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Mathematical modeling in the technology of laser treatments of materials
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Summary. In the present review the authors consider the application of mathematical modeling methods for the study of laser radiation influence on
absorbing materials. The principle attention is paid to the mathematical formulations of the phenomenon studied as well as the analysis of the simulation
results. The numerical solution methods are analysed briefly. It is shown that the mathematical modeling is the main method for theoretical studies of
dynamically non-equilibrium phase transformations and processes of plasma formation, which are the basis of numerous kinds of laser treatment of
materials.
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1 Introduction

Rapid development of laser and electron-beam technique has led to the design and implementation of basically new
technological processes to solve modern scientific-technical problems mostly arising from the considerably increased
requirements about physical-chemical and mechanical properties of materials, the purity and quality of their treatment, as
well as the energetic efficiency and safety of technological operations. Concentrated energy fluxes are wide-spread tools
for the treatment of metals, dielectrics and semiconductors, meeting in many respects the necessary requirements. At the
same time they ensure a high speed performance with excellent degree of precision and location of processes. For this
reason such techniques are widely used in metallurgy, mechanical engineering, microelectronics and other branches of
modern industry.

More specifically, laser technologies are nowadays an unmatched method for materials treatment. Their
characteristics are mostly defined by the features of laser beam as a thermal source. Among their properties it is necessary,
first, to underline the high degree of chemical purity as laser influence is a contactless method of energy transfer
preventing surface contamination. Laser treatment, as distinct from electron-beam, does not require any vacuum which
proves to be a technological advantage in some cases. Lasers with different radiation wavelengths can be used in various
processes according to their particular destination. Laser radiation focused into a spot of small diameter can produce the
local destruction of practically all materials, allowing the treatment of superstrong and refractory substances. Parallel to
the introduction of laser technique, an intensive study on physical-chemical processes in radiated zones is being
developed. On one hand, accumulation of knowledge in this dynamic field is necessary in order to acquire fundamental
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theoretical notions about the phenomena taking place, as a rule, under conditions of dramatic lack of equilibrium; on
the other hand, the study on physical phenomena accomplishing laser radiation influence on the materials is aimed
at determining optimum technological process conditions, as well as to improving them and to introducing new
methods for treatment.

Modern investigators dispose of three research methods: full-scale experiments, analytical methods, or
mathematical modeling. The processes on the whole or their separate elements can be studied by means of full-scale
experiments. In the problems of laser action upon condensed media, as a rule, the results for post-action are fixed as
some integral effects which often require an additional mathematical solution to be interpreted. The disadvantages
of experimental approaches are the limited possibilities for studying processes dynamics, great complication and
high cost of equipment. At the same time experimental data are the criterion for validation of any theoretical
calculations because in the absence of an experimental validation, the question of their applicability remains open.

Analytical approaches allow to obtain solution in closed form comparatively quickly but generally, they use
naive mathematical models requiring strict simplifying assumptions resulting in the idealization of physical
processes and simplification of real objects geometry. Thus, the analytical methods often used in engineering
calculations make it possible to obtain only some limited information about a strongly idealized picture of physical
processes.

Mathematical simulation is an essentially new technology for scientific studies with a number of obvious
advantages. Mathematical models to be used for this purpose do not require too strong simplifying assumptions and
allow to obtain qualitative and quantitative information about any aspect of a phenomenon. Mathematical
simulation may have an essential role in problems describing complex phenomena dynamics. Then it becomes
possible to introduce an empirical information into mathematical models and to get numerical experiment
essentially close to real physical experiment.

Mathematical modeling becomes an indispensable technique in the field of laser influence on the materials.
Most of the applications for laser irradiation are connected with the onset of phase transformations of the first type.
Among the mostly used operations of laser treatment we list the following: cutting, drilling, scribing, dimensional
treatment, micro remelting, laser deposition, micro welding, as well as welding of large-dimensional parts. All the
above technological operations are connected with either melting-crystallization processes or with evaporation or
sublimation, or with the whole complex of these processes.

Note that phase transformations of the first type play an essentially important role in technological range of
intensities (10*-19° W/cm?) of laser radiation. However, the state of the total theory of phase transformations does
not allow yet to give an answer for certain essential questions even in cases of such evidently well-known processes
as melting and evaporation. Active study of phase transformations under pulse influence is in fact only at the
beginning and there are still numerous unclear problems and contradictory results. From the point of view of
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engineer-technologists, phase transformations are one of the factors finally not understood and essentially influencing the
technological processes. Therefore, in order to determine the optimum conditions for laser influence, further additional
developments and studies are necessary. Fruitful studies on non-equilibrium phase transformations under laser influence
are practically impossible without the help of mathematical modeling allowing to simulate nonlinear situations by means
of modern computers, preceding experimental investigations.

The use of powerful personal computers allows to improve the process of mathematical modeling for the experimental
devices and technological lines. In addition, simulation results can be used directly for further adjustments of techno-
logical processes. In this connection, the problem of computing automation based on program packages becomes actual.

Note one more important remark. Simulation of laser treatment processes, even in simplified thermodynamical
description (namely when hydrodynamical effects are neglected) leads to the consideration of nonlinear problems, whose
solution is rather complex. Sometimes this fact is seen as an obstacle to engineering practice. Moreover, the presence of a
number of badly controlled parameters such as absorptivity 4 and spatial fluctuations of intensity G considerably
complicates the comparison of calculations with experimental data. Furthermore, the heat transfer problem, as well as
Stefan problems occurring in the description of laser heating often do not permit linearization without the loss of accuracy
(100-300%) due to the strong dependence on the temperature of physical properties of the conducting material such as
surface absorptivity A(T), heat capacity Cp(T), and thermal conductivity ,1,(T). As it is known, linear approximations are the
basis of engineering calculations, but in the field we are considering, they have to provide an accuracy within 5-10%.
Therefore, most of the problems for laser heat are solved empirically and absorptivity A(T), for example, is used as an
adjusting parameter. Nevertheless, the amount of papers showing rather good agreement of calculations with experiments
is very small. This is due on one hand to the not too high accuracy of experimental description of such parameters as
condensed phase temperature, and on the other hand to the absence of reliable comparison procedures. As a rule,
comparison of calculated data with experimental ones is made by melting isotherms [ 1]. Therefore, systematic comparison
of calculated values of temperature with experimental ones for various materials is not available even when phase
transformations do not occur.

In our opinion, the application of traditional engineering computing schemes in the laser technology problems is not
suitable. In theoretical studies for the effect of concentrated energy fluxes upon a material it is necessary to use the
essentially nonlinear mathematical models realized as compact highly efficient program packages oriented for personal
computers. Such physical quantities as Cp(T), ).(T), A(T) are defined either experimentally or from theoretical studies,
including computing experiment. The methods for the numerical solution of differential problems which we are
developing and using are based on the classical concepts of computing mathematics: conservativity, homogeneity, and
adaptivity [2] which guarantee high computing efficiency.
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Mathematical modeling and computing experiments are successfully used to study and predict the solutions to many
complex problems of physics and technology. The present paper deals with the review of the most important and
interesting problems of laser technology, the solution of which requires a wide application of mathematical modeling.
Visualization of these problems is based on longterm experience of the authors' work in this field.

The paper is organized as follows. In Sect. 2 we discuss the applicability of numerical experiments to the laser thermo
hardening problem. Computational results are provided for three-space-dimensional temperature field in steel plate heated
under the influence of a moving energy source. Values of influence parameters were assumed to be typical for laser
technology.

In the other sections the principal attention is paid to the phase transition dynamics and first of all to the melting and
evaporation problems, that provide the basis of many laser technologies. In Sect. 3 we provide a brief classification of
physical mathematical formulations for phase transition problems, deduced from several variations of the Stefan problem.
We also analyze the main numerical methods for solving such problems. Particularly we consider the solution of
two-space-dimensional enthalpy-formulated crystallization problem for metals. The main attention is paid to dynamic
adaptation method, proposed by authors. Numerically examined by means of this method are some problems, typical for
pulse laser influence. The application of dynamic adaptation method allows direct phase front tracking and the
determination of such important technological parameters as the front propagation velocity, the melted and evaporated
layers depth and the pressure on the evaporation boundary along with the temperature field in the material. The method
also enables the analysis of such an insufficiently investigated phenomenon as overheated metastable states formation in
condensed media.

Section 4 is devoted to the modeling of melting and evaporation processes in homogeneous materials, providing the
basis of such technological operations as laser treatment of coating, plating and surface modification of metals. As an
example, melting, crystallization and evaporation processes in two-layer Ti-Al plate are numerically analyzed by means
of dynamic adaptation method.

Section 5 1s devoted to the evaporation kinetics analysis under wide range of parameters. The mathematical models
considered describe metal evaporation into vacuum for two essentially different regimes: with or without plasma
formation in the evaporated substance. The consideration of these processes inevitably leads to a system of coupled
equations: the heat equation for the condensed medium and the radiational gas-dynamics equations for the evaporated
substance. As mathematical modeling showed the nonequilibrium degree for liquid-vapor phase transition and
consequently a value of mass flow across the interface in some cases are determined not only by temperature regimes
(thermodynamical factor), but by gaseous media behavior (gas-dynamic factor) as well.

In Sect. 6 a problem for optical breakdown in aluminum vapor is formulated on the basis of collisional-radiational
transitions analysis. The mathematical model provides a coupled system of chemical kinetics equations and two energy
equations. The essentially nonequilibrium regime was determined for electron
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avalanche formation and threshold values of energy source necessary for break-
down were found. The gas-dynamic stage of laser plasma formation is examined on
the basis of the two-space-dimensional radiational gas-dynamics model. The main
mechanisms of propagation of plasma formations are analyzed by means of math-
ematical modeling and an optimal regime for laser-plasma treatment is proposed.

In Sect. 7 we consider the main characteristics of LASTEC-s program packages
developed by the authors for automatic computation of laser influence.

2 Laser thermohardening

It is known [1, 3] that laser radiation with intensity G < 10° W/cm? upon strongly
absorbing condensed media is equivalent to the influence of a thermal source of the
corresponding power. Laser heating of solids without melting and evaporation of
the heated surface is generally referred to as thermal treatment. Its main objective is
the change of microhardness and finally, of wear resistance of the material to be
treated. Laser surface treatment of ferrous metals and their alloys are nowadays
one of the most important fields of application of laser technology. Its principal
advantages with respect to traditional methods for hardening, for example, induc-
tion or contact with gas-flames, consist in increasing productivity and quality,
energy efficiency due to selective treatment of separate areas, the possibility of
using cheap raw materials, improving their mechanical quality, and the possibility
of treating complex geometries with simultaneous strain reduction. Laser harden-
ing is mostly used in technological lines of engineering industry. For its realization,
laser devices working in pulse mode or in continuous mode under scanning
condition are used.

Surface thermohardening is connected with the increase of microhardness of
a material in the region of influence which is obtained by rapid heating of thin,
0.1-1 mm, near-surface layer by laser radiation with simultaneous cooling due to
heat transfer to substrate. The underlying physical mechanism includes phase
transformation and structural changes related to the formation of various non-
equilibrium states, to the milling of original metal grains into smaller blocks and to
the generation of a large amount of dislocations under the influence of rapid
temperature changes and strong thermal strains.

