Overheated metastable states in pulsed laser action on ceramics

V. |. Mazhukin

Institute of Mathematical Modeling, Russian Academy of Sciences, Miusskaya Square, 4, 125047 Moscow,

Russia, CIS
I. Smurov

Ecole Nationale d’Ingénieurs de Saint-Etienne, 58, Rue Jean Parot, 42023 Saint-Etienne Cedex 2, France

G. Flamant®

Institut de Science et de Génie des Matériaux et Procedes, C.N.R.S., B.P. 5, 66125 Font-Romeu Cedex,

France

{(Received 2 March 1994; accepted for publication 3 April 1995)

Volume overheating of solid and liquid phases in pulsed laser evaporation of superconducting
ceramics is analyzed by numerical simulation. The mathematical model includes the processes of
heating (with a volume energy release), melting-solidification, and evaporation. It is shown that the
maximum values of overheating of the solid phase (with respect to its melting point) exceed 100
degrees and those of the liquid phase exceed several hundred degrees (with respect to the surface
temperature). The times of existence of these metastable states are tens and hundreds of
nanoseconds, respectively. The dynamics of the processes are analyzed in a wide range of variation
of the absorption coefficient (i.e., laser wavelength). It is shown that the probability of explosive
decay of the metastable states in the solid phase increases with laser wavelength, whereas for the
metastable states in the liquid phase the overheating parameters exhibit a maximum versus laser

wavelength. © 1995 American Institute of Physics.

I. INTRODUCTION

The laser technique of thin-film deposition is considered
to be one of the most promising and universal methods for
deposition. It has already been applied to nearly 130 different
materials."? It has been shown experimentally that the coat-
ing quality depends on the stability of the laser evaporation
of the target, which in turn depends on the beam parameters:
intensity, pulse duration, radiation wavelength, as well as
heat transfer and optical properties of the evaporated
materials.!*2

Pulsed laser deposition (PLD) of superconducting
ceramics®~> has been found to be rather sensitive to the pro-
cess parameters. The behavior of superconducting ceramics
during PLD is one of the most complicated problems of laser
action on condensed media, it includes practically ali the
basic phenomena: heating, melting, evaporation, plume for-
mation, laser-beam—plume interaction, etc. Laser evapora-
tion of metals and ceramics is a first-order transition (to-
gether with melting) whose dynamics significantly affects
the stability of the materials removal. At the same time, the
mechanism leading to the formation of temperature fields in
superconducting ceramics has certain peculiarities because of
the volume character of laser energy release.

When analyzing theoretically PLD of ceramics, it be-
comes necessary to consider simultaneously a variety of
physical processes. Among them is the poorly studied prob-
lem of connections between phase transformations and meta-
stable states of matter. Rapid phase transformations are
known to be always accompanied by emergence of meta-
stable states. To date considerable experimental and theoreti-
cal knowledge on overheating and undercooling of liquid
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and gaseous phases during evaporation, crystallization, and
condensation has been accumulated.®~!! Less studied is the
problem of the occurrence of overheated states in solids,
which are associated with laser melting'>"!®> and
sublimation.'®~'? Theoretical analysis performed in some
earlier works?®?! either excluded the possibility of overheat-
ing of solid materials or considered it as negligible. The situ-
ation has been changed crucially with the advent of powerful
pulsed energy sources which could operate?*?® in regimes
for which the energy supply time is comparable with phase
transformation times.

Different aspects of laser evaporation during the bulk
heating of dielectric liquids (water, acetone, ethanol) have
been studied in a large number of experimental and theoreti-
cal works (for example, Refs. 24-26). Since thermal diffu-
sivity a and absorption « are relatively small, the condition
of bulk heating of a liquid during laser evaporation
Viw/ak=1 is realized even at comparatively low evaporation
rates V,,~1 cm/s (Ref. 24) (V,, is velocity of the liquid-
vapor interface). The influence of an overheated metastable
region in a liquid is revealed by the competition between
surface evaporation and volume boiling of the liquid phase.

Very few studies are devoted to conditions for the emer-
gence of overheated metastable states in the solid phase,
which accompany laser melting.?>? In fact, no comprehen-
sive study of the influence of a strong overheating of the
solid phase on the melting process has been made.

The present work deals with the processes of pulsed
melting and evaporation of superconducting ceramics of the
YBa,Cu;0Q,_, type by laser radiation with an intensity
which is typically used for superconducting films deposition
in a nanosecond range of pulse duration. Methods of numeri-
cal simulation are applied in order to study the following:
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(a) the formation of temperature fields while accounting
for the dynamics of phase transformations and volume
energy release;

(b) the role and influence of overheated metastable states
in solid and liquid phases on the melting and on the
evaporation processes;

(c) the peculiarities of phase fronts dynamics which de-
pend on the optical properties of the material.

Il. PHYSICAL AND MATHEMATICAL MODEL

Theoretical analysis of the pulsed laser action on ceram-
ics which account for phase transformations is a rather com-
plicated problem. Therefore, in order to solve this problem
one has to resort to various simplifying assumptions.

A. Principal physical assumptions

1. Thermophysical properties of metastable states

The properties of overheated liquids and solids essen-
tially depend on the depth of penetration into the metastable
region. When the penetration is deep, singularities may arise
close to the spinodal in thermodynamical characteristics of
the material. These singularities’’ are in the form of, for
example, unlimited increase in thermal capacity C,, and van-
ishing thermal diffusivity a. When the penetration into the
metastable region is not deep (with respect to the binodal),
overheated liquids show no peculiarities.?® In laser evapora-
tion of strongly absorbing condensed media, such as metals,
metastability of the overheated phase is not revealed up to
relatively high temperatures 7=~0.85T, .2 where T, is the
temperature of the substance at its critical point.

