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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 [l]. 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superseded subsequently by solidification ; motion of 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, q < 5 x lo5 W cm-‘. 

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 [l]. 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- 
factants [S]), 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, 81 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, 9-121 or to the 
flows in square [13] or rectangular [14-161 cuvettes. 
However, these approaches have a substantial quali- 
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NOMENCLATURE 

a,, u2 thermal conductivities of liquid and solid U, . ul_ temperatures of liquid and solid 

phases [cm’ s -. ‘1 phases in one-dimensional statement [K] 

k concentration factor [cm “1 1;,, z:, radial and axial flow velocities 

L specific latent heat of melting [ems -‘I 

[Jg-‘I z axial cylindrical coordinate [cm]. 

P pressure [dyne cm-‘] 

Pr Prandtl number, v/a, Greek symbols 

4 absorbed heat flux density [W cm-‘] 5! -drr/dT [dyne cm-’ Km-‘] 

r radial cylindrical coordinate [cm] rl coefficient of dynamic viscosity 

ri radius of focusing spot, km “’ [cm] [gem-‘~~‘1 

R radius of melt bath [cm] iI, 1, thermal conductivities of liquid and solid 

Re* reduced Reynolds number, (v,R/v)(S/R)’ phases, respectively [W cm-’ K-‘1 

s coordinate of melting front in V coefficient of kinematic viscosity 

one-dimensional statement [cm] [cm’s’] 

S position of melting front in spatial 5 coordinate in one-dimensional problem 

statement [cm] of melting [cm] 

t time [s] P density [g cm -‘I 
t 
F,, T, 

instant of melting onset [s] 0 coefficient of surface tension [dyne cm- ‘j 
temperatures of liquid and solid t time in one-dimensional problem of 

phases [K] melting [s] 

Tl77 melting temperature [K] ml instant of onset of one-dimensional 

T0 initial temperature [K] 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 melting 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(r, t) 

where t 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, t) 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 = S, t) = T,(r,S, t) = 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 : 

_I T? 
“2 aZ _,, = q(r), r#Q (3) 

where Q(t) is the region on the surface z = 0 occupied 

by the liquid phase ; Ai are the thermal conductivity 
coefficients. The approach at hand is of use for an 
arbitrary (including non-monotonous) law of dis- 
tribution of q(r), but in what follows only the mono- 
tonically decreasing dependence of q on r will be 
considered and therefore it is assumed that q = q, 
x exp (- kr’). The Stefan boundary condition is given 
at the melting front : 

where n(r,t) 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, S << 
rr N K--‘12, and consider the time instants t cc rf/ai, 
where ai are the thermal diffusivity coefficients. Then 
asjar ci 1; ar.jar CC ai-,/az; a2Tijar2 Iv (l/r)aTjar 
cc d2Ti/Zz2, and the heat conduction equation and 
condition (4) may be written in the form 

1 c?T, a2r2 __ 
a, at = __ d2 

__A 3 as 

1 a2 tsiS 
= __A !% 

2 a2 z=s SPL;?;. (7) 

The boundary (when z -+ cc) and initial conditions 
are 

Tz(r, co, t) = T,, Tz(r, z,O) = To. (8) 

The substitution of the variables z = <go/q, 

t = r(B&)*, S(r, t) = ~t~)q~/q, K(r, z, 6 = ui(5, r) 
yields for the functions ui and s the one-dimensional 
(in the variable 5) problem of melting of a semi-infinite 
solid body by a homogeneous and time-constant sur- 
face heat source with the absorbed flux density q,, : 

I au, ah, 
I--=--T a, dz ag 

when 0 < 5 < s(z) 

1 au2 2 -- =% when s(r) <i: < cc 
a2 a7 X2 

ZQ(S, z) = u2(s, z) = T, 

u2(00, ~1 = ~2(5r 0) = To. (9) 

The system of equations (9) involves the heating 
stage z 6 r, 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 [I 71 and numerically [IS]. 

