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As known, the surface phenomena play a crucial role in the formation of strong interato-
mic bonds while joining dissimilar materials and the deposition of metal films. Thus, 
the presence of various contaminants, including oxides, on the metal surface reduces 
drastically the metal surface energy, thereby, preventing the diffusion processes in 
the contact zone and wetting them with liquid solder and adhesion of condensed films 
on the substrate surface. As a result, the processes of cleaning (activating) of metal 
surfaces before welding or coatings’ deposition begin to play a significant role. In some 
cases, metal surfaces have to be modified in order to give them the desired properties. 
Recently, for activation and modification of surfaces before welding and coatings’ 
deposition, gas-discharge plasma of abnormal glow discharge is widely used. The latter 
allows treating the surfaces of different configurations, including internal cavities, 
and various areas from units to tens of thousands of square centimetres. This review 
contains the results of research on the activation and modification of metal surfaces 
with low-energy ions (<10 keV) initiated in the plasma of an abnormal glow discharge 
for welding, brazing, and coatings’ deposition. Particularly, we present results of 
studies of ion treatment with the glow discharge surface of samples, which are made 
of steels Ñ45 and DC04, a number of active metals and alloys as well as chromium-
containing steels 41Cr4, X20Cr13, and X6CrNiTi18-10, which possess the chemically 
and thermally stable Cr2O3 oxides on their surfaces. The decisive influence on the 
efficiency of purification and modification of metal surfaces with glow discharge by 
means of such regime parameters as electrode voltage, discharge current density, working 
chamber pressure, and ion exposure time is indicated. The optimal values of these 
parameters, in most cases, are determined by the technological conditions of the 
process and vary in the following ranges: Ud = 1500–3500 V, Jd = 0.4–1 mA/cm2, 
P = 3.99–7.98 Pa, t = 120–300 s, respectively.
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1. introduction

Surface preparation is the most significant technological operation prior 
to welding, brazing and coatings deposition that determines the reliabil-
ity of untouchable joints and formation of complete atomic bonds with 
the applied coatings. However, the presence of various contaminants  
on metal surfaces (dust, adsorbed atoms and molecules, chemical com-
pounds, oxide films, etc.) complicates significantly the conditions of 
these processes. For instance, the presence of oxides layer on the sur-
faces of welded or brazed specimens inhibits the processes of diffusion 
mass transfer and formation of strong chemical bonds. Instead, the pre-
sence of oxides and adsorbed atoms on the substrate surface reduces 
significantly its surface energy and the adhesion strength of the coat-
ings consequently. 

The use of traditional methods of purification such as mechanical, 
chemical or electrochemical ones does not solve the problem at all. Thus, 
the use of mechanical methods, such as turning or sandblasting does not 
appropriate in terms of surface purity, since these processes are closely 
associated with the presence in air of residues of ultrafine dust, which 
is deposited subsequently on the samples’ surface. 

In turn, the chemical cleaning methods (include acidic/alkaline clea-
ning) is also associated with the significant disadvantages, mainly due 
to the presence of residues of active detergents on the surface, which are 
sources of gas in vacuum. On top of that, there is a high probability of 
harmful chemicals on the surface of the products during chemical clean-
ing that is definitely threaten to the environment. In this regard, there 
is a vital to find out a new, more technological and environmental friendly 
technology and methods for clean and modification of metal surfaces. 

Recently, electrophysical methods of purification (activation) and 
modification, mainly related with the direct action of charged particles 
on the sample surfaces, have begun to play a significant role. In Ref. 
[1], it was shown that the use of ion-beam treatment to clean the surface 
of steel strip samples in terms of speed and quality of processing ex-
ceeds greatly the chemical cleaning methods. Thus, according to the 
technological cycle adopted at the Magnitogorsk Metallurgical Plant, in 
the process of chemical cleaning for 25 s, contaminants for 1300– 
1350 mg/m2 are removed. In the process of plasma associated sputtering 
of the surface by the heavy ions beams with the energy of 20–50 keV, 
the same amount of contaminants is removed in 2–5 s [2]. However, the 
implementation of such a method requires the use of complex high-
vacuum and high-voltage equipment.

