down to 0.05 T m 

in Fig. 2 b obtained for Johnson EAM Ni. It

s demonstrated in Appendix A that this difference is, to a large ex- 

ent, related to the homogeneous nucleation of new fcc crystallites 

nside the undercooled liquid, which is substantially more active 
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Fig. 4. The concentrations of vacancies in crystallized parts of crystal-liquid coexistence systems (a) and velocities of crystallization front (b) predicted in MD simulations of 

Ni coexistence systems with (001) orientation of the crystal-liquid interfaces described by Johnson [45] , FBD [46] , Mishin [47] , and Bonny [48] EAM potentials. 
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n the simulations performed, for the same levels of undercool- 

ng, with the FBD EAM potential. The nucleation of new crystallites 

as also been reported for Bonny EAM Ni and Ni-based solid solu- 

ion alloys undercooled below 0.7 T m 

[34] . Moreover, the formation 

f more exotic metastable phases is possible under conditions of 

apid quenching, as exemplified in Appendix B by results obtained 

ith Mishin EAM potential for Ni, which predicts the formation 

f Frank–Kasper σ -phase structure upon rapid quenching to T < 

.65 T m 

. 

The onset of the rapid homogeneous crystallization predicted 

y some of the interatomic potentials for temperatures below 

0.65 T m 

limits the range of temperatures where a reliable analy- 

is of the vacancy generation at the crystallization front is possible 

ith all four EAM potentials for Ni to 0.65 T m 

≤ T < T m 

. The results

f the simulations are shown in Fig. 4 . The crystallization front ve- 

ocities predicted by four EAM potentials and shown in Fig. 4 b ex- 

ibit similar increase with increasing degree of undercooling, al- 

hough the velocities predicted by Mishin EAM potential at large 

ndercoolings are noticeably smaller than those predicted by other 

hree EAM potentials. The four temperature dependences of the va- 

ancy concentration, shown in Fig. 4 a, demonstrate larger quanti- 

ative differences, although all the dependences follow the same 

eneral trend of a continuous increase with increasing degree of 

ndercooling. The common trend predicted with four different po- 

entials demonstrates that the general mechanism of the vacancy 

eneration at the crystallization front is not sensitive to the choice 

f the description of the interatomic interaction in a given mate- 

ial. 

The substantial quantitative differences in the vacancy concen- 

rations predicted by the four different potentials can partially be 

ttributed to the differences in the vacancy formation energy at 

ero temperature, H 

0 
f 
, predicted as 1.70 eV [73] , 1.63 eV [46] , 1.57

V [47] , and 1.48 eV [48] by Johnson, FBD, Mishin, and Bonny 

AM potentials, respectively. When normalized by the values of the 

quilibrium melting temperature calculated for the corresponding 

otentials (see Section 2 ), the order of the normalized vacancy 

ormation energies changes, with H 

0 
f 
/ k B T m 

ranging from 13.7 for 

ohnson, to 11.2 for Bonny, to 11.0 for FBD, and to 10.7 for Mishin

otentials. The lowest level of the vacancy concentration obtained 

ith Johnson EAM potential may indeed be related to the highest 

acancy formation energy predicted by this potential, although the 

ack of obvious correlation between the normalized vacancy for- 

ation energy and the vacancy concentrations predicted with the 

ther three potentials cautions against attributing the differences 

etween the vacancy concentrations generated under conditions of 
t

9 
trong undercooling solely to the differences in the vacancy forma- 

ion energy. 

.4. Effect of crystal-liquid interface orientation 

The effect of crystallographic orientation of the crystal-liquid 

nterface on the generation of vacancies during the crystalliza- 

ion front propagation is investigated for (001), (011), and (111) 

ow-index interface orientations in Ni and Cr systems described 

y Mishin [47] and Johnson [21] EAM potentials, respectively. The 

ange of temperatures considered in the simulations was limited 

o T ≥ 0.65 T m 

to avoid the effect of the homogeneous nucleation 

f new crystallites, discussed in Section 3.3 and Appendixes A and 

 , on the results of the simulations. 

The results obtained for Ni and shown in Fig. 5 demonstrate 

hat the dependences of crystallization front velocity and vacancy 

oncentration on the level of undercooling obtained for different 

rientations of the interface follow the same general trends but 

xhibit large quantitative differences. Similarly to the dependences 

hown for different interatomic potentials and (001) interface in 

igs. 2 b,d and 4, for all three interface orientations, the vacancy 

oncentrations exhibit a continuous increase with increasing un- 

ercooling ( Fig. 5 a), while the velocities of the interfaces reach the 

aximum values at ~0.75 T m 

and stay at the high levels at lower 

emperatures ( Fig. 5 b). 

