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Abstract—By imposing the approximation of a shallow melt bath, small reduced Reynolds number and
of a plane free surface, unsteady-state thermocapillary flow of melt is considered for the case of melting a
metallic solid body by a Gaussian surface heat source. Based on the velocity field obtained, convective
mass transfer of the doping impurity is analysed by the method of model particles in the assumption of a
small Schmidt number. The feasibility of producing both a relatively homogeneous and an essentially non-
monotonous (layered) structure of concentration fields in the remelted zone is shown. The analysis of the
formation of such structures is made and their specific features are revealed in the case of laser doping of
metals from the gas (plasma) phase and from previously deposited coatings. Comparison between the
predicted concentration profiles and the results of experiments is made and their satisfactory qualitative
agreement is obtained.

INTRODUCTION

Laser doping, which allows one to change the chemi-
cal composition of surface layers and, consequently,
the properties of materials being treated, is a prom-
ising technological process [1]. It offers the oppor-
tunity for devising wear-, heat- and corrosion-resist-
ant layers on the surfaces of metals and alloys.
However, wide use of the processes of laser doping
is to a certain extent restrained by the inadequate
knowledge of diverse physico-chemical processes tak-
ing place in the laser-affected zone. These are : melting
superseded subsequently by solidification ; motion of
the melt under the action of one force or another ; the
access and the subsequent distribution of the doping
element over the lasing zone, etc. Their study entails
great experimental (locality, high rates) and theor-
etical (simulation of the simultaneous convective heat
and mass transfer problem) difficulties. The present
work is aimed at mathematical simulation of the pro-
cesses of heat and mass transfer in the case of laser
doping over the range of moderate energy flux densit-
ies, g <5x10°Wem =2,

Among the hydrodynamic processes occurring in
the melt during laser fusion of solid bodies in the
absence of extensive surface evaporation, the basic
one is the thermocapillary mechanism of convection
attributable to shear stresses originating on the sur-
face of the liquid in the case of its inhomogeneous
heating [2]. The use of laser radiation for initiating
thermocapillary flows provides a unique possibility
for studying fundamental physical laws of the given
phenomenon within a wide range of parameters, since
substantial temperature gradients and, consequently,
high flow velocities can be realized in the lasing zone.
Apart from intrinsic scientific interest, the knowledge
of these laws is of great practical value for determining

the optimal regimes of laser doping, laser-plasma syn-
thesis of nitrides and carbides of refractory metals,
welding, laser amorphization, and other technological
processes with the formation of a liquid phase {1]. As
a rule, it is necessary to determine the flow velocity
field of the melt at different time instants and the depth
of penetration of doping elements into the material, as
well as to study the possibility of controlling these
parameters by selecting the regimes of laser effect.
The surface tension of the majority of liquids (both
pure elements and different solutions) depends on the
interface temperature, and usually (in the absence of
surfactant admixtures) it decreases with an increase
in temperature [3]. This leads to the appearance of
tangential stresses on the non-uniformly heated free
surface of the liquid that set the liquid into motion in
the direction of decreasing temperature [4]. On those
rare occasions when the surface tension increases with
temperature (for example, in the presence of sur-
faetants [5]), the direction of the thermocapillary force
and, consequently, the direction of the thermo-
capillary flow, change in the opposite manner [6].
Simple evaluations as well as experimental inves-
tigations of thermocapillary flows in liquid layers
[7, 8] and in melting solid bodies [6] show that in
metals exposed to laser irradiation the rates of
thermocapillary convection of the melt may attain
appreciable values and thus exert a substantial influ-
ence on the heat and mass transfer processes.
Despite the great attention paid in the literature to
the Marangoni effect, the unsteady-state convection in
melting has not as yet been sufficiently studied. When
mathematical models are constructed, the attention is
usually restricted for convenience to an infinite liquid
layer with a fixed plane bottom [7, 9-12] or to the
flows in square [13] or rectangular [14-16] cuvettes.
However, these approaches have a substantial quali-

783



784 A. A, UsLov et al

a,. a, thermal conductivities of liquid and solid
phases [cm?s ™"

k concentration factor [cm ~7]

L specific latent heat of melting
Pe

p pressure [dyne cm™?)

Pr Prandtl number, v/a,

q absorbed heat flux density (W cm ™7
¥ radial cylindrical coordinate [cm]

re radius of focusing spot, k= "'? [cm]
R radius of melt bath [cm]

Re*  reduced Reynolds number, (v, R/v)(S/R)?

s coordinate of melting front in
one-dimensional statement [cm]

S position of melting front in spatial
statement [cm]

t time [s]

to instant of melting onset [s]

T,, T, temperatures of liquid and solid
phases [K]

T.  melting temperature [K]
Ty initial temperature [K]

NOMENCLATURE

temperatures of liquid and solid
phases in one-dimensional statement [K}
radial and axial flow velocities
[cms 1]
z axial cylindrical coordinate [cm].