Generally, the thermal cycle of surface hardening for ferrous metals consists of
two stages: heating and cooling. For example, surface hardening of steels is based
on different solubility of doping impurities and carbon in high-temperature (y-
phase) and low-temperature (x-phase) forms of iron. During the first stage of
thermohardening, heating up to temperatures above the temperature of the o — y
transition (phase transition of the first type) but below the melting temperature can
lead to the complete dissolution of carbon. Solid solution of carbon in y-phase is
called austenite. During the second stage of thermohardening, high speed cooling,
the process runs in the reverse direction (y — « transition). Carbon excess pro-
duced by y — « transition is usually extracted as ferric carbide. However, under
very rapid cooling, order of 108 K/s, typical for the process discussed, carbon has
no time to be extracted, thus giving rise to the formation of a non-equilibrium state
called martensite. Such a phenomenon is accompanied by the appearance of a large
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amount of new surfaces preventing dislocation motion, which along with over-
saturated solution of carbon, leads to microhardness increase.

The kinetics of martensite-austenite transitions is still insufficiently studied but
at present it is the object of intensive investigations [4—6]. Therefore, in practice, in
order to optimize the conditions for surface hardening, the trend is to obtain
reliable information on temperature fields dynamics and to use it for correction of
the technological process. When studying metals heating by laser radiation it is
important to know the process characteristics: spatial distribution of temperature
fields, their gradients, heating and cooling velocities, as well as the thermal
influence zone.

As a typical example, a laser heating problem was considered for a solid with
normal incident laser beam moving along the y-axis at speed v (Fig. 1). It is
suggested, that laser radiation is volumetrically absorbed by the material according
to the exponential law.

z

G(x,y —vt,z) = Gf(x,y—vt)exp<—f KdZ), O<z<l;

0
where Gg(x, y — vt) is the radiation intensity in the focal plane and «x is the
absorption coefficient.

To describe the heating process we consider a boundary value problem for heat
and radiation transfer equations.
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The plate boundaries were considered to be heat impermeable, ie., the heat
transfer equation (2.1) was supplemented with boundary conditions of the second
type. It was also supposed that G; could be described by the normal distribution
law:

Ge(x, y — vt) = Go exp[ — (x* + (y — v1)*)/2R?] (2.3)

where G, = P/(n- R?) represents the intensity in the focusing spot center, P is the
radiation power, and R is the radius of the focusing spot. The boundary condition
for the radiation transfer equation (2.2) was formulated on z = 0, taking into
account the absorptivity A(T) of the radiated surface:

G(x,y — vt,0) = A(T) Gy exp[ — (x% + (y — vt)?)/2R?]. (2.4)

In general A(T) depends on the material, on the surface quality, on the angle of
incidence and on the surface temperature as well.

The nonlinear problem (2.1)-(2.4) was numerically solved by finite difference
method [2]. As a material, steel was chosen letting its thermodynamical parameters
vary within the temperature range Ty < Tpax < Ty as follows:

048 < 1 <023 W/(cmK), 035<C,<05J/gK).

Radiation intensity G, and laser beam velocity v were varied within the
ranges: 10 < Gy < 10° W/em? with A =10.6pum and 2.5 <0 <25m/s. The
absorptivity of surface in the given intensity range was considered to be little
dependent on temperature and in calculations was prescribed as constant
A=01-02

In Fig. 2 typical spatial profiles for temperature fields on various material
depths are given. The conditions were chosen in such a manner that the maximum
temperature T, on the surface is consistent with the bounds Ty < Ty < Ti. The
total view of curves shows that the temperature fields created in the material by the
movable source are non-symmetric. Increase of intensity and laser beam velocity
induces, on one hand, an increase of heating and cooling speeds necessary for
hardening, and on the other hand, leads to a higher torsion of fronts characterized
by steep gradients. The appearance of high gradients is accompanied by strong
thermal strains which can eventually lead to a decreasing of microhardness.
According to the given figures, the highest gradients arise at the top surface and in
a thin layer underneath, especially, on the boundaries of thermal influence zone.
Thus, the knowledge of the temperature evolution allows to establish necessary
thermal cycles resulting in the required changes of microstructure in the zone of
influence.

Note that the main problems of mathematical modeling in the field of
laser technology are related to the insufficient development of the theoretical
description of the kinetics of phase transformations of the first type. Some difficul-
ties arise also with numerical solution of problems with complex geometrical
shape.
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3 Laser treatment based on phase transformations
The main mathematical models and methods for their solution

The great majority of applications of laser effect upon materials is connected with
the onset of phase transformations of the first type: melting, evaporation, crystalli-
zation and condensation.

Phase transformations of the first type play an important role within the whole
technological range of laser radiation intensities, however, the state of the general
theory of phase transformations does not allow yet to give answers to some
essential questions, even in the case of such widely known transformations as
melting and evaporation [7].

The problem of the theory of non-equilibrium phase transformations, reflects to
a certain extent the difficulties which arise when describing strongly non-equilib-
rium processes in macroscopic systems.

The absence of phase equilibrium is a necessary condition for phase trans-
formation. The dynamics of non-equilibrium phase transformations depends in
a sensitive way on how deeply the process considered comes into the metastable
states region. High heating and cooling rates to be realized under intensive
laser pulses lead decply into the metastable states region. Rapid cooling due to
high temperature gradients under pulse influence is used to obtain “frozen”
metastable states with qualitatively new properties. In particular, metastable
states are the basis for obtaining amorphous metal alloys and semiconductors
differing from the materials with crystal structure by higher strength and corrosion
resistance.

In fact, an active study of phase transformations under pulse influence is only at
the beginning and in this area there are still many unclear problems and contradic-
tory results. No progress on the problem of non-equilibrium phase transformations
with laser influence on condensed media is practically possible without the help of
mathematical modeling,

Theoretical investigation for dynamics of the first type phase transitions leads
to different variations of the Stefan problem [8], under which heading a very large
class of free boundary problems for parabolic or elliptic equations are collected.
A quite general formulation of the Stefan problem consists in a boundary value
problem for a quasilinear parabolic equation with piecewise-continuous coeffi-
cients, having discontinuities on level sets of the unknown function.

There is a very large number of publications devoted to the Stefan problem, in
view of the relevant scientific and practical interest of phase transitions and its
various technical applications. Theoretical papers can be classified into several
groups in various ways. One group, devoted to the mathematical structure and to
the qualitative properties of solutions, deals with existence and uniqueness
theorems for classical or generalized solutions. Many papers [9-18], reviews
[19-24], and monographs [25-28] are devoted to this subject. Another group is
connected with the development of numerical methods and with their applications.
Too, there is a variety of papers in this especially fast developing field [29-49].
Thus a full review of the Stefan problem should be the subject of individual
consideration, as well as exhaustive bibliography of this problem.
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The classification above is not rigid and is introduced just for the sake of
conciseness. In the sequel we only deal with the methods more frequently used in
mathematical modeling for this problem. So that one should not consider this
section as an attempt to review the literature concerning the Stefan problem. This
paper covers only some aspects of this general problem directly connected with
mathematical modeling of laser influence.

3.1 Classic version of Stefan problem
Melting-crystallization

Let us write down the most commonly used mathematical models for Stefan
problem referring mainly to one-space-dimensional formulations. The analysis of
these models allows, on one hand, to establish the main physical objective laws
of the processes and, on the other hand, to determine the characteristic peculiarities
of different methods for the numerical solution of multi-dimensional problems.

The classic version of the Stefan problem formulated around the end of the last
century for phase transformations, melting or crystallization type, contains first of
all the heat transfer equation in the region with a priori unknown moving
boundary which separates solid s and liquid [/ phases:

or o0 (,0T
l:pCPE=a_x<A’a>+Q:|ka k—S,l, (31)

where p; - C, is the volumetric heat capacity, A is the thermal conductivity and Q is
the volumetric power of heat sources. At phase interface a so-called Stefan condi-
tion is fulfilled,

o1, |, 0T,

A F A i PsLmbgr . (3.2)

The physical interpretation of the Stefan condition is the following: the interface
velocity, vy, is defined by heat flux absorbed or extracted on this boundary due to
volumetric heat of phase transformation, p; - L,,. Relations (3.1)-(3.2) for simplicity
are written in the one-space-dimensional case with a planar interface.

Besides the free boundary condition (3.2), one more condition connected with
phase transformation kinetics is necessary. In melting or crystallization problems it
is usually assumed that on the interface, the temperature is continuous and equal to
the equilibrium transition temperature, denoted T,:

Ty=T,=T,=T,. (33)

T,, in many cases can be considered as a constant value. Variation of T,, may result
from change of outer pressure or variation of substance properties occurring at the
transformation front.

It must be noted that nonequilibrium states occurring in phase change pro-
cesses are not included in the classical Stefan problem [8]. Such an approach and
its various modifications are widely used to describe phase transformations with
pulse influence of concentrated energy fluxes [50] and undoubtedly it has a certain
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range of application. However, the question of its applicability in some practically
important cases remains still open. The assumption of constant temperature on
the phase boundary proves to be correct, for example, for solid-liquid transforma-
tions with relatively low radiation intensities in which temperature changes are
slow.

Problems like (3.1)—(3.3) complemented by appropriate boundary and initial
conditions are non linear even at constant values of thermodynamic parameters,
therefore, their analytic solution can be determined only for some special cases. The
main difficulties with numerical solution of such problems are related to the
presence of moving boundaries.

3.2 Enthalpy formulation

Widely used in theoretical investigations and in the numerical analysis is another
principal approach, known as enthalpy formulation. The enthalpy approach is
based on bypassing the direct search of interface location, solving instead a nonlin-
ear heat transfer problem, written in the whole domain. To provide such formula-
tion, the coefficients smoothing technique is used, proposed in [9, 10] in the theory
of quasilinear parabolic equations for generalized solution construction. An effec-
tive heat capacity concept is introduced for the heat equation, including the latent
heat of phase transition by means of Dirac type singularity at the interface. In
this way the problem is summarized by the following quasilinear heat transfer
equation:

L., oT o[, oT
pC, <1 +C—95(T— T,,,))E—&[Aa] (3.4)

to be solved in the entire domain with appropriate initial and boundary condi-
tions. The boundary condition for the interface (Stefan condition (3.2)) is not
explicitly used in this formulation of the problem, but it can be derived from
Eq. (3.4).

Note that the homogeneity principle for differential equations and for corres-
ponding numerical methods is used not only in the Stefan-problem framework, but
has also a great importance in mathematical modeling of different processes,
described by p.d.e’s. We refer for instance to the homogeneous computation
method of discontinuous flows in gas dynamics, based on smoothing of jump
discontinuities by artificial viscosity [51, 52].

