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Electron-ion-plasma equipment for surface modification of 
materials 
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A laboratory installation designed for research in the field of surface engineering of metal and 

ceramic materials was developed and created. In the installation, it is possible to conduct successive 
processes of arc ion-plasma nitriding of the surface of metals and alloys, plasma-assisted deposition 
of functional layers and coatings, and electron beam treatment including surface polishing and 
electron beam mixing of surface layers of samples and products in a single vacuum cycle. With the 
help of these processes, it is possible to implement a complex approach to the formation of a surface 
with predetermined properties, including radically different from the properties of the substrate. 

Keywords – Electron-ion-plasma equipment, arc ion-plasma nitriding, electron beam polishing 
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Електронно-йонно-плазмено оборудване за повърхностна модификация на материали 
(Антон Д. Тересов, Владимир В. Шугуров, Владимир Н. Девятков, Николай Н. Ковал, Юрий 
Ф. Иванов). Беше разработена и изработена една лабораторна инсталация, конструирана за 
повърхностен инженеринг на метали и керамични материали. В инсталацията е възможно 
успешно провеждане на дъгово йонно-плазмено нитриране на повърхността на метали и 
сплави, асистирано с плазма отлагане на функционални слоеве и покрития и електронно-
лъчева обработка, включително повърхностно полиране и електронно-лъчево смесване на 
повърхностни слоеве на образци и продукти в единен вакуумен цикъл. С тези процеси е 
възможно да се постигне комплексен подход към получаване на повърхности с предварително 
определени параметри, включително и радикално различни от тези на подложката. 

 

Introduction 

Purposeful design of the surface of materials and 
products using modern electron-ion-plasma methods 
remains an urgent task, because its solution allows the 
creation of functional layers and coatings that 
significantly enhance the physico-mechanical and, 
accordingly, performance characteristics of machine 
parts and mechanisms, tools and other products, 
increasing their service life under extreme operating 
conditions and thus resulting in energy and resource 
savings [1-5]. 

The purpose of this work was the creation of 
specialized equipment and the development of a 
method for electron-ion-plasma engineering of the 
surface of materials and products carried out in a 
single vacuum cycle. 

The urgency of the problem is due to the need to 
develop a technology for cardinal modification of the 
structure and properties of surface layers of metals 
and alloys operating under severe conditions (friction 

pairs of highly loaded mechanisms operating under 
temperature gradients and the presence of aggressive 
environment, metal and woodworking tools, critical 
parts of oil, gas and processing industries, etc.). 

Laboratory installation „COMPLEX” 

The developed and created laboratory installation 
is designed for research in the field of surface 
engineering of metal and ceramic materials. In the 
installation, it is possible to conduct successive 
processes of arc ion-plasma nitriding of the surface of 
metals and alloys, plasma-assisted deposition of 
functional layers and coatings, and electron-beam 
processing, including surface polishing and electron-
beam mixing of surface layers of samples and 
products in a single vacuum cycle. With the help of 
these processes, it is possible to implement a complex 
approach to the formation of a surface with 
predetermined properties, including radically different 
from the properties of the substrate. The essence of 
this approach is that thin layers of the required 
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composition are successively formed on the surface of 
the substrate, which are then mixed with the substrate 
by means of a wide-aperture pulsed electron beam. 
Thus, a gradient layer is formed in which the 
properties smoothly change from the substrate to the 
surface and there are no abrupt transitions of the 
properties of the materials. 

 
Fig. 1. The design of the complex laboratory installation 
„COMPLEX”. 1 – power supplies of electron source; 2 – 

electron-beam treatment chamber; 3 – electron source 
„SOLO-M”; 4 – arc evaporators „DI-80”; 5 – chamber of 

volumetric ion-plasma treatment; 6 – manipulator; 7 – 
control cabinet; 8 – source of electrical bias; 9 – plasma 

generator „PINK”; 10 – water cooling system; 11 – power 
supply of the plasma generator „PINK”; 12 – power 

sources of arc evaporators „DI-80”. 