The interface with (111) orientation represents a special case 

ue to the emergence of growth twinning at temperatures below 

.9 T m 

. The appearance of growth twinning below a threshold tem- 

erature of 0.87 T m 

is predicted for the (111) interface by theoreti- 

al analysis reported in Ref. [7] and is illustrated in Fig. 5 c, where

he coherent twin boundaries show up as green atomic planes con- 

ected by the incoherent twin boundaries shown in red. The on- 

et of the growth twinning has a noticeable effect on the velocity 

f the crystallization front propagation, as can be seen by the de- 

iation of the open diamonds for T ≤ 0.85 T m 

from the tempera- 

ure dependence described by Eq. (1) . It also complicates the eval- 

ation of the vacancy concentration, which is done by counting 

he number of missing atoms in the crystallized region and ac- 

ounts not only for single vacancies but also for vacancy clusters. 

ith the onset of twinning, the incoherent twin boundaries start 

o make contribution to the apparent number of missing atoms, 

hus making the automatic counting of vacancies difficult. Count- 

ng of single vacancies is still possible after the onset of twinning 

ith computational tools such as DXA, [74 , 75] but the concentra- 

ion of single vacancies is about 20% lower than the totals plot- 
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Fig. 5. The concentration of vacancies in crystallized parts of crystal-liquid coexistence systems (a) and velocities of crystallization front (b) predicted in MD simulations 

of Ni described by Mishin EAM potential [47] . The calculations are performed for three low-index orientations of solid-liquid interfaces, (001), (011), and (111). The error 

bars are comparable to the size of the symbols representing the data points and are not shown. The black triangle in (a) is the equilibrium concentration of vacancies at T m 
predicted in an MD simulation, and the dashed line shows the theoretical equilibrium concentration of vacancies evaluated as described in Appendix C . The light red and 

green shaded areas in (a) serve as guidance to the eye and highlight the general trend in the temperature dependence of the vacancy concentration. In (b), the lines are 

the result of fitting of data points to Eq. (1) , with parameters provided in Table 2 . For (111) interface, only the data points at T ≥ 0.9 T m , unaffected by growth twinning and 

shown by solid blue diamonds, are used in the fitting. The open diamonds show the velocity of (111) interface in the regime when the growth twinning is observed. The 

snapshots of small representative fragments of the three systems solidified at T = 0.8 T m are shown in (c) to illustrate the onset of growth twinning in the (111) system. The 

atoms in the snapshots are colored according to their local structural environment, with blue, green and red colors used for atoms with local fcc, hcp, and undefined local 

structure. With this coloring scheme, a single green layer corresponds to a coherent twin boundary, while the red atoms are surrounding vacancies or belong to incoherent 

twin boundaries. The values of the vacancy concentration and crystallization front velocity shown in this figure are provided in Table S1 of the Supplementary Information. 

Fig. 6. The concentration of vacancies in crystallized parts of crystal-liquid coexistence systems (a) and velocities of crystallization front (b) predicted in MD simulations of 

Cr described by Johnson EAM potential [21] . The calculations are performed for three low-index orientations of the solid-liquid interface, (001), (011), and (111). The error 

bars in (a) are comparable to the size of the symbols representing the data points and are not shown. The black triangle in (a) is the equilibrium concentration of vacancies 

at T m predicted in an MD simulation, and the dashed line shows the theoretical equilibrium concentration of vacancies evaluated as described in Appendix C . The light red, 

blue, and green shaded areas in (a) serve as guidance to the eye and highlight the general trend in the temperature dependence of the vacancy concentration. In (b), the 

lines are the result of fitting of data points to Eq. (1) , with parameters provided in Table 2 . The values of the vacancy concentration and crystallization front velocity shown 

in this figure are provided in Table S2 of the Supplementary Information. 
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ed in Fig. 5 a. For example, the concentration of single vacancies 

enerated in the propagation of (001) interface at 0.8 T m 

is 0.11%, 

hile the total concentration of vacancies plotted for this interface 

n Fig. 5 a is 0.14%. Therefore, while we list both the vacancy con- 

entrations based on counting the single vacancies for T ≤ 0.95 T m 

nd the ones based on automatic detection of all missing atoms for 

111) interface in Table S1 of Supplementary Information, we only 

lot the total concentrations in Fig. 5a for T ≥ 0.90 T m 

, where these

alues are reliable. 

At the quantitative level, both vacancy concentration and veloc- 

ty of the crystallization front propagation appear to be rather sen- 

itive to the crystallographic orientation of crystal-liquid interface 

n Ni. In particular, at T = 0.75 T m 

, when the crystallization front

elocities of (001) and (011) interfaces reach their maximum val- 
10 
es, the velocity for (001) interface is about 56% higher than that 

f (011) interface. Note that the observation that the propagation 

f (001) interface is the fastest, and is followed by (011) and (111) 

nterfaces, is consistent with earlier results of MD simulations re- 

orted for fcc metals [53 , 54 , 57 , 63 , 66] . 