Uy, Us

Uy U

Greek symbols

o —do/dT [dynecm ™' K]

n coefficient of dynamic viscosity
[gem™'s 7]

A1, 4, thermal conductivities of liquid and solid
phases, respectively [Wem™' K ™1

v coefficient of kinematic viscosity
[em®s™']

14 coordinate in one-dimensional problem

of melting [cm]
p density [gcm

a coefficient of surface tension [dyne cm ™ ']

T time in one-dimensional problem of
melting [s]

Tm instant of onset of one-dimensional
melting [s].

tative drawback : in the case of unsteady-state melting,
the shape and dimensions of streamlines vary with
time due to the increase in the molten pool and, conse-
quently, the trajectories of the liquid particles also
vary, since both the molten pool geometry and its
volume change. This means that the study of the
unsteady-state thermocapillary convection in the
material being melted requires further development
along the lines of considering the influence of evol-
ution of the molten pool shape and, in the first place,
of its dimensions on the velocity field.

This paper considers thermocapillary convection
with a small reduced Reynolds number and the mass
transfer of admixture in a shallow molten pool with
allowance for the unsteady-state nature of the process
of melting in application to laser treatment of melts.

CALCULATION OF UNSTEADY-STATE
MELTING

Consider the problem of meiting of a semi-infinite
solid body by a surface heat source in spatial state-
ment. In the cylindrical coordinate system the phase
interface is described by the equation

z=S(,1)

where ¢ is the time, r and z are the radial and axial
cylindrical coordinates (the z axis is directed into the
metal), whereas the function S(r, ¢) is being deter-
mined in the process of problem solution. It will be
assumed that the melt formed is quiescent, the
coefficients of thermal conductivity and thermal

diffusivity of the liquid and solid phases are constant
and, generally speaking, are different, whereas a con-
stant temperature, equal to the melting temperature
T, is maintained at the melting front:

T(r,z=810)=T,0r,51=T, (1

where T; is the temperature of the liquid (i = 1) and
of the solid (i = 2) phases.

The energy flux density absorbed on the surface
z = 0 is constant and is determined according to the
law:

oT, l

| =q), reQ (2)
aZ c=0
oT,|

“}vz‘g T g(r), r¢Q (3)

where Q(z) is the region on the surface z = 0 occupied
by the liquid phase; 4; are the thermal conductivity
coefficients. The approach at hand is of use for an
arbitrary (including non-monotonous) law of dis-
tribution of ¢(r), but in what follows only the mono-
tonically decreasing dependence of ¢ on r will be
considered and therefore it is assumed that ¢ = ¢,
x exp (—kr?). The Stefan boundary condition is given
at the melting front:
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where n(r,?) is the vector of the normal to the phase
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interface, p is the density and L is the specific heat of
melting.

Assume that the molten pool is shallow, § «
re ~ K~'2 and consider the time instants ¢ « r¥/a;,
where g, are the thermal diffusivity coefficients. Then
88jor « 1; 8T,/or « 8T,/oz; 8°T,jor* ~ (1r)oT/or
« 0°T,/8z%, and the heat conduction equation and
condition (4) may be written in the form

187, 8T,
PR TR = )
19T, @&*T,
PR ©
arT, oT, A
'"ln“a*z—zgs _'{ZEZ=S+’)LE' N

The boundary (when z — o) and initial conditions
are

Tz(", o, {) = TGa Tl(ra 290) = TO' (8}

The substitution of the variables z= {q4/q,
t=1(qo/9)’, SCr, O = 5(go/g, Tir, 2, ) = u(, 7)
yields for the functions u; and s the one-dimensional
(in the variable &) problem of melting of a semi-infinite
solid body by a homogeneous and time-constant sur-
face heat source with the absorbed flux density ¢,:

1 du, &

5777“71: aé“; when 0 < & < s(7)

1 du, 0

Z;—ﬁg‘t::% when s(t)<é<
\ 5:{; 5u2

B3 S T Wi

u (s, 1) = uy(5,7) = Ty

du,

‘}u% =40

=0

u(00,1) = (£, 0) = T

&)

The system of equations (9) involves the heating
stage 1 < 1, when s = 0, ds/dz = 0, since, as can be
readily seen, problem (3), (6), (8) is reduced, with the
help of the above-indicated system of variables, to the
corresponding one-dimensional problem of heating of
a body.

