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ABSTRACT

Properties of liquid metals (Li, Pb, Na) containing nanoscale cavities were studied by atomistic
Molecular Dynamics (MD). Two atomistic models of cavity simulation were developed that cover
a wide area in the phase diagram with negative pressure. In the first model, the thermodynamics of
cavity formation, stability and the dynamics of cavity evolution in bulk liquid metals have been
studied. Radial densities, pressures, surface tensions, and work functions of nano-scale cavities of
various radii were calculated for liquid Li, Na, and Pb at various temperatures and densities, and at
small negative pressures near the liquid-gas spinodal, and the work functions for cavity formation
in liquid Li were calculated and compared with the available experimental data. The cavitation
rate can further be obtained by using the classical nucleation theory (CNT). The second model is
based on the stability study and on the kinetics of cavitation of the stretched liquid metals. A MD
method was used to simulate cavitation in a metastable Pb and Li melts and determine the stability
limits. States at temperatures below critical (T < 0.5Tc) and large negative pressures were
considered. The kinetic boundary of liquid phase stability was shown to be different from the
spinodal. The kinetics and dynamics of cavitation were studied. The pressure dependences of
cavitation frequencies were obtained for several temperatures. The results of MD calculations
were compared with estimates based on classical nucleation theory.
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1. INTRODUCTION

Computer simulations are capable of studying interactions of fission gases with nuclear fuels,
structural materials and coolant, radiation damage and defect accumulation processes. Atomistic
simulation methods, such as Molecular Dynamics (MD), is a powerful method for studying
diffusion of fission gases and an initial stage of the cavitation process in liquid and solid metals
that are of interest of fusion and fission programs.

Gas bubble formation can significantly contribute to nuclear fuel aging and fracture. It is also
important for the fusion reactor first wall development at high D+, He+ fluxes from the plasma
when liquid metal becomes saturated with the light atoms [1]. Enhanced sputtering
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characteristics of low-energy light ions bombarding a liquid Li surface and the diffusion
properties of such elements in liquid metal have attracted much attention because of the
important feasibility studies of using liquids as a plasma-facing component (PFC) for future
tokamak devices [2].

Liquid sodium is the coolant material for fast reactors and its void formation characteristics are
important to mitigate the accidents when the void activation coefficient becomes positive. Liquid
lead is a basic component of the promising heat-transfer materials in the new type of power
reactors with fast deuterium-tritium fuel ignition [3]. The performance of such systems is
substantially deteriorated by continuity loss (cavitation) in the heat-transfer material. This is
caused by the negative stresses that arise due to microexplosions in the working chamber.
Therefore, the cavitation kinetics in the heat transfer material under dynamic tensile stresses is an
important task which should be solved, in order to control the system functioning.

MD study of the gas bubble and cavity formation in simple bulk liquids is a well studied area of
statistical mechanics [4-18]. Classical nucleation theory (CNT) has been reviewed in [4].
Density profiles p (r), normal and tangential components of the pressure tensor Px(7) and Pr(r),
using both the Irving-Kirkwood and Harashima definitions of P were obtained in [5] where these
variables were applied to define the surface tension of a Lennard-Jones fluid. The surface
tension of a LJ fluid was determined by MD simulation in [6-8] by using Tolman’s length in the
limit of small curvatures. The calculated Tolman’s length was positive in [6-9]. MD study of
water at elevated temperatures was conducted in [9]. By using a Nosé-Hoover thermostat and a
truncated and shifted LJ interatomic potential, the authors of [10] concluded that there is no
curvature dependence of the surface tension which contradicts to the results of other papers. The
probability of finding a void in a LJ liquid was studied in [11].

Surface tension of bubbles and droplets followed to a Tolman’s relation was found in [12, 13]
where a LJ potential was employed. However, the surface tension of bubbles was obtained to be
much less (15% of the planar surface) strongly deviating form that of a droplet which has much
bigger difference compared to the flat surface.

Spinodal lines (or Thermodynamic Limit of Metastability - TLM) for monatomic and diatomic
liquid oxygen modeled via one- and two-center LJ interatomic potentials were calculated by MD
in [14]. A Kinetic Limit of Metastability (KLM) which defined as a lowest density at which the
liquid was homogeneous, was also calculated

A nonequilibrium MD method was employed to study a local liquid heating that was generating
bubbles in Ref. [16]. After an energy exchange of the bubbles with the ambient liquid, the
bubbles are cooled down and eventually dissolved in the bulk liquid. The authors compared the
microscopic dynamics of the bubble dissolution obtained by MD with the results of the
hydrodynamic Rayleigh-Plesset equation; and they have confirmed that the hydrodynamics is
reliable even at such small scales.