The effect of the orientation of crystal-liquid interface on the 

acancy generation and interface velocity in the bcc Cr system, il- 

ustrated in Fig. 6 , is less pronounced as compared to the fcc Ni

ystem. For all three interface orientations, the dependences of the 

acancy concentration on the level of undercooling are very simi- 

ar down to a temperature of ~0.8 T m 

, Fig. 6 a. As the temperature

ecreases from 0.80 T m 

to 0.65 T m 

, however, the vacancy concen- 

ration generated at the (001) interface decreases from ~0.6% to 

0.45%, while the vacancy concentrations for (011) and (111) in- 
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Table 2 

The parameters of Eq. (1) fitted to describe the dependence of the velocities of 

(001), (011), and (111) crystal-liquid interfaces on the level of undercooling in Ni 

and Cr systems described by Mishin [47] and Johnson [21] EAM potentials, respec- 

tively. With the exception of Ni (111) interface, the fitting is done for all data points 

between 0.65 T m and T m . For Ni (111), only the data points at T ≥ 0.9 T m , unaffected 

by growth twinning, are used in the fitting. The latent heat of melting calculated 

for these potentials is 0.187 eV/atom for Ni and 0.234 eV/atom for Cr. 

Ni (100) Ni (011) Ni (111) Cr (100) Cr (011) Cr (111) 

νh 
0 , m/s 6450 6130 5550 9438 8604 8381 

E h a , eV 0.340 0.382 0.400 0.470 0.471 0.470 
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erface orientations remain at or above the level of 0.6% down to 

.65 T m 

. 

As shown in Fig. 6 b, the crystallization front velocity is higher 

or (001) interface orientation, although the difference with the 

ther two orientations does not exceed 12%. The weak dependence 

f the crystallization velocity on the interface orientation is con- 

istent with earlier study [53] , where a much smaller difference in 

he interface velocities obtained for (100) and (110) orientations is 

eported for bcc metals as compared to fcc ones. 

Similar to the results reported in Section 3.1, the temperature 

ependences of the crystallization front velocities predicted for 

he two materials and all three interface orientations are fitted 

o Eq. (1) , with the fitting parameters listed in Table 2 . The small

ifference between the parameters listed for Cr (001) interface in 

ables 1 and 2 is related to the different ranges of data points 

sed in the fitting. One can see that the Wilson-Frenkel expression 

rovides a decent description of the MD results, although the de- 

endences predicted in the simulations of Mishin EAM Ni, Fig. 5 b, 

xhibit an apparent flattening at large undercooling, which is not 

aptured by the Eq. (1) . This flattening can be related to the tran-

ition to the extended plateau of velocities in the low temperature 

egime observed in Fig. 2 b for Johnson EAM Ni (001) interface. 

. Summary 

The generation of vacancies in the course of a rapid crystal- 

ization of metals is investigated in a series of MD simulations of 

rystal-liquid coexistence systems performed under well-controlled 

emperature and pressure conditions for two metals, bcc Cr and 

cc Ni. The results of simulations performed for (001) orientation 

f the crystal-liquid interface reveal that, for both metals, the va- 

ancy concentration in the parts of the coexistence systems crys- 

allized through steady-state propagation of crystallization fronts 

xhibits a continuous increase with temperature decreasing down 

o 0.8 T m 

, from a level close to the equilibrium vacancy concentra- 

ion at 0.99 T m 

to 2-4 times higher vacancy concentrations at 0.8 T m 

.

t higher levels of undercooling, the vacancy concentration contin- 

es to increase with decreasing temperature for Ni and displays a 

onmonotonous temperature dependence for Cr, where a decrease 

n the vacancy concentration down to a minimum at ~0.5 T m 

is fol- 

owed by a moderate rise upon further cooling. 

The difference in the temperature dependences of the va- 

ancy concentration observed for the two metals can be related 

o the qualitatively different trends in the temperature depen- 

ences of the crystallization front velocity. Following the initial in- 

rease to the maximum levels with temperature decreasing down 

o ~0.75 T m 

, the velocity of the crystal-liquid interface stays at an 

pproximately constant level in a broad range of temperatures ex- 

ending down to 0.05 T m 

in Ni, but gradually decreases down to 

ero in Cr. For neither Ni nor Cr, the temperature dependences of 

he crystallization front velocity predicted in the simulations can 

e described by any single theoretical kinetic equation suggested 

n literature for the crystallization process, although the Wilson- 

renkel equation that considers diffusional atomic rearrangements 
11 
t the crystal-liquid interface can be relatively well fitted to the 

ata points in the temperature range from T m 

down to ~0.6 T m 

. 

