
“E+E”, 5-6/2016 36

Prospects of application of gas-discharge electron beam guns in 
additive manufacturing  

Dmytro Kovalchuk, Vitalii Melnyk, Ihor Melnyk, Borys Tugai 

 

 

Long-term experience of application of gas-discharge electron beam guns in different 
technological processes such as melting, refining, coating, welding and others has proved their 
technical and economic efficiency both in industrial operation and R&D works. Wide range of 
permissible operating conditions, simple design and easy maintenance procedure, reasonable price of 
complete systems equipped by gas-discharge electron beam guns have been attracted more and more 
attention of customers worldwide.  

In addition to above mentioned features gas-discharge electron beam guns provide a number of 
another distinctive characteristics which could be interesting in additive manufacturing systems - for 
example they are capable to generate rather fine and accurate beam under low accelerating voltage 
down to 10 kV and even less, they have very light weight, their cathodes have extremely long life time 
as well. 

Application of gas-discharge electron beam guns of special configurations can make additive 
manufacturing technology more obtainable for customers and can provide new interesting 
opportunities to get new properties of produced materials.  

Pilot electron beam installation of new generation based on special gas-discharge electron beam 
guns will be presented. 

Перспективи на прилагане на газоразрядни електроннолъчеви пушки в  
производството с прибавяне на метал (Дмитро Ковалчук, Виталий Мелник, Игор Мелник, 
Борис Тугай). Дългосрочният опит от прилагането на газоразрядни електронно-лъчеви пушки 
в различни технологични процеси, като топене, рафиниране, нанасяне на покрития, заваряване 
и други доказа тяхната техническа и икономическа ефективност, както в индустриалната 
експлоатация, така и  при развойни дейности. Широката гама от допустими 
експлоатационни условия, опростен дизайн и лесна процедура за поддръжка, разумна цена на 
цялостните системи, оборудвани с газоразрядни електронно-лъчеви пушки, привличат 
вниманието на клиенти по целия свят все повече и повече. В допълнение към посочените по-
горе функции газоразрядните електроннолъчеви пушки предоставят редица други 
отличителни характеристики, които могат да бъдат интересни в производствените 
системи с добавяне на метал - например те са в състояние да генерират остро фокусиран лъч 
при ниски ускоряващи напрежения до 10 кV и дори по-малко, те имат много ниско тегло, 
техните катоди имат изключително дълъг живот. Прилагането на газоразрядни електронно-
лъчеви пушки със специални конфигурации може да направи производствената технология с 
добавяне на метал достъпна до повече клиенти и може да осигури нови и интересни 
възможности при  получаване на нови свойства на произведените материали. Представена е 
пилотна инсталация с електронен лъч от ново поколение на базата на специална газоразрядна 
електронно-лъчева пушка. 

 

Introduction 
Gas-discharge electron beam guns have being 

successfully used in different industrial and R&D 
applications since early 1970th when this equipment 
was firstly developed in Kyiv Polytechnical Institute. 

Development of mild and flexible power source for 
accurate and reliable welding/joining of fine 
electronic components was an initial purpose of 
creation of gas-discharge electron beam guns. And 
gas-discharge EB guns successfully solved existed 
problems first of all thanks to providing of mild 
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controllable heating and possibility to generate profile 
electron beam with different shapes, for example 
straight line, hollow cylinder, converging ring as well. 

Later electronic industry substituted metal and 
glass for new materials and technologies. So since 
1980th metallurgical applications such as refining and 
melting of metals, electron beam physical vapor 
deposition, some kinds of welding have become the 
main customers for gas-discharge EB guns. Due to the 
fact that such applications required much higher 
power and more difficult operating conditions than 
electronics development of gas-discharge EB guns 
moved to growing of total power and to providing of 
stable operation in hard vacuum.  

As result gas-discharge EB guns of wide range of 
power from 1 to 600 kW were developed and 
implemented to different industries [1, 2]. Modern 
industrial equipment based on usage of gas-discharge 
EB guns has proved its attractiveness to customers 
thanks to comparative simplicity, stable operation, 
easy maintenance, high production and economic 
efficiency. 

Gas-discharge EB guns BTP-100 (100 kW), BTP-
300 (300 kW) and BTP-450 (450 kW) developed in 
JSC NVO Chervona Hvilya are presented on Fig. 1. 

