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Model-Based Quality Optimization of EBW of steel  

E. Koleva, D. Trushnikov, V. Belenkiy, G. Mladenov, S. Angelov, D. Todorov  

 

Experimental results (four series of experiments) for EBW of two types of steel - high strength 
steel of 38Cr2Ni2Mo type and stainless steel are obtained and used for the estimation of models, 
describing the dependencies of the geometry characteristics of high-strength and stainless steel welds 
on the process parameters. Quality characteristics connected with the obtained shape of the weld 
cross-sections are also defined and estimated. Multi-criteria optimization is considered. Graphycal 
user interface aiming parameter optimization, helping the operator’s choice of appropriate work 
regime for obtaining required quality welds, education and investigation of  EBW process is 
developed and presented.  

Моделно базирана оптимизация на качеството при електроннолъчево заваряване на 
стомана (Е. Колева, Д. Трушников, В Беленкий, Г. Младенов, С. Ангелов, Д. Тодоров). 
Получени са експериментални резултати (четири серии експерименти) за електроннолъчево 
заваряване на два типа стомана – високоякостна стомана 38Cr2Ni2Mo и неръждаема 
стомана - и са използвани за оценка на модели, описващи зависимостите на геометричните 
характеристики на шевовете от високоякостна и неръждаема стомана от параметрите на 
процеса. Дефинирани и оценени са качествени характеристики, свързани с получената форма 
на напречните сечения на шевовете. Разгледана е многокритериална оптимизация. 
Разработен и представен е и графичен потребителски интерфейс, целящ параметрична 
оптимизация, помощ на оператора при избор на подходящ работен режим за получаване на 
шевове със зададено качество, обучение и изследване на процеса електронно-лъчево заваряване 

 

Introduction 
The complexity of the processes occurring at 

intensive electron beam interaction with the material 
in the welding pool and the vaporized treated material 
hinders the development of physical or heat models 
for enough accurate prediction of the geometry of the 
weld cross-section (particularly the weld width and 
depth), the dimensions of the heat affected zone 
(HAZ) and adequate electron beam welding process 
parameter selection. Concrete reason for the lack of 
adequate prognostication is the casual choice of the 
heat source intensity distribution, not taking into 
account the focus position toward the sample surface 
and the space and angle distribution of the electron 
beam power density (or at least the distance to the 
sample surface at constant beam formation 
conditions). Additional complexity comes from the 
various trajectories and oscillation parameters possible 
to apply. Our previous investigations [2] have shown 
that this approach directed toward given material, 
despite extending the application of solution of the 
heat transfer balance equations with the data of 
considerable number of experiments, results in 

prognostication of the weld depth and width only in 
order of magnitude. Such models are not suitable for 
the contemporary computer expert system, directed 
toward the aid for welding installation operator at the 
process parameter choice. Even less acceptable this 
approach is for automation of electron beam welding 
process control. 

In two book chapters [1, 2], in a journal article for 
scientific reviews for mechanical engineering [3] and 
in three presentations, made at the specialized 
conferences on Electron Beam Welding (EBW) in St. 
Petersburg, Russian Federation [4-6], are presented 
results for applying a thermal model of EBW for 
heating the sample by a linear moving heat source, as 
well as the developed in the laboratory and 
implemented by us statistical approach at 
prognostication of the geometry characteristics of the 
obtained welding joints. In the paper [6] an expert 
computer system helping the operators decision 
making, applicable for personnel education, as well as 
for computer control and optimization of the 
technological process was presented. 
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Experimental conditions 
Electron beam (EB) welding processes with 

stationary (namely un-deflected by oscillations) beams 
have limited possibilities for optimization of the weld 
cross-section shape: by changing either the beam 
current, or the focusing current, the welding speed 
and/or the distance from electron gun to the welding 
sample surface. 

The use of deflection oscillations, at which the 
beam is moved locally in directions along a chosen 
trajectory, determines a dynamic power distribution 
around the stationary basic position of the beam. This 
way of improvement the seam quality at electron 
beam welding is discussed from the beginning of the 
applications of the powerful electron beams in joining 
technology, but there are lack of knowledge for choice 
of the frequency, the trajectory and the amplitude of 
these oscillations. The research results and 
recommendations for optimal regimes from studies of 
application of beam deflection oscillations in electron 
beam welding technology are unarguable and often 
controversial.  

The deflection oscillations are utilized: 
- to avoid the spiking in the root of the  weld and 

to make more equal the penetration depth [7], 
- to reduce a large amount of the weld porosity [8], 
- to create a more appropriate weld structure and 

mechanical properties [9], 
- to improve the weld fracture toughness [10], 
- to avoid creation of globules, forming a ridge 

along the top weld surface at high speed of 
welding [11]. 

