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In this article quasi steady-state two-dimensional heat model is implemented for the simulation of 

the temperature distribution in the cast copper ingots through electron beam drip melting. Regression 
models are estimated for the dependence of the shape of the crystallization front (molten depth, width, 
volume of the molten metal) on the variation of the process parameters - electron beam power, beam 
radius and the casting velocity. The molten pool crystallization surface and its reaching the outer wall 
of the ingot are discussed. The form of the crystallization front controls the dendrite structure 
formation, the uniform impurities’ removal, the process of refining of the metal, the surface to volume 
ratio of the molten metal, the roughness of the obtained ingot side-walls and thus the quality of the 
obtained ingots. 
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Симулиране на температурното разпределение и моделиране на параметрите на 
течната вана при капково електроннолъчево топене на мед (Цветомира Цоневска, Елена 
Колева, Лиляна Колева, Георги Младенов). В тази статия е използван квазистационарен 
двуизмерен топлинен модел за симулиране на температурното разпределение в отлетите медни 
слитъци чрез капково електроннолъчево топене. Оценени са регресионни модели за 
зависимостта на формата на кристализационния фронт (дълбочина на разтопяване, ширина, 
обем на разтопения метал) от изменението на параметрите на процеса - мощност на 
електронния лъч, радиус на лъча и скорост на леене. Дискутират се повърхността на 
кристализиране на стопилката и достигането й до външната стена на слитъка. Формата на 
кристализационния фронт контролира: формирането на дендритната структура, 
равномерното отстраняване на примесите, процеса на рафиниране на метала, съотношението 
повърхност към обем на разтопения метал, грапавостта на страничните стени на получените 
слитъци и по този начин качеството на получени слитъци. 

Ключови думи: капково електроннолъчево топене, топлинен модел, температурно 
разпределение, регресионни модели. 

 

Introduction 
The drip melting is a classical method for electron 

beam melting and refining (EBMR) of metals. The 
raw material in the form of bars is fed horizontally (or 
vertically) and drip-melted directly into the 
withdrawal mold (Fig. 1). During the EBMR on the 
surface of the molten pool that is situated on the upper 
part of the cast ingot, the droplets, created on the front 
surface of feeding rod, go into the liquid pool in the 
crucible. In the same time the electron beam heats this 
surface, keeping it molten.  The liquid pool surface is 
maintained by the operator on a constant level, by 
withdrawing the bottom of the growing ingot.  

 
Fig.1. Drip melting. 

Refining is based on degassing and selective 
evaporation of metallic and non-metallic constituents 
with vapor pressures higher than the base material.  
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Hard inclusions that are refined there could float or 
be dissolved in the molten metal. Usually repeated re-
melting of the first melt ingots is required to achieve 
the desired final quality. For repeated re-melting often 
vertical feeding is applied due to more uniform 
irradiation of molten pool surface [1, 2]. 

The importance of the knowledge of the shape of 
the crystallization front is directly connected with the 
quality of the ingot – it is a key condition for 
producing ingots with a perfect crystal structure. A 
flat crystallization front permits formation of dendrite 
structures, parallel to the block axis as well as the 
uniform impurity displacement toward the ingot top 
surface. 

The shape of the molten pool crystallization 
surface (bottom of the melting pool) controls the 
dendrite formation and the impurities removal.  
Uniform crystallization front surface, parallel to the 
top molten pool surface, avoids the typical for big 
diameter ingots segregation (namely, the impurities’ 
concentration increase in the central region of the cast 
blocks) [1, 2].  

In this paper quasi steady-state two-dimensional 
heat model is implemented for the simulation of the 
temperature distribution in the cast copper ingots 
through electron beam melting and refining. 
Regression models are estimated for the dependence 
of the shape of the crystallization front (molten depth, 
width and volume of the molten metal) on the 
variation of the process parameters - electron beam 
power, beam radius and the casting velocity. The 
molten pool crystallization surface reaching the outer 
wall of the ingot is discussed. 

