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PREFACE 
 

THE FOURTEEN INTERNATIONAL CONFERENCE ON 
ELECTRON BEAM TECHNOLOGIES   

EBT 2022  
 

26 June – 1 July 2022, St. Konstantin & Elena, Estreya Hotels, Varna, Bulgaria 

Prof. Elena Koleva – Chairman of EBT 2022 

 
The 14-th EBT 2022 conference is one of a series, 

which was initiated in 1985 in Varna by Corr. 
Member of BAS, Prof. DSc. Georgi Mladenov. Since 
then, Varna has remained the venue for all 
subsequent meetings. 

 

 
Corr. Member of BAS, Prof. DSc. Georgi Mladenov  

1941 - 2020 

This triennial (now biennial) meeting brings 
together physicists, chemists, material and electronic 
engineers from universities, research institutions and 
industry who are involved in various studies and 
applications of electron beam equipment and 
technologies from different countries. 

The 14-th EBT 2022 conference program 
included 43 presentations from above 130 authors 
from 17 countries from 3 continents: Germany, 
Bulgaria, India, France, Belarus, Slovakia, Poland, 
United Kingdom, Japan, Latvia, Pakistan, Czech 
Republic, Algeria, China, Hungary, Russian 
Federation, Romania. The investigations and the 
achievements of researchers, developers and 

engineers from 11 companies and 41 scientific 
institutions or universities were presented. 

Together with the conventional topics as beam 
physics and generation, electron beam welding, 
electron beam melting and refining, electron beam 
evaporation and deposition of functional coatings and 
electron accelerator applications for modification of 
various materials, the flexibility of the conference 
topics according the subjects of interest of the 
participating organizations can be pointed by the 
presented new nanotechnology investigations, a 
group of sophisticated modern surface treatment 
methods, additive technologies, as well as the new 
topic - cyber-physical systems, intelligent industrial 
system control, data analytics, industrial IoT, cloud 
computing, digital tweens for electron beam and 
related technological processes. 

As an Editor of this issue I hope that conference 
papers, published in this issue, will provide the 
readers of ,,Electrotechnica & Electronica E+E” a 
new portion of actual information concerning the 
science, application, equipment and modeling of 
electron beam welding process. I hope, that the 
published papers will bring some ideas about new 
research and development. The interested readers are 
encouraged to consult also the given references 
within this journal issue, look to our previous 
proceeding issued in the scientific journal 
,,Electrotechnica & Electronica E+E” (5-6 2012, 5-6 
2014, 5-6 2016, 3-4, 5-6, 7-8, 9-10 2018, 3-4 2022), 
published on-line, or use the contact information for 
the authors, the conference, as well as other 
conference publication information at the conference 
web site - ebtconference.com. 

Enjoy reading! 
 
Prof. Elena Koleva - Chairman of EBT 2022 
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ELECTRON BEAM WELDING 
 

Laser heated cathodes for electron beam welding applications 

Colin Ribton, Paul Plumb  

 
Electron guns for processing applications typically use a thermionic cathode as the source of 

electrons, where the cathode is a resistively heated refractory metal ribbon. In order to keep the heat 
input to the gun reasonably low, a thin ribbon is desirable but is prone to distortion during use, and a 
ribbon of any thickness will evaporate at the temperatures required for electron emission, such that the 
surface will regress. The beam characteristics are dependent on the maintenance of tight dimensional 
tolerances around the cathode, so ribbon cathode lifetimes are often limited to some 12 hours. Changing 
the cathode necessitates equipment down time, and requalification of the equipment to verify its 
production readiness, leading to lower productivity. TWI have examined an alternative approach by 
using a button shaped cathode made of lanthanum hexaboride (LaB6). This material has a higher 
electron emissivity than refractory metals but at a temperature 1000C lower. As a consequence of this 
and the physical properties of LaB6, evaporation is negligible. The button was heated with a laser. The 
approach has been applied to a number of different electron guns, from 3 kW triodes at 60 kV up to a 
15 0kV, 100 kW diode gun. Modelling and experimental work have been carried out on a number of 
cathode holder designs. The laser heated cathode system has been fitted to a number of commercially 
available electron beam systems for welding and powder bed additive manufacturing. 

Keywords – Cathodes, Design, Electron, Gun, Laser. 
 

 

Introduction 
The most commonly deployed electron gun type for 

welding and additive manufacture is a triode with a 
directly heated thermionic tungsten ribbon filament. 
Thermionic emitters are those where the temperature of 
the cathode is increased to an extent that a small 
proportion of the electrons within the material can 
escape the potential barrier at the surface (known as the 
work function). Tungsten is often used as a cathode 
material as it has a high melting point, and can therefore 
be operated at high temperatures giving reasonable 
electron emission densities. ’Directly heated’ refers to 
a heater current (quite separate from the emission 
current) which is passed through the cathode to 
resistively heat it to a sufficient temperature for the 
required electron emission. A ribbon filament is a 
convenient geometry to pass the current through the 
cathode – it is thin, so the heater current is kept to a 
reasonable level, and it can also be formed into a 
flattened ‘A’ shape, with electrons being drawn from 

the flat front face. In a triode, the cathode is heated to a 
high emission temperature – this would give some 
70mA/mm2 of maximum beam current, but the bias 
electrode introduces a modified electric field in front of 
the cathode. This limits the number of electrons that 
contribute to the beam current, as it forms a potential 
barrier in front of the cathode (i.e. additional to the 
work function at the surface) and many of the electrons 
that have sufficient energy to escape the surface of the 
cathode have insufficient energy to overcome this 
second barrier and are pushed back onto the cathode. 
By varying the voltage on the bias electrode, more or 
less electrons are let through to join the beam. 

Ribbon cathodes can distort and this geometrical 
change can affect beam characteristics. Distortion 
occurs due to the elevated temperature, thermal 
expansion and relaxation of residual stresses during 
forming. In addition, tungsten evaporates at emission 
temperatures with a surface regression rate of 
approximately 1 micron per hour. For many 
applications, the change in beam characteristics seen 
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with a 10 micron change in the geometry between the 
cathode and the grid cup is sufficient to warrant 
replacement of the cathode after 10 hours of operation. 

Indirectly heated cathodes are made from thicker 
pieces of material. They are less prone to distortion. 
Configurations have been made with a bolt cathode, 
heated by an electron beam radiated inwardly from a 
primary filament coil. Another popular configuration is 
a button cathode with a spiral ‘pancake’ coil placed 
behind it. In both configurations, both a primary 
filament current and a back bombardment acceleration 
voltage, both elevated at the accelerating voltage, must 
be supplied to generate the cathode heating. This can 
make the high voltage power supply, and the high 
voltage insulator at the electron gun more specialised 
and more expensive.  

Diode guns offer an alternative electron gun 
configuration. In a diode gun the electron beam current 
is controlled by the temperature to which the cathode is 
heated. As there is no bias electrode, the dimensional 
tolerances for the cathode are more relaxed. However, 
it is necessary to select emission from only the front 
face of the cathode, as emission from side faces 
contributes to beam aberration as it is non-laminar with 
the main beam. This selection is carried out by 
mounting the cathode with a guard ring, or in a close 
fitting holder. The guard ring is made from a material 
with a significantly higher work function than the 
cathode material, so that it does not emit electrons 
when the cathode is at operational temperature. Ribbon 
cathodes are rarely used for diode cathodes, as guarding 
emission from the ribbon legs and sides is not readily 
implemented. Most diodes operate with an indirectly 
heated cathode. As diode guns do not require a bias 
power supply, they can simplify the high voltage power 
supply and gun insulator. 

This work has explored the use of laser heated 
cathodes as an alternative to back bombardment 
cathodes and has investigated their use in both diode 
and triode guns. 

Objectives 
The objectives of this work were: 

• To determine the design parameters for a laser 
heated cathode in diode and triode electron guns; 

• To develop a design of gun, gun vacuum enclosure 
and laser port to enable indirect heating; 

• To demonstrate indirectly heated cathodes for 
triodes and diode electron guns. 

 
 
 

Resources 
The work reported employed Opera software 

(version 15R3), pre and post processor and a space 
charge solver module for the simulation of cathode 
emission and the effect of gun geometry and electrical 
parameters on beam trajectories. The electron 
trajectories have then been analysed by TWI in-house 
software to determine the quality of the beam after 
passing through the electron optical system and 
projected to the work piece or, for powder bed additive 
manufacturing, the build chamber surface. Our in-
house references for this code are gun_charac18 and 
list_characs18. Gun tests have been carried out on TWI 
electron beam systems and also at Cambridge Vacuum 
Engineering. Lasers used in cathode heating have been 
single mode fibre lasers, with a collimator head from 
Raycus and IPG. 

Method 

Cathode materials 

The suitability of materials for making thermionic 
cathodes is dependent upon the stability of the material 
at the temperature necessary to achieve the require 
emission. The required temperature for emission is 
largely determined by the material work function, and 
this varies widely for different materials. An ideal 
material would have a low work function and a high 
melting point. This is shown graphically in Fig. 1. 

Fig. 1(a) shows the emissivity of materials 
calculated at their melting point. This gives some idea 
of the relative merit. In Fig. 1(b) the work function 
energy has been converted to an electron temperature. 
Materials are plotted for this characteristic versus their 
melting point temperature. A line has been drawn on 
both charts for the material emissivity of 5E4 A m2. On 
Fig. 1(a) this is a horizontal threshold line 
corresponding to this emissivity. On Fig. 1(b) the line 
is an exponential calculated using the Richardson – 
Dushman equation: 

𝐽 = 𝐴𝑇2𝑒
−𝜙
𝑘𝑇 , 

where J is the current density, T the cathode 
temperature, ϕ the material work function, k is the 
Boltzmann constant and A is the Richardson constant. 
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a) A comparison of materials emissivity at that materials 

melting point. 

 
b) Materials plotted as work function (in electron 

temperature) verses their melting point. The line shows a 
boundary where emissivity at melting point would be 5E4 A 

m2. 
Fig. 1. Comparison of potential cathode materials. 