Structure of a curved interface and many physical properties of bubbles, droplets and cavities in
a LJ-liquid were studied by a MC method in [17-19] and by analytical methods such as Density
Functional (DF) method, generalized van der Waals, and a Mean-Field theory in [20-23].
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The aim of this paper is to develop a method of studying metastable liquids at negative pressures,
by calculating stability, normal and tangential pressure tensors, density and Gibbs energy of the
stable nucleus, by using MD simulation method.

Studies of cavitation are of great interest for practical applications and theory because this
phenomenon is frequently encountered in practice in processes accompanied by metastable
liquid formation and because studies of cavitation allow the mechanisms of new phase formation
to be understood more thoroughly. The traditional method for describing the kinetics of
cavitation is classic nucleation theory based on thermodynamic calculations of the work of new
phase nucleus formation and solution of the kinetic equation for the size distribution of nuclei
[24-27]. The use of classic nucleation theory in practice, especially at negative pressures, is
often complicated by uncertainty in the actual accuracy of model concepts on which the theory is
based and the absence of both reliable data on surface tension at the inter phase boundary and the
equation of state of metastable liquids. The use of classic nucleation theory is also limited as
concerns closeness of the phase state to the phase stability limits (spinodal).

The MD method allows cavitation to be studied at a microscopic level, solely on the basis of the
selected interatomic interaction potential, and without additional assumptions on the mechanisms
of cavity formation and growth. For instance, cavitation in a Lennard-Jones liquid was studied
by the MD method in [28, 29], where the influence of the cutoff radius of interparticle interaction
potentials was analyzed. The appearance and growth of a localized vapor nucleus was clearly
seen in a system of 10976 particles [30]. A method for calculating the frequency of
homogeneous nucleation in a metastable phase simulated by the MD method was suggested in
[30-33] for the example of nucleation in a superheated crystal. This method was based on
averaging the metastable phase lifetime over an ensemble of independent MD trajectories.

The aim of this paper is to develop a computer simulation method that will enable bubble, cavity
and void stability and growth when light ions/atoms are implanted into liquid Li, Pb, Na, and
nuclear fuels by using MD and Computational Fluid Dynamics (CFD) methods.

In the present work, MD with a realistic interatomic potential for Pb was used to study the
stability limits of liquid lead and the kinetics of cavitation at large negative pressures and
temperatures substantially lower than critical (T < 0.5 Tc). The results of MD simulations are
compared with classic nucleation theory predictions.

2. COMPUTATIONAL MODELS AND METHOD

Structure and dynamical properties of liquid Li and lead were studied by MD at various
temperatures and densities along the melting line for solid lithium and far below this line. A few
different effective inter-ionic potential for liquid Li and Pb were used in this work [34-36]. The
trajectories of atomic motions were calculated by the numerical integration of a system of
classical equations of motion using the difference scheme of the second order of accuracy.
Constant temperatures were set and maintained using the Langevin thermostat scheme. An MD
model of bubble nucleation is developed based on the classical nucleation theory. According to
this theory, nucleation of the bubble is a process controlled by an energy barrier which is defined
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by interplay between the volume and surface energy contributions into the total system. This
energy barrier defines the critical bubble radius: bubbles smaller than the critical one tend to
shrink their sizes and collapse; those bubbles that are larger — tend to continuously grow.

0.8

& - Exp. Li density
O - CGP-data

. : — LJ-Binodal
30 S e YR N S S N S

0.6

TR S T S - —

TiTer

I
02 o AN
TR s S [

0 ; ; : f f ;
0.8 085 0.9 0.95 1 1.05 11 115
Density, pc’

Fig. 1. Phase diagram for liquid Li. Dash line and diamonds — experimental liquid
lithium densities [37], open circles — the parameters for five liquid Li potentials
developed in [38]. The density is given in the reduced units p0'3 (o =2ry, rp=2.9051A);
solid line is the LJ-binodal [39]. The shaded area shows the parameters of liquid lithium
that were used to model cavities in this work.

2.1. Thermodynamics of Small Cavity

Structure and dynamical properties of liquid Li were studied by MD at various temperatures and
densities along the melting line for solid lithium. Two different types of effective inter-ionic
potential for liquid Li were used for this work. The first potential was developed for five
different temperatures: 470, 525, 574, 725, and 843 °K and corresponding densities, o, g/cm3 :
0.513, 0.508, 0.505, 0.484, and 0.480, along the melting line in [38] (CGP-potential).

The second Li-Li potential was developed based on a local density approximation and is given in
an analytic form [40] (LBP-potential). This potential is convenient for modeling liquid Li surface
by MD method as it is available for wide temperature and density ranges. For a system with N
atoms, the total potential energy of the ionic sub-system can be represented as:

Ucoh = Uel + U

rep?

Where Uy, is electronic energy and Uy, is the repulsive ionic interaction represented by the Born-
Mayer potential:
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where &, ry are the equilibrium energy depth and interionic distance, go” is the hopping integral,
and p, g are the dimensionless parameters that fit the potential and they are given in [40].
Interatomic interactions between lead particles were modeled via a glue many-body EAM
potential for Pb developed in [41].