 
Fig. 2. Appearance of the complex laboratory installation 

„COMPLEX”. 

In this way, an important task of creation of 
surface layers with unique properties on products 
made from low-cost and affordable materials is solved 
in the developed installation. 

 

A simplified design of the installation in the form 
of a 3D-model is shown in Fig. 1, and the appearance 
in Fig. 2. 

The technological cycle of treatment of samples 
and products in this installation is as follows: the 
samples are usually fixed on a flat plate of stainless 
steel fixed in the horizontal plane on one of the 
manipulator's satellites or directly in the fastening of 
the satellite. 

Then a cycle of vacuum pumping takes place using 
fore-vacuum and turbo-molecular pumps. When the 
limit pressure is reached below 6.6•10-3 Pa, the 
process of ion-plasma treatment begins. The 
manipulator moves to the chamber of a volumetric 
ion-plasma treatment, the gate separating the vacuum 
chambers is closes. Then, ion-plasma clearing and 
heating of parts using the plasma generator „PINK” 
[6] in an argon atmosphere at a pressure of 0.1 – 0.5 
Pa is performed. After cleaning, the layers of the 
material are deposited in accordance with the 
technological map. At the same time one of the two 
arc evaporators „DI-80” [6] and the plasma generator 
„PINK” are started. The pressure at deposition is 
maintained within the range of 0.05 – 0.3 Pa, 
depending on the type of coating. After the deposition, 
the surface layer of the film-substrate system is mixed 
using the electron source „SOLO-M” [7]. To do this, 
the gate separating the cameras opens, the manipulator 
moves to the electron beam treatment chamber, 
positioned under the beam and then moves in 
accordance with the specified processing program. 
The working gas (argon) is injected through a pulsed 
electron source and is adjusted by means of a mass 
flow controller to a pressure of 3.5•10-2 Pa. After the 
end of the irradiation process, either the manipulator 
moves to the chamber of a volumetric ion-plasma 
treatment for further deposition of layers or nitriding, 
or the cooling of the processed tools and their 
extraction from the chamber. 

Sputtering and electron beam treatment modes 
depend on the type of material being processed, the 
dimensions of the samples and the required physical 
and chemical properties of the surface are selected 
individually. 

Nitriding is carried out in a chamber of volumetric 
ion-plasma treatment with the following typical 
parameters: the discharge current of „PINK” up to 100 
A, the bias voltage is regulated within 300 – 900 V to 
maintain the required temperature. The pressure of the 
working gas (nitrogen) is 0.5 – 1 Pa. 
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Design and principle of operation of the 
„COMPLEX” installation components 

A. Plasma source with a thermionic cathode 
„PINK” 

For the processes of ion cleaning and surface 
activation, as well as nitriding in the „COMPLEX” 
installation, a modernized plasma generator „PINK” 
with a thermionic cathode with discharge current up to 
100 A is used [6]. A block diagram of the developed 
plasma generator is shown in Fig. 3. 

The study of the conditions of ignition and 
operation of a non-self-sustaining arc discharge in the 
electrode system of the plasma generator „PINK” 
made it possible to create a plasma generator with an 
extended range of parameters. To do this, it was 
proposed to introduce into its design a discharge 
ignition assembly, which is an additional electrode 
inserted into the hollow cathode of the plasma 
generator and connected to the main anode. In order to 
increase the stability of the operation of the plasma 
generator it has been proposed to ensure constant 
contact of the igniting electrode with the main 
discharge anode through the ballast resistance Rb. 

 
Fig. 3. Block diagram of the plasma generator „PINK” 
with the power supply system. 1 – vacuum chamber – 

anode; 2 – ballast resistance; 3 – magnetic coil; 4 – hollow 
cathode; 5 – igniting electrode; 6 – gas inlet; 7 – holder of 
a thermionic cathode; 8 – thermionic cathode; 9 – power 

supply. 