The sensitivity of the computational predictions to the choice of 

nteratomic potential is evaluated by performing simulations with 

our different versions of EAM potential for Ni. The general trend 

f increasing vacancy concentration with increasing level of un- 

ercooling is reproduced by all potentials, although the values of 

he vacancy concentration are significantly affected by the choice 

f the potential. Moreover, the propensity for homogeneous nu- 

leation of new crystallites, including the formation of metastable 

rystal phases, under conditions of deep undercooling down to 

0.65 T m 

and below is found to be highly sensitive to the choice 

f the interatomic potential. The onset of the rapid homogeneous 

rystallization predicted by most of the potentials limits the range 

f temperatures where a reliable analysis of the vacancy generation 

t the crystallization front is possible to 0.65 T m 

≤ T < T m 

. 

The effect of crystallographic orientation of the crystal-liquid 

nterface on the crystallization front velocity and generation of 

acancies is also investigated by comparing the results obtained 

or (001), (011), and (111) interface orientations in Ni and Cr sys- 

ems. In agreement with earlier studies, the velocity of solidifi- 

ation front in Ni is found to exhibit a strong orientation depen- 

ence, with the largest velocities observed for (001) interface, fol- 

owed by (011) and (111) ones. For Cr, the order of the velocities 

s the same, but the orientation dependence is much weaker. The 

emperature dependences of the vacancy concentration follow the 

ame trend for all orientations, and, similarly to the interface ve- 

ocities, the quantitative differences in the vacancy concentrations 

re much more pronounced in Ni, where the vacancy concentra- 

ion observed for (001) interface is more than twice higher than 

hat for (011) at all temperatures below 0.9 T m 

. 

Given the sharp drop of the equilibrium vacancy concentration 

ith decreasing temperature, the results of the simulations indi- 

ate that crystallization occurring under conditions of strong un- 

ercooling below the melting temperature can produce strong va- 

ancy supersaturation exceeding the equilibrium levels of vacancy 

oncentration at the corresponding temperatures by many orders 

f magnitude. This computational prediction has important impli- 

ations for material processing techniques involving rapid localized 

elting and resolidification, as the generation of vacancy supersat- 

ration may affect properties of resolidified regions by facilitating 

iffusional structural changes and phase transformations. 

A detailed analysis of atomic-level rearrangements at the crys- 

allization front is performed to get insights into the mechanisms 

esponsible for the generation of the high vacancy concentrations 

n the rapid crystallization process. The movement of the crystal- 

iquid interface is found to proceed through the simultaneous con- 

truction of several atomic crystal planes, so that the interfacial 

ayer consists of a quasi-two-dimensional mixture of disordered 

nd crystalline regions. The disordered regions have lower density 

nd serve as precursors for the vacancy formation. As a result, a 

arge number of transient vacancies are created at the final stage 

f the rapid construction of the crystal planes. The absolute major- 

ty of these vacancies are quickly, within picoseconds, annihilated 

y the atomic flux coming from the liquid side of the interface. 

 small fraction of the vacancies created during the construction 

f the crystal planes, however, are not annihilated and are left be- 

ind the crystallization front. At low levels of undercooling, close 

o T m 

, the velocity of the crystal-liquid interface is relatively low, 

he mobility of vacancies is high, and some of the excess vacancies 

rapped behind the crystallization front may diffuse to the inter- 

ace and bring the vacancy concentration closer to the equilibrium 

evel. As the undercooling increases, the faster movement of the in- 

erface and decreased vacancy mobility do not allow enough time 

or equilibration of the vacancy concentration in the newly built 

rystalline region, thus creating a strong vacancy supersaturation. 
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he generation of highly nonequilibrium vacancy concentration in 

his case is defined by the kinetic processes at the crystallization 

ront rather than the conditions of thermodynamic equilibrium at 

he temperature of crystallization. Analysis of the temperature de- 

endence of the atomic rearrangements occurring at the crystal- 

ization front suggests an important role of incomplete relaxation 

f the disordered phase at and in front of the crystal-liquid inter- 

ace rapidly advancing under conditions of strong undercooling. 
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ig. A1. Snapshots of the atomic configurations obtained in MD simulations of crystalliza

nterfaces described by FBD EAM [46] (a,b) and Johnson EAM [45] (c,d) interatomic poten

he snapshots are taken along the [010] view direction. The atomic configurations are qu

olored according to their local structure environment, with the light blue, dark blue and

toms that belong to the liquid phase or have an unknown local structural environment 

ronts plotted under assumption that the initial crystallization front velocities are mainta

resent in each system. 

12 
ppendix A. Homogeneous nucleation of new crystallites in 

BD EAM Ni 

The velocity of the crystallization front propagation and gen- 

ration of vacancies in Ni are discussed in Sections 3.1 and 3.2 

ased on the results of MD simulations performed for (001) ori- 

ntation of the crystal-liquid interface with Johnson EAM poten- 

ial [45] . As shown in Fig. 2 b, the solidification velocity predicted 

n the simulations increases with decreasing temperature up to a 

aximum level of ~170 m/s at ~0.7 T m 

and remains nearly con- 

tant with further reduction of temperature down to 0.1 T m 

. A pre- 

ious computational study of the temperature dependence of the 

001) interface velocity in Ni [52] performed with FBD EAM poten- 

ial [46] , however, predicted a different behavior at strong under- 

oolings, with a continuous deceleration of the crystallization front 

ith increasing undercooling below 0.6 T m 

. In order to explain the 

ifference in the computational results obtained with the two in- 

eratomic potentials, we repeated the small-scale (lateral dimen- 

ions of 5 × 5 nm 

2 ) simulations illustrated for Johnson EAM Ni in 

ig. 2 b by green diamonds with FBD EAM Ni potential. 