Heat model 
The computer simulation of the temperature 

distribution at electron beam drip melting is based on 
the quasi steady-state two-dimensional heat model: 
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where the last term indicates the casting presented by 
the heat that is added by the poured molten metal into 
the crucible and given by the casting velocity of the 
ingot, moved with a speed v, coinciding with the z-
axis. The temperature distribution in the ingot is 
described by the Poisson equation. It is used an axis-
symmetrical thermal geometry. The stirring and 
mixing processes in the molten pool are presented by 
a modification (increase from 1 to 2 times) of the 
value of the ingot thermal conductivity.  

 
Fig.2. Geometrical conditions: G1 – top ingot surface, G2 – 
interface molten pool/crucible, G3 – free side ingot surface, 

G4 – interface – ingot/puller. The shown dimensions are 
typical radius and length for the used crucibles. 

A set of appropriate boundary conditions takes into 
account the radiation losses and the heating beam 
energy distribution with a correction of the secondary 
electron energy losses and they are given according 
the interfaces G1, G2, G3 and G4 (Fig. 2) 
correspondingly: 
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where α is emissivity, σ is the Stefan-Bolzman 
constant, λ is the thermal conductivity, Tst is the ingot 
surface temperature. In Table 1 are given the material 
characteristics, used for the calculations. The heat 
transfer coefficients on the boundary areas (G1, G2, 
G4) assumed are: λ1/λCu=1.0, λ2/λCu=0.8, λ4/λCu=0.8. 
Working with a real process these coefficients should 
be estimated first in order to apply the considered here 
approach. The height of the interface molten pool-
crucible is constant – 8 mm. 

The copper material characteristics used for the 
simulations are presented in Table 1.  

In Fig. 3 and Fig. 4 are presented the temperature 
distribution simulation results in a cylindrical ingot 
with height of 100 mm and diameter 60 mm. 
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Table 1 
Material characteristics of Cu 

Parameters Values Dimension 
Thermal conductivity λi 318.1 (at 1280 K) [W/m.K] 
Melting temperature Tm 1356 [K] 

Heat capacity Cp 0.38 [J/g.K] 
Thermal diffusivity a 1.13×10-4 [m2/s] 
Heat content Cp.ρ.Tm 4612 [J/cm3] 

 
a)                                     b) 

Fig.3. The temperature couture lines of EBM of Cu at: a) 
input electron beam power Z1 = 10 kW, electron beam 

radius Z2 =10 mm and crystallization speed Z3 = 6 mm/min 
b) input electron beam power Z1 = 16 kW, radius of the 

beam Z2 =5 mm and crystallization speed Z3 = 6 mm/min. 

 
a)                                  b) 

Fig.4. The temperature couture lines of EBM of Cu at: a) 
input electron beam power Z1 = 18.630 kW, electron beam 
radius Z2 =10 mm and crystallization speed Z3 = 6 mm/min 

b) input electron beam power Z1 = 22 kW, radius of the 
beam Z2 =15 mm and crystallization speed Z3 = 3 mm/min. 

It can be seen, that different molten pool shapes 
(the colored areas) are obtained at variation of the 
electron beam power, the radius of the electron beam 
and the crystallization velocity. In the cases, when the 
process parameters are appropriate, the molten pool 
crystallization surface can reach the outer wall of the 
ingot. The result is the increase of the roughness of the 
ingot walls, as well as obtaining more flat surface of 

the crystallization front, which helps the inclusions’ 
removal toward the surface of the ingot and parallel to 
the ingot axis dendrite structure. 

Experimental conditions 
Simulated experiments are conducted on the base 

of the quasi steady-state two-dimensional heat model 
(1). Experiment was conducted to study the impact of 
process parameters on the geometry of the molten 
pool. Parameters that are changed during simulations 
are: Z1 [kW] is the input electron beam power, Z2 
[mm] is the radius of the electron beam and Z3 
[mm/min] is the casting velocity (crystallization 
speed).  

The process parameter variation regions for this 
electron beam melting experiment are presented in 
Table 2. 