Among the physical methods of surface preparation, the most prom-
ising is the use of glow discharge plasma, which allows to process sur-
faces of different configurations (including internal cavities) and dif-
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ferent areas (from units to tens of thousands of square centimetres). 
The ability to accurately adjust the parameters of the mode in a wide 
range, high-energy efficiency and productivity of the process, let alone 
of environmental friendliness has led to its widespread industrial ap-
plication. Currently in the literature, the most favourable conditions 
have developed around the preliminary ion treatment of glass substrates 
by a glow discharge before coatings deposition and cathode training be-
fore ion nitriding. Information about the use of glow discharge plasma 
for the treatment and modification of metal surfaces before diffusion 
welding and brazing is limited and contradictory. In addition, it should 
be noted that there is no any systematic data about the influence of the 
glow discharge parameters on the results of activation and modification 
of metal surfaces in mentioned technological processes.

Therefore, the purpose of this review is a detailed analysis of the 
known experimental works on this issue, which may be useful in eluci-
dating the mechanism of activation and modification of metal surfaces 
in welding, brazing, and coatings deposition.

2. the Cleaning (Activation)  
of Metal Surfaces in Plasma of Glow Discharge

The practice of glow discharge (GD) industrial application in various 
technological processes has shown that among of all the variety of its 
forms the most suitable for cleaning and modification of metal surfaces 
is an abnormal GD. The latter normally initiates in the active (nitrogen, 
hydrogen, hydrocarbons) or inert gases (usually argon) at average pres-
sures of 0.1–100 kPa. In contrast to the normal GD, where the cathodic 
potential drop and the current density are constant, in the abnormal 
GD, a further voltage increase inevitable leads to the growth in the ca-
thodic potential drop and at the same time to an increase in emission 
from the cathode (treated sample simultaneously). 

In a number of works [3–6] dealing with the study of cathode sput-
tering processes in a glow discharge, it was shown that the sample 
placed as a cathode in the plasma of abnormal GD will be subjected to 
an intense ion bombardment. Depending on the energy of ions, the fol-
lowing processes can take place on the cathode surface: 

(1) condensation of working gas atoms, which take place at ion ener-
gies of Ei ≈ 10–100 eV, mainly inherent for the processes of coatings 
deposition; 

(2) sputtering of atoms and molecules from the cathode surface as a 
result of ion bombardment occurs at energies of Ei ≈ 102–103 eV, and 
characterizes the processes of activation of metal surfaces; 

(3) bias of the atoms in a crystal lattice and implantation of ions of 
the working gas in the near-surface layers of the treated sample, is nor-



106 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 1

M.G. Bolotov and I.O. Prybytko

mally observed at ion energies of Ei ≥ 104 eV, thus, there is a modifica-
tion of metal surfaces [7].

Depending on the composition of the working gas and the location 
of the specimens in the discharge circuit, there are chemical and physi-
cal cathode sputterings. In the first case, the parts are placed in the 
negative glow near the cathode and are under the floating potential. 
Process of treatment, as a rule, is carried out by low-energy ions of 
chemically active gases (most often — oxygen). The organic impurities 
react with the atomic oxygen and are ashed under the formation of a 
native oxide. The impurities desorb either thermally (thermal desorp-
tion) or if bombarded with charge carriers (impact desorption) [8]. Dur-
ing physical sputtering, the treatment is carried out with inert gas ions 
(normally, it is argon), while the part serves as the cathode of the GD 
simultaneously. The latter causes a higher productivity of the process, 
compared with chemical etching, because the ions acquire most of their 
energy directly in the field of cathodic potential drop. 

Ion treatment of metal surfaces in oxygen plasma of abnormal GD 
mostly inherent for the processes of aluminium coatings deposition, 
where the role of oxides on the substrate surface is decisive in terms of 
better adhesion of the condensed phase [9, 10].

