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Abstract. We present our models of the tensile fracture of metals in the solid and molten
states, the melting and the plastic deformation of the solid metals. Also we discuss
implementation of these models for simulation of the high current electron beam impact on
metals. The models are constructed in the following way: the atomistic simulations are used at
the first stage for investigation of dynamics and kinetics of structural defects in material (voids,
dislocations, melting cites); equations describing evolution of such defects are constructed,
verified, and their parameters are identified by means of comparison with the atomistic
simulation result; finally, the defects evolution equations are incorporated into the continuum
model of the substance behaviour on the macroscopic scale. The obtained continuum models
with accounting of defects subsystems are tested in comparison with the experimental results
known from literature. The proposed models not only allow one to describe the metal
behaviour under the conditions of intensive electron irradiation, but they also allow one to
determine the structural changes in the irradiated material.

1. Introduction

Impact of the high-current electron beam [1-4] on a metal provokes a variety of non-equilibrium
dynamic processes. The main effect of the beam is in the rapid heating of substance inside the energy
absorption area accompanied by melting. The range of the fast electron reaches half a millimetre or
more for the electron energy of about 1 MeV [1-3]. Using the value of 5 km/s as a typical sound
velocity in solid metals, one gets the mechanical relaxation time [4] of about 100 ns. Therefore, an
electron irradiation pulse with the duration of about several tens of picoseconds produces heating in an
almost isochoric mode similar to the powerful femtosecond laser pulses [5,6]. The isochoric heating
increases pressure up to several tens of gigapascals [1-3] at the typical beam parameters. The
subsequent expansion of the heated and stressed surface layer produces a compression pulse consisting
of a shock wave followed by a rarefaction wave and propagating deep into the irradiated metal. The
compression pulse induces the dynamic plastic deformation with a substantial change of the material
microstructure [3], and the pulse reflection from the rear free surface of the irradiated sample can lead
to the tensile (spall) fracture [1-3,7]. The melt inside the energy absorption area also reveals a rich
physical behaviour. The melt expends initially due to the pressure gradient, and then by inertia. The
expansion by inertia transfers the melt into the metastable state at a negative pressure, which leads to
the tensile fracture of melt by means of cavitations [8,9]. A complete mathematical model of the high
current electron beam interaction with metals should take into account all the mentioned processes.
Among other things, this model is required for interpretation of the electron beam experiments [1-3].
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2. Mathematical model

We use the multiscale approach for construction of the mathematical model. Atomistic simulations are
used for the investigation of the elementary processes in the defect subsystems, such as growth of
voids or melting sites, motion of dislocations etc. It allows us to define the form and parameters of the
kinetic equation for defect ensembles. The obtained regularities are generalized on the continuum
level, which is applicable for modeling of the dynamics of the macroscopic volumes of metal under
irradiation. Continuum model supposes an averaged description of the lattice defects in the form of
various parameter fields (scalar density of dislocations, concentration and size of voids or melting
sites). For description of the non-equilibrium melting, it is supposed that each substance element
consists of a mixture of the solid and molten parts.

The continuum model consists of a standard set of the continuum mechanics equations
supplemented by models for specific physical processes and properties. The wide-range equations of
state [10,11] are used for calculation of the pressure and temperature as functions of density and
internal energy. The electron beam action is described by means of the energy release function D,
which is calculated from the solution of the fast electron transport problem using the method [12]. The
molecular dynamic (MD) simulations are performed with the help of LAMMPS [13] and various
interatomic potentials based on the embedded atom model. These simulations are used for construction
and verification of the plasticity, fracture and melting models [8,14-18]. The fracture model [8,16-18]
describes the nucleation, growth and coalescence of voids including the late stage with the
predomination of the voids interaction [9]. The plasticity model [14,19,20] describes the plastic
deformation tensor increment as a result of the dislocation motion with velocity determined by the
acting stresses; the dislocation kinetics takes into account generation, annihilation and immobilisation
of dislocations. The continuum model of melting [21] is based on the description of the current phase
state by means of fields of concentration and size of the melting sites; the site size is supposed to be
much less than the typical spatial scale of the considered problem; so, the interfaces are not traced
explicitly, but an averaged picture is considered instead. Two model problem statements are used in
MD simulations of melting for determination of the model equations and coefficients: (i) reaching of
the equilibrium in an isolated system with a flat interface between solid and liquid; (ii) melting of an
initially homogeneous monocrystal heated by a source with a constant power.

Verification of the model had been performed by means of comparison of the modelling results
both with the MD simulations and the experimental data known from literature. For verification of the
plasticity and fracture models, we compare the modelling results with the high-velocity impact
experiments, which are the standard test of the dynamic properties of various materials.

