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Large chamber electron beam welding machine designed for 
joining of 3D structures 

Frantisek Kolenic, Daniel Drimal, Peter Faragula, Lubos Kovac, Peter Fodrek 

 
This paper presents a new design of new EBW machine. Newly developed EBW machine is 

intended primarily for welding of massive components large power units as well as series of smaller 
weldments. The volume of the welding chamber exceeds 320 m3. It is of a cylindrical in shape with a 
removable top lid. Loading and unloading of weldments are carried out by separate lifting equipment. 
EB welding machine is equipped with special positioning system with 9 fully controlled axes. Large 
weldments are loaded onto heavy rotary positioner with a carrying capacity up to 100 tons. This 
enables realization of linear and rotary welded joints up to 100 mm welding depth. Furthermore 12 
pcs of precision rotary stages are integrated in the heavy positioner with the aim to realize    welding 
of series (12 PCs) weldments up to 0.3 tons during one pumping cycle. Two other modules are used 
for the positioning of the electron guns. It is robot placed on the platform of vertically-mounted linear 
lifting module. The electron gun is placed at the end of the robot arm. The robotic system is designed 
to operate in a working vacuum (10-2 Pa). This concept allows making out practically all types of the 
spatially-oriented welded joints. The trajectory of welding can be programmed analytically or using 
teach-in method. Prior to welding a special software have to be elaborated for given weld 
configuration.   The electron gun triode type is made of titanium. Output power of the gun is 30 kW/60 
kV. Beam generation system includes also electronic anti-discharge module, module for programming 
of technological movements of the beam and the module for beam energy distribution for heat 
treatment applications. Some practical welding applications are described. 

Машина за електроннолъчево заваряване с голяма камера, предназначена за 
съединяване на 3D структури (Франтишек Kоленич, Даниел Дримал, Петър Фарагула, 
Любош Ковач, Петър Фодрек). Тази статия представя нов дизайн на нова машина за 
електроннолъчево заваряване (ЕЛЗ). Новоразработената ЕЛЗ машина е предназначена 
предимно за заваряване на масивни компоненти големи енергийни блокове, както и поредица 
от по-малки заваръчни съединения. Обемът на камерата за заваряване надвишава 320 m3. Той 
е с цилиндрична форма с подвижен горен капак. Товаренето и разтоварването на заварените 
детайли се извършва от отделни подемни съоръжения. Електроннолъчевият заваръчен 
апарат е оборудван със специална система за позициониране с 9 напълно контролирани оси. 
Големи детайли се товарят на тежък ротационен позиционер с товароподемност до 100 
тона. Това дава възможност за реализация на линейни и ротационни заваръчни съединения до 
100 мм дълбочина на заваряване. Освен това са интегрирани 12 броя на прецизни ротационни 
етапи в тежкия позиционер с цел да се реализира заваряване на поредица (12 бр) заварки до 
0.3 тона по време на един помпен цикъл. Два други модула се използват за позициониране на 
електронните пушки. Това е робот, поместен на платформа на вертикално монтирани 
линейно повдигащ модул. Електронната пушка се поставя в края на рамото на робота. 
Роботизираната система е проектирана да работи в работен вакуум (10-2 Pa). Тази 
концепция позволява да се изработват практически всички видове пространствено-
ориентирани заварените съединения. Траекторията на заваряване може да бъде 
програмирана аналитично или вградена. Преди заваряванетотрябва да бъде разработен 
специален софтуер за дадена заваръчна конфигурация. Електронната пушка от триоден тип 
е изработена от титан. Изходна мощност на пушката е 30 kW / 60kV. Системата за 
генериране на електронния лъч включва и електронен модул против разряд, модул за 
програмиране на технологични движения на лъча и модул за разпределението на енергията на 
лъча за приложения за топлинна обработка. Описани са някои практически приложения на 
заваряване. 
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Introduction 
Overall view of electron beam welding equipment 

is shown in Fig. 1 
 

 
Fig.1. Welding Workplace Type PZ EZ30 JUMBO 

 
Built-up area of EB welding workplace is 18000 x 

12000 mm. The workplace of welding equipment type 
PZ EZ30 JUMBO consists of the following main 
parts: 

1. Vacuum welding chamber. 
2. Supporting bed for chamber cover. 
3. System for electron beam generation – power 

blocks 30kW/60kV. 
4. Electron gun with monitoring module. 
5. System for programmed beam deflection. 
6. Robotic system. 
7. Central rotary positioner with 100 ton 

carrying capacity. 
8. Peripheral rotary positioners (12 pcs) with 0.5 

ton carrying capacity. 
9. Vertical linear positioner with 3560 mm 

stroke and 3.5 ton carrying capacity. 
10. Isolated booth with control desk. 
11. Pumping systems for vacuum welding 

chamber. 
12. Pumping system for electron gun. 
13. Central electric switch board of workplace 

with circuit breakers and protections. 
14. Enclosed cooling circuit. 
15. Hydraulic aggregate with distribution tubing. 
16. Pressure air distribution. 
17. Platform to vacuum chamber door. 