(1)

Although the liquid metal used as a plasma facing material of the fusion device in reality contain
gases such as hydrogen or helium, two our MD bubble models consider cavities containing only
metal atoms, i.e. without any light ions or atoms. Such simplification of the model is based on
the calculation results that the total energies, pressure tensors, and surface tensions of the cavities
do not drastically change if helium atoms were placed inside the cavity, due to a weak interaction
of helium with lithium. Our models do not applicable to hydrogen bubbles as hydrogen can form
a chemically stable hydride with metals. Therefore, this model can be a valid approximation of
the helium bubbles in plasma facing fusion materials.

We obtained radial pressures around a bubble in liquid in analogy with the droplet capillary
theory [5, 21]. Similar approach was used in [12, 13] where bubble formation and their stability
were studied by MD in a LJ-system.

Pr)= B, ()4 B, ().
B r)= Ry )+ - )

dr
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P (r)= p(r)k T, @)
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The average radial densities p(r) and pressures were calculated as a ratio by dividing the number
AN of particles confined within a narrow spherical layer dr to the value of dr:

()= (M5, ok 3)

Px(7) 1s the normal and Pr(r) the transverse components of the pressure tensor P(r) of the cavity
and r is the distance from the center of the cavity. See the details in ref. [5] where similar
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formulas were used for an exactly opposite case — droplet formation in gas. Pk (7) is the kinetic
and Py (r) - the potential terms of the pressure, U is the interaction potential for which an EAM
many — body potential was used, P; and P, are the liquid and the gas pressures inside the cavity.

RS — 27/5 ,
b-F,
U . d 4)
R =— I 22 gy,
pl _pg 0 dr
Ry is the the radius of the surface of tension and R, — the equimolecular dividing radius [13].
s/ 1220 s5_R R 5
7/00 R B e S ( )

N

Where ys — the bubble surface tension, v, — the surface tension of a flat plane, 5— a typical
thickness of the curved interface, and J/R; is a small parameter in the Tolman’s formula (4).
The surface tension of the cavity gives the free energy barrier according to the main CNT
formula:

AQ(r)= —iﬂl"3 Ao+4rr’ -y,
3 (6)
Aw=P,-F

Where the first term is a volume gain contribution (a negative) term and the second term — is the
surface energy loss contribution (a positive) term.

According to the CNT, nucleation of a microscopic bubble is a process controlled by the energy
barrier which is defined by interplay between the volume and surface free energy contributions
into the total energy. This energy barrier defines the critical bubble radius: bubbles smaller than
the critical one tend to shrink in size and eventually collapse; those bubbles that are larger than
the critical one — tend to continuously grow. Therefore, the MD models developed in this work
should be able to predict the energy barrier (or work function) and the critical bubble size.

Two different MD models of bubble formation were developed in this paper. First model defines
the critical radius of the bubble by using the CNT theory and using MD as a means for obtaining
the surface tension of the cavities in liquid metal. As an example, this model was applied to
cavities in liquid lithium.

According to the second model, the rate of a spontaneous phase transition was defined by a mean
number of critical nuclei formed in unit volume per unit time, that is, by the cavitation frequency
J. In this work, the cavitation frequency was calculated as J = 1/ (<z>V), <z> is the mean
lifetime; V is the simulation box volume.

In this work, we considered systems with up to 10° atoms in the simulation box. Three-
dimensional periodic boundary conditions were used. The trajectories of atomic motions were
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calculated by the numerical integration of a system of classical equations of motion using the
difference scheme of the second order of accuracy with a 1 fs time step. Constant temperatures
were set and maintained using a Langevin thermostat scheme.

2.2. Kinetics of Cavitation

2.2.1. Computational model

Interatomic interactions are described by a many-particle potential for Pb, Li from the set of
embedded atom model potentials [40, 41] suggested in [36]. Interaction energy can then be
represented by the sum of two terms.

E=2 ¢0;)+ 2 F(p) ™

i<j

The first term corresponds to a pair interaction potential. The second term describes many-
particle interactions, the embedding function F in it depends on the effective electron density on
atoms. The latter is in turn a function of the distance between atoms,

p =2 p(r) 8)

J#i

The Pb potential parameters were adjusted in [36] using the condition of correspondence to the
properties of the crystalline phase (its binding energy, surface energy, elastic constants, phonon
frequencies, thermal expansion, and temperature of fusion). This potential was successfully used
to study surface and cluster fusion and crystallization and vaporization of nanoclusters [42]. It
was, for instance, shown that the temperatures of fusion (618 + 4 K) and vaporization (~2050 K)
of MD models based on this potential were in close agreement with the experimental values for
lead (600.7 and 2033 K, respectively). In addition, because of the inclusion of the many-particle
contribution, embedded atom potentials describe the behavior of particles on an open surface and
therefore all phenomena related to liquid—gas phase transitions better than pair potentials.