 

Cathode design for diodes 

As previously described, cathodes in a diode gun 
need to be fitted with a guard ring, made of a material 
which can operate at the cathode emission temperature, 
but which has a work function much higher than the 
cathode, so that it is not emitting any significant beam 
current. If lanthanum hexaboride is used as the cathode 
material, with its relatively low work function, then 
there is a choice of refractory metals that could be used 
as guard rings. However, there is evidence in the 
literature of problems if lanthanum hexaboride is 
operated as a cathode in contact with at least one of the 
refractory metals, vis tantalum [insert reference to 
boron migration], although to date we have not 

observed erosion of the cathode that could be attributed 
to this effect. 

The design involves a cathode button held such that 
its sides are completely shrouded such that electron 
emission is only from the front face. This is shown in 
an axi-symmetrical model in Fig. 2. 

 

 
Fig. 2. An axisymmetric model of a diode gun cathode. 

The mount of the cathode requires that the button is 
held and remains securely mounted after cycling 
between room temperature and operating temperature. 
It is also desirable to limit the thermal conduction from 
the cathode, so that the power required of the heating 
laser is not too high, and thereby keeping he system 
cost-effective. Finally, the heating laser needs to 
impinge upon the back face of the cathode, also to make 
heating efficient. 

 

Cathode design for triodes 

Cathodes designed for triodes are simpler as they do 
not require a guard ring. The reason for this can be seen 
in figure 3, showing an axisymmetric model of a triode 
gun, and detailing the cathode and bias cup hole. The -
60kV isopotential line is shown. It runs along the 
cathode surface as would be expected as this is a 
conducting solid in a near electro-static scenario. 
However, there is also a -60kV isopotential line that is 
between the cathode and the bias cup, as the bias cup is 
at a more negative voltage. This isopotential meets the 
other at a triple point on the cathode surface. In front of 
the cathode surface, from the axis to the triple point, the 
electric field at the cathode surface accelerates 
electrons away from the cathode and into the electron 
beam that is accelerated through the anode and passes 
on to the electron optics and ultimately to the work 
piece in the chamber. Moving radially outward from 
the triple point position on the cathode surface 
outwards, the electric field direction is such as to 
accelerate the electrons emitted from the cathode 
surface back onto that surface. 
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Fig. 3. An axisymmetric model (half-section) of a triode 

gun, and detailing the cathode and bias cup hole. 

 
This effect means that in a triode gun, the bias cup 

field can iris the cathode emission, and prevent side 
emission from the cathode. This is why cathodes for 
triode guns do not require a guard ring. 

An example of a cathode designed for use in a triode 
electron gun for powder bed additive manufacturing is 
shown in Fig. 4. A lanthanum hexaboride rod of 1.5 
mm diameter is clamped between two graphite collets, 
and these are held in compression at the end of a 
tantalum tube. The collets and tube provide a thermal 
break between the cathode and the gun body. The tube 
allows access for a laser beam to heat the lanthanum 
hexaboride rod from the back of the gun. 

 
Fig. 4. A cathode designed for use in a triode electron gun 

used for powder bed additive manufacturing. 

Laser port design 

The advantage of using a laser to heat the cathode is 
that specialised high voltage power supplies and high 

voltage feedthroughs from the gun are simplified. The 
laser power required in our experiments has been in the 
region of 50 W, and it has been found convenient to use 
a fibre laser so that the laser itself can be mounted with 
the other control electronics and the laser power 
conveyed through a fibre to the gun enclosure. The 
lasers used have had wavelengths of 1070 nm to 1100 
nm. 

The laser beam passes through the vacuum in the 
gun enclosure and impinges on the back of the cathode. 
The laser beam is defocused to avoid a too high 
intensity which would otherwise ablate the cathode 
back surface, or cause thermal shock which could crack 
the material. 

To give a degree of adjustment of the laser spot size 
the laser port has been constructed from the following 
components shown in Fig. 5. The laser is specified to 
have the fibre terminated with a collimator. This 
produces a parallel laser beam of some 7 mm diameter. 
The collimator is mounted in a tube with a convergent 
lens at a fixed distance from it. This tube is able to slide 
to allow the distance from the lens to the cathode back 
surface to be adjusted, and generally we have selected 
a lens and a cathode distance such that the beam is 
around 1mm diameter at the cathode back surface. In 
use, this has been found to not cause any visible 
detriment to the cathode back surface. 

The port also includes a laser window to pass the 
laser from atmospheric pressure into the gun vacuum 
enclosure. All of the laser optics are specified to have 
an anti-reflective coating. We have frequently 
inspected the window to see if there is any coating from 
vapour – but this has not been observed in operation, 
and the window life has been demonstrated over many 
hundreds of hours of operation. 

 
Fig. 5. Laser port design for laser heated cathodes in 

electron guns. 
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Electron gun examples 

Diode gun for additive manufacture: Freemelt AB 
commissioned TWI to design an electron gun for their 
Freemelt ONE system – an additive manufacturing 
machine. This system is shown in Fig. 6. The gun 
generates an intense beam to give high resolution 
printing in the powder bed. The beam diameter is ~200 
micron full width half power over the full power range 
(6 kW). 

Triode gun for additive manufacture: TWI were 
commissioned to provide an electron beam gun for a 
large-scale powder bed additive manufacturing 
machines. In this case, the client required rapid beam 
pulsing – so a triode configuration was chosen. The 
cathode is heated with a laser, and a control system 
ensured that the cathode was heated sufficiently to 
ensure the gun was operated in the space charge limited 
region – this was achieved by monitoring the bias 
voltage required to give a beam current and the laser 
power adjusted accordingly. At processing powers the 
beam diameter has an optimum width of 150 micron, 
this increasing with increasing beam power. 

 
Fig. 6. Freemelt ONE system for additive manufacture in a 

powder bed, with a laser heated diode electron gun. 

Diode gun for thick section welding: TWI have 
previously used back bombardment heating for their 

100 kW, 150 kV diode gun used for thick section 
welding (e.g. single pass 200 mm thick steel). This gun 
has used a tantalum mounted lanthanum hexaboride 
button of 3.2 mm diameter. The back bombardment 
elements of the gun were removed and the laser port 
fitted to the gun enclosure, see Fig. 7. 

 

 
Fig. 7. TWI’s 100 kW, 150 kV diode electron gun with laser 

heated cathode. 

Conclusion 
The work reported has shown: 

• A review of cathode types for electron guns used 
for welding and additive manufacture; 

• Laser heating is a viable form of indirect heating of 
cathodes for both triode and diode guns; 

• Special consideration, in terms of material choice 
and cathode construction, must be given to the 
design of cathodes for diodes over those for triodes; 

• Laser heated cathodes offer a simpler and cheaper 
approach to indirectly heated cathodes than using a 
back bombardment method.  

 
Dr. Colin Ribton - is a Technology Fellow in TWI’s 

electron beam group in Cambridge, UK. He is a fellow of the 
Institute of Physics, a Chartered Physicist and a Chartered 
Engineer. His scientific interests include electro-magnetism, 
electron gun and electron optics design. 
tel.:+44 1223 899000       е-mail:colin.ribton@twi.co.uk  

Paul Plumb is the Engineering Director at Cambridge 
Vacuum Engineering, Waterbeach, UK. 
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Demagnetization of thick section steels for electron beam welding 

Colin Ribton  

 
High power electron beam welding can be applied to structures such as pressure vessels with 

wall thicknesses of up to 200 mm. Such applications often make use of steels that exhibit ferro-
magnetic properties. If the work pieces acquire a magnetic field, on assembly it has been found that 
reasonably strong external fields can be measured. Such fields do not need to be greater than 0.2 mT 
to cause an electron beam to be deflected, and such deflection can lead to missed joint defects at the 
cap or root of the weld. Correction of these weld defects in thick sections is costly. 

This paper examines in detail the magnetic behavior of a steel frequently selected for nuclear 
plant – A508 grade 3. It has frequently been observed that this grade of steel can be more problematic 
to demagnetize, and beam deflection has been observed if no counter measures are taken. Special 
equipment has been designed to carry out the demagnetization of large segments, 200 mm thick and 
some 900 mm in length. A new approach has been taken to monitoring the magnetic field during the 
demagnetization cycle, which allows the effectiveness of the process to be assessed. Within this paper, 
magnetic modelling results, the demagnetization equipment, instrumentation and results are 
presented. 

Keywords – Demagnetization, Electron beam, Steel, Thick section. 
 

 

Introduction 
There is increasing interest internationally in 

developing a radically different approach to the 
deployment of nuclear power for power generation, 
which would be used alongside conventional nuclear, 
wind, solar, hydropower and other low-carbon energy 
sources to support a secure and affordable energy 
supply. This approach will be characterised by the use 
of small modular reactors to provide electricity and 
process heat. 

Modern nuclear reactors used in conventional 
power stations typically provide 1600 MW of 
electricity. In contrast, an SMR is defined as a reactor 
providing less than 300 MW of electricity, although 
this is not a firm limit. Its design draws upon the 
experience of building and operating marine power 
units over the past 65 years. It will be produced in 
modular form (e.g. 100 each year), giving an economy 
of scale, and be transportable so it can be freighted 
from the factory to the site. It also will require much 
less site preparation – all of which reduces the capital 
risk and cost for the installation. The approach will 
allow incremental expansion of power production 
capability on any given site, or the installation of 
replacement plant on brown-field sites, such as 
decommissioned fossil fuel power stations. 

Although there are some 30 different designs of 
SMR under development, most of them include a 
pressure vessel to contain the steam generation plant. 
Production of pressure vessels requires welding of 
thick section steel of up to 200 mm. Although this can 
be addressed using arc welding techniques, electron 
beam welding offers much higher productivity.  

Within the overall project, TWI have investigated 
the use of electron beam welding for construction of 
200 mm thick pressure vessels in A508 grade 3 
material for small modular reactors. One of the 
challenges of thick section electron beam welding in 
ferro-magnetic steels arises due to magnetic fields 
causing beam deflection and weld defects. We needed 
to be sure that test pieces and the demonstrator parts 
can be demagnetized as fields of 0.1 mT can cause 
significant electron beam deflection leading to weld 
defects.  