Table 2 
Process parameter variation regions 

Factor 
(Zi) 

Dimension Coded Lower level 
(Zmin,i) 

Upper level 
(Zmax,i) 

Z1 kW x1 10 22  
Z2 mm x2 5 15 
Z3 mm/min x3 3 9 
 
The data processing is carried out in a coded scale, 

in order to avoid problems related to a possible 
multicollinearity or other numerical problems in the 
evaluation of the coefficients of regression and bad 
prediction values of the quality indicators. The coded 
significations of the process parameters are given also 
in Table 2. The transformation from natural (Zi) to 
coded (xi) in the range from -1 to 1 values of the 
process parameters is done using the formula: 

(6) x = -( , , ), - , . 

An augmented optimal composite design with one 
point in the center of the design is chosen and 
presented in coded and natural values in Table 3. 

Modelling of the molten pool shape  
The experimental design in Table 3 was conducted 

in order to investigate the temperature distributions in 
the cast ingot, obtained at different sets of the process 
parameters. The considered performance 
characteristics of the molten pool geometry are (Fig. 
5): molten pool depth H (in the center of the ingot) the 
molten pool half-width B, the volume of the molten 
metal V, the height of the interface molten 
metal/crucible H1 and the height of molten metal 
below the interface molten metal/crucible dH (if the 
molten pool has reached the outer wall of the ingot).   
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Table 3 
Experimental design 

№ x1 x2 x3 Z1 Z2 Z3

1 -1 -1 -1 10 5 3 
2 +1 -1 -1 22 5 3 
3 -1 +1 -1 10 15 3 
4 +1 +1 -1 22 15 3 
5 -1 -1 +1 10 5 9 
6 +1 -1 +1 22 5 9 
7 -1 +1 +1 10 15 9 
8 +1 +1 +1 22 15 9 
9 -1 0 0 10 10 6 
10 +1 0 0 22 10 6 
11 0 -1 0 16 5 6 
12 0 +1 0 16 15 6 
13 0 0 -1 16 10 3 
14 0 0 +1 16 10 9 
15 0 0 0 16 10 6 

   

 
Fig.5. Molten pool geometry parameters. 

Regression models are estimated for the volume of 
V, the depth H and the half-width B of the molten pool 
are presented in Table 4. The estimated regression 
models (Table 4) for the heights H1 and dH (Fig. 5) 
are estimated after adding some additional 
experiments for clarification of the process parameter 
regions, where a molten zone below the solidified ring 
at the interface with the water cooled crucible appears.  

In Table 4 together with the estimated regression 
models the corresponding determination coefficients 
R2 (the square of the multiple correlation coefficient) 
and the adjusted R2

adj, are presented also. They are 
measures for the accuracy of the models. The 
regression models are very good and they are 
implemented to study the dependencies of the 
obtained molten zone shapes on the process parameter 
variations.  

Table 4 
Regression models for the performance characteristics of 

the molten pool geometry 

 Regression models R2, 
% 

R2
adj

,% 

V 
36.975833+28.54335x1-2.4725528x2-
2.9262405x3+5.8807452x12-
3.0546324x22-1.1358349x1x3 

99.62 99.48 

B 
16.986267+2.2705905x1+ 
0.68586266x2-0.32698233x1

2
 

+0.52430426x2
2-0.24371278x1x2 

98.57 98.17 

H 

36.248352+4.5351085x1-1.3954508x2-
0.81773939x3-1.581328x12-
0.89161009x22+1.1045306x1x2 
+0.83676055x1x3 

98.37 97.66 

dH 

-0.14181592-0.35336612x2-
0.7194417x3+5.601067x12-
0.85137706x22+6.3189943x13-
0.41915083x1x2-0.91706797x1x3-
1.8686626x1x22 

98.07 96.96 

H1 
0.87489665+60.908981x1-
3.1486879x3+10.482764x12-
49.508053x13+3.5534275x12x3 

97.19 96.36 

 
In Figs. 6-8 are presented contour plots of the 

molten pool depth H, the molten pool half width B and 
the volume of the molten metal V, depending on 
electron beam power (Z1) and beam radius (Z2) at 
crystallization velocity Z3 = 6 mm/min.  

 
Fig.6. Contour plot of the molten pool depth H (mm), 

depending on electron beam power (Z1) and beam radius 
(Z2) at crystallization velocity Z3 = 6 mm/min. 

