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Abstract. We consider the dynamic fracture of metals inlifpgid state as a non-equilibrium
phase transition, consisting in nucleation and ¢noef spherical vapor cavities. Nucleation
rate is obtained by the use of probability of cep@nding thermal fluctuations; it accounts the
work against surface tension. Governing equationc&vity growth accounts viscosity. The
model treats irradiated metal as a two-phase medibioh can be a singly connected liquid
(solid) with (or without) vapor cavities—on thesfirstage of evolution; and a singly connected
vapor with liquid drops—on the last stage. The Itesy model is physically based and
demands a minimum of fitting parameters; meanwhitiescribes existing experimental and
molecular dynamics results. The model allows calind) of the tensile strength of melts. It
can be applied to the problem of intensive electmolaser irradiation of metals.

1 INTRODUCTION

Intensive ultra-short irradiation, electron, ionlaser, causes almost isochoric heating of
substance and generates strong stresses in it[Re@ase of these stresses produces powerful
tension of the material near irradiated and baakasas of target due to the stress wave
reflection. The tension leads to fracture and fragtation, which can take place in the liquid
state near the irradiated surface at a suffici@vell of absorbed energy. Theoretical
description of the dynamic fracture under describedditions is an important part of whole
model of the substance behavior under intensiaeimtion. Dynamic fracture of liquid metals
is considered here as a non-equilibrium phase itramsthrough formation, growth and
coalescence of spherical cavities with accountirgubstance evaporation on its surfaces.

2 MATHEMATICAL MODEL

In general case there are three phases in theateddsubstance: solid, liquid and vapor.
Solid and liquid are considered as a single coretepfase in order to simplify the problem.
Meanwhile, stress deviators are accounted for sahd they are set to zero for liquid, as well
as the shear modulus. The phase state (liquid laf) sof a condensed substance volume
element can be found from a wide-range equaticstaté with phase boundaries tracking [3].
Vapor phase includes vapor cavities (bubbles) wladgh formed in the condensed phase
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undergoing fracture, although some of cavitieseanpty due to its small size and low vapor
density. From this viewpoint the dynamic fractuseainon-equilibrium phase transition from
condensed phase to vapor.

2.1 Substance dynamics

Dynamics of metal undergoing fracture is dynamica two-phase medium or mixture of
the carrying agent and the disperse phase. Thepmate flow approach [4,5] is used, which
is applicable if characteristic size of phase lugeneities is much smaller than the scale of
flow. The one-velocity approximation is also usethich means that both phases move with
the same velocity. This velocity is determined bgsses in the carrying agent [4], and the
motion equation takes the next form:

1
du __0R  $:05 M

where ¢, is the velocity vector components;is the time;x, are the Cartesian coordinates;
p Is the substance densitf, is the pressure and index ‘c’ means the carrymeng while
index ‘d’ will mean the dispersed phas®; is the stress deviators (which are accounted only

in the solid carrying agent\ is the number of dimensions of the considered lprob
indexesi,k numerate the space directions. The total timevdtvies are used in Eg. (1) and

following equations, which are valid for Lagrangiaarticles moving with the substance.
Volume fractions of the carrying agent and the disperse phagg can be found from

the next equations:
(2)

N
daC:ad %—w _ dzauk+w
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where w is the growth rate of the dispersed phase voluereupit volume of mixture. True
densities of phaseg, and p, are used:

dpc_ [iauhrj 3 do_ pey, 3)
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where J is the growth rate of the dispersed phase masarmperolume of mixture. Change
of internal energied)_. andU,, is governed by the next equations:
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where Q is the rate of heat exchange between phases peralume of mixture;D is the
energy release function—the energy output by eacion or laser irradiation per unit mass of
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substance per unit timél,, is internal energy of the phase which mass is@&ing;T, is the

temperature of the carrying agent ard is the heat conductivity coefficient. The heat
conductivity is accounted only for the carrying aggsee Eq. (4)).

Egs (2)-(4) can be strictly derived from consemwatdf volume, mass and energy in a
mixture element. Functionsv, J and Q express the rates of exchange between phases,

including phase transitions. Construction of theiteéion model is reduced to determination
of these functions and it is considered in theofeihg subsection. One should also determine
pressure and stress deviators to obtain a clostdmnsyof equations. Pressure in each phase is
connected with its true density and internal endlggugh the wide-range equation of state
[3]. The elastic-plastic model [6,7] is used toaistine the stress deviators in the solid phase;
this model takes into account the dislocation dyisarand kinetics.

