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Preface

This issue contains a part of the papers,
presented at the 13-th International conference
on Electron Beam Technologies (EBT 2018)
that were accepted for publication in this issue
of
scientific
and
technical
journal
,,Electrotechnica & Electronica E+E” after
reviewing.
EBT 2018 was held in hotels Estreya Palace
and Estreya Residence, Resort "St. Constantine
and Elena" in Varna, Bulgaria from 18 to 22
June 2018. This biannual meeting brings
together
physicists,
chemists,
material,
mechanical and electronics engineers from
universities, research institutions and industry,
who are involved in various studies and
applications of electron beam technologies and
techniques. The conference has provided an
excellent forum for exchange of expertise and
forging human links. The conference is a place
for finding partners in research projects and for
making business contacts.
The conference is one of the series, which
started in 1985 in Varna. During this time, there
have been great advances in the field of
electron beam technologies. The success of the
previous twelve events clearly demonstrates
that the scientists and engineers, working in the
academia and research organizations as well as
in development laboratories in industry,
continue to make contributions to electron
beam technology development, based on
knowledge of theory, deep understanding of the
manufacturing needs and the intellectual power
of the researchers. The content of the issues of
the Journal ,,Electrotechnica & Electronica
E+E”, where are published the conference

papers, show a great scope of activities and a
big potential of the developed technologies to
increase the industrial fabrications.
As one example of the dynamic
development of EBT field is the additive
manufacturing of three-dimensional metallic
samples by laying down many thin layers of a
material in succession and selective melting of
powder layers. There is also a technology of
additive manufacturing, which uses the welding
chamber and the electron beam molten wire
deposition, made layer by layer. Dissimilar to
traditional manufacturing or printing processes,
there is no drilling, cutting or welding involved
in the process, making it clean, fast, and
efficient manufacturing process with minimal
wastage of raw materials. The process involves
the use of CAD software for construction of
elements, and then these 3D structures are
transferred to the printer so it “prints” in the
desired
shape.
Additive
manufacturing
technology of metallic samples, also named 3D
printing is found to have various applications
across several sectors such as aerospace,
automotive, healthcare (orthopaedic implants),
construction, jewellery and others. Together
with Laser selective melting (LSM), that is used
to create three-dimensional object by selective
melting of many thin layers of a powder in
succession and Laser Metal Deposition-wire,
the electron beam additive manufacturing has
prospects to grow rapidly. The global 3D
printing market is expected to be worth USD 34
Billion by 2024, at a Compound annual growth
rate (CAGR) of 26.2% between 2019 and 2024.

One of the greatest benefits of this more
modern technology is the greater range of
shapes, which can be produced. Designs that
can’t be manufactured in one entire piece with
traditional means can be easily achieved. For
example, shapes with a scooped out or hollow
center can be produced as a single piece,
without the need to weld or attach individual
components together. This has the advantage of
being stronger; no weak spots, which can be
compromised or stressed.
The additive manufacturing process is quick
in comparison with traditional machinebuilding technologies, were an endless round of
meetings from engineers in order to be able to
tweak designs is needed. With the assistance of
the CAD software, making any changes takes
simply the click of the mouse. Rapid
prototyping by additive manufacture in
particular is very quick, with full models
produced literally overnight in some cases. This
provides companies with far more flexibility,
and also has the result of slashing costs too.
The EBM process has been “labelled” as
slow and expensive, when compared to LSM.
However, it has the capability of creating fully
dense parts in a variety of metal alloy
applications and it does not need inert
atmosphere for protection molten metal. The
EBM additive manufacturing has been
particularly effective in the medical industry for
producing implants and in the aerospace sector
for lightening parts. However, for all the
powder bed processes, the deposition rate is
low and the fabricated component size is
limited to the bed size, which restricts its
application to relatively small components;
typically, less than 400 x 400 x 400 mm in
length, width and height.
The second kind electron beam additive
manufacturing process utilizes wire feedstock
and an electron beam heat source to produce a
near-net shape part inside the vacuum chamber
of the welding equipment. Starting with a 3D
model from a CAD program, which is
converted to CNC code, the electron beam

deposits metal, via the wire feedstock, layer by
layer, until the part reaches near-net shape.
Once the part reaches near-net shape, it
undergoes finishing heat treatment and
machining. The process itself is scalable for
components from millimetres to multiple
meters in size, limited only by the size of the
vacuum chamber.
The capability to achieve predictable and
repeatable operations is important for wire feed
additive manufacturing, and consequently an
increase of the stability of the deposition
process is needed. The EB additive
manufacturing gross deposition rates range
from 3 to 9 kg of metal per hour, depending
upon the selected material and part features,
making it the fastest metal additive
manufacturing process in the market. The
reported maximum deposition rate of laserbased wire feed is 48.0 g/min, which is
translated to 2.9 kg per hour. Typical LSM and
EBM metal powder AM approaches, on the
other hand, produce 0.1 to 0.2 kg per hour.
As Editors of this issue we hope that
conference papers, published here, will provide
the subscribers of ,,Electrotechnica &
Electronica E+E” or the readers of university
libraries new portion of actual information
concerning the science and application of
intense electron beams. We hope that the
published papers will bring some ideas about
new research and development. On behalf of
the International Organizing Committee of the
EBT 2018 and of behalf of the Editorial Board
of the journal “Electrotechnica and Electronica”
we express our thanks to all the participants and
their Institutions for the contribution to the
realization of the conference and the
cooperation to prepare this issue.
Prof. Georgi Mladenov,
Assoc. Prof. Elena Koleva
Co-chairmen of EBT 2018
Editors of this issue

ADDITIVE MANUFACTUTING, SELECTIVE MELTING
Enhanced process control during selective electron beam melting
through advanced machine technology
Christopher Arnold, Fuad Osmanlic, Christoph Pobel, Max Wormser, Carolin Körner
Selective electron beam melting (SEBM) is a promising approach in the fields of additive
manufacturing of metals. It opens the possibility to produce complex geometries and to process a wide
range of metallic alloys for various applications. To achieve a high level of quality for every component,
the process parameters should be adapted to the characteristics of the required geometry. Currently
available machine technology is not yet qualified for this kind of adjustment. To overcome the
limitations, an advanced machine technology is introduced, which delivers new possibilities for process
monitoring and control.
Keywords – additive manufacturing, backscatter electron detector, molten layer defects,
selective electron beam melting, Ti-6Al-4V powder.

Introduction
Selective electron beam melting (SEBM) is an
additive manufacturing process that is based on layerwise and selective consolidation of metal powder. It
offers the possibility to produce complex shapes and
to process sophisticated metal alloys. The barrier for
industrial breakthrough of additive manufacturing
technologies is currently seen in a lack of repeatability
and process control [1]. To overcome these
limitations, many process parameters and their
respective influence on the process have to be
considered.
SEBM is an additive powder-bed fusion process. A
rake system within a vacuum chamber is used to apply
a defined powder layer. As a first step, the powder
layer is slightly sintered by heating it up with a fast
and defocused electron beam. The resulting particle
connectivity provides sufficient electrical conductivity
and mechanical stability for the next step in which a
focused electron beam selectively melts the current
cross-section of the desired geometry. Afterwards the
next powder layer is applied and the cycle repeated
until the final solid part is obtained.
In SEBM, there are two kind of approaches on
process monitoring. First, there is the application of
light
optical
systems,
especially
infrared
thermography (IRT), which offers the possibility to
generate images and to evaluate the thermal
“Е+Е”, vol. 53, 3-4, 2018

distribution along the build area [2 – 5]. Main
drawback of this approach is the susceptibility of light
optical systems to metallization caused by melt pool
evaporation, which has to be counteracted by
additional protection systems [2, 5].
The second approach besides light optics is
electrons optics (ELO). It has been shown that
backscatter electrons can be used to acquire layer-wise
images during the SEBM-process and afterwards
reconstruct a 3D-density map of the sample [6]. While
this has been shown for the production of simple
cuboid samples with varying beam power, this
approach is in the following about to be extended to
complex geometries with varying scan length.
Experimental
The additive manufacturing process was performed
using an in-house development EBM system which
combines the vacuum chamber, including powder
management and build tank, of an Arcam EBM S12
and an electron beam welding gun by pro-beam AG &
CO. KgaA (Planegg, Germany). The gun operates
with an acceleration voltage of 60 kV while the
tungsten filament delivers a beam power up to 6 kW.
The system has incorporated a backscatter electron
detector which provides the possibility of recording
electron optical images.
The manufactured component was a bracket made
of Ti-6Al-4V, which was built on request of an
51

external partner. It is meant to be inserted in an
application which is critical in terms of weight. To
reduce the required mass of the component a topology
optimization was applied by the external partner.
Considering the complex shape of the component and
the small lot size which was requested, the bracket
was an ideal part to be produced by additive
manufacturing and to evaluate the capability of ELOimaging. The geometry of the bracket, which has size
of about 55 × 10 × 38 mm³, is depicted in Fig. 1.

Fig. 1. Computer model of the bracket to be built by
selective electron beam melting.

The process parameters for Ti-6Al-4V were chosen
according to previous investigations [7]. The
preheating was set to operate the process at a target
temperature of 1023 K (750 °C). Furthermore a
controlled vacuum of 2e-3 mbar of Helium atmosphere
was applied. The cross-section was melted using a
standard hatch pattern whereby the scan direction of

adjacent hatch lines was alternated by 180°, often
referred to as a snake-like manner. The line spacing
was constant at 100 µm while contour melting was not
applied. The hatch direction was rotated by 90° after
each layer. The layer thickness was constant at 50 µm.
Feedstock was gas-atomized Ti-6Al-4V powder
supplied by Tekna Advanced Materials Inc.
(Sherbrooke, Canada) with a particle size distribution
between 45 and 105 µm.
The backscatter electron detector had been used
during the whole process to capture post-hatching
electron optical images of the sample surface. The
pixel resolution was set to 75 µm/pixel while the
beam diameter was around 300 µm. To receive a
suitable backscatter signal, the exposure time was set
to 0.4 µs/pixel and the beam current to 3 mA.
To visualize the defect distribution and the defect
geometry, a virtual longitudinal cross-section of the
sample was calculated from the layer-wise captured
ELO-images. The ELO-images were stacked upon
each other in chronological order to reconstruct a 3D
density map of the sample. To achieve a correct ration
between x/y and z-coordinate, pixel resolution and
layer-thickness had to be taken into account. The 3D
reconstruction was afterwards virtually cut in
longitudinal direction (y = const.) to get the desired
cross-section in x-z-direction.
Results
Fig. 2 shows the ELO-image of the component
cross-section in an exemplary height of ca. 20 mm.
Most of the molten surface is smooth and dense.
Nevertheless, there is a distinctive pore in the narrow
part of the component. At the upper edge of the melt

Fig. 2. Left: Electron optical (ELO) image acquired by backscatter electron detection. Depicted is the component
cross-section at a height of ca. 20 mm. While most of the surface is smooth and dense, there is a single pore in the
narrow part of the component. Right: Longitudinal cross-section through the 3D reconstruction of the component. It
can be seen that the porosity seen in the 2D-ELO-image spreads across multiple layers.
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surface, there are some small dark regions which look
like pores or an increase in surface roughness.
The right side of Fig. 2 shows a corresponding
longitudinal
cross-section
through
the
3D
reconstruction of all ELO images. The y-coordinate
for cutting the object is chosen in a way that the
distinctive porosity which can be seen on the left side
of Fig. 2 lies inside the cross-section (marked by the
dashed line). It can be seen that the geometry of the
bracket is depicted correctly by the 3D reconstruction.
The pore observed in the layer-wise ELO-image is
expanded to a channel-like porosity, which spreads
across multiple layers. Inside the component there are
even more channel-like pores in different regions and
with different sizes. Especially in the bottom part of
the component, the porosity is strongly increased.
The production of complex geometries by selective
electron beam melting is prone to generation of
defects. As seen on the left side of Fig. 2 there is a
single defect in a narrow part of the component. There
is a high probability that this defect will decrease the
mechanical stability of the component, especially with
respect to dynamic loading. The reason behind the
defect generation is the occurrence of strongly
different scan lengths and the usage of beam
parameters which are not adjusted accordingly. In the
example above, the scan length differs strongly
between the x- and y-direction. This leads to
inhomogeneous thermal conditions which have a
negative impact on the consolidation behavior of the
material. A second effect can be observed at the upper
edge of the melt surface. There are small dark regions
which increase the roughness of the edge between
melt surface and surrounding powder. This can be
explained by the overhang of the component in this
section of the layer. The consolidation of material and
the formation of a smooth molten layer is hampered
by the powder layer, which shows a different surface
tension and different thermal properties compared to
the compact material. While this effect is only small
in the discussed example, it is very critical for strong
overhangs, e.g. when building a T-beam structure.
Information about the three-dimensional structure
of the defects may be obtained by stacking the
acquired ELO-images layer-wise upon each other. As
shown by previous investigation [6], there is a strong
relationship between surface defects recorded by
ELO-imaging and the volume defects of the final
component. By considering the right side of Fig. 2 it
can therefore be assumed that the distinctive pore,
which was observed in the ELO-image, is part of a big
channel-like porosity. The formation of these pores is
discussed in detail by Bauereiß et al. [8]. The
“Е+Е”, vol. 53, 3-4, 2018

longitudinal cross-section also cuts other pores inside
the component. Especially, there is a strong porosity
in the bottom part of the component. This is due to the
transition from the support structure, which is
arranged between base-plate and component, to the
first layers of the component. These first layers are
manly build upon sintered powder which is not
homogenous but shows a statistic distribution. Like
the overhang-phenomena mentioned before, this leads
to an increased probability of pore formation. If the
energy input is high enough, these pores are filled in
subsequent layers. Nevertheless, there is a remaining
amount of porosity in the first layers of the
component.
To overcome the problems resulting from nonconstant scan-length and overhangs, the local energy
input has to be chosen by taking into account the
geometry of the component. This can be achieved
either by empirical adaption of the parameters or even
better by development of a suitable model which
considers the three-dimensional geometry, the moving
heat source and the different thermal properties of
material and powder-bed. Furthermore, full beamcontrol is required to implement advanced scan
strategies into the process.
Conclusions
Electron optical imaging by backscatter electron
detection is a suitable approach for process monitoring
in selective electron beam melting. It is capable of
visualizing defects in the molten layers without further
requirements concerning sample preparation. By
delivering fast and detailed information about the
condition of every molten layer, it strongly contributes
to the understanding of defect generation mechanisms.
It is a suitable tool for process monitoring which helps
to evaluate the quality of the resulting component. In
future, it will be a fast and reliable method to evaluate
the success of advanced melt strategies which take
into account the geometry of the component.
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Wire-based electron beam additive manufacturing of blocks and
complex shape parts
Vitaliy H. Zaleski, Igar L. Pobol, Andrey A. Bakinovski, Artem D. Gubko,
Alexander A. Burin
In this paper, we investigated the possibility of complex geometric shapes thin-walled samples, as
well as bulk specimens fabrication by the Electron beam additive manufacturing (EBAM) method from
titanium, stainless steel and aluminium alloy. The microstructure of the samples is analyzed. The
influence of the interval between adjacent layers deposition on a microstructure is described on the
example of stainless steel.
Keywords – electron beam additive manufacturing, layer deposition time interval,
microstructure analysis, wire feeding.

