
Physics and Technology 
 

11 

Studies of the Thermal Processes Occurring 
During Electron-Beam Processing of Steels 

 

Maria Ormanova1, Vladimir Angelov2, Petar Petrov1 

1 – Institute of Elecronics, Bulgarian Academy of Sciences, Sofia 1784, 
Bulgaria 

2 – Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy 
of Sciences, Sofia 1784, Bulgaria  

Abstract: The paper presents results from studies on the thermal pro-
cesses taking place during electron-beam treatment of tool steels. A thermal 
model is presented describing these processes and results are given of cal-
culations performed concerning the thermal field and the dimensions of the 
zone of structural changes due to electron-beam modification of specimens 
of tool steels.  
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1. INTRODUCTION 

During the recent several decades, the electron-beam and laser 
technologies have found growing applications in the field of surface 
modification of materials [1,2]. In such technologies, the interaction of 
electron and photon beams with the respective materials gives rise to 
complex thermal processes. The systematic studies of these processes are 
an important step towards their successful practical application.  

This paper proposes a thermal model of the electron-beam modification 
by a scanning electron beam. Using the model developed, calculations were 
carried out to determine the thermal field distribution in the case of thermal 
treatment of tool steels.  

2. THERMAL MODEL 

To describe the thermal processes taking place during electron-beam 
modification, one makes use of the heat conduction equation in the following 
form: 
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where ���� is the density [kg/cm3], ���� is the heat capacity [J/kg K], ���� 
is the heat conduction coefficient [W/cm K], Q is the power of the heat source 
[W/cm3]. 

The following initial conditions  

(2)    ���, �, �, 0� = ��  

and boundary conditions  

(2a)    ���, �, ��|�� = � = �����, are defined.  

In the case of an impervious boundary  

(2b)      �� ��
� = 0        

where � is the heat exchange coefficient [W/cm2 K], ���, �, �, �� is thе 
temperature [°C], �� is the initial temperature, �" is the ambient temperature, 
S1, S2, S3 are boundary surfaces, and n is the normal to the surface. 

 In [3 - 5], a solution was derived of the set of equations (1) - (3) above 
by applying the method of heat sources in the case of heating an infinite solid 
half-body by a fast moving flat heat source in the following form:  
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where ���, �, �� is the temperature in [°C], �� is the initial temperature 
[°C], < is the heat source density [W/cm2], = is the speed of specimen motion 

[cm/s], �� is the specific volume heat capacity [J/(m3K)], > = ?
)* is the 

temperature conductivity [m2/s],  � is the coefficient of heat conductivity 
[W/(mK)], and 2l is the heat source width. 

3. PHYSICAL MODEL 

Fig. 1 is a schematic diagram of the process of scanning electron-beam 
modification of materials. The electron beam, formed in an electron optical 
system, is scanned over the surface of the specimens treated by means of 
electromagnetic lenses. The interaction between the electrons and the 
specimens surface results in the transformation of the electrons’ kinetic 
energy into heat. The zone treated is thus heated above the temperature of 
structural changes in the steels and is subsequently cooled down in a 
controlled way 
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Fig.1 Schematic diagram of scanning electron-beam treatment  

 
Under the assumption that the electron-beam energy is absorbed in a 

surface area A (determined by the width of the zone treated 2l and the 
electron-beam diameter @A), the heat source power is [6,7] 

(4)      < = B.D
E  

where F is the electron-beam source accelerating voltage [kV]; 
              G is the electron-beam current [A]; 
             H = 2J. @A is the treated zone area [cm2]; 
                 @A is the electron-beam diameter [cm]; 
                 2J is the heat source width, [cm]. 
The numerical calculations were conducted for the case of electron-beam 

treatment of specimens of tool steels. The steel’s thermophysical parameters 
were adopted in accordance with [5], namely, a = 7 mm2/s, cρ = 0.0048 
J/mm3K.  

4. RESULTS 

Figs. 2, 3, 4 present results from the numerical calculations of the 
temperature field obtained by using equation (3) at an accelerating voltage of 
U = 55 kV, electron-beam scanning frequency of f = 1 kHz, electron-beam 
current of I = 40 mA, speed of specimen motion of V = 40 mm/s, deviation 
amplitude of 2l = 20 mm, electron-beam diameter of dl = 0,01 mm 
(Q=UI=2,kW; q = 11000 W/mm2). Fig. 2 shows the thermal field distribution 
across the specimen’s surface. Fig. 3 presents the calculated isotherms at 
the surface z = 0, while fig. 4 shows the isotherms in a cross-section of the 
zone treated.  
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Fig. 2 The simulation result of temperature values as a function of time t=X/V  

( surface z = 0 ) 

 

.  
Fig. 3 Surface temperature field distribution (z = 0)  
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Fig. 4 Cross-section temperature field distribution ( x = − 20 mm)  

 
The above results demonstrate that the temperature field is non-steady-

state and strongly inhomogeneous, and the maximal surface temperature is 
863 °С (Figs. 2, 3). One can also see that very strong temperature gradients 
exist in the depth of the layer treated, both during heating and cooling (Fig. 
4). The in-depth layers reach a temperature maximum later than those 
located closer to the surface; moreover, the heating and cooling rates of the 
surface layers are higher than those of the layers deeper in the specimen. 

  
Fig. 5 Maximal temperature dependence on the speed of motion of the speci-

men treated at different electron beam power 
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Fig. 5 shows results from numerical calculations of the maximal surface 
temperature as a function of the speed of specimen motion (at electron-beam 
power of 1kW, 2kW, 2.2kW and 3 kW) in the speed 40 mm/s. The maximal 
specimen’s surface temperatures thus obtained range from 393°С to 1178°C, 
with the maximal temperature values decreasing as the speed of motion is 
increased. At speeds exceeding 30 mm/s, the curve reaches saturation, so 
that the further increase in the specimen’s speed of motion will affect less 
strongly the maximal surface temperature.  

5. CONCLUSIONS 

We proposed a numerical model based on the analytical solution of the 
heat conduction equation under the conditions of electron-beam treatment of 
tool steels. The results of the calculations performed demonstrate that the 
temperature field is non-steady-state and strongly inhomogeneous. 
Furthermore, large temperature gradients arise in the depth of the layer 
treated, both during heating and cooling. The temperature of the deeper 
layers reaches a maximum later than the layers lying closer to the surface. 
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