The difference in the crystallization process predicted by the 

wo potentials can be seen from the two series of snapshots of 

tomic configurations shown for each potential and temperatures 

f 0.6 T m 

and 0.3 T m 

in Fig. A1 . The atoms in the snapshots are

olored according to their local structural environment [76 , 77] , 

o that fcc, bcc, and hcp crystal structures are light blue, dark 

lue, and green, respectively. All atoms that belong to the liq- 

id phase or have an undefined local structural environment are 

lanked in order to expose all the crystalline regions. It is appar- 

nt from the snapshots that crystallization proceeds through two 
tion in Ni crystal-liquid coexistence systems with (001) orientation of crystal-liquid 

tials. The simulations are performed at temperatures of 0.6 T m (a,c) and 0.3 T m (b,d). 

enched to 0 K for 1 ps to reduce thermal noise in atomic positions. The atoms are 

 green colors corresponding to the fcc, bcc, and hcp structures, respectively. All the 

are blanked. The dashed lines show the approximate position of the crystallization 

ined throughout the simulations and are identical for the two crystallization fronts 
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Fig. A2. Instantaneous velocities of the crystallization front predicted for different 

normalized temperatures in MD simulations of Ni crystal-liquid coexistence systems 

with (001) orientation of the crystal-liquid interfaces described by FBD EAM poten- 

tial. The plot is divided into three regions shown with different background colors: 

the low-temperature and high-temperature regions where steady-state propagation 

of the crystallization fronts with time-independent velocities is observed are col- 

ored light blue and gray, respectively, while an intermediate region where the crys- 

tallization front velocity changes during the simulation is colored light pink. The 

gray diamonds show the crystallization front velocity that is not affected by the 

presence of crystalline nuclei generated in the undercooled liquid. The red nabla 

symbols represent the velocity of crystallization front at a time when the fraction 

of atoms with local crystalline surroundings inside the undercooled liquid reaches 

3%. The blue square symbols represent the solidification front velocity during the 

last 10 ps of the simulation time. The error bars represent the standard deviation 

obtained from three series of MD simulations, each starting from a different initial 

configuration. 
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istinct processes: propagation of two crystallization fronts from 

he pre-existing crystalline region and homogeneous nucleation of 

ew crystallites inside the disordered phase (undercooled liquid or 

lass). The homogeneous nucleation and growth of new crystallites 

s much more prominent in the FBD EAM Ni system, where the 

rystallites merge and form a continuous nanocrystalline region at 

.6 T m 

( Fig. A1 a). The appearance and growth of the crystalline re-

ions slows down and eventually halts the propagation of the two 

rystallization fronts in this simulation. Interestingly, at an even 

ower temperature of 0.3 T m 

, the nucleation and growth of new 

rystallites is kinetically suppressed, which allows for the comple- 

ion of crystallization through the propagation of two fronts even- 

ually meeting each other in the middle of the system ( Fig. A1 b).

evertheless, the homogeneous nucleation has a noticeable effect 

n the velocity of the crystallization fronts, as can be seen from 

 significant deviation of the position of the lower front from the 

ashed line which corresponds to the initial crystallization front 

elocity at the start of the crystallization process. 

Overall, the snapshots shown for FBD EAM Ni demonstrate 

he difficulty of reliable evaluation of the velocity of crystalliza- 

ion front in the presence of active homogeneous nucleation and 

rowth of new crystallites. This difficulty is further illustrated by 

ig. A2 , where the changes of the crystal-liquid interface velocity 

uring the simulations are shown by the vertical dashed lines. In 

he part of the plot shown on the light pink background, the inter- 

ace velocities are continuously decreasing as the fraction of crys- 

alline phase generated through the homogeneous nucleation and 

rowth of new crystallites increases. 