Introduction
In addition to such advantages as material saving,
reducing production time, additive technology can
provide the designer more freedom in choosing the
shape of the part being manufactured [1, 2]. Direct
deposition technologies have some limitations, for
example, do not allow the production of internal
channels. But this method is much easier and faster to
thin-walled complex geometric shapes details
manufacturing. This paper describes the authors
experience in the complicated thin-walled and bulk
parts production by the electron beam additive
manufacturing method.
Materials, equipment, methodology
For structure formation during EBAM study,
experiments with austenitic stainless steel wire of 1.2
mm in diameter from as a build material were carried
out. Middle carbon steel plate 7 mm thickness was use
as a substrate.
Thin-walled complex geometric shapes details
were made of pure titanium. The diameter of the wire
is 1.2 mm. Substrate from the same metal was used.
The bulk multibead samples were made of Al-Si
alloy. The substrate is pure aluminum. KL156
machine (Fig. 1) designed for electron beam welding
was used as EBAM equipment by modernization.
Wire feeder was installed on the electron beam gun.
The wire feed control is output to the operator
console.
In a vacuum chamber with dimensions of
3000×3000×4500 mm, 30 kW electron-beam gun
“Е+Е”, vol. 53, 3-4, 2018

placed. Stepper motors provide the electron beam gun
to move in 5 axes. The combination of mechanical
and diffusion pumps allows to maintain pressure in
the chamber up to 5 × 10-3 Pa.

Fig. 1. Electron beam welding machine KL156.

Table 1
Process parameters
Parameter/
material
I, mA
If, mA
vw, mm/s
vg, mm/s
h, mm

Stainless
steel
70-60
530
5
7-12
0.5-2

Titanium

Silumin

50-30
700
3
8-12
0.5-2

15-30
530
5
7-12
0.5-2

Parameters of the EBAM process of stainless steel,
titanium and Al-Si alloy are presented in Table 1. The
process main parameters are: beam current (I, mA),
focusing current (If, mA), wire feed speed (vw, mm/s),
gun movement speed (vg, mm/s), the z axis step gun
55

need to move up to for a next layer deposition (h,
mm).
During the first layers deposition, higher energy
costs are required because the substrate has a room
temperature. Therefore, in the beginning of the
process the current must be increased and the gun
speed decrease. Such a regime change leads to the
height of the deposited layer increase. Therefore,
parameter must be increased up to 2 mm for the first
layers.
Metallographic analysis of the samples were
carried out on the optical microscope Planar MI-1. For
the specimens surface etching the Marble reagent was
used.
Results
The aim of the first stage of the research was to
verify the possibility of thin-walled samples
fabrication by a continuous and cyclic direct
deposition. Continuous direct deposition is suitable
for fabrication of details that have closed loop shape
like a octahedron (Fig. 2a). Using of cyclic direct
deposition is necessarily when we manufacture nonloop shape like a wall (Fig. 2b).

its position in the first layer. To confirm this, it was
decided to fabricate a screw-type specimen with a
height of 110 mm, a length of 110 mm, a wall
thickness of 4 mm with 30° angle of rotation. Initially,
the 3d model of the product was made (Fig. 4a, Fig.
4b).

a)

b)

Fig. 3. Closed loop shape (a) and non-loop (b) samples
made by EBAM [3].

a)

a)

b)

b)

Fig. 2. Closed loop shape (a) and non-loop (b) samples
made by EBAM [3].

The next step is to qualitatively and quantitatively
evaluate the possibility of displacement of the layers
relative to one another in the XY plane during
deposition. For this purpose, a number of experiments
with titanium were performed, the scheme of which is
shown in Fig. 3. The sample in which every layer was
shift relative to the previous one in the XY plane
increased with n, 2n, 3n, etc. was made. In this case,
the direction of the electron beam was always strictly
vertical and the substrate was parallel to the horizon.
The experiment showed that it is possible to carry
out relative displacement of adjacent layers without
defects forming up to 1/3 of the layer thickness, which
corresponds to a value of 1.33 mm for a wall 4 mm
thick. In accordance with these data, we have the
opportunity to shift any point in the last layer by 66.5
mm on a thin-walled sample 100 mm high relative to
56

c)
Fig. 4. 3D-model of screw-type specimen (a, b) and layers
displacement scheme (c).

a)
b)
Fig. 5. The screw-type sample made by EBAM from
titanium.

“Е+Е”, vol. 53, 3-4, 2018

Then, based on the experimental data, a scheme of the
layers relative displacement to each other was
constructed (Fig. 4c).
After carrying out all the necessary experiments to
test the regimes, a screw-type specimen was made
(Fig. 5).
To obtain bulk details by the EBAM method, it is
necessary to work out multi-bead samples fabrication.
For this aim, first of all a two-bead sample were made
from titanium (Fig. 6b) according to the scheme
shown in Fig. 6a.

stage previous layer serves an intermediate link
between the deposited metal and the substrate.
Fig. 8b shows the microstructure at the boundary
of the layers, which were deposited immediately after
each other (at intervals of about 1 minute) and with a
long pause between the deposition (about 2 hours)
(Fig. 8c).

a)
a)

b)

Fig. 6. Scheme of layers placement (a) and specimen made
by this scheme by EBAM from titanium (b)

The multi-bead sample was made of an Al-Si alloy
(Fig. 7b) according to the scheme shown in Fig. 7a.
All layers were deposited in one direction.
Specification of silumin thermal-physical properties
requires maintaining the workpiece temperature in a
certain interval during the process. Cause of this is a
strong increases of Al-Si alloy flow in the high
temperature. It leads to loss of control of the sample
geometry as well as the metal porosity increasing.

b)

c)
Fig. 7. Scheme of layers distribution (a) and specimen
made by this scheme by EBAM from silumin (b)

Fig. 8. Microstructure of stainless steel specimen made by
EBAM in the top layer (a), on bounder of the layers
deposited in the 1 minute period (b) and in the 2 hours
period (c).

Microstructure analysis
Fig. 8 a shows a typical microstructure of the
welded stainless steel material. Such a structure is
formed in each deposited layer. It is a chaotically
oriented dendrites of small length (up to 1 mm).
However, when the next layer deposited, a remelting
of one or several (depending on the regime) previous
layers, already crystallized occurs. During the
recrystallization the metal of the layer acquires a
characteristic dendritic structure with the heat sink
orientation of the biger axes (Fig. 8b), because at this

The interval between the layers deposition directly
affects the temperature that the already crystallized
part of the produced sample will have during the next
layer deposition. The temperature difference between
the melt bath and the solid metal of the sample affects
the crystallization rate, heat removal and ultimately on
the microstructure. It can be seen from Fig. 8c that the
microstructure of adjacent layers is very different:
Large dendrites about 100 μm wide in the lower layer
and fine (up to 5 μm) dendrites in the upper layer.
A sample made by layer-by-layer electron-beam

a)
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b)
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surfacing from pure titanium has a grain structure. The
grain size gradually increases in the direction of the
sample growing. Probably, this is due to the number
of thermal cycles of heating and cooling that each
deposited layer of metal pass through during layer-bylayer deposition. Titanium is polymorphic material,
i.e. can exist in two modifications: a high-temperature
β-phase with a body-centered cubic lattice and a lowtemperature α-phase that has a hexagonal closepacked lattice. The temperature of titanium
polymorphic transformation is 882 °C. Thus, the
removal of heat from the melting pool during the
deposition of the next layer provokes recrystallization
in the metal of several previous layers.

50 to 300 μm (Fig. 9b). This may indicate the
presence of an α'-phase in the structure. High rates of
metal cooling during electron-beam melting allow
this.
During each recrystallization, the size, shape and
location of the grains in the metal changes. Therefore,
the boundaries of the deposited layers are not
observed on the macrostructure. The microstructure of
the sample is very heterogeneous for the reasons
described above. However, sections with an equiaxed
grain structure were not found. Large grains that are
visible on macrosections (Fig. 9a) have many
subgrains of complex angular shape with sizes from
50 to 300 μm (Fig. 9b). This may indicate the
presence of an α'-phase in the structure. High rates of
metal cooling during electron-beam melting allow
this.
Conclusions
The possibility of complex geometric shapes thinwalled samples, as well as bulk specimens fabrication
by the EBAM has been shown. The influence of the
interval between layers deposition on the
microstructure of samples made by EBAM is studied.
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a)

b)
Fig. 9. Macrostructure (a) and microstructure (b) of
titanium specimen made by EBAM

During each recrystallization, the size, shape and
location of the grains in the metal changes. Therefore,
the boundaries of the deposited layers are not
observed on the macrostructure. The microstructure of
the sample is very heterogeneous for the reasons
described above. However, sections with an equiaxed
grain structure were not found. Large grains that are
visible on macrosections (Fig. 9a) have many
subgrains of complex angular shape with sizes from
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Advanced technical and technological solutions for additive
manufacturing by xBeam 3D metal printing
Dmytro Kovalchuk, Vitalii Melnyk, Ihor Melnyk, Borys Tugai
The electron beam additive manufacturing technology named xBeam 3D Metal Printing was
presented at EBT-2016 Conference in Varna in summer of 2016. It was announced an expectation that
this new technology can solve the most critical problems of numerous existing metal additive
manufacturing processes and systems, including conflicts between accuracy and productivity, high
quality and production cost, availability and price of raw materials and equipment, numerous afterprocessing operations as well.
Authors will present the technical and technological progress in development of the xBeam 3D
Metal Printing achieved on the base of the pilot xBeam 3D Metal Printer in near production
environment since that time. Results of numerous experiments with the most important materials for
metal additive manufacturing like titanium alloys which have proved possibility to produce defect-free
material with good metal structure and high mechanical properties will be demonstrated. Numerous
exclusive technological opportunities provided by xBeam 3D Metal Printing will be presented.
Economic efficiency of the xBeam 3D Metal Printing will be also analyzed on the base of testing
manufacture of real industrial parts from titanium alloys.
Keywords – defect free structure, hollow electron beam, low voltage gas discharge electron
beam gun, wire feeding, xBeam 3D metal printing.

Introduction.
3D
Metal
Printing
as
Breakthrough Manufacturing Technology
Recently Additive Manufacturing (AM), also
known as 3D printing, has become one of the most
interesting and prospective trends in the development
of production technologies. Additive Manufacturing is
already used in various industries as a quick and
convenient method of making prototypes and testing
samples, both from polymer materials and from
metals [1]. Many industrial and financial analytics are
using even such definition of this new manufacturing
approach as part of the Third Industrial Revolution [2,
3].
3D Metal Printing probably is the most important
sector of Additive Manufacturing industry because it
can really become large scale production solution in
different industries which can make product cheaper
and supplies faster. For example the annual rate “10
Breakthrough Technologies 2018” published by
Massachusetts Institute of Technology in MIT
Technology Review placed 3D Metal Printing on the
top position [4].
Some 3D metal printing technologies, first of all
that which are based on the methods of selective
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melting of the prepared powder layer using laser or
electron beam as power source ("powder bed"
technology), are already widely used in the production
of real products, for example, various medical
implants [5]. There are also examples of the
manufacture of some products for aerospace [6], as a
rule, these are parts that do not carry critical loads.
General growth rate of additive manufacturing
industry demonstrated during last years was exciting –
for example sales of metal 3D printing systems in
2017 have exceeded the same indicator of 2016 more
than 80% [1].
However, this highly impressive current market
growth rates is due to very small previous base of
comparison. Real application of metal additive
manufacturing in mentioned industries and especially
in wide conventional manufacturing sector is still very
limited, and it represents only less than 0.1% of the
total manufacturing market [1].
According to opinion of AM experts, much more
manufacturers of metal parts would become the users
of 3D metal printing if developers of metal AM
technologies and equipment provide the following:
1) will reduce cost of AM parts, 2) will streamline
process validation and quality assurance, and 3) will
extend the capability of AM equipment [7, 8].
“Е+Е”, vol. 53, 3-4, 2018

But real possibilities of the most mature metal AM
technologies to meet these expectations look quite
limited.
For example the most advanced powder-bed metal
AM technologies allow manufacturing of very
complex and fine parts with rather high accuracy up to
20 – 30 microns. But there are number of significant
issues in these technologies. They have very low
productivity and limited size of 3D printed parts
aggravated by quite limited possibilities to improve
these characteristics because of physical and
metallurgical reasons. In spite of possibility to build
quite fine shapes, these technologies have significant
problems in providing of correct correspondence with
initial part’s models due to residual stresses and
distortions. Metal structure and properties of as-built
material often do not meet requirements of appropriate
standards which require proper improvement by
application of numerous additional post-processing
operations like heat treatment and HIP (hot isostatic
pressing) [8, 9]. Also such technologies have very
high requirements to applied powder, resulting in high
price of consumed materials. All together such
drawbacks result in very high production cost of final
parts which are not acceptable for wide industrial
application [10].
Additive manufacturing technologies where wire is
used as feedstock material cover an opposite sector of
AM market providing production of large parts with
high productivity. Electron beam, plasma, welding arc
or laser can be applied as power source in such
technologies with different efficiency. But parts
produced by any of these technologies require
significant post-processing because of very rough
surfaces and low accuracy of printed shapes. In
addition equipment for running such technologies is
very expensive. From the point of view of material
properties electron beam methods look more reliable
solution especially for reactive metals due to operation
in vacuum [11, 12].
Potential demand on large metal parts which can
be produced by wire-based AM 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
[1]. But real progress in wide implementation of these
technologies is still quite limited because of numerous
technological issues and still high production cost of
final parts initially produced by 3D printing.
Technological problems mainly concerns still
much post-processing and providing of good and
repeatable metal structure of produced parts [8]. Both
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problems are resulted from limited control of power
input into deposition area which is character for all
existing wire-based metal AM methods. In addition all
such existing methods require very complicated
control solutions because of complex configuration of
the elements of deposition process.
xBeam 3D Metal Printing - The new exclusive
solution for additive manufacturing
xBeam 3D Metal Printing is an advanced additive
manufacturing technology which can become the real
solution of many of above mentioned drawbacks of
existing additive manufacturing technologies [1, 13].
It is based on direct energy deposition approach with
exclusive profile electron beam as source of heating
and wire as feedstock material. The technology has
been invented and patented [14] by NVO Chervona
Hvilya (Ukraine) – company with long history and
great experience in the development of the electron
beam technologies of different applications using gasdischarge electron beam guns.
The effectiveness of the technology is attributed to
key physical and engineering ideas: 1) hollow conical
electron beam is used for creation of molten pool on
the substrate and for melting of feedstock material; 2)
feedstock is supplied exactly in the center of molten
pool through feedstock guide coaxially with electron
beam; 3) low voltage gas discharge EB gun and
feedstock guide are forming together a common
functional assembly (see general scheme of xBeam
technical concept on Fig. 1).

Fig. 1. General technical concept of the xBeam.

The unique configuration of the electron beam, the
mutual arrangement of this beam and the fed
consumable wire, the possibility of fine regulation of
the electron beam power generated by gas-discharge
electron guns and automatic control of motion of wire
and substrate, all together provide exclusive
capabilities for controlled layer-by-layer formation of
three-dimensional products with specified geometric
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parameters and the required metal structure of the
deposited material.
The axisymmetric almost round shape of the
molten pool and vertical supply of the feedstock wire
to the center of this molten pool (see Fig. 2) ensure an
absence of any shaded areas on the substrate which
prevents the formation of porosity and lack-of-fusions
in the deposited layers.

correspondingly, the wall thickness of the threedimensional part to be produced is realized.

Fig. 3. Photo of the spreading of liquid metal from the end
of the wire along the substrate.

Fig. 2. Schematic view of melting zone in xBeam printing.