In this work, we considered systems with from 13500 to 500000 atoms in the basic cube. Three
dimensional periodic boundary conditions were used. The trajectories of atomic motions were
calculated by the numerical integration of a system of classical equations of motion using the
difference scheme of the second order of accuracy with a 1.43 fs time step. The instantaneous
temperature (T) and pressure ( p ) averaged over the cell volume were calculated as

2m v V] 1 l — =
T = L P=—|Nk,T+=YFF | 9
3kBNZf-l 2 V( ? 22,.: j ®)

Where & B is the Boltzmann constant, m is the mass of the atom, V" is the calculation cell volume,
and F i is the force acting on particle i . Constant temperatures were set and maintained using the
thermal stabilization scheme (a thermostat), that is, additional Langevin terms were introduced
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into the equations of motion, namely, self-consistent white noise and friction [43], whose total
influence was small compared with that of interatomic interaction forces.

The initial configuration of atoms corresponding to the liquid phase was generated as follows.
First, a configuration which was a face centered cubic (FCC) lattice of atoms with the required
density p = mN / V and velocities randomly selected according to the Maxwell distribution
corresponding to temperature 7 was constructed. Liquid metastable states at density and
temperature values that excluded the possibility of solid phase existence were studied. For this
reason, the lattice underwent fusion in several dozen femtoseconds during MD trajectory
calculations, and the system became a liquid with the given temperature 7, which was then
maintained by the thermostat for several picoseconds. The final configuration of preliminary MD
calculations was the sought initial configuration. We used different initial velocity distributions
corresponding to the same temperature and density to produce an ensemble of independent initial
configurations corresponding to the liquid at given p and 7.

2.2.2. The stability limits of the metastable liquid phase

We considered cavitation in the liquid at large negative pressures corresponding to states close to
the stability limits (spinodal). Experimental data on liquid metal spinodals (including Pb
spinodal) are currently unavailable. General liquid phase spinodal characteristics in the region of
negative pressures at low temperatures (0 < 7'< 0.5 7 ¢ ) have also been studied poorly (e.g., see
[44]). The position of the spinodal of liquid lead can be preliminarily estimated on the basis of
MD calculations of the spinodal of a Lennard-Jones fluid [45] using the concept of
thermodynamic similarity with respect to the critical parameters (Fig. 1a). We therefore
performed preliminary estimates of negative pressures corresponding to a strongly stretched
metastable lead melt in the temperature range studied.

Spinodal position calculations for the MD model under consideration were performed by
calculating the p—p dependence along isotherms and determining the (dp/dp)r = 0 point by
extrapolation (see Fig. 1b). MD trajectories 100-200 ps long were calculated for all densities at a
fixed temperature. The degree of metastability was low at high densities (for instance, at p > 9.8
g/em’ for T'= 1000 K), and no cavitation occurred in the system during the time of computations.

The lifetime of metastable liquids t decreases as the density lowers, and cavitation can occur
during computations. Isotherms were constructed by averaging pressure p over the MD trajectory
portion up to the beginning of the phase transition (0 < ¢ <t ). Because the selection of the
extrapolation function is uncertain (we used polynomials of degrees n = 2—4), spinodal points are
determined not unambiguously, to within ~7% for p and ~3% for ) . Figure 1b shows that
stability loss in calculations at lower temperatures occurs earlier than (dp / dp )r becomes zero.
The stability loss and ( dp / dp )7 = 0 points approach each other as the temperature increases
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Fig. 2. p—T—p diagram of lead: (a) (1) experimental melting curve and its extrapolation
to negative pressures by the Simon equation p/p* = (T/Tm)c — 1 (p* =5.11 GPa, Tm =600
K, and c = 1.65), (2) vaporization curve, and (3) liquid lead spinodal estimated by the
renormalization of the Lennard-Jones system spinodal with the use of critical point
parameters (Tc = 5400 K and pc = 0.175 GPa [47]); the hatched region corresponds to
the supposed coolant working parameters in FIHIF reactors [48,49]; (b) isotherms of
liquid lead over the temperature range 700-2700 K drawn in steps of 100 K; points 4
obtained in MD calculations are linked by solid lines for clearness (also see [50]).
Common to (a) and (b): 5 labels the points at which (dp/dp)t = 0 for the approximation
of lead isotherms by polynomials (see Fig. 2b (1b), 6 corresponds to the points at 700,
1000, and 2000 K at which the cavitation rate is 1028, 1029, and 3 - 10” cm™/s (the closer
the point to the spinodal the higher the corresponding cavitation rate), and points 7 are
estimated points at which the cavitation rate has one of the values specified above over
the temperature range 700-2700 K.
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Fig. 3. (a) Instantaneous pressure p values depending on time t during spontaneous
decomposition of the stretched liquid (300 K, 7 is the metastable state lifetime along the
given MD trajectory); numbers correspond to system configurations shown in Fig. 2d,
configurations 1, 2, and 3 correspond to time moments 21.5, 24.7, and 27.2 ps,
respectively; (b) pair correlation functions for time moments 1, 2, and 3 (see Fig. 2a); (c)
dependence of the cavity diameter on time along axes X and y at 300 K and the degree of
stretching with respect to the density at zero pressure equal to 1.19; the characteristic
time of one oscillation (its half-period) is also shown; and (d) sections of the calculation
cell atomic structure corresponding to states 1, 2, and 3 in Fig. 2a; section 1 contains a
metastable liquid phase before cavity formation, section 2 corresponds to the beginning
of cavity formation, and section 3 shows the cavity formed.
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The calculated values are somewhat larger than those obtained in preliminary spinodal estimates
by similarity relations (comparison should take into account possible errors in the experimental
lead critical parameters). The closeness of the calculation results and preliminary spinodal
estimates may be evidence of universal similarity of the spinodals of simple liquids at low
temperatures. We stress that the interatomic interaction models actually compared, that is, the
Lennard- Jones pair potential with an interaction radius of up to three coordination spheres and
the many-particle embedded atom potential with an interaction radius of up to two coordination
spheres, are qualitatively different. Note in addition that, as distinct from the results for a
Lennard-Jones system [45, 46], the Pb melt spinodal does not intersect the continuation of the
line of lead melting into the region of negative pressures according to the Simon equation, which
is evidence that the crystal and liquid can be at equilibrium over the whole range of metastable
states.