2.2 Cavitation in melt

Liquid is unstable against the liquid-vapor traiositat pressure lower than the saturation
vapor pressure; it happens when the liquid is edpdror overheated. The vapor pressure can
not be less than zero; therefore, liquid at anyatieg pressure is unstable. Cavitation can
occur in these conditions, which is formation amdwgh of vapor cavities. Formation of
cavities demands the work against the surfacedensb, the liquid can exist as a metastable
phase during some time [8].

Spherical shape of cavities is preferable due ¢ostirface tension; change of its radius in
viscous incompressible fluid is defined by the Ragt-Plesset equation [9,10]:

F%,-) = _Em.;.[ P- P_EIGL__SEE’
2R Ry Ry 3a B,
where indexesl” and ‘v indicates liquid (the melt) and vapor correspamtie o is the
coefficient of the surface tension; is the coefficient of the melt viscosits ;, is the radius

of cavity ofj-th generation; dot on top denotes a time derieativ
The condition of cavity growth iR> R, where R, =20'/( R- Fﬁ) is the critical radius.

Formation of the critical cavity demands the nemtkv W, = (1677/3 0 /( P - P)”. Cavities

can be nucleated due to thermal fluctuations. Siemogenous nucleation is a single
opportunity if the liquid is uniform, like the metif pure metal. The rate of homogenous
nucleation of critical cavities is determined bg tlassical expression [10]:

(6)
M= f Oh, Eaxp(—wmjml :
KT,

where I is the rate of cavities nucleation per unit migtuwrolume; n, is the atoms

concentration in the meltf is the frequency factor, which is abofit=10" s* according to
the molecular dynamics (MD) simulations [11]. Thaical work and the nucleation rate (6)
depend nonlinearly on the surface tension coefftcihich is taken from [12].

Growth (5) and nucleation (6) can be simultanetherefore, all cavities are separated on
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groups or "generations” [13] according to the tiohés formation: cavities of one generation
were nucleated during a little time interval. Thile exchange rates of volume and mass can
be written out as follows:

_4m dRy) o dn, )
_?R?rl'l +Zj:(4ﬂqj) I?j) dtl j J= mn +Z[ i) dtl .

J

where index j numerates generationsy;, is the concentration of cavities of the

corresponding generation. Growth rate of vapor nrassvity can be obtained [14] from the
theory of phase transitions.

Growing cavities can coalescence and form a singhpected vapor phase, which is
accompanied by the liquid fragmentation on drops-the complete fracture. It is supposed
that the complete fracture takes place in a mixéleenent when the volume fraction of vapor
ranks over one half. Then the carrying agent anddibpersed phase change over in this
element, dynamics are described by similar, bghdly different equations.

3 NUMERICAL IMPLEMENTATION

The described above cavitation model is numerigallized in CRS computer program in
1D and 2D cases. This program is designed to simwiatious intensive actions on metal:
high-speed impact, intensive electron, ion andrlassdiation.

Method of separation by physical processes is usé#fi the next subproblems:
1) substance dynamics (Egs. (1)-(3)); 2) melt tragland dislocation plasticity in solid part
of the metal; 3) cavitation and evaporation in treated (or expanded) melt. Equations for all
these processes are solved independently on eaelstep, and the data exchange takes place
at the end of each step. Subproblem of the sulest@yrtamics are solved by modification of
the numerical method [15]. Modification consistsdliminating of artificial viscosity and
accounting of the physical viscosity instead; ibwbk to obtain the stable numerical solution
by using of a fine enough computational grid [18)].other equations are solved by the Euler
method with a varied time step.

4 CALCULATIONRESULTS

4.1 Dynamic strength of metal melts

Fig. 1 shows results for uniform tension of alummmumelt in comparison with the
experimental and MD data. Surface tension coefiisiefor melt and heir temperature
dependences are taken from [12]. The negative peegscreases with tension at first; then
the metal loses its strength due to cavitationthedoressure falls (Fig. 1(a)). Further tension
leads to a complete fracture with the condensedeliagmentation on drops; maximal
negative pressure is the dynamic tensile stregppimogenous nucleation is dominant in the
melt; tensile strength of melt slowly increaseshwihe strain rate increase and rapidly
decreases with the temperature growth (Fig. 1(lmganwhile, the fragments size (drops
diameter) decreases in inverse proportion to th&nstrate: from about 0.1 mm at *19*
down to about 10 nm at 10's
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Figure 1. Dynamic fracture at uniform tension of the aluorimmelt: (a) pressure versus current strain; (b)
maximal achieved negative pressure (dynamic teasimgth) versus strain rate at deferent tempesitu
markers: 1-the experimental result [17]; 2-the MiDdations [11] for corresponding temperatures.