The solution of problem (9) can be obtained both
analytically [17] and numerically [18].

The melting begins at the point r = 0. The location
of the boundary of the region Q is determined by
the equation S =0 or s(7) =0, ie. T = 1, = (n/a,)
X [Ax(To— To)/2q)*- Therefore, the radius of the
molten poolis R(r) = [(1/2k) In (¢/1,,)] V. At the initial
stage of melting the molten pool radius increases
sharply, but later the rate of its growth decreases,
since the flux density g(R) decreases with an increase
in R and, consequently, the energy spent for melting
at the points r = R per unit time decreases.

This means of melting calculation can be used for
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the cases of arbitrary (different from the Gaussian
one) law of the three-dimensional energy flux density
distribution within the scope of the assumptions
made. In particular, the minimal characteristic dimen-
sion of the change of ¢ should substantially exceed
the depth of the zone of thermal effect. Therefore,
strictly speaking, this approach is inapplicable for
taking into account the fine-scale structure of laser
effect. However, it should be noted that appreciable
differences in the heat flux densities at small distances
d generate high values of the temperature gradients
dT/ér, i.e. of heat fluxes in the plane z = 0 that tend
to smooth out the temperature over corresponding
small portions of the surface for the time of order
d?/a;. When d?*/a; « t, then in such cases there is the
possibility of considering the melting of a body by a
heat flux averaged over fine-scale structure of a laser
pulse.

THERMOCAPILLARY FLOW VELOCITY FIELD

Consider a cylindrically symmetric thermocapillary
flow in the case of melting a metallic solid body by
laser radiation with the formation of a shallow molten
pool § « R. In this case the times ¢ < #, will be
considered, where ¢, is the instant of the attainment
of the boiling temperature on the surface, since with
t=t, a developed evaporation from the surface
occurs, resulting in large pressure gradients of metal
vapours that generate forced convection which may
exert a strong effect on the character of liquid motion
1.

It will be assumed that the free surface of the melt
is planar, the coefficients of the dynamic () and kine-
matic (v} viscosities are constant and the coefficient
of surface tension depends linearly on temperature,
o(T) = ay—uT, where usually o > 0. Moreover, the
flows will be considered with a small reduced Reyn-
olds number, Re* = (v,R/v)(S/R)? « 1 (v, is the pro-
jection of the flow velocity onto the coordinate axis
r). Then Re* Pr « 1 too, since liquid metals are
characterized by a small Prandt! number, Pr = v/a, «
1. This means that heat conduction in a shallow pool
predominates over convective heat transfer. The ther-
mal problem governs the hydrodynamic problem,
which in this approximation, in turn, does not exert
the inverse effect on the thermal problem. Therefore
in order to determine the shape of the molten pool
S(r, £) and the surface temperature T,(r, 0, #), the
above-described approach can be used.

Neglecting the convective acceleration in the Nav-
ier-Stokes equations and using the thin layer approxi-
mation v, « v, (v, is the projection of the flow velocity
onto the coordinate axis z) yields the mathematical
formulation of the problem:

v,

S e 10
ot p or Yozt (10)
v, 1P O,
_____:___M____%,qu’ (II)
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C et =0 (12)
¢
oo, o
5;—f(hf), z=0 (13)
0,(r,S,8) =v,(r,S,) =0v.(r,0,) =0. (14)

Here p(r, z, 1) is the pressure, f(r, £) = (¢/m)éT,(r,
0, t)/0r. Differentiating equation (10) with respect
to z and equation (11) with respect to r and then
substracting the latter from the former (this procedure
is equivalent to the application of the operation root
to the vector equation of motion) and going over to
the variables £ and 1, problem (10)—(14) can be
reduced to:

dp ¢
©(0,7) = g(7) (16)
ﬁdéﬁwém)dé, -0, am

where
o8, 1) = (9/20)(0v,/ 8z — v, [or)q(r)|(dq/dr)
=~ (n/2a)(0v,/0z)q(r)/(dg/dr),
g(t) = 10u,(0, 7)/é1.

To obtain an approximate solution of problem (15)-
(17), we differentiate equation (17) with respect to
time, and then, using equations (15) and (16), com-
pose the following expression :

5§ fil0)
(1—;)(;0(&1)-355 (18)

= g().

5

Here, the dot over the symbol denotes differ-
entiation with respect to 7. Taking advantage again
of the shallowness of the molten pool and expanding
the unknown function ¢ into the &-power series
restricts the analysis to the quadratic approximation

P(E.7) = po(1)+ 01 (DE+ @2 (DE

The coefficients ¢,, ¢, and ¢, are determined from
equations {16)—(18):
_ _ L9 2+b6(1)
Qo =g(1), ¢ = 50 4+b(0)’

_,9m b
2= LAy b

where b(z7) = ss/v. This finally yields:

v, =VW,, v,=-UyW,—-SVW, 19
where
Sf
s}
v s 8S \_,of Sif &b
U= | 55 +Sf 4587 5 — e —
3(4+b)[2r S G35 5 @i o

A A, UsLov et dl.