Below is a description of the design of the plasma 
generator. The water-cooled flange has a cylindrical 
hollow cathode with an internal diameter of 80 mm 
and a length of 350 mm, made of stainless steel. The 
thermionic cathode, made in the form of the letter 
„M” of tungsten wire with a diameter of 2 mm and a 
length of 180 mm, is located inside the hollow 
cathode on two copper water-cooled current leads. A 
stabilizing longitudinal magnetic field with an 

induction of 0.1 – 3 mT is created by a magnetic coil 
located coaxially with a hollow cathode. The injection 
of working gas is carried out inside the hollow 
cathode, which increases the pressure in it and, 
accordingly, the efficiency of ionization of the 
working gas. The working pressure in the tools 
processing area (working chamber) varies between ~ 
0.1 – 2 Pa. The cathode assembly is attached to the 
water-cooled casing through an insulating spacer. The 
body of the plasma generator is electrically connected 
to a vacuum chamber whose internal walls are a 
hollow discharge anode. 

To power supply „PINK” plasma generator uses a 
specialized power systems, which includes a discharge 
power supply, a thermionic cathode power supply, a 
magnetic coil power supply. 

B. Arc evaporator with magnetic stabilization of 
cathode spot „DI-80” 

Arc evaporator „DI-80” with discharge current up 
to 150 A and magnetic stabilization of the cathode 
spot in the working area of the cathode was designed 
and manufactured to ensure effective deposition of 
functional coatings on treated products [6]. A block 
diagram of the arc evaporator is shown in Fig. 4. 

 
Fig. 4. Block diagram of the arc evaporator „DI-80” with a 
power supply. 1 – vacuum chamber – anode; 2 – focusing 

coil; 3 – stabilizing coil; 4 – igniting electrode; 5 – 
housing; 6 – cathode holder; 7 – cathode; 8 – power 

supply. 

The maximum diameter of the cathode is 78 mm, 
which makes it possible, on the one hand, to have 
rather compact dimensions of the arc evaporator, and 
on the other hand, it provides a sufficient supply of 
cathode material for a prolonged operation. The shape 
of the cathode is a truncated cone. Near larger 
diameter, on the lateral surface, a semicircular groove 
with a radius of 2 mm is designed to fix the cathode in 
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the cathode holder. Such a shape of the cathode, 
firstly, ensures ignition of the cathode spot on its 
lateral surface, the exit of the cathode spot on the 
working surface, and the stable functioning of the 
cathode spot on the working surface of the cathode. 
Secondly, a cathode of this shape can be made with 
the help of a circular grinder, which makes possible to 
manufacture it from composite sintered materials, for 
which it is practically impossible to carry out 
traditional treatment. In addition, the design of the 
cathode assembly makes possible to manufacture 
cathodes from easily processed metals by means of 
traditional treatment and fix them in the holder with 
the help of M72 × 1.5 thread. 

The cathode holder is installed through the 
insulator in the cathode flange, through which high 
voltage pulses are also supplied to the igniting 
electrodes. To increase the reliability of arc ignition, 
the arc evaporator is equipped with two ignition 
electrodes. 

The cathode flange of the arc evaporator is fixed to 
the end face of the cylindrical housing. Stabilizing and 
focusing coils, which ensure magnetic stabilization of 
the position of the cathode spot in the working area of 
the cathode, are also provided on cylindrical housing. 
The body of the coils is covered with a decorative 
casing. 

For the power supply of the developed arc 
evaporators uses power systems that include a 
discharge power supply, two magnetic coil power 
supplies and an arc ignition power supply. 