 

Vacuum welding chamber and supporting bed 
Vacuum welding chamber is of cylindrical shape 

and is made of structural steel type S355J2+N. It 
consists of a bottom part with flange connection and a 
removable cover. The bottom part is static and fixed 
to the floor. It includes the entrance door with 
staircase and a system of flanges with vacuum 
bushings for power supply and transfer of signals for 
the robotic positioning system with nine fully-
controlled axes, monitoring module, pumping system 
for electron gun, video cameras and illumination, 
connecting of water cooling for turbo-molecular 
vacuum pump and monitoring module, connecting of 
hydraulic system for control of gun valve and rotary 
positioner brake.  The upper part of chamber consists 
of a removable cover which is in the time of loading 
and unloading of weldments laid on the supporting 
bed in order to save the space. The manipulation 
platforms, access ladders etc. (Fig. 2) are also parts of 
the vacuum chamber. Manipulation with chamber 
cover is ensured by a crane manipulating system with 
programmed three manipulation posts, namely the 
post for taking away and putting down the cover, a 
post above the supporting bed for laying and lifting 
the chamber cover and a post above the axis of bottom 
part of vacuum chamber for loading and unloading the 
weldments to and out of the chamber. Technical 
parameters of the chamber are as follows: 

- Height of vacuum welding chamber- 11940 
mm, 

- Outer dimension of vacuum chamber Ø7560 
mm 

- Inner dimensions of vacuum chamber Ø6500 
mm, height 10000 mm, Chamber weight 116.7 tons. 

 

 
Fig.2. Vacuum chamber and supporting bed 

System for electron beam generation 
The system for electron beam generation consists 

of two compact cabinets, containing the power source 
of high voltage, accelerating the beam electrons and 
supplying the power for weld joint formation and 
auxiliary power sources necessary for ensuring the 
conditions for electron beam generation in electron 



“E+E”, 5-6/2016 143

gun [2, 3]. The proper HV source is of inverter type 
and consists of a controllable inverter with IGBT 
transistors with 20 kHz working frequency, HV 
transformer with a rectifier, filtration capacitors, 
measuring circuits and control electronics. The control 
electronics ensures the reproducibility and stability of 
output source parameters on the level ±1% and the 
safety electronic blockings, where the anti-discharge 
system also belongs. The auxiliary power sources 
serve for electron beam generation and control of 
welding parameters. These set and control the welding 
current, electron beam focusing and deflection and 
ensure the stable conditions for cathode heating. The 
group of auxiliary power sources includes the power 
source for filament heating, power source of cathode 
bombarding current, voltage source for the control 
electrode (Wehnelt), source of focusing current and 
the source for beam deflection. The entire system of 
auxiliary sources also includes the regulators of 
welding current, bombarding current for cathode 
heating and the PLC unit, allowing controlling the 
output parameters of the power block in local mode 
and also its interconnection with a master computer 
ensuring automatic control of entire welding process. 
The technical parameters of power block are as 
follows: 

Rate of accelerating voltage is controllable within 
20 to 60 kV range. 

Maximum output beam power - 30 kW. 
Stability of acceleration voltage is ± 1.0 %, peak-

peak undulation max. 1%. 
Stability of welding current is ± 1.0 %, peak-peak 

undulation max. 1%. 
Stability of focusing current is ± 0.1 %. 
Use Times New Roman Font. Try to follow the 

font sizes specified in Table 2, as best you can. 

Electron gun and monitoring module 
Electron gun is of triode type with indirectly 

heated LaB6 cathode. In the new concept, the gun is 
integrated with a monitoring module (Fig. 3). The gun 
proper is made of titanium alloy, sufficiently 
mechanically stable with a good electron optics, 
regarding the welding needs up to 100 mm in 
thickness. Electrostatic system of the gun consists of 
LaB6 cathode, control electrode and anode which are 
optimized for achieving superb quality of electron 
beam. The life of indirectly heated LaB6 cathode is 
more than 100 hours. The cathode is located in a 
molybdenum carrier. It is heated with a reverse 
bombardment of electrons, which are emitted from a 
heated tungsten filament.  