2.2.3. Cavity formation

The time dependence of pressure in the calculation cell along one MD trajectory is shown in Fig.
3a. Numbers / — 3 label system states before, during, and after cavity formation, respectively.
The horizontal dependence portion corresponds to the liquid phase, and its length determines
lifetime t . The pair correlation functions g ( 7 ) for system states from Fig. 3a are shown in Fig.
3b. We see that the shape of g ( 7 ) changes during cavity formation. In particular, the second
poorly defined peak disappears. The calculation cell sections corresponding to the system
configurations specified in Fig. 3a are shown in Fig. 3d. Visual examination (with taking into
account the symmetry parameter of atoms also) did not reveal crystal traces in the cell.
Cavitation in the model under consideration is in character random homogeneous nucleation
because of the absence of surface effects and spatial inhomogeneities in the periodic boundary
conditions. The instant when cavity formation begins depends on local fluctuations of particle
velocities and distances between the particles that form a nucleus of the new phase (cavity).
According to visual estimates, the critical nucleus size corresponds to the volume of no more
than 10-100 atoms in the density and temperature regions studied. For this reason, periodic
boundary conditions do not influence the initial cavitation stage. Explosive cavity growth results
in rapid stretched liquid unloading. When the cavity becomes commensurate in size with the
calculation cell, the influence of periodic boundary conditions becomes substantial and requires a
separate study (continuous medium equations [29] can be used to describe cavity growth into the
region of supercritical sizes). The cavity ceases to grow with time in our model, and its size
oscillates for some time (two or three complete oscillations) before it takes on a stationary value.
Oscillations then die down. The characteristic time of oscillations (their half-period) is ~2.5-3 ps
(see Fig. 3c¢).

We observed the appearance and growth of several nuclei simultaneously at 1000 and 2000 K.
The lifetime of the system (up to a pressure jump) was then determined by the appearance of the
first nucleus. The number of nuclei in the calculation cell and the rate of their appearance were
largely determined by the proximity to the spinodal. The number of cavities formed during the
time of computations increased as the size of the system grew (Fig. 5).
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2.2.4. Cavitation rate
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Fig. 4. Number of MD trajectories m(7) from the ensemble of M independent
trajectories. For each of the m(7) trajectories, the instant of the beginning of cavitation
(lifetime ;) lies in the interval (t, T + At). Calculation results for various pressure p
values at T =700 K are shown (At = 15 ps): (1) p =-3.95 GPa, M = 46; (2) p =-3.91 GPa,
M = 232; and (3) p =-3.89 GPa, M = 142. For comparison, the dependences obtained for
the model according to which cavitation is a random Poisson process (2) are shown by
straight lines (planes).

