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Abstract: By action of a laser impulse on a metal surface  is formed the bath of metal melt in which arise big temperature gradients. These 
gradients lead to a noncompensated surface tension forces which cause thermocapillary convection. The method of meshes had been used 
for modelling of processes of carrying over of warmth and substance. Exploration of temperature distribution, convection streams and speed 
of refrigeration of melt, allow to characterise conditions of structure formation in a surface layer. The received results well match results of 
experimental researches. 
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1. Introduction 
 
The impulse of laser radiation forms the flat thermal energy 

source possessing high power and the small sizes on a metal 
surface. As a result of action of such source in a metal surface there 
take place an intensive warming up of metal in a metal surface and 
there is formed the melt bath. Depending on thermal properties of 
processed metal, characteristics of a surface and processing 
atmosphere at melt bath formation there can be the various 
processes which consequences affect formation of structure and 
properties of a surface. The short duration and high locality of 
process of processing of a surface of metal a beam of laser 
radiation, and also a high temperature, define presence of the big 
gradients of temperature within a melt bath. It leads to occurrence 
intensive thermocapillary convection which spot heat transfer and 
mass transfer within a bath расплава. 
 

2. Preconditions and means for resolving the 
problem 

 
In this paper is examine non-stationary process of flashing off 

of metal surfaces at short-term action of a thermal stream of the 
high power. At action of laser radiation on a metal surface occurs its 
flashing off (fig. 1). Heterogeneity of factor of a surface tension on 
a free surface, as consequence of the big gradients of temperature, 
causes thermocapillary convection. The alloying components which 
are superimposed on the processed surface, are involved by 
convective streams into volume of liquid metal of a melt bath. 
 

 
 

Fig. 1. The basic scheme of fusion of metal by the concentrated 
beam of energy 

 
The density of a stream of laser radiation is accepted in the 

form of the law of normal distribution in the cut of a laser beam 
 

(1) 
,

,
∙ , ∙  

 
E = 10 Дж – energy of a laser impulse, r = 510-4 м – radius of a 
laser beam, =410-3 с – duration of a laser impulse. The co-ordinate 
x is counted from the central axis of a beam x  [-r, r]. 

The mathematical formulation of a problem in two-
dimensional statement includes the conjugate system dimensionless 
(a kinematic viscosity 0, a characteristic difference of temperatures 
T and a vertical linear size lY are chosen as characteristic scales) 
the differential equations of heat transfer and mass transfer 
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T  temperature,   vorticity,   function of current, C  
concentration of an impurity, D  diffusion factor, э⁄  and 
  ∙ ∙ ∆ ∙ ⁄  - Prantl number and Grashof number, 
′ ⁄  and ′ ⁄   dimensionless values of heat 

conductivity and kinematic viscosity, 0 and 0  values of these 
factors at temperature of liquidus TL, ⁄   heat 
diffusivity, 0  density, ce  effective thermal capacity which the 
takes into consideration warmth of phase transition Q (according to 

the quasiequilibrium theory of a diphasic zone),   

factor of volume expansion. 
For a carbon steel in a liquid state ((  0,610-6 m2/sec; 

  610-6 m2/sec; D  510-9 m2/sec) the diffusion factor on three 
order is less than factors of kinematic viscosity and of thermal 
diffusivity. Hence, for calculation of distribution of an impurity (at 
time of influence of an order of several milliseconds) diffusion does 
not play an significant role and it it is possible not to take into 
consideration. Thus, we consider that impurities is redistributed 
only by means of convection. In this case the equation (4) becomes: 
 

(6)  0 

 
The density of a liquid phase is accepted as linearly depending on 
temperature: 
(7)  ж 1 ф  
 

ф 2⁄  - temperature of change of phase, 
TL and TS - temperatures of liquidus and solidus accordingly. 

The effective thermal capacity according to the 
quasiequilibrium theory of a diphasic zone taking into account 
specific warmth of phase change Q can be defined under the 
formulas 
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Function of current is connected with components of speed by 
parities (the calculated area is selected certainly more than a 
prospective flashing off zone) 
 

(9)  ,  

 
At the initial moment of time: 

 
(10) 0 , , 0 , ,  
 0 0 0 
 

The boundary conditions for temperature can be presented in a 
kind 
 

(11) 
,

, 0 

 

 – Bio criterion,   heat-away factor by radiation, q(t, x)  

density of an energy stream, Tsur and Tenv  surface temperature and 
environment temperature accordingly. 