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(z) = 0, i.e. r = r, = (x/a?) 
x [A,( Z’,,, - T,)/2q,]*. Therefore, the radius of the 
molten pool is R(t) = [(1/2/c) In (t/t,,,)] I/*. At the initial 
stage of melting the molten pool radius increases 
sharply, but later the rate of its growth decreases, 
since the flux density q(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 

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 q 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 shoufd be noted that appreciable 
differences in the heat flux densities at small distances 
d generate high values of the temperature gradients 
aTjar, i.e. of heat tluxes in the pIane z = 0 that tend 
to smooth out the temperature over corresponding 
small portions of the surface for the time of order 
d2/a,. When d2/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. 

THERMOCAPIL~RY 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 S CC R. In this case the times t < tb will be 
considered, where tb is the instant of the attainment 
of the boiling temperature on the surface, since with 
t > tb 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 

EU. 
It will be assumed that the free surface of the melt 

is planar, the coefficients of the dynamic (Q) and kine- 
matic (v) viscosities are constant and the coefficient 
of surface tension depends linearly on temperature, 
o(T) = CT,-ET, where usually c( > 0. Moreover, the 
flows will be considered with a small reduced Reyn- 
olds number, Re* = (u,R/v)(S/R)~ cc 1 (vr is the pro- 
jection of the flow velocity onto the coordinate axis 
r). Then Re* Pr cc I too, since liquid metals are 
characterized by a small Prandtl 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, t) and the surface temperature T,(r, 0, t), the 
above-described approach can be used. 

Neglecting the convective acceleration in the Nav- 
ier-Stokes equations and using the thin layer approxi- 
mation vZ c v, (Y, is the projection of the flow velocity 
onto the coordinate axis z) yields the mathematical 
formulation of the problem : 
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2 =,f(r, t), z = 0 (13) 

u,(r,S, t) = o;(r,S,t) = v,(r,O,t) = 0. (14) 

Here p(r, z, t) is the pressure, j”(~, t) = (cr/q)U, (r, 

0, t)/CJr. 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 5 and t, problem (lo)-(14) can be 
reduced to : 

(1% 

(16) 

(17) 

where 

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 : 

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

cp(Lr) = cp~(~~+cp,~~)5~cp2~~)5*~ 

The coefficients cpO, cpl and q2 are determined from 
equations (16)-( 18) : 

where b(z) = sS/v. This finally yields : 

v, = VW,, vz = -uyw*-svw, 

where 

(19) 

1 
FIG. i. The field of flow velocity vector directions in the 
melting of titanium (g,, = 5 x 10 W em-‘, k = 100 cm-*), 

^ .- . _ 
,a t = 0.41 (L-) and 1 pcs 1-t). 

W, = -6-b+6(4+h)y-9(2+&‘+4hy’ 

Wz = -6-b+3(4+b)y-3(2+b)y”+hy’ 

w,=y 

Z 

y = s(r,t) 

62. 
V 

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. I), since with do > 0 the thermocapillary force is 
directed to the side of decreasing temperature. Should 
the surface tension increase with temperature, then 
CL < 0 and the signs of ar and v, 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, y, = [18 + Sb- (9b2+84b+ 324) “‘]/Sb, 
can be found. The analysis of this formula shows that 
the value of y,, depends weakly on r and 1 and is 
approximately equal to 0.33 (the dashed line in Fig. 
I). The vortex is highly flattened in the direction of 
the z axis, thus corresponding to the initial assumption 
that v, CC v,; except for the narrow regions near the 
centre of the heating spot r = 0 and near the points 
of the flow turning y = y0 the liquid moves virtually 
uarallel to the surface z = 0. 