However, the authors of the review [11] have noted that some ad-
sorption of oxygen on the surfaces of transition metals (Cu, Ni, Fe) can 
be observed under the treatment by low-energy Ar+ ions. In order to 
study the oxygen adsorption kinetics, the treated samples were sub-
jected to the ion irradiation with an argon ions energy of Ar+ ≈ 8 keV at 
a current density of 1.5  ⋅ 10−3 A⋅cm−2. The pressure in the working cham-
ber was set up so that the residual oxygen pressure did not exceed 
2  ⋅ 10−8 Torr. The irradiation dose varied from 10−16 to 10−19 ion ⋅  cm−2. 
Immediately after ion treatment, the partial pressure of oxygen in the 
chamber varied in the range of 10−7, 10−6, and 10−5 Torr and was main-
tained steadily for some time to obtain a dose of oxygen of 3  ⋅ 102, 3  ⋅ 103, 
and 3  ⋅ 104 l, respectively. Then, the chamber was evacuated again, and 
the bombarding process was repeated. Analysis of the obtained kinetic 
curves (Fig. 1) shows the presence of oxidation of the iron surface under 
the treatment by low energy argon ions. 

Fig. 1. Ion current from iron sample 
as a function of Ar+ ion bombardment 
dose D: (1 keV, 1.2 mA⋅  cm−2), 1 — 
300 l; 2 — 3000 l; 3 — 30300 l [11]
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Here, ∆I+ = I1
+ − I0

+ values are plotted as function of the bombard-
ment doses D, where I+ is the height of the initial current peak (corre-
sponding the initial oxide layer), and I0

+ is the current corresponding to 
dynamic equilibrium (approximately it corresponds to the surface oxy-
gen concentrations less than one monolayer) [11]. As follows from the 
above curves, the initial ion irradiation doses of D ∼ 1016 are insuffi-
cient to remove the oxide layer from the cathode surface. The minimum 
value of ∆I+(D), which corresponds to the minimum concentration of 
oxides on the surface of iron, was obtained at doses of 2  ⋅ 1017–3  ⋅ 1017. 
With a further growing in the number of ions bombarding the cathode 
surface, there is a re-increase of the oxides on the iron surface. The 
authors explain such kinetics of iron surface oxidation under the action 
of ion bombardment as follows. A small amount of Ar+ falling on the 
cathode surface is not enough to remove the primary oxide layer. In-
stead, the saturation of the oxide film with the argon atoms is observed, 
which later becomes as a kind of diffusion barrier between the metal 
and oxygen atoms. The oxidation rate is slowed down, and even there is 
some removal of oxides from the surface of the iron. A further growth 
of the oxide layer may be the result of an increase in the number of 
defects of the macro and micro relief of the surface because of increas-
ing of ion irradiation dose.

The authors of Ref. [8], investigating the mechanisms of removal of 
adsorbed hydrocarbon and natural oxide layers from the surface of alu-
minium by the oxygen and argon plasma of abnormal GD, have also in-
dicated a significant role, along with the cathode sputtering, chemical 
reactions of the adsorbed layer with the oxygen radicals. The following 
important processes take place here: first, chemical interaction of oxy-
gen radicals formed because of dissociation of O2 molecules in the region 
of negative glow with the adsorbed layer of hydrocarbons; second, chem-
ical sputtering of the cathode surface layer as a result of its intensive 
bombardment with the O2+ and O+ ions; third, physical sputtering of the 
cathode material, in particular the hydrocarbon layer (CHxOy), oxides 
(AlxOy) and, directly, Al itself by low-energy Ar+ ions. The first two 
processes allow removing hydrocarbons layers. For spraying of alumin-
ium oxides, where the work function is much greater than for pure 
metal, the process is carried out in argon plasma of abnormal GD [12]. 