During alloying, components are put by a thin layer on a metal 
surface, but from the environment into calculated area does not 
arrive: 
 

(12)  0, | | ,  

(13)  |  

 
⁄   Schmidt number (diffusion Prantl number), 

  Marangoni number,   

concentration Marangoni number. 
For concentration of the gas impurity arriving from the 

environment: 
 

(14)   

 – concentration Bio criterion, Csur and Cenv  

concentration of the gas impurity in a surface layer and in 
environment. 

On other borders 
 
(15)  | | ,  
 

On border of a solid phase the liquid vorticity can be 
calculated from the equation of Poisson for function of current 
 
(16)   | Δ  
 

From a condition of proofness the function of current on 
border of a liquid phase should be a constant (in particular - zero): 
 
(17)   | | 0 
 
Nonlinearity of the differential equations (2 - 5) is caused not only 
by presence of convective members, but also heterogeneity of 
thermal properties of a steel in a wide interval of temperatures. 

Process of melting-solidification of iron-carbon melts occurs 
in the interval of temperatures of solidus TS and of liquidus TL. In 
calculated practice of temperatures of TS and TL are approximated 
by linear dependences on concentration of carbon: 
 

(18) 
1805,927 80,972 ∙ ,    0 1
1821,172 96,051 ∙ ,   1 4,3

 

 

(19) 
1804,433 197,48 ∙ ,   0 2

1409,474,   2 4,3
 

 
Influence of alloying elements on temperature of solidification 

can be presented as empirical dependence 

 
(20)  ∑∆  
 
TFe=1803 K - temperature of solidification of technically pure iron 
(influence of impurity of phosphorus, sulphur and gases is taken 
into account); Ti - decrease of temperature of solidification of iron 
at introduction 1% of i-th alloying component; i - concentration of 
i-th alloying component. Concrete values of decrease of 
temperature for various alloying elements are presented in table 1. 

Table 1 
Element C Si Mn Cr Ni W V Mo Al 
Ti 71 9,7 4,9 1,6 3,9 0,9 2,0 1,8 2,7 

 
The thermal capacity of a steel in the presence of alloying 

components is defined by an additivity rule 
 
(21)  ∑  
 

The conjugacy and nonlinearity of system of the equations 
(2 - 5) with boundary conditions (11 – 17) essentially complicate 
the decision of a boundary-value problem and demand of use of 
numerical methods of the decision. The formulated problem is 
realised by a method of grids. At the decision the implicit 
homogeneous finite-difference scheme with splitting of a two-
dimensional problem on sequence of one-dimensional problems is 
applied. One-dimensional problems solved subsequently with the 
longitudinal-cross prorace in the scheme of the end-to-end 
calculation without explicit separation of borders of demarcation of 
phases. The mobile border of demarcation of phases was defined by 
position of isotherm T = TФ. During the noncoincidence of 
curvilinear border of section of phases with grid knots were applied 
differences with variable steps on co-ordinates to function of a 
current and vorticity. 

Convective members in the transport equations (2, 3) were 
approximated by means of the conservative scheme with donor 
cells. This scheme of discretization of convective members allows 
to reach matching with the least expense of machine time in 
comparison with other schemes. The iterative method of a 
sequential linear top relaxation with optimisation of parametre of a 
relaxation (internal iterations) was applied to the decision of 
differential analogue of the Poisson equation (5). On each time step 
the decision of the conjugated system of the equations (2 - 5) by 
introduction of external iterations was corrected. 

The offered model has been realised at calculations of 
temperature fields and of convective streams of a metal liquid in a 
zone of laser influence on a surface of a carbon steel (1%С). 
 

3. Results and discussion 
 

At average power of an impulse of laser radiation ~ 2,5·109 
W/m2 the temperature of steel surfaces quickly increases and during 
1 msec in a surface layer the melt bath  is formed (fig. 2). The 
temperature in the melt bath centre reaches ~ 3700°С. On border 
with a matrix in a liquid arises a considerable gradient of 
temperature which causes a convective movement of liquid metal. 
The maximum speed of moving of a liquid reaches values 1,2 - 1,3 
m/s. 
 