3. Application for the high-current electron irradiation problem
The continuum model is applied to the calculation of the stainless steel dynamics under the action of
the high-current electron beam of the SINUS-7 accelerator (Tomsk, Russia, Institute of High Current
Electronics SB RAS) [1-3]. The beam parameters are the following: the maximal energy of fast
electrons is 1.35 MeV, the pulse duration is 45 ns (full-width on half-maximum), the maximal power
density in the center of the beam is 34 GW/cm?, and the incident energy density is 1.2 kJ/cm?; the
experimentally determined oscillograms of the beam current and the accelerating voltage are used [3].
Figure 1 shows the spatial distributions of the stress tensor components in the consequent moments
of time. The electron beam acts on the left side of the sample and induces an intensive heating up to
8000 K, and the following melting and ablation of matter inside the energy absorption area (the fast
expanding part of the sample). The thickness of the energy absorption area is about 1 mm; therefore,
the heating is close to an isochoric one. Compressive stress reaches 33 GPa at 50 ns from the
irradiation beginning [3]. The expansion of the heated material becomes substantial starting at
approximately 50-100 ns from the beginning of the irradiation; the compressive stresses rapidly
decrease thereafter. The running shock wave is formed with the initial amplitude of 17 GPa and with a
duration of the compression pulse of 0.2 ps. The duration of the compression pulse is restricted by the
unloading wave, which propagates from the free surface behind the shock wave. An additional
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unloading wave originates from the side unloading and converges to the target axis. Interference of
two unloading waves creates an expansion wave with tensile stresses following the shock wave; the
values of tensile stresses grow up as this unloading wave converges to the sample axis. The expansion
wave reaches the target axis at the moment when the shock wave passes the distance of about the
beam radius. The shock wave amplitude decreases with propagation deep into the target and the
duration of the compression pulse increases due to the interactions with the following expansion wave.
An elastic precursor with the amplitude of 1 GPa propagated at the head of the shock wave.
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Figure 1. Calculated distributions [3] of the stress tensor components in stainless steel sample with
the thickness of 4.5 mm in consequent moments of time (200, 500 and 800 ns) after beginning of the
irradiation; stresses are shown with negative sign. Electron beam (SINUS-7 accelerator) irradiates the
left side of the target; axial direction is horizontal one and radial direction is vertical one. Little arrows
show the substance velocity vectors.

Calculated spatial distributions of the volume fracture of voids for the various sample thicknesses
are presented in figure 2. One can see a distinct fracture area near the rear surface that is formed at the
shock wave reflection. For the targets thinner than 6.5 mm, the condition of complete fracture is
realized within this area, while only an incomplete fracture takes place for the thicker samples.
Although, for thicknesses 9 mm, the maximal tensile stress along the sample axis exceeds the spall
strength, the decrease of the acting stresses with radius prevents the complete fracture. The expected
positions of the main cracks or the incomplete fracture zones are schematically shown in figure 3,
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which are determined as widest in radial direction cross-sections within the fracture area. The
distances between such cross-section and rear surface are the calculated thicknesses of the spalled
layer, which are plotted in figure 6 along with the experimental results taken from [3]. Both
experimental and calculated dependences are close to linear functions and correlate with each other.
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Figure 2. Calculated distributions of the volume fraction of voids o in samples with various
thicknesses made of stainless steel and irradiated by the high-current electron beam (SINUS-7
accelerator [1-3]). (a,b,c) solid lines show the expected position of the main crack, (d,e) dashed
lines show the expected position of the zone of incomplete fracture. Expanding cloud of ablated
material is from the left. Little arrows on the left sides show the substance velocity vectors for the
expanding ablated matter.
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Influence of the non-equilibrium melting [21] on the temperature distribution in the irradiated
aluminum is shown in figure 4, which presents the spatial distributions of the substance temperature 7,
the melting temperature T, depending on the local pressure and the volume fraction (1— am) of solid
phase for time moments 25 and 30 from the beginning of irradiation.

The considered electron beam heats the aluminum layer 2 mm in thickness; spatial distribution of
the energy release power is non-uniform which leads to the non-uniform temperature distributions.
The energy release power reaches 0.08 PW/kg in maximum which leads to the heating rate of about
70 K/ns. Complete melting occurs in the central part of the energy absorption area to the moment of
time of 25 ns. Temperature of the uniform melt begins to exceed T, in this central area, while it is
close to T, at the edges of the complete melting zone. Two regions of partial melting adjoin the
complete melting zone from both sides. T =T, in the internal parts of these partial melting regions
which implies reaching the phase equilibrium; increase in the melt volume fraction goes here to the
extent of energy supply by the beam. Aluminum is overheated T >T, within the external parts of the
partial melting zones; the melt volume fraction goes here at the expanse of both the energy transfer
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from by beam and the leaving the metastable overheated state. Areas of overheated solid metal adjoin
the partial melting zones. The overheating reaches T —T, =100 K . The left zone of partial melting
disappears at the time moment of 30 ns; aluminum becomes completely melted up to the exposed free

surface. The right zone of partial melting moves deep into the target in the course of time; the molten
layer thickness increases till the beam action termination.
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Figure 4. Spatial distributions of the substance temperature T (thick solid lines), the melting
temperature T, (thin solid lines) and the volume fraction (l— am) of solid phase (dash lines) in

the consequent moments of time: irradiation of aluminum by the high-current electron beam with
parameters of SINUS-7 accelerator. Initial target thickness is 3 mm; the electrons of the beam fall
normally on the left surface of target.

4. Conclusion

Here we present our models of the tensile fracture of metals in the solid and molten states, the melting
and the plastic deformation of the solid metals. Also we discuss implementation of these models for
simulation of the high current electron beam action on metals. The models are constructed in the
following way: the atomistic simulations are used at the first stage for investigation of dynamics and
kinetics of structural defects in material (voids, dislocations, melting cites); equations describing the
evolution of such defects are constructed, verified, and their parameters are identified by means of
comparison with the atomistic simulation result; finally, the defects evolution equations are
incorporated into the continuum model of the substance behaviour on the macroscopic scale. The
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obtained continuum models with accounting of defects subsystems are tested in comparison with the
experimental results known from literature. The proposed models not only allow one to describe the
metal behaviour under the conditions of intensive electron irradiation, but they also allow one to
determine the structural changes in the irradiated material.
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