The feedstock wire in such configuration is
completely enclosed by the precisely and flexibly
regulated energy flow with gradually distributing
power
concentration,
providing
absolutely
axisymmetric and uniform preheating and controlled
melting of the consumable material.
Such an axisymmetric configuration of thermal
fields and mass transfer greatly simplifies the
mathematical modeling of the process, which is very
important for improving the control of the
technological process in order to obtain the predicted
and specified material properties [15].
One of the most important and exclusive features
of the xBeam 3D Metal Printing is the continuous
transfer of liquid metal from the end of fed
consumable wire to the substrate. As soon as the
liquid metal formed at the end of the supplied wire
touches the liquid metal in the pool on the substrate,
the liquid “bridge” is immediately formed between the
end of the wire and the substrate. Liquid metal from
the end of the wire smoothly and uniformly flows onto
the substrate under the influence of the gravity forces
via this “bridge” which is reliably maintained by the
surface tension forces (see Fig. 3). The liquid metal
which has reached the substrate immediately spreads
within the boundaries of the currently existing melt
pool, which is determined by the boundaries of the
focus area of the electron beam to the substrate, due to
complete adhesion between homogeneous liquids.
Once the liquid metal reaches the solid metal on the
substrate outside the pool, it immediately stops further
movement and solidifies. Thus, a reliable and at the
same time flexible mechanism for forming a
deposition bead of a predetermined width and,
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The main deposition parameters in xBeam process,
including deposition rate, bead’s width, layer
thickness as well, are controlled by only a few easily
regulated technological parameters:
- EB power which can be fast and precisely
regulated;
- The gap between the wire outlet hole and the
substrate (called Z-factor) which determine the
distribution of total electron beam power
between wire and substrate (see Fig. 4);
- Substrate translation speed.

Fig. 4. The gap between the wire outlet hole and the
substrate (Z-factor).

Fixed Z-factor under steady power exactly
determines the share of total power which drops onto
the wire and possible amount of the wire which can be
melted per unit time that is the deposition rate. It
means that maintaining of the fixed levels of these two
parameters provide reliable setting up of the
deposition rate. Also Z-factor determines the width of
electron beam footprint – that is approximate width of
the deposition bead. Then by change of substrate
speed we can spread the same fixed amount of added
material along the different distance per unit time but
within fixed width of the bead. So only by change of
these few parameters the number of different bead
configurations can be provided (see Fig. 5).
This approach allows very flexible capabilities to
form different deposited walls and to provide different
cooling/solidification conditions with proper influence
on material properties. For example as fine as 0.6 mm
layer thickness was received by deposition of the
“Е+Е”, vol. 53, 3-4, 2018

stainless steel wire Ø2 mm using this approach
resulting in very high cooling rate of deposited metal.
In another experiment as thick as 1.75 mm layer was
received from titanium wire Ø3 mm under conditions
when wire was not completely melted and deposition
was realized in semi-liquid (soft) state (see Fig. 6).
Fig. 8. Sample of Ti-6Al-4V, wire ø3 mm, single bead, 70
layers, H ~ 120 mm, productivity ~ 3 kg/h - wall thickness
3.1 – 3.3 mm with maximum deviation in thickness 0.3 mm.

Fig. 5. Different configurations of the deposited beads
depending on deposition conditions.

a
b
Fig. 6. Walls formed under different deposition strategy:
a - stainless steel 304L, wire Ø2 mm, layer thickness 0.6
mm; b - titanium alloy Ti-6Al-4V, Ø3 mm, layer thickness
1.2 mm.

Such easy control of the main deposition
parameters provides very high repeatability both of
the geometry of built parts and their internal
properties. All built walls demonstrated good accuracy
and low roughness of the side surfaces independently
on height and thickness of the samples (see Fig. 7).

Fig. 7. Sample of Ti-6Al-4V, wire ø3 mm,
1 and 3rd walls – single-bead, W ~ 4.1 – 4.2 mm,
2nd wall – triple-bead, W ~ 12.1 – 12.3 mm,
4th wall – double-bead, W ~ 8.0 – 8.2 mm
st
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Usually roughness did not exceed 0.5 mm which
results in highly reduced amount of material and time
losses for post-processing machining (see Fig. 8).
An extremely important feature of the xBeam 3D
Metal Printing technology is the significantly lower
power concentration of the heating source (electron
beam) generated by the low-voltage gas-discharge
electron-beam gun in comparison with the heating
sources of all other currently known metal additive
manufacturing processes. As a rule, developers of 3D
metal printers are using the heating sources
(thermionic type electron beam guns, lasers, plasma
torches as well) designed for welding processes where
high power concentration (up to 105 ... 106 kW/cm2)
was required. In case of laser and welding electron
beam guns the low nominal power was compensated
by very small focus (usually from tens to hundreds of
microns). In additive manufacturing an excessive
power concentration can lead to creation of too deep
(and sometimes wide) melting pool which can melt a
few previous layers down, resulting even in formation
of defects in the product. Therefore, the power of high
concentration must be distributed over the surface by
means of scanning with a high frequency, which is a
complicated technical problem first, and secondly, it
breaks the continuity of the process of formation of
the deposited layer.
Special gas-discharge electron beam gun designed
for the xBeam 3D Metal Printing technology (xGun)
generates an electron beam at a low accelerating
voltage less than 20 kV, which at ultimate power level
about 20 kW and minimum focus of about 1.5 mm in
diameter provides very soft and smooth heating of
processed surfaces without scanning. Power
concentration in the focus of such electron beam does
not exceed 103 kW/cm2. The impact of such a beam
on the surface makes it possible to form very shallow
molten pool on it, which is sufficient to create
conditions for spreading the incoming liquid metal
above maintained liquid phase on the substrate with
minimal heat affected zone on the substrate, around
and below the deposition area.
This feature provides a few very important
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technological effects.
Low specific power input of xBeam process
strongly reduces residual stresses and distortions of
produced parts which currently is one of the critical
problems of existing wire-based metal AM methods.
A mathematical model of the formation of a threedimensional object by layer-by-layer deposition using
xBeam 3D Metal Printing technology was developed
to study the three-dimensional kinetics of temperature
fields and the stress-strain state of three-dimensional
objects [15]. The calculations have demonstrated the
possibility to provide relatively small level of residual
distortions in the substrate (see Fig. 9a) which is also
confirmed by experiments (Fig. 9b).

Fig. 9a. Dependence of substrate bending (residual
distortion) from the length of the sample according to
mathematical model.

Fig. 9b. Sample made by deposition of Ti 6Al-4V wire ø3.0
mm, base Ti 6Al-4V plate 5.0 mm.

Special experiment was made in order to
demonstrate really low power input on the substrate.
In this experiment the CP titanium wire Ø3 mm was
used as substrate instead traditional plate. Deposition
process was run under the same strategies and
parameters as usual. Received samples demonstrated
that substrate wire practically was not melted outside
deposition area, it kept the straightness and round
shape of the substrate wire along built walls (see Fig.
10).
In addition to technology demonstration purposes
this experiment has showed the opportunity to save a
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lot of material in cases when substrate plate is not a
part of the final 3D printed parts.

Fig. 10. Sample of Ti-6Al-4V, substrate wire ø3 mm,
deposited wire ø3 mm.

The experiments where samples with overhangs
were built without forming of special supports (like in
powder-bed processes) was another demonstration of
the same technological feature. In these experiments
each next layer was deposited onto the previous one
with the shift which was increased with each next
layer from initial 0.1 mm up to 1.9 mm (see Fig. 11).
Finally, the inclining angle about 60° from the vertical
was reached with the deposited wire Ø3 mm. Such
technological approach can be used for creation of
quite complex shapes of 3D printed parts, which is
traditionally difficult for wire-based AM processes.

Fig. 11. Sample of Ti-6Al-4V, wire ø3 mm, maximum shift
1.9 mm from the previous layer.

Creation of the rough column structure in
deposited materials is one of the serious problems of
the existing AM technologies. Such character of
structure causes non-uniform properties of deposited
material in different directions. This problem
sometimes is so critical that additional thermomechanical processing like rolling or forging is
applied in order to break these columns and to form
fine uniform metal structure similar to wrought
material [16, 17]. These unavoidable steps lead to
growth of general operation costs and lead time
resulting in general reduction of additive
“Е+Е”, vol. 53, 3-4, 2018

manufacturing attractiveness.
Possibility to form very shallow molten pool on the
substrate and to deposit quite thin layers accordingly
provided by xBeam 3D Metal Printing results in much
higher achievable cooling rate than in any other AM
technologies. High solidification rate of the metal on
the substrate and in deposited layer results in much
better metal structure of 3D printed metal materials.
Fig. 12a and Fig. 12b show a macro- and
microstructure of the sample made of titanium alloy
Ti-6Al-4V by xBeam 3D Metal Printing. A casting
type structure with equiaxed type grains growing
through the one-two nearest layers boundaries was
obtained, which demonstrate absence of any interlayer
character differences, segregations and defects.
Deposited material has typical intragrain two-phase
(α+β) microstructure.

a

b

Fig. 12. Metal structure of the specimen made of Ti-6Al-4V:
a – macro, b –micro.

Highly dynamic deposition process provided by
xBeam 3D Metal Printing significantly reduces the
specific amount of material that remains in the liquid
phase per unit time. In addition liquid metal is not too
much overheated above melting point thanks to mild
heating and smooth power distribution around
deposition area. These character features significantly
reduce the loss of volatile alloying elements by
evaporation in vacuum. Losses of alloying elements
during deposition is quite painful problem of another
metal AM technologies first of all of that which are
running in vacuum, sometimes even special
composition of initial material is required in order to
compensate future losses and to produce final 3D
printed material within standard specification.
“Е+Е”, vol. 53, 3-4, 2018

Chemical analysis of samples from titanium alloy Ti6Al-4V received in numerous experiments with
xBeam 3D Metal printing have demonstrated only a
little decrease of the aluminum content from initial
5.99% in the wire to final 5.72 – 5.93% (depending on
the process parameters) in the deposited material,
which ensures compliance with the requirements of
standards for this grade. This feature allows the usage
of standard industrial wire which is available in a free
competitive market.
Good and practically uniform metal structure
together with good chemical composition of the
material produced by xBeam 3D Metal Printing result
in good level of mechanical properties. The set of
special samples of titanium alloy Ti-6Al-4V and CP
Titanium Grade 4 was produced on the pilot
installation for basic mechanical testing (tensile
strength, yield strength, elongation, reduction of area
as well). The set included samples with different
thickness and produced under different deposition
strategies and parameters. Specimens were cut from
each sample both in the direction of deposition of the
layers (horizontal direction X) and across the layers
(in the vertical direction X). Testing results presented
in the Table 1 (for Ti-6Al-4V) and Table 2 (for CP TI
Grade 4) demonstrates correspondence of all
specimens with requirements of the main standards.
xBeam 3D Metal Printing equipment
The pilot installation xBeam-01 was designed and
built for exploration study of capabilities of xBeam
3D Metal Printing technology and for testing of the
developed engineering, monitoring and control
solutions (see Fig. 13). Three dimensional objects up
to 300×300×300 mm can be produced on this
equipment. Recharging of feedstock from outside
operating chamber save a lot of time during
experiments. Deposition process can be carried out
within a vacuum range 10-2 ... 10-1 mbar thanks to
ability of a gas-discharge electron beam gun to
operate in a low vacuum. That’s why the installation
is equipped only by one mechanical fore-pump.
Operating of special gas-discharge electron beam gun
under low accelerating voltage about 10 – 18 kV
provides safety working conditions for staff from Xray radiation from operating chamber.
During experimental operation of the pilot
installation xBeam-01 deposition rate up to 700 cm3
per hour was achieved only under nominal power of
special gas-discharge EB gun about 6 kW. It
corresponds to productivity of more than 3 kg per
hour for titanium alloys.
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Table 1
Testing results for Ti-6Al-4V
Specification

Tensile strength, MPA (ksi)
(X-Y)
889
(129)
896
(130)
841
(122)
940-949
(136-138)
906-917
(131-133)

AMS 4999, min
AMS 4928 (Forging Annealed)
AMS 4905 (Beta Annealed)
xBeam 3D Metal Printing
(thick walls)
xBeam 3D Metal Printing
(thin walls)

(Z)
855
(124)

913-926
(132-134)
907-934
(132-133)

0.2% Yield strength,
MPa (ksi)
(X-Y)
(Z)
800
765
(116)
(111)
827
(120)
745
(108)
848-873
829-842
(123-127)
(120-122)
825-837
827-850
(120-121)
(120-123)

Elongation, %
(X-Y)

(Z)

6

5

10

12-17

12-17

14-15

13-14

Table 2
Testing results for CP TI Grade 4
Composition
(control elements)

CP Ti Grade C-2, ASTM
B367
CP Ti Grade 4,
xBeam 3D Metal Printing

Tensile requirements

O

Fe

Tensile strength,
MPa

0.2% Yield
strength , MPa

Elongation, %

< 0.4

< 0.2

> 345

> 275

> 15

0.24

0.24

~ 690

~ 580

~ 25.5

14b),
- xBeamGrand – customized systems for large
parts with any size by customer’s request.

Fig. 14a. xBeamLab

Fig. 13. Pilot xBeam 3D Metal Printer xBeam-01.

Next generation of xBeam 3D Metak Printers are
developing now in three base configurations:
- xBeamLab - laboratory scale system for R&D
and small parts with useful build size
300×300×400mm (Fig. 14a),
- xBeamWorks - medium size industrial system
with useful build size 750×600×400mm (Fig.
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Fig. 14b. xBeamWorks

Economic efficiency
Evaluation of direct and indirect operation costs of
manufacturing of 3D parts by xBeam 3D Metal
Printing technology was made during production of
trial real industrial parts as well as calculation of yield
and general material balance through complete
production chain. The obtained estimation showed
the operating cost for titanium alloys at rate about $40
per kg of finished product, including final machining
of parts to its final form. This corresponds to less than
$0.2 per 1 cm3 of deposited material. It is the lowest
“Е+Е”, vol. 53, 3-4, 2018

value of operating cost among all currently existing
metal AM processes.
Conclusions
Any industry has the same set of ideal
requirements for any production technology - High
quality, Easy operation, Low cost. Only technologies
which provide this “3 in 1” set can reach really deep
and wide industrial application.
Different industries have different priorities.
Aircraft requires high quality, sometimes for any cost.
Producers of metal parts for wide range of civil
application are thinking first of all about production
cost because of competition with numerous alternative
manufacturing solutions. All industries worry about
simplicity in operation and maintenance because it
influences both on quality (due to reduction of human
factor) and on operating cost.
xBeam 3D Metal Printing is able to provide this
complete set of requirements for metal Additive
Manufacturing, mainly thanks to:
- Minimum material losses during final processing
thanks to good deposition accuracy, low surface
roughness and low residual distortions;
- Defect-free metal structure providing good
material
properties
comparative
with
conventional standard requirements for casting
and wrought material;
- The lowest in metal AM industry operating cost
less than $0.2 per 1 cm3 of deposited material;
- Possibility to use cheap standard industrial wire
including larger diameters up to 3 mm as
feedstock;
- Easy and safe running of 3D printing process;
- Reasonable cost of equipment.
xBeam 3D Metal Printing will move metal additive
manufacturing forward to real industrialization.
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Application of additive electron beam technologies for manufacture
of metal products
Vladyslav A. Matviichuk, V. M. Nesterenkov, M. O. Rusynik
The prospects of manufacturing a wide range of parts and units were noted using electron beam
technologies. In the work the features of creating such technology are considered using the domestic raw
materials in the form of powder materials or filler wire. In the laboratory equipment the cylindrical and
rectangular specimens were manufactured, thus proving the possibility of implementing the additive
technology for the needs of industry.
Keywords – electron beam surfacing, products of specified shape, 3D-printing method, powder
materials, filler wires, laboratory equipment.