 
 

 
Fig.1. Gas-discharge EB guns BTP-100 (100 kW),BTP-300 

(300 kW) and BTP-450 (450 kW) 

But permanent development of different industries 
creates new and new demands of special equipment 
with new requirements to technical parameters and 
operating abilities. And everybody who wants to keep 
his place on the cutting edge of technical progress 
must follow modern development trends.   

 
 

Additive manufacturing - the Third Industrial 
Revolution 

Recently Additive Manufacturing (AM) has 
become one of the most interesting and prospective 
trends in the development of production technologies. 
Many industrial and financial analytics are using even 
such definition of this new technological approach as 
part of the Third Industrial Revolution.  

Additive Manufacturing is defined as the process 
of joining materials to make near net shape objects, 
usually layer upon layer, from computer 3D model 
data. That’s why Additive Manufacturing is named 
also as 3D printing and devices for their realization 
are named as 3D printers accordingly. Both polymeric 
materials and metals in different initial state (powder, 
wire etc) can be used as materials for layer upon layer 
building of parts. 

Application of Additive Manufacturing for 
production of metal parts is subject of special interest 
from industry because namely metals, alloys and 
intermetalic compounds are still the main structural 
materials in manufacturing of industrial products 
which have maximum value added. 

Additive Manufacturing can provide particular 
advantages in comparison with traditional metal 
machining techniques in many cases for example as: 

- Manufacturing of extra complex parts which may 
include overhangs, cavities, bores, bosses, slots, 
complex curvatures etc, especially if part is made of 
hardly machined materials – machining of such kind 
of parts is very difficult, long and expensive or even 
technically impossible; 

- Manufacturing of single part or little quantity lots 
when preparation of special manufacturing tools, 
molds or instruments is very expensive resulting in 
high specific cost of part; 

- Manufacturing of complex parts of 
expensive/exotic materials when large quantity of 
non-recyclable scrap and wastes appears; 

- Manufacture of spare parts to equipment 
immediately at place of operation in case of remote 
location of such places where spare parts are 
logistically unavailable for example at space crafts, 
off-shore platforms, far isolated regions etc. 

AM processes for metal objects may be classified 
by the following: 

- By feedstock material – powder or wire; 
- By source of heating – laser, electron beam or 

plasma; 
- By method of layer forming – selective melting 

of prepared layer of powder (“powder bed”) or direct 
deposition of melt powder or wire on substrate or 
previously formed layer (“direct deposition”). 
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AM methods based on selective powder sintering 
with usage both laser and electron beam allow 
manufacturing of very complex and fine parts with 
rather high accuracy up to 20-30 microns. But there 
are particular drawbacks of these methods which limit 
fields of their application: 

- Production capacity of such processes is limited 
by technological requirements and do not exceed 80 
cm³/h as a rule; 

- Usage of powder requires special operating 
conditions and additional safety measures especially 
for titanium and aluminum powder which are very 
fire/burn dangerous. Complete AM facilities based on 
usage of powder require installation of complicated 
and expensive auxiliary equipment for powder 
storage, preparation, supply to AM system and for 
recycling of remaining powder after extraction of 
produced part from AM system; 

- Quality of powder used in powder bed processes 
must meet very high requirements to spherical shape 
and fraction size limits (as a rule within 20-100 
microns) which result in very high price of powder; 

- Limitation of maximum fraction size of powder 
used in powder bed processes by approximately 100 
microns results in higher content of oxygen in parts 
manufactured from active metals first of all titanium 
because the smaller size of powder the more oxygen 
content in each particle of powder. 

Additive manufacturing technologies based on 
usage of wire feedstock are considered as the most 
prospective methods for bulk industrial production of 
large parts first of all thanks to much higher 
deposition rate and more cheap and available raw 
materials. There were few methods of such kind 
developed until recently with usage of different high 
power heating source for melting of feedstock and 
substrate – electron beam, plasma torch, arc welding 
equipment. Electron beam looks probably as the most 
attractive solution in such approach especially for 
reactive metals due to operation in vacuum resulting 
in reliable protection of produced parts from gas 
absorption.  