3.3 Non-equilibrium version of Stefan problem

More generally, the description of dynamics of rapid phase transformations,
typically accompanying high power laser radiation, can be done with a phenom-
enological condition different from (3.3). Proceeding from the general theory for
phase transformation kinetics, it is possible to write down the condition connecting
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the velocity of phase interface, v,;, with the interface temperature, Ty, [53]:

A AG
v(Ts) = Cexp [RT ][1 — exP(RT,)] (3.5)
sl s

where C is a constant, A4 is the activation energy, AG represents the change of free
energy, R is the ideal gas constant. In the engineering applications this approach is
not of frequent use and so far it was mainly adopted to describe crystallization
processes [54, 55].

3.4 One-phase version of Stefan problem
Evaporation

Evaporation is the process of the transformation of a substance from condensed to
gaseous state and it is characterized by high energy capacity and specific volume if
compared with melting. Laser evaporation of metals can proceed in two essentially
different modes if the temperature and pressure values lie in the subcritical region
and the liquid—vapor interface is well-defined. In the first mode the evaporation
velocity is equal to velocity of sound. This is a typical situation for evaporation to
vacuum or to media with negligible pressure as compared to the pressure of
saturated vapor. In this case gas-dynamic disturbances in evaporated substance
flux have no effect upon the behavior of condensed medium and the description of
the processes is considerably simplified [56] as the problems in the condensed and
in the gaseous phase seem to be independent of each other and they can be
considered separately. In the second mode, typical for evaporation into medium
with counter-pressure, the evaporation velocity can be lower than the sound
velocity and so gas-dynamics can play a determining role in the behavior of the
overall process [57]. In this case, the problem is considerably complicated because
the processes in condensed and gaseous phases appear to be interrelated. First, we
consider the mathematical model for evaporation when the evaporation velocity is
assumed to be equal to sound velocity.

To describe the process for surface evaporation, it is usual to exploit the version
of Stefan problem [58] in which flat front transition temperature depends weakly
(logarithmically) on the front velocity, v,,. Three conservation laws (for mass,
momentum, and energy) are written down on the phase interface I';,:

Py, = pv(vlv - u),

Pl + plvlzv = Pv + pv(vlv - u)zs (36)
oT,
- z—l =G — pL,vy,
Ox

where the index v denotes vapor, G, is energy source intensity, u is hydrodynamical
velocity of vapor, P is pressure. We also write down two additional relations
describing the kinetics of phase transformation and the degree of non-equilibrium
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for the overall evaporation process. In the Knudsen layer approximation [56]
these relations take the following form [59]:

_ o (121) a1 g (220
T"_T"{[Hf '<v+1>'M2] f'(*/+1>'M}

Po = lpH {(ﬁ>1/2 . |:(y M2 + 1)exp (b2M?)erfc (bM) — 4—fM:|
2 T, n
Tl 2 2
+|1- 2.f-M exp (b*M?) erfc (bM) (3.7

o\ 1/2
b= (/2" f= <%,> M= U= GRT),

where u, is the sound velocity and py denotes the saturated vapor density.

3.5 Hydrodynamical version of Stefan problem

One-space-dimensional hydrodynamical model of Stefan problem can be applied
to describe photoacoustic effects arising in condensed media under the influence of
pulse radiation [50], as well as to consider the influence of equilibrium phase
transformation temperature dependence on pressure, T,, = T,,(P), during melting
process. The corresponding mathematical model is as follows:

dp 0
I:E‘*‘a(ﬂ'u)—ol(,

0 0 s Op
[E(’"“H&(p'”)__&l(’ (3.8)
3 u? ] u? 6 6 oT
w5l (erg) |- - £
K=s.1

X0<X<r51,
Iy < x < xy.

The symbols p, u, p represent density, hydrodynamic velocity and pressure respec-
tively, while A denotes thermal conductivity and ¢ the internal energy. The given
system is supplemented with the appropriate state equations:

Le=¢lp, T)1k, [p=rplp, T)]k-

and boundary conditions. On phase interface the relations for one of the versions of
Stefan problem (equilibrium, nonequilibrium) has to be considered.
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3.6 Methods for numerical solution

Due to the presence of moving phase boundaries, the Stefan problem is non-
linear, even with constant thermodynamical and optical parameters. Non-linearity
of the problem makes it difficult to emphasize the main features of heat model
and to obtain analytical solutions. In general case, the determination of temper-
ature profile in a Stefan problem is possible only by means of numerical
methods.

The methods presently available for numerical solution of Stefan problems can
be conventionally divided into two broad classes: methods with explicit front-
tracking and smoothing methods. Numerical methods including the procedure of
explicit phase fronts tracking are remarkable for the great variety of approaches.
Among them the most widely used are: method for front trapping into a node [31]
in which by means of an iteration procedure, the integration time step is chosen in
such a way that phase boundary is shifted one interval in space; method of straight
lines [32, 33]; method of straightened fronts [34] based on the substitution of
spatial variable with transformation x = ¢.#, where £ characterizes the phase
boundary position; methods for isotherms migration [36] in which dependent and
independent variables are exchanged. As a rule, these methods have sufficiently
high precision of front tracking but become algorithmically rather bulky and
require high expenditures of computer time in case of multi-phase and multi-
dimensional problems.

3.7 Smoothing methods

The absence of sufficiently effective algorithms for numerical solution of classic
Stefan problem and increasing number of applied problems stimulated the devel-
opment of another approach to numerical solution of Stefan problem. For math-
ematical modeling of a certain class of problems connected with phase
transformations where precise interface position does not play an essential role, the
methods using the technique of enthalpy smoothing proved to be effective. Numer-
ical methods based on this approach work over the whole region considered,
recovering the location of the phase boundary in a fully implicit way [30, 37].
The efficiency of these algorithms is especially noticeable in multi-dimensional
problems [30,37-39]. The disadvantages of the smoothing methods usually
consist in low precision of front tracking and their sensitivity to the choice of the
smoothing parameter [40], whose optimal value is difficult to be determined a
priori.

As an example of application of the given algorithm, consider the problem of
crystallization of liquid metal subject to a cooling flux [40]. The problem is
formulated as follows. A cooling flux, ¢, acts on the surface of rectangular metal
melt-filled bath with heat-impermeable walls. At time ¢ =0 the melt has the
temperature equal to the melting temperature, T,. It is necessary to determine the
dynamics of the crystallization front advancing from the surface into the melt and
the spatial-time temperature distribution corresponding to various spatial profiles
of cooling flux, g(x). From the mathematical point of view, the problem leads
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to the integration of a non-stationary heat transfer equation in a rectangle,
Q(x, y) e [0, 1] x [0, I,], with boundary conditions of the second type:

oH " -
Fn +diviW=0, W= —A(T)grad T,

H=[pCp+ Lo v(T—Tw)]-T, (x,))€Q, t>0,

1, T>T,
W —T,)= {0’ T<T, (3.9)
,oT oT
y=0: —45;—4()6), x =0 —).5_0,
y=lzl T= Tm’ x=[1; _va_T=0’
Ox

t=0: T0,x) = T,.

For p, C,(T), A(T), the values typical for zinc have been chosen. [, and I, are
given as equal to 10 cm and 5 cm, respectively.

In finite differences approximation of (3.9) the discontinuous function
v(T — T,,) has been replaced by a continuous function v, (7). Two different approx-
imations have been considered, differing from each other by their smoothness degree.

A typical approximation is the linear one [30, 41, 42]:

15 T> Tmax
vA(T) = (T - Tmin)/A7 Te (Tmim Tmax) (310)
09 T< Tmin

where A = (Tnax — Twmin) > 015 a parameter, defining the width of jump smoothing.
Also the exponential function approximation has been used, [40]:

va(T)=1—[1+exp{4-(T — To)/A}]™?, (3.11)

where T is the inflection point of v,(T).

In the first case, the smoothing interval is finite and equal to A and in its
extreme points, Ty., and T;q, the derivative of the function v, has discontinuity of
the first type. In the second case, the smoothing interval is infinite but it is possible
to emphasize an effective interval of smoothing A: (T — A/2, T + A/2). Function
vs(T) is C*.

The influence of the approximation of v on the solution was studied on two
problems with sinusoidal and exponential spatial distribution of source g{x):

2

g(x) = go (1 + A4sin %) go =10 W/ecm* 4 =02,

(x —m)?
k

1
g(X)=goeXp{— } go = 21 W/cmz,m=§x, k=348,



100 Vladimir . Mazhukin and Alexander A. Samarskii

N S S B I
-\1—/\
2-\0—/_\

AT
y‘ t=10

4

4 3
| 2
1

5 0

t=40
y AT
Fig. 3

Note that numerical integration of boundary value problem with boundary
conditions of the second type is studied to a lesser extent and for such probiems an
additional requirement exists for A to be as small as possible.

The distribution of temperature fields and position of phase boundary AT =0
for both sources at different time instants are given in Figs. 3 and 4. Isotherms in
Figs. 3 and 4 are shown in relation to temperature 7,,, AT = T,, — T. The zero
isotherm, AT = 0, corresponds to phase boundary. For the linear approximation of
v(T — T,,) an 8 times decrease of the smoothing parameter A (i.e., 1°) requires the
reduction of the integration step At approximately by two orders. While for the
exponential approximation of v(7' — T,,) a 100 times decrease of A practically has
no influence on the integration step.

However, it is necessary to note that the smoothing procedure of the enthalpy
function applies to a restricted class of problems, excluding in particular the
processes of overheating or overcooling of a condensed medium. In the latter cases
when physical conditions permit the appearance of overheated or overcooled
states, the use of such an approach can lead to the failure of the definition of
temperature field and phase boundary velocity. Additional limitations arise in
connection with correct statement of boundary conditions in cases when the
complete system of hydrodynamic equations is used to describe the process [43—46].

3.8 Dynamic adaptation methods

Numerical algorithms based on the methods of dynamic adaptation of computa-
tional grids for the solution specially developed for Stefan problems [60, 617 and
allowing to analyze both one- and multi-space-dimensionally all problems are free
of the disadvantages discussed above [62]. In the dynamic adaptation methods the
problem of constructing the computational grid is formulated at differential level.
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In the differential problem some equations describe physical processes and the
others the behavior of grid points [63].

The main source of complexity for the numerical solution of Stefan problems is
the presence of unknown moving boundaries. The dynamic adaptation method is
based on the automatic transformation to a moving coordinate system driven by
the solution to be determined. The transition to moving coordinates system allows
to eliminate the problems related to moving boundaries but in this case it is
necessary to determine not only the values of unknown functions but also the grid
points coordinates. The description of the grid points movement is performed by
partial differential equations added to the problem. The number of such equations
is equal to the space-dimensionality of the problem. The adaptation mechanism of
computational grids in the proposed method is introduced at differential level and
does not depend on the specific numerical method employed (finite differences or
finite elements). The behavior of additional equations considerably depends on the
dynamics of the physical process. The transformation of coordinates driven by the
solution itself allows to dislocate grid points depending on particular features of the
solution such as the spread of large gradients, shock waves, contact and phase
boundaries. The density of points in the regions of fast changing solution in the
dynamic adaptation methods is determined with the help of a transformation
function, Q, which generally can be the combination of the solution and of its
derivatives [64, 65].
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As it was already noticed, the problems connected with moving boundaries are
eliminated by passing to a moving coordinate system in which grid points and
boundaries are fixed. In this respect the method is similar to Lagrangian methods.
However, there is a principal difference. In Lagrangian methods for moving
coordinates system the hydrodynamical velocity is increased: this is not always
convenient and considerably restricts the class of solvable problems. In the dy-
namic adaptation methods the velocity of coordinates system (and respectively, the
grid points distribution) is not indicated a priori and is determined in the process of
solving of the problem. It principally allows to obtain any desired points distribu-
tion and the application of the method is not limited by the problems of hydro- and
gas-dynamics. For the complete description of the principles for constructing
dynamically adapting algorithms for free boundary value problems we refer to
[65].