On the basis of these data it can be assumed that meta-
stable states accompanying phase transformations in ceram-
ics do not affect heat transfer and optical properties of the
material.

2. Lifetime of metastable states

One of the main properties of metastable states is their
finite lifetime. Decay of metastable states is, as a rule, due to
processes of nucleation of the competing phase. Problems of
thermodynamic stability and dynamics of the decay of meta-
stable states are of special interest and require a separate
analysis. When applied to laser action on condensed media,
these problems can be reduced to determine the relative role
of surface and volume mechanisms of evaporation and melt-
ing. The mathematical model used in the present article is
based on the assumption that overheated metastable states
have a stable behavior during laser action, and the processes
of surface melting and evaporation are the main mechanisms
of the phase transformations solid-liquid and liquid-vapor.
Thus, the processes of nucleation and related processes of
volume melting and evaporation are beyond the scope of this
work. This allows one to be able to simplify the problem,
without this assumption the explosive decay of metastable
phases must be taken into account. At present there are no
fully developed theoretical models that could be used as a
basis for a quantitative analysis of such phenomena.
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3. Averaged heat-transfer properties

Generally, ceramics are heterogeneous materials. Their
heat-transfer properties are not well known, especially at
high temperatures. Here, ceramics are considered as homo-
geneous materials characterized by averaged heat-transfer
properties.

4. 1D approximation

All the processes in the irradiation zone are considered
to be one dimensional. The required condition of the small
length of the heat effected zone as compared to the irradia-
tion zone diameter is supposed to be respected.

B. Mathematical model

Theoretical analysis of the dynamics of the first-order
phase transition leads to the different versions of the Stefan
problem,29 which in mathematical physics implies a whole
class of problems with moving boundaries, described by
parabolic or elliptic equations. In its general formulation the
Stefan problem can be reduced to a boundary-value problem
with piecewise continuous coefficients having the first-order
breaks on a priori unknown moving surfaces.

Mathematical description of the processes of laser heat-
ing (melting-solidification and evaporation of superconduct-
ing ceramics) is made within the framework of the combined
version of the Stefan problem including the dynamics of both
phase fronts: melting-solidification and evaporation. The
proposed mathematical model is a boundary-value problem
for the heat-transfer equation with two moving phase bound-
aries solid-liquid T'y(¢) and liquid-vapor I'y,(¢). Volume
heating of the solid and liquid phases is taken into account
with the help of the term dG/dx in the heat-transfer (1) and
the radiation-transfer (2) equations,

c 8T_ d T T oG |
P or T ox ox x|, M
G

—+KG=0) , k=s,l, >0, 2)
ox ‘

solid phase: xq<x<I'y(?);

liquid phase: T'g(r)<x<<T'y,(z).

1. Melting-solidification phase transition

In the classical version of the Stefan problem for the
description of melting-solidification phase transitions at the
interface boundary I'y(#) the differential condition is used,

9T, T,
x=FSl(t): )\J "‘;‘_)\1 E

= psLm Vsl ’ (3)
from which the velocity of the front movement V; is deter-
mined. Besides condition (3), we must prescribe another
condition associated, in the general case, with the kinetics of
phase transition. In the classical version of the Stefan prob-
lem it is supposed that at the interface boundary the tempera-
ture T is continuous and equal to the equilibrium transition
temperature T, ,

Ty=T.,=T,=T,,. 4
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In many cases the equilibrium phase transition temperature
T, can be considered to be a constant value. The phenom-
enological condition (4) does not contain explicitly the phase
transition under nonequilibrium, the application of this con-
dition implies that melting begins immediately upon reach-
ing the transition temperature T, . Thus, overheating of solid
body surface is excluded from consideration. This approach
can be referred as traditional. For example, in a well-known
monograph’® it is pointed out that overheating of a solid free
surface is not, generally speaking, realized.

The nonequilibrium phase transformation may be taken
into account explicitly in the so-called kinetic condition (5),
connecting the velocity of the interface boundary V; with its
temperature T. According to the classical theory,'®1%133!
this condition can be written in a simplified way as

L, AT
1—exp T .| (5)

kTsl)

where C, is the constant depending on the material, U is the
activation energy, AT=T,,— T. Using the kinetic condition
(5), where the phase transition nonequilibrium is explicitly
present, instead of equality (4) leads to the phase boundary

“movement in melting/solidification processes under over-
heating or undercooling (AT) only.

It should be noted that other approaches are also
used to formulate the kinetic condition. At present, however,
there is no generally accepted approach. The question of
whether to use the equilibrium models (1)-(4) or the non-
equilibrium models (1)—(3),(5) to describe pulsed modes of
action is still under discussion.

In the present article the mathematical models (1)~(3)
with the equilibrium condition (4) is used to simulate
melting-solidification processes. As noted above, the appli-
cation of the phenomenological condition (4) involves the
absence of the solid phase surface overheating during melt-
ing and liquid phase surface undercooling during solidifica-
tion. However, in the case of volume heating, as it is be
shown later, the overheating of the solid phase is the neces-
sary condition for the Stefan problem to be applicable for
description of melting process dynamics.