W, = ~6—b+6{4+by~9(24b)y*+4by’
Wy = —~6-b+3(4+b)y—302+b)y* +by'

[6+b8S 0b b _4+bdS
= R, B
s v[ 3y <6r - S 6‘r>

S e
,{0b 2+b3S\ ,{ob  baS
- (’é: s T) ty (5; S ()]

The flow of the melt has a vortex structure. In the
region near the centre of the heating spot the liquid
moves to the surface, whereas on the free surface,
z =0, it moves from the centre to the pool edges
(Fig. 1), since with « > 0 the thermocapillary force is
directed to the side of decreasing temperature. Should
the surface tension increase with temperature, then
o < 0 and the signs of v, and », in equation (19)
reverse, and the liquid in this case will move in the
opposite direction. By solving the equation v, = 0 in
y with the help of equation (19}, the coordinate of the
flow turning, v, = [18+ 5b— (9567 +84h+324)/%/8b,
can be found. The analysis of this formula shows that
the value of y, depends weakly on r and ¢ and is
approximately equal to 0.33 (the dashed line in Fig.
1). The vortex is highly flattened in the direction of
the z axis, thus corresponding to the initial assumption
that v, « v,; except for the narrow regions near the
centre of the heating spot r = 0 and near the points
of the flow turning y = y, the liquid moves virtually
parallel to the surface z = 0.

The variation in time of the shape and dimensions
of the molten pool bottom leads to the following

{R R T N B )
trr ot

Fic. 1. The field of flow velocity vector directions in the
melting of titanium (g, = 5x 10 W em~2, k = 100 cm™ %),
t=047(>)and ! us ().
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interesting feature of the phenomenon considered. In
a pool with an immovable bottom, the region in which
the flow velocity differs notably from zero has the
dimension Az ~ \/(v(1—1,)) (this follows from the
parabolic-type equation (15)), i.e. when 7 — ¢, the
liquid is quiescent in the entire melt except for a thin
layer of thickness Az near the surface z = 0. In the
considered problem with the moving bottom of the
pool, the velocity of the melt has the same order of
magnitude over the entire liquid phase except for a
narrow layer near the melting front and at the vortex
centre. This is due to the fact that at the start of
melting the depth of the pool is zero, i.e. its bottom
coincides with the free surface S(r, ¢,) = 0, with the
melting front velocity 85/t also being equal to zero
at ¢t = t, [17]. Therefore, the growth rate of the zone
of influence of the thermocapillary force dAz/ds con-
siderably exceeds the rate of increase in the molten
pool dimensions when ¢ — ¢,,. Thus, the liquid over
the entire pool responds instantly to the presence of
the thermocapillary force which sets the liquid into
motion.

Before going over to the analysis of the mass trans-
fer of doping elements from the surface z = 0 into the
melt volume, note that the admixture can reach the
bottom of the pool only in the case when the
maximum positive value v7** (attainable at the point
rm =~ 3R(0)/4, z,, ~ S(r,, 1)/3) exceeds the velocity of
the melting front d5/é¢. It should be emphasized that
this estimate affords only the necessary (but not
sufficient) condition for deep mass transfer; a more
detailed analysis requires the study of the trajectories
of liquid particles.

Because of the unsteady-state character of the pro-
cess of melting, the shape and dimensions of the vortex
vary with time (Fig. 1). Consequently, the shape and
dimensions of the trajectories of liquid particles
change (Fig. 2). The characteristic features of the
given process are the openness of the trajectories and
the increase with time of the radius of their curvature
due to the growth of the vortex. There are also par-
ticles of the melt the radius of the trajectory curvature
of which decreases with time at a certain stage (inner
curves in Figs. 2(a) and (c)). This takes place in a
certain neighbourhood of the vortex centre which
moves in the direction of increasing coordinates r and
z. The position of the vortex centre is described by the
approximate relations r. ~ R(#)/2, z. ~ S(r., t)/3. So,
some trajectories may turn to be intersecting (Fig.
2(c)). The particles of the melt that pass during their
motion near the surface z =0 perform convective
mass transfer of the admixture which enters the melt
from the surface following one mechanism or another.
The final positions of the admixture particles may
differ substantially after the termination of the laser
pulse. For example, Fig. 2(a) depicts the paths of
motion of elementary melt volumes initially located
at a relatively small distance from one another. It is
seen that there exist both points that return into the
neighbourhood of the original location, and those