In conclusion, we note that during the last years most attention has been given
to the problem of computational grid generation, being of paramount importance
in numerical solutions of mathematical physics equations. Several general direc-
tions to grid generation and adaptation can be found in the literature [66—78].
Nevertheless the methods of adaptive grid generation are developing intensively
and at present it is impossible to say which ones are preferable.

The efficiency of the dynamic adaptation method is shown in the following two
tests which refer to essentially different problems. The first problem deals with laser
melting and evaporation of condensed media [79]. The mathematical model
describing these processes represents the classic one-phase Stefan problem. In the
second problem, associated with the Stefan hydrodynamical model, we consider
metal melting from an overheated initial state [80].

3.9 The problem of laser melting and evaporation [79]

In Fig. 5, laser radiation is spread along the axis x from right to left. In points
x =Tgand x = I';, and x = I'}, solid-liquid and condensed medium—vapor inter-
faces are located.

At the body surface, laser flux is partially absorbed producing heating, meiting
or evaporation depending on the intensity and duration of the pulse influence.

Surface and volumetric energy absorption

During heating the volumetric and surface energy absorption of electromagnetic
radiation is distinguished depending on correlations between absorption coeffi-
cient values x and thermal influence length Iy = (a-t)'/2. If the latter is much

Usl Ul v
| Solid Liquid e1 Laser
2, T o -
X=X X=X
s v

Fig. 5
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higher than the mean photon free path I, = x~!(Iz > I,), the conversion of radi-
ation into thermal energy occurs entirely at the surface. In the opposite case,
(Ir < 1,) energy penetrates and is absorbed volumetrically. Volumetric heating by
laser radiation can produce phase transformation if x-a/V;, < 1, i.e., il energy
absorption length is not small as compared with thermal influence length.

The volumetric absorption of laser radiation is described by the energy balance
equation and the radiation transfer equation:

AMT) — ——, (3.12)

ﬁ—HcG=O. (3.13)
0x

On the surface to be irradiated, x = x,, the following boundary conditions are
imposed:

or
X=X ia=0, G, = A(T)Go. (3.14)

In the case of surface energy absorption the heat transfer equation does not contain
the term 0G/0x, and the equation for radiation transfer is not required. Laser
source influence is introduced through the system (3.6), expressing energy conser-
vation.

Taking into consideration the above statements, the mathematical model
describing the behavior of solid phase (s) and liquid phase () and accounting for
phase transitions can be written as follows:

oT o, . . 0T 0G
licp(T)pE]k—[aA(T)a—x—g]k, k—S,l

oG
|:——+KG:| =0, xg<x<xp
Ox X

(3.15)

with boundary conditions:

t=0 T(x,0) =T,

or
=Xxq. A—=
X = Xq o 0

0T, oT,
X = Fsl: }-s__ }'l—l = psLmvsla Ts =T = Tm

0x Ox

oT, t\?

X = Flv: )-l S = plvalua Gs = A(Ts) GO eXpl — 1\ -
0x T

PV, = pv(ulv - U)

Pl + plvlzv = Pu + pv(vlu - u)2 (316)
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_ 2 y—1 2 12 u 2
neneflier (e |- ()]

1/2
Po= %pH {(%) [(VMZ + 1) exp (b*M?) erfc (bM) — %fM]

+ % [1—2-f-Mexp (b*°M?) erfc(bM)]}

v

L, T,
Py = RpyT,, Py = pyexp <RT (1 - Fb)>
I I

Let us formulate the method for numerical solution with dynamic adaptation
as applied to system (3.15), (3.16). Transition to non-stationary system of coordi-
nates is done by a substitution of variables of general type

x=flg) t=1,.
having the reverse transformation
qg=®(x,t), T=t.
Partial derivatives of dependent variables are expressed conventionally:

g 0 6q_6_ 0 oxpd 0 Q0

ot 0t otdq 0t O0t¥dq Ot ¥iq

0 090 p 0 _ 0x
dx o0xdq WYoq _6qp
ox 0. . . . .
where Frini ; is the velocity of coordinates system movement, @ is a function
T

depending on the solution to be determined, ¥ is a metric coefficient of transforma-
tion that shows how much the region is changed in comparison with initial region.
Using variables substitution, the mathematical model (3.15), (3.16) takes the

form
[ﬂH”]=[Qf_ﬂ@ﬁ_§q,H=cJ~ ERE)
. k

ot dq 0q 0q
oG pioT
s = = W= -"<>= 3.18
[6(] + kpPG O:|k, k=s,1, waq (3.18)
oY a0 Y ox
= — — — =, k= "l, 3.19
[6T 5q}( > " 7 $;1, go<qg<4qL (3.19)
with boundary conditions:
t=0 T(q0=T,
ApoT
q = qo: ‘£—=0, 0=0 (3.20)

¥ dq
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W, — W,
q= Fsl: Ts = Tl = Tma Qsl = — PsUsi, Qsl = - L—l (321)
Ap 0T,
—r,; 2o
q iv 'Ill aq Lquus
t 2
G, = A(T;)Go CXP< - (‘) >,
T
Py = pv(vlv - u), le = — Pibiy, (322)

PI + plvlzu = Pv + pv(vlv - u)z,

B 2 (v —1 y—1 2
on o (] (i

Do = 1p,, {(-‘)”2 [@MZ + 1) exp (B*M?)erfc (bM) — %fM]

+ % [1 — 2-f-Mexp (b*M?) erfc (bM):l}

Equation (3.19) is the equation of reverse transformation. Function Q in this
equation, as was already noticed, is to be chosen depending on the properties of the
solution to be determined, thus permitting a great flexibility of the method.
Without considering the selection of function Q in detail (a special analysis of this
question is performed in [65]), we just observe that for any given form of Q, we
obtain a different transformation. For example, choosing Q dependent on the
spatial rate of change of the solution it is possible to increase the number of grid
points in the region of large gradients [63—65]. For free boundaries problems the
most important form is Q = — D -(0%/dq) which provides a quasi-uniform grid at
each time step if a sufficiently large value is chosen for the coefficient D. Thus, the
problem for moving interface boundaries in computational space leads to the
determination of values @y, Q,,.

To construct discrete models approximating the differential form of the prob-
lem (3.17)—(3.22), computational grids W/ must be introduced into each phase
sub-region. In the solid phase computational grids are used with non-uniform step,
h;, along spatial variable q and step At/ along variable t:

o = {(qi, AY), (ir1)2, AT),
Qi1 =i + hiy Guera=qi + 0.5k, 7 =1/ + AdS,
i=0,1,...,N,j=0,1,...,J}

In the region occupied by the liquid phase, a grid uniform in space is used.
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Discretization in each sub-region is done by implicit conservative difference
schemes [2]:

[(WH){H,Z—(WH){H,Z wii — wi! (QH){'I:—(QH)!“_G.-H—G.}
i k

Attt h; - h; h;
lPile/z - ij+1/2 zl-:ll - ijﬂ
Arit! T h; K
Giv1 — G; J*1
[% + K(PpG)s; = 0} ,k=s,1, (3.23)
i k

xi:ll - X{H _ lP.j:}l/z Q'j - _ ‘Pij+1/2 - lPz‘j—1/2

h; p;:f/z ’ ! 0.5(h; + hi_y) ’

Wwi= _ }».{P.‘J‘ Ti+1/2_Ti]—1/2 =01 N—1
' ' 44 0.5(h; + hi-y) ’ T
Functions W,-j , Q,-j s x,,A C’ are related to nodes, and T+ 12 'Pij+ 1/2 to points
between nodes.
Values T;, ¥/ in nodes are determined through the value of these functions in
points between nodes with the interpolation formula:
yj P1+1/2 W: 172 hi- 1/2,Vt+1/2 + h;+1/2y; 1/2 'I/,H/Zp, vz
p1+1/2 lIJ: 1/2hz 1/2 + h1+1/2 le+1/2pl 1/2

Boundary conditions (3.20)-(3.22) are approximated by the following finite
difference relations:

q=qo: W§=0,05=0
wi—wi
L,

)
P{ = P} + pi(v}, — w)* — plvi?,

i 1 1/2 . "/—1 2
=Tt {[”f (m)Mz] -/ (m)M}’
4f

s L (TN e 2M?) erfy M
pe=afi () | OM Do MY erlc M) = o

q=rsl: T&’= TIJ= T, Qsjl= _psvgly Qsjl= -
q= Flv: le = —Llejus Qlju = —vljuplj’

plvljv = pt{(uljv - uj)9 G'; = A(TSJ)GO exp <_ <

|~

J
+ % [1—2-f-Mexp(bM?)erfc (bM)]},

L, T;
PH“RPHTI: PH—p,,CXp( Tl (1-;;)),

P{ = Rp{T}
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Algorithm of solution

The application of dynamic adaptation allowed to develop numerical algorithm
the main idea of which is to make calculations according to homogeneous scheme
(as in the smoothing methods) with simultaneous front tracking. For this purpose
the solution of difference scheme (3.23) at one time step t/ is done by means of two
included iteration cycles. In the first boundary condition the values Qg and @, are
determined by means of iteration procedures which is equivalent to the determina-
tion of the values of interfaces velocity vy, v;,. In the second cycle for both regions
the values 77 and ¥; are determined by the usual method of three-diagonal
matrices combined with Newton—Raphson method. Iterations are performed to
fulfill the conditions:

6%F =" — il <& ¥} + e,
g1 — &4 < 1073-107%
6TF| = |TF — Tfl < &3 Ti + ea

Certain difficulties can arise when a new phase appears. In the above method
a new region is introduced according to the following criteria. Overheating of the
solid phase surface is admitted up to 0.2 K. It is assumed that the energy stored for
overheating is utilized to form liquid phase. Comparing its value with L, the initial
liquid thickness and initial melting velocity vy are determined. Surface temperature
is chosen so that the energy stored is sufficiently large for several atomic layers to
melt. Usually, the initial thickness of the liquid phase is 8-100 A.

The above procedure is used for mathematical modeling of laser melting and
evaporation of condensed media [79, 81]. As an example, we consider the influence
modes typical for metal cutting and for evaporation of ceramics [79].

In the first example, a laser pulse of rectangular shape with half-width 107%s
and intensity 2+ 10° W/cm? is incident upon aluminum sample surface of thickness
1 cm. Energy absorption is assumed to be confined at the surface. The portion of
absorbed radiation is characterized by some temperature dependence A(7T;) to-
gether with C,(T) and A(T') which are shown in Fig. 6. When phase transition takes
place all these values change abruptly, i.e., they experience a discontinuity. Note
that one of the advantages of the proposed method is the possibility of working with
discontinuous thermodynamical and optical characteristics without any smoothing.