The lifetime of a uniform metastable liquid phase along one MD trajectory depends on the initial
configuration and distribution of particle velocities and, the initial conditions being equal,
integration step [29,32]. Statistical averaging for the given thermodynamic state (p, 7, p) is
performed over an ensemble of M independent initial configurations, each characterized by the
corresponding lifetime t; (i = 1, ..., M). According to the model that treats homogeneous
nucleation as a random Poisson process, the distribution of lifetimes t; over the ensemble of
initial configurations has the form [24, 25]

M -Ar T _ 1 ¥
mrz)=——=exp|——| T=—)T71, 10
(7)== p( T_J MZ (10)

where m(t) is the number of trajectories from the ensemble of M trajectories along which
cavitation occurs during the (1, T + A1) time interval and is the mean lifetime. Examples of
distributions obtained in our calculations are shown in Fig. 4.
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Fig. 5. Pressure p dependences of cavitation rate J along three isotherms: 700 (orange),
1000 (baby blue), and 2000 K (gray) for Pb and 700 (red), 1000 (blue) and 1300 K
(green) for Li. Calculation results (solid circles for Pb and stars for Li) are given with
errors corresponding to the error in mean lifetime determination. The filled areas and
dashed lines of the J—p plane regions correspond to calculations according to (3) for the
temperatures specified above taking into account errors in surface tension values c for
liquid lead (for liquid lithium this error was not considered).

We see that model (2) fairly well describes the cavitation process under consideration. The
obtainment of distributions with a well-defined exponential form requires the accumulation of a
large statistic (M > 100-200). The root-mean square error in determined from M measurements
is . =7/+/M for the exponential distribution law. The rate of a spontanecous phase transition is

usually characterized by the mean number of critical nuclei formed in unit volume per unit time,
that is, by the cavitation rate J. In this work, the cavitation rate was calculated as J = 1/(7 V).
The calculation results are shown in Fig. 5.
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4. RESULTS AND DISCUSSION

Helium bubble nucleation and growth in liquid Li was simulated by MD method and compared
with the classical nucleation theory. The classical nucleation theory of bubble formation in
liquids predicts the existence of a critical bubble radius [39]. According to this theory, bubbles
smaller than a critical bubble size should eventually be dissolved in liquid. Those bubbles that
are larger than the critical one should grow. Upon continuous growing, such bubbles move
toward the open surface and eventually blow up, thus producing splashing and macroscopic
erosion of the liquid surface.

The lifetime of a uniform metastable liquid phase along one MD trajectory depends on the initial
configuration and distribution of particle velocities and, the initial conditions being equal,
integration step. Statistical averaging for the given thermodynamic state (p, T, p) is performed
over an ensemble of M independent initial configurations, each characterized by the
corresponding lifetime 7; (1 = 1, M). Homogeneous nucleation can be described as a random
Poisson process. We see this model fairly well describes the cavitation process under
consideration. The obtainment of distributions with a well-defined exponential form requires the
accumulation of a large statistic (M > 100-200). Generating of a big number of trajectories for
statistical analysis is a very efficient task for the parallel calculations on a computer clusters.
The rate of a spontaneous phase transition is usually characterized by the mean number of
critical nuclei formed in unit volume per unit time, that is, by the cavitation frequency J. In this
work, the cavitation frequency was calculated as J = 1/(<t>V), <t> is the mean lifetime, V is the
simulation box volume. The calculation results qualitatively correctly reproduce classic
nucleation theory estimates, but quantitative agreement worsens as the temperature increases.
This difference can be interpreted as systematic lowering of the work W of critical nucleus
formation in the approach [4]. The discrepancy between theory and calculation results can be
decreased by including the dependence of surface tension on surface curvature. The existing
models of the nuclear fuel bubbles due to fission gases release were analyzed and feasible
models were discussed. A Computational Fluid Dynamics model of large bubbles in nuclear
fuels was developed and the results were compared to the atomistic simulation results.

4.1. Energy barrier for cavity formation in liquid Li

Fig. 6 (a-f) shows six cavities that were placed in the middle of the computational cell in liquid
Li at a liquid density of 0.480 g/cm’. The temperatures of the system were scaled down a stable
cavity was obtained and were below the binodal line shown in Fig. 1 by a dash-line. Each cavity
was equilibrated until the temperature was not stabilized within ~ 10 ps, and after that the
physical properties such as the radial density, pressure tensors, and surface tensions were
calculated. If the temperature showed growth by more than 5% of the initial one, the initial
temperature was decreased and the simulation started again, until a stable cavity was obtained.
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Fig. 6a-f). Cavities studied in this work with the following radii: a) 3, b) 4, ¢) 5, d) 6,
e) 7, and f) 8ay, where ay is the Li bec lattice parameter obtained from the density as: a,
= (2mo/p)'"?x10® A; me=1.15257x10" g, is the Li atomic mass.
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Fig. 7. Radial density for six stable cavity sizes at 100°K in reduced units where o= 2r,.
(ro=2.9052 A)
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The next figure 8 (4) shows the normal component of the pressure tensor for all cavities modeled
in this work.

0.00 | sovoosesaosasaoy | ¥ 3%
bz L \ —a—. =73
3 ) 30a,
-0.06 : — N i
0 10 20 30 40 50

r, A

Fig. 8. Radial component of the pressure tensor at 100°K in reduced units where o= 2r,
(ro=2.9052 A and £ = 1 eV).