The same results are aimed by applying the multi-
pool welding, by deflection of the beam into parts. 

Experiment 1 – high strength steel - longitudinal 
linear beam deflection oscillations 

Samples of high strength steel of 38Cr2Ni2Mo 
type are welded. For exclusion of gap influence on the 
obtained results it was used blind welds (the weld 
depth were less than sample thickness). The beam 
deflection oscillations applied during the welding (in 
respect to the non-deflected beam position) are in 
longitudinal direction to the direction of welding 
sample movement. The beam accelerating voltage is 
60 kV, the beam current is 45 mA and 50 mA and the 
distance from the end of the electron gun to the 
welded sample is 100 mm. The welding is performed 
by equipment ELA 6/60 (with electron gun produced 
by Electrical welding institute “E. O. Paton” in Kiev). 
The images and some geometry parameters of the 
weld cross-sections were reported in [12].  

During the performed experiments the EBW 

parameters that were varied [12, 13] are: the focusing 
current If, Foscil and Aoscil - the frequency and 
amplitude of deflection oscillations (Table 1). 

Experiment 2 – high strength steel – sinusoidal 
transverse beam deflection oscillations 

In this experiment the beam deflection oscillations 
applied during the welding (in respect to the non-
deflected beam position) are in transverse direction to 
the direction of welding sample movement. The EBW 
parameter variation regions for the focusing current If, 
Foscil and Aoscil - the frequency and amplitude of 
deflection oscillations are presented in Table 1. 

Table 1. 
EBW parameter variation regions – experiments 1 and 2 

Expim. Param. If Fosc Aosc 
 Dim. mA Hz mm 

Exp. 1 
min 820 90 0.27 
max 850 1400 3.4 

Exp. 2 
min 820 200 0.07 
max 848 22500 0.8 

 

Experiment 3 – stainless steel 

During this experiment the EBW of stainless steel 
is considered. The welding was performed with 
longitudinal beam deflection oscillations or without 
such oscillations (the amplitude 2A = 0 mA and the 
frequency F = 0 Hz). The welding speed v and the 
focusing current were also varied. The beam current 
was constant 31 mA. The regions of variation of these 
parameters are presented in Table 2. 

Table 2. 
EBW parameter variation regions – experiment 3 

Param. 2A F v If 
Dim. mA Hz mm/s mA 
min 0 0 5 815 
max 20 686 7 854 
 

Experiment 4 – stainless steel 

The electron beam welding process was held with 
beam deflection into two parts thus performing dual-
pool welding. Weld seam quality is the main 
advantage of multi-pool welding, at which more 
homogenous weld seams are produced. Porosity and 
the root spiking are considerably reduced. The 
deflection was performed by transmitting rectangular 
signal to the deflection coils. The energy distribution 
between the two resulting beams is determined by the 
parameter γ (gamma): 
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γ=(P2-P1)/(P1+P2),  
where P1 and P2 are the corresponding beam powers – 
on the front and on the back beams. If γ has a positive 
value then the back electron beam has more power 
than the front one. Parameter L [mm] is the distance 
between the two beams (pools), F [kHz] is the 
frequency of the deflection signal, Ib and I f are the 
beam and the focusing currents and v is the welding 
speed. The focusing current was kept constant I f = 835 
mA. The EBW parameter variation regions for this 
experiment are presented in Table 3. 

Table 3. 
EBW parameter variation regions – experiment 4 

Param. L F γ v Ib 
Dim. mm kHz - mm/s mA 
min 2 3 -3 5 40 
max 6 20 3 15 64.5 

Weld geometry characteristics and quality 
characteristics 

High strength steel of 38Cr2Ni2Mo type 

The considered geometry parameters (experiment 
1 and 2) are characteristics of the welded zone as well 
as the heat affected zone: H and B0,5H are respectively 
the weld depth and weld width, the former is 
measured on 1/2 of the wed depth; B SW and BSHAZ are 
surface widths of the weld only and of the weld 
together with the heat affected zone; B0,5H* is the weld 
width, calculated  as the ratio of the  surface of the 
weld transverse cross-section SW and penetration 
depth H; Bt is the weld width, calculated as ratio of 
the sum from the areas of the weld and  of the HAZ  
(SW+SHAZ ) to the weld depth  H. 