Our experience with electron beam welding of 
A508 grade 3 has been that the material will have 
significant external magnetic fields even if not 
exposed to magnetic fields from lifting gear or other 
equipment. These presumably are induced by the 
earth’s field and mechanical vibration. Consequently, 
it is necessary to develop an effective demagnetisation 
strategy as part of the welding procedure for SMR 
pressure vessels. 
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This report covers the investigative work carried 
out on the demagnetization of A508 grade 3 material. 
This includes: 
• Modelling of TWI’s demagnetization yoke for test 

blocks; 
• Measurement during demagnetization cycling of 

test blocks; 
• Modelling to determine requirements for 

demagnetization of demonstrator parts. 
The work has used a combination of magnetic 

simulation finite element analysis software and 
instrumentation during practical trials to gain an 
insight into the magnetic state of test blocks. Data 
from previous work (in particular the measured B/H 
characteristic of A508 grade 3) has been used in the 
modelling. 

Objectives 
The objectives of this work were: 

• To successfully demagnetize test blocks such that 
there was no magnetic interference in the welding 
work; 

• To understand demagnetization techniques and 
why they are successful; 

• To recommend the optimum demagnetization 
methods and equipment for the large demonstrator 
parts. 

Work carried out 

Modelling of TWI’s demagnetisation yoke for test 
blocks 

TWI have a large soft iron yoke that can be used to 
boost the applied H field during demagnetization of 
test pieces. This is shown in Fig. 1. 

 
Fig. 1. TWI’s demagnetization equipment. 

A model of the yoke and work piece was 
constructed for finite element analysis. Symmetry 
allows half of the yoke to be modelled and it was 
modelled in two dimensions with XY symmetry, see 
Fig. 2. The boundary conditions were that on the 
symmetry boundary the flux lines are forced to be 
normal to the boundary, and on the other boundaries 

the flux lines were forced to be tangential. The figure 
shows the initial model with linear material properties 
and a coarse mesh. 

 

 
Fig. 2. Initial model of the demagnetizer yoke. 

The mesh was refined, see Fig. 3, and the B field 
achieved in the test block was measured along the axis 
of symmetry (the Y axis), see Fig. 4. The wedge pieces 
were added in the model and in real life, as a small air 
gap represents a high magnetic reluctance, and 
reduces the B field achieved for the same coil 
excitation.  

 
Fig. 3. Refined mesh in the yoke and test block. 

 
Fig. 4. B field measured through the test block on the Y 

axis. 

Data previously collected on A508 grade 3 was 
used in the model. The initial magnetization curve for 
A508 grade 3 is shown in Fig. 5. 
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Fig. 5. Initial magnetization curve of A508 grade 3. 

With non-linear materials (i.e. with a B/H curve 
entered for the test block and the yoke materials) it is 
possible to look at the magnetic saturation achieved, 
see Fig. 6, for a coil excitation of 6.600 At (66 turns 
and 100 A maximum) for this half of the model. 
Magnetic saturation is achieved when the relative 
permeability of the material approaches a value of 
one. It is expected that magnetic saturation will be 
required to some degree in order to demagnetize 
successfully. 

 

 
Fig.6. Plot showing the magnetic permeability in the yoke 

and test block. 

As the yoke arms are thinner than the test block, 
the flux density in the test block is correspondingly 
lower, reducing the level of material saturation (Fig. 
6). However, on the actual yoke, the cross-sectional 
are of the yoke arms and the test block are the same – 
the yoke is 600 mm x 100 mm and the test blocks are 
200 mm x 300 mm. If we adjust the two dimensional 
model to account for the same cross-sectional area, i.e. 
by making the yoke arms the same thickness as the 
test block, we obtain a much higher magnetic field in 
the test block, see Fig. 7. 

This higher field translates into a convincing 
saturation of the test block, see Fig. 8, where the test 
block permeability is close to one. 

This saturation is achieved as the B field measured 
in the block on the Y axis of the model is 1.5T. 

As a consequence of this modelling of the 
demagnetizer yoke and test blocks we could be 

confident that a reasonable level of saturation of the 
test blocks would be possible. 

 

 
Fig. 7. The magnetic field plot for the yoke and test block 

when the yoke arms have been compensated for having the 
same cross-sectional area as the test block. 

 
Fig. 8. Plot of the magnetic permeability with corrected 

yoke arm cross-sectional area. 

Measurement during demagnetization cycling of 
test blocks 

It was found that measuring the external field 
around a test block was not a good indicator of 
whether a block was completely demagnetized. Often 
if it was assembled with another block a large 
magnetic field could be measured in the gap between 
them. Consequently, instrumentation and techniques 
were developed to measure the B field in the blocks 
using search coils during demagnetization. 

Search coils were constructed with multi-pole 
connectors, which allowed the coils to be rapidly put 
on the work piece and the yoke, see Fig. 9. 

 

 
Fig. 9. Search coil connected around the work piece 

segment. 
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The configuration for the demagnetization cycling 
is shown schematically in Fig. 10. 

 

 
 

Fig. 10. Schematic of coil arrangements on the 
demagnetizer. 

A typical demagnetization cycle used initially a 
100A sine wave with a period of two minutes. After 
this the current for each cycle decreased linearly to 
zero over 25 cycles of the same period. The H field 
was determined by measuring the current through the 
H field coil using a current clamp. Knowing also the 
length of the magnetic path (i.e. the length around the 
yoke and work piece) and the number of coil turns, the 
H field was then calculated: 

 

H = A.N/length 

The B field in the work piece or yoke was then 
found by measuring the voltage in the search coil. 
Knowing the number of turns in the search coil and its 
area allowed the B field to be calculated as: 

 

B = ∫ ( Vs/(Ns.As) )dt 

 
It was found necessary to correct for integrator 

drift as small offsets accumulated over the long 
demagnetization cycle. The signals were collected on 
a data logger (picologger ADC20) and processed with 
a Python script, see Fig. 11. It was noted that there 
was sometimes a difference between the B field in the 
yoke and that in the work piece. This could be an 
indication of some initial magnetization and can be 
seen to reduce to zero in the first few cycles. 

When there was significant magnetization of the 
test piece there was clear polarization of the B field, 
despite the H field being symmetric, see Fig. 12. 

 
 
 
 
 

 
Fig. 11. Typical collected data from a successful demagnetization cycle. 
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Fig. 12. Collected data from a significantly magnetized test block. 

 

Measurement during demagnetization cycling of 
test blocks 

The demonstrator parts came in two forms, rings 
and the dome lid. 

The rings can be readily demagnetised if the flux is 
induced to go around the part. They are then, in effect, 
providing their own yoke for the B field and the only 
issue to consider is the most efficient way to wind the 
coils. There are suppliers of solutions for this where 
high current multi-pole connectors allow the coil to be 
clamped on – in a high current version of the search 
coils, see Fig. 13. 

 

 
Fig. 13. Clamp-on coil for demagnetisation (photograph 

copyright owned by Diverse Technologies, accessed 
online). 

The dome lids do not provide a geometry where 
the field is shunted within the steel and consequently 

an external yoke must be used to provide high enough 
fields to approach saturation. As the dome lids are 
quite large pieces, a yoke of the same form in use at 
TWI is suitable. The model was revised to show the 
yoke being applied to a dome lid, see Fig. 14. 

 

 
Fig. 14. Flux lines shown for demagnetization of the domed 

lid. 

The problem with this configuration is that as soon 
as the domed lid between the jaws of the yoke starts to 
saturate, the flux will spread out wider. Consequently 
it will be difficult to achieve the same field without 
very high H fields, which will make the equipment 
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expensive and more cumbersome to deploy. 
One possible solution explored was to reduce the 

width of the jaws to try to concentrate the flux in a 
smaller area and thereby increase the B field. This 
approach has been modelled for a reduction of the jaw 
width to 300 mm and is shown in Fig. 15. Some 1T of 
field can be induced using this approach – which is 
getting close to the fields used on the test blocks. 

 

 
Fig. 15. Clamp-on coil for demagnetisation (photograph 

copyright owned by Diverse Technologies, accessed 
online). 

The disadvantage of this approach is that the lid 
will require more patches of demagnetization, 
although these patches could be concentrated close to 
the weld line to give best effect in that region. 

Summary 
Within the reported work we have shown that 

modelling of TWI’s demagnetization yoke for test 
blocks allows us to understand the B field magnitude 
in the test blocks and to ensure that we have the right 

combination of turns, current and magnetic path to 
reach a degree of saturation in the test block. 

Measurement during demagnetization cycling of 
test blocks has allowed us to detect the B field and 
monitor this over the demagnetization cycle. 
Asymmetry in the detected B field indicates the 
polarisation (i.e. magnetization) of the material.  

Modelling has been used to determine 
requirements for demagnetization of demonstrator 
parts, in particular the domed lid. This part presents 
some challenges as it is difficult to magnetically 
saturate it to the same level as the test blocks.  
However, it may be sufficient to demagnetize it with a 
lower B field induced, and this approach will be 
investigated in future work. 
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Optimization of electron beam welding of Ti-6Al-4V thin plates 

Lilyana S. Koleva, Asya Lozeva, Elena G. Koleva  

 
In this paper the electron beam welding of Ti–6Al–4V thin plates is simulated by implementation 

of a moving linear heat source model. The simulation results are used for estimation of regression 
models for the dependencies of molten pool geometry characteristics on the electron beam welding 
process parameters: electron beam power, welding velocity and the plate thickness. The optimization of 
electron beam of welding is considered in terms of minimization of the fusion zone geometrical 
parameters length, width and transverse cross-section area. 

Keywords – electron beam welding, optimization, fusion zone geometry, thin plates, Ti-6Al-4V. 
 

 

Introduction 
The wide area of applications of the titanium alloy 

Ti-6Al-4V (almost 90% titanium, 6% aluminum, 4% 
vanadium, maximum 0.25% iron and maximum 0.2% 
oxygen) includes the military, aviation and aerospace 
industries, additive manufacturing, medical and 
biomedical industries. It is used in the structural 
components of aircraft, hydraulic systems, engine 
components, helicopter rotor blades, rockets and 
spacecraft. This is determined by the excellent 
properties of this titanium alloy [1, 2] - high tensile 
strength, high corrosion resistance (due to the titanium 
oxide surface layer), low modulus of elasticity, low 
density (light weight), easy processing - heat treatment, 
weldability and fabricability. The biocompatibility and 
non-magnetic properties of Ti-6Al-4V determine its 
applications for body implants, medical equipment and 
surgical devices.  

Titanium and its alloys (in particular Ti-6Al-4V 
alloy) are reactive materials and can form stable oxides 
during their thermal processing or usage.  