The surface of the aluminium samples with dimensions of 8 × 15 cm2 
was treated in abnormal GD and, for comparison, in glow discharge with 
the hollow cathode effect (HCGD). The main treatment parameters var-
ied within the following limits: discharge current Id = 40–120 mA, volt-
age at the electrodes Ud = 500–1200 V, while the discharge power varied 
within the 20–140 W. The gas pressure in the discharge chamber P = 
10–20 Pa, the treatment time varied within 1–15 min while the sub-
strate temperature does not exceed 293–423 K. Purification in abnor-
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mal GD was implemented 
according to the diode cir-
cuit in which the work-
piece serves as the cath-
ode of the discharge, the 
vacuum chamber acted as 
the anode. Purification in 
the HCGD was carried out 
under the condition of the 
‘floating’ potential of the 
substrate. The efficiency 
of the purification process 
was determined by ellipso-
metric measurements at the 
wavelength of the He–Ne 

laser of λ = 0.6328 µm. For this method, the change in the time values 
of the polarization angles ψ and ∆ is responsible for the characteristics 
of the surface state in the cleaning process. The typical dependences of 
ψ and ∆ obtained in the course of ellipsometric studies are shown in Fig. 2.

The authors notice a certain reduction in the layer of oil film  
adsorbed on the surface of the products at the beginning of the process 
of evacuation (pumping out) of the chamber to the working pressure 
(point A) due to its high vapour pressure. Volatile impurities at the 
pumping out stage are removed only to a certain extent, as evidenced by 
the first critical point B. The elimination of oil residues and the hydro-
carbon layer was noticed, which manifested by a certain increase in ψ–∆ 
(point C). The authors have also reported that is impossible to achieve 
the removal of aluminium oxides from its surface in oxygen GD plasma. 
It was noted even a certain increase in the oxide layer on the surface of 
aluminium during prolonged exposure to oxygen plasma, which is cor-
related with previous studies.

Comparison of the results of ellipsometric measurements after plas-
ma treatment by abnormal glow discharge with a discharge initiated in 
a hollow cathode showed that the latter provides the same purification 
level of the aluminium surface, but for a longer time interval. Figure 3 
shows the dependences of ∆ on the form of the glow discharge.

The low productivity of the process under the condition of the float-
ing potential of the aluminium workpiece during treatment with a HCGD 
can be explained by a decrease in the effect of low-energy plasma ions 
on the surface of the treated sample. At this arrangement of the sample, 
a significant part of the plasma ions falling into a strong electric field 
and headed to the cathode surface and only a small amount of ions falls 
direct on the workpiece. This purification process is only chemical and 
requires additional ion bombardment. In this regard, the authors con-

Fig. 2. The ψ–∆-plot during evacuation and plas-
ma surface treatment [8]



ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 1 109

Application of Glow Discharge Plasma for Modification of Metal Surfaces

clude that the efficiency of plasma treatment by glow discharge increas-
es due to the ionic component.

However, a HCGD can be an effective tool for cleaning and modifi-
cation of metal surfaces, as long as the workpiece will be under a nega-
tive potential, i.e. serve as a cathode. In this case, there are no any 
problems with the charge of the sample surface with the stream of bom-
barding ions. The method becomes extremely useful in treatment pro-
cesses of the long metal tubes internal cavities.

 In Ref. [13], the results of studies of the HCGD energy charac-
teristics regarding to the conditions of cleaning the small diameter long 
tubes inner surfaces before deposition of plasma coatings are presented. 
In these experiments, the cathode was made of steel X6CrNiTi18-10 
length of 500 mm, diameter 13.5 mm, thus the ratio of the length and 
diameter is ≈ 37 mm. The parameters of the mode: discharge current  
Id = 0.24 A, voltage at the electrodes Ud = 345 V, the pressure of the 
working gas (Argon) in the chamber varied within P = 10–100 Pa. The 
obtained results are shown in Fig. 4. 

The research results show a sharp inhomogeneity of plasma distri-
bution within the cathode cavity. The obtained curves shows a rapid 
decrease in the discharge current density from J ≈ 2.5–3 mA/cm2 to 
J ≈ 0.1–0.4 mA/cm2 at a distancing from the cathode end, which is 
placed near the anode. Apparently, such plasma distribution inside the 
cavity will not provide a uniform cathode sputtering. Thus, the ion 
bombardment intensity of the remote from the anode–cathode sections 
decreases dramatically. This inevitably leads to the deterioration of the 
efficiency of glow discharge cleaning action. 