(a)

r{mm)
(b) ] 0.6 1
10
E. 20}
N
30
r
r{mm)

FiG. 2. The trajectories of the melt particles in melting of

titanium. 7 =0.2 us (O); 0.4 (@); 0.6 (A); 1.0 ((O0); 1.6

(M); 2.3 (O). (@) go=5%x10 Wem™2, k=50 cm™?; (b)
go = 10°, k = 100; (¢) qo = 10°, k = 150.
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which penetrate rather deeply into different regions
of the molten pool, thus confirming the assumption
about the possibility of a deep convective trans-
portation of the admixture into the melt by ther-
mocapillary fluxes. The admixture particles are trans-
ported into the material far from the heating spot
centre where v. > 0. Considerable spatial scattering of
the final points of the trajectories (Figs. 2(a) and (b))
allows an assumption about the existence of lasing
regimes that ensures both a relatively uniform and
non-monotonous distribution of the admixture in the
molten zone.

THERMOCAPILLARY MASS TRANSFER OF
THE ADMIXTURE

As a rule, the laser doping of metals is done from
coatings, from a gas (liquid) phase or by introducing
doping powder into the laser-affected zone. The mass
transfer of admixture elements in this zone of lasing
is simulated by the transfer of markers in the molten
pool [19]. It will be assumed that the markers do not
interact with the melt and with each other. It is seen
from simple estimates that the characteristic distance
over which the admixture is transported by the
diffusion mechanism, /; ~ \/(D*) ~ 10" °m (D is the
coefficient of diffusion of the doping element in the
element being doped, * is the time of lasing), is much
smaller than that over which the admixture is trans-
ported by convection, [ ~uv,t* ~107* m (¢, is
the radial thermocapillary velocity of the melt in equa-
tions (19)). In view of this, the diffusive transport of
markers in the molten pool is neglected in comparison
with convective transfer. The technique by which the
markers are introduced into the laser-affected zone
corresponds to that used to introduce a doping com-
ponent into a melt.

Doping from the gas phase

When metal is doped from the gas phase, a constant
flux of the doping component exists on the free surface
of the molten pool, i.e. not only does the redistribution
of the admixture over the moiten pool take place,
but also an increase in the quantity of the doping
substance in the laser-affected zone. Figure 3 dem-
onstrates the concentration fields of the doping com-
ponent in the case of pulse irradiation of titanium. To
obtain a clearer picture, the values of concentration
are normalized to the density of the doping gas.

At the initial stages of mass transfer the admixture
is concentrated near the melt surface, with the region
of the local maximum of concentrations (with a depth
of about 10 um and diameter equal to 0.1 of the
heating spot diameter) being located in the periphery
region near the edge of the pool. At this stage the
admixture does not penetrate into the pool (Fig. 3,
t = 2.8 ps). Such a structure of the admixture con-
centration field is characterized by the distribution of
the doping component being practically in the plane
of the free surface, with the region of maximum con-

34

F1G. 3. The admixture concentration field for the time

instants =28, 3.6 and 4.4 us, respectively. Doping of

titanium from the gas phase. The absorbed energy flux den-

sity go = 2.5 % 10* W cm~? and the concentration coefficient
k = 150 cm~2, The dashed line is the phase interface.

centrations in the form of a ring near the edge of the
melting zone.

As the time increases and the growth of the coor-
dinate of the pool along the radius slows down, the
admixture displaces from the region S(r, z =0, 1)
into the interior of the melt along the melting front,
resulting in the transfer of the region of the maximum
concentrations of the doping component from the
surface zone inside the material and to the stretching
of this zone along the liquid-solid interface (Fig. 3,
t = 3.6 us). Since at the initial stage of mass transfer
the velocity of the melting front exceeds the axial
velocity components of the melt, the region of propa-
gation of the admixture separates from the phase
interface and enters the zones with smaller axial vel-
ocity components. This leads to the exfoliation of the
doped region from the melting front and results in the
formation of the doping zone in the form of a strip
propagating into the melt and to the centre of the
molten pool, thus ensuring a deep penetration of the
admixture.
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(a)

R (mm)
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o M

Fi1G. 4. (a) The admixture concentration field for the time instant ¢ = 3 us for doping of titanium from the

gas phase. go = 5x 10°Wem ™2, k = 100 cm 2 (b) The microsection of the laser-affected zone in irradiation

of iodide titanium in vapours of liquid nitrogen. g, = 5x 10* W cm 2, k = 100 cm~? and the pulse duration
18 5 us.