The defined characteristics for welding seam 
geometry quality are: 

∆1 – the difference between BSW and B0.5H; it 
characterizes the changes of the weld shape connected 
with the increase of the weld head. If this difference 
grows bigger, the head of the weld also is bigger;  

∆2 – the difference between B0.5H and B0.5H*; it 
characterizes the difference of the weld shape 
compares with a triangular one. In the cases of big 
head the difference is negative and in the case of 
vertical weld walls this difference will be positive;  

∆3 – the ratio between the weld depth and the weld 
width. The bigger value of this characteristic 
corresponds to obtaining of deeper and narrower 
welds. Two cases are considered for the weld width:  
∆3a – for BSW and ∆3b – for B0.5H*; 

∆4 – the ratio between SW and SHAZ. This 
characteristic can be used for minimization of the heat 

affected zone cross-section area compared to the 
molten zone. 

Stainless steel  

The considered geometry characteristics here 
(experiment 3 and 4) are only characteristics of the 
welded zone: H, B and B0,5H are respectively the weld 
depth, weld width at the top and weld width, measured 
on 1/2 of the wed depth; the  surface of the weld 
transverse cross-section is S. 

Here the estimated characteristics for welding 
seam geometry quality are: 

∆1 – the difference between B and B0.5H; it 
characterizes the changes of the weld shape connected 
with the increase of the weld head.  

∆3 – the ratio between the weld depth H and the 
weld width B.  

Statistical modeling and parameter 
optimization 

Regression models are estimated for the above 
formulated geometry and quality characteristics. For 
High strength steel of 38Cr2Ni2Mo they are presented 
in [15]. The estimated models for stainless steel are 
presented in Table 4. 

In the estimated models the process parameters (zi) 
are coded (xi) in the region [-1÷1] and can be obtained 
from the factors natural values (zi)  by: 

xi = (2zi – zi,min – zi,max)/(zi,max – zi,min). 
The corresponding values for zi,min and zi,max can be 

seen in Tables 1 – 3. 
In the table are presented also the determination 

coefficients R2 and adjusted R2 – the square of the 
multiple correlation coefficients, which is measure of 
the model accuracy (the closer 100% the better the 
model is). 

For multi-criteria parameter optimization three 
approaches are considered:  
• Graphical optimization – useful when the obtained 

welds geometry is defined by tolerance limits of 
acceptable characteristics of the type: 

• Desirability function approach – applicable when 
requirements for the desired values within some 
acceptable tolerance region are defined, 

• Pareto-optimization – applied when minimum or 
maximum of the characteristics are required. Then 
a group of compromise solutions is obtained, 
which are characterized by the following: if two 
solutions are compared and one of the criteria for 
one of them is better, at least one of the other 
criteria is worse than that of the other solution.  

The parameter optimization is based on the estimated 
and verified regression models. 



“E+E”, 5-6/2014 93

Expert system 
All the described features (investigation, 

prediction, optimization, weld profile simulation), 
databases and the possibility to upgrade with new data 
and estimate new models are integrated into an expert 
system user interface that is applicable for education, 
operator advise, prognostication, optimization and 
quality improvement of the process electron beam 
welding.  

The structure for the analysis of every experiment 
involves the following possibilities: 

• Visualization – gives the possibility to 
analyse the response surfaces (the geometry 
or quality characteristics of the welds) 
depending on different combinations and 
values of the process parameters (for example 
see Fig. 1). 

 

 
 

 
Fig. 1. Weld width B (stainless steel) depending on 

frequency of the beam deflection oscillations F and the 
focusing current If at amplitude of oscillations 2A = 10 mA 

and v = 6 mm/s. 

Table 4. 
Regression models for the geometry and the quality characteristics for stainless steel 

Case Param. Regressionmodel R2 % R2
(adj)% 

 

StainlessSteel 
(Experim. 3) 

H y = 7.298-0.350x1-0.415x3-3.471x4
2-1.009x4

3-
1.434x1x4+0.814x2x3x4+1.509x1x4

3 
 

86.82 81.39 

B y = 4.691+0.138x2-0.186x3+0.595x4+0.502x1x4
3-0.274x2x4 

 

81.67  76.84 
B0.5H  y = 1.372+0.294x1-0.325x2-0.274x3+1.317x4

2+0.697x1x2x4-
0.354x3x4 
 

86.33 81.50 

S y = 13.076-2.106x3-1.561x4
2-1.598x2x4-

1.449x3x4+1.667x2x4
2+1.666x3x4

2 
 

85.11  79.86 

∆1 y = 3.422+0.309x1+0.657x4-0.720x4
2+1.078x3x4

2+1.080x1x4
3 90.57 87.96 

∆2 y = 1.561-0.129x1-0.248x4-0.750x4
2+0.313x1x3x4+0.164x2x4

2 81.80 77.01 

StainlessSteel 
 (Experim. 4) 