Va(Tg)=C, exp( -

14,32

2. Surface evaporation

To describe mathematically the process of intensive sur-
face evaporation, the well-known approach is used where the
plane boundary temperature T, depends logarithmically on
the front velocity.® Intensive evaporation gives rise to a
strongly nonequilibrium Knudsen layer at the interface. Usu-
ally in evaporation problems the Knudsen layer is a gas dy-
namic gap, for which three laws of conservation (mass, mo-
mentum, and energy) and two additional relations describing
the nonequilibrium degree of the phase transformation are
written. Several approximate models of the Knudsen layer
were developed.****~3" Assuming that evaporation occurs
into vacuum or in a medium whose pressure Py is much less
than the saturated vapor pressure Py (T, )>P;, any one
from the above-mentioned models can be used. In the
present article the relations reported in Ref. 36 are used. In
case of volume heating of a condensed medium the boundary
conditions on the surface being evaporated have the form
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aT,
xX= 1—‘ku : - )‘k a;ur = pkLkav_ EO'T;‘ur, (6)
pkvkl):pv(vku_u)’ (7)
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(10)
172 172
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In case of surface heating the energy balance on the
irradiated surface is written as

aT
_)‘k %zpkLuvkv+Gsur_ GO-T‘slup (11)

where
GSU!'= A ( TSUI‘) G .

Note that the x axis is oriented along the outward drawn
normal to the irradiated body surface. Other conditions re-
main unchanged.

The terms are defined as follows: a thermal diffusivity;
A(T,,) surface absorptivity; G energy density flux; G, ab-
sorbed energy density flux; Gy maximum value of incident
energy density flux; L,, latent heat of melting; L, latent heat
of evaporation; M Mach number; P pressure; R universal
gas constant; ¢ time; —ty,# the limits of time variation;
T(x,t) temperature; T, initial temperature; T,, melting point;
u vapor velocity; V, velocity of solid-liquid interface; V,,
velocity of evaporation interface; x spatial coordinate; xg,x,
the limits of coordinate variation; 7y the ratio of specific heat
at constant pressure to that at constant volume; I'y solid-
liquid interface; I',, evaporation interface; « absorption co-
efficient; A thermal conductivity; p density; € emissivity: The
subscripts indicate the following: b is the boiling point; H
saturated vapor; [ liquid; s solid; v gas phase; k condensed
phase (solid or liquid); sur surface; » laser radiation.

lll. METHOD OF THE SOLUTION

To prove the validity of the obtained nontraditional re-
sults, we present the details of our numerical method of so-
lution. Note: The simulation of the Stefan-type problems
with the volume energy release should be done by the ex-
plicit tracking of phase front positions and not by the widely
used treatment of latent heat evolution.
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A. Basis of the dynamic adaptation method

The principal difficulty for solving the Stefan-type prob-
lems is connected with the presence of moving interface
boundaries whose positions are not known in advance and
must be determined while solving the problem. Since the
solution region is unknown and changes with time, some
difficulties arise when constructing spatial computational
grids. These difficulties can be overcome with the help of the
dynamic adaptation method*®*~*® where the problem of com-
putational grids construction is formulated on the differential
level. It means that in the mathematical model one part of
differential equations describes physical processes, while the
other part describes the behavior of the grid nodes.>® The
dynamic adaptation method is based on the procedure of
transition to an arbitrary transient coordinate system with the
help of the sought-for solution. The transition to a transient
coordinate system enables one to avoid problems associated
with moving boundaries. This is done at the expense of in-
creasing the number of unknown quantities, since now it is
not only the grid functions that are sought for but the coor-
dinate nodes as well. Arbitrary choice of a transient coordi-
nate system makes it possible, in general, to solve problems
with any number of moving boundaries. Moreover, it makes
the method universal and simple, since the transition to a
required coordinate system is performed by choosing a par-
ticular transformation function Q depending in the general
case on the solution.>®~*° With the help of this function it is
easy to make a desirable grid node distribution, depending
on the special features of the sought-for solution. Among the
examples of the method applications are: propagation of
large gradients, strong gaps, contact, and phase boundaries.

B. Application of dynamic adaptation method to the
motion of melting-solidification and evaporation
fronts

Let us write the mathematical models (1)—(4) and (6)—
(10) in an arbitrary transient coordinate system. Let (x,) be
the initial independent variables, and (g,7) be the indepen-
dent variables in the new coordinate system. The transition
from one coordinate system to the other is carried out by
substituting variables in the general form x=f(q,7), t=1,
which has the inverse nondegenerate transformation
qg=®(x,t), 7=t. Partial derivatives of the dependent vari-
ables are expressed as

0_9,999 4 axpi_3 Q3
ot ot drdg dr orVdg dr Vg’
d dg d p 9 ox
—_—=— =, '\If:—p,
dx dxdg Vg dq

where dx/d7= — Q/p is the coordinate system velocity, O is
the arbitrary function depending in the general case on the
sought-for solution, ¢ is the metric coefficient or the trans-
formation coefficient indicating how many times the initial
region changes with time.

1262 J. Appl. Phys., Vol. 78, No. 2, 15 July 1995

Using the given substitution of partial derivatives, we
can write the mathematical models (1)—(4) and (6)—(10) in-
variables (g,7) and represent the differential equations in the
divergent form

(B(H\I’)_ W QW) &G) (12)
aT oq dq q/,
where H=C,T and W= —(p\/¥)(3T/dq),
G k¥
—+—G=0] , (13)
aqg p ‘
¥ a0 v ox
=T (2=, k=, (14)
aT 9q/, p 9dq/,
q0<q<Iy(2), Ta()<q<T, (), 7>0.
Initial and boundary conditions are
=0: T(q,0)=T,,
Ap oT
=40 5, =0 ©=0, (15)
.
W,—W,
qzrsl: Tslsz’ Qsl=_L—a Qsl_ sla
(16)
)\kpk 0Tsur
q=rkv: \I’_k dq =L0ka+eo-T?ur’ (17)
pkvkv=pv(vku_u)’ kaz_pkvku’ (18)
Pk+pkvzv=Pv+pu(Vku_u)2a (19)
,y_l 1/2 ’)’_1 2
2 2| _
1 T 172
Pu=5 P ;‘") ((7M2+1)eXP(b2M2)erfc(bM)
) —[1-2 fM exp(szz)erfc(bM)]},
<
21)
u
M=;—, ucz(yRTv)llz’