The advantages of processing of Ti-6Al-4V by the 
electron beam welding (EBW) technology are the 
following: EBW is typically performed in high 
vacuum, which prevents the heated and melted material 
from oxidizing and from interactions with 
atmosphere’s pollutions, thus giving the possibility to 
process reactive metals and their alloys (titanium, etc.); 
the high power density of the electron beam ensures 
deep penetration in the work-piece, generating a 
narrow weld with minimal thermally-affected zone and 
without the usage of welding consumables. The 
geometry of the molten pool and the thermally affected 
zone, as well as the occurrence of defects and the 

change of the mechanical properties of the welded 
samples depend on a large number of parameters, 
describing the processed material, the characteristics of 
the electron beam equipment, as well as the 
technological process itself [3, 4].  

In this paper the simulation of electron beam 
welding of Ti–6Al–4V thin plates by a moving linear 
heat source, using Rosenthal’s solution [5], is 
considered. Regression models for the molten pool 
geometry characteristics, depending on the electron 
beam power, the welding velocity and the sample 
thickness are estimated.  

Pareto-optimization methodology [6] is 
implemented aiming minimization of the fusion zone 
geometrical parameters length, width and transverse 
cross-section area. 

Experimental conditions and simulation results 
The  solution  of  the  thermal balance steady-state  

model  involving  a  linear,  uniformly  distributed  heat  
source  in  the  moving  with  the  beam  respectively  
to  sample  coordinate  system at heating a sheet of 
thickness h in these conditions assuming no phase 
changes in the sample during treatment is [5]: 

 (1)               𝑇(𝑟, 𝑥) =
𝑃

2𝜋𝜆ℎ
∙ 𝑒−

𝑉𝑥
2𝑎 ∙ 𝐾0 (

𝑉𝑟

2𝑎
) + 𝑇0, 

where r is  radius-vector from the heat source to the 
studied point,  x  and  y  are  the  coordinates  in  a  
moving  together  with  the  heat  source  coordinate  
system, (x is the axis coinciding with the direction of 
electron beam movement, y  is  the  distance  from  this 
axis), λ  and  a  are  the  sample  thermal  conductivity  
and  diffusivity  (a  =  λ/Cpρ,  where  Cp  is  the  specific  
heat  and  ρ  is  the  sample  density),  K0(Vr/2a)  is  the  
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modified  Bessel  function of second kind of order zero, 
P is the electron beam absorbed energy input (beam 
energy Pb  after  correction  for  energy  losses  by  back  
scattered  and  secondary  electrons), V is the welding 
speed, h is the sample thickness and T0 is the initial 
sample temperature. 

The electron beam welding is performed for 0.5 – 
1.5 mm Ti–6Al–4V thin plates with dimensions of 60 
mm × 100 mm. The chosen regions for the variation of 
the process parameters are presented in Table 1, where 
z1 is power of the electron beam, z2 is the welding 
velocity and z3 is the plate thickness. 

 
Table 1 

Process parameter variation regions 
Factor 

zi Dimension Coded 
Lower 
level 

(zmin,i) 

Upper 
level 

(zmax,i) 
z1 W x1 600 900 
z2 mm/sec x2 15 25 
z3 mm x3 0.5 1.5 

 
The transformation from natural (zi) into coded (xi) 

in the range from -1 to 1 values of the process 
parameters is done using the formula: 

  (2)                  xi =
2zi − (zmax, i + zmin, i)

zmax, i − zmin, i
 

In order to investigate the change in the temperature 
distributions in the samples of Ti–6Al–4V thin plates, 
optimal composite design with a central point with 3 
levels of the process parameters is performed. The 
experimental conditions in coded and natural values of 
the realized 15 experimental runs are given in Table 2. 

The initial temperature T0 for all experiments is 20 
°C. For the EBW of Ti–6Al–4V thin plates simulation 
experiments the Desktop Weld Optimization Software 
for automated welding – SmartWeld is used [7]. 

The obtained results for the geometrical 
characteristics of the molten pool: y1 – molten pool 
length (mm) along the axis x, y2 – molten pool width 
(mm) along the axis y and y3 – molten pool transverse 
cross-section area (mm2) in y-z plane are presented in 
Table 2. 

 
 
 
 
 
 

Table 2 
Experimental design and obtained results for the 

geometric characteristics of the melted zone during EBW 0f 
Ti-6Al-4V thin plates 

№ 
Coded 
values 

Natural values Welding pool 
geometry 

x1 x2 x3 z1 z2 z3 y1 y2 y3 
1 -1 -1 -1 600 15 0.5 14.3 7.43 3.71 
2 1 -1 -1 900 15 0.5 31.8 12 6.01 
3 -1 1 -1 600 25 0.5 8.6 4.46 2.23 
4 1 1 -1 900 25 0.5 19.1 7.21 3.61 
5 -1 -1 1 600 15 1.5 1.4 1.26 1.89 
6 1 -1 1 900 15 1.5 3.52 2.74 4.11 
7 -1 1 1 600 25 1.5 0.837 0.755 1.13 
8 1 1 1 900 25 1.5 2.11 1.64 2.46 
9 0 0 0 750 20 1 4.2 2.93 2.93 

10 -1 0 0 600 20 1 2.64 2.05 2.05 
11 1 0 0 900 20 1 6.08 3.81 3.81 
12 0 -1 0 750 15 1 5.6 3.91 3.91 
13 0 1 0 750 25 1 3.36 2.34 2.34 
14 0 0 -1 750 20 0.5 16.7 7.3 3.65 
15 0 0 1 750 20 1.5 1.77 1.48 2.23 

Modelling of the geometrical characteristics of 
the welds 

The experimental results for the molten pool 
geometry in Table 2 are used for the estimation of 
regression models giving the relationship of the 
geometrical characteristics and the process parameters 
electron beam power x1, the welding velocity x2 and the 
thickness of the plate x3 (coded values). The estimated 
regression models are given in Table 3, together with 
the values of the corresponding determination 
coefficients R2 [8, 9].  

Table 3  
Estimated regression models 

Param. Regression model R2, % 

ln(�̂�1) 
1.437+0.428x1-0.256x2-1.130x3-
0.049x1

2+0.030x2
2+0.256x3

2+0.031x1x3 
99.997 

ln(�̂�2) 
1.074+0.313x1-0.256x2-0.810x3-
0.046x1

2+0.033x2
2+0.116x3

2+0.074x1x3 
99.995 

ln(�̂�3) 
1.075+0.314x1-0.256x2-0.261x3-
0.047x1

2+0.032x2
2-0.027x3

2+0.074x1x3 
99.975 

 
This coefficient is tested for significance and its 

value is a measure for the accuracy of the estimated 
models. From Table 3 it can be seen that all regression 
models are very good, the values of their determination 
coefficients R2 are high (maximal value is 100%). They 
are significant and consequently they are good for 
prediction, investigation and optimization of the 
considered geometrical characteristics of the welds.  
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(a) z3 = 0.5 mm (b) z3 = 1.0 mm (c) z3 = 1.5 mm 

   
(d) z3 = 0.5 mm (e) z3 = 1.0 mm (f) z3 = 1.5 mm 

Fig. 1. Contour plots of the molten pool length �̂�1 (mm) along the x-axis (a, b, c), the molten pool width �̂�2 (mm) along the y-
axis (d, e, f) as a function of the electron beam power z1 and the welding velocity z2 for different values of plate thicknesses z3.  

 
In Fig. 1 are presented contour plots of the molten 

pool length �̂�1 and the molten pool width �̂�2 as a 
function of the electron beam power z1 and the welding 
velocity z2 for different values of plate thicknesses z3, 
using the estimated regression models in Table 3. It can 
be seen that the increase of the electron beam power 
during welding will lead to the increase of both the 
molten zone length and width. On contrary, the 
increase of the welding velocity leads to a decrease of 
the molten length as well as the width for all thin plate 
thicknesses. 

EBW optimization 
The estimated regression models can be applied for 

the optimization of EBW of Ti–6Al–4V thin plates. 
The optimization task depends on the concrete 
technological requirements, for example the plate 
thickness, the thermal efficiency, robustness (less 
sensitivity) toward errors in the controlled process 
parameters or other noise factors. 

Pareto-optimization is applied aiming to find 
solutions that simultaneously meet the following 
requirements: 

• �̂�1 → minimum; 
• �̂�2 → minimum; 

• �̂�3 → minimum. 
Applying genetic algorithm and the estimated 

regression models in Table 3, it was found that al the 
models for the geometry characteristics of the fusion 
zone reach their minimum over the considered factor 
space at the same optimal EBW work conditions: 
electron beam power z1 = 600 W, welding velocity z2 = 
25.00 mm/sec and plate thickness z3 = 1.5 mm. 

The obtained optimal solution is presented in Fig. 2. 
There it can be seen the fusion zone in red color with 
temperatures equal or exceeding the melting 
temperature of Ti–6Al–4V Tmelt = 1660 C [7]. The 
accepted base metal temperature is T0 = 20 C. The 
simulated experimental output geometry parameters of 
the weld (the molten zone) are: length y1 = 0.837, width 
y2 = 0.755 mm and molten pool transverse cross-
section area y3 = 1.13 mm2 (experiment 7, Table 2). The 
corresponding optimal values, estimated by the 
regression models (Table 3) are: length �̂�1  = 0.842 mm, 
width �̂�2 = 0.758 mm and molten pool transverse cross-
section area �̂�3 = 1.137 mm2. The difference with the 
simulated experimental ones can be considered as 
negligible. 
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Fig. 2. Contour plots of the temperature distributions in x-y 

and y-z planes for electron beam power z1 = 600 W, 
welding velocity z2 = 25.00 mm/sec and plate thickness z3 = 

1.5 mm and T0 = 20C 

The obtained result is valid for the whole range of 
plate thicknesses from 0.5 mm to 1.5 mm, but for a 
given plate thickness, different than 1.5 mm, the result 
will be different for the considered ranges of electron 
beam powers and welding velocities.  
 

 
Fig. 3. Minimal fusion zone length �̂�1min and maximal fusion 

zone length �̂�1max depending on the plate thickness z3. 

 
Fig. 4. Minimal fusion zone width �̂�2min and maximal fusion 

zone width �̂�2max depending on the plate thickness z3. 