The results shown for Johnson EAM Ni in Fig. A1 c,d indicate 

hat, while the homogeneous nucleation and growth of new crys- 

allites takes place in these simulations as well, it does not pre- 

ent the steady state propagation of the two crystallization fronts, 

hich do not significantly change their velocities during the sim- 
13 
lation. Thus, we use this potential for the evaluation of the crys- 

allization front propagation velocity in the broad range of tem- 

eratures ( Fig. 2 b), and limit the range of temperatures where the 

redictions obtained with four different potentials are compared in 

ection 3.3 to 0.65 T m 

≤ T < T m 

. 

ppendix B. Generation of Frank Kasper σ-phase in Mishin 

AM Ni 

While EAM potentials have been highly successful in describing 

arious properties of materials with metallic bonding, a substan- 

ial covalent contribution to bonding in transition metals makes 

t difficult to reproduce some of the properties affected by the 

irectional nature of interatomic interactions. In particular, since 

deal hcp and fcc structures have the same number of neighbors in 

he first and second nearest neighbor shells, as well as the same 

adii of the shells, the interaction with the third nearest neighbors 

hould be sufficiently strong to distinguish between the two struc- 

ures without introducing angular dependent components of the 

otential [78] , which substantially increase the computational cost 

f simulations [79] . The ability to properly account for the contri- 

utions of third nearest neighbors is not only important for distin- 

uishing the equilibrium fcc and hcp phases, but also for the ability 

o accurately reproduce experimental values of stacking fault and 

oherent twin boundary energies, which are important for simula- 

ions of plastic deformation of materials. 

One of the ways to address this problem, proposed by Mishin 

nd used in fitting of several interatomic potentials for Ni, Al, Ti, 

g, and Cu [47 , 80 , 81] , is adding an oscillating component to the

nteratomic potential to amplify the contribution of the third near- 

st neighbor shell and reduce the contribution of the second near- 

st neighbor shell. The oscillatory nature of Mishin EAM poten- 

ial for Ni [47] is illustrated in Fig. A3 a, where the effective pair

otential ψ(r) is calculated using an approach suggested in Ref. 

82] , as ψ(r) = φ(r) + 2 F ′ ( ̄ρ) f (r) + F ′′ ( ̄ρ) [ f (r) ] 2 . In this equation,

(r) is the two-body term, f (r) is the electron density function, 

nd F ( ̄ρ) is the embedding function evaluated for a constant av- 

rage electron density ρ̄ = 0.9917 that corresponds to fcc Ni equi- 

ibrated at 300 K. The oscillating shape of the effective pair inter- 

ction function, apparent from Fig. A3 a, makes it possible to re- 

roduce the nearly exact experimental values of stacking fault and 

win boundary energies within the conventional EAM framework. 

t the same time, however, the oscillatory nature of the long-range 

art of the Mishin EAM potential also produces an unexpected side 

ffect, which shows up under conditions of deep undercooling of 

iquid Ni. 

In our analysis of the behavior of Mishin EAM Ni under con- 

itions of deep undercooling we identified clear signs of a phase 

ransformation when the liquid Ni is cooled to 0.6 T m 

and be- 

ow. As can be seen from Fig. A3 b, in the temperature range 

rom T m 

to 0.65 T m 

the coefficient of self-diffusion in the liquid 

hase Ni follows the Arrhenius temperature dependence, D (T ) = 

 0 exp (−E b / k B T ) with an activation energy of E b = 0.683 eV. As 

he temperature drops below 0.6 T m 

, however, the diffusion coeffi- 

ient experiences an abrupt drop, and the diffusion barrier changes 

o ~0.3 eV. This observation suggests a change in the structure of 

he material. A visual analysis of the system (left panel of Fig. A3 d)

lso suggests the presence of an ordered structure. Nevertheless, 

 crystal structure analysis performed with popular tools, such as 

VITO [83] and DXA [74 , 75] , are unable to identify any common 

rystal structures in these systems. 

To get insights into the structure of the phase generated from 

he undercooled molten Ni, we consider the radial distribution 

unction depicted in Fig. A3 e by the red curve. A notable charac- 

eristic of the radial distribution function is that the second peak 

s located at a distance of more than 4 Å. Given the location of the
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Fig. A3. Plots illustrating the generation of icosahedral Frank Kasper σ -phase in strongly undercooled Mishin EAM Ni. (a) The dependence of the two-body term φ(r) (red 

curve), the electron density function f (r) (green curve), and the effective pair potential [82] ψ(r) (blue curve) on interatomic distance r calculated with Mishin EAM Ni 

potential [47] . (b) Temperature dependence of self-diffusion coefficient predicted by this potential. (c) A unit cell of Frank Kasper σ -phase adapted from Ref. [84] . (d) Top 

view of a system generated in an undercooled Ni at 0.6 T m and quenched to zero temperature for 1 ps (left panel) and ideal Frank Kasper σ -phase shown with a view 

direction parallel to the c-axis (right panel). (e) The radial distribution function calculated for a system generated in undercooled Ni (red curve) and ideal Frank Kasper 

σ -phase (blue curve) computed at 0.6 T m . 
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rst peak at ~2.5 Å, the second peak can be expected at ~3.5 Å in

cc and hcp structures, and at 2.9 Å for bcc structure. This observa- 

ion confirms that the low-temperature structure cannot be associ- 

ted with common crystal phases characteristic of one-component 

etals. The large distance to the second neighbor shell, on the 

ther hand, may suggest the icosahedral ordering of the structure. 

he structure closest to the one generated in the simulations ap- 

ears to be the Frank Kasper (FK) σ -phase, as suggested by the 

imilarity of the top views (along the c -axis of the FK unit cell, Fig.