1/2 1/2
(3" )"
2 8

pH=PH/RTsur’ PH=

P, exp

-7
RTb 7wsur )

Equation (14) is the inverse transformation equation. In
this equation the function Q, as noted above, depends on the
special features of the sought-for solution. In general case a
great freedom of choice is allowed to determine the Q func-
tion and this task should be done by a user. Without going
into detail how one chooses the function Q (a special analy-
sis of this question is given in Ref. 40), we can point out that
for the moving boundary problems the function of Q
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=—D(dV¥/dq) is suitable. With an optimum value of the
coefficient D this function provides a uniform distribution of
nodes at any moment.

Numerical solution of the mathematical models (12)-
(21) was performed with the LASTEC-1 software.*' ™ In a
usual way the space of the continuous argument functions is
substituted by the space of the discrete argument functions
(grid functions), and the system of differential equations
(12)-(14) is approximated by finite difference relations ex-
pressed as a system of algebraic equations. The entirely im-
plicit conservative scheme with the approximation of the or-
der of O(A7+h?%) (where A7, h are the steps of 7 and ¢
variables used for computation).

IV. RESULTS AND DISCUSSION

Analysis of experimental and theoretical data
heat transfer N, C,, p, and optical A,x properties of
YBa,Cu;05_, ceramics revealed their comparatively weak
dependence on temperature. According to these data the ther-
mal diffusivity of YBaCuO ceramics is a~(2-5)10"2 cm%s.
Thus, the thermal properties of ceramics are close to those of

_ dielectrics a~1073-1072 cm?s. At the same time the optical
characteristics vary strongly when changing wavelength of
incident radiation.® In accordance with experimental depen-
dence x(\,) given by Ref. 3 the absorption coefficient x
ranges from x~8X10° cm™' for the radiation wavelength
\,=0.2 um to x~10* cm™! for the radiation wavelength
A=1 um. As a result, ceramics can absorb laser radiation
depending on radiation wavelength either as metals
(k<5%10° cm™! in the short-wavelength range) or as dielec-
trics (k=10* cm™! in the long-wavelength range).

It is well known?* that energy absorption under pulsed
laser irradiation can be either a volume or a surface phenom-
enon depending on the relation between thermophysical and
optical parameters and irradiation regime. The surface heat-
ing condition for regimes without phase transformation can
be written as [;>1[,, i.e., the quantum mean free path
I,~«k~"' is much smaller than the thermal influence length
I~ (ar)""?. Volume energy absorption takes place in the op-
posite case (at)?k<1. The period of volume heating in ce-

OB%ramics can be of tens or hundreds of nanoseconds depending
on the radiation wavelength.

For regimes with the first type phase transformations the
volume energy absorption becomes appreciable when ab-
sorption depth /,~«~" becomes comparable with thermal in-
fluence length I~a/V, i.e., ak/ V=1 with V being evapora-
tion front velocity. This condition can be written in the other
form V/a k=1 which is more convenient for further analysis.
The considered ratio is the smallest for metals because of
large k and a, consequently the volume heating condition
could be realized only for extremely high values of velocity
V>30 m/s and for a quite small distance. On the other hand
in dielectrics radiation absorption proceeds in the volume of
material even for relative low velocities V~0.01 m/s. Ce-
ramics behave intermediately between metals and dielectrics,
and volume heating can occur for V~0.1-1 m/s. Conse-
quently analysis of pulsed laser action on superconducting
ceramics should be performed taking into account both vol-
ume and surface energy absorption. It is possible to expect

3,44-46 on
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FIG. 1. Spatial temperature distribution a short time after the melting starts
for surface energy absorption.

that variation of the laser radiation dissipation mechanism
may lead to qualitative changes in basic processes.

We performed simulation consecutively for each mecha-
nism of laser radiation dissipation and we analyzed them.
Taking into account the above consideration, mathematical
simulation was carried out by two models:

(a) for surface heating (1),(3),(4),(7)—(11); and

(b) for volume heating (1)—(4),(6)—(10). The parameters
were chosen to be the typical ones for PLD regimes of
thin superconducting films. The temporal profile of la-
ser pulse was assumed to have the Gaussian form by

the vanable ¢,
\2
{3/

where —oo<t<+oo, 7 is the pulse half-width at the half-
height, 7=40 ns, G, is the maximum intensity, G,=10’
W/cm?. In the present simulation G, and 7 remain the same
for all the computation variants.

Heat-transfer and optical properties of the solid and lig-
uid phase were assumed equal and independent of tempera-
ture and the values were chosen in accordance with experi-
mental data,>*4-46

A=0.8,

G(t)=Gg exp

T,=1300 K, T7,=2000 K,
C,=5x10* JkgK, L,=2.5x10° Jkg,

L,=6x10% J/kg, A=3 W/mK.

A. Surface energy absorption

Spatial distribution of temperature 7(x) both in solid
and liquid phase, Fig. 1, corresponds to a conventional dis-
tribution in low thermal conductivity materials under the ac-
tion of a surface heat source. A low thermal conductivity
leads to a strong spatial localization of temperature field. By
the beginning of melting, the heated layer does not exceed
0.1 wum, which gives rise to high-temperature gradients in
subsurface layers.