In Fig. 3 and Fig. 4 are presented plots 
correspondingly for the minimal and maximal fusion 
zone lengths (�̂�1min and �̂�1max) and for the minimal and 
maximal fusion zone widths (�̂�2min and �̂�2max) 
depending on the plate thickness z3.  

For all cases the values of the EBW process 
parameters for obtaining minimal values of lengths and 
widths of the fusion zones are: electron beam power z1 

= 600 W and welding velocity z2 = 25 mm/sec and for 
obtaining the maximal values - electron beam power z1 
= 900 W and welding velocity z2 = 15 mm/sec. 

The optimization of EBW of Ti–6Al–4V thin plates 
with defined thickness and for a given region of 
electron beam power and welding velocity, if it aims 
minimization of the fusion zone geometry parameters, 
can be achieved by setting the electron beam power to 
its minimal value and the welding velocity should be 
maximal. 

For the achieving welds with preset requirement for 
the width, the estimated regression models (Table 3) 
and the corresponding contour plots (Fig. 1) can be 
used. For example, if there is a technological 
requirement for the width of the weld to be �̂�2 = 1 mm 
and the plate thickness is z3 = 1 mm, from the contour 
plot in Fig. 1e and from Fig. 4, it can be seen that it 
would be impossible for the considered range of 
electron beam powers and welding velocities. Such 
weld width can be achieved for example for plate 
thickness 1.5 mm and the corresponding regime 
process parameters can be chosen from Fig. 1f. 

Conclusion 
In this paper the simulation of electron beam 

welding of Ti–6Al–4V thin plates by a moving linear 
heat source, using Rosenthal’s solution [5], is 
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considered. Regression models for the molten pool 
geometry characteristics, depending on the electron 
beam power, the welding velocity and the sample 
thickness are estimated.  

The optimization of electron beam of welding is 
considered in terms of minimization of the fusion zone 
geometrical parameters length, width and transverse 
cross-section area.  

The considered optimization case study depends on 
the concrete technological requirements and can be 
combined with requirements for the thermal efficiency, 
for robustness (less sensitivity) toward errors in the 
controlled process parameters or other noise factors, 
etc. 
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Simulation of electron beam welding of Inconel 718 thin plates 

Lilyana S. Koleva, Natalia Hristova, Elena G. Koleva  

 
In this paper the simulation of electron beam welding of Inconel 718 thin plates by a moving linear 

heat source is considered. Regression models for the molten pool geometry characteristics, depending 
on the electron beam power, welding velocity, and the thickness of the plates are estimated. These 
models are used for multi-criterial parameter optimization of the process electron beam welding. 

Keywords – electron beam welding, Inconel 718, multi-criterial optimization, thin plates. 
 

 

Introduction 
Inconel 718 is a special type of high-strength 

superalloy with a nickel-chrome base that makes it 
resistant to corrosion, high pressure and extreme 
temperatures of up to 700 °C [1]. Other Inconel alloys 
are difficult to weld due to brittleness and cracking at 
the exact welding point. However, Inconel 718 lacks 
these disadvantages and electron beam welding is 
applied for this material. Because of its unique 
properties, Inconel 718 has become useful in a wide 
range of applications ranging from manufacturing - 3D 
printing, gas turbine engine parts production and die 
casting to military equipment and the aerospace 
industry.  

The composition of Inconel 718 is 50-55 % nickel, 
17-21% chromium, 4.75-5.5 % niobium 2.8-3.3 % 
molybdenum and trace amounts of, titanium, cobalt, 
aluminium, manganese, copper, silicon and other 
elements [2] and the rest content is iron. 

In this paper simulation of electron beam welding 
(EBW) of Inconel 718 thin plates by a moving linear 
heat source [3, 4] is considered. Regression models for 
the molten pool geometry characteristics: y1 – molten 
pool length (mm) along the axis x, y2 – molten pool 
width (mm) along the axis y and y3 – molten pool 
transverse cross-section area (mm2) in y-z plane 
depending on the electron beam power, welding 
velocity, and the thickness of the plates are estimated. 
These models are implemented for investigation and 
multi-criterial parameter optimization of the process 
EBW.  

Experimental conditions and simulation results 
The solution of the thermal balance steady-state 

model involving a linear, uniformly distributed heat 
source in the moving with the beam respectively to 

sample coordinate system at heating a sheet of 
thickness h in these conditions assuming no phase 
changes in the sample during treatment is [4, 5]: 

 (1)               𝑇(𝑟, 𝑥) =
𝑃

2𝜋𝜆ℎ
∙ 𝑒−

𝑉𝑥
2𝑎 ∙ 𝐾0 (

𝑉𝑟

2𝑎
) + 𝑇0, 

where r is  radius-vector from the heat source to the 
studied point,  x  is  the  coordinates  in  a  moving  
together  with  the  heat  source  coordinate  system, this 
is the axis coinciding with the direction of electron 
beam movement, y  is  the  distance  from  this axis, λ  
and  a  are  the  sample  thermal  conductivity  and  
thermal diffusivity  (a  =  λ/Cpρ,  where  Cp  is  the  
specific  heat  and  ρ  is  the  sample  density),  K0(Vr/2a)  
is  the  modified  Bessel  function of second kind of 
order zero, P is the electron beam absorbed energy 
input (beam energy Pb  after  correction  for  energy  
losses  by  back  scattered  and  secondary  electrons), 
V is the welding speed, h is the thickness of the sample 
and T0 is the initial sample temperature. 

Table 1 
Process parameter variation regions 

Factor 
zi 

Dimension Coded 
Lower 
level 

(zmin,i) 

Upper 
level 

(zmax,i) 
z1 kW x1 0.60 0.90 
z2 mm/sec x2 15 25 
z3 mm x3 0.5 1.5 

 
The electron beam welding simulation experiments 

are performed for 0.5 – 1.5 mm Inconel 718 (52.5 Ni, 
19 Cr, 18 Fe, 5 Nb, 3 Mo, 0.9 Ti wt% [6]) thin plates 
with dimensions 60 mm × 100 mm using Desktop Weld 
Optimization Software for automated welding – 
SmartWeld [6]. The chosen regions for the variation of 
the process parameters are presented in Table 1, where 
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z1 is electron beam power, z2 is the welding velocity and 
z3 is the plate thickness. 

The EBW process is performed at higher velocities 
aiming to avoid the appearance of big molten pools for 
any combination of the process parameters. 

In order to investigate the geometrical 
characteristics of the molten pool: y1 – molten pool 
length (mm) along the axis x, y2 – molten pool width 
(mm) along the axis y and y3 – molten pool transverse 
cross-section area (mm2) in x-y and y-z planes different 
sets of the process parameters are used. The realized 
experimental design is an optimal composite design 
with a central point, presented in Table 2 in coded 
values (xi) in the region [-1;1] and natural values (zi).  

The investigation of the geometry characteristics of 
the molten pool is done by simulation of the 
temperature distributions in the of Inconel 718 samples 
(eq. 1) in the Desktop Weld Optimization Software for 
automated welding – SmartWeld [6]. 

 The obtained results for the geometrical 
characteristics of the molten pool: y1 – molten pool 
length (mm) along the axis x, y2 – molten pool width 
(mm) along the axis x and y3 – molten pool transverse 
cross-section area (mm2) in y-z plane are presented in 
Table 2. 

Table 2 
Experimental design and geometric characteristics of the 

molten zone during EBW of Inconel 718 thin plates 

№ 
Coded 
values 

Natural values Welding pool 
geometry 

x1 x2 x3 z1 z2 z3 y1 y2 y3 
1 -1 -1 -1 0.6 15 0.5 11.6 4.92 2.46 
2 1 -1 -1 0.9 15 0.5 25.7 7.75 3.88 
3 -1 1 -1 0.6 25 0.5 6.95 2.95 1.48 
4 1 1 -1 0.9 25 0.5 15.4 4.65 2.33 
5 -1 -1 1 0.6 15 1.5 1.24 1.03 1.54 
6 1 -1 1 0.9 15 1.5 2.93 2 3 
7 -1 1 1 0.6 25 1.5 0.746 0.617 0.925 
8 1 1 1 0.9 25 1.5 1.76 1.2 1.8 
9 0 0 0 0.75 20 1 3.44 2.05 2.05 

10 -1 0 0 0.6 20 1 2.2 1.5 1.5 
11 1 0 0 0.9 20 1 4.94 2.6 2.6 
12 0 -1 0 0.75 15 1 4.59 2.74 2.74 
13 0 1 0 0.75 25 1 2.75 1.64 1.64 
14 0 0 -1 0.75 20 0.5 13.5 4.6 2.38 
15 0 0 1 0.75 20 1.5 1.51 1.13 1.7 

 
Fig. 1 shows the electron beam welding (EBW) 

simulations [6] (SmartWeld – ISO-2D) of the 
temperature distributions in x-y and y-z planes for 
electron beam power z1 = 0.90 kW, the welding 
velocity z2 = 25 mm/sec and the plate thickness z3 = 1.5 
mm (experiment № 8) and T0 = 20 C. The contour map 
of temperature contour lines is also given. The colored 
areas indicate temperatures exceeding that of the 

corresponding contour lines. In red is presented the 
molten zone for Inconel 718, with temperatures T  
1351 C. The electron beam movement coincides with 
x-axis direction. 

 

 
Fig. 1. Contour plots of the temperature distributions in x-y 

and y-z planes for electron beam power z1 = 0.90 kW, 
welding velocity z2 = 25 mm/sec and plate thickness z3 = 

1.5 mm (experiment №8) and T0 = 20C. 

Modelling of the geometrical characteristics of 
the molten zone 

The experimental results for the molten pool 
geometry in Table 2 are used for the estimation of 
regression models giving the relationship of the 
geometrical characteristics of the molten pool and the 
process parameters electron beam power x1, the 
welding velocity x2 and the thickness of the plate x3 
(coded values).  

The models are estimated for the coded in the region 
[-11] values of the process parameters, using the 
following equation: 

 (2)  𝑥𝑖 = (2𝑧𝑖 − 𝑧𝑖,𝑚𝑎𝑥 − 𝑧𝑖,𝑚𝑖𝑛)/(𝑧𝑖,𝑚𝑎𝑥 − 𝑧𝑖,𝑚𝑖𝑛) 

where xi and zi are the coded and the natural values of 
the process parameter, correspondingly, zi,min and zi,max 

are the minimal and the maximal values of the 
parameter experimental variation region. 