Ce, A, A5
P P ' 40
3 pemnm T 30

, . T (K) Lo Fig. 6. ————— J, Wfem-Kj ——— p,
250 750 1250 1750 2250 g/cm3; Cpr, JNg K); ————- A, %
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This feature allows to sharply increase calculations accuracy in the field of phase
transformations.

In Fig. 7a-c the typical profiles of T(x), ¥(x) are shown (and G(x), in case of
volumetric source), together with G(t), G,(t) as displayed on monitor screen. The
plot on the left characterizes the spatial distribution of temperature fields T(x),
T, (x) and functions ¥,(x), ¥;(x). Variation of functions ¥,(x) and ¥,(x) shows the
dynamics of solid and liquid domains. On the right hand side, time-base of laser
pulse G(t) and portions of radiation absorbed by surface, G,(t), are given. Markers
on these curves show the current time instant. In the upper right corner the values
of current time, t, the number of time steps, J, and integration step, At/, are given.
In the legend, the current values of /, x;, vy, x,, vy, P; are quoted.

The appearance of melting (Fig. 7a), accompanied by the introduction of new
area is characterized by a sharp break in the diagram of T'(x) on the interface,
which is marked by a vertical dashed line in the figures. The dynamics of solid and
liquid phase size is defined by function ¥(x). In the solid phase ¥,(x) decreases from
1 at the moment of melting to zero with complete melt. In liquid phase ¥,(x)
increases from 1 at the moment of melting to several orders (10>-10°) (Fig. 7b and
¢) depending on the sample thickness in the initial state and on the duration of the
melting process. In Fig. 9 the temperature distribution at the moment of laser pulse
end is shown. In Fig. 8a and b, the functions G,(t), T;(t), vg(t), vi,(t) and ¥,(¢),
characterizing the process dynamics are given. The negative branch of vy(t)
corresponds to melting, while the positive one is related to crystallization. The
interfaces velocities are rather small (tens of centimeters per second) that is
primarily due to the given intensity value, G. The maximum melt thickness reaches
0.5 cm and the evaporated layer is 0.03 cm.

In the second example we consider pulse influence of laser radiation on
ceramics. At present, intensive studies in the field of the application of supercon-
ducting ceramics are carried out. Treatments such as laser annealing of ceramics
are also widely used for the purpose of obtaining specific properties and for the
formation of thin superconducting films produced by laser evaporation. Typically,
it is very hard to predict the outcome of such processes, mainly because of the fact
that the underlying physics is not known completely. Ceramics are materials with
complex chemical composition and with badly studied optical and thermody-
namical parameters and consequently it is difficult to determine the optimal modes
of influence. The importance of mathematical modeling in the study of such
phenomena is considerably increased.

As an example, let us consider the typical mode for pulse laser evaporation
of ceramics, series YBa,Cu;0,_,. From the experience it is known that optical
and thermodynamical properties depend poorly on temperature and their
values are within the range &k =10*-10°cm™', C,=(3-8)'107'J/(K g),
4 = (1-5)- 107% W/(cm K). Thus, in comparison with metals, ceramics are materials

Fig. 7Ta—c. 1, T; 2, ¥; 3, G. a Time = —7.76-1073s, x, = 842-107%m, x, = 1.51-10" ¥ m, vy =

—0.175m/s, vy, = — 7.63-10" "' m/s, P, = 9.46-10"** bar. b Time = 1.13-10"% s, x; = 3.36° 10" * m,

x,=102-10"%m, vy = —3.32:10"2m/s, v,,= — 1.81:10"2m/s, P, =3.38-10"2 bar. ¢ Time =

107-1072s, x,=449:10"%m, x,=295-10"%m, vy = —247-10"2m/s, v,, = — 5.78:10"* m/s,
P, =998-10"4 bar
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with low, thermal diffusivity, a, and relatively high absorption coefficients, k. The
experiments show that ceramics, series YBa,Cu;0-_,, evaporates passing through
melting state, i.e., as most metals do. However, the absorption of laser energy in
ceramics is substantially volumetric, due to the different relation between the
parameters a and «.

In calculations, because of the absence of reliable data on optical and thermo-
dynamical parameters, all the values were taken constant and the same for both
phases. Their values were assumed to be equal:

T, = 1300K, T, = 2000 K, L, = 2.5-102 J/g, L, = 6103 J/z.
ps=p; =643 g/cm?® i, =2, =3-1072W/(cmK), A, = A, = 80%,
C,,=C, =510"J/gK, k= 5-10*cm™".

Let us consider some peculiarities of melting and evaporation of ceramics,
thickness 5 pm, by laser pulse with T = 50 ns and G, = 107 W/cm?. The temper-
ature profile, T(x), characteristic of volumetric source and fixed at time instant
preceding appearance of the liquid phase, is shown in Fig. 9a. The given profile,
T(x), differs from the analogous one obtained during surface source influence by
a smoother distribution in space and lower spatial gradients resulting in slower
increase of meiting velocity, V,;. Melting process proceeds from the surface and
rapidly leads to the formation of a temperature maximum which, in the solid phase
and with volumetric source shown in Fig. 9b and c, reaches 50 K over the
equilibrium temperature, 7T,,. As a result, a region, whose size is about 0.5 pm, is
formed where the solid is in overheated metastable state. The size of overheated
regions and the degree of overheating depend on thermal conductivity, absorptiv-
ity and on the source intensity. During heating, the liquid phase rapidly increases in
size from 8 A at the moment of melting to 0.1 pm in the middle of the pulse (Fig. 9c).
The increase of liquid phase thickness leads to the fact that a great portion of
radiation is absorbed in the liquid, resulting in its further heating, up to the
evaporation temperature, 7,. At the same time, a smaller portion of radiation
reaches the solid phase and the overheating degree is decreased under the influence
of thermal conductivity till complete disappearance. In the liquid phase surface
evaporation and volumetric energy absorption lead to the formation of a new
metastable region with maximum temperature at a certain distance from the
surface (Fig. 9¢). Contrary to solid phase overheating, the metastable state in liquid
is maintained till pulse end.

It is necessary to note that in the model (3.15)—(3.16) here used, the processes for
volumetric nucleation and volumetric vapor formation are not considered. More-
over, it is supposed that the metastable phase is stable enough and has no time to
decay during pulse influence. Therefore, the above calculations have the main
purpose of attracting investigators attention to the possibility that metastable
states appear in deep regions during laser treatment. More attentive study of such
phenomena requires, first, additional experimental investigations and the develop-
ment of more sophisticated mathematical models. The practical importance of the
mathematical model discussed above consists mainly in the fact that it allows to
determine the conditions for the formation of metastable states. And though their
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lifetime is unknown, it is always finite. Therefore, explosive decay of metastable
phase due to volumetric vapor formation processes is actually possible. It is
necessary to consider its possible occurrence for a more correct development and
application of laser technologies, since an explosive decay of metastable states is
capable not only to accelerate the material elimination process, but also to present
a serious problem during thin film coating and the production of elements of
submicron sizes.

3.10 The problem of overheated metal melting [80]

As it was already noticed, metastable states nowadays attract the attention of many
investigators. A great number of papers is devoted to formation dynamics and the
properties of overcooled and frozen states of condensed substance [82-84]. The
properties of solid bodies overheating during pulse influence are more complicated
and less studied. The main efforts in the theoretical study of this subject should be
directed, first, to the construction of more comprehensive mathematical models,
since, for example, the classic version of the Stefan problem in the given situation is
far from being a correct description of the problem. Actually, during strong
overheating, the velocity in the problem (3.1-3.3) can be formally taken infinite. As
a consequence one obtains the self-similar solution of the one-space-dimensional
melting problem in which the initial temperature, T, > T,,, exceeds melting tem-
perature. In this case for the temperature profile and the velocity of front move-
ment the following expressions are obtained [8]:

T;= TO - C(D(X/Xm), T; = Tm
X =2B(at)"?, a=i/(Cyp),

b = Xt = Blaft)?, @ = 25 [ “exp (=3,
where f is a parameter.

During high overheating, when 7, — T,, = L,,/C,, this solution becomes com-
pletely meaningless. Correct mathematical description of such physical situation
requires the use of the complete system of hydrodynamic equations [80] as
unlimited increase of velocity, vy, at the initial time moment would result in
unlimited value of pressure P in the system. For a number of materials, the
dependence of phase transformation temperature on pressure, T,,(P), is experi-
mentally established [85]. A precise consideration of this phenomena should lead
to establish bounds for the initial velocity, vy, and to the elimination of non-
physical regions.

A mathematical model considering hydrodynamical effects and including the
relationship, T,, = T,,(P), has the form (3.8).

The boundary conditions can be specified as follows. The left end of bar,
X = X,, is rigidly fixed and heat impermeable, i.e., the conditions correspond to:

u=0, —=0. (3.24)
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The right end of bar, X = Xy, is assumed to be free and also thermally insulated,;
p=0,—=0. (3.25)

On the interface, X = I'y, three conservation laws are fulfilled and the law for
melting temperature change is given, depending on pressure:

Ps* Vst = pl‘(Us_ Ul + vsl)a

ps'v.zl'l'Ps:pl'(Us_ Ul+vsl)2+Pl,

(3.26)
T
T ox Uax  m PsVsts
Ty = T,.(P).

The initial conditions were chosen on the basis of the following considerations.
It was supposed that a thin layer of the material is heated up to a temperature Ty,
exceeding the equilibrium temperature, T,,, and the process of melting begins after
the propagation of an unloading wave (the pressure in medium decreasing to zero).
This situation is simulated by the equations of state in the form of p, = pi(p — po.
T — T,) and spatial temperature distributions, T(0, x), and density, p(0, x), in the
form of uniform step functions subject to jump at the interface:

T(O, x) = To T(Oa x) = T.;‘l
P(O,x)=Ps » x0<x<rsb p(()’x):pl s rsl<x<xN- (327)
u0,x)=0 u(0, x) =y

As thermodynamical parameters and state equations, in calculations the values
typical for aluminum were used [86]:

e = (Cp T)y;
ps=3Pio(z)® = z3°) 1+ a- (23 ~ )]+ 3R p-(To = T): [y + 4-(z, — DI;
pi=Polzi— 1+ B(T—Ty)], zx = plpw, k=51,
where T,, = 933.6 K, p,o = 2.7 g/cm3, p,, = 2.383 g/cm?, R = 0.30793 J/(g* K),
Py, = 7.27-10° bar, P,y = 10°bar, « = 0.225,y = 2.136, f =3-107°K™!.

For relationship, T,; = T,,(P,), the experimental data [85] which were approx-
imated by the expression were used:

T, = T, + 0.00644 - P;.