It can be seen that the volume of the molten pool 
depends mainly on the increase of the electron beam 
power, while the electron beam radius influences 
more on the values of the molten pool depth and half 
width. The desired form of the molten pool can be 
obtained through properly defined optimization 
requirements. 

In Fig. 9 are presented the obtained contour plots 
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of the height of the molten zone dH, depending on 
electron beam power (Z1) and beam radius (Z2) at 
crystallization velocities Z3 = 3 mm/min, Z3 = 6 
mm/min and Z3 = 9 mm/min. The colored zones 
define process parameter combinations, which 
determine molten pools not reaching the outer walls of 
the ingots. 

. 
Fig.7.  Contour plot of the molten pool half width B (mm), 
depending on electron beam power (Z1) and beam radius 

(Z2) at crystallization velocity Z3= 6 mm/min. 

 
Fig.8.  Contour plot of the volume of the molten metal V 

(mm3), depending on electron beam power (Z1) and beam 
radius (Z2) at crystallization velocity Z3 = 6 mm/min. 

From the obtained results it can be seen, that there 
is certain level of the molten pool volume, which 
determines the appearance of the molten ring (with 
height dH) below the solidified ring at the interface 
with the water cooled crucible. The minimal molten 
metal volume is of order 53 mm3. The height of the 
solidified ring at the interface with the crucible H1, on 
the other hand, is not influenced by the electron beam  

 
a) 

 
b)  

 
c) 

Fig.9. Contour plots of the height of the molten zone dH 
(mm), depending on electron beam power (Z1) and beam 
radius (Z2) at crystallization velocity: a) Z3 = 3 mm/min,   

b) Z3 = 6 mm/min, c) Z3 = 9 mm/min. 
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radius. At the chosen experimental process parameter 
regions the values vary in the region between 28 and 
22 mm and it is decreasing with the increase of the 
molten pool volume. 

In order to choose the minimal electron beam 
power (Pmin), needed for obtaining the necessary 
molten pool volume that determines the appearance of 
the molten ring (like in Fig. 4a), at certain 
combinations of the electron beam radius (Z2) and the 
casting velocity (Z3), the following regression 
equation is estimated: 

(7)     Pmin = 18.606667+0.49166667x2+0.84333333x3 
+1.0683333x2

2 

The determination coefficients are: R2 = 99.60% 
and the adjusted R2

adj = 99.36% and the estimated 
model can be used for prediction and optimization. In 
Fig. 10 the contour plot of the minimal electron beam 
power Pmin (kW) as a function of the electron beam 
radius (Z2) and the casting velocity (Z3) is presented. 
The expected values of the height dH at all the process 
parameter combinations (Z1 = Pmin, Z2 and Z3) is equal 
to 1 mm (like in Fig. 4a). 

 
Fig.10. Contour plot of the minimal electron beam power 

Pmin (kW) as a function of the electron beam radius (Z2) and 
the casting velocity (Z3). 

Conclusion 
In this paper simulation results from the 

temperature distributions in the cast copper ingots 
through electron beam melting and refining are 
implemented for the estimation of regression models 
for the dependence of the shape of the crystallization 
front (molten depth, width and volume of the molten 
metal) on the variation of the process parameters - 
electron beam power, beam radius and the casting 
velocity.  

The obtained results show that, if the aim of the 
improvement of the electron beam melting process is 
to obtain more flat crystallization front by its reaching 
the outer wall of the ingot, it is necessary to obtain 
certain minimal volume of the molten pool V. It can 
be done by choosing the working regime for the 
electron beam radius and the casting velocity and then 
setting the electron beam power to its minimal value 
(Fig. 10) or higher. 

There are other process conditions (not considered 
in this paper) that can influence the shape of the 
molten pool and in this way the dendrite structure, the 
refining process and the quality of the obtained ingot: 
the power distribution of the electron beam (here it is 
assumed to be uniform) and the electron beam 
movement along different trajectories. The detailed 
knowledge of the role of the beam scan trajectory and 
the frequency in every concrete case can be used to 
control the melt composition and structure. That 
knowledge could allow production of EBMR ingots 
from scrap materials with significant savings.  
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