Introduction
The innovative technologies of layer-by-layer
manufacture of products using the method of a rapid
prototyping open up the new opportunities for
manufacturing parts of a preset shape and structure
with predetermined properties.
The process of manufacturing products by this
method applying electron beam is relatively new, but
it has already successfully demonstrated great
prospects of its use in industry for manufacturing a
wide range of both parts and units of flying vehicles
as well as gas turbine engines. It is based on the
operation of layer-by-layer fusion of metallic powder
or filler wire in vacuum by electron beam. This
approach is distinguished by a rapid transition to
manufacture of three-dimensional products directly
from the system of automated designing with the
opportunity of applying a wide range of metals and
alloys, including heat-resisting alloy and chemically
active ones. All existing industrial developments for
today belong to foreign companies [1]. The use of
technologies and machines for prototyping in our
country is associated with their purchase abroad with
subsequent significant expenses for buying necessary
powders [2] being a consuming and expensive
component of this technology.
The aim of the present work is creating the
additive technologies for manufacture of products of a
preset shape and structure using the methods of layerby-layer electron beam melting of metals in vacuum
with powder materials, i.e. Electron Beam Melting
(EBM), and with filler wire, i.e. Direct Manufacturing
(DM).
To achieve this aim it is necessary:
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 to carry out investigation of properties and
possibility of application of metallic powders
and filler wires for realizing the additive process
of manufacturing and repair of products of
aerospace industry, turbine construction,
machine building and medicine;
 to work out the designing documentation for
basic units of 3D-printer for each of the
investigating additive processes and to
manufacture the experimental laboratory
equipment;
 to develop software for investigations of two
additive processes using electron beam (EBM
and DM) [3];
 to develop additive electron beam technologies
EBM and DM, and also to investigate the
properties of multilayer deposited metal;
 to create an industrial mock-up of the equipment
in the set with the software.
Topicality of work
The technologies and equipment developed will
allow manufacturing metal products using the method
of rapid prototyping applying the domestic raw
materials.
The developing technologies and equipment are
initially oriented to the needs of national enterprises.
For manufacture it is supposed to use inexpensive
domestic raw materials necessary for the
manufacturer. This approach will also provide
manufacturing parts and units by rapid prototyping,
coming from the needs of a consumer and in close
contact with him. The developed technologies will
allow shortening the terms for implementation of new
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types of products, expanding their range, and also
creating the fundamentally new types of products with
preset properties, the manufacture of which is
impossible without 3D-printing methods.
Since there is no equipment for 3D-printing of
national designing, it is relevant to create its hardware
and software in Ukraine for realizing the additive
electron beam manufacturing, free from the imported
raw materials, oriented to implementation at the
enterprises aerospace and turbine industries.
Technology of layer-by-layer electron beam
melting (‘power-bed deposition’) of metals in
vacuum with application of powder materials by
EBM.
The technology of electron beam surfacing is
similar to the selective laser melting applied in
industry. Its main difference consists in using an
electron gun instead of laser as a power source for
melting. The technology is based on using a highpower electron beam for fusion of metallic powder in
the vacuum chamber with the formation of successive
layers repeating the contours of a digital model.
Unlike the technology of laser melting, the electron
beam melting allows increasing the efficiency due to a
high power of guns and electromagnetic, but not
electromechanic, scanning of the electron beam. As
to mechanical properties, the ready products almost do
not differ from cast parts. The device reads data from
a file, containing a three-dimensional digital model,
and deposits the successive layers of powder material.
The contours of layers of the model are plotted by an
electron beam, thus melting the powder at the contact
areas. The melting is performed in vacuum working
chambers, which allows working with chemically
active metals, sensitive to oxidation, for example, with
titanium and its alloys.
The electron beam melting is carried out at
elevated temperatures, reaching the order of 700 –
1000 °C, which allows creating the parts with lower
residual stresses, caused by a temperature gradient
between already cooled and still hot layers. In
addition, the full melting of consumable powder
allows manufacturing monolithic products. Therefore,
they have the maximum strength.
For development of additive technologies in
Ukraine, the SE “State Research and Design Institute
of Titanium” together with the Research Center “Titan
of Zaporozhye” offer an innovative technology for
production of low-cost titanium powders by the
method of hydrogenation-dehydrogenation (HDH)
from titanium sponge or other titanium-containing
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materials of different quality and fractional
composition [4].
Considering the abovementioned, the specialists of
the E.O. Paton Electric Welding Institute started
investigations in the field of developing technologies
and equipment for additive manufacturing of metal
products by the method of rapid prototyping applying
the raw material of the SE «State Research and Design
Institute of Titanium» and the Research Center “Titan
of Zaporozhye. The experimental specimens of the
products of the preset shape were produced and
laboratory equipment for 3D-printing was designed on
the basis of the installation for electron beam welding
of CB-212 type. A block diagram of the equipment is
shown in Fig. 1.

Fig. 1. Block diagram of equipment for additive electron
beam surfacing: EBG – electron beam gun; FC – focusing
coil of EBG; DS – deflecting system of EBG.

To form melting zone, the computer-controlled
scanning generator was applied. The electron beam
deflects along the axes X and Y and creates the
melting zone of a preset shape. The surfacing process
is performed in compliance with the program
according to the set technological modes. The objects
of control are the beam current, focusing current,
beam deflection along the axes X and Y.
The process of electron beam melting occurs in the
vacuum chamber at the vacuum value being less than
1∙10 – 4 Тorr. A focused beam of electrons creates a
melting zone and forms a product by moving along
the preset trajectory. Then, the specimen in the rigging
is lowered and the next layer of powder is applied.
The part is layer-by-layer “grown”.
As powder materials, the titanium HDH powders
were used, representing granules of a non-spherical
shape of the titanium alloy VT1-0 (Titanium Grade 1).
The technological characteristics and chemical
composition of HDH powder materials of titanium VT
1-0 are presented in Table 1.
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Table 1
Technological characteristics and chemical composition of powder materials HDH of titanium VT1-0 (Titanium Grade 1)
Fraction,
µm
100 ... 160
63 ... 100

Density,
g/sm3
1.7
1.8

N
≤ 0.05
≤ 0.05

C
≤ 0.1
≤ 0.1

According to the scheme mentioned above, the
specimens of a rectilinear shape with the dimensions
of 12 × 12 × 100 mm were produced (Fig. 2). In Fig.
2, the upper layer of product 1 and substrate 3 with
intermediate layers of deposited metal are seen. On
the lateral surface the particles of unmelted metallic
powder 2 are present. This powder is further removed,
and the metal surface is machined. After practicing the
deposition modes, taking into account the powder
fraction, the size of the layer for further investigations
were produced. Fig. 3 shows the specimen after
machining.

Content of impurities, wt.%
H
Fe
Si
0.012
≤ 0.3
≤ 0.15
0.012
≤ 0.3
≤ 0.15

O
≤ 0.15
≤ 0.15

manufacturing parts with a dense cast metal structure
without defects [5]. The obtained results provided the
basis for designing industrial equipment for the
additive manufacturing of products using powder
materials.
The equipment is created on the base of the
installation of type CB-212M for electron beam
welding.
The modernization of vacuum chamber, the
development of control systems of actuators for
moving the table along the vertical and the unit for
powder distribution in the chamber, as well as the
development of the appropriate software for
reproduction of additive manufacturing are envisaged.
The scheme of installation is shown in Fig. 4.

Fig. 2. Specimen manufactured by electron beam 3Ddeposition: 1 - upper layer of deposited metal; 2 intermediate layer of metal with particles of unmelted
powder on the sides of specimen; 3 - titanium substrate.

Fig. 3. Appearance of specimen after machining.

In different sections of the specimen,
metallographic examinations of microstructure of the
deposited metal were carried out (the powder from the
titanium alloy VT1-0 (Titanium Grade1) was
deposited on the base of the titanium alloy VT-20 (TiAl-Zr-Mo-V).
The structure of the deposited metal represents αphase characteristic of the titanium alloys, the defects
like pores and lacks of fusion were not detected in the
investigated specimens.
The designed elements of technology of layer-bylayer growing with the use of HDH powders allows
“Е+Е”, vol. 53, 3-4, 2018

Fig. 4. Scheme of installation for additive manufacturing
with application of metallic powder materials (description
1 – 9 see in the text).

The process of electron beam melting occurs in the
vacuum chamber 1 at the vacuum value being less
than 1∙10 – 4 Torr. The metal powder is fed in bulk to
the working table 9 from the hoppers 3. The rack 4,
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moving along the table 9, forms a layer of powder of
the preset thickness on the surface of the pallet 7. In
the initial position the pallet is located at the top of the
shaft 8. The focused electron beam, formed by EBG 2,
scans the surface of the powder along the preset
trajectory. Thus, in accordance with the algorithm, the
contours of a product are formed. Further, the pallet 7
is lowered to a preset value and the next layer of
powder is deposited. The process is repeated. The
product 6 is layer-by-layer grown. At the end of the
production cycle a part is extracted from the vacuum
chamber, cleaned from unmelted powder 5 and
machined.
The technology of layer-by-layer electron beam
melting of metals in vacuum applying powder
materials allows creating dense metal products of a
preset shape at the geometric accuracy. The overall
dimensions of products are 200 × 200 × 200 mm, and
the efficiency of electron beam deposition according
to the EBM technology does not exceed 0.3 kg of
metal powder per hour.
Technology DM of layer-by-layer (Direct Metal
Deposition) electron beam melting of metals in
vacuum with filler wire
The second investigated DM process of electron
beam melting of metals is the process of melting the
metal wire in vacuum with the formation of
successive layers. For heating and melting of the wire,
an electron beam of the required power is used.
The scheme of DM process is shown in Fig. 5.

preset shape. After that, it undergoes heat and
mechanical treatment.
The efficiency of electron beam melting according
to DM technology varies from 3 to 9 kg of metal per
hour depending on the material selected and the
characteristics of a product, which makes it the fastest
process of additive manufacturing [6].
The dimensions of products can vary from
millimeters to several meters and are limited only by
the dimensions of vacuum chamber. The DM
technology allows manufacturing high-quality largesized metal structures with more than 5 m length.
The process of electron beam melting is performed
at the vacuum of less than 1∙10 – 4 Torr, which allows
working efficiently with chemically active metals like
titanium, aluminium and their alloys, metals of
refractory and other alloys, widely applied at the
aerospace and turbine construction enterprises. The
structure of products manufactured according to the
DM technology is cast and defect-free.
The efficiency factor of installations for electron
beam melting reaches 95%, and the amount of wastes
during machining of a final product is negligible. All
this allows confirming the high efficiency and
environmental
cleanliness
of
DM
additive
manufacturing.
On the base of the equipment of type KL-209 for
electron beam welding, the laboratory installation for
realization of DM additive process was designed. In
the vacuum chamber of the installation (Fig. 6) such
units are located: EBG 2 of type ELA-60; multi
coordinate module for movement of EBG 4;
mechanism for filler wire feeding 5 with coil 3 and
rotator 1. On the rotator the product 6 is located,
manufactured according to the DМ technology.

Fig. 5. Scheme of layer-by-layer electron beam melting of
filler wire.

The deposition is performed in the vacuum
chamber. The filler wire is fed into the zone of
electron beam effect, where it is heated and melted.
The EBG and/or the substrate, on which a product is
formed, are moving, forming a layer of deposited
metal. The product is built by a digital model. The
data of the CAD-program are converted into the CNC
code. A part is layer- by-layer formed: each
subsequent layer of metal is deposited on the previous
one, i.e. layer-by-layer, until the product reaches the
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Fig. 6. Location of equipment for surfacing with wire in
vacuum chamber (description 1 – 6 see in the text).

In the laboratory equipment, a satisfactory
formation of round and rectangular specimens was
obtained, from which it is possible to compose
“Е+Е”, vol. 53, 3-4, 2018

complex geometric shapes in the form of combination
of bodies of revolution and rectangles. The wall
thickness of specimens varied from 6 to 10 mm in use
of four types of wires (Fig. 7).

Fig. 7. Specimens manufactured according to DM
technology.

Conclusions
The cross-sections of all the deposited specimens
are formed as a cast metal without inclusions and
porosity. As a result of carried out works, the
possibility of manufacturing products of a preset
shape was shownapplying the methods of additive
electron beam melting using domestic raw materials,
which allowed proceeding with the development and
manufacture of an pilot installation for realizing 3D
technologies in industry.
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Electron beam additive manufacturing with wire
Marek St. Węglowski, Sylwester Błacha, Robert Jachym, Jan Dutkiewicz, Łukasz Rogal
Electron beam additive manufacturing (EBAM) process with a deposited material in the form of a
wire is an efficient method enabling the making of component parts. The scope of the presented work
was to investigate the influence of selected technological parameters of EBAM such as: wire feed rate,
beam current, travelling speed, acceleration voltage on stability of the deposition process and geometric
dimensions of the padding welds. The achieved results and gained knowledge allowed for the production
of a whole structure from stainless steel. The macrostructure, microstructure and hardness profiles of
final additive manufacturing parts are also presented.
Keywords: – electron beam additive manufacturing, hardness profile, LNM307 filler wires,
weld reinforcement, wire feed rate.

Introduction
Nowadays, the main goals of developing
manufacturing technologies are flexibility of
production, efficiency and guaranteeing of high
quality of the final product. Additive manufacturing –
AM (rapid prototyping) technologies are promising
solutions. For years, the progress in the field of
devices and filler materials that would enable the
production of final parts at a given shape and
mechanical, physical and functional properties has
been observed. It should be noted, that there are two
main groups of additive manufacturing methods
available, namely methods using powder bed
technologies, and those using wire as a filler material.
In the first case, it is necessary to have a sophisticated
device in which the final part with a desired shape is
produced. However, the geometrical dimensions of
these parts are limited by the size of the working
chamber. In the second case, it is possible to produce
elements of much larger dimensions, however, their
geometry cannot be too complicated, for example
mesh structures cannot be produced. AM technologies
using wire as a deposited material are based on wellknown welding technologies such as: TIG,
MIG/MAG, plasma, laser or electron beam processes.
For years, these technologies for welding, cladding
and repairs of machines and structures have been
used. However, these processes have been recently
developed from the point of view of the requirements
of AM. In the paper the results of electron beam
additive manufacturing (EBAM) with wire as a filler
material are presented.
A concentrated electron beam is characterized by
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more than 90% energy efficiency which makes it an
attractive source of energy for the production of
components with AM technologies. Studies carried
out so far [1, 2] have shown that AM technologies
using wire and electron beam can be used, among
others in various missions carried out in space.
Mitzner et al. [3] have shown that the use of electron
beam modulation allows the fragmentation of the
microstructure in the titanium alloy. Gonzales et al.
[4] have shown that the use of powder wires
containing increased aluminum, iron and boron
content allows Ti-6Al-4V titanium alloys with a more
stable and finer microstructure to be produced.
Phinazee [5] describes the benefits of using the Sciaky
EBAM process to fabricate a typical Ti-6Al-4V
airframe component. The AM process was found to
have 79% greater material utilization efficiency, and
the fabrication cost was reduced from $17,430 to
$9,810. Kinsella [6] investigated the deposition of
IN718 alloy features on a forged engine case. A 30%
cost savings were realized using electron beam wire
deposition as compared to conventional fabrication
methods. The EBAM supplies a very efficient, high
power energy source, which easily couples with
metals promising one of the highest deposition rates
for all metal AM technologies. Simultaneously, the
processing in high vacuum is ideal for reactive alloys
such as titanium alloys [7]. Thus, EBAM achieves
increasingly more acceptance for purpose of industrial
applications [8]. The detailed analysis of influence of
metal-vapor jet force on the physical behavior of
melting wire transfer in EBAM was presented
previously [9].
It should be noted, that CNC is standard for most
“Е+Е”, vol. 53, 3-4, 2018

of the electron beam welding set-ups allowing for
easy application of an automated build strategy. A
variety of complex shaped components made out of
different materials can be manufactured. The
limitation of technology may be the necessity of using
a working chamber and vacuum. However, at
atmospheric pressure the EBAM technologies can also
be carried out. But in this case the device has a
different construction [10].
The goal of the presented work was to carry out
experimental trails on EBAM with a wire as a filler
material. The scope of the work was to investigate the
influence of selected technological parameters such
as: wire feed rate, beam current, travelling speed,
acceleration voltage on stability of deposition process
and geometric dimensions of the single padding
welds. The macrostructure, microstructure and
hardness profiles of final additive manufacturing parts
are also presented.
Experimental procedure
The experimental trails of EBAM with wire
process were conducted based on universal electron
beam machine CVE XW150 model: 30/756 installed
at the Institute of Welding in Gliwice, Poland. The
machine was equipped with a wire feeder system,
working chamber with a volume of 4.9 m3 as well as a
system monitoring and recording process parameters.
The following parameters were applied during
experimental trails: feeding angle 30°, working
pressure 5•10-5 mbar (constant), beam current in the
range of 1 - 30 mA, accelerating voltage from 60 to
150 kV, wire feed rate from 600 to 3600 mm/min,
travelling speed from 200 to 7000 mm/min. To
produce the single padding welds as well as additive
manufacturing parts welding wire 1.2 mm in diameter
(LNM307 Lincoln Electric: C 0.07%, Mn 7.1%,
Si
0.8%, Cr 18.6%, Ni 8.0% wt.) was applied. The steel
plate of S355JR grade (10 mm in thickness) was
adopted for a substrate. The measurements of with and
high of reinforcements of padding welds were carried
out on macro-section. The mean values of three
measurements for each experimental trails were
calculated. For all measurements the digital slide
caliper was adopted. The macrostructure, microstructure as well as mechanical properties of additive
manufacturing
parts
were
evaluated.
The
microstructure was examined on the cross sections
after grinding, polishing and etching (100ml ethyl
alcohol + 100 ml HCl + 5g CuCl2). The investigations
were performed by Leica DM IRM / Neophot 32 Carl
Zeiss (light microscopy) and FEI Quanta 3D
FEGSEM (SEM).
“Е+Е”, vol. 53, 3-4, 2018