Due to the vortical structure of the flow of the meit,
the admixture displaces then to 1ts free surface. By
this time, the maximum depth of penetration of the
doping component comprises about two-thirds of the
pool depth. The circular structure of the doping zone
with weak penetration of the admixture into the centre
owes its origin solely to the eddying motion of the
melt. For the considered laser radiation parameters
within the ranges of the absorbed energy, flux density
g = 10°-5x10* W cm~2 and the coefficient of con-
centration £ = 50-200 cm 2, the formation of circular
doped structures takes from 3 to 5 us. The increase in
the number of rotations performed by the admixture
in the pool leads to an increase in the uniformity
of the doping component distribution. However, the
form of the concentration fields is described only
qualitatively in this case.

In the works dealing with the laser synthesis of
refractory metal nitrides [20, 21], different structures
originating in the laser-affected zone are described.
Their formation can be attributed to the presence of

the circular doped region, with the following layers
being located in succession over the pool depth: the
surface layer enriched with the doping component
(this layer corresponds to the zone where the admix-
ture gains access) ; a layer near the centre of the vortex
with weak penetration of the doping component ; then
a layer enriched with the doping due to the convective
mass transfer from the surface and, finally, a layer
depleted of the admixture owing to the separation of
the region of the doped material from the melting
front. Thus, Fig. 4 presents the predicted field of con-
centrations (Fig. 4(a)) and the experimental data (Fig.
4(b)) on the structure of the distribution of the admix-
ture in the laser-affected zone.

Note that the local increase in the admixture con-
centration with increase in the depth of the pool (for
example, the depth of 20 um) in Fig. 4(a) is associated
with the redistribution of the doping component from
the surface into the interior of the melt according to
the mechanism : to the periphery and inside the laser-
affected zone.
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Doping from the previously deposited coating

Consider the action of the laser pulse on the system
‘substrata-coating’. If the coating layer thickness is
small as compared with the depth of the molten peol,
the averaged thermophysical properties and the vis-
cosity of the melt differ little from the corresponding
parameters of the substrate metal. Otherwise one
should consider thermocapillary convection in a two-
layered system. The surface properties of the melt can
differ substantially, even in the case of small con-
centrations of the admixture applied to the surface.
However, if the redistribution of the coating from the
surface of the irradiated material takes place for times
smaller than the characteristic time of lasing, while
the values of do/dT for the coating and substrata
differ little and have the same sign, the effect of the
admixture concentration on the thermocapillary
phenomena is not important. Then, the presence of
the doping component on the free surface of the melt
may introduce quantitative rather than qualitative
differences into the dynamics of convective mass
transfer. Thus, the difference between the thermo-
physical and surface properties of the material of the
coating and substrate is neglected.

Figure 5 presents a comparison between the struc-
tures of concentrational fields of the admixture in the
lasing zone for the computational (Fig. 5(a)) and full-
scale (Fig. 5(b)) experiments. The surfaces of speci-
mens fabricated from 3 mm thick armco—iron were
coated with 30 ym thick molybdenum. The two-layer
systems were treated with the help of an Nd-laser
which generated 4 pus monopulses in the free gen-
eration mode with energy of 5-15 J and wavelength
of 1.06 um. When being irradiated, the specimens were
blown with argon.

The X-ray spectral analysis of the distribution of
the doping element across the laser-affected zone was
made on the Kameka set-up “Microbim’ at an accel-
erating voltage of 15 kV and probe current of 20 nA.
The thin structure was studied after preliminary thin
etching from half-tone images recorded with the help
of a four-pole detector of electrons which made it
possible to reveal the chemical inhomogeneity of the
molten pool. The chemical inhomogeneity was studied
with the aid of an energy-dispersive LINK 860-500
spectrometer.

To different time instants in Fig. 5(a) there cor-
respond different irradiation energies in Fig. 5(b). The
increase in the irradiation energy leads to the increase
in the temperature gradient on the melt surface and,
consequently, to the enhanced thermocapillary
motion of the liquid phase; on the other hand, the
value of the melt velocity is a rapidly increasing func-
tion of time, Thus, both these factors—the increase of
the laser radiation energy and the increase of time of
lasing—lead to enhanced agitation of the melt, and
this is manifested in analogous trends of mass transfer
of the doping element. The radiation energy was
varied in the full-scale experiment and the time of
lasing in the computational experiment.
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At the initial stages of mass transfer the admixture
is concentrated in the coating. Due to the eddy charac-
ter of melt motion, the doping component is trans-
ferred from the centre to the edges of the laser-affected
zone. This leads to the formation of a zone of
increased concentration displaced to the pool edge. As
the radius of the melted pool increases, the admixture
penetrates deep into the liquid phase along the melting
front (Fig. 5(a), # = 1.6 us). Such a redistribution of
the simulated doping component leads to the surface
of the irradiated material being freed from the pre-
viously applied coating in all the surface regions of
the laser-affected zone except for the periphery. The
results of the X-ray spectral microanalysis of this zone
of lasing with a similar structure of the doped region
are presented in Fig. 5(b) for the irradiation energy
E =717 and are listed in Table 1. The concentration
of molybdenum in the surface layers of the remelted
zone (points 1 and 2) is lower than in the zone of
doping in the depth of the pool (point 3). This quali-