By using formulas (2-5), the surface tensions were calculated for all cavity sizes and all
temperatures (Fig. 9 (5). Fitting of the calculated results for the surface tension to the Tolman’s
formula is shown in Fig. 10a (6a). This comparison shows a drastic difference between the
surface tension ratio for the plane surface; and these results are a few times are higher than the
Tolman’s data. Fig. 10b (6b) shows our main calculated results for the free energy barrier
obtained in this work for the first time. One cavity with the radius 7a( was calculated twice with
the different system sizes of 20ay and 30ay. It clearly shows that there exists an energetic barrier
in compliance with the CNT of new phase formation.

4.2. Cavitation rate in liquid Pb

The calculation results are interesting to compare with classic nucleation theory predictions. Let

us use the temperature dependence of the rate of nucleation determined according to Zel’dovich
(see [4, 24]) as:

20 w 1670°
J=L | exp| - |, W= (11 (3)
m \ 7mm k,T 3(P-P")
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Fig. 9. Temperature dependence of the radial density and the radial component of
the pressure tensor for the cavity with the radius of 73y, in reduced units where o= 2r,
(ro and ¢ are the same as in Fig. 7,8).
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Fig. 10. a) Fitting the results for surface tension obtained by these MD calculations to
the Tolman’s formula (see Eq. 5). b) Free energy barrier calculated by formula 6 in this
work for six cavities. One cavity with the radius 7ay was calculated twice with the
different system sizes of 203, and 30a,.

where o is the surface tension along the vaporization line at temperature 7, W is the work of
critical nucleus formation, and p' is the vapor pressure in the critical nucleus. Approximation 11
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was selected because of the simplicity of the pre-exponential factor, which only contained ¢ of
all the special metastable liquid parameters. Equation 11 was compared with the results of MD
calculations on the assumption that the pressure in the system containing a critical nucleus was
equal to the mean pressure along the metastable region (0 < ¢ < 1) and the vapor pressure in the
critical bubble was negligibly low, p' << p. The latter assumption was used because the density
of vapor at low temperatures (7 < 0.57c) was low and critical bubbles were virtually empty.
Bubble growth corresponded to the transfer of holes (vacancies) from the liquid rather than the
transfer of molecules into the vapor phase. We used the experimental data on the surface tension
of molten lead along the vaporization line [50]. The surface tension ¢ very strongly influences
the work of critical nucleus formation and, therefore, the temperature and pressure dependences
of the nucleation rate. For this reason, the spread of experimental data was included in the form
of the confidence interval ¢ min < 0 < G max heuristically constructed on the basis of the
uncertainty of the linear approximation of experimental data in the region of high temperatures
[51]. Equation (3) was therefore used to obtain the J(p, G), G min <G < G max, regions.

It follows from Fig. 5 that the calculation results qualitatively correctly reproduce classic
nucleation theory estimates, but without quantitative agreement. When (11) is used, this
difference can be interpreted as systematic lowering of the work W of critical nucleus formation.
The discrepancy between theory and calculation results can probably be decreased by including
the dependence of surface tension on surface curvature (e.g., see [24, 52]). The calculation
results may be evidence that the surface tension of bubbles of the critical size is larger by 5-10%
than its value for a plane interface. Note that a consistent comparison of MD simulation results
and various classic nucleation theory approximations should involve the independent
determination of the temperature dependence of surface tension along the liquid—vapor
equilibrium line performed using the same MD model. Although the calculation results are in
acceptable agreement with the classic nucleation theory approximation under consideration, the
critical nucleus size estimated by this theory is N, = (o/m) (41/3) (26 /|P|)’ ~ 1 atom (p/m =
2.82x10%® M'3, T="700K, 6 =0.431 N/m, P =-3.89 GPa), which is, generally, outside the
applicability range of the macroscopic classic nucleation theory approach in the region under
consideration.

Our consideration of cavitation is limited to homogeneous nucleation in pure lead. The
homogeneous nucleation frequency is exponentially small far from the stability limits of the
metastable liquid because of the high activation barrier to spontaneous fluctuation cavity
formation. Cavitation in a coolant in the practically important region of power plant functioning
parameters should largely occur by the heterogeneous mechanism of nucleation on impurities
and inhomogeneities (such as, for instance, lithium atoms in the Lil 7Pb83 eutectic [48, 49]). MD
heterogeneous cavitation rate calculations can be performed using a correct model of interactions
with impurity atoms. Homogeneous cavitation in molten lithium was considered in [53].