The variation in time of the shape and dimensions 
of the molten pooi bottom leads to the fohowing 

rtmm) 
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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 N ,/(v(t-rt,)) (this follows from the 
parabolic-type equation (15)), i.e. when t + t, 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, t,,,) = 0, with the 
melting front velocity aS/at also being equal to zero 
at t = t, [17]. Therefore, the growth rate of the zone 
of influence of the thermocapillary force dAz/dt con- 
siderably exceeds the rate of increase in the molten 
pool dimensions when t -+ t,,,. 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 vy (attainable at the point 
r, N 3R(t)/4, z, N S(r,,,, t)/3) exceeds the velocity of 
the melting front &‘/at. 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. I). 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, N R(t)/2, z, N 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 

(al r [mm) 

r (mm) 
lb) 

r (mm) 

FIG. 2. The trajectories of the melt particles in melting of 
titanium. t = 0.2 pts (0); 0.4 (a); 0.6 (A); 1.0 (Cl); 1.6 
(m) ; 2.3 (0). (a) qa = 5 x 10 W cm-*, k = 50 cm-‘; (b) 

q. = 105, k = 100; (c) q. = 105, 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, ld - J(Dt*) - IO ’ m (D is the 
coefficient of diffusion of the doping element in the 
element being doped, t* is the time of lasing), is much 
smaller than that over which the admixture is trans- 
ported by convection, I, - CJ* - 10m4 m (c, 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 molten 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 pm 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- 

R (mm) 
0 0.59 

o~'----P 

I 
/- ,/ 

*’ 

.# 
.’ 

,’ 7 = 2.8 ps 

34 _____-- cc 

0.69 o,____,,,,,,,,,,,,,,,‘,““““‘T 

FIG. 3. The admixture concentration field for the time 
instants t = 2.8, 3.6 and 4.4 q, respectively. Doping of 
titanium from the gas phase. The absorbed energy flux den- 
sity q,, = 2.5 x 10“ W cm-’ and the concentration coefficient 

k = 150 cm-‘. 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, t) 

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 ps). 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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0, R b-m) 0 15 

FIG. 4. (a) The admixture concentration field for the time instant t = 3 ps for doping of titanium from the 
gas phase. q0 = 5 x lo4 W cme2, k = 100 cm-‘. (b) The microsection ofthe laser-affected zone in irradiation 
of iodide titanium in vapours of liquid nitrogen. qa = 5 x lo4 W cum’, k = 100 cm-2 and the pulse duration 

is 5 pts. 

Due to the vertical structure of the flow of the melt, 
the admixture displaces then to its tree surlace. 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 
q = 104-5x IO4 W cm-* and the coefficient of con- 
centration k = 5&200 cm-*, the formation of circular 
doped structures takes from 3 to 5 ps. 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, 211, 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 pm) 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 pool, 
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 da/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 pm thick molybdenum. The two-layer 
systems were treated with the help of an Nd-laser 
which generated 4 ~LS monopulses in the free gen- 
eration mode with energy of 5-15 J and wavelength 
of 1.06 pm. 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. 

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), t = 1.6 ps). 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 = 7 J 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- 

(4 R (mm) 
0 0.96 

F 

py” 

68’ 
,’ 

c’ 
50 _____r-“-- -- 

1.00 

1 , .o 

0.2 0. , 

z ,I 
lu 

4 ,’ 

0 
/’ 

-’ 

L _*-- 
59 _________-- 

c- 

1 ,n 

F @iv 1 
c ,.- 

6 9 
0.2 

dv ,I’ 

0.2 / 
0.4 

.4 
/’ 

0.2 ,’ 
,’ 

1 _#-c 
4*’ 

8, ______---- 

FIG. 5. Doping from the previously applied coating. (a) The 
admixture concentration field for the time instants f = 1.6, 
1.9 and 2.8 us. q0 = 5 x lo4 W cmm2, k = 100 cm-? and 
coating thickness h = 15 pm. (b) Microsections of the laser- 
a&ted zone in the two-layer coating of armcoiron- 
molybdenum. The thickness of the coating (molybdenum) 
h = 30 pm, the time of lasing t = 4 pts, the focusing spot 
radius r = 1.5 mm, and radiation energy E = 7, 7 and 10 J, 

respectively. 
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FIG. 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 1234567 

Content of 
molybdenum, wt % 28 12 44 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 leads 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 I = 1.9 
ps. 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 ps). 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 



(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. 5(a) at t = 2.8 ps. 