The presence of large temperature gradients is respon-
sible for a high initial melting rate V;, Fig. 2. On the curve
Vq(2) melting process corresponds to the negative branch,
the solidification process corresponds to the positive one
(x axis is oriented along the outward drawn normal to the
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FIG. 2. Intensity of laser pulse G and phase front velocities V,, ,Vy, vs time
for surface energy absorption.

irradiated body surface). After a short time, the melting front
velocity reaches its maximum value |V5*|~6 m/s, and then
it begins decreasing rapidly under the influence of the grow-
ing liquid phase. A further decrease of the melting rate is
inhibited by the process of intensive surface evaporation
whose maximum rate is up to |Vie'| ~ 1.5 m/s, Fig. 2. The
high evaporation rate retards the liquid phase growth x;, Fig.
3, which affects the decrease of V(z). The effect of the
interaction of the phase fronts is particularly pronounced in
the nonmonotonic behavior of the curve x,(¢) which de-
scribes the dynamics of liquid phase thickness. After the end
of intensive evaporation, the liquid phase thickness increases
about 1.5 times. The maximum value is reached at the time
when the laser radiation intensity decreases by about one
order of magnitude.

The solidification process also proceeds at a rather high
rate |V5™|=~2 mys, Fig. 2. The duration of this process is
approximately equal to that of the melting process. On the
curve Ty (#) (Fig. 4) the solidification process corresponds
to the plateau with a practically constant temperature close to
T,, . Thus, in the case of surface absorption of laser radiation
melting-solidification process is described by the
asymmetrical-in-amplitude and nearly symmetrical-in-time
dependence of V vs t.

The process of intensive evaporation is characterized by
relatively high values of the rate | VY| =~ 1.5 m/s and recoil
reaction pressure at the liquid surface Pg+ =40 bar. The time
dependencies of V, (t), Fig. 2, and P (r), Fig. 5, being
slightly shifted, repeat the temporal profile of the radiation

2.4 10
8 NE
<
.6 ;
2
B4 o
E2
0.0 e 0

-05 -6.06 05 10 1.5 20 25
t (107 8)

FIG. 3. Intensity of laser pulse G, thickness of liquid phase x,, and thick-
ness of evaporated layer x, vs time for surface energy absorption.
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FIG. 4. Intensity of laser pulse G and surface temperature T, vs time for
surface energy absorption.

intensity G(¢). As it has been mentioned,?>?8 the surface of a
liquid being evaporated turns out to be overheated with re-
spect to the saturated vapor pressure. In the case of surface
energy absorption this is the only display of metastability.

B. Volume energy absorption

In the case of laser radiation released in the bulk mate-
rial, the behavior of the processes including the phase tran-
sitions, changes qualitatively, beginning from a certain value
of the quantum mean free path /,~«!. The calculations
show that appreciable duration (about ~1 ns) of volume
energy absorption in the solid phase during melting stage is
reached with k~2X10° cm™' at A=~0.3 um for the above-
mentioned intensity and duration of laser pulse. Absorption
coefficient « decreases with radiation wavelength A, which
leads to increasing of melting front velocity V and duration
of volume heating. The maximum duration is about 50 ns for
A,=1.06 um and «x<2X10* cm™'.

The duration of the volume heating of liquid phase,
which depends first of all on evaporation rate V,, , becomes
appreciable (r~10 ns) for k~5X10° cm™" at A~0.2 xm. The
characteristic duration of volumetric heating exhibits a maxi-
mum with respect to the absorption coefficient (i.e., laser
wavelength). The maximum value is about 100 ns for
xk=6X10* cm™". For smaller absorption coefficient (larger
wavelength) this duration decreases strongly, and reaches 20 '
ns for k~2x10* cm™!.

49 3 10
E8

F6

P (bar)
G (MW/cm®)

FIG. §. Intensity of laser pulse G and recoil reactive pressure P, vs time
for surface energy absorption.
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FIG. 6. Spatial distributions of absorbed energy intensity G and temperature
T at the moment of liquid phase appearance for volume energy absorption
(1,=3000 A).

Let us consider the influence of volume energy dissipa-
tion on the heat process dynamics. Calculations showed that
for the small depth ,~100 A, the process character does not
practically differ from the surface energy absorption; how-
ever, with the increased free path /, the behavior of the pro-
cess begins to change qualitatively. It is possible to note that
these changes are due to the emergence of new metastable
states (in volumes of the solid and liquid phases) whose role
becomes greater with [, increasing. As a result, the melting
process becomes dominant, the role of evaporation becomes
less important, and, consequently, the liquid phase exists for
an unusually long time. These effects are most evident in the
absorption coefficient range x= 10°-10* cm™' (mean free
paths of 10°~10* A), which corresponds to the laser wave-
length \,=0.4-0.9 um;® for Nd:YAG laser (\,=1.06 wm)
1,~1.3x10* A.

Increasing the quantum mean free path up to 3000 A
results in a noticeable dissipation of the radiation energy in
the bulk material. The spatial temperature profile in this case
has a flat peak near the surface with a small temperature
gradient, Fig. 6. Upon reaching the melting temperature T,
on the irradiated surface, the melting front begins to move
into the material. Owing to moderate spatial temperature gra-
dients, the initial melting rate becomes several orders less
than the initial melting rate in the case of a surface heat
source. Then under the combined action of the processes of
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FIG. 7. Spatial distributions of absorbed energy intensity G and temperature

T illustrating the appearance of solid-state overheating a short time after the
melting starts (volume energy absorption, I,=3000 A).
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FIG. 8. Intensity of laser pulse G and velocity of melting-solidification front
Vg vs time for volume energy absorption (/,=3000 A).

melting and volume heating, the temperature maximum, Fig.
7, is formed in subsurface layers of the material. The devel-
opment of this maximum is determined by the laser action
parameters, and the material parameters «, a, etc. The pres-
ence of the subsurface temperature maximum indicates that a
certain volume of the solid phase is overheated with respect
to the melting equilibrium temperature T, .