Results and discussion
The goal of the work was to carry out experimental
trails on EBAM with a LNM307 wire as a filler
material. To this end, firstly, the influence of selected
technological parameters (wire feed rate, beam
current, travelling speed, acceleration voltage) on
stability of the deposition process and geometric
dimensions of the single padding welds were
determined. The trails revealed that for constant
accelerating voltage, beam current and travelling
speed the determination of the technological
parameters for which the deposition process is stable
can be achieved. At too low wire feed rate, the process
was unstable. Too high power of the electron beam
causes melting the deposited material on longer length
and penetration depth is too high. Thus, the dilution of
substrate material (S355JR) can be observed.
Therefore, the penetration depth (melting of the
substrate material) should be controlled and kept at a
minimum because high dilution may reduce the
mechanical and corrosion properties of the deposited
layers. This may also cause interruption of the
forming of the liquid metal bridge, the formation of
drops on the wire end and the momentary disturbance
of the stability of the deposition process. When the
wire feed rate is too high, the amount of energy
supplied is insufficient to stabilize the fusion process
of the wire. The wire is feeding deeper into the pool
and limits the possibility of creating of a channel. The
increased volume of filler material floods the channel
and causes that the pool becomes wider. The excess of
filler material also causes that the liquid metal is
pushed out in an uncontrollable way and forms an
excess padding welds.

Fig. 1. Influence of wire feed rate Vd on the high of weld
reinforcement h and width of weld reinforcement b for
U = 120 kV, Vs = 800 mm.

The experimental tests have also shown that the
deposited material fed into the area of deposition
process is mainly consumed in the production of
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reinforcement. The height of reinforcement increases
with the increase of the wire feed rate (Fig. 1).
However, if the accelerating voltage reaches 150 kV
and the beam current is 30 mA, the beam power is so
large that the 10 mm thick support plate melts
throughout and leakage of the deposited and raw
material outside the root area can be observed. The
detailed analysis of other technological parameters
was presented in the previous paper [11].
Based on preliminary experimental trials the
selection of technological parameter for AM was
performed as follows: accelerating voltage = 60 kV,
beam current 15 mA, travelling speed 2000 mm/min,
wire feed rate 1000 mm/min. The fully dense metallic
parts based on EBAM with wire were manufactured
(Fig. 2).

Fig. 3. Macro-sections of EBAM part, (Fig. 2a).

Fig. 4. Hardness profile of the EBAM part, (Fig. 2a).

Fig. 2. EBAM parts, a) three layers, b) two layers c) single
layer.

The macrostructure examination was carried out
(Fig. 3). The results indicated that too high penetration
depth can be observed. The penetration depth
significantly exceeds the thickness of the deposited
layers - the depth of the remelting zone is on average
4 mm with a layer thickness of 0.53 mm. The
hardness profile is presented in Fig. 4. The results
indicated that near the substrate the hardness is high
(over 400HV5). This is caused by the dilution of
substrate in AM first two layers (the penetration depth
is high). However, in the distance of 2 mm the
hardness become much lower (about 200 HV5).
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Based on experimental trials the travelling speed
decreased from 2000 mm/min to 1000 mm/min. The
other AM technological parameters were the same.
The macro-sections of four different fully dense
metallic parts are presented on Fig. 5.
A metallographic examination did not reveal any
imperfection in AM parts. The slit observed in
specimens Fig. 5d is a result of improper geometrical
configuration of wired feeder. A significant reduction
in the remelting zone as well as its shape along with
the change of the travelling speed was observed. The
change of the melted zone size influenced also the
method of heat abstraction, and thus also the
microstructure of the AM material. As in the case of
the previously discussed samples, the microstructure
of materials can be described as cell-dendritic.
However, due to the reduction of the melting zone the
microstructure is much more homogeneous.
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Fig. 6. Hardness profile of the EBAM part.

Fig. 7. Samples from experiments, 18 layers, 40 runs in one
layers.

Fig. 5. Macro-section of EBAM parts, a) single pass – 10
layers, b, c) three passes – 10 layers, d) five passes – 10
layers.

The measurement of hardness on the cross-section
of the AM sample (Fig. 5d) also indicates that these
materials are much more homogeneous. The hardness
of the sample on the cross-section is constant and
amounts to an average of 210 HV5. Hardness grows
only in the areas being in contact with the substrate
due to the change in chemical composition (dilution of
the substrate).
The knowledge gained from the previous results
allowed the production of the fully dense metallic
parts based on EBAM process with wire. The results
are presented in Fig. 6. The spacing between two
adjacent tracks (overlap) was 1.3 mm. The scanning
directions were alternated layer to layer and the time
interval was 2 min. Eighteen layers were deposited
and average height of each layer was approximately
1.0 mm. The following technological parameters were
applicable and recommenced for EB additive
manufacturing process: accelerating voltage U = 60
kV, beam current 15 mA, travelling speed 1000
mm/min, wire feed rate 1000 mm/min, feeding angle
30°. Number of padding welds in one layer was 42.
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Conclusions
EBAM process has been used in conjunction with
„cold” wire feed to successfully manufacture
additively steel samples (LNM307). Results show that
the increase in wire feed rate at constant acceleration
voltage and beam current cause the increase in the
height of the reinforcement and decrease in the width
of the reinforcement. A proper selection of
technological parameters of EBAM with wire process
allowed the production of the high quality final
product.
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ELECTRON BEAM MELTING, ELECTRON BEAM AND ION
LITHOGRAPHY, ELECTRON BEAM EQUIPMENT
35 years of experience in radiation technologies innovation at the
ОАО “Public Enterprise “PODOL’SKKABEL” plant
Nikolay I. Gromov, Mikhail N. Gromov, Nikolay K. Kuksanov, Alexander I. Roikh,
Rustam A. Salimov
The technology of cable insulation radiation modifying had a wide application in the industry. The
use of such a technology provided the production of a wide range of cables, wires and heat shrinkable
products for different markets: power stations, telecommunications, electronics, oil sector, nuclear
power plants, submarines and aviation. In all these industries, high reliability is required both for
assembling and for operation in difficult conditions and unusual extreme situations. The accelerators
supplied to ОАО “PE” Podol'skkabel" were among the first of ELV series accelerators. While in
operation, particularly after 2000, there was modernization, i.e. continuous improvement of accelerators
and radiation technological process. Recently, we use the most modern equipment and technologies for
radiation electron polymer cross-linking.
Keywords – accelerators of ELV series, aerosol cooling system, cable and wire production, 4side system, under-beam transportation system.

Introduction
OAO “PE” PODOL’SKKABEL” was founded in
1941. Radiation technologies in cables and wires
production at this plant were introduced in 1982. At
that time, Ministry for Electrical Engineering
Industries of USSR decided to equip the cable plants
by 15 accelerators. Two of them, the accelerators of
ELV series, were installed at the “Podol’skkabel”
plant. These were the first models of accelerators:
ELV-1 and ELV-2. The electron beam power of each
of them was 20 kW. They had manual control over the
parameters of the technological process. ELV
accelerators were designed and manufactured by the
Institute of Nuclear Physics of Siberian Branch of
USSR Academy of Sciences, by the Ministry of
Electrical and Tool Engineering of USSR (Russian
abbreviation is MinElectroTechProm) request. They
intended for the long-term and continuous operation
under the industrial production conditions. The
accelerators were tested under the program of the
Inter-institutional
Commission
and
were
recommended for industrial application.
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Fig. 1. ELV-8 accelerator has max. energy 2.5 MeV and
max. beam power 100 kW.
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The technologies for insulation radiation modifying
were developed at All-Union Institute of Cable
Industry led by the Director General, Professor,
Doctor of Technical Sciences. I. P. Peshkov.
90-th were hard time for Russian economy. But,
"PE" Podol'skkabel" considerably stayed in operation
condition, it has maintained its staff and equipment, in
a contrast to many other Russian plants due to the
presence of accelerators.
Later, when the economic situation began to
stabilize, old accelerators were replaced by
accelerators of new design. These were ELV-4 and
ELV-8 (Fig. 1) with a maximum energy of 1.5 and 2.5
MeV, correspondingly, and the maximum electron
beam power reached 100 kW. In 2000s, due to
cooperation with Budker Institute of Nuclear Physics
of Siberian Branch of Russian academy of sciences
ОАО "PE" Podol'skkabel" became testing facility for
new design solutions in radiation cable treatment.
Such cooperation is mutually profitable. The Institute
proposes and tests new technological projects, the
plant enhance the quality of products and increase the
productivity by means of this projects implementation.
General
The technology of cable insulation radiation
modifying had a wide application in the industry. The
use of such a technology provided the production of a
wide range of cables, wires and heat shrinkable
products for different markets: power stations,
telecommunications, electronics, oil sector, nuclear
power plants, submarines and aviation. In all these
industries, high reliability is required both for
assembling and for operation in difficult conditions
and unusual situations.
Quality of radiation treatment depends on the
accelerator itself and from the system of products
transportation under the electron beam in radiation
zone, pay off and take up machines, accelerator and
transporting system synchronization. The accelerators
supplied to ОАО "PE" Podol'skkabel" were among
the first of ELV series accelerators. While in
operation, particularly after 2000, there was
modernization, i.e. continuous improvement of
accelerators and radiation technological process.
Recently, we use the most modern equipment and
technologies for radiation electron polymer crosslinking. Two electron accelerators operating with
four-side radiation systems and two under-beam
transportation systems operates at the plant. They are
connected into automatic complexes, which includes 6
pay off and 6 take up devices together with the
equipment mentioned above. Such automatic
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complexes provide superior quality of radiation
modification of cable product insulation in a wide
range from 0.12 sq.mm up to 120 sq.mm conductive
core.
Four-side irradiation
Four-side radiation is an enhancement of the
technology of cable die/billet electron-beam
treatment. The new technology was developed in
BINP in 2003 by the request of ОАО "PE"
Podol'skkabel". At this plant, this technology passed
the tests and started its continuous operation. It was
done for the first time in world practice. Fig. 2 and
Fig. 3 show schematic device appearance.

Fig. 2. The cable treatment with 4-side system дf ELV
accelerator: 1 - scanning magnets with a shift magnet;
2 - extraction device; 3 - electron trajectory; 4 - right
deflecting magnet; 5 - left deflecting magnet; 6 - the billet
under the radiation treatment.

Fig. 3. Irradiation in four azimuth.

When moving through the irradiation zone the
cable is located in such a way that at each turn at the
big drum (changing the travel direction through
irradiation zone back and forth) the upper and lower
surfaces change places. The electrons penetrates into
insulation at an angle ± 45 to the vertical. Thus, at 1
transit (back and forth travel) the cable is irradiated
from 4 sides in azimuth of ± 45, ± 135 degrees. This
technology enables considerably enhance the quality
of beam cable product treatment. Simultaneously with
“Е+Е”, vol. 53, 3-4, 2018

improved azimuthal inhomogeneity of absorbed dose
the technology reduces required value of electron
energy and enable to use electron-beam treatment of
big diameter cables.
The new method completely replaced the standard
2-side treatment. Now both accelerators work only by
the method of 4-side irradiation (Fig. 4). Both quality
and productivity have improved. Other Russian plants
follow us using four-side irradiation for cable
treatment for nuclear power plants and the oil
industry.

aerosol cooling system, which enabled to reduce the
irradiation factor without billet overheating. Fig. 6
shows the aerosol cooling system at the setup stage.

Fig. 5. Under-beam transportation system.

Fig. 4. Layout of turn in magnets of 4-side radiation system.

Under-beam transportation system
Under-beam transportation system (UBTS) is
universal device meant for cable travel through
irradiation zone (Fig. 5). The equipment consists of 2
big drums: leading drum and slave drum and small
roller set for cable layout. The main advantage of this
design is the reduction in the tension of the conductive
core during transportation. This advantage is achieved
by replacing a large number of passive rollers by one
slave drum. In this case, the tension is applied in
parallel to all the cables, but not grows up in series, as
with the use of passive rollers. The speed of the motor
is set using the accelerator control system. The drive
has a wide dynamic range, which ensures the
proportionality between the speed of billet travel and
the electron beam current, i.e. a constant dose is
provided and a soft start of the technology takes place.
At the treatment speed of 10 to 300 m/min, the
irregularity of the absorbed dose does not exceed
±3%. Operational experience at Podolsk Cable Plant
shows successful irradiation of the billet in a wide
range of electric core cross-section from 0.12 up to
120 mm2.
When the dose is increased, the insulation becomes
very hot when special cables are treated. To avoid
overheating, radiation treatment of insulation occurs
in several stages, the drum with the cable is irradiated,
and then it is cooled, and after it is irradiated once
again. To improve this technology, we introduced an
“Е+Е”, vol. 53, 3-4, 2018

Fig. 6. Aerosol cooling system.