(a)

Z{(pm)

g7t —mmmm ===

F1G. 5. Doping from the previously applied coating. (a) The
admixture concentration field for the time instants ¢ = 1.6,
1.9 and 2.8 pus. go=5x10* W cm~2 k = 100 cm~? and
coating thickness # = 15 um. (b) Microsections of the laser-
affected zone in the two-layer coating of armco-iron-
molybdenum. The thickness of the coating (molybdenum)
h =30 um, the time of lasing ¢ = 4 s, the focusing spot
radius r = 1.5 mm, and radiation energy E= 7,7 and 10 J,
respectively.
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(b

Fi1G. 5(b).

Table 1. X-ray spectral microanalysis of the laser-affected
zone ; doping of armco—iron with molybdenum from a 30
pm thick coating

No. of point 1 2 3 4 5 6 7

Content of

molybdenum, wt % 28 12 4 64 28 32 6

tatively agrees with the predicted results. In this case
the region near the surface of the remelted zone is
partially freed from the previously applied coating.
The excess of concentration of molybdenum at point
3 can be attributed to the redistribution of the admix-
ture from the pool by the mechanism of thermo-
capillary convection. '

In Fig. 5(a) it is shown for the time instant ¢t = 1.9
us that near the edge of the pool the region of doping
is formed in the form of a strip which propagates into
the interior and to the centre of the molten pool along
the streamlines of the liquid phase. The admixture

transferred from the surface is concentrated at the
edge of the doping region. This Ieads to a local increase
in its concentration in the laser-affected zone. Figure
5(b) presents the photograph of the microsection of
the irradiated zone, the structure of which cor-
responds to the structure shown in Fig. 5(a) at ¢ = 1.9
us. The region near the heating spot centre is fully free
from the coating layer.

Since at the initial stages of melting the phase inter-
face velocity exceeds the value of the axial projection
of the velocity of the melt, there occurs the separation
of the simulated region of doping from the pool
bottom. The propagation of the doped zone in the
molten pool is monotonous until the markers arrive
at the vortex centre. Here, the liquid phase velocity
vector changes its direction and, consequently, the
doping zone acquires the form of a coiling spiral (Fig.
5(a), t = 2.8 us). The results of the experiment for
regions of this type of doping are presented in Fig.
5(b) for the irradiation energy E = 10 J. The anom-
alous excess of the concentration of molybdenum
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(point 4) over the mean concentration (points 5 and
6) in the remelting region corresponds qualitatively to
the increase in the concentration at the apex of the
spiral-like structure of the doped zone (Fig. 5(a).
t=2.8 ps). The position of the minimum con-
centration in the photograph (point 7) coincides with
the predicted minimum of concentration in the zone
free from the admixture near the vortex centre. This
region of the minimum has an arc exit to the surface of
the laser-affected zone just as in Fig. S(a) at 7 = 2.8 pus.

It should be noted that in the case when the density
of the absorbed energy flux is distributed by the Gaus-
sian law, the size of the thermocapillary cell coincides
with that of the pool. In the real experiment, the region
of the pool edge is the region where the temperature
gradient is always present during the entire time of
irradiation. Therefore, despite the possible fluc-
tuations of the incident energy flux in time and space,
in the peripheral region of the laser-affected zone one
can observe doped zones within the structure in the
form of strips or spirals depending on the lasing par-
ameters resulting from the thermocapillary agitation
of the melt. Thus, in the range of irradiation par-
ameters considered, with evaporation being insig-
nificant, the thermocapillary mechanism of mass
transfer in the regions of the remelting zone is a basic
one which determines the structure of the doping zone.