Arising metastable states significantly affect the velocity
of the melting front. The emergence of a temperature maxi-
mum at a certain distance from the boundary I' causes the
change of the heat flow W, (in the solid phase) direction, i.e.,
now it comes from inside the solid phase toward the melting
front. As a result heat flows from the solid and liquid phases
W, and W, are added together at the interface, and they are
not subtracted one from the other, as in conventional cases.?
The addition of the flows W, and W, results in a sharp in-
crease in the melting rate whose maximum value |V5*|~14
m/s (Fig. 8) is more than twice that given in the case of a
surface energy absorption, Fig. 2. High values of V; result in
a fast growth of the liquid phase, Fig. 9, which absorbs ever
greater portions of laser radiation. Overheating of the solid
phase, then, decreases and vanishes completely.

Liquid phase heating causes an intensive surface evapo-
ration, which in turn (with allowance for volume energy re-
lease in the depth of the liquid phase) leads to the formation
of the second temperature maximum, Fig. 10. For some val-
ues of parameters both maxima can be observed simulta-
neously (Fig. 10). When considering evaporation kinetics the

o
o)
(S}

G (MW/cm?)

FIG. 9. Intensity of laser pulse G, thickness of liquid phase x;, and thick-
ness of evaporated layer x, vs time for volume energy absorption (I,=3000
A).
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FIG. 10. Spatial distributions of absorbed energy intensity G and tempera-.
ture 7 illustrating the existence of two subsurface temperature maxima: in
solid phase and in liquid phase, a short time after the intensive evaporation
starts (volume energy absorption, /,=3000 A).

temperature of the interface is not fixed; therefore, in the
liquid phase not only the subsurface volume but the irradi-
ated surface also is overheated with respect to the tempera-
ture corresponding to the saturated vapor pressure. The sec-
ond feature is that the metastability of the liquid volume does
not cause the acceleration of the evaporation front movement
as compared to surface absorption. This observation is con-
trary to the solid phase overheating, where the metastable
phase accelerates the melting front movement.

As compared with the evaporation rate calculated for
surface energy absorption the maximum rate for volume ab-
sorption is reduced by about one order of magnitude (Fig. 11
indicates a value of 0.3 my/s). This phenomenon is due to the
lower surface temperature in the case of radiation energy
distribution in the bulk material. The reduction of the evapo-
ration rate V,, also leads to the lessening of its influence on
the whole processes and, in particular, weakens interaction
with the melting process.

At the same time due to the accumulation of energy in
the subsurface layer the processes of melting-solidification
and evaporation become extended in time. Thus, intensive
evaporation begins after passing the maximum G(¢) and
continues when the intensity G(¢) decreases by more than
one order of magnitude (Fig. 12). As a result, the profiles of
the evaporation rate V,,(¢), Fig. 11, and pressure P, (1),
Fig. 13, are shifted to the right-hand side (they are later) with
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FIG. 11. Intensity of laser pulse G and evaporation front velocity V,, vs
time for volume energy absorption (/,=3000 A).
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FIG. 12. Intensity of laser pulse G and surface temperature T, vs time for
volume energy absorption (!,=3000 A).

respect to the intensity maximum. The melting process con-
tinues for quite a long time after the end of the laser pulse. A
typical feature of the solidification process when compared
to the surface energy absorption is an extremely low velocity
of the phase front propagation |V5%|~0.55 m/s, Fig. 8. Ul-
timately, the melting-solidification process is characterized
by the curve Vg (¢) which is highly asymmetric in amplitude
and time, Fig. 8. The dependence of V with time has a
nearly unipolar shape.

Low evaporation and solidification rates lead to an un-
usually long lifetime of the liquid phase Az~1 us. By com-
parison in case of surface absorption of laser radiation, the
lifetime of liquid phase, as a rule, does not exceed pulse
duration of more than two times for metals or three times for
ceramics.’

C. General tendencies

In order to show general tendencies of the metastable
states appearance and its influence on the dynamics of phase
transitions, laser action over a wide range of mean free paths
I, (from 1,=0 to [,=5X10* A) is analyzed. The results are
presented in Figs. 14-17.

Each point on these curves corresponds to the maximum
(or final) value of analyzed function during thermocycle for a
given value of absorption length (i.e., laser wavelength). For
example, maximum absolute value of evaporation front ve-
locity in Fig. 11 is about 0.3 m/s. So, this value is plotted on
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FIG. 13. Intensity of laser pulse G and recoil reactive pressure P, vs time
for volume energy absorption (/,=3000 A).
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curve 1 in Fig. 14 for ,=3000 A. Other parameters (G, 7
and heat-transfer properties) of the material remain un-
changed.

In the case of surface absorption, /,=0, phase transitions
are connected with only one metastable state, namely, over-
heating of the surface being evaporated. In this regime the
highest evaporation rates |Vi*|~1.5 m/s, Fig. 14, and the
highest solidification rates |V5®|~2 m/s, Fig. 16, are found,
and the strongest loss of the material due to evaporation
Axy™ ~ 800 A, Fig. 15, is observed (Ax,: thickness of
evaporated layer per pulse). Melting has the lowest rate, Fig.
16. The ratio of phase front velocities determines the melt
thickness, Fig. 17, and the lifetime of the liquid phase.