Calculations begin with the solution of nonlinear system (3.26-3.27) from which the
values T, and all related values were determined.
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Simulation [80, 87] shows that consideration of hydrodynamic effects led to the
limitation of phase boundary movement (Fig. 10a), thereby, within the range of
overheating, T = 50-300 K, whose maximum value was less than sound velocity.
The limitations of velocity, vy, are due to the appearance of high pressure on solid
phase surface, shifting the temperature value T = T,,(P;), to higher values, which
in turn lowers temperature gradients on this surface and decreases the velocity vy.
The decrease of vy, in turn, leads to the decrease of P, and T,,(P;) (Fig. 10b) and at
the moment in which the equality, Ty = T,, is attained, the interface pressure
becomes zero and the velocity v, tends to that of a self-similar solution (Fig. 10a,
dashed line). The pressure rise on interface is further spread into solid and liquid
phases causing hydrodynamical disturbances which eventually determine the non-
monotonous character of the behavior of vy(t). In Fig. 10c and d, the change of
pressures, P, P;, and velocities U;, U,, are shown on the interface I'y. Spatial
distributions of temperature in both phases for various time instants are shown in
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Fig. 11. On temperature curves, a minimum corresponds to the interface position.
Pressure and velocity on this boundary have jump discontinuities (Fig. 10c, d).

Note, that the application of a kinetic condition of the type (3.5) instead of (3.3)
in an analogous statement leads to a solution completely different from a self-
similar one.

In conclusion, we note that numerical solution of the problem (3.23)—(3.27) was
carried out by the specially developed algorithm [87], based on the dynamic
adaptation method and allowing explicit determination of interface position, like
for the solution of the classic version of Stefan problem, and the calculations are
carried out according to a homogeneous algorithm.

The principle of dynamically adapting grids is extended to the class of non-
stationary problems of gas-dynamics [88, 89], allowing to determine explicitly
weak and strong singularities, in particular, shock waves can be calculated without
artificial viscosity. With no particular difficulty, the method is generalized to
multi-dimensional problems of mathematical physics (see [62, 90, 91], where non-
stationary two-space-dimensional problems and boundary layer problems have
been considered.)

Thus, the development of the dynamic adaptation methods is a powerful tool
for theoretical study of laser technology problems.

4 Laser surface modification and treatment of coatings

As has been noted, laser radiation with intensities higher than necessary for
heat-treatment leads to the melting of thin surface layers. The melt being formed
then can be cooled with a high rate due to heat removal to the bulk or artificially
from the outside. Experiments [92, 93] show, that if the cooling rate exceeds the
value of 10° K/s, then the crystallization front may be too slow to reach the surface,
and a certain part of the melt appears to be frozen in an amorphous state. This
phenomenon is the basis of the production process of surface amorphous layers in
metal alloys and semiconductors [84, 94]. Such phenomenon has not been experi-
mentally observed for pure metals.
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If the operation of laser melting and subsequent crystallization is performed
with the material previously coated with an appropriate substance, then laser
melting leads to the formation of surface layers with a new composition, and,
consequently, with different properties. This phenomenon underlies the technolo-
gical process called laser surface modification or laser doping. Note, that for the
surface modification (laser doping) the impurity need not necessarily be coated as
a solid film, but can be supplied in the form of liquid or gas jet [1].

Similar processes are typical, also, for laser treatment of coating, in particular,
for laser cladding. The coating of construction materials by solid layers is one of the
procedures for improving wear resistance, durability and reliability of manufac-
tures. However, the physical-chemical properties of metal films, coated onto the
substrate surface by one of known methods, such as plasma or laser spraying, not
always meet the necessary requirements. Depending on the materials used, the
coating method and the thickness, the coatings can have weak adhesion, high
porosity, laminated structure and other defects. Further laser treatment, leading to
melting of the surface layers allows to remove most of the indicated defects. Then,
the coated layer is melted in such a way to achieve the minimum melting of the
basic material, as a considerable mixing can worsen the cladding layer properties.
As cladding materials usually Co, Ni, Ti and iron based alloys are used. The
method of solid layer coating is well enough tested and commonly used [1, 94].

One of the main problems to be solved by mathematic modeling in this area is
the determination by numerical calculation of optimum values for laser radiation
intensity and duration for the treatment of heterogeneous materials.

For the mathematical description of a multilayer material behavior under the
pulse influence we write the heat transfer equation for each layer, complemented by
appropriate boundary conditions on phase boundaries I'y and on interfaces of the
materials I'***?, where indices i, s, I refer to i-th material, solid and liquid phases,
respectively.

0 0 oT|

— =—MT)—=— 4.1

[at(pCP(T)T) Em MT ax]k (4.1)
i=1,2...,N, k=s1

On the interfaces I'**** for (4.1) the so called contingency conditions or boundary

conditions of the 4th type are written. For an ideal contact they reduce to the
diffraction conditions:

[—A(T) g—z]l = [—A(T) g—f]m, T'=T"! 4.2)

During heating of i-th material up to the melting point T}, the additional condi-
tions on the phase boundary I'} are:

oT |} orT |t L
LMH—}—LMD—-=MM%
0x s ox 1 (43)
Ti=Ti=T; '
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As a typical example of the coating laser treatment let us consider the problem
of melting and vaporization of the two-layer material, comprising an aluminum
substrate of thickness /4, = 1 mm, on which a thin titanium film /y; = 0.1 pm is
coated. The impinging pulse has a rectangular form, a duration t = 5-107%s and
intensity G = 5-107 W/cm?2, Thermodynamical characteristics and parameters of
the two materials significantly differ from each other, and their reflectivity is not
considered. Let us point out the main features of the conditions being considered.

Laser radiation is completely absorbed in the bulk of titanium. Aluminum,
being under titanium, is heated by heat conduction. With the chosen influence
parameters the first to be melted is aluminum, whose equilibrium melting point
T, = 933 K is almost three times lower than titanium melting point. In Fig. 12a
and b the time dependence of melting—crystallization rates for aluminum vZ'(¢) and
titanium v}'(¢) vaporization rates v,(t) and the surface temperature T,(t) are
presented. The negative branches of v&!(t), v5i(t) curves correspond to melting, the
positive ones to crystallization. The vertical dotted line describes the end of laser
pulse. When the surface temperature 7o' = 2000 K is reached the second melting
front, characterized by the rate v1i(¢), penetrates deeply into the titanium from the
surface (Fig. 12b). The termination of laser puise is followed by a sharp decrease of
the surface temperature and vaporization stops (Fig. 12a). The quick heat transfer
from titanium to aluminum leads to a further substrate melting and to the
beginning of titanium crystallization. The crystallization proceeds with high
rate, its maximum value is several times higher than the melting rate. The high
rate of crystallization leads to a significant release of the crystailization energy in
the liquid phase, which inhibits its cooling. This stage of the process is character-
ized by a plateau on the curve of the surface temperature 7(t) (Fig. 12a). On
completion of the crystallization in titanium the surface cooling rate again in-
creases, which eventually allows crystallization to start in aluminum. The max-
imum rate of aluminum crystallization, also, exceeds the maximum melting rate, as
a consequence of the low heat conductivity of titanium in comparison with
aluminum.

For comparison let us consider the same influence conditions, changing only
one parameter, namely, increasing the coating thickness by a factor 2: Ir; = 0.2 um.
In this case the development of the process qualitatively changes (Fig. 12¢c, d).
Because of its low heat conductivity, as compared to aluminum, titanium is heated
more rapidly than in the previous case and is the first to be melted. Aluminum
melting begins with a considerable delay. By the pulse termination the surface
vaporization rate v, is several times higher than in the previous case, the surface
temperature and the melting rate vI} are also significantly higher. The maximum
crystallization rates v} and v4! are lower, although the surface temperature behav-
ior (Fig. 12d) is qualitatively the same as in the first case. The significant quantitat-
ive differences of curves vii(t) and v4'(¢) lead to considerable deviations in the
depths of fusion of both materials.

The example considered shows that due to multiple interrelation of the
influence parameters in problems of coating treatment even the qualitative stages
of the process cannot be predicted without the use of appropriate mathematical
models.
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Doping processes, in which one of the materials acts as an impurity, or similar
processes under laser influence on the alloys, require more complex physical-
mathematical models. The mathematical model for crystallization of multi-com-
ponent systems, disregarding the hydrodynamics of the melt, usually is based on
the heat transfer equation with the addition of equations describing the change of
the components concentration during the crystallization process.

The formulation of the problem of laser pulse influence has a number of
peculiarities. The main physical feature to be considered is the non-equilibrium of
the process both at the melting and at the crystallization stage. It is known that the
melting and crystallization are non-symmetric processes [61], under metastability
conditions. The description of metastable states arising in melt was discussed in the
previous section. Let us briefly consider the main aspects of physical-mathematical
description of a multi-component melt undergoing non-equilibrium crystallization.

Non-equilibrium alloy crystallization is related, in the first place, to extremely
high cooling rates and, respectively, high rates of phase front propagation. It is
known [96, 97] that, depending on the cooling conditions, the same alloy can have
a different morphological structure: regular, cellular or dendritic. Until recently in
the description of the liquid alloy crystallization an assumption about the local
thermodynamic equilibrium on the interface melt-crystal has been used, which is
valid for crystallization rates not exceeding 1 m/s. In these cases the main problem
is the determination of the temperature on the phase boundary, the composition
being determined by solids and liquids lines of the phase diagram. The commonly
well-known mathematical model in crystal equilibrium growth theory is, apparent-
ly, the concentration overcooling model of Mullins and Sekerka [98]. The basis of
the model is the assumption that the movement of the crystallization front is so
slow, that segregated impurity is mixed with liquid phase thanks to diffusion. The
increase of the overcooling degree is due to decrease of the equilibrium temperature
T,, of phase transition, caused by accumulation of the impurity in the melt near the
crystallization surface. Under certain conditions the initial plane front becomes
unstable and acquires a cellular or dendritic structure. The main achievement of
the concentrational overcooling model is considered to be the possibility of
reproducing critical condition for the transformation of a plane front into a cellular
one. Other aspects of equilibrium crystallization are considered in [96, 97, 99, 100].

The experiments of last years [101-103] on crystallization of alloy melt thin
layers after laser influence have shown that crystallization following exposure of
the order of picoseconds can be performed with enormous rates 50-100 m/s, at
which an assumption about local equilibrium is hardly valid. The studies
[104-106] have shown the existence of a real deviation from equilibrium on the
interface melt-crystal, where the impurity concentration significantly exceeds the
equilibrium limit of solid body solubility, as the so called impurity capture occurs.
A theoretical study on the high crystallization rate under such conditions requires
a comprehensive examination of the kinetics and the phase front structure. The
analysis of non-equilibrium processes of the high rate crystallization and their
mathematical description have been carried out in a number of papers [107-109].

In spite of the high complexity of theoretical studies, laser doping and surface
modification find common practical use in various technological cycles. As an
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example, we shall dwell on laser hardening method of aluminum alloys, developed
by the authors [110-112] and used for manufacturing of automobile motor
pistons.