The excess of the doping element concentration in
the regions far from the surface of the irradiated
material over those in the neighbourhood can be
associated with convective transfer of the coating
elements from the central regions to the periphery and
with the pulling of them into the interior and to the
centre of the molten pool at the initial stages of
melting.
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SIMULATION DU TRANSFERT DE MASSE THERMOCAPILLAIRE VARIABLE PAR
DOPAGE LASER DES METAUX

Résumé—Sous les approximations d’un bain fondu peu profond, d’'un nombre de Reynolds réduit faible
et d’une surface libre plane, on considére I’écoulement de fusion thermocapillaire variable pour le cas de
la fusion d’un corps solide par une source de chaleur gaussienne. Basé sur le champ de vitesse obtenu, le
transfert convectif de masse de I'impureté dopante est analysée par la méthode des particules dans
Phypothése d’un petit nombre de Schmidt. On montre la faisabilité d’une production de structures, a la
fois relativement homogeénes et principalement non monotones, de champs de concentration dans la zone
refondue. On fait I'analyse de la formation de telles structures et on révéle leur particularité dans le cas du
dopage laser des métaux depuis la phase gazeuse (plasma) et les revétements préalablement déposés. On
compatre les profils de concentration prédits et les résultats expérimentaux et on obtient un accord qualitatif

satisfaisant.
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SIMULATION DES INSTATIONAREN THERMOKAPILLAREN STOFFTRANSPORTS
BEI DER BEARBEITUNG METALLISCHER OBERFLACHEN MITTELS LASER

Zusammenfassung—Unter der Annahme eines flachen Schmelzbades, kleiner reduzierter Reynolds-Zahlen
und einer ebenen, freien Oberfliche wird die instationiire thermokapillare Stromung einer Schmelze unter-
sucht. Dies geschieht fiir das Schmelzen eines metallischen K 8rpers mit Hilfe einer GauB’schen Oberflichen-
Wirmequelle. Aufgrund des ermittelten Geschwindigkeitsfeldes wird der konvektive Stofftransport der
eingebrachten Verunreinigung mit dem Verfahren von Modellpartikeln unter Annahme einer kleinen
Schmidt-Zahl untersucht. Es wird die Méglichkeit aufgezeigt, entweder eine relativ homogene oder aber
eine im wesentlichen nicht monotone (geschichtete) Struktur des Konzentrationsfeldes im auf-
geschmolzenen Gebiet herzustellen. Die Bildung solcher Strukturen wird analysiert, und ihre besonderen
Merkmale werden fiir den Fall gezeigt, daB die Metalloberfliche mittels Laser behandelt wird—entweder
aus der Gas- (Plasma-) Phase oder aus zuvor aufgebrachten Beschichtungen. Die berechneten
Konzentrationsprofile werden mit Versuchsergebnissen verglichen, wobei sich eine zufriedenstellende
qualitative Ubereinstimmung ergibt.

MOJJEJIMPOBAHHE HECTALIUOHAPHOI'O TEPMOKAITUJIJIAPHOI'O
MACCOITEPEHOCA I1PHU JIA3EPHOM JIETUPOBAHHUHU MATEPHAIJIOB

Ammoramis—B npu6ikenuu Meskoll BaHHBI pacIliaBa, Majioro npuseieHHOro uucia Pednonbaca u
IUIOCKOH CBOGOMHON NMOBEPXHOCTH PACCMOTPEHO HECTALHOHAPHOE TEPMOKANKUIAPHOE TEYEHHE pach-
J1aBa IpH IUIaBJICHAH MAacCHBHOTO METAJUIHYECKOTO Tejla rayCCOBLIM MOBEPXHOCTHLIM TEILIOBBHIM HCTOY-
HHkoM. Ha OCHOBaHHHM MOJY4EHHOTO HOJA CKOPOCTeit METOAOM MOMAE/IbHEIX YaCTHII NPOAHAIH3HPOBaH
KOHBEKTHBHEIH MACCOMEPEHOC JIETHPYIOIIEH NpHMecH B MNpennoJioXeHHH ManocTH yucaa Immara.
IToka3aHa BO3MOXHOCTh HEMOHOTOHHBIX (CJIOHCTHIX) CTPYKTYP KOHIEHTPaIMOHHRBIX MOJiel B Mepemnias-
JIeHHOI 30He. BuinosHeH aHann3 06pa30BaHHA M BLIABJICHbI KAYECTBEHHBIC OCOOEHHOCTH TAKHX CTPYKTYP
NpHA Na3ePHOM JETHPOBAHAH METAILIOB H3 ra30BOH (Iw1a3MeHHoi) $asbl 1 U3 NPENBAPHTETLHO HAHECECH-
HBIX MOKPHITHH. [IpoBeneHO CpaBHEHME MOJYYeHHBIX KOBLEHTPAUMOHHBIX mpodmieit ¢ pesyabpTatamu
IKCIEPEMEHTOB H OOHAPYXKEHO UX YAOBJIETBOPHTENBLHOE KAYECTBEHHOE COBMNANICHHE,
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