Overheating of both phases results from the kinetic en-
ergy of the phase transformations. The overheating param-
eters are determined by the rates Vy,, V, and heat-transfer
and optical properties of the material. The maximum values
of volume overheating for the solid and liquid phases
AT (Fig. 18), their depths Ax,; (Fig. 19), and time of
existence Ar5 (Fig. 20) are calculated. The positions of sub-
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FIG. 15. Thickness of evaporated layer per pulse Ax, vs absorption length.
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surface temperature maxima Ax;, (Ax,;: relatively irradiat-
ing surface; Ax,: relatively solid-liquid interface) were de-
termined at the moments corresponding to the maximum
overheating values shown in Fig. 18.

As noted previously, the solid phase overheating AT, is
formed by volume energy absorption and the melting pro-
cess. Elementary estimation based on the boundary condition
on solid-liquid interface indicates that its value increases
with the increasing mean free path [,:AT,~L, V4l /\. The
increased overheating in turn causes an additional accelera-
tion of melting. As a result all the values characterizing the
overheating of the solid phase have a tendency to increase
with increasing /, (Figs. 18—20). The maximum values are
reached for the maximum /, value from the considered inter-
val 1,=5000 A (x,=2X%10* cm™!): AT™ = 155 K,
Ax,=800 A, Ar{* ~ 60 ns. In experiments an explosive
decay of the metastable state in solid phase can lead to an
ejection of the mixture of solid particles and liquid droplets.
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FIG. 17. Maximum thickness of liquid phase Ax, (curve 1) and its lifetime
tf* (curve 2) vs absorption length.
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At the same time, the increase of the energy releasing
area causes a reduction of the surface temperature T, , and,
as a consequence, a reduction of the evaporation rate V,,,
Fig. 14. Thus, two main parameters creating the volume
overheating of the liquid phase act in the opposite directions.
The calculation showed that the possible acceleration due to
the liquid metastable state (i.e., subsurface temperature
maximum that causes heat flux from the bulk of material
toward the surface) cannot compensate the reduction of the
evaporation rate caused by the lowered surface temperature.
As a result all the dependencies (Figs. 18—20) describing the
volume overheating of the liquid AT™(l,), Ax\(l,),
Ar;*(1,) in the range of /,=1000-3000 A have the extreme
values: AT™(l, = 1000 A) ~ 400 K, Ax,(,=3000 A)

~0.1 um, Ar{*(I, = 1500 A) ~ 140 ns. So, in the range

of laser wavelength A\ ,~0.4-0.6 um (which corresponds to
1,=1000-3000 A) high values of the temperature AT and
of the time of existence At*™* of the overheating increase
greatly the probability of an explosive decay of the meta-
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FIG. 19. Positions of temperature maximums in solid phase relative to
solid-liquid interface (curve 1) and in liquid phase relative to irradiated
surface (curve 2) vs absorption length.
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stable phase. In experiments this effect can occur as an ejec-
tion of material in the form of droplets.

To avoid the above-mentioned extreme overheating val-
ues in solid and liquid phases in PLD of ceramics, one needs
to use lasers whose irradiation absorption length is smaller
than 200 A. In the present case, this corresponds to a laser
wavelength A, <0.2 um.

Analysis of the dependencies of the surface temperature
Tu(?), and of the rates of evaporation V" (Fig. 14), melt-
ing (V¢<0), and solidification (V4>0), Fig. 16, shows that
for volume energy release with /,=1000 A melting becomes
dominant, which ultimately determines unusually long times
of existence of the liquid phase Arj*(I, = 5000 A)
=~ 1.2 wm, Fig. 17. Calculations show also that in the nano-
second range of action the liquid phase depth does not ex-
ceed 0.6 um, Fig. 17, which is clearly insufficient for real-
ization of a developed hydrodynamic motion and related
hydrodynamic instability. This supports the assumption that
one of the main reasons for the emergence of unstable re-
gimes in PLD of superconducting ceramics is associated
with metastable states in solid and liquid phases.

D. Discussion

Different types of cw and pulsed lasers are widely ap-
plied in ceramics elaboration and machining. The elaboration
of high-T, (high critical temperature) superconductors is one
of the typical examples. These techniques include PLD, thin-
film patterning, surface remelting, micromachining, and
some others.

One of the most important problem of technology of
high-temperature superconducting ceramics elaboration is
the increase of critical density of electrical current. The cur-
rent density is restricted particularly because of the presence
of imperfections and grain boundaries. In this connection
production of volume monocrystal samples becomes increas-
ingly important.*® The influence of imperfections and grain
boundaries can be eliminated by several methods, such as
surface remelting or growth of high-T, superconducting
films from the melt.*8
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Typically Nd-YAG lasers (A,=1.06 um) and eximer la-
sers ArF (A,=0.193 um), KiF (A,=0.248 um), XeCl
(\,=0.308 um) with energy fluence E=1-10 Yem? and
pulse duration 7=1-50 ns are used in ceramics processing.