Automated complexes
At ОАО "PE" Podol'skkabel" for the first time in
Russia in 2006 the automated complexes was created.
The designers and manufacturers of the accelerators
from BINP together with the specialists of All-russian
scientific research, design and technological institute
of
cable
industry
(ВНИИКПМАШ
=
VNIIKPMASH), Moscow had improved the pay off
and take up machines in such a way, that the speed of
irradiated billet was a function of accelerator beam
power and specified doze value. As a result of this
work over the 2006 to 2007 period, for the first time
in Russia, the lines consisted from 2 accelerators and
6 technological complexes, with the possibility of
simultaneous operation at two or more complexes
were introduced. Control systems of the accelerator
and technological equipment are combined. The
leader is the accelerator, and the technological
equipment is a slave. The creation of functional
dependence of the irradiated billet speed on the
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electron beam current, made it possible to achieve the
stability of the absorbed dose in any transition
technological mode. This approach has made it
possible to achieve the highest quality of the cable so
that other types of insulation modification, such as
silane or peroxide, cannot compete in any way.
Automated complexes П1-П6 (P1-P6) increased
the technological speed by two times and more in
dependence on the type of the irradiated billet.
For single-core billet the defect of electric core
(EC) extension is practically eliminated. Thus,
longitudinal hermiticity between EC and insulation of
the irradiated billet is insured. Because of the creation
of new technological scheme, the probability of
contamination of the irradiated billet by radiolysis
products is eliminated.
The number of staff significantly reduced. It is not
necessary any more an operator presence near the
accelerator control panel. In the technological hall, the
process monitoring system through the monitors was
installed. Information about the process is supplied to
the monitor, where the energy, beam current, line
speed, the cable remainder on the drum and the time
before it end continuously display. This is shown in
Fig. 7. High quality of the cable product bill is
confirmed by the operation of the cable under the
extreme conditions of the oil industry and other areas
of special equipment. Monitor of running
technological process information:
 Accelerator ELV-4
 Complex P3 (П3)
 Electron energy, MeV – 0.95
 Beam current, mA – 25
 Speed, m/min – 298
 Cable remainder at P3, (min) -7305(24)

Fig. 7. Monitor of running technological process
information.
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Control technique
The electron accelerator operates together with
other technological equipment. Such an installation is
a complex technological aggregate with high-grade
automation. There are a large number of parameters,
which are subject to be continuously controlled to
ensure the safe and regular operation of the
equipment. According to the functional specification
the control system (of interlocks) can be conditionally
divided into 3 groups: process safety interlocks,
integrated facilities system health interlocks, the
interlocks responsible for the product quality.
Electron accelerator is a source of ionizing
radiation. That is why, the technological facilities
equipped with electron accelerator are the subject of
heightened security requirements. The qualities of
radiation protection are checked at the stage of
accelerator commissioning and after verification of
the conformity of its operation to radiation safety
standards. During operation, the radiation level
outside the protection is continuously monitored.
Protective doors, aperture or hatches, draft ventilation
has electrical interlocks. Security interlock control is
done by means of hardware, i.e. in case of radiation
level exceed, the accelerator is immediately turned
off, and when the doors are open, it cannot be turned
on. The control program informs about breakdowns.
Accelerator control system includes some
hardware and software interlocks which enable
continuous self-test of the accelerator system:
stabilization of energy and beam current of
accelerated electrons, beam scanning system,
including the position of the raster of the electron
beam in the extraction window, the power supply
system, cooling system, etc. In case of breakdown the
accelerator or technological line deactivate and the
breakdown information displays at the monitor.
Absorbed doze value is an important parameter.
Irradiation doze is determined by the beam current
value and by the speed of product transportation
through irradiation zone. These values are
proportional to each other. This provides doze
stability at the mode changes (start, stop, etc).
Accelerator
control
program
monitors
the
concordance of beam current value to the set (given)
value and the match of transportation speed to the
given (set) current and doze value (specific speed).
Electron beam energy determines the depth of
electron penetration into the product, i.e. the thickness
of insulation being under the treatment. At energy
decrease the inner product layers may have absorbed
doze less than required. Energy value is also
monitored by control program to be correspondent to
“Е+Е”, vol. 53, 3-4, 2018

the set (given) value.
Extensive network of control functions allows
remote control when accelerator is controlled by three
buttons (stop, big and small current, start) located at
the technological equipment console.

Conclusions
Electron-beam technologies are widely used in the
industry. Cooperation between industrial enterprises
and scientific-research institutions is scrupulously
fruitful for both partners.

Operational reliability
The accelerators operates continuously, there are 3
shifts per 24 hours. Electron beam creates aggressive
medium which contains ozone, oxides of nitrogen,
nitric acid. That is why, the problems mostly insured
in irradiation hall (technological chambers). Running
of the electrons with the energy of 1 MeV in the air is
about 5 m, i.e. scattered electron is extended far from
the zone of billet irradiation. Thus, there is not only
chemical corrosion but surface damage by scattered
electron also.
If timely regular cleaning of the construction and
change of the accelerator units, the accelerator
lifetime is about 20 years (Fig. 8). Of course, the
control system should be upgraded from time to time
because of moral aging of hardware components.
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Fig. 8. Extraction device after 25 years of operation.

These innovative inventions required great
investments. But, these expenses are justified due to
the improvement of the product quality and rise in
productivity, and hence, due to decrease of the actual
costs.
Recently, the plant continue to cooperate with
BINP scientists, SPC “Progress” from St. Petersburg
and Leningrad electro-technical institute. Together
with these institutions the accelerator vacuum unit
hermeticity control system are modernized.
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Trends in the development of cobalt production
Valeriya K. Kovacheva-Ninova, Georgi M. Savov, Vania Vassileva, Katia Vutova,
Evgeni Petrov, Dobrin Petrov
Cobalt, as one of the “critical” and “strategically important” metals, plays a key role in the
contemporary development of the world’s industry. Cobalt has specialized applications where it is
currently impossible to replace it with other alternative materials. It finds application in the
rechargeable batteries of portable devices (mobile phones, laptops, tablets) and electric and hybrid
vehicles, integrated circuits, semiconductors, magnetic tunnel contact transistors, magnetic recording
devices, catalysts, various alloys and super alloys, pigments, healthcare (prosthetics, diagnosis,
radiotherapy), etc. A study is conducted, data and information on trends in global cobalt resource,
reserves and production development has been analyzed and summarized. The modern technologies
and methods for processing cobalt raw materials, by obtaining concentrates, intermediates or metal
are presented. As a final step in the production of high purity metal, the vacuum electrometallurgy
technologies - vacuum electro arc and electron beam melting methods are applied, that makes it
possible to obtain metal with high purity and cobalt alloys and semi-finished products with new or
improved chemical composition, structure and properties.
Keywords – cobalt, primary raw materials, primary and refining production, electron beam
melting
Тенденции в развитието на кобалтовото производство (Валерия Ковачева-Нинова,
Георги Савов, Ваня Василева, Катя Вутова, Евгени Петров, Добрин Петров) Кобалтът,
като един от „критичните“ и „стратегически“ важни метали, заема ключова роля в
съвременното развитие на световната индустрия и има специализирани приложения, в които
понастоящем е невъзможна замяната му с други алтернативни материали. Намира
приложение в акумулаторните батерии на портативните устройства (мобилни телефони,
лаптопи, таблети), електрическите и хибридните превозни средства, интегралните схеми,
полупроводниците, магнитните тунелни контактни транзистори, магнитните записващи
устройства, катализаторите, различните сплави и суперсплави, оцветителите,
здравеопазването (протезиране, диагностициране и радиолечение) и др. Направено е
проучване и са анализирани и обобщени данни и информация относно тенденциите в
развитието на световните ресурси, запаси и производство на кобалт. Представени са
съвременните технологии и методи за извличане на кобалт и получаване на концентрати,
междинни продукти или метал. Като краен етап при получаване на метал с висока чистота
сe прилагат методите на вакуумната електрометалургия - вакуумно електродъгово и
електроннолъчево топене, което дава възможност за получаване на метал с висока чистота
и кобалтови сплави и полуфабрикати с нови или подобрени химичен състав, структура и
свойства.

Introduction
The physical and chemical properties of cobalt
and its alloys and compounds determine their
specialized applications where it is difficult to
replace them with other alternative materials.
Consequently, the current development of the
industry and technologies is strongly dependent on
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the global trends in the insurance of cobalt supply.
Historically, until the 1970s, the major suppliers of
cobalt were Norway, Sweden, Hungary and
Germany (Saxony). In recent years, those have been
mainly displaced by the Democratic Republic of
Congo (DRC) and other countries. About 50% of
the global cobalt reserves are concentrated in the
DRC and the country produces about 50% of the
“Е+Е”, vol. 53, 3-4, 2018

world's cobalt production. At the same time, the
state is identified as highly risky [1], which may
affect global cobalt supply and prices. Such
example is the “Cobalt Crisis” in 1978 when the
situation in the DRC (then Zaire), a world leader in
mining and the production of refined cobalt, had an
impact on the price of cobalt: from $18 kg it rose to
$99 kg. The uncertainty in the raw material base for
the production of cobalt from Cu-Co ores has led to
the expansion of its production from sources like
the increasing quantities of Ni-Co ores, the
recycling of cobalt-containing scrap, and
intermediates. Metal cobalt, as well as its alloys, are
recyclable and this favors the creation of a circular
economy.
Despite the expansion of raw material sources,
the uneven distribution of the exploited quantities
mainly concentrated in a few countries (DRC,
China, Canada, Cuba, Australia and Russia), and
the potential risk of imbalance between supply and
demand define cobalt as a “critical and
strategically” important metal [2, 3].
Cobalt applications
Cobalt is a silverfish-gray metal with various uses
determined by its key properties - ferromagnetism,
hardness, corrosion- and wear-resistance when alloyed
with other metals, low thermal and electrical
conductivity, high melting point, multi-valence and
coloring in intensive blue colors. Cobalt and its
compounds are used in relatively small amounts in
each application. However, many of the innovative
processes and products that each of us takes for
granted in modern life are the result of their uses in
the modern production and technologies. The main
cobalt and its compounds applications are in [4]:
Rechargeable batteries – on a global scale, around
50% of the produced cobalt are used in the batteries
of portable devices (mobile phones, laptops, tablets,
cutting tools), electric and hybrid electric vehicles,
electric trains, electric bikes, renewable energy
power stations, ancillary services to the electrical
grid [5]. Cobalt prevents the occurrence of dendrites
in Li-ion batteries. It extends their service life and
that of cylindrical alkaline batteries;
Integrated circuits - the unique physico-chemical
cobalt properties, as well as its wear and electrical
resistance make it applicable to various components
of the integrated circuits (contacts, metal cables and
circuit boards). The resistant materials used are CoSb, Co-B, Co-In, Co-Mo, Co-P, Co-Re, Co-Ru, CoW, Co-V, and Co-Ge;
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Semi-conductors and magnet tunnel junction
transistors - the cobalt’s ability to increase the
power and electrical current and to prevent electromigration in copper wires is used. Optical electrical
devices use Co-Si-Ge to improve the contact
interface. In 2015, the latest generation of 11 nm
semiconductor technology was developed, with the
addition of Co with innovative deposition methods:
physical vapour deposition (PVD) using an ion
beam for evaporation and subsequent deposition of
Co onto a target surface; chemical vapour
deposition (CVD) using chemical reactants to apply
Co on a target surface; atomic layer deposition, with
the deposition of Co on alternating atomic layers;
metal plating using an electric current to deposit Co
onto a target surface;
Magnetic recording devices - cobalt is an essential
metal for the process of magnetic recording, a
technology used in data recording devices, such as
hard disk drives. Digital storage of information is
vital to everyday life and allows photos, documents
and media to be accessed and reproduced;
Catalysts - cobalt acts as a catalyst in natural gas
and refined petroleum products (gasoline, diesel,
kerosene) desulphurisation reactions. Each tonne of
cobalt applied as a catalyst mixture reduces the
emissions of sulfur oxides by 25,000 tons and of
nitrogen oxides by 750 t. It is also used in the
synthesis of polyester precursors and the production
of aldehydes from alkenes in the OXO reaction.
Cobalt catalysts are used to synthesise terephthalic
acid (TPA) and di-methylterephthalate (DMT)
which are predominantly used as precursors in the
formation of polyester (PET). 60% of PET is used
for textile production and 31% for the production of
recyclable plastic bottles;
Colourant - cobalt oxides and other complex cobalt
compounds have a unique combination of color,
solubility and stability and are therefore used as
coloring agents in glass, ceramic products, paints,
inks, and enamel paints. Apart from the famous
"cobalt blue" color, the metal is also used to create
other colors - purple, violet, green, turquoise, pink,
brown, and yellow;
Alloys - cobalt is used as an alloying element in a
number of alloys to create materials with specific
applications. Alloys containing cobalt can be
divided into super alloys, magnetic alloys, prosthetic
alloys, and alloys resistant to elevated temperatures,
wear and corrosion. The super alloys containing
cobalt are used in gas turbines, space vehicles and
rocket motors, nuclear reactors, power plant
turbines, and chemical equipment. Usually, vacuum
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melting is used to provide strict control over the
elemental make-up of the superalloy. The high
wear-resistant alloys containing cobalt are Stellite,
Tristelle and Tribaloy. Because of their high
biocompatibility, Co-Cr alloys (Vitallium) are often
used in combination with titanium alloys [6], in the
manufacture of prosthetic and orthopedic implants.
Cobalt is mainly used in hard magnetic alloys, but
also in some soft magnetic alloys to achieve a high
saturation point, magnetoconductivity, and a high
Curie Point (950 - 990 °C). The hard magnetic
alloys Al-Ni-Co, Sm-Co and Nd-Fe-B (1 - 16% Co)
are used in permanent magnets, sensors, motors, and
in electronics. In Japan, Nd-Fe-B magnets are used
in the Maglev high-speed magnetic train systems.
Sm-Co and Nd-Fe-B magnets are also used in
headphones, voice telephones, and speakers.
Another key use of the metal is as a binder in
cemented carbide for solid metals. Adding it to the
carbide makes it possible to achieve the essential
qualities of cutting tools, hot rolled metal rollers and
engine components such as wear resistance,
durability, and hardness;
Healthcare – cobalt is used in the form of metal,
cobalamin and cobalt isotopes (60Co, 58Co, 57Co and
55
Co) for the diagnosis and radiotherapy of tumors,
cancer, Hodgkin's disease, retinoblastoma and
Graves ophthalmology, for making orthopedic and
dental implants, for the creation of biomolecules, for
measurement and diagnosis of the adsorption and
vitamin B12 deficiency, and for the sterilization of
medical equipment.
According to data from the Cobalt Development
Institute for 2012, the main uses of cobalt in [%] of its
world consumption are presented in Table 1.
As a result of the widespread use of cobalt,
especially in rechargeable batteries, by 2025 the
global consumption is expected to increase by 65%
compared to that in 2015 [7].
Table 1

Global cobalt
consumption

and

Global cobalt resources [8] are estimated to about
147 million tons of Co. They cover different types of
terrestrial and ocean floor deposits: sediment-hosted
stratiform Cu-Co (7%), magmatic Ni-Cu (-Co-Pt
group elements) sulfide (3%), Ni-Co laterite (6%),
seafloor Fe-Mn (-Ni-Cu-Co-Mo) nodules (4%),
seafloor Fe-Mn (-Co-Mo-REE) crusts (38%), and
other terrestrial deposits (1%). Terrestrial resources
contain about 25.5 million tons of Co, distributed in
the following types of deposits shown in Table 2.
According to another source [9], the continental cobalt
resources are 26.1 million t Co.
Table 2
Types of terrestrial cobalt deposits
Deposit
Sediment-hosted stratiform Cu-Co
Ni-Co laterite
Magmatic Ni-Cu (-Co-Pt group elements)
sulphide
Other terrestrial types

Share, %
41
36
15
8

Mineral concentrations of Co in terms of economic
interest are mainly found in the deposits types
presented in Table 3.
Table 3
Summary of main cobalt deposit type
Deposit type

Co, %

Sediment-hosted
stratiform Cu-Co

0.1-0.4

Hydrothermal/
volcanogenic

0.1

Magmatic Ni-Cu
(-Co-Pt group
elements) sulphide

0.1

Ni-Co laterite
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A. Global cobalt resources and reserves

Main cobalt applications by end use (2012)
Application
Share, %
Batteries
30
Super alloys
19
Cemented carbides and diamond tools
13
Catalysts
9
Pigments and ceramic products
9
Magnetic alloys
7
Steels, alloys and hardfacing
5
Drying agents for paints and other chemical
8
uses

reserves,

Manganese nodules
and Co rich crusts

0.05 –
0.15

Example deposit
Kamoto, KOV and Tenke
Fungurume, DRK [10]; Nkana,
Zambia [11]; Mt Isa, Australia
Bou Azzer, Morocco [12];
Keretti, Finland
Norilsk, Russia [13]; Sudbury,
Ontario, [14]; Voysey’s Bay,
Newfoudland and Labrador,
Canada [15]; Kambalda,
Australia
Koniambo Massif, Goro deposit,
New Caledonia [16]; Nkamouna,
Cameroon [17]

up to 2.5 None currently economic

Apart from those shown in Table 3, the continental
cobalt deposits with economic or potentially economic
significance are of the type: black-shale-hosted NiCu-Zn-Co (Talvivaara, Finland, [18]); iron oxide-CuAu (-Ag-U-REE-Co-Ni) (Olympic Dam, Ernst Henry,
Australia, [19, 20]; Sogesso, Brazil, [21]);
metasedimentary-rock-hosted Co-Cu-Au (Kuusamo
belt, Finland [22]; NICO, Canada, [23]); volcanogenic
“Е+Е”, vol. 53, 3-4, 2018

Cu (-Zn-Co-Ag-Au) massive sulfides (Outukumu,
Finland [24]; Windy Craggy, Canada [25]; Deerni,
China [26]); Mississippi Valley type Zn-Pb (-Co-Ni);
Fe-Cu-Co skarn and replacement (Mount Elliott,
Australia, [27]); polymetallic (Ag-Ni-Co-As-Bi) and
other cobalt rich veins (Bou Azzer, Morroco [12]).
The common cobalt-bearing minerals distributed in
economic deposits are presented in Table 4.
Table 4

Canada they increased 4.4, 1.8 and 5.5 times,
respectively.