Electromagnetic parts of the gun consist of a 
magnetic focusing coil with and a medium-frequency 
deflecting coil. The deflecting coil is composed of 
four coils wound on a ferrite core at 90º spacing, 
whereas two opposite coils are electrically 
interconnected, so that the end of the first coil is 
connected with the end of opposite coil. Maximum 
angle of a static beam deflection is ± 7°. 

 

 
Fig.3. Electron gun with monitoring module 

Electron gun is evacuated by a turbo-molecular 
vacuum pump locating in vacuum chamber to working 
pressure better than5.10-4 Pa. 

 
 Fig.4. Cross section of electron gun 

1- supply of cooling water to the upper oil part of the gun, 
2- upper part of the gun (cap), 3- cooling spiral in the oil 

part of the gun, 4- supply HV cable, 5- high-voltage 
insulator, 6- control electrode, 7- anode, 8- flange for 
vacuum sensors, 9- anode cooling, 10- flange for robot 

attachment, 11- hydraulic control of the ball valve, 12- ball 
valve, 13- beam-guide, 14- focusing coil, 15- deflecting 

coil, 16- cooling water supply to anode. 

In the new concept, the monitoring module is 
attached to the gun - Fig. 5. It serves for manual beam 
setting on the welded joint, control of gun focusing 
distance from the welded joint and correction of beam 
position regarding the weld joint in the course of 
welding. The beam position correction is performed 
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by equipment operator by visual observations. The 
software allows performing welding trajectory 
correction only in the direction perpendicular to the 
direction of welding. Of adjustment can be set within 
± 0.1 mm up to ±1 mm. The monitoring module is an 
integrated part of electron gun. It is provided with 
three movie cameras, which are adapted for the work 
in high vacuum, illumination module and a laser 
navigator. The monitoring cameras are oriented to 
observing points of welding process, namely ahead 
the welding process, behind the welding process and 
directly to welding process. These are provided with 
protection of lenses against vapor deposition from the 
weld pool and also with non-transparent shields used 
in emergency case. Laser navigator is used for setting 
and control of gun distance from the weld joint. It is 
also provided with protection against vapor deposition 
and with a non-transparent shield. 

 

 
Fig.5. Monitoring module 

System of programmable electron beam 
deflection 

The system of programmable electron beam 
deflection consists of a magnetic deflecting coil and 
the electronics control system. The deflection process 
is controlled from a technological computer, 
controlling the course generators via communication 
through a USB port. Entering the deflection profiles is 
enabled through a utility program operating in several 
modes given by actual requirements. The designed 
system is capable to deflect the electron beam in two 
mutually normal X, Y axes within ± 7° range. The 
deflecting system makes possible either static beam 
deflection (± 7°) or dynamic beam deflection. For 
degassing of the weld pool low amplitude beam 
oscillations with frequency from 0 to 20 kHz are used. 
Trajectories of the oscillations are programmable. The 
system enables also programmable planar energy 
distribution of the beam power for surface thermal 
treatment applications (Fig. 6) and beam splitting to 
several beams for the purposes of distortion-free 
welding. 

 
Fig.6. An example of planar energy distribution of the beam 

power 

Robotic system of electron gun positioning 
Positioning of electron gun is assisted by an 

industrial robot type IRB 4600 in special adaptation 
for the work in high vacuum (Fig. 7). IRB 4600 
represents industrial robot with 6 axes, 45 kg carrying 
capacity and 2200 mm working radius. It is provided 
with control unit type IRC5 and RobotWare software. 
The robot is situated on a carriage of vertical support, 
which in the function of fully controlled axis allows 
the robot positioning in its vertical Z axis. The 
additional “Z” axis has extended the working range of 
robot in Z axis to value of 8.5 m. Next additional axes 
Ѡ1 – rotation of the main positioner and Ѡ2 – 
rotation of rotational nests serve for positioning of 
weldments.. All nine axes of positioning system e.g. 
six robot axes and the additional three axes Ѡ1, Ѡ2 
and Z represents fully controlled axes and can be 
controlled by FlexPendant unit on selecting the 
„technology“ option from the main menu and/or by a 
program from the technological computer. The 
electron gun with monitoring is defined as the 
working tool EB_GUN_Ti. This tool has a defined 
mass, center of gravity and has determined the tool 
coordinates TCP (Tool Center Point). 