In Ref. [14], a solution for the emission problem at the remote cath-
ode sections where L = 10din was proposed by introducing into the elec-
trode system an additional anode from the other end of the cathode 
cavity. The probe measurements of ionic current along the length of the 
aluminium cathode with a diameter of 10 mm and a length of 110 mm 
in a double anode system are shown in Fig. 5.

Fig. 3. Time dependence of ∆ for abnormal GD and hollow cathode GD treatment, 
respectively [8]
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Experimentally obtained probe curves shows a certain redistribution 
of plasma inside the cathode with a character close to linear when the 
additional anode in the opposite side of the tube was placed, since the 
placement of the second anode from the opposite cathode end initiates 
the appearance of emission processes with the corresponding increasing 
in the number of ions bombarding the surface. However, the hollow 
cathode effect for surfaces purification is rather a special case and is 
rarely used in practice. Instead, the HCGD ended up as extremely effec-
tive heating source and found a widespread use in the processes of sin-
tering and doping of metal surfaces, and for the joining of metals as 
well [15–17]. 

In Ref. [18], the efficiency of cleaning the surfaces of steel speci-
mens in the plasma of abnormal glow discharge prior to coatings deposi-
tion was investigated. Purification of samples made of steel Ñ45 was 
also carried out with the diode scheme (sample–discharge cathode) in 
argon. The gas pressure in the working chamber was varied within the 
1–11 Pa. Under condition of physical sputtering, such a pressures range 
is absolutely justified, since, as shown in Ref. [19], the energy disper-
sion coefficient of particles, coming to the cathode, decreases at 13.3 Pa 
and above. The latter is associated with the formation on the samples 
surface of dense adsorbed layers, which prevent sputtering of the sur-
face material. The lower pressure is due to the limit of the glow dis-
charge existence. The treatment time was varied from 30–600 s. The 
voltage at the electrodes varied in the range of 500–5000 V, and the 
current density ranged across 0.2–1.5 mA/cm2. Thus, the specific pow-
er of GD varied from 1 to 5 W/cm2. As shown in Ref. [20], this volt-

Fig. 5. The results of ion current measurements along the cathode cavity height h: 
open circles (○) — with an additional anode; solid circles (●) — without an addi-
tional anode in the discharge gap [14]

Fig. 4. The distribution of the discharge current density J along the length of the 
cathode cavity L when: (1) P = 10 Pa; (2) P = 53 Pa; (3) P = 100 Pa [13]
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ages range is the most effective in terms of ion surface treatment, since 
when the voltage at the electrodes is less than 500 V, the ion energy is 
not sufficient to knock out the particles off the metal surface. Increas-
ing the voltage above 5000 V is not effective due to the violation of 
glow discharge stability and its transition into an electric arc. However, 
in our experiments [21], the appearance of cathode spots of the arc was 
observed at 2500–3000 V. It is known that the increase in voltage at  
the electrodes leads to a growth in the glow discharge current density. 
Nevertheless, in abnormal form of GD, when the entire cathode is  
covered with a glow, such an increase leads to the rise in electric field 
strength in the discharge gap. In this context, the presence on the  
cathode of various cracks and gaps (including those caused by peeling 
oxides from the cathode surface) or micro- and macroroughness leads  
to a microarc breakdowns and the violation of the cleaning mode con-
sequently [22]. 

The efficiency of surface cleaning by a glow discharge was evaluated 
with the contact angle of wetting the surface (θ) by distilled water. The 
measurement results are shown in Fig. 6. 