The obtained by QstatLab [7] regression models are 
given in Table 3, together with the square of the 
multiple correlation coefficient R2 (determination 
coefficient) and the adjusted determination coefficient 
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R2
adj [8]. The values of both coefficients are high (close 

to the maximal value of 100 %) and the estimated 
models can be considered as good enough for 
prediction, investigation and optimization of the 
considered geometrical characteristics of the molten 
pool of Inconel 718 thin plates during EBW.  

 
Table 3  

Estimated regression models 
 

Regression model R2 

[%] 
R2adj 

[%] 

y1 
3.584 + 2.799x1 - 1.845x2 - 6.496x3 
+ 4.55x3

2 + 1.661x2x3 - 2.481x1x3 
97.54 95.7 

y2 2.106 + 0.718x1 - 0.738x2 -1.889x3 
+ 0.979x3

2 + 0.482x2x3 - 0.372x1x3 
98.65 97.63 

y3 2.046 + 0.571x1 - 0.545x2 - 0.357x3 
+ 0.134x2

2 - 0.144x1x2 + 0.089x2x3 
99.97 99.94 

 
In Figs. 2-4 contour plots of the dependence molten 

pool width - y1 (mm), molten pool length – y2 (mm) and 
the molten pool transverse cross-section area – y3 
(mm2) on the variation of the electron beam welding 
process parameters – electron beam power (z1) and the 
welding velocity (z2) are presented. 

 

 
Fig. 2. Contour plot of the molten pool width – y1 (mm) as a 
function of electron beam power (z1) and welding velocity 

(z2) and plate thickness z3 = 1 mm. 

From the Figs. 2 - 4 it can be seen how the increase 
of electron beam power increases the molten pool 
dimensions and on the opposite the increase in welding 
velocity results in molten pools with reduced 
dimensions. 

 

 
Fig. 3. Contour plot of the molten pool length – y2 (mm) as 
a function of electron beam power (z1) and welding velocity 

(z2) and plate thickness z3 = 1 mm. 

 
Fig. 4. Contour plot of the molten pool transverse cross-
section area – y3 (mm2) as a function of electron beam 

power (z1) and welding velocity (z2) and plate thickness z3 = 
1 mm. 

Multicriterial optimization 
Pareto-optimization is applied to find such 

compromise solutions that simultaneously meet the 
following requirements: 

• y1 → minimum; 
• y2 → minimum; 
• y3 → minimum. 
Pareto-optimal compromise solutions are obtained 

(50 solutions) by applying genetic algorithm and the 
statistical software QstatLab. Each solution makes 
some compromise toward some or all quality criteria to 
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a certain extend at the same time. If we compare 
randomly chosen two Pareto-optimal solutions some of 
the quality characteristics will have better values, but at 
least one will be worse. Some of the estimated Pareto-
optimal solutions, also called Pareto-front, are 
presented in Table 4. If these compromise solutions are 
compared two by two, one can note that some of the 
obtained optimal output values are better but at least 
one value is worse than that in another compromise 
solution. 

Table 4  
Pareto-optimization – optimal process parameters and 

molten poll characteristics 

№ z1 z2 z3 �̂�𝟏 �̂�𝟐 �̂�𝟑 
1 0.6 24.99 1.403 0.0008 0.4514 0.9934 
2 0.6 25.00 1.457 0.5889 0.5211 0.9647 
3 0.6 25.00 1.437 0.3511 0.4917 0.9757 
4 0.6 25.00 1.439 0.3756 0.4947 0.9745 
5 0.6 25.00 1.420 0.1694 0.4703 0.9846 
6 0.6 25.00 1.446 0.4537 0.5043 0.9708 
7 0.6 24.99 1.453 0.5450 0.5157 0.9667 
8 0.6 25.00 1.411 0.0794 0.4601 0.9892 
9 0.6 25.00 1.468 0.7319 0.5395 0.9584 
10 0.6 25.00 1.422 0.1998 0.4738 0.9831 

 
From the results shown in Table 4 it can be seen that 

the obtained Pareto-front is very narrow and the 
geometry of the obtained molten pool depends mostly 
on the thickness of the Inconel 718 plates – z3. The 
Table 4 also shows that the minimum values for the 
molten pool width (�̂�1) and length (�̂�2) will be 
obtained for solution №1, but this is also the regime 
with the largest molten pool transverse cross-section 
area. At same time the smallest molten pool transverse 
cross-section area (�̂�3) is given by Pareto-solution №9. 

The choice between them is usually made by adding 
additional criteria or by an expert opinion, depending 
of the formulated technological requirements.  

Conclusion 
In this paper, the simulation of electron beam 

welding of Inconel 718 thin plates by a moving linear 
heat source is considered. Optimal composite design is 
performed for investigation of the influence of the 
process parameters: the electron beam power, the 
welding velocity and plate thickness on the geometrical 
characteristics of the molten pool – length, width and 
the transverse cross-section. Regression models for the 
molten pool geometry characteristics are estimated. 

Optimal results (regions and Pareto-optimal 
regimes) for the process parameters are obtained at 
setting specific requirements for the geometry of the 
welded samples.  

During validation of the obtained optimal regimes 
deviation of the real experiments from the simulated 
ones can be observed. The reasons can be different – 
the used thermal model for the simulation, the errors in 
the EBW process petameters or not considered noise 
factors (for example the focus position toward the 
sample surface), etc. Other thermal models also can be 
applied [9], as well as considering the thermal 
dependence of the thermo-physical properties of 
Inconel 718 [10, 11], aiming to improve the simulation 
accuracy. Nevertheless, the obtained results can be 
used for initial process parameter setting for EBW of 
Inconel 718 thin plates at given technological 
requirements. After experimental validation, model 
corrections (if needed) and process parameter tuning 
the obtained optimal settings can be used for 
production processing. 
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Robust model-based multicriterial optimization strategies for 
electron beam welding of Steel 45 

Elena G. Koleva, Lilyana S. Koleva  

 
In this paper an experimental study of the geometrical characteristics of the cross-sections of the 

thermally affected areas obtained by electron beam welding joints of carbon steel grade 45 is made. 
The thermally affected and the molten zones of the welds of non-stainless steels correspond to the areas 
where the physical-mechanical properties and the microstructure of the processed material are changed 
after the processing.  The influence of the following welding process parameters: the welding speed, the 
electron beam current and the focus position, was investigated during the experiments. The geometry of 
the welds in the cases of a deep penetrating electron beam and narrow thermally affected zone is 
investigated. Electron beam welding process multicriterial parameter optimization is performed, based 
on the estimation of regression models and applying the robust engineering approach for production 
conditions. Thus, the electron beam welding equipment can be tested and specific quality requirements 
for the welds obtained by electron beam welding can be fulfilled. 

Keywords – electron beam welding, multi-criteria optimization, optimization strategies, robust 
engineering design, steel 45. 

 
 

Introduction 
The electron beam welding (EBW) process is a 

flexible and cost-effective manufacturing tool for 
production of high quality, deep (and narrow) welds 
with minimal thermally-affected zone without (or with) 
the use of welding consumables. The high vacuum 
typically required by the method prevents the heated 
and melted material from oxidizing and being affected 
by atmospheric contamination. With the development 
of advanced computer control, the number of electron-
beam applications has increased significantly. The 
technological data gathered during the investigation 
stage and during the production process enables the 
monitoring, optimization and increase in the 
repeatability of the quality of the manufactured 
components and supports the testing process by 
reducing the needed for quality validation tests and by 
definition of the characteristics of a given EBW 
equipment, the product parameters’ best tolerance 
limits and production process stability in time. 

Continuous quality improvement is a critical 
concept in maintaining a competitive advantage in the 
market for any industry. The quality improvement 
activities have proven their efficiency and cost-
effectiveness especially when they are implemented 
during the design stage. The primary goal of Robust 

product design or Robust engineering design 
methodology is to determine the best process parameter 
settings by minimizing product quality characteristics’ 
performance variability and biases or the deviations 
from their target values. 

Industrial use of carbon (0.45 wt.%) Steel 45 
(ASTM A570 (gr.45)) is connected with the production 
of gear shafts, crankshafts and camshafts, gears, 
spindles, cylinders, cams and other parts that are 
normalized, improved and subjected to surface heat 
treatment, and which require increased strength (HB 
10-1 = 170 ÷ 240 MPa). Steel 45 is difficult for welding 
and special welding methods are applied, requiring 
heating and subsequent heat treatment. The chemical 
composition of Steel 45 in wt.% is: C is in the region 
0.42 ÷ 0.5; Si - 0.17 ÷ 0.37; Mn 0.5 ÷ 0.8; Ni – max. 
0.25; S – max. 0.04; P max. 0.035; Cr - max. 0.25; Cu 
– max. 0.25; As – max. 0.08 [1].  

An experimental study of the geometrical 
characteristics of the cross-sections of the thermally-
affected areas obtained by electron beam welding of 
carbon steel grade 45 is performed [1]. The thermally 
affected zone and the molten area of the welds from 
non-stainless steels corresponds to a zone where the 
physical-mechanical properties and the microstructure 
of the processed material are changed after the 
processing.  The process parameters that were changed 
during the experiments are: welding speeds, the beam 
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current and the focus position. The geometry of the 
weld in the cases of a deep penetrating electron beam 
and narrow thermally affected zone is investigated. In 
this paper electron beam welding process multicriterial 
parameter optimization is performed, based on the 
estimation of regression models and applying the 
robust engineering approach for production conditions. 
In such way the electron beam welding equipment can 
be tested and specific technological quality 
requirements for the welds obtained by electron beam 
welding can be fulfilled. 

Robust engineering approach 
Robust or not sensitive to noises and errors 

engineering approach can be implemented when 
analyzing experiments during which the variance is 
non-homogeneous over the factor (process 
parameters’) space and when the noise factors cannot 
be identified nor an experiment to study them can be 
conducted [2, 3]. The observations in this case are 
called heteroscedastic (variance varies with the factor 
levels). This is the situation, when the analyzed data are 
obtained under production conditions. In order to 
estimate the variances of the quality characteristics 
there are several approaches. In the current 
investigation the models for the mean values and the 
variances of the quality characteristics of the product, 
are estimated by performing repeated observations. 
Multicriterial parameter optimization in terms of 
obtaining repeatability of the product parameters and 
quality improvement at the same time is performed by 
minimization of variations of the quality characteristics 
and fulfilling the technological requirements for these 
characteristics in production conditions 
simultaneously. 