The technological process consists in metal powder coating on the piston
surface and its subsequent fusion by laser radiation. The powders coating is
performed by coverings. Fusion is achieved by laser radiation with wavelength
2 =10.6 um, G = 10* W/cm? intensity and speed v = 1m/s. As a result of remelting
in the radiation region a wear resistant aluminum alloy, differing from the basic
metal both by structure and properties, was obtained. Then in the remelted zone
the groove was turned for compression rings. In the process of the studies powders
based on NiCr, FeCuB and NiCrMo were utilized. The tests have shown that the
most efficient doping of Al,5 alloy is achieved with powders based on NiCr. As
a result of the doping an alloy with 2-3 times increased hardness, high temperature
resistance and impact viscosity has been produced. The alloy produced at a high
cooling rate has a fine dispersion structure with an oversaturated solid solution,
which makes resistance characteristics several times higher. The method above has
been introduced at a number of plants of automobile branch.

5 Laser cutting and dimensional treatment

Laser cutting of metal sheets with a1 cm thickness has significant advantages over
other methods employing, e.g., oxygen—acetylene flames or plasma. The main ones
are the high quality of cutting, the possibility of complex contour cutting, the high
localization of heat influence. The best results are achieved on super-resistant and
refractory materials for the purpose of drilling holes of given form, depth and
diameter with high precision.

Laser cutting and dimensional treatment of metals are performed by meiting
and vaporization processes. The cutting of non-metals has considerable differences
due to their high transparency and low heat conduction. For comparison note that
heat conductivity A of metals lies in a range of 0.1-5 W/(cm K) while for dielectrics
it lies in 1073-1072 W/(cm K). The coefficient of volumetric absorption for most
metals is ¥y = 10°-10° cm™?, while for non-metals it is y = 10'-10* cm™*. Therefore,
the cutting of non metals is achieved, as a rule, either by sublimation, or as a result
of generation in the bulk of the material of high thermal pressure, the so-called
thermal cleavage.

With exclusion of thermal cleavage processes, for laser cutting, miniature
welding and dimensional treatment the same mathematical models can be used
including as a necessary element the phase transition dynamics of the first type.

5.1 Surface evaporation without plasma formation

In the present subsection we shall consider the principal steps of construction of the
mathematical models for the specified processes and simulation resulits, obtained
with their help. In describing pulse influence conditions the microscopic movement
of the melt may be disregarded, and then the condensed medium behavior can be
described by the heat transfer equation. The processes in the evaporated substance
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are usually described by the system of gas-dynamics equations. The equations for
the condensed and gaseous media are coupled through the boundary conditions on
the phase boundary I';,. The formulation of boundary conditions in the general
case represents a complicated problem, as it is connected with the physics of
intensive surface evaporation.

The vaporization process plays an extremely important role due to the relevant
increase of energy capacity and of specific volume of the substance in the phase
transition. Note, that vaporization can proceed in two considerably different
conditions. If in the subcritical range of temperatures T < T, the ambient pressure
p exceeds the pressure of saturated vapors p > p,, then the phase transition occurs
without the formation of an interface and can be described as a process in
a continuum. A so-called gas-dynamic model of vaporization corresponds to these
conditions [113]. The inequality p > p, represents a necessary condition for the
applicability of vaporization gas-dynamic model. When p < p, in the vaporization
region, a sharp phase boundary must exist, on which, besides the laws of mass,
momentum and energy conservation, additional relationships determining the
phase transition kinetics have to be formulated. A theoretical description of such
vaporization conditions is performed in the framework of the one phase version of
the Stefan problem, in which the temperature of the plane transition front has
a weak logarithmic dependence on the front velocity [58]. The successive formula-
tion of boundary conditions on the phase interface when vaporization has de-
veloped, requires, strictly speaking, the consideration of the kinetic equation.
Intensive vaporization is followed by the appearance of a non-equilibrium
Knudsen-layer, adjacent to the phase boundary. The hydrodynamics approach
in this region is absolutely unacceptable, as the current parameters vary over
a distance of the order of the mean free path. The Knudsen layer usually is
considered as the gas-dynamic gap, the parameters of which from the external
side are determined with some assumptions about the type of non-equilibrium
distribution function inside the Knudsen layer. Depending on the assumption
used, various mathematical models of Knudsen layer have been realized, from
which the additional relationships at the vaporization front I';, are determined
[56, 59, 114-119].

The mathematical description of the surface vaporization process is consider-
ably dependent on the conditions being considered. Usually it is assumed, that the
vaporization rate has an upper bound u < u, or M = u/u, < 1, where u, = (yRT)*/?
is the velocity of sound, and M is the Mach number. When the substance vaporizes
under the influence of a continuous radiation current to the vacuum or to
a medium with negligibly low pressure compared to saturation pressure, M is 1. In
this case the behavior of condensed medium ceases to depend on the external
gas-dynamics problem, which simplifies the description of vaporization process
(3.15) considerably.

A more complex mathematical model is used for description of vaporization
conditions with M < 1. In this case the processes in condensed medium and in gas
are correlated, the value of M is a priori unknown and must be considered as
a quantity to be determined [120]. In this case the problem (3.15) must be
considered together with the system of gas-dynamics equations, which in the
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coordinate system moving with the phase interface I'y is:

dp 0
E + a(p(u - vsl)) =0
o 0 s (5.1
pu 14
a1 +5(Pu(“—vs1))=‘a—x
lpe+u¥2)] o __0(pu)
S Dol w2 — )] = —

So far the mathematical structure and the properties of the solutions of the
nonlinear system describing such non-equilibrium processes, have not been studied
in detail. At the same time, the problem of the condensed media vaporization under
different non-stationary heating conditions are of great practical interest. The
formulation of such problems is connected with a non-trivial question about the
phase transition deviation from equilibrium, i.e., the behavior of M.

In vaporization into vacuum the change of M on the boundary of phase
interface can be related to the heating of evaporated substance (plasma formation)
or to quick variation of surface temperature caused, for instance, by a change of the
source intensity G. Vaporization under these conditions has non-stationary nature,
the main feature of which is the nonlinear dependence of phase transition kinetics
on a number of parameters of the incident pulse, such as intensity, duration, change
rate, etc. As the calculations [121, 122] have shown, the behavior of M, describing
the deviation from equilibrium of the vaporization process, cannot be obtained by
means of simple analytic evaluations, but the performance of numerical experiment
is required. The mathematical modeling of aluminum surface vaporization in
vacuum under various non-stationary heating conditions has shown that the
vaporization process kinetics in this case appear to be more complex than it has
been assumed earlier.

Let us consider the example of M depending on the heating conditions. In
[123], the results of the numerical solution of the vaporization problem are
presented for a two-phase system in the case of the heating of a condensed medium
by a rectangular pulse of radiation with a microsecond duration. Based on these
results the conclusion that M decreases without any restriction with the heating
intensity reduction has been formulated. However, such a conclusion seems to be
less justified, due to the reason that the results obtained for the concerned condi-
tions cannot be reproduced for other cases of the intensity change. The numerical
simulation of the process, made in papers [121, 122] with the help of the math-
ematical models (3.15), (5.1) under different influence conditions, has shown that
the behavior of the parameter M in a more general case is qualitatively different
from that described in [123]. In the analysis of the surface vaporization processes
the same formulation and the same condensed medium characteristics (of alumi-
num) were used as in [123]. The value of M under boundary conditions was not
fixed and was determined from the simultaneous solution of the heat transfer
equation and gas-dynamics equations.
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In Fig. 13, the graphs of M and pj; vs. time are presented. It can be noticed, that
after switching off the source G = 10’ W/cm? at the moment of time ¢ = 1ps
a rapid drop of M and py occurs. In this, M does not reach zero but passing
through a minimum it begins to increase again unlike in [123], where M drops to
zero and remains fixed on this level.

In Fig. 14a—, the examples of immediate switching off the radiation source in
various times are given. The intensity of the source G was assumed to be
107 W/cm?. The intensity on the condensed medium surface was determined with
the account of aluminum absorptivity G = A(T})- G, where A(T;) was assumed to be

0.23 T.<T,
A T — 5 = m
(7) {0.64Ts°~“ T.>T,.

200

pH (bar)

0 25 50 ]
Atins) Fig. 13

w}
sef ”

03

06

05 1 L L L 1 I " . L o N —

19 20 24 2.2 2.4 25 2.6

Fig. 14



Mathematical modeling of laser treatments of materials 125

The graphs in Fig. 14 show that with the increase of vaporization time the
previously evaporated substance reaction intensifies, leading to faster drop of M.

In Fig. 15, the profiles of T, py, M are presented corresponding to a discontinu-
ous change of G for various amplitudes. With a change of amplitude less than 20%
the value of M does not change and is 1. It is notable, that in all cases in Figs. 14
and 15 M reaches the initial level M = 1.

Figure 16 shows the graph of M corresponding to the intensity modulation
G; = G/(1 — a-sin (2nAt/t)), which was switched on after 2 us from the pulse
activation with intensity G = 5-10® W/cm?2. The modulation period is T = 20 ns.
The calculations have shown that M essentially does not depend on the modula-
tion depth and, moreover, M becomes less than one after the significant intensity
drop and stays there almost through the entire range of growth of G.

In the case a = 0.5 the change of M correlates with the order-of-magnitude of
the linear evaluation [122]. However, with the decrease of modulation depth AM
sharply decreases. With a = 0.2 the difference of M from 1 does not exceed 10~ %,
This agrees with the assumption that the nonlinear problem solution is constant
and is M = 1 for the concerned influence mode. It will be emphasized that in the
non-stationary problems it is not known a priori, whether the vaporization with
M =1 takes place, or M is always less than one.

5.2 Vaporization kinetics in plasma formation in vapors [124-126]

With values of the intensity G sufficient for ionization of evaporated particles the
vaporization conditions change qualitatively. The vaporization kinetics takes

% 107 § 10 10’
- —_—
§ . M 5:40°
g 2.10°
<
L \ ; . A ,
Wt
0.9 u
2 08 [
07 " 1 ) L 1 N N L L L
)
A
70 B
0.5 PN
% 50
]
2
T0.4
= T,




126 Vladimir I. Mazhukin and Alexander A. Samarskii

1.00

N/ N Joses
0 10 20 30 40 0.96 .
At(ns) Fig. 16

a more complex nature, which is determined by two factors: temperature and gas-
dynamics. The temperature factor comes into play because of the change of laser
pulse intensity. The gas-dynamics factor is due to pressure variations, caused by
a complex mechanism of substance separation in plasma formation. Ionization of
vapors makes the gas opaque to laser radiation and an increasingly lesser part of it,
being absorbed in the substance vapors, reaches the target surface. But simultan-
eously with the decrease of laser flow on the surface an increase of energy radiation
flux occurs, coming out of plasma. Plasma formation leads to that situation even
with a constant source G intensity of the flux, impinging upon the surface since the
sum G, + W, changes in a rather broad range of values, owing to variable optical
transparence. In this way non-stationary conditions are produced on the surface.
Partial laser radiation absorption by ionized vapors produces a sharp increase of
pressure in the gas to values comparable with saturation pressure, thus causing an
additional retardation of vapor flow and a decrease of the value of the parameter
M.