As can be seen, the obtained curves are almost identical with the 
minimum of the wetting angle of θ = 22°, which corresponds to the aver-
age values of the parameters, namely: specific discharge power W = 2.35 
W/cm2, current density J = 0.7 mA/cm2, gas pressure of P = 5–6 Pa and 
the anode–cathode distance of L = 8 mm. The increase of θ with the 
growth of the discharge specific power is explained by authors by means 

Fig. 6. Dependences of the wetting angle 
on the specific power of the discharge (a), 
the pressure (b), and the distance between 
the electrodes (c) [18]
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of the substrate surface heating while ion treatment. The latter leads to 
the some surface re-oxidation due to υox > υsput, where υox is the rate of 
oxide build-up on the metal surface, υsput is the sputtering rate of par-
ticles from the substrate surface. This phenomenon was also observed 
when the pressure increases by more than 5–6 Pa. This is due to the 
fact, that in abnormal GD, the discharge current and the current den-
sity, accordingly, while the constant voltage, mainly determined by the 
pressure of the working gas. As the pressure increases, the current den-
sity has also goes up approximately in quadratic dependence, and when 
a certain value is reached, it leads to significant heating with the build-
ing up of an oxides on the workpiece surface [23].

Another phenomenon is important herewith, since with increasing 
of argon pressure in the working chamber the role of gaseous impurities 
in it (oxygen, moisture, nitrogen, etc.) increases. The presence of impu-
rity atoms in the discharge gap reduces the energy of Ar+ ions falling on 
the cathode due to the decline of their free path length. Increasing the 
interelectrode distance at constant pressure also leads to some decrease 
in the frequency of ion bombardment of the cathode due to a growth in 
the number of collisions with atoms of foreign gas impurities. 

The authors has also noted the partial loss of GD’s stability with the 
microarcs' appearance on the surface of the sample due to the rapid 
growth of the oxide film while treatment at voltages above 2500 V. 
Figu re 7 shows the dependence of angle of wetting on exposure time of 
the sample with argon ions. The results show the highest quality of sur-
face purification (the lowest wetting 
angle θ) for a minimum processing 
time of 180 s. These results are totally 
coincide with the given in Ref. [24] on 
the study of ion cleaning efficiency of 

Fig. 7. The dependence of the angle of wetting on the treatment time at W = 2.15 
W/cm2, L = 9 mm, P = 6 Pa [18]

Fig. 8. Dependence of change of surface film thickness on time of ion bombardment 
in ac glow discharge: 1 — without preliminary cleaning; 2 — pre-electrochemically 
cleaned surface [24]
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the surface of steel DC04 in argon at pressures of P = 0.05–1 Torr. In 
these experiments, the voltage at the electrodes was Ud = 900 V, current 
density J = 0.5 mA/cm2. The authors note that the most of contami-
nants are removed in the first seconds of the glow discharge action and 
give the dependences of the change in the me tal surface film thickness 
on the time of argon ions exposure (Fig. 8). 

The obtained results have also shown a decrease in the thickness of 
oxides surface layer in the first seconds of the glow discharge action. 
With increasing of the treatment time in argon plasma of GD, the some 
increase in the oxide film thickness was also observed. Moreover, there 
is a more active build-up of an oxides on the pre-electrochemically 
cleaned surface is noted. Electrographic study of an oxide layers occur-
ring on the surface of steel DC04 with duration of ion treatment of 360 
s have showed the presence of mainly FeO oxide.

At the same time, a number of papers suggests that the glow dis-
charge will be most effective in terms of surface treatment before coat-
ings deposition, namely in an oxygen. For instance, in Ref. [25], it was 
believed that to improve the adhesion of the aluminium coating on the 
steel substrate requires an additional oxidation of the surface and have 
proposed to carry out of periodic oxygen supply to the working chamber 
during ion treatment.

In Ref. [26], a comparative analysis of the efficiency of ion treat-
ment of the surface of steel DC04 in argon and oxygen plasma of  
glow discharge was also shown. The results of comparisons are shown in 
Fig. 9 and 10.