3c) of the ideal FK structure with the one obtained in the sim- 

lation of liquid undercooled down to 0.6 T m 

shown in Fig. A3 d, 

s well as by the comparison of the radial distribution functions 

hown for the two structures and the same temperature of 0.6 T m 

n Fig. A3 e. 

It has been demonstrated that the icosahedral local ordering, 

resent in the FK σ -phase, can be induced and stabilized by spe- 

ially designed interatomic pair potential exhibiting a strong oscil- 

ation at distances beyond the first neighbor shell [85 , 86] . More- 

ver, the formation of different icosahedral quasicrystal configura- 

ions in one-component systems composed of particles interacting 

ith each other through oscillating pair potentials have recently 

een demonstrated in large-scale MD simulations [87 , 88] . These 

esults suggest that the observation of the FK phase in the present 

imulations are related to the presence of oscillations in the Mishin 

AM potential, which can be seen in Fig. A3 a. 

The comparison of cohesive energies calculated with three Ni 

otentials for the fcc, hcp, and FK σ -phase and listed in Table A1 

hows that, indeed, the energy of the FK phase predicted by the 

ishin EAM potential is lower than those predicted for this phase 

y the other two potentials. Nevertheless, the cohesive energy of 
14 
cc is still lower than that of FK σ -phase, thus, suggesting that 

he generation of the icosahedral FK σ -phase structure is largely 

efined by kinetic factors. Indeed, the icosahedral ordering nat- 

rally emerges from local energy minimization and close pack- 

ng of atoms in monoatomic disordered systems [89 , 90] , and is 

ommonly observed in MD simulations of undercooled liquids and 

etallic glasses [91–93] . Experimental confirmation of local icosa- 

edral order in binary metallic glasses has also been reported [94] . 

he non-crystalline pentagonal symmetry inherent to icosahedrons 

nd other extended tetrahedral clusters makes them incompati- 

le with fcc crystal structure and contributes to the relative sta- 

ility of the amorphous structure against the crystallization [91] . 

he energy barrier for the formation of FK σ -phase, which in- 

orporates the icosahedral structural elements into the long-range 

rystal structure, can be expected to be reduced with respect to 

he fcc structure. Thus, under conditions when the energy of the 

etastable FK σ -phase is only slightly higher than that of the sta- 

le fcc phase, the formation of the former from the a strongly su- 

ercooled liquid is not surprising. 

To sum up, an oscillating component of Mishin EAM Ni po- 

ential [47] introduced in lieu of explicit angular dependence to 

rovide an accurate description of stacking fault and twin bound- 

ry energies also increases the relative stability of the icosahedral 

rank Kasper σ -phase. As a result, rapid cooling to temperatures 

elow 0.65 T m 

leads to the formation of a metastable FK σ -phase 

nstead of the nucleation and growth of the equilibrium fcc phase 

bserved in simulations discussed for FBD and Johnson potentials 

n Appendix A . Since the presence of neither FK phases nor other 

uasicrystal phases has been observed experimentally for single- 

omponent metals, the formation of FK σ -phase in simulations is 
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Table A1 

The cohesive energy E 0 and atomic volume V 0 of Frank Kasper σ , fcc, and hcp phases. 

FK σ -phase fcc hcp 

E 0 [eV] V 0 [ ̊A 3 ] E 0 [eV] V 0 [ ̊A 3 ] E 0 [eV] V 0 [ ̊A 3 ] 

Mishin EAM Ni -4.4176 10.92 -4.4500 10.90 -4.4279 10.95 

FBD EAM Ni -4.3565 11.15 -4.4500 10.90 -4.4506 10.90 

Johnson EAM Ni -4.3666 11.21 -4.4500 10.90 -4.4307 10.99 

l

t
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c

d

t

n
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c

S

m

t
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s

e
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n

Table A2 

Fitting parameters used in Eqs. (A2) -( A5 ) to describe the temperature de- 

pendence of the vacancy formation enthalpy, entropy, and free energy in 

EAM Ni and Cr crystals, as well as the equilibrium vacancy concentration 

at T m determined in MD simulations. 