 
 

Fig. 2. A melt bath on a surface of a carbon steel (1%С) 
after 1 msec from the beginning of action of a laser impulse. 
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At the moment of the termination of action of a laser impulse 
(4 мс) the form and the sizes of a melt bath quite well coincide with 
experimentally observable characteristics (fig. 3, 4). 
 

 
 

Fig. 3. Allocation of temperature and a configuration 
of convective streams in a zone of laser influence 

on a surface of a carbon steel (1%С) at the moment 
of the termination of action of a laser impulse. 

 

 
 

Fig. 4. Experimentally observable melt bath 
on a surface of a carbon steel (0,6%С) 

 
During the first millisecond after the termination of action of a 

laser impulse the gradient of temperature within a melt bath sharply 
decreases and the temperature gradient covers all space of a melt 
bath (fig. 5). As a result of it the whirlwind convective movements 
extends on all space of a melt bath, but the maximum speed of 
moving of a liquid falls till ~ 0,9 m/s. Speed of cooling of a liquid 
in a melt bath during the first millisecond decreases from ~ 1·106 
К/с till ~ 2·105 К/с. 

 

 
 

Fig. 5. A melt bath on a surface of a carbon steel (1%С) 
through 1 msec after end of action of a laser impulse. 

 
It convective movement of liquid is proceeded almost till the 

termination of crystallisation of a melt bath (fig. 6). By the 
crystallisation end (through 6 мс after the termination of action of a 
laser impulse) speed of movement of a liquid decreases till 0,03 
km/s, but speed of cooling remains enough high (~ 3·104 К/с). 

 

 
 

Fig. 6. A melt bath on a surface of a carbon steel (1%С) 
through 4 msec after end of action of a laser impulse. 

 
If the layer of an alloying composition is put on a steel surface 

an elements of an alloying composition are distributed sufficiently 
homogeneously almost in all volume of a melt bath as a result of 
convective movements (fig. 7). Only on border with a solid matrix 
there is a layer not enriched by alloying elements. 
 

 

 
 

Fig. 7. A configuration of convective streams (a) and concentration 
distribution (b) in a melt bath on a surface of steel У10 
through 2 msec after end of action of a laser impulse. 

 
Calculations also show that near to a melt bath bottom there is an 
area with the lowered content of alloying elements. Researches of a 
microstructure of a surface of a carbon steel after alloying with use 
of laser radiation confirm existence such low-alloy areas. Most 
likely this area is formed of a layer of high viscosity liquid metal in 
which does not arise convective movements. 

Repeated action of a laser impulse with displacement of area 
of laser influence approximately on half of its diameter leads to 
more homogeneous distribution of alloying elements (fig. 8). 

At contact with oxygen of air of a molecule of oxygen can be 
involved in liquid metal by convective streams. Calculation of 
distribution of an impurity of oxygen (fig. 9) shows that this 
impurity can collect in the field of overlapping of zones of laser 
influence. 
 

 

 
 

Fig. 8. Distribution of concentration of alloying elements in a 
surface layer of steel (1%C) after action by the second (a) and by 

the third (b) of laser impulses. 
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Fig. 9. Distribution of an impurity of oxygen in a zone of laser 
influence after the third (a) and after the fourth (b) impulses. 

 
It is experimentally revealed (fig. 10) that in the field of overlapping 
of zones of laser influence sometimes there are cracks which arise 
because of brittle behavior of a material in the presence of excess of 
oxygen in its structure. 
 

 

 
 

Fig. 10. A microstructure of area of overlapping 
of zones of laser influence. 

 
4. Conclusion 

 
The executed calculations in comparison with experimentally 

observable features of a microstructure of a surface became after 
influence of an impulse of laser radiation show that numerical 
calculations by a method of grids well enough simulate conditions 
of formation of structure of a surface. It is shown that within a melt 
bath occurs intensive convective movement of liquid metal both 
during action of a laser impulse, and in the course of cooling. It 
convective movement defines processes of warmly - and of mass 
transfer within a melt bath. It is established that cooling of liquid 
metal occurs to very high speed up to crystallisation end. 
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