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In this work the optimization of the process of refining of titanium during electron beam melting 

using the purification coefficients in vacuum of the impurities, based on experimental data, is 
considered. The influence of the variation in the process parameters - the electron beam power and 
melting velocity – on the residual concentrations of impurities and the material losses is investigated. 
Regression models for the purification coefficients for each studied impurity and the material losses are 
estimated. They are implemented for performing multi-criterial parameter optimization of the electron 
beam melting and refining process of Ti.  
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Оптимизация на параметрите на процеса електроннолъчево топене и рафиниране на 
титан (Елена Г. Колева, Лиляна С. Колева, Володя В. Джаров, Боряна С. Спасова). В 
настоящата работа е разгледано оптимизирането на процеса на рафиниране на титан при 
електроннолъчево топене чрез коефициент на пречистване на примеси във вакуум на база на 
експериментални данни. Отчетено е влиянието на изменението на параметрите на процеса 
мощност на електронния лъч и скорост на топене върху остатъчните концентрации на 
примеси и материалните загуби. Оценени са регресионни модели за коефициента на 
пречистване на всеки един от изследваните примеси и за материалните загуби, на база на които 
е направена многокритериална параметрична оптимизация на процеса електроннолъчево 
топене и рафиниране на титан. 

 

Introduction 
The Electron Beam Melting (EBM) in vacuum is 

one of the basic methods of special electrometallurgy 
for refining refractory metals (tungsten, molybdenum, 
vanadium, tantalum, etc.) and materials and alloys, 
reactive at high temperatures (such as titanium, 
hafnium and zirconium). Successful construction and 
utilization of electron beam melting and refining 
(EMBR) equipment is observed in the following 
countries: USA, Russia, Ukraine, Germany, etc., as 
well as in countries with atomic energy and aerospace 
industries in development (China, India, etc.).  For 
countries such as Bulgaria, which do not produce these 
metals due to lack of raw materials, the refining of 
waste and scrap of these metals is of particular 
importance. 

It is necessary to develop an optimized EBMR pro-
cess in order to receive pure and homogeneous struc-
tured metals, which have good chemical and physical 

properties for every material. These optimized technol-
ogies are based on the knowledge of temperature dis-
tributions in the ingots (melted down or cast), the pro-
cesses of the particle movement in the molten metal 
(convection), chemical reactions and evaporation of 
material and degassing/distillation of impurities during 
the process of EBMR [1], [2], [3], [4], [5].  

The purpose of the metallurgical process EBMR is 
the removal of metallic impurities and the reduction of 
non-processed metallic components, which are part of 
the treated in vacuum material. The actual 
surface/volume ratio controls the limits of this removal 
trough the evaporation from the surface of the molten 
metal and the mass transfer process within the molten 
metallic layer at the front surface of the feeding 
material or through the molten pool of the crystalizing 
ingot.  

The purification [4], [5], [6] of the molted metal 
regarding highly volatile components is a result of the 
relative differences in the partial pressures of the basic 
metal and the relevant components or compounds.  
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During the first stages of the refining process, the 
chemical activity of the components is also of great 
importance. 

In this work, the optimization of the process of 
refining of titanium during electron beam melting using 
impurities’ purification coefficient in vacuum, based 
on experimental data is considered. The influence of 
the variation in the process parameters - electron beam 
power and melting velocity – on the residual 
concentrations of the impurities and the material losses 
is investigated. Regression models for the purification 
coefficients for each investigated impurity element and 
the material losses are estimated. They are 
implemented for performing multi-criterial parameter 
optimization of the electron beam melting and refining 
process. 

Refining efficiency and material losses 
The degree of refining (refining rate) of the basic 

metal from different impurities using an electron beam 
in vacuum, can be described through the purification 
coefficient α [7]: 

(1)                        𝛼 = , 
where γ is the activation coefficient, 𝑝  and 𝑝  are the 
partial pressures of the basic metal and the impurity, M1 
и M2 are the molecular masses of the basic metal and 
the corresponding impurity. The purification 
coefficient α depends on the temperature of the 
molten/liquid metal, defined by EBMR process 
parameters. 