H 0 
f 
, eV S 0 

f 
, k B A , eV/K 2 B , eV C, K n eq ( T m ) 

Ni 1.57 1.93 3.06 ×10 -8 306 12690 3.3 ×10 -4 

Cr 2.01 2.94 3.33 ×10 -8 48.4 13140 2.9 ×10 -3 

t

t

H

a  

p  

a

a

S

S

F

N

v

ikely to be a computational artifact related to the oscillating na- 

ure of the Mishin EAM Ni potential. 

ppendix C. Calculation of the equilibrium vacancy 

oncentration 

In order to assess the levels of vacancy supersaturation pro- 

uced by the rapid crystallization, the temperature dependence of 

he equilibrium values of vacancy concentration is calculated as 

 eq = exp 

(
−G f ( T ) 

k B T 

)
, (A1) 

here G f (T ) = H f (T ) − T S f (T ) is the Gibbs free energy of the va-

ancy formation, H f (T ) is the vacancy formation enthalpy, and 

 f (T ) is the (vibrational) entropy associated with the vacancy for- 

ation. The temperature dependence of the vacancy formation en- 

halpy H f (T ) in Ni and Cr described by Mishin [47] and Johnson 

21] EAM potentials, respectively, is calculated in a series of con- 

tant temperature and constant (zero) pressure simulations, as the 

nthalpy difference between systems with and without a vacancy, 

.e., H f = H 

( N -1) – ( N -1) H 

( N ) / N , where H 

( N ) and H 

( N -1) are the to-

al enthalpies of systems with and without a vacancy, and N is the 

umber of atoms in a defect-free system. The obtained tempera- 
ig. A4. The temperature dependences of enthalpy H f , free energy G f , entropy of vacancy 

i (a) and Cr (b) using Eqs. (A1) -( A5 ). The concentration of vacancies predicted with a c

acancy formation, S f = 0 , is shown by a dashed line in the right panels. The fitting param

15 
ure dependences of the enthalpy of vacancy formation are fitted 

o the following equation, 

 f ( T ) = H 

0 
f + A T 2 + B e −C/T , (A2) 

s shown by the red lines in the left panels of Fig. A4 . The fitting

arameters H 

0 
f 
, A , B , and C obtained for the two model materials

re listed in Table A2 . The temperature dependence of the entropy 

nd free energy of the vacancy formation can then be expressed as 

 f ( T ) = −
(

∂ G f 

∂T 

)
P 

, G f ( T ) = −T 

∫ 
H f ( T ) dT 

T 2 
, (A3) 

 f ( T ) = S 0 f + 2 AT + B 

(
T −1 + C −1 

)
e −C/T , (A4) 
formation S f , and the equilibrium concentration of vacancies n eq predicted for EAM 

onstant value of the enthalpy of vacancy formation, H f = H 0 
f 
, and zero entropy of 

eters are listed in Table A2 . 
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e −C/T . (A5) 

To obtain the parameter S 0 
f 
, which corresponds to the entropy 

f vacancy formation at 0 K, MD simulations are performed for 

rystalline systems representing free-standing films with thick- 

ess of 10 nm. The dimensions of the computational systems are 

9 × 59 nm 

2 and 75 × 75 nm 

2 in the lateral (parallel to the free

urfaces) directions for Cr and Ni, respectively, and periodic bound- 

ry conditions are applied in these directions. The initial vacancy 

oncentrations of 0.4% and 0.08% are introduced in Cr and Ni sys- 

ems, respectively, the systems are equilibrated at T m 

, and constant 

emperature simulations are performed for up to 25 ns. The free 

urfaces of the films act as sources and sinks of the vacancies and, 

y the end of the simulations, the number of vacancies reaches the 

quilibrium value. In order to check the effect of the initial vacancy 

oncentration, the simulation for Cr is repeated starting from sys- 

em with zero vacancy concentration. The vacancy concentration is 

ound to converge to the same equilibrium value. The equilibrium 

acancy concentration, n eq ( T m 

) , is then applied in Eq. (A1) along 

ith G f ( T m 

) defined by Eq. (A5) , and the parameter S 0 
f 

satisfy- 

ng this equation at T m 

is determined. The values of S 0 
f 

listed in 

able A2 , are comparable to those estimated for Ni and Cr in Ref. 

95] . 

After all the parameters in Eq. (A2 - A5 ) are determined, the 

quilibrium vacancy concentration is calculated as a function of 

emperature using Eq. (A1) and plotted in Fig. A4 . The drop of 

he equilibrium vacancy concentration by many orders of magni- 

ude with increasing undercooling is in a sharp contrast with the 

ncrease in the concentration of vacancies generated at the crystal- 

ization front, Figs. 2 c,d, 4a, 5a, and 6a, indicating that extreme lev- 

ls of vacancy supersaturation can be created by the rapid crystal- 

ization occurring under highly nonequilibrium conditions of deep 

ndercooling. In the close vicinity of the melting temperature, 

here the velocity of solidification front is approaching zero and 

he mobility of vacancies is high, the vacancy concentrations gen- 

rated in the crystallization process are approaching the equilib- 

ium values at the equilibrium melting temperatures, shown by tri- 

ngles in Figs. 2 c, 5 a, and 6 a. 

upplementary material 

Supplementary material associated with this article can be 

ound, in the online version, at 10.1016/j.actamat.2020.11.007 . 
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