For determination of optimal regimes for laser surface
remelting, PLD and some others should be performed on the
basis of comparing theoretical results with experimental
data. The main difficulty is just a complete absence of direct
measurements concerned with processes in condensed me-
dium (temperature fields in solid and liquid phases, phase
front dynamics). The real-time measurements of PLD pro-
cesses are realized mainly for the plume diagnostic,*>* i.e.,
phenomena in gas phase. The only realistic way is to com-
pare simulation results with general tendencies and indirect
measurements, ' ~>>°

As the analysis of experimental data showed, the varia-
tion of character of laser-ceramics interaction with radiation
wavelength can be used as one of the general tendencies.
This behavior is typical for both regimes of laser evaporation
without plasma formation®>> and with plasma formation
based on the evaporated substance.® It is usually
mentioned™ that the evaporation process is more stable and
the quality of deposited ceramic films is higher for short-
wavelength lasers (A\,=0.197-0.308 um) by comparison
with irradiation at A ,=0.532 um and A,=1.06 um. It should
be noted that the final achievement of PLD has been reached
only with the appearance of eximer lasers such as ArF, KrF,
and XeCl1.#~33%"%8 Nd-YAG laser applications on the main
A,=1.06 um and double frequency A,=0.532 um are nar-
rowed by the stability of surface evaporation. Stability vio-
lation results in emergence of liquid dropletslgj55 and solid
paniclesw'59 in vapor flux, which is probably connected with
microexplosions in irradiation zone. The direct connection
between the appearance of microcrators on the surface of
laser-irradiated ceramics and the sharp decrease of PLD
quality has been observed in Ref. 55.

Removal of liquid and solid particles from the evapo-
rated surface in the nanosecond range of laser action can be
identified with the explosionlike decay of overheated meta-
stable states. As it follows from the performed analysis, the
probability of this decay increases with \,. Well-known ad-
vantages of short-wavelength eximer lasers are balanced yet
by essentially higher (by one order of magnitude) productiv-
ity of Nd-YAG lasers at \,=1.06 um in PLD.%

The theoretical analysis in the present article was per-
formed under some assumptions that idealize to a certain
extent the considered situation. The main following assump-
tions are concerned: The imperfections and grain boundaries
are neglected; the thermophysical and optical properties do
not vary with temperature. The reasonable question is
whether the predicted phenomena such as solid phase over-
heating and so on are realized in typical experimental condi-
tions.

The performed analysis is relevant to monocrystal as
well as to polycrystal materials with characteristic grain sizes
larger than thermal influence length /;. For a wide range of
ceramics and nanosecond range of laser pulse duration /;~1
pm. The typical grain size of polycrystal ceramics is about
10-50 um.
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The extrapolation of experimental data from the tem-
perature range 300-1300 K to higher temperatures shows
that thermal dependencies of specific heat c,, thermal con-
ductivity A, and absorption coefficient « lead to about 30%
variation of these quantities. Such variations can lead to
some quantitative deviations from the obtained solution but
cannot cause qualitative changes.

More essential influence on simulation results can be
expected from possible jump variations of optical and ther-
mophysical characteristics at phase transition. Note that at
present there are no evident experimental confirmations of
this phenomenon. Moreover, the results of some experi-
ments, devoted to surface modification of ceramics by laser
treatment with G=(3-4)X10” W/cm?, 7=50 ns at \,=1.06
um,®! showed that laser melting and subsequent rapid crys-
tallization of melt takes place without significant modifica-
tion of phase composition. At laser action of a few tens of
nanoseconds, oxygen does not have enough time to leave the
melted layer. The above-mentioned results suggest that ther-
mophysical and optical properties of ceramics change mod-
erately under melting and crystallization.

Therefore, the simulation results obtained under simpli-
fied assumptions may be used for experimental data interpre-
tation as well as for determination of optimal regimes for
laser material treatment.

V. CONCLUSION

The theoretical analysis performed within the framework
of the admitted assumptions provides peculiarities of laser
influence on ceramics in the nanosecond range of duration
and establishes a qualitative change in the behavior of the
processes in the irradiation zone with a change of quantum
mean free path.

Volume energy release in ceramics should be taken into
account not only for liquid phase, but for solid phase as well,
at least at the initial stage of phase front propagation. The
ceramics melt becomes optically thick within 10-50 ns for
interface velocity Vg ~10-15 m/s.

The numerical simulation showed that pulsed laser
evaporation of materials with volume energy release leads to
volume overheating of both solid and liquid phases. The
maximum values of the solid phase overheating exceed 100
degrees and those for the liquid phase exceed several hun-
dred degrees for the considered values of the intensity
G=10" W/cm?, pulse duration 7=40 ns, and pulse temporal
profile G(t)=G exp[—(/7)*]. The lifetimes of the meta-
stable states are tens and hundreds of nanoseconds, respec-
tively. The metastability of the solid phase leads to the domi-
nation of the melting process which, together with a
decreasing effect of evaporation and low solidification rates,
makes the liquid phase lifetime 5—6 times longer than for the
surface absorption of radiation. It is shown that the probabil-
ity of explosive decay of the metastable states in the solid
phase increases with laser wavelength, whereas in the liquid
phase the corresponding variables exhibit a maximum versus
laser wavelength.

From the experimental data related to PLD of supercon-
ducting ceramics' > it is known that in order to realize stable
evaporation regimes (without droplets, efc....), it is preferable
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to use lasers with short wavelengths, for example,
A,=0.2-0.4 um (I,=100-500 A), whose dissipation mecha-
nism is close to the surface one. On the contrary, for
Nd:YAG (A\,=1.06 um) and CO, lasers (A\,=10.6 um) it is
practically impossible to obtain the required quality of depo-
sition, because of micron-sized particle generation. The pro-
posed analysis of heat processes in PLD probably explains
this tendency.

The analysis performed here is relevant not only to su-
perconducting ceramics, but may be extended (under certain
conditions) to a general case of energy flux action on mate-
rials with volume energy absorption.
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