Cobalt minerals of economic importance
Mineral

Group

Content, %
Ni
Co

Formula

Linnaeite Sulphide Co3S4

-

Carrollite Sulphide Cu(Co,Ni)2S4 0.3-7

SkutteruArsenide (Co,Ni)As3
dite
SulphCobaltite
CoAsS
arsenide

Erythrite
Asbolite
(Asbolane)

Arsenate

Oxide

0-9

0.5-2

Co3(AsO4)2.8
0-6
H2O
m(Co,Ni,)O.
MnO2.nH2O

45-53

35-38

11-20

26-35

20-30

0.8-20 0.8-32

Example deposit
Bou Azzer, Morocco;
Norilsk, Russia
Chambishi,
Copperbelt, Zambia;
Carroll County MD,
USA
Skutterud mines,
Norway; Bou Azzer,
Morocco
Sudbury, Canada;
Broken Hill, New
South Wales,
Australia
Daniel Mine,
Germany; Bou Azzer,
Morocco
Koniambo Massif,
Goro deposit, New
Caledonia

The world's cobalt reserves are distributed as
follows: around 50% are in sediment-hosted stratiform
Cu-Co deposits, 34% are in laterite Ni-Co deposits,
14% are in magmatic Ni-Cu (-Co-Pt group elements)
sulphide deposits, and 2% are in other terrestrial
deposits. The world cobalt reserves presented in Fig. 1
(1996-2016) [28] show that over a period of twenty
years they rose by about 1.8 times and are estimated to
around 7 100 000 t Co. It is clear that after a drop in
reserves quantity levels to around 3 165 000 tonnes in
2000, they have been maintained at around 7 000 000
tonnes in recent years. According to the classification
which is used to determine the rate of depletion of the
mining reserves, the cobalt reserves are characterized
by a high rate of depletion [29]. Within a twenty-year
period, the index of usage of reserves (IUR, %)
increased from 0.7% to 1.7 - 1.8%, i.e. more than
twice.
Table 5 shows the variation in distribution of the
world’s cobalt reserves for 1996 and 2016. For the
whole period presented, the largest share of global
reserves are concentrated in the DRC and they
increased 1.8 times. This period has also seen the
appearance of new countries in the distribution of
reserves. The reserves in Cuba decreased 2 times, in
Zambia 1.3 times, while in Australia, Russia and
“Е+Е”, vol. 53, 3-4, 2018

Fig. 1. Global cobalt reserves (Со, t), 1996-2016 г.

Table 5
Distribution and changes of the word’s cobalt reserves for
1996 and 2012
1996

2016

Share, %

Share, %

Kongo (Kinshasa)

48.4

49.6

Increased 1.8 times

Cuba

24.2

7.1

Decreased 2.0 times

Zambia

8.7

3.8

Decreased 1.3 times

Australia

6.5

17.0

Increased 4.4 times

New Caledonia

5.6

-

Russia

3.4

3.6

Increased 1.8 times

Canada

1.1

3.5

Increased 5.5 times

Philippines

-

4.0

Madagascar

-

2.1

Papua New
Guinea

-

0.7

South Africa

-

0.4

United State

-

0.3

2.1

7.9

100.0

100.0

Country

Other countries
Total

Changes

Increased 6.2 times

There is a great potential for covering much of the
metal needed in the recycling (reuse) of the scrap. For
countries like Bulgaria that do not produce cobalt due
to the lack of primary raw sources, it is especially
important to use the most of all available its waste. A
study and analysis has been carried out and they show
that there is a stock of waste materials containing
cobalt alloys in Bulgaria. They are mainly in the form
of used Co-Mo catalysts from the petroleum and
chemical industry (over 100 t per year from Lukoil
Neftohim Burgas, Neohim Dimitrovgrad, Solvay Sodi
Devnya, etc.), scrap from the military industry, wastes
from used tools, parts of dentures and implants for
medicine and dentistry containing cobalt-chromium87

molybdenum alloys, spent solid-alloy plates
containing cobalt, together with tungsten carbide and
molybdenum - metal scrap from industry, electronic
components containing cobalt and cobalt alloys (CoMo, Co-W) - waste from the electronics and electrical
engineering, etc. The recycling of technogenic
materials containing metals by melting into electro arc
and electron beam vacuum installations is a
considerably more environmentally friendly and
economically viable solution (the available resource
will not be dissipated) compared to the practice of
landfilling waste in landfills.
B. Global cobalt production and consumption
The world‘s cobalt mine production is carried out
by various types of deposits. The basic deposits for
cobalt production with economic importance are
shown in Table 6 [8].
The world production of refined cobalt, depending
on the type of ore, the metallurgical methods and
processing technologies, the requirements of the
market for the products obtained, the protection of the
environment is done in the form of metal, oxides,
carbonates, hydroxides, sulphates and others
compounds.
Table 6
Mine production by type of deposit
Type of deposit
Sediment stratiform Cu-Co
Magmatic Ni-Cu (-Co-Pt group elements)
Ni-Co laterite
Other terrestrial

Share, %
60
23
15
2

The quantitative data for the world mine
production, the production of refined cobalt, and its
consumption for the period 2006-2016 are presented
in Fig. 2 [28, 30].

Fig. 2. The global mine cobalt production, production of
refined cobalt and cobalt consumption, 2006 – 2016.
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Within a period of ten years, minе production has
risen 1.6 times, refined cobalt production - 1.8 times,
and cobalt consumption - 1.7 times. Table 7 presents
the distribution of global cobalt mine production and
world refined cobalt production for 2016 [31].
Table 7
Global mine and refined cobalt production (2016)
Mine Production of Co
Country
Share, %
DRK
54.0
China
8.2
Canada
5.4
Australia
4.7
Zambia
3.7
New Caledonia
3.4
Cuba
3.0
Brazil
2.8
Madagascar
2.6
Philippines
2.0
Finland
1.8
Papua New Guinea
1.7
Russia
1.6
Morocco
1.6
Other
3.5

Refined Co production
Country
Share,%
China
46.0
Finland
12.6
Canada
6.5
Belgium
6.5
Zambia
4.8
Japan
4.4
Norway
3.6
Madagascar
3.3
Australia
3.3
New Caledonia
2.6
Russia
2.1
Morocco
2.1
South Africa
1.1
DRC
0.4
Other
0.7

China is a world leader in the production of refined
cobalt and is a major global supplier of cobalt. The
production of refined cobalt in the country is mainly
from partly refined cobalt imported from Congo
(Kinshasa), scrap and, various commodity cobalt
products. Over 80% of the global cobalt consumption
is distributed in China, USA, Japan, and the EU.
China is the world's leading consumer of cobalt, with
nearly 80% of the domestic consumption associated
with the production of rechargeable batteries [28].
Primаry cobalt production
The primary production of cobalt is carried out by
several types of ores: Ni-Co sulphides, Cu-Co
sulphides, Cu-Co oxides, Ni-Co laterites (oxides) [32]
and Co arsenides [33, 34]. Cobalt is extracted and
concentrated as by-product after the primary
processing of the other basic metals, usually Cu and
Ni. Depending on the type cobalt-containing
ores/concentrates, they are processed by applying the
following processes: leaching, roasting and leaching
or smelting and leaching. Leaching is performed at
various temperatures and pressures using acids or
ammonium, chlorine or nitrate solutions. Purified and
refined cobalt is obtained by the application of
hydrometallurgical
and/or
electrometallurgical
methods
such
as
chemical
precipitation,
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electrowinning, hydrogen reduction, ion exchange,
and solvent extraction [35].
Fig. 3 presents the summarized flowsheet for the
processing of cobalt-containing ores/concentrates
[36]. Cobalt is usually a by-product in the production
of copper and/or nickel. The primary raw material is
subjected to leaching by first removing copper from
the production solutions. After removing the
impurities, the cobalt and finally the nickel are
extracted. The cobalt production section is usually fed
with an acidic or neutralized cobalt-bearing solution
containing impurities and sometimes a significant
amount of nickel. Before the cobalt production, some
of the following impurity removal processes are used:
impurity precipitation with CaCo3 or Ca(OH)2; solvent
extraction (SX) for the removal of Cu, Zn, Mn and
others impurities as well as for Co-Ni separation; ion
exchange (IX) for the removal/polishing of Cu, Zn
and Ni. When solvent extraction is applied, reagent
combinations of the so-called SSX (synergistic SX)
and DSX (synergistic direct SX) are used to
rationalize the extraction of Co and Ni from impurity
solutions without the need for intermediate
precipitation and re-leaching. CSIRO (Australia) have
developed synergic systems for various specific

applications. For example, in the Boleo project (Baja
Mining, Mexico), selective Co-Zn co-extraction with
Versatic 10 / LIX63 is going to be used to separate
them from Mn. Also, with relatively low pH, the
Cyanex® 301 and 302 extragents are used to
collectively extract Co and Ni and separate them from
the Mg, Mn and Ca impurities. The development in
conventional ion-exchange processes (IX) is the socalled Molecular Recognition Technology (MRT)
using specially produced SuperLig® resins to remove
Fe, Ni, Cu, Cd, Pb and Zn impurities [37]. For the
production of copper and nickel, the SX-EW are
applied.
Cobalt can be produced in various forms:
concentrate, intermediates, metal(s), and salts of high
purity. Depending on the processing scheme adopted
in the cobalt section, the following final products may
be obtained: cobalt sulphide or mixed Ni-Co sulphide
precipitate (MSP), low/high grade cobalt hydroxide or
mixed Ni-Co hydroxide (MHP), cobalt carbonate,
cobalt oxide or oxy-hydroxide, cobalt sulphate, cobalt
electrowon cathode HG 99.8% or LG 99.3% and
cobalt powder/briquettes via hydrogen reduction.

Fig. 3. Generic Cu/Co/Ni recovery flowsheet (Fisher, 2011).

Fig. 4. A typical flowsheet of a cobalt section (Fisher, 2011).
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The choice of processing scheme for obtaining a
final cobalt product depends on a number of business,
technical, technological and other factors. The basic of
those are: capital and operating costs, location,
logistics, electricity price, availability of qualified
personnel, the environment, state policy, etc.
Regardless of the choice, the processing schemes are
complex, and the management of technological
processes is connected with difficulties and risks. As
an illustration, Fig. 4 shows a flowsheet of the cobalt
production in the DRC [36].

Fig. 5. Cobalt price (1989 – 2017).

Table 8
Chemical composition of cathode cobalt

Co
Ni
Cu
Fe
Al
Bi
Cd
Si
Mg
Mn
As
Sn
Pb
Se
S
Sb
C
P
Zn

Canada
INCO

Norway
Falconbridge

99.9
0.04
0.0005
0.0025

99.95
0.03
0.0005
0.0010

0.0001

0.0004
0.04
0.0001

0.005
0.0001

0.0014
0.0001
0.0015

0.0002

0.005

0.002

0.0003

0.0002

0.0002

Zambia
ZCCM
99.65
0.35
0.0015
0.005
0.0025
0.0001
0.0001
0.0025
0.0005
0.0001
0.0005
0.001
0.0001
0.0025
0.0005
0.008
0.001
0.0001

Japan
Sumitomo
Metal
mining
99.8
0.12
0.0016
0.002

USA
99.9
0.04
0.0015
0.004
0.0001

0.01

0.001

0.0005
0.0005
0.0008

0.00007
0.001
0.001
0.0003
0.0005
0.001
0.0001
0.005
0.0005

0.001
0.001
0.0019

Worldwide, most enterprises prefer to produce a
high-quality cobalt product in the form of hydroxide,
carbonate and others. The attractive and relatively
high cost of cobalt is a prerequisite for the
introduction of electrolytic production in some
enterprises by producing high purity cathode metal,
despite the complexity and consumption of capitals
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involved. The price of HG (99.8%) or LG (99.3%)
cobalt for a thirty-year period is shown in Fig. 5. The
difference in the price of HG and LG cobalt in recent
years is not so large, as is seen in Fig. 5.
Most of the world's producers of electrowinning
cobalt achieve high-quality metal (HG). Table 8 gives
the chemical composition of cathode cobalt [38]
produced by leading companies and producer
countries.
Methods for obtaining cobalt with high purity
and cobalt super alloys
Electrolyte cobalt can be subjected to further
treatment to obtain a high-purity metal that is needed
to produce the latest generation super alloys.
Due to the exceptional demand and increasing
need for high purity cobalt, ways to improve the
technologies and equipment are continuously looking
for that will ensure increase in the cobalt production
and in the level of its extraction from the raw
materials, a production losses reduction and the full
using of technogenic materials obtained during the
whole processing. Good results are obtained by
application of only one method or by combining
application of different methods of special
electrometallurgy such as plasma melting, vacuum
induction melting (VIM) and electron beam melting
(EBM).
EBM technology is environmentally friendly and
no waste products are produced. The method provides
high level of impurity refinement (gases, metals, and
non-metals impurities), as well as fine microstructure
of the obtained ingots, without defects and with
uniformly distributed components and with improved
characteristics, magnetic and resistance properties.
This is a strategic method in R&D and it is used in
more applications in the industry in the industrialdeveloped countries and the research in this area still
becomes one of the most important nowadays research
[39-45]. The use of the method as a final stage in
material processing for obtaining high purity metals
would eliminated many intermediate technological
processes some of them harmful and dangerous for the
nature and for the health. The method provides
obtaining metals and alloys processing both natural
raw materials and technogenic materials containing
these metals or their alloys in the case of lack of such
natural raw sources.
At combined application of both technologies VIT
and ELT, simultaneous metal refining and casting of
the product are carried out [44]. The technology
includes three stages in which the following steps are
“Е+Е”, vol. 53, 3-4, 2018

performed: (i) partial melting of the material and
starting of the formation of a liquid pool in the
crucible by induction heating, (ii) complete melting of
the material and forming a liquid pool by electron
beam heating the material with a gradual increase of
the electron beam power to maximum values and
electromagnetic stirring of the molten metal, (iii)
homogenizing the liquid pool, alloying if necessary
and overheating to a temperature for casting in
stationary metal moulds of the required sizes.
The main and most extensive applications of cobalt
in different areas of life are mainly through its alloys.
Additive manufacturing (AM) is growing faster and
the last several years have seen many advances
towards realizing its goal for medical and aerospace
applications. The efforts of this industry has focused
on producing ‘higher end’ metals including medical
grade stainless steels, cobalt-chrome alloys, titanium
and titanium alloys [39,40,45]. EBM is one of these
industry-leading methods that is a powder based
additive metal manufacturing process. With this
method, it is possible to manufacture high-density
metal parts with complex topology such as
orthopaedic devices in several materials, including
Co-Cr-Mo alloy. The surface finish is one of the
problems concerning this method and some finishing
operations are needed to improve the surface quality
[43].
Conclusions
A study is conducted, data and information on
world experience and trends in global cobalt resource
and reserves has been analyzed and summarized,
modern technologies and methods for processing
cobalt raw materials by obtaining concentrates,
intermediates or metal are also presented.
At the current consumption rates and proven
quantities, the world has been reliably secured with
cobalt for more than 75 years. At the same time, it
should not be overlooked that this provision has
decreased almost twice (1.7 times, precisely) within a
period of just 10 years. Ocean floor deposits are
potential great resources for Co. For these resources,
ore mining and processing technologies are needed.
Significant
technical
and
technological
developments have been achieved in the processing of
Cu-Co and Ni-Co ores with which the growing
demand for cobalt on a global scale is satisfied. The
largest Co sources in the world at present are the CuCo ores in the DRC and those will remain such in the
near future.
Exceptional demand and increasing need for high
purity cobalt require continuous improvement in
“Е+Е”, vol. 53, 3-4, 2018