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 THERMOCAPlLLAIRE VARIABLE PAR 
DOPAGE LASER DES METAUX 

R&urn&-Sous les approximations d’un bain fondu peu profond, d’un nombre de Reynolds reduit faible 
et d’une surface libre plane, on considtre l’ecoulement de fusion thermocapillaire variable pour le cas de 
la fusion dun corps solide par une source de chaleur gaussienne. Base sur le champ de vitesse obtenu, le 
transfert convectif de masse de l’impurete dopante est analysee par la mtthode des particules dans 
l’hypothese dun petit nombre de Schmidt. On montre la faisabilite dune production de structures, a la 
fois relativement homogenes et principalement non monotones, de champs de concentration dans la zone 
refondue. On fait l’analyse de la formation de telles structures et on revtle leur particularitt dans le cas du 
dopage laser des mitaux depuis la phase gazeuse (plasma) et les revitements prtalablement deposes. On 
compare les profils de concentration pridits et les rtsultats experimentaux 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 OberlIbhe wird die instationiire thermokapillare Strijmung einer Sclunelze unter- 
sucht. Dies geschieht filr das Schmelzen eines metallischen Kiirpers mit Hilfe einer GauB’schen Obertlachen- 
Wlrmequelle. 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 Miiglichkeit 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 fur den Fall gezeigt, daB die Metalloberflache mittels Laser behandelt wird+ntweder 
aus der Gas- (Plasma-) Phase oder aus zuvor aufgebrachten Beschichtungen. Die berechneten 
Konzentrationsprofile werden mit Versuchsergebnissen verglichen, wobei sich eine zufriedenstellende 

qualitative fjbereinstimmung ergibt. 

MO~EJIHPOBAHRE HECTAHMOHAPHOI-0 TEPMOKAIIMJIJDIPHOI-0 
MACCOIIEPEHOCA IIPH JIA3EPHOM JIEI-MPOBAHHH MATEPHAJIOB 

AIIROTII~B npu6nnxemm ~enrroii na~wbl pacnnasa, ~ruroro nprinenemioro YEIcna PeiiHonbnca H 
nno~~oii CBO~O~OP noeepwocr~ pacc~o~pe~o HecfawioHapHoe TC~~~~K~~HJUOT~HO~ TeqeHHe pacn- 

nana np5i nnannem hia025i~~0r0~~T~~f'IeCKoro TenarayccoebrM nonepxHoCTHbIMreMonbthf HCTov- 
HI~KOM. Ha 0cHonaHsni nonygeHHor0 none cKoponeii MeTon Mo.nenbHbIx saf2zHu npoaHanH3HposaH 

~oHBe~+HnHbdi ~acC0nepe~0~ nerHpyioueii npHlrreca B npennonolvewni ManocrH wcna IIIhninTa. 

nOKa3aHa B03MOYCHOCTb HeMOHOTOHHblX(CnOHCT~X)CTp,'RT~ KOHMHTpaIUiOHHbtX EIOneii B IIepCMaB- 

~eHHOii3OHe.Bbl~O~HCH;uI~H306pa30BaHHKHBbIKBnCHblKa~~~HHbIe~O6eHH~HT~HXC~~T~ 

ITpi', na3CpHOM nCrHpOBWHH MeTaJUIOB H3 ra3OBOii(Ma3MeHHOii)'@3bI H H3 "peDapHTenbH0 HaHeCeH- 

HblX 110Kphl~~ifi. &WBCAeHO cpamiemie nonyeHxiblx KOH~eHTpaIIHOHHbIX npo@ineii c pe3ynbTaTahm 
3KCnepAMeHTOB H o6napyxeno HX ynOBneTBOpHTenbHOe KaWCTBeHHOe COBIlaAeHHe. 