Since the selected method of calculations can be used at various numbers of particles, the
question arises of the extent to which the results depend on the size of the calculation cell. We
determined the particle number dependencies of metastable liquid pressure and temperature at
realistic particle number values (from 500 to 500000 particles in the cell). It was found that the
size of the system substantially influenced parameter fluctuations with respect to their mean
values rather than the mean values themselves, in accordance with theoretical predictions. As
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concerns the influence of the system size on the rate of cavitation, the cavitation rate was
independent of volume because the number of critical nuclei increased as the volume grew (Fig.
11.
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Fig. 11. Image of the calculation cell (500000 atoms) with only the atoms largely situated
at cavity boundaries and having the smallest number of neighbors in a sphere of a
certain radius selected from clearness considerations.

On the other hand, the degrees of metastability obtained experimentally cannot be studied by the
MD method because of a comparatively long metastable phase lifetime. On the whole, the ratio
between the volume of the calculation cell and the lifetime is only determined by system
closeness to the spinodal. Clearly, when we infinitely increase the volume of a system, it can be
treated as a collection of small volumes (the number of particles in such a small volume should
at least be sufficient for the formation of a new phase nucleus), where cavitation occurs
independently. As was shown, the probability of the appearance of a nucleus in each small
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volume had a Poisson distribution. It is then clear that the larger the system, the higher the
probability of formation of the first cavity in a shorter time in it. In our view, the number of
nuclei in a unit substance volume is volume-independent. The same reasoning explains the
formation of a large number of cavities as the size of the system increases. The preliminary
results were published in [51].

4. CONCLUSIONS

The rate (frequency) of cavitation (nucleation) is J= 1/(7 V). The question arises of how the
results of our calculations can be extrapolated to the region of large volumes. Indeed, at J =
const, we find that the metastable phase lifetime vanishes in macroscopic volumes (V—>o).
Currently, MD simulations are performed for small volumes, whose lifetime can be determined
in numerical experiments. Clearly, the state of a substance as close to the spinodal as in
numerical experiments can hardly be obtained experimentally. For this reason, macroscopic
substance volumes cannot exist at the degrees of proximity to the spinodal attainable in MD
experiments.

Bubble formation and growth in liquid Li was also studied by simulating the nucleation and
growth of cavities of various sizes in a bulk liquid Li system by MD method. Our results show
that the small cavities will be easily dissolved in a liquid at 470K. However, if the cavity size
becomes larger than a critical one, the cavity grows. We conclude that bubble formation
mechanism in liquid Li has a high probability in saturated states.

A MD method with the realistic interatomic potential for Pb was deployed to calculate the
homogeneous cavitation rate pressure dependence in liquid lead under negative pressure near the
liquid spinodal. The results of MD simulations are not in agreement with the simple classic
nucleation theory approach. At the moment it is not clear if this discrepancy can be attributed to
the shortcomings of the potential or the kinetic model deployed. However the method presented
gives the possibility of the direct calculation of the cavitation rate. Currently the similar
calculations are carrying out for liquid Li and Pb-Li alloy under negative pressures.

Bubble formation in liquid metals (Li, Pb) was studied by MD simulation method by employing
many-body EAM-potentials the nucleation and growth of cavities of various sizes in a bulk
liquid Li system by MD method. Six cavity sizes with the radii of ¢, = 10-30A were modeled
at the density of 0.480 g/cm® and at various temperatures below the binodal curve on the phase
diagram of the liquid lithium.

The radial densities, normal and tangential pressure tensors, surface tensions and free energy
barrier of small cavities in liquid lithium were calculated at various temperatures.

This MD simulation has confirmed the existence of the critical radius of the cavity in liquid
metal for the first time. We also showed that the cavity formation in liquid Li complies well
with the predictions of the classical nucleation theory. However, the surface tensions obtained
by MD simulations are more than 2 times higher than those predicted by classical nucleation
theory for a flat surface.
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We conclude that bubble formation mechanism in liquid Li has a high probability in saturated
states. It could significantly contribute to surface erosion thus explain recent controversial
experimental results.

The MD method with the realistic interatomic potential for Pb was deployed to calculate the
homogeneous cavitation rate pressure dependence in liquid lead under negative pressure near the
liquid spinodal. The results of MD simulations are not in agreement with the simple classic
nucleation theory approach. At the moment it is not clear if this discrepancy can be attributed to
the shortcomings of the potential or the kinetic model deployed. However the method presented
gives the possibility of the direct calculation of the cavitation rate. Currently the similar
calculations are carrying out for liquid Li and Pb-Li alloy under negative pressures.

SOFTWARE USED AND CALCULATION FEATURES.

To provide an ability of fast parallel calculations we have used LAMMPS free MD simulation
package:_http://lammps.sandia.gov. It has built-in MPI support. MD problems are easy to
compute parallel because of particular procedure of particle numeration and interatomic force
calculation. In addiction the method of cavitation rate calculation mentioned above is also easy
make parallel: the need to have a variety of independent initial configuration and hence of
independent MD trajectories let us compute each MD trajectory on a single processor (or single
cluster also possible).
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