Prototype of additive manufacturing methods 
based on the usage of electron beam as heating source 
and wire as feedstock was developed in the USA [3, 
4]. It was named electron beam free form fabrication 
(EBFFF). Its initial purpose was to develop rather 
compact apparatus which can manufacture any three 
dimensional metal part from standard industrial semi-
products in remote locations where spare parts are 
logistically unavailable for example at space crafts, 
off-shore platforms, far isolated regions etc. In this 
method three dimensional objects are formed through 

layered deposition of feedstock materials on substrate. 
Feedstock material usually in the form of wire is fed 
to deposition zone (feed point) where it is melt by 
electron beam together with some area on substrate at 
this zone and deposits on substrate, feed point is 
moved with specified speed relative to the substrate 
resulting in solidification of previously deposited 
material which went out from influence of electron 
beam and forming of solid deposited layer. Feed point 
is moved sequentially forming each next layer upon 
previous one up to forming of complete predetermined 
3D-object according to CAD model. Electron beam in 
this method drops on substrate perpendicularly to its 
surface and feedstock material is fed to feed point 
from aside under some angle as illustrated on Fig.2 
[5]. 

 

 
  Fig.2. EBFFF concept (picture from NASA reports) 

Initial characteristic of EBFFF method is usage of 
upgraded electron beam welding installations for 
realization of this process. Such installations are 
equipped by electron beam guns of welding type (see 
Fig.3) with appropriate V-A characteristics and 
requirements to operating conditions. Electron beam 
guns of welding type operate under rather high 
accelerating voltage - as a rule of 60 kV and more. 
Electron beam accelerated by such voltage induces X-
rays from processed targets which result in 
requirements to provide special protection of 
operating staff from influence of this radiation. Also 
special vacuum conditions are necessary for normal 
operation of such EB guns. As a rule residual pressure 
in operating chamber must be not less than 10¯ ² Pa 
but even in this case EB gun must be equipped by 
individual high vacuum turbo molecular pump for 
reliable protection of cathode during process. 
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  Fig.3. EB gun of welding type in additive manufacturing 

system (picture from Sciaky, Inc. booklet) 

Potential demand on metal parts which may be 
produced by EBFFF and similar methods is rather 
high. It is proved by huge number of different 
investigations which are executed by leading R&D 
organizations worldwide and by strong private and 
state investments in development of this technology 
[6]. Numerous investigations performed and presented 
till now has proved that the main operating 
characteristics of metal parts produced by EBFFF 
method meet requirements of proper standards and 
can be used in industry. But real progress in wide 
implementation of these technologies is possible only 
if the main technical and technological problems are 
solved and under condition of providing economical 
advantages in comparison with traditional 
manufacturing approaches (machining, casting etc). 

As result there are still not so many examples of 
approved implementing of AM technologies in real 
industrial production. Some technical disadvantages 
and limitations of existing EBFFF systems based on 
usage of welding EB guns are the reason of such 
situation: 

- Feeding of feedstock wire to melting zone from 
one side which is applied in EBFFF concept causes 
generation of complicated asymmetrical thermal fields 
around melting zone because of unavoidable creation 
of shadow zone on the substrate under the wire 
resulting in creation of porosity or cavities in 
deposited layer and forming of non-uniform metal 
structure. In addition one-side heating of the wire, 
from the top, causes internal thermal stresses resulting 
in bending of wire which make difficulties in accurate 
and stable feeding of feedstock wire directly to 
melting zone which also results in violation of stable 
deposition and solidification conditions. These factors 
cause difficulties in providing of uniform structure 
and required quality of produced solid freeform work 
pieces; 

- High operating vacuum is required in 

technological chamber resulting in essential increase 
of equipment cost and less productivity; 

- High accelerating voltage which is necessary for 
welding EB gun operation causes X-rays resulting in 
special requirements to staff protection; 

- EB guns of welding type must be equipped by 
individual high vacuum turbo molecular pump for 
reliable protection of cathode during process which 
also increases cost of equipment and makes it more 
large and complicated; 

- Cathodes of welding EB guns are made of rather 
expensive materials, nevertheless their life time is 
rather limited. 

 
Gas-discharge EB gun as new exclusive solution 

for additive manufacturing 
Engineers of JSC NVO Chervona Hvilya have 

developed new method and apparatus for 
manufacturing of three dimensional objects on the 
base of low voltage gas-discharge EB gun of special 
design which solves most of above mentioned 
problems of existing EBFFF methods.  

Special EB gun configuration in which electron 
beam in the shape of hollow inverted cone with the 
apex placed near the substrate is used for creation of 
molten pool on the substrate and for melting of 
feedstock material in the form of wire or powder 
which is fed exactly to the center of molten pool 
through guide or nozzle coaxially with said hollow 
conical electron beam is key element of an idea. Said 
hollow conical electron beam is formed by gas 
discharge electron beam gun with cold circular 
cathode which forms common functional assembly 
with feedstock guide – technological device named 
xBeam gun (see general scheme and photo of xBeam 
gun on Fig.4 and Fig.5 accordingly). 
 