The equation, which describes the relation between 
the degree of purification of the metal from impurities 
and the losses of weight of the basic component [7], is: 

(2)              𝑙𝑔 = (𝛼 − 1) 𝑙𝑔  

where 𝑁  and N2 are the concentrations of impurity 
before and after the electron beam refining, 𝑊  and W1 
- the weight of the basic metal before and after the 
electron beam refining. 

During EBMR processes, the temperature of the 
molten metal is determined by the process parameters 
– type and chemical composition of the refined metal, 
electron beam power, the melting velocity (defined by 
the melting velocity or the velocity of adding molten 
material or withdrawal of the crystalized ingot during 
electron beam drip melting process). The refining time 
is a dependent parameter, defined by the listed above 
parameters, among which the melting velocity is the 
most influential one and it is related to the geometrical 
dimensions of the feeding material and of the water-

cooled crucible in the electron beam installation, as 
well as the power of the electron beam and the refined 
material. 

Experimental conditions 
An experimental investigation of EBMR of titanium 

[6, 8] is carried out, aiming to study the concentration 
changes of the following impurities: oxygen, 
aluminum, iron, vanadium, silicon, manganese, nickel, 
chrome, calcium and copper at variation of the process 
parameters: electron beam power (z1) and melting 
velocity (z2). The EBMR of titanium is conducted in 60 
kW installation ELIT-60 with horizontal feeding. The 
method of melting, which was realized, is drip melting 
in water-cooled crystallizer with a diameter of 60 mm. 
The vacuum pressure in the chamber was within the 
range of 5-8×10-3 Pa. The surface temperature of the 
material in the crucible was measured using an optical 
pyrometer and was in the range of 2370-2670 K. The 
used input material was in the form of titanium bars 
with a diameter of 45 mm. The electron beam power 
changed in the region from 11.25 kW to 18.75 kW and 
the melting velocity – from 0.05 mm/s to 0.15 mm/s. 

The values of the material losses are evaluated by:  

(3)         Wloss = [(𝑊 -𝑊 )/𝑊 ]×100% 

where 𝑊  and 𝑊  are the weights of the molten rods 
and of the obtained ingots after EBMR. 

According the experimental values of the 
purification coefficient, the observed efficiency of 
refining for each impurity can be defined as: no 
refining, not significant and significant refining. The 
experimental classification by the obtained impurities’ 
purification coefficients (αexp) are presented in Table 1. 
The maximum observed value of the weight material 
losses during EBMR experiments was 4.14% (< 5% for 
all experimental data). 

 
Table 1  

Experimental purification coefficients classification 

αexp 
Efficiency of the 

refining process of Тi Impurities 

< 1 No refining V, Si 

1 … 30 Not significant refining Si, Fe, Al и Ni, 
Mn, Ni, Ca 

30 … 100 
Significant refining 
(< 5% losses of the 

base metal) 

O, Cr, Ca, Cu, Al, 
Fe, Mn, Ni 

> 100 
Significant refining 
(< 5% losses of the 

base metal) 

O, Cr, Ca, Cu, Al, 
Mn 
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Empirical modelling of the purification 
coefficients and the material losses 

Table 2 summarizes the estimated regression 
models for the dependencies of the material losses (𝑦 ) 
and different experimental purification coefficients 
(𝛼 ) for each of the studied impurities (O, Al, Fe, Mn, 
Ni, Cr, Ca, Cu) with significant refining efficiency on 
the electron beam power (x1) and the melting velocity 
(x2), coded in the region [-1; 1] dimensionless values. 
The determination coefficient is a measure of the 
accuracy of prediction and the relation between the 
natural (zi) and the coded (xi) levels of the process 
parameters are given by the equations: 

z1 = 3.75x1 + 15 and z2 = 0.05x2 + 0.1. 