The model-based robust design approach for 
improving the quality of the electron beam welding 
process is applied. For each of the quality performance 
characteristics, using their regression models, two other 
models are estimated - for their mean values and 
variances in production conditions, considering the 
heteroscedasticity of the observations due to errors in 
the factor levels. The application of the proposed 
method gives the possibility to reduce the predicted 
variance of the responses at production conditions and 
in this way to improve the quality of the obtained 
product with minimum invested expenses. The quality 
improvement is performed using some overall criterion 
or simply by the performance characteristics variances 
minimization, while keeping their mean values close to 
their target values. The model of the mean value of the 
performance characteristic, which is a subject to errors 
is [2]: 

(1) �̃̅�(р)  =  Е[𝑦(𝑧)]  =  (𝑝)  +  𝑇𝐸(𝑔),  

where η(p) is a model of the quality performance 
characteristic, for example polynomial regression 
obtained by the RSM. The second term considers the 
bias caused by the errors transmitted from the process 
parameters p to the performance characteristic �̃̅�(р), 
where T is the vector of the coefficients in the 
regression model η(p). E(g) stands for the mathematical 
expectation of g = h – f, h is a vector of the regressors 
z in the regression model, considered as containing 
errors e (for any process parameter – zi = pi + ei) and f 
is the regressors vector of the process parameters p. The 
model for the variance is [2]: 

(2) �̃�2 = 𝐸(𝜃𝑇𝜓𝜓𝑇𝜃) + 𝜎𝜀
2 = 𝜃𝑇𝛹𝜃 + 𝜎𝜀

2 

where ψ = g – E(g), is defined on the basis of the 
variances for each process parameters p, which can be 
calculated using the tolerance limits of the process 
parameters or on the base of replicated observations, Ψ 
= E(ψψT) depends on the structure of the regression 
model and the experimental design, 𝜎𝜀

2 is the estimate 
of the random error of the performance characteristic. 

Experimental conditions 
Electron beam welding (EBW) of carbon (0.45 

wt.%) Steel 45 is performed [1]. The weld samples are 
placed at 30° towards the horizontal plane and moved 
by a manipulator. The sample movement results in 
different distances between the magnetic lens of the 
electron beam gun and the sample surface and it is 
changed in the range between 228 mm to 362 mm. In 
same tame the distance between the focus of the beam 
and the main surface of the magnetic lens of the 
electron gun is constant and equal to 300 mm. 

The influence of the variation of the process 
parameters: beam current (z1), welding speeds (z2) and 
the distances between the magnetic lens of the electron 
beam gun and the sample surface (z3) on the 
geometrical characteristics of the heat-affected zones 
(HAZ) of the obtained welds is investigated. 

The accelerating voltage is 50 kV, the electron beam 
current varies at four levels: 30, 66, 100 and 133 mA, 
and the welding speeds are: 0.5, 1 and 1.5 cm/sec. The 
welded specimens are steel rods with rectangular cross-
sections (20 mm × 34 mm and 25 mm × 34 mm) and a 
length of 335 mm. 

The geometrical characteristics of the heat affected 
zones (HAZ) of the experimentally obtained welds 
were studied: transverse cross-section area y1, depth y2, 
surface width y3 and average width y4. 
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Models of the mean and the variance of the 
quality characteristics 

The obtained in [1] regression models and the 
statistical software QstatLab [6] are implemented for 
the estimation of models for the mean and variances of 
each of the investigated geometrical characteristics of 
the cross sections of the HAZ obtained by EBW of 
carbon steel 45 under production conditions and errors 
in the factor levels. In order to estimate the variance of 
the process parameters, their tolerance intervals, shown 
in Table 1, were used. 

Table 1  
Tolerance limits for the parameters at EBW 

Parameters Coded Tolerance 
limits 

Beam current [mA] р1 z1 3% z1 
Welding speeds cm/sec] р2 z2 5% z2 
Distances between the 
magnetic lens of the 

electron beam gun and 
the sample surface [mm] 

р3 z3 2 mm 

 
 For each of the quality performance characteristics, 

two other models are estimated - for their mean values 
and variances (or standard deviations) in production 
conditions. The estimated models for the mean values 
�̃̅�𝑖 and the standard deviations �̃�𝑖 are illustrated in Figs. 
1-4 for a distance between the magnetic lens of the 
electron beam gun and the sample surface of z3 = 295 
mm or the beam focus position is 5 mm below the 
sample surface. 

In Fig. 1 and Fig. 2 are presented the dependencies 
of the mean values �̃̅�2 and the standard deviations �̃�2 of 
the HAZ depth depending on the variation of the 
electron beam current (p1, mA) and the welding 
velocity (p2, cm/sec).  

 
Fig. 1. Contour plot of the mean values �̃̅�2 of HAZ depth 

depending on the variation of the electron beam current (p1, 
mA) and the welding velocity (p2, cm/sec) for a distance to 

the sample surface of z3 = 295 mm. 

 
Fig. 2. Contour plot of the standard deviations �̃�2  of HAZ 

depth depending on the variation of the electron beam 
current (p1, mA) and the welding velocity (p2, cm/sec) for a 

distance to the sample surface of z3 = 295 mm. 

It can be seen that at the set focus position, the 
maximal HAZ depth (fusion zone depth too) is 
obtained for highest electron beam current for welding 
velocities from 1 cm/sec to 1.4 cm/sec. For this region 
of velocities, the standard deviation (variance) can be 
minimized in order to obtain higher reproducibility 
(Fig. 2) of the depth. 

In Fig. 3 and Fig. 4 are presented the dependencies 
of the mean values �̃̅�3 and the standard deviations �̃�3 of 
the HAZ surface width depending on the variation of 
the electron beam current (p1, mA) and the welding 
velocity (p2, cm/sec).  

 

 
Fig. 3. Contour plot of the mean values �̃̅�3 of HAZ surface 

width depending on the variation of the electron beam 
current (p1, mA) and the welding velocity (p2, cm/sec) for a 

distance to the sample surface of z3 = 295 mm. 

It can be seen that at these conditions, the regimes 
with minimal HAZ surface width correspond to highest 
standard deviations. In this case, as well as in the 
general multicriterial optimization case a search for 
compromise solutions must be applied. 
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Fig. 4. Contour plot of the standard deviations �̃�3  of HAZ 
surface width depending on the variation of the electron 

beam current (p1, mA) and the welding velocity (p2, cm/sec) 
for a distance to the sample surface of z3 = 295 mm. 

Multicriterial optimization 
Pareto-optimization is applied to find such 

compromise solutions that simultaneously meet the 
following requirements: 

• �̃̅�1 → minimum; 
• �̃�1→ minimum; 
• �̅�2 → maximum; 
• �̃�2→ minimum; 
• �̅�3 → minimum; 
• �̃�3→ minimum; 
• �̅�4 → minimum; 
• �̃�4→ minimum. 

Pareto-optimal compromise solutions are obtained 
(50 solutions) by applying genetic algorithm and the 
statistical software QstatLab [6]. Each solution makes 
some compromise toward some or all geometrical 
characteristics of the cross sections of the HAZ criteria 
to a certain extend at the same time. If we compare 
randomly chosen two Pareto-optimal solutions some of 
the observed characteristics will have better values, but 
at least one will be worse. In order to choose one 
solution from all we need additional analysis. This 
choice can be done by considering additional criteria 
(not included in the optimization task), by evaluation 
based on expert opinion or by definition of an overall 
function like loss function, desirability function, etc. 

In the present work, methods based on reference 
point strategies optimization are implemented for 
solving this task. They are compered by estimation of 
the overall relative error for all best solutions that are 
obtained. 

Optimistic strategy 

The optimistic strategy is based on the method of 
the function of losses. This optimization approach is 

called “optimistic” because the best possible values 
𝑞𝑗

𝑂𝑝𝑡 (j = 1, 2, 3, …, m) are assigned to the reference 
(uncompromised) values of the observed geometrical 
characteristics of the cross sections of the HAZ - qi(p). 
The reference values depend on the required minimum 
or maximum value for each of the quality 
characteristics. They are determined from the obtained 
Pareto-optimal solutions or in this case the differences 
between the best values and the optimistic reference 
values are minimized. The generalized function of 
losses FOpt(p) that has to be minimized is [7]: 

 

(3)               𝐹𝑂𝑝𝑡(𝑝) =
1

𝑚
∑ (

𝑞𝑗
𝑂𝑝𝑡

− 𝑞𝑗(𝑝)

∆𝑗
)

2

,

𝑚

𝑗=1

            

 
(4)                        ∆𝑗 = 𝑞𝑚𝑎𝑥,𝑗 − 𝑞𝑚𝑖𝑛,𝑗,                              

 
where 𝑞𝑗(𝑝) is the value for the j-th observed 
characteristic obtained at a given Pareto-optimal 
solution, 𝑞𝑚𝑎𝑥,𝑗 and 𝑞𝑚𝑖𝑛,𝑗 are the maximal and 
minimal values of each characteristic from all obtained 
50 Pareto-optimal solutions and are presented in Table 
2, together with calculated value for ∆𝑗. Each reference 
value 𝑞𝑗

𝑂𝑝𝑡 is obtained usually for different set of optimal 
process parameters zi and cannot be obtained 
simultaneously. 