 
Fig.4. General design concept of xBeam gun 
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Fig.5. xBeam gun 

Unique features of xBeam 3D Metal Printing 
opening new manufacturing and R&D 
opportunities 

xBeam 3D Metal Printing (or shortly xBeam 
printing) technology and equipment provide numerous 
exclusive advantages which allow to reach new 
improved indicators in additive manufacturing and to 
set new goals in development of new processes and 
even of new materials.  

Round molten pool and vertical supply of 
feedstock exactly in the center of the pool provide the 
best power efficiency of the process. Such 
configuration excludes any shadow zones on the 
substrate (see Fig.6) preventing residual porosity in 
deposited layer.  

 

 
Fig.6. Schematic view of melting zone in xBeam printing 

It highly simplifies control of heating and melting 
conditions which determine forming of metal structure 
of produced part.  

Such configuration also allows effective usage of 
powder feedstock - all powder particles are falling 
into the melt zone on the substrate. 

Hollow conical electron beam completely 
envelopes feedstock material by energy flow (see 
Fig.7). It provides absolutely uniform pre-heating and 
fusing of wire feedstock. This feature allows usage of 
cored wire as feedstock – it makes xBeam printing an 
exclusive method which can involve to additive 

manufacturing materials unavailable in the form of 
solid wire or spherical powder.   

 

 
Fig.7. Uniform heating of wire feedstock by hollow conical 

electron beam 

Low accelerating voltage (10-15 kV) applied in 
xBeam gun provides forming of quite shallow molten 
pool on the substrate (see Fig.8) which results in 
higher cooling rate and more rapid solidification of 
deposited material. It allows receiving of much better 
structure of produced parts and better mechanical 
properties accordingly. Also this feature is important 
when complex materials with different densities and 
melting points are used together for creation of special 
compositions or intermetallic compounds.  

 

 
Fig.8. Macrostructure of substrate (CP Ti) after deposition 

of titanium wire ø1.6 mm, x25 

Low specific power input of xBeam process 
strongly reduces residual stresses of produced parts 
which currently is one of the critical problems of 
existing EBFFF methods.   

One of the most important and exclusive features 
of xBeam printing technology is continuous (solid 
flow) metal transfer from fused end of feedstock to the 
molten pool. It allows effective control of width and 
thickness of the deposited layer. xBeam printing 
provides manufacturing of rather fine parts with high 
productivity and with minimum required post 
processing (see Fig.9). 
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Fig.9. Sample produced from titanium wire ø1.6 mm 

xBeam 3D Metal Printing equipment  
The xBeam gun as key element of technology also 

has numerous exclusive technical and operating 
characteristics: 

- Unique hollow conical electron beam is 
provided by cathode design, spot diameter is 
about 1 mm in spite of low applied 
accelerating voltage,  

- Extra long cathode lifetime - 1000 hours and 
more, 

- Easy automatic control - no focusing lenses, 
no deflection coils, beam current is regulated 
by operating gas pressure (helium, hydrogen, 
others), 

- Easy and compact design, light weight – 
about Ø150x200 mm, 6 kg, 

Pilot additive manufacturing system - xBeam 3D 
Metal Printer – is built and put into operation (see 
Fig.10).  

 

 
Fig.10. Pilot xBeam 3D Metal Printer – xB-01 

 
Pilot xBeam 3D Metal Printer xB-01 is designed 

mainly for investigation purposes of new technology 
but also can be used for manufacture of small metal 
parts. Three dimensional objects up to 300x300x300 
mm can be produced on this equipment. Ultimate 
power 20 kW allows to deposit any materials 

including refractory metals and alloys. Small 
operating space required for installation of complete 
system (about 10 m²) makes it very convenient for 
R&D laboratories. Recharging of feedstock from 
outside operating chamber save a lot of time during 
experiments. Low accelerating voltage applied in 
xBeam gun provides safety operation without special 
conditions and permissions.  

Conclusion 
Technical and operating features of gas-discharge 

EB guns have opened the next page in their 
applications. Low voltage gas-discharge EB gun of 
special design has allowed development of new 
method of additive manufacturing - xBeam 3D Metal 
Printing - which provides numerous advantages in 
comparison with existing alternative solutions. Unique 
physical conditions of new method open a lot of 
opportunities in manufacturing and investigations. 
xBeam 3D Metal Printer is convenient and available 
technological instrument for real manufacturing and 
investigations in material science. 
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