4.2 High current electron irradiation

Here we numerically investigate the copper irradraby the high-current pulsed electron
beam with parameters: the energy of fast electisrisMeV, the beam current density is
10 kA/cnt, the pulse duration is 50 ns. The beam action satiesharp, almost isochoric,
heating of the substance (up to 2700 K) in the ggnezlease zone (Fig. 2, left panel) and the
formation of area of the high-pressure—up to 11 @Hg. 2, right panel). The substance
temperature exceeds the melting temperature ugetddpth of 0.4 mm; in this layer the metal
is melted. Release of the high pressure area sdsuibrmation of the compression wave with
the amplitude of about 6 GPa. The compression wawve s becoming sharper with the time,
and it transforms into the shock wave. Reflectimm¥ the free (irradiated) surface forms the
tensile wave, following behind the shock wave. Ttessile wave creates the negative
pressure with the value up to 3.5 GPa in the liqu&tal, which initiates the fracture of the
liquid phase through cavitation. The generation gmoavth of cavities result in a reduction of
the liquid metal volume and, therefore, it decrsabe tensile stresses due to the substance
compression; the substance passes in the equilibiteo-phase state. This process restricts
the tensile stresses; otherwise, the rarefactiomevwamplitude would be the same as the
amplitude of the compression wave. Irradiatiorrasf the left free surface in all figures.

It should be noted that the existence of a methestajuid state leads to propagation of the
tensile wave inside the metal behind the shock whlegative pressure in this tensile wave
can reach the value of the dynamical strengthGR&. Thus, the structure of stresses in metal
differs from that in calculations [18], where thppeoximation of liquid-vapor equilibrium
was used for the melted part of the metal. Tengdee can substantially influence on the
material modification [19] as well as on the spadtture of solid metal near its back surface.

Cauvitation leads to decrease of volume fractiothefcondensed phase (Fig. 3, left panel)
and to decrease of the average density of mixteige 8, right panel). Cavitation does not
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touch the surface layer—tensile stresses her@ibttie; therefore, a layer of condenced metal
melt is spelled due to the cavitation in full argglavith the back-side spallation of solids.
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Figure 2: Temperature (left panel) and stress (right pafirt)s in copper under the action of high-current
electron irradiation with parameters, correspondi§INUS-7 accelerator [1]. "A"—the high pressnoae;
"B"—the running stress wave with elastic precufs&dy, "D"—cavitation zone in melt as a result of iégsision.
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Figure 3: Evolution of the volume fraction of the condengddse (left panel) and the average density of the
mixture (right panel) in copper under the actioriha high-current electron irradiation with paraemnst
corresponding to SINUS-7 accelerator [1]. "F"—spalliquid layer; "B"—the running stress wave; "Déavitation
zone in the melt.

The model can predict the sizes of metal partichkdated from the irradiated surface (see
Fig. 4). These particles are formed after compledetdire of the melt due to coalescence of
cavities and then undergo solidification. Smallestticles are formed near the centre of the
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energy release zone, while the largest one—nevbdbiedaries of the cavitation zone. As a
result, the size distribution of all formed pamislis wide. Typical size is of the order of
several tens of micrometers in the considered case.
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Figure 4: Average size of metal particles versus coordiflefe panel) and histogram of size distribution of
particles collected over all depth of the ablatzome (right panel). Copper, high-current electroadiation with
parameters, corresponding to SINUS-7 accelerafor [1

5 CONCLUSIONS

- Computational model of cavitation and evaporatidntlee irradiated metal is
described. The model considers substance as a tasephixture (condensed phase
+ vapor) with mass, volume and energy exchangedmtywhases.

- The model allows to calculate the dynamic tensitengjth of melts without any
additional model parameters besides of the surfansion coefficient, which is
already available in literature. These calculationsrrespond to available
experimental data on ultra-short pulse laser iathoi of thin metal foils.

- Metal ablation in the energy-release zone of tighdourrent pulsed electron beam is
investigated on the basis of the proposed modeiulations detect the formation of
spalled liquid layer on the irradiated surface, ahhis followed bymixture of metal
drops and vapor. This mixture is formed in the tion zone due to coalescence of
vapor cavities. Typical size of drops is of abauezal tens of micrometers.

- The metastable state of metal melt influence subatgnon the stress fields and
modification processes in the solid part of theahet
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