 

 
Fig.7. Robot type IRB 4600 

RobotWare software supports all aspects of robot 
system, as robot motion, development and 
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implementation of application programs and 
communication. Communication between the control 
unit IRC5 and technological computer is realized 
through Ethernet interface. The FlexPendant 
controller is a portable operation unit with graphical 
touch screen. By use of FlexPendant unit the operator 
can manually control the robot motions via the control 
joystick, create the sequence of commands in the 
program editor and to start the program. The 
FlexPendant unit is an inseparable part of IRC5 
system and is connected to control unit by an 
integrated cable with connector. The FlexPendant unit 
contains special hardware buttons, to which arbitrary 
own functions may be attributed. The other buttons 
serve for selection of mechanical unit, switching over 
the motion mode, starting, stoppage and stepping of 
program. Applications are created by certain 
keywords and the syntax is defined by the RAPID 
programming language. The RAPID programming 
language contains the instructions allowing the 
application to perform robot motions, to set the 
outputs and/or to read the inputs. It also contains the 
instructions serving for decision making, repeating the 
instructions, creating the program structure and 
communication with system operator. The commands 
contain a series of connected arguments, which define 
what should be performed within a certain instruction. 

Mechanical design of the „support Z“ 
The additional axis „support Z“ (Fig. 8) serves for 

realization of  welding motions in Z axis and 
positioning of electron gun in the space of vacuum 
chamber. It ensures the correct position and directing 
the gun towards welding zone. 

 
Main technical parameters of Z support: 
- Overall equipment weight is 3500 kg. 
- Carrying capacity of positioning mechanism 

of Z support platform is 650 kg.  
- The upstroke of robot platform is 3560 mm. 
- Nominal speed of robot platform upstroke is 

50 mm/s 

Rotary positioner with additional rotary nests 
Rotary positioner is situated in vacuum welding 

chamber (Fig. 9). It is designed for the work in high 
vacuum and destined for positioning weldments with 
the weight up to 100 tons. It allows fabricating the 
welded joints on rotary, quasi-rotary and polyhedral 
weldments in PA and PC positions with weld joint 
thickness up to 100 mm. The base of central rotary 
positioner is rigidly fixed in the bottom part of 
vacuum welding chamber. 

  
Fig.8. Design of „Z support“ 

Legend: nosný stĺp – carrying column, domec pohybovej 
matice – motion nut housing, plošina robota – robot 

platform, domazávanie pohybovej matice – lubrication of 
motion nut, lineárne vedenie plošiny – linear guide of the 

platform, pohybová skrutka – motion screw, spodný domec 
pohybovej skrutky -  lower housing of motion screw, 

servomotor – servo drive, prevodovka – gearbox, spojka - 
coupling 

The drive of central rotary positioner is situated in 
vacuum welding chamber. Supply of servomotor and 
other input-output signals are transferred through the 
vacuum-tight connectors. Welding position may by 
fixed by a hydraulic brake. The unloaded weight of 
positioner is 20 000 kg. Maximal carrying capacity of 
positioner is 100 000 kg. Rotation radius of the rotary 
table is ±360° and the range of revolutions is 0.025 ÷ 
0.3 rev/min. Diameter of rotary table is ø 5000 mm 
and positioner height is 895 mm.  

 
Fig.9. Design of rotary positioner with additional rotary 

nests 

The main positioner contains 12 small rotary 
positioners. These are integrated in the turntable of 
positioner and are provided with own drive system 
situated in the vacuum chamber. Their main function 
is to reduce multiplicity of pumping   of vacuum 
chamber and thus increase the effectivity of welding. 
Integration of the small rotary positioners allows 
welding up to 12 weldments with up to 500 kg weight 
on one pumping cycle of vacuum chamber. The axes 
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of the small rotary positioners are arranged on the 
turntable of the main positioner at concentric circle 
with diameter ø 4150 mm with 30°spacing and their 
rotational plane lies under the surface of upper plane 
of turntable 