H y = 6.0240497-1.5538136x2-1.2660566x4-1.2730741x2
2-

0.75642013x3
2+0.74811877x4

2-
2.2328651x5

2+1.0759371x1x3+1.5261187x1x5 

89.71  83.82 

B y = 3.1284381-
0.33067796x4+1.5101531x2

2+0.90666141x3
2+0.96667832x5

2 

+0.60129891x1x2 
+1.9340866x2x3+0.3591764x1x3-0.76705467x1x4-
0.80546179x2x4+0.40000896x1x5 

92.87 86.92 

B0.5H  y = 2.1667973+1.0604017x2-0.48543973x4+0.65886441x2
2-

0.21448466x4
2-0.51222493x1x3-0.32515473x2x4-

0.24717202x1x5 

90.67 86.31 

S y = 9.3363642-1.7263331x2-
2.3912478x4+0.96117386x2

2+2.0609386x4
2+1.9856249x1x2-

2.9637337x1x4+3.8525491x1x5+0.81377072x1x3 

91.93 87.32 

∆1 y = 1.4309589-0.94991917x2-
0.43386619x5+0.69609618x2

2+0.64505054x3
2+0.56125409x1x2 

+2.0050606x2x3+0.89499757x1x3-
0.68795635x1x4+1.0698641x1x5-0.52321814x2x4 

91.20 83.87 

∆2 y = 1.9111477-0.41791064x2-0.58482809x4+0.48305655x5-
1.0134287x2

2-0.77930844x3
2+0.32738913x4

2-
1.2724118x5

2+0.60150943x1x4-1.2997961x2x3 

81.70 69.03 
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• Optimization – depending on the form of the 
actual requirements for the desired welds, 
one of the described three methods are 
chosen.  

On Fig. 2 is presented the result at applying the 
desirability function approach for the simultaneous 
fulfillment of the following requirements (experiment 
4): 

H = 6 mm, B=4 mm, B0.5 = 2 mm. 

The regions still acceptable for each of these 
characteristics are: 

3≤H≤7 mm, 2≤B≤6 mm, 1≤B0.5≤3 mm. 

Never the less within the acceptable regions, the 
individual desirability function has small values when 
the obtained characteristic is far from the desired 
value. 

 
Fig. 2. The overall Desirability function D (Experiment 4) 

 
Fig. 3. Calculator and weld simulation 

 
a) Graphical optimization window 

 

 
b) Desirability function multi-criteria optimization window 

 

 
c) Pareto multi-criteria optimization window 

Fig. 4. Displays of the computer expert system for 
education, operator advise, prognostication and 

optimization 

The maximum value for the overall Desirability 
function D, obtained under the formulated 
requirements (region of variation of D is 0-1) is 
D=0.9283 at L=4.4 mm, F=9.8 kHz, γ=0, v=2.5 mm/s, 
Ib = 46.125 mA. 

• Calculator – calculates the obtained geometry 
and quality characteristics at given values of 
the process parameters (Fig. 3). 
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• Weld simulation – the simulation of the weld 
profile can be done either based on 
experimental measurements and process 
parameter dependent functions estimation, or 
by calculations of the temperature 
distribution, applying different heat sources. 

Graphical user interface displays for the available 
optimization features are presented on Fig. 4. 

Conclusion 
The reported statistical model methodology is able 

to estimate relations that are difficult to be drawn by 
weld image observation. The models are applicable in 
computer expert system that can be built for operator 
advice at choice of welding regimes to meet 
customer’s requirements and technical standards. 
These systems can be used at education and training 
of the personal and at prognostication and 
optimization of EB welding technology. 

In order to improve the estimated models it is 
possible to perform more experiments. Another way 
to reach more accurate models is to look for extending 
tests with parameters, not taking into account at 
previous experimental series, as example welding 
velocity, distance gun-sample surface etc. 

In this paper we have shown the functional 
elements of the developed expert system for electron 
beam weld characterization and parameter 
optimization, which gives the possibility for fulfilling 
various modeling and optimization tasks. This tool 
can be upgraded with new experimental data and now 
incorporates the accumulated knowledge for EBW of 
stainless steel, steel 45 and high strength steel of 
38Cr2Ni2Mo type. 

The tool integrates several options for: 
• Design of experiment for obtaining objective 

information on the influence of material and process 
parameters on EBW with minimum number of 
experiments. 

• Estimation of models. This permits to find 
acceptable regions for the EBW process; to estimate 
the significance parameters and to understand the 
interactions between the factors. 

• Process parameter choice at various 
requirements and conditions (defects, desirability 
function, robust engineering at industrial production 
processes etc.) 

• Multi-criteria parameter optimization – 
graphical constrained optimization, compromise 
Pareto-optimal regimes (for example maximum H and 
minimum B) and desirability function approach, 
depending on the requirements for the quality of the 
obtained welds. 
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