technologies and equipment. It is seen that the
production of cobalt has increased significantly based
on the achievements in this area. The applied
processing technological schemes are improved in the
direction of increasing the level of metal extraction
from the natural raw sources, reducing the production
losses and the full utilization of the technogenic
materials obtained throughout the whole production
process.
Various technologies have been developed for the
extraction of cobalt from primary raw materials and
for processing technogenic materials to various end
products, including hydro-, pyrometallurgical and
vacuum processes. The technological processing
schemes are mainly determined by the choice of the
type of the final product, its quality and, last but not
least, the requirements for the environmental
protection, logistics, and risks.
For obtaining high purity metal the vacuum
electrometallurgy technologies - vacuum electro arc
and electron beam melting methods are applied as a
final step in the production. The electron beam
melting method successfully competes and is superior
to the conventional methods for metal refining and the
produced metals are with very high purity. The use of
the method makes it possible to obtain metal with high
purity and cobalt alloys and semi-finished products
with new or improved chemical composition, structure
and properties.
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A multi column lithography system for low and medium volume
mask manufacturing
Viacheslav V. Kazmiruk, Ilya G. Kurganov, Alexander A. Podkopaev,
Tatiana N. Savitskaja
In the paper is presented multicolumn e-beam lithography (MCL) system intended generally for
production of templates.
The system was designed in two versions: with Schottky emitter and LaB6/CeB6 emitter.
System with Schottky emitter can be used for both mask making down to 7 nm HP node and for
direct writing for 22 nm HP node. The system with LaB6/CeB6 cathode is for mask manufacturing with
technology 45 nm HP node.
System consists of four small size columns with diameter about 70 mm. Accelerating voltage is 50
kV. Operating total beam current for the first system can be as high as 2 µA, for the second one – 1.2
µA. Writing speed on PMMA resist with sensitivity 100 µC/cm2 – 0.02 cm2/sec and 0.012 cm2/sec.
Throughput is between 0.5 ÷ 1 mask per hour.
In the paper also there is a comparison of MCL and VSB (variable shaped beam) systems.
Keywords – e-beam lithography, Gaussian beam, mask manufacturing, multicolumn systems,
variable shaped beam.

Introduction
In the last decade e-beam lithography finds more
and more broad application in various fields of
microelectronics as when developing new devices and
directly in technological lines for production of
integrated circuits. The main efforts of developers are
focused on creation of high-throughput e-beam
systems for technology nodes 22 nm and below.
The purpose of this project is development of
lithography system for the existing technologies from
45 nanometers and above for production mask and
replacement of the obsolete equipment. Actually, this
project is continuation of the works presented at the
EBT 2014 Conference [1].
The main objective of the project is achievement in
the range of technology nodes 45 ÷ 250 nm such
balance between throughput, writing accuracy and
cost of ownership that would make economically
justified mask manufacturing for small and medium
volume production, in particular, of CMOS
Application Specific Integrated Circuit (ASIC).
The aspiration to increase throughput has led to
development of multi beam and multicolumn systems.
In turn dependently on beam shape in the target
plane multi beam systems are subdivided into units
with variable shaped beam (VSB) [2, 3], multi shaped
“Е+Е”, vol. 53, 3-4, 2018

beam (MSB) [4], multi-stencil character projection [5]
and Gaussian beam (GB).
The basic difference between multi beam and
multicolumn systems consists in the following. In
multi beam system there is the one powerful enough
cathode. The electronic beam is divided into some
amount of beams by means of apertures placed at
image plane of demagnifying lens. The lens transfers
image of aperture to target plane.
The multicolumn systems (MCS) consist of some
number of miniaturized conventional columns with
Gaussian beam. Each of column acts independently.
Typically, columns form a square matrix of 2×2, 3×3
etc.
As fully complete developments don't exist that
now to judge a complex of characteristics including
throughput, the accuracy of writing and other
parameters isn't possible. Nevertheless, for better
understanding of possible application fields of
different writing strategies in part 3 of this paper a
comparison of throughput of various systems is given.
Electron optics
Electron optics consists of four identical columns
(see Fig. 1).
The columns are placed above mask platform as it
shown on Fig. 2. The size of standard platform for
95

mask is 153 × 153 mm2. Write field size is 108 × 128
mm2.
One can see that any point on platform is
accessible for one of e-beam. Therefore, outside part
of platform can be used for each column calibration.

method with use of the EOD program [6]. Special
attention has been paid to prevention of saturation.
After that synthesis of a column was made and
optimization of parameters was performed.
The ideas of optimization consists in increasing a
working distance having kept at the same time beam
about 20 nm and beam current 300 nA.
First of all, the optimal convergence angle is found
in analytical form, using data for chromatic and
spherical aberration from EOD (Fig. 3).

Fig. 1. Cross section of the column .

As it can be seen from Fig. 2 the column diameter
should be less than 76 mm. At energy of electrons 50
keV the design of the small size column faces two
serious challenges: electrical discharge in electron gun
chamber and danger of magnetic lenses saturation.
Solutions have been found both at the stage electron
optics design and when developing a construction.

Fig. 2. Configuration of electron optics.

All electron-optical elements as lenses, deflectors,
stigmator have been calculated by a finite element
96

Fig. 3. Dependence beam diameter of convergence angle.

After that value of the optimal angle is used in
EOD for simulations of the beam parameters by
trajectory method.
Electron optics control
Control of electron optics is the same before [1]
and performed by a separate local PC. In multi beam
configuration is implemented super PC with
throughput 1.3 TFlops/sec.
Main system specifications:
25, 50 kV
 Accelerating voltage
10 – 300 nA
 Beam current
10 – 20 nm
 Beam diameter
Schottky emitter,
 Cathode
LaB6/CeB6
45 nm min
 Half Pitch Size
100 × 100 µm2
 Writing Field Size
200 × 200 µm2
min. 1.25 nsec
 Dwell time
2 stage
 Deflector
electrostatic
increment
 Possibility to change dwell
1.25 nsec
time for individual pixel
Write-on-the-fly
 Writing mode
OASIS, GDS
 Input data formats
BSE
 Detector
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0.3 -1
Throughput, mask/hour
On line change focusing in selected area or
individual pixel
Dynamic distortions, astigmatism and focus
correction

Comparison of various strategy of e-beam
writing
Writing process is described by a formula:
(1)

× =

Table 1
Write time and data for its calculation
Write time for one star, µsec
VSB
728
Data for calculations
VSB, CP – current density – 9 A/cm2
MCS Ibeam = 8.3 nA, dwell time τ = 80 nsec
Resist sensitivity D = 250 µC/cm2
MCS (GB)
7.5

CP
28

,

where I is beam current, S – irradiated area and D –
resist sensitivity.
From (1) follows that the velocity of lithographic
process V = S/t = I/D beyond all bounds grows at
increase in beam current. However, in practice it is
limited by two essential factors: need to distribute a
radiation dose evenly along the line of scanning and
the clock frequency of pattern generator.
We have chosen from our experience 50 shots on
micron for the line and 2500 shots on square micron
for the VIA. As clock frequency of pattern generator
is 800 MHz that duration of the shortest shot is 1.25
ns. Therefore, the highest possible write speed for the
one shot line is 1.6 × 107 µm/sec and for the VIA
layers it is equal 3.2 × 105 µm2/sec.
For comparison we are using data from [3] for CP
machine Vistec SB350 OS, 50 keV. As a test
structure has been chosen “Starfish” shown on Fig. 4.
Shot distribution is shown on Fig. 5.
Other data for write time calculation are provided
in Table 1.
Thus, from data and calculations of Table 1
follows that write time for the MCS is less than time
of CP and VSB respectively in 4 and 97 times. The
result of write time normalized to CP for 1 cm2 are
presented on Fig. 5.

Fig. 4. Test structure Starfish.

Discussion
As the data obtained by us and provided in [3]
contradict with each other it is necessary to offer an
explanation to this fact.
First of all it has to be noted that we have
calculated just write time without taking into
consideration other factors. At such approach the ratio
of normalized write time for VSB/CP has to be equal
26/1 but not 160/1, as it follows from Fig. 5.
Apparently, authors considered some additional losses
of time, for example, moving of a stage, alignment
procedures, etc.

Fig. 5. Shot distribution for different writing strategies.
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Secondly, for comparison SEM based vector scan
system with beam current of only 10 pA has been
chosen. But in MCS beam current can be 30000 times
higher.
In the third, experimental parameters the
sensitivity of the resist and density of beam current
aren't optimum for VSB, MSB and CP systems.
If CAR resist with sensitivity 10 µC/cm2 and
current density 50 A/cm2 [4] to use is used, then write
time for CP and VSB is 200 nsec and 5.2 µsec
correspondingly. Therefore, MCS still overcomes
VSB and can compete with CP if it is operating with
shortest dwell time 1.25 nsec and beam current is
21nA. In this case write time is 117.5 nsec, but here is
not included the time to switch from on curved line to
another one.
However, if for shape writing requires more than
160 shots it makes further competition of MCS and
CP impossible.
Conclusions
As we can see from above consideration MCS with
Gaussian beam can be efficient and competitive tool
for mask making for technology nodes 45 ÷ 300 nm.
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Fabrication of high performance carbon nanotube cold cathode
electron beam (C-beam) for various devices
Hyeon Hee Yang, Hye In Lee, Jung Su Kang, Kyu Chang Park
We fabricated high performance cold cathode electron beam with carbon nanotube (CNT) emitters.
High performance cold cathode electron emitters show more than 150 mA electron emission current and
long-time operational stability. Stability of operation further enhanced with thermal annealing and
electrical aging. With the CNT cold cathode, we fabricated electron beam with triode structure and
shows more than 15 mA anode current within less than 1 cm2 area.
Keywords – Carbon nanotube (CNT), cold cathode, electron beam, microscopy, triode.

Introduction
We fabricated high performance carbon nanotube
(CNT) electron emitters with direct current plasma
enhanced chemical vapor deposition (DC-PECVD).
The performance of CNT emitters depend on the
various process conditions such as, catalytic seed
formation, patterned dot size, barrier layer, bias
voltage on mesh electrode during growth and etch
sequences, etc. For high performance cold cathode
electron beam, a fully vertically aligned CNT emitter
should be grown with pre-defined densities. In
previous, we developed CNT emitters with high
electron emission current, more than 100 mA.[1]
Based on the performance, we applied the emitters for
various device applications, such as sensors [2], x-ray
[3], thin film structural modification [4], UV lamp [5],
blue luminescence devices. [6]
In this study, we developed high performance CNT
emitters (Fig. 1) with a novel CNT growth and postgrowth treatment technique. The structural rigidity
and enhanced electron emission could be achieved
with the process. With the CNT emitters, we obtain
more than 150 mA emission current in diode mode
and 15 mA anode current with triode mode. By using
the high performance CNT emitters as electron
source, we developed a cold cathode electron beam
and applied for various devices, such as microscopy,
UV-C lighting and x-ray imaging.
Fabrication of carbon nanotube cold cathode
electron beam
A. Growth of CNT electron emitters
The CNT emitters were fabricated on catalytic
nickel island with a diameter of 3 μm and a pitch of
15 to 30 μm on the Si wafer.
“Е+Е”, vol. 53, 3-4, 2018

(a) Definition of pitch (b) One island of CNT emitters

(c) 12 × 12 emitters array for one island
Fig. 1. Fabrication of high performance CNT emitters
array, (a) definition of pitch, and (b) emitter array of one
island. (c) grown 12 × 12 emitters matrix array on one
island.

The CNT emitter shows fully vertically aligned
structure and excellent in thermal resistance. The CNT
emitters were growth using the triode direct current
plasma enhanced chemical vapor deposition (DCPECVD) technique. The DC-PECVD system has
triode structure with gate bias of 300 V and substrate
99

of – 600 V. The source gas, C2H2 and NH3 were feed
into the system with the ratio of 1 to 5. The growth
time of CNT emitters were during 150 min at the
pressure of 1.8 Torr and the temperature of 600 ℃.

A reduction of gate leakage current at high emission
current should be solved in near soon.

Fig. 2. Electron emission characteristics of CNT emitters in
diode configuration.

(a) Schematic diagram for evaluation of electron emission
characteristics.

B. Fabrication of electron beam with CNT
emitters
Cold cathode electron beam with the CNT electron
emitters were fabricated. Electron emission
characteristics of CNT emitters measured with in
diode configuration between cathode and anode with
gap distance of 270 m. As shown in Fig. 2, we
obtained more than 150 mA anode current at 2,000 V
anode bias. The current is the very enough for various
devices, such as x-ray tube, UV lighting source and
gyrotron devices.
To fabricated electron beam, we used specially
designed ceramic base as spacer between gate and
cathode with gap of 270 m. Gate electrode with
mesh wire grid fabricated with chemical etching
technique with hole size of 400 m and pitches
between hole-to-hole of 500 m. CNT emitters with
square shaped island formed to smaller than mesh
holes to enhance the transmission rate of electron
through the gate hole.
Electron emission characteristics measured as
shown in Fig. 3. We obtained more than 20 mA
emission current in triode configuration. When anode
current increases more than 5 mA, gate leakage
current start increases, resulting higher gate leakage
ratio.
=

100

ℎ

(b) Electron emission characteristics. 21.4 mA anode
current obtained at 1,950 V gate bias with 23% gate
leakage current ratio.
Fig. 3. Schematic diagram of beam performance
measurement system in triode configuration.

B. Applications of the electron beam
Cold cathode electron beam with the CNT
emitters (C-beam) were applied for electron
microscopy, ultraviolet lighting and x-ray tubes. Fig.
4 shows beam profile of one island of emitters with
various number of array.

× 100
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Conclusions
We fabricated high performance carbon nanotubes
(CNT) emitters with direct current plasma enhanced
chemical vapor deposition technique. The CNT
emitters show more than 150 mA anode current with
less than 1 cm2 area. With the CNT emitters, we
fabricated cold cathode electron beam (C-beam) with
high performance. The C-beam shows 21.4 mA
emission current at gate bias of 1,950 V. For electron
microscope application, we made various m × m
emitters array and beam performance analysed. One
single emitter shows 20 m beam diameters.

(a) Beam profile of one island with various CNT emitters
array.

(b) Calculated beam diameters of one island with various
CNT emitters array.
Fig. 4. Measurement of beam profile and calculated beam
diameter with various CNT emitters array.

Beam shape measured with digital camera and then
profile analyzed with commercial software program
(Image J). The beam profile shows the narrower with
reduced number of emitters. We calculated beam
diameter based on the previous report [7]. Beam
diameter sharply decreases with smaller array. We
could reach beam diameter of 20 m with one
emitters.
Also, the high performance cold cathode electron
beam applied for UV light sources and x-ray tubes.
We obtained UV lighting with wavelength less than
250 nm with more than 10 mW irradiance. For x-ray
tubes we obtained more than 100 m resolution.
Detail of the performance of UV light and x-ray tubes
would be presented.
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