Table 2  
Goals, reference values and the maximal and minimal 

characteristic values qj(p). 
Param. �̃̅�𝟏 

mm 
�̃�𝟏 

mm2 
�̃̅�𝟐 

mm 
�̃�𝟐 

mm 
�̃̅�𝟑 

mm 
�̃�𝟑 

mm 
�̃̅�𝟒 

mm 
�̃�𝟒 
mm 

Goal min  min  max  min  min  min  min  min  
𝑞𝑗

𝑂𝑝𝑡 3.30 17.33 29.84 3.01 0.01 1.45 0.02 1.66 
𝑞𝑗

𝑃𝑒𝑠 136.98 17.36 5.26 3.02 10.69 1.45 12.35 1.66 
𝑞𝑗,𝑚𝑎𝑥 136.98 17.36 29.84 3.02 10.69 1.45 12.35 1.66 
𝑞𝑗,𝑚𝑖𝑛 3.30 17.33 5.26 3.01 0.01 1.45 0.02 1.66 

∆𝑗 133.68 0.03 24.56 0.01 10.67 0.001 12.32 0.001 

 
The best 5 optimal solutions obtained by 

implementation of the Optimistic method are presented 
in Table 3. They have smallest values of the function of 
losses 𝐹𝑂𝑝𝑡(𝑝) from the arranged in ascending order 
results from all obtained 50 Pareto-optimal solutions 
(their numbers are kept in the table). It can be seen that 
the best result, obtained for 𝐹𝑂𝑝𝑡(𝑝) = 0.0987 is 
obtained for Pareto-optimal solution № 47, as well as 
the optimal values of the process parameters (zi) at 
which it can be obtained in production conditions. 
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Pessimistic strategy 

The pessimistic strategy is based on the function of 
usefulness method. In this strategy the worst possible 
(among the obtained Pareto-optimal solutions) or the 
“pessimistic” values 𝑞𝑗

𝑃𝑒𝑠 (j = 1, 2, 3, …, m) are 
assigned as reference values of the observed 
geometrical characteristics of the cross sections of the 
HAZ - qi(p), again depending on the required minimum 
or maximum value for each quality characteristic from 
Pareto-optimal solutions. The function 𝐹𝑃𝑒𝑠(𝑝) that 
has to be maximized is [7]: 

(5)             𝐹𝑃𝑒𝑠(𝑝) =
1

𝑚
∑ (

𝑞𝑗(𝑝) − 𝑞𝑗
𝑃𝑒𝑠

∆𝑗
)

2

 

𝑚

𝑗=1

              

 
The best 5 optimal solutions obtained by 

implementation of the Pessimistic strategy are 
presented in Table 4. They have largest values of the 
function of usefulness 𝐹𝑃𝑒𝑠(𝑝) from the arranged in 
descending order results from all obtained 50 Pareto-
optimal solutions (their numbers are kept in the table). 

From Table 4 can be seen that the best result, 
obtained for 𝐹𝑃𝑒𝑠(𝑝) = 0.6724 is obtained for Pareto-
optimal solution № 21. 

Bracketing approach for multi-criteria 
optimization 

The bracketing multi-criteria optimization strategy 
combines the optimistic and pessimistic approaches. 
Here the optimal compromise solution is searched by 
simultaneously minimizing the under-achievement to 
the best values (reference values) 𝑞𝑗

𝑂𝑝𝑡 and maximizing 
the over-achievement over the required (worst) values 
𝑞𝑗

𝑃𝑒𝑠 [7]. 
The optimization function that has to be maximized 

in this case is: 

(6)   𝐹𝐵𝑟(𝑝) =
1

𝑚
∑ (

𝑞𝑗(𝑝) − 𝑞𝑗
𝑃𝑒𝑠

∆𝑗
)

2𝑚

𝑗=1

−
1

𝑚
∑ (

𝑞𝑗
𝑂𝑝𝑡

− 𝑞𝑗(𝑝)

∆𝑗
)

2

 

𝑚

𝑗=1

 

The best 5 optimal solutions obtained by 
implementation of the Bracketing strategy are 
presented in Table 5. They have largest values of the 
function of usefulness 𝐹𝐵𝑟(𝑝) from the arranged in 
descending order results from all obtained 50 Pareto-
optimal solutions (their numbers are kept in the table). 

It can be seen, that the best result in this case is the 
same as in the Optimistic method and it is Pareto-
optimal solution № 47 and the best result, obtained for 
𝐹𝐵𝑟(𝑝)  is 𝐹𝐵𝑟(𝑝) = 0.57362. 

Table 3  
Best 5 optimal solutions by Optimistic strategy. 

№  𝑭𝑶𝒑𝒕 z1 z2 z3 �̃̅�𝟏 �̃�𝟏 �̃̅�𝟐 �̃�𝟐 �̃̅�𝟑 �̃�𝟑 �̃̅�𝟒 �̃�𝟒 
47 0.098748 31.22055 1.1013 231.9329 12.2964 17.3341 10.8191 3.0102 1.3278 1.4514 0.0423 1.6615 
21 0.099867 32.5338 1.1395 230.1105 9.5875 17.334 10.5639 3.0102 1.1203 1.4514 0.0188 1.6615 
42 0.106398 36.22635 0.5706 239.3833 81.8307 17.333 24.7109 3.0097 4.5171 1.4514 2.1755 1.6616 
19 0.112690 50.27555 0.7065 253.8084 44.974 17.3326 15.1213 3.0093 5.2795 1.4514 3.6495 1.6615 
13 0.119735 38.549 0.99735 251.1552 17.7999 17.3328 9.2938 3.0098 3.5741 1.4514 2.3793 1.6614 

 
Table 4  

Best 5 optimal solutions by Pessimistic strategy. 

№  𝑭𝑷𝒆𝒔 z1 z2 z3 �̃̅�𝟏 �̃�𝟏 �̃̅�𝟐 �̃�𝟐 �̃̅�𝟑 �̃�𝟑 �̃̅�𝟒 �̃�𝟒 
21 0.672368 32.5338 1.1395 230.1105 9.5875 17.334 10.5639 3.0102 1.1203 1.4514 0.0188 1.6615 
47 0.662631 31.22055 1.1013 231.9329 12.2964 17.3341 10.8191 3.0102 1.3278 1.4514 0.0423 1.6615 
13 0.633973 38.549 0.99735 251.1552 17.7999 17.3328 9.2938 3.0098 3.5741 1.4514 2.3793 1.6614 
36 0.579756 70.84465 0.98905 293.5863 25.735 17.333 10.1318 3.0091 5.5854 1.4513 5.931 1.6615 
42 0.542106 36.22635 0.5706 239.3833 81.8307 17.333 24.7109 3.0097 4.5171 1.4514 2.1755 1.6616 
 

Table 5  
Best 5 optimal solutions by Bracketing approach. 

№  𝑭𝑩𝒓 z1 z2 z3 �̃̅�𝟏 �̃�𝟏 �̃̅�𝟐 �̃�𝟐 �̃̅�𝟑 �̃�𝟑 �̃̅�𝟒 �̃�𝟒 
47 0.573620 31.22055 1.1013 231.9329 12.2964 17.3341 10.8191 3.0102 1.3278 1.4514 0.0423 1.6615 
21 0.562763 32.5338 1.1395 230.1105 9.5875 17.334 10.5639 3.0102 1.1203 1.4514 0.0188 1.6615 
42 0.527576 36.22635 0.5706 239.3833 81.8307 17.333 24.7109 3.0097 4.5171 1.4514 2.1755 1.6616 
19 0.467066 50.27555 0.7065 253.8084 44.974 17.3326 15.1213 3.0093 5.2795 1.4514 3.6495 1.6615 
13 0.422372 38.549 0.99735 251.1552 17.7999 17.3328 9.2938 3.0098 3.5741 1.4514 2.3793 1.6614 

 
 



 

“Е+Е”, vol. 57, 5-8, 2022                                                                                                    77 

In order to compare the implemented optimization 
strategies: Optimistic and Pessimistic/Bracketing 
approaches, the absolute errors are calculated for the 
best-chosen compromise solutions by an equation (7): 

(7)                 𝛿𝑎𝑗 = |𝑞𝑗,𝑜𝑝𝑡(𝑝) − 𝑞𝑗
∗(𝑝)| 

where 𝑞𝑗
∗(𝑝) is the best value from all Pareto-optimal 

solutions for the j-th quality characteristic, coinciding 
with the reference point of the optimistic approach. The 
relative error in this case can be calculated by an 
equation (8): 

(8)                          𝛿𝑟𝑗 =
𝛿𝑎𝑗

Δ𝑗
∗ 100% 

The calculated results are presented in Table 6.  
 

Table 6  
Comparison of implemented optimization strategies. 

Param. �̃̅�𝟏 
mm 

�̃�𝟏 
mm2 

�̃̅�𝟐 
mm 

�̃�𝟐 
mm 

�̃̅�𝟑 
mm 

�̃�𝟑 
mm 

�̃̅�𝟒 
mm 

�̃�𝟒 
mm 

Goal min  min  max  min  min  min  min  min  
𝑞𝑗

∗ 3.30 17.33 29.84 3.01 0.01 1.45 0.02 1.66 
∆𝑗 133.68 0.03 24.56 0.01 10.67 0.001 12.32 0.001 

𝒒𝒋,𝒐𝒑𝒕, 
Opt/Br 12.296 17.334 10.82 3.01 1.338 1.45 0.04 1.662 

𝜹𝒂𝒋 9.001 0.002 19.02 0.002 1.316 0.0001 0.024 0.0001 
𝜹𝒓𝒋,% 6.73 7.79 77.41 25 12.32 25 0.19 20 

𝒒𝒋,𝒐𝒑𝒕, Pes 9.5875 17.334 10.564 3.01 1.12 1.45 0.019 1.662 
𝜹𝒂𝒋 6.2914 0.0023 19.273 0.002 1.108 0.0001 0 0.0001 

𝜹𝒓𝒋,% 4.71 7.47 78.45 25 10.38 25 0 20 
 
From Table 6 can be seen that the implemented 

strategies give very close results. The only quality 
parameter, which is a little better for the solution, given 
by the Optimistic or Bracketing strategies, is the result 
for the mean value of the geometrical characteristic 
depth of the HAZ - �̃̅�2.  

All the other criteria values are better or equal for 
the case of implementation of the Pessimistic 
approach. 

Conclusion 
In this paper, three multicriteria optimization 

approaches were applies and compared, aiming to 
simultaneously fulfil the requirements for the 
geometric characteristics of the HAZ during the 
electron beam welding of carbon steel grade 45 
samples. 

The comparison of obtained best working regimes 
of the applied multi-criteria optimization strategies 
give close results. The biggest compromise is done with 
the HAZ depth mean �̃̅�2, which is around 77%-78% 
from the region of the optimal values of obtained 
Pareto-optimal solutions. 

If the technological requirements are set by certain 
target value of the weld (HAZ) depth, the optimization 
approaches should be set in order to minimize all the 
other criteria, while keeping the depth value equal to 
the target value. In this way the quality of the welded 
samples will be improved in terms of variance and 
repeatability in production conditions. 
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