C. Electron source „SOLO-M” 

The electron gun used in the laboratory installation 
„COMPLEX” is installed on the upper flange of the 
vacuum chamber intended for electron-beam 
treatment [7]. The block diagram of the electron 
source „SOLO-M” with power supply units is shown 
in Fig. 5. The gas-discharge system of the plasma 
cathode, which ensures the generation of emission 
plasma, is constructed according to a two-stage 
scheme. The first discharge system, formed by the 
anode 2 and cathode 3 electrodes, constitutes an 
initiating discharge system functioning at a relatively 
high (up to 1 Pa) pressure for a relatively short period 
of time. To reduce the ignition voltage of the initiating 
discharge at low pressure, a discharge in crossed 
electric and magnetic fields is uses. The magnetic 
field is created by a permanent ring magnet 1 with an 
induction of 0.1 T. The initiating discharge is ignited 
initially in a glowing mode when a voltage pulse with 
an amplitude of 10 – 15 kV is applied from the power 
supply unit 11. The duration of the current pulse of the 

initiating discharge, having an amplitude of up to 10 
A, is 25 – 100 μs. After 10 μs from the voltage is 
applied to the initiating discharge, the main discharge 
system is energized. The main arc discharge with an 
adjustable duration of 20 to 250 μs is ignited between 
the electrode 3 and the hollow anode 4 through a 10 
mm diameter contraction channel in the electrode 3, 
followed by a discharge switch to the grid emission 
electrode 6. The steady ignition and operation of the 
main discharge in the arc form is determined by the 
presence of magnesium inserts on the electrodes 3 on 
which the cathode spot functions. The electrode 5 has 
an emission aperture 45 mm in diameter, covered by a 
fine-grained emission grid with a transparency of 40 
to 50% and a cell size of 0.15 × 0.15 mm2, mounted 
on the end of the hollow anode 3 with a diameter of 
100 mm and a length of 100 mm. The electrode 4 is 
connected to the emission electrode 5 through the 
resistance Ra = 50 Ohm. 

 
Fig. 5. Block diagram of the electron source „SOLO-M” 

and its power supply and control units. 1 – permanent 
magnet; 2 – anode electrode of initiating discharge; 3 – 

cathode magnesium inserts; 4 – anode part of the main arc 
discharge; 5 – emission-grid electrode; 6 – grounded 
accelerating electrode; 7 – upper magnetic coil; 8 – 

vacuum chamber; 9 – bottom magnetic coil; 10 – mass flow 
controller; 11 – initiating discharge power supply; 12 – 

main arc discharge power supply; 13 – high-voltage 
capacitors; 14 – high-voltage power supply; 15 – magnetic 

coils power supplies; 16 – control system. 

A constant high-voltage of 5 – 25 kV is applied 
between the electrode 5 and the accelerating electrode 
6, located from it at a distance of 8 – 10 mm and made 
in the form of a diaphragm 80 mm in diameter. The 
high-voltage source provides partial discharge of the 
storage capacitor bank with a total capacitance of C = 
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12 μF. Under the action of a constant accelerating 
voltage, electrons are extracted from the plasma 
through the grid cells and accelerated to an energy 
corresponding to the applied voltage. 

To stabilize the electron beam in the accelerating 
gap and the drift space, the entire system is placed in a 
longitudinal magnetic field created by pulsed 
magnetic coils. The coils are located on the upper 
(coil 7) and bottom walls (coil 9) of the vacuum 
chamber outside the pumped volume and create a 
longitudinal magnetic field in the region of formation 
and transportation of the electron beam. Diagnostics 
of the pulsed currents of the electron source is carried 
out using Rogowski coils, installed in the 
corresponding circuits of the electron source. 

The developed and created electron source with a 
grid plasma cathode provides the formation of an 
electron beam with the following main parameters: 
beam current 20 – 300 A, electron energy 5 – 25 kV, 
energy density in the beam for one pulse up to 100 
J/cm2, effective beam diameter 10 – 40 mm. 

Conclusions 

Thus, in this work the solution of the complex 
problem of electron-ion-plasma engineering of the 
surface of materials and products realized in a single 
vacuum cycle using the unique electrophysical 
equipment was demonstrated. This technology can be 
used to radically modify the structure and properties 
of surface layers of metals and alloys operating under 
severe conditions. 
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