Pumping systems of vacuum welding chamber 
and electron gun  

Design of set-up of pumping aggregates for 
vacuum chamber takes into account the requirement 
that the pumping time of vacuum chamber to 5.10-2 
Pa working pressure would not be longer than 120 
minutes. Each designed set-up of pumping aggregates 
was verified by the calculation program by Pfeiffer 
Vacuum Company. The set-up consisting of a 
pumping stand type WS 5800 WW2U for rough 
vacuum, 2 x diffusion vacuum pumps type DIF 631 
with adequate forvacuum pumps for a high vacuum 
and a cryosystem type POLYCOLD(- 130°C) with a 
vapor trap with 2.2 m2 surface area was assessed by 
this program as sufficient. The calculation was carried 
out at the following boundary conditions: chamber 
volume 355 m3, inner surface of the chamber 875 m2, 
leakage of vacuum chamber - 1 mbar.l/s, average 
desorption rate in the surface - 1 x 10-6 mbar.l/s.cm2, 
working medium – air and the diameter of exhaust 
piping Ø 250 with 3 m length. The results of 
calculation are shown in Fig. 10. 

 
Fig.10. Time course of vacuum chamber evacuation 

 
The results of theoretical calculation determined 

the time of chamber evacuation to required pressure to 
90 minutes. The actual pumping time did not exceed 
85 minutes, what proves excellent agreement with the 
calculated result. Cooling of vacuum aggregates is 
ensured via an independent cooling system with an 
enclosed cooling circuit. 

Evacuation of electron gun was realized with the 
following set-up: Turbo-molecular vacuum pump type 
HiPace 700 with power source type TPS 400 and 
angle valve type EVC 110M. Evacuation system of 
electron gun ensures the working pressure in its 

electrostatic part at the level 5.10-4 – 1.10-5 Pa. 
Electron gun is provided with a closing valve behind 
the electrostatic part, which allows a correct and safe 
operation of the gun at its location in vacuum chamber 
in the mode of vented chamber and also in the mode 
of gun evacuation. In this configuration, the 
forvacuum of turbo-molecular vacuum pump creates 
vacuum in the welding chamber. Measuring vacuum 
in the chamber and electron gun is ensured by an 
adapted vacuum gauge type MAXI GAUGE which is 
destined for the work in high vacuum. Entire 
electronics for power supply, control and 
measurement is situated outside of the vacuum 
chamber and is connected with the devices inside the 
chamber using cables through vacuum-tight 
connectors. 

 

Technological capabilities 
The presented concept allows standard fabrication 

of welded joints in PA, PC, PG and PF positions. 
However, if necessary any potentially needed 
configuration of weldment position related to electron 
beam may be realized with application of 9-axes 
flexible positioning system. 

 Electrostatic system of the electron gun is 
provided with two configurations of electron optics. 
One for fabrication of slender welds with welding 
depth up to 20 mm and other  optical system for 
welding thicknesses up to  100 mm on austenitic 
steels. (Fig. 11). 

 

 
 

 
 

 
Fig.11. Micrograph of the 100 mm thick weld on 

austenic steel 
 
The equipment at the same time allows recording 

the time course of 8 selected parameters of the 
technological process, for example accelerating 
voltage Uz, welding current Iz, welding speed vz, 
focusing current If, etc.  Sampling period of the record 
may be set within the range from 0.1 ms up to several 
seconds. The record is saved to database. Software 
solution enables editing the record in graphical or in 
numerical form. Presented concept allows operation of 
the EBW machine in three basic modes: 

1) Mode of technological optimization. In this 
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mode, the manual optimizing module may be 
activated, which allows to alter continually three 
process parameters in the course of optimizing. 

2) Routine welding mode. This is realized in 
accordance with the appropriate WPS. 

3) The mode of welded joint repair. Review the 
record of the welding process parameters will allow 
determine the location of potential defects in the weld 
joint. 

Conclusions 
Presented concept of electron beam welding 

equipment, destined for welding demanding parts in 
nuclear power industry and general engineering is new 
and innovative in many aspects. The realized 
applications have proved the initial design 
assumptions. Starting experiments with the new 
equipment allowed fabricating the welded joint on 
some nuclear power industry components in 
acceptable quality and with high effectivity. For 
example in case of welding containers made of 
austenitic steel the welding time was reduced to one 
tenth, when compared to previous welding methods, 
whereas the distortions from welding were even 5 
times lower, when compared to initial values. Also 
reproducible quality of welded joints without any 
inhomogeneities in the welds was achieved. Welding 
experiments with rotary symmetrical rings with 90 
mm wall thickness, realized in PC positions have 
proved possibility to fabricate the weld in one pass 
without need of ledge formation. The main advantage 
of the presented concept consists first of all in a 
flexible manipulation system for weldment and 
electron gun positioning utilizing nine fully controlled 
motion axes and manipulating robot adapted for the 
work in high vacuum. 
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