Table 2  
Estimated regression models 

Param. Regression model R2, %𝑦  0.55 + 0.68x1 – 0.97x2 + 0.97x1
2 + 

1.42x2
2 + 0.62x1

2x2 + 0.45x1x2
2 97.95 𝛼  287.23 – 28.32x1 + 22.18x2 – 

172.48x1
2 – 218.24x2

2 + 155.21x1
2x2

2 95.35 

𝛼  
142.36 – 11.14x1 – 111.68x1

2 – 
126.84x2

2 + 3.19x2
3 – 3.89x1

3x2 + 
112.15x1

2x2
2 

99.91 

𝛼  64.56 + 7.61x2 – 63.36x1
2 – 48.02x2

2 – 
5.29x1x2 – 4.26x1x2

2 + 55.42x1
2x2

2 99.64 𝛼  179.09 – 11.73x1 + 8.23x2 – 
140.70x1

2 – 147.47x2
2 + 132.42x1

2x2
2 98.89 𝛼  64.56 – 4.94x1 + 3.42x2 – 51.38x1

2 – 
48.79x2

2 + 48.2x1
2x2

2 98.83 𝛼  525.38 – 24.27x1 – 435.63x1
2 – 

451.92x2
2 + 416.91x1

2x2
2 98.68 𝛼  420.75 – 25.01x1 + 22.91x2 – 

352.68x1
2 – 352.22x2

2 + 331.14x1
2x2

2 98.78 

𝛼  
562.11 – 22.82x1 + 19.15x2 – 
499.48x1

2 – 501.56x2
2 – 21.98x1

3x2 + 
503.31x1

2x2
2 

99.79 

 
The estimated regression models have very good 

approximation accuracy and they can be used to 
investigate the described dependencies, as well as for 
multicriterial parameter optimization aiming to fulfil 
concrete technological requirements. 

In Fig. 1 the contour plot [9] of the weight losses 
(%) as a function of the electron beam power (z1, kW) 
and the melting velocity (z2, mm/s) is presented. 

Fig. 2 represents the contour plot of the dependence 
of the purification coefficient (α ) for oxygen on the 
EBMR process parameters – the electron beam power 
(z1, kW) and the melting velocity (z2, mm/s). It can be 
seen that conducting the EBMR process with electron 
beam power in the region from 14 kW to 15.5 kW and 
melting velocity values from 0.09 mm/s to 0.11 mm/s 

will result with maximal efficiency of the refining of 
oxygen.  

 

 
Fig.1. Contour plot of the weight losses (𝑦 , %) as a 
function of the electron beam power (z1, kW) and the 

melting velocity (z2, mm/s). 

This area for the process parameters corresponds to 
material losses less than 1% from the base material. 

 

 
Fig.2. Contour plot of the purification coefficient (𝛼 ) for 
oxygen as a function of the electron beam power (z1, kW) 

and the melting velocity (z2, mm/s). 

Multi-criterial optimization  
The estimated in Table 2 regression models can be 

used for graphical optimization for defining the EBMR 
regime conditions, fulfilling simultaneously several 
technological constraints. 

Fig. 3 shows the results from graphical optimization 
obtained by superimposing the contour plots for the 
most significantly refined impurities (𝛼 >100): 𝛼 >100,  𝛼 >100,  𝛼 >100,  𝛼 >100,  𝛼 >100, 𝛼 >100. The corresponding contour line colors are: 𝛼  = 100 – white, 𝛼  = 100 – green, 𝛼  = 100 – 
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yellow, 𝛼  = 100 – purple, 𝛼  = 100 – aqua, 𝛼  = 
100 – red. It can be seen that the common area for the 
process parameters (the colored area), at which all the 
requirements are satisfied at the same time is defined in 
this case basically by the constraint for aluminum. 

In order to propose one compromise optimal 
process parameter set, the optimistic strategy, based on 
the method of the function of losses, is implemented 
[10]. The best possible values 𝑞  (j = 1, 2, 3, …, m) 
are assigned to the reference (uncompromised) values 
of the quality characteristic qi(x). The reference values 
depend on the required minimum or maximum value 
for each of the quality characteristics (material losses 𝑦  and experimental purification coefficients 𝛼  for 
different impurities). The goal values, the reference 
values and the maximal and minimal characteristic 
values 𝑞 (𝑥) are presented in Table 3. They are 
determined in this case from the obtained 50 Pareto-
optimal solutions by applying genetic algorithm [9]. 