From the mathematical point of view and for the one-space-dimensional case
the processes discussed above can be described by the following system of equa-
tions:

oT oT d oT
p(T)Cy(T) (E -V 5) = (l(T) g) (5.3)
—H<x<0
x=—H: }tg—f= 0

oT
x =0 '{(T)E= Gs+ Ws_ valvlv

G,=(—R)Gy, G; =(1 + R(T;))G¢

PsViy = Poluo — Vi) (5.4)
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Ps + psvlzv = Po + Po(uo - vlu)2

_T. 2 (Y=Y 2 | (=1 oy
T°_T‘{[1+f <v+1>M] f<v+1>M}

1 Ts 1/2 4
Po == Py {(—) -[():M2 + yexp (h*°M %) erfc (bM ) — —fM:|
2 To A
T,
+?[1—2-f-Mexp(b2M2)erfc(bM):|}
dp 0
Fr + E(P(“ —v))=0 (5:5)
dpu) ([ (w—w,)*\_ 0P
a +6x<p 2 )T T 6)
olple+u?2)] @ (u—v,)? _ 0(Puy)y oW 0G,
P ™ L =" o O
£+ I, =kl W—de J‘1 I,d (5.8)
l‘th va—vam - o v _1ﬂv ﬂ, .
- +
di+KvG—=0,di—KvG+=0, G9=G_+G+. (5.9)
dx dx
O<x<L.
x=L: P=0,G =G, I,=0 (5.10)

Equation (5.3) describes the behavior of the condensed medium, (5.5) and (5.6)
describes gas-dynamics equations, (5.7) is the equation of energy balance in gas
medium, (5.8) and (5.9) are the equations of continuous and laser radiation,
respectively.

Indices s, | and o are related to the surface of the condensed medium, liquid and
external side of Knudsen layer, respectively.

W is an average radiation flux, 1,, is an intensity of equilibrium radiation, W is
radiation flux, being absorbed by the condensed medium surface.

Note, that the system of radiation gas-dynamics equations is written assuming
the existence of local thermodynamical equilibrium in the gas.

The mathematical model of aluminum surface vaporization in vacuum by laser
radiation with A = 1.06 pum and G = Goexp (—2(t — t)*/12), Go = 5- 108 W/cm?,
proposed in [124-126] according to (5.3)—(5.9) has shown that plasma formation
causes not only a decrease of the evaporated substance flow, but, also, leads to
a complete stopping of vaporization despite high surface temperature (Fig. 17).
Under that condition parameter M takes negative values M < 0 (Fig. 18). In the
same figure the part of the evaporated substance flow F = Fy/F;, having passed
through the Knudsen layer, is shown. where Fy = poug and F; = p,vy,.

Formally, to M = 0 it corresponds zero flow of substance over the interface.
The condensation process must correspond to the negative values of M. The model
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(5.3)-(5.9) does not include the condensation kinetics, but it was believed that the
whole flow of matter reaching the surface is deposited on it. From the curves in Fig.
18 it follows that vaporization occurs during two short time periods, where M > 0.
The first vaporization period is caused by laser radiation and is characterized by
the inequality py > p,, where p, is a pressure in plasma. As a result, M > 0. The
plasma formation in vapors makes pressure increase to p, and M decrease. The
negative values of M are taken when py < p,. The second period of vaporization is
due to the flux of plasma intrinsic radiation W, the maximum value of which
reaches ~10% of G. Note that during the second period vaporization occurs with
a rate, significantly lower than the maximum one, M = 0.1. The appearance of
a new portion of evaporated substance increases the optical thickness of plasma,
which weakens the flux W, and leads to the situation py < p,, M < 0.
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A brief consideration of the main aspects of the problem of metal surface
vaporization by laser radiation indicates an important role of gas-dynamics phe-
nomena, even in vaporization into vacuum. This becomes more evident when we
consider pressure controlled laser treatment of condensed substances. The vaporiz-
ation of the substance can lead to the formation of impact waves and, depending on
the chosen conditions, plasma will appear either in vapors, or in gas. Its composi-
tion and other characteristics will be considerably different from the ones of plasma
formed during vaporization into vacuum.

Let us remark that the experimental and theoretical results available indicate
that the studies of such processes are largely incomplete. At the same time, the
optimization of such technological processes as laser cutting, welding, multilayer
coatings, evaporation of superconducting ceramic films, i.e., of those processes in
which phasc transformations play a leading part, requires detailed information
about the dynamics of all the processes taking place in the irradiation zone. But
most problems in laser technology, still, can be solved only empirically.

In conclusion, we note that most of the theory here considered, in general, is
applicable to laser miniature welding. The welding of large-size components, as
a rule, performed by laser units under continuous or pulse-continuous conditions
of radiations, must be described including also the hydrodynamical effects.

6 Laser-plasma treatment of metal

Laser-plasma treatment (LPT) is recognized as a whole complex of processes, in
which laser plasma formed in gas under controlled pressure plays a significant role.
Some tests [127, 128] have shown, that the presence of gas metals with a specified
composition and a pressure controlled in the range 10-100 bar near the surface,
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allows to change the laser radiation interaction with targets in a certain interval of
intensity due to plasma formation, and to use laser plasma thermal-chemical
properties in order to change the microhardness of metals. LPT of materials is
a promising technological process, but its application for practical purposes is still
at the initial stage.

We shall bricfly describe the peculiarities of LPT in nitrogen, N,, and carbon
dioxide, CO,, [1], atmospheres, for radiation with 2, = 1.06 pm. Within the
pressure range 1-40 bar plasma appears and develops, mainly, in vapors. With the
increase of gas pressure up to 60 bar the significance of erosion processes reduccs
and under pressurcs excecding 80 bar, plasma develops in the environmental gas.
The influence of the chemically active medium, just laser plasma, promotes the
formation of nitrides and carbides in the near surface layers of the material under
treatment, with no substantial destruction by laser radiation. The formation of
nitrides, carbides and other non-equilibrium structures in the radiation zone
increases microhardness and wear resistance by 2—4 times for such metals as steel,
titanium, molybdenum, tantalum, zirconium, and others [1, 128, 129]. It is not
surprising, then, that the detailed analysis of the laws of laser plasma development
and the study of its role in the general processes becomes very actual.

Conventionally the origin and development of laser plasma is divided into three
successive stages: gas break-down, formation of plasma cloud opaque to laser
radiation and quasi-stationary spread of plasma formations. The initial stages of
development, in particular the stage of optical break-down, determining the sub-
sequent nature of radiation intecraction with the substance, are of major interest to
us because they are less known than the third stage.

In study on the initial stages of the development it is nccessary to consider the
contribution of the processes both on the level of elementary collision reactions
(excitation, ionization, deexcitation, recombination, dissociation, conversion of
atoms and ions), and the influence of the macroscopic processes (diffusion, transfer,
gas-dynamics separation). As the most part of collision reactions in the radiation
zone proceeds under strong non-equilibrium conditions, the relation between the
processes of chemical kinetics and gas dynamics can be of a very complex nature.
Therefore, one should not rely too much on oversimplified models and on simple
estimates. As we believe, a more promising way of studying such non-equilibrium
systems is the development of sufficiently complete nonlinear mathematical models
and realization of numerical experiments.

The optical break-down of gas has been the object of a comprehensive study for
a long time [130-134]. As it has been already mentioned, gas break-down by
radiation is characterized by a large number of interrelated and interdependent
processes with different space and time scales, and moreover, proceeding under
strong non-equilibrium conditions. While the properties and the statc of a plasma
in thermodynamic cquilibrium are determined unambiguously by its temperature
T and its density p, the determination of laser plasma properties and particularly its
initial phase—optical break-down due to non-equilibrium—is a far more complex
and difficult problem. In order to describe optical break-down, based on electron
avalanche phenomenon, it is necessary to use the kinetic models, considering the
processes of collision and radiation transitions in atoms, molecules, and ions.
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6.1 Optical break-down
Kinetic models

The development of electron avalanche in vapors of metals can be described within
the framework of the collision-radiational model [135], representing the system of
equations of level kinetics, complemented by two equations of energy balance for
the electron and atom-ion subsystems. The description of the level kinetics of
atoms and ions is complicated by the fact that the energetic levels of the excited
state are splitted and mixed between each other, which leads to the necessity of
considering multiple transitions between them.

As an example, we will consider the collision-radiational model, describing the
kinetics of the collision and radiation transitions in atoms and ions of Al and used
for the study of the optical break-down of aluminum vapors [136]. The break-
down conditions correspond to the intensive surface vaporization. As initial data
the characteristic parameters of the cvaporated substance on the external side of
the Knudsen layer were specified. The clectron configuration of aluminum atom
15?2522p®3s?3p has three electrons with comparatively high ionization energy on
the non-complete ionization shell: [, = 5986 ¢V, I, = 18.826¢V, [; = 28.348 eV.
For electrons of the complete shell the ionization energy is much higher than
I, = 120 eV. Therefore, in the construction of the collision-radiational model only
the neutral atom Al and the first two ions, Al™ and Al* *, were considered. The ion
Al**7* (Ne-like aluminum ion) was assumed to be structureless, i.e., a core. The
excited states of neutral atom and two first ions considered, as well as the collision
and radiation transitions between them, are given in Figs. 19-21. The level with the
main quantum number # = 6 in the model was assumed to be hydrogen like, and
the levels with n > 10 were combined as a ionization continuum. The level kinetics,
charge content and energy balance in the given approach were described by the
system of ordinary differential equations:

ON; .
o =Ri+Si—A,’;l:1,...,11
e
aN[.“ .
= RTASS - A=
4]
“N++ (61)
CIN; ~ .
A =R,'+++Si+’_Ai++;I:1,...,11
¢
‘;Ni+++
%:ZSEJFJ’;i:l,...,ll
o i
o3 M,
Y _NeTe = G/l—?) (Tc_Tg) ("en+vci)
ar] 2 M,

11
+ YO+ OO+ 0T 0T (62)
i=1
o3 M,
a |:§ Ng T'g:| =3 m, (Te - Tg) (ven + Vei)Ne
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where i, j are energy levels numbers, z is the particle type index (neutral atomor 1,2, 3
times ionized atom); Ni, AEj; are i-level population for z particle and difference
between i-state binding energy and j-state binding energy for z particle; T, T, denote
electron and heavy particles temperatures; M,, N., N,, G,, R are referring to
aluminum atom mass, overall density of neutral atoms and ions, incident wave
intensity, and i-state population rate of change for z particle because of collision
transition, respectively.
R = N, ¥ (kN3 — ki N7),

jes;
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where the summation set Q; consists of states numbers, transition from which to
i-th states are allowed. S? is the term which defines i-state population rate of change
for z particle because of electron collision ionization process and three-particle
recombination.

St = (BiN.N**! — aiN)N..

A is the i-state population rate of change for z particle because of spontaneous
decay
Af = aiNi.
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Terms QZ, (7 take into account the energy exchange between electron and ‘heavy’
component because of non-elastic exciting reactions, quenching, ionization and
recombination:
Qi = Z |AE1?j|(k§iNJ? - kijf)Ne
jer
QF = (I’ — AE})(BiNIN, — af N**Y),
11

Nz+1 — ZN?+1 .
















