 

 
Fig.3. Graphical optimization - 𝛼 >100, 𝛼 >100, 𝛼 >100, 𝛼 >100, 𝛼 >100, 𝛼 >100. 

Table 3 
Goals, reference values and the maximal and minimal characteristic values 𝑞 (𝑥).    

 
 
 
 
 
 

 
Table 4  

Classification of Pareto-optimal solutions based on Loss function 𝐹  (“optimistic” strategy)   

 𝐹  𝑧  𝑧  𝑦  𝛼  𝛼 𝛼 𝛼 𝛼 𝛼  𝛼  𝛼
1 0.072738 14.3239 0.11 0.3188 282.5964 135.8084 62.3899 172.5183 62.5652 497.9447 404.6442 534.3221
2 0.075767 14.2924 0.1094 0.3214 283.059 136.1494 62.3203 172.7749 62.6352 498.9265 405.1396 535.0935
3 0.076424 14.414 0.1111 0.3188 281.8332 135.3213 62.6252 172.2316 62.498 496.8553 404.2322 533.7289

 
 The generalized function of losses F (x) that has to 

be minimized is [10]: 

(4)             F (𝑥) = ∑ ( )∆ ,  
(5)             ∆  = 𝑞 , − 𝑞 , ,     
where 𝑞 (𝑥) is the value for the j-th quality 
characteristic obtained at a given Pareto-optimal 
solution, 𝑞 ,  and 𝑞 ,  are the maximal and 
minimal values of each characteristic from all obtained 
50 Pareto-optimal solutions (Table 3) and ∆  is the 
range for a given quality characteristic. Each reference 
value 𝑞  is obtained for different set of optimal 
process parameters zi and cannot be obtained 
simultaneously. Table 4 presents the classification of 
Pareto-optimal solutions based on Loss function 𝐹  

(“optimistic” strategy) – the best three results. The 
minimal value for the Loss function is 𝐹  = 0.072738 
for the electron beam power z1 = 14.3 kW and melting 
velocity z2 = 0.11 mm/s. It can be seen that a 
compromise is reached in regard to the values of all 
quality characteristics - the material losses 𝑦  and the 
experimental purification coefficients 𝛼  for different 
impurities. 

Conclusion 
The present work presents an approach for the 

optimization of the refining process of titanium using 
electron beam melting trough purification coefficient 
of impurities in vacuum on the base of real 
experimental data. The influence of the variation in the 
process parameters: electron beam power and melting 
velocity on the residual concentrations of different 

Criterion 𝑦  𝛼  𝛼  𝛼 𝛼 𝛼 𝛼 𝛼  𝛼
Goal min ↓ max ↑ max ↑ max ↑ max ↑ max ↑ max ↑ max ↑ max ↑𝑞  0.2728 284.411 137.272 63.3396 174.2033 63.1408 503.8433 409.0807 541.2612 𝑞 ,  0.3388 284.411 137.272 63.3396 174.2033 63.1408 503.8433 409.0807 541.2612 𝑞 ,  0.2728 269.023 125.815 58.8356 161.3178 58.8853 459.6503 377.5703 493.5503 

∆ 0.066 15.388 11.4568 4.504 12.8855 4.2555 44.193 31.5104 47.7109
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impurities and the material losses is investigated. 
Regression models for the material losses 𝑦  and the 
experimental purification coefficients 𝛼  for different 
impurities are estimated. 

Multicriterial parameter optimization approaches 
are implemented and optimal solutions are found, 
where the purification coefficients are maximized and 
at the same time the material losses are minimized 
during the process of electron beam melting and 
refining of Ti. 

It is determined that the impurities O, Cr, Ca, Cu in 
titanium, are considerably refined (𝛼 >100). In the case 
of other impurities, refining is significant only under 
certain process conditions for Al, Fe, Mn, Ni. Other 
impurities are slightly (insignificantly) refined, such as 
Si, or cannot be refined at all - V.  

The consideration of the refining process through 
the purification coefficients of the impurities has higher 
level of generalization in comparison to the direct 
processing of the weight or percent contents of the 
impurities, which are closely linked to the specific 
experimental conditions (initial conditions and 
concentrations, weights, etc.). 
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