Fig. 10. The dependence of the change in the surface oxide thickness on steel 08kp 
on treatment time in oxygen (1) and argon (2) plasma of glow discharge [26]

Fig. 9. Dependence of the wetting angle on the discharge current density while ion 
treatment of steel DC04 in oxygen (1) and argon (2) plasma of glow discharge [26]
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From the experimental curves, it 
can be concluded that despite the 
smaller angle of wetting obtained 
while treating in argon (Fig. 9), the 
total intensity of surface films clean-
ing in an oxygen plasma is a bit high-
er (Fig. 10). The authors attribute 
this one to the increase in chemical 

reactions of surface contaminants with oxygen ions, which in this case 
lead to an acceleration of the surface cleaning process. However, for the 
processes of diffusion welding and brazing, the results of these works 
are not appropriate, since the task of them mainly related with the for-
mation of an oxide layers on the metal surface for the better adhesion 
of the aluminium coating, since the presence on the metals surface 
joined by diffusion welding and brazing of an oxides’ layer inhibits dra-
matically the formation of chemical bonds as well as the development of 
diffusion mass transfer and reduces of metals surface energy [27, 28]. 
In this regard, the issue of activation (cleaning) of metal surfaces by 
low-temperature distributed GD plasma before welding and brazing is 
also relevant and requires of detailed analysis.

Thus, it is known the work [29], which presents the results of ex-
perimental studies of ion activation of metal surfaces in the glow dis-
charge plasma before diffusion welding. In these experiments, the work-
pieces with a diameter of 10 mm and a height of 30 mm, made of steel 
41Cr4, steel X6CrNiTi18-10 and titanium alloy VT-3-1 were used. Ei-
ther approximately 24–48 hours before welding, the welded surfaces 
were finished with the turning and immediately before welding, they 
were degreased with solvents or ionic treatment in argon plasma of glow 
discharge was performed. Gas pressure in the working chamber has var-
ied in the range of 5–10 Pa and the voltage at the electrodes of the 
discharge 2000–2500 V. Treatment time was 300 s.

The workpieces were the cathode of a glow discharge. After treatment, 
the specimens were brought into the contact with a mechanical compres-
sion system and their diffusion welding was carried out. The efficiency 
of surface preparation before welding was evaluated by mechanical tests 
of samples welded in homogeneous and heterogeneous com binations in 
the next mode: welding temperature 1223 K, compression force of sam-
ples 10 MPa. The welding time was varied from 6 to 20 minutes. 

Fig. 11. The kinetics of formation of the 
dif fusion joints strength with the ion treat-
ment (dashed curve) and without it (solid 
curve): ○ — VT3-1 + VT3-1; □ — VT3-1 + 
+ steel X6CrNiTi18-10 [29]



ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 1 115

Application of Glow Discharge Plasma for Modification of Metal Surfaces

As a result, the authors have found that the effectiveness of the 
glow discharge as an activating tool of metals surfaces before diffusion 
welding is primarily in reducing the dissolution time of oxides in the 
metal and the interatomic bonds establishment. The duration of this 
period was estimated by the time to achieve the same level of the joints 
strength during welding with and without of ion activation. The au-
thors note the most noticeable effect in the homogeneous connection of 
titanium alloys and titanium with stainless steel, where the welding 
time was reduced in the 28–32% and 22–24%, respectively (Fig. 11).

A much less significant effect of ion treatment was found during 
the welding of steel 45 samples, where the active surface reducing agent 
was carbon. Metallographic studies of the surface of steel X6CrNiTi18-
10 before and after ion treatment in the glow discharge showed the 
presence of the globules of contaminants on the samples surfaces before 
treatment (Fig. 12, a), and the open microrelief of steel after bombard-
ment (Fig. 12, b).

The study of the wettability of the surface of the same steel with 
distilled water shows a significant decrease in the wetting angle after 
ion treatment both in comparison with the original surface and after 
washing with acetone (Fig. 13).

In Ref. [30], the optimal plasma treatment parameters by abnormal 
GD of metal surfaces before diffusion welding and brazing were deter-
mined. The materials with high oxygen affinity were selected as the 
investigated, namely, chromium steels 41Cr4, X20Cr13 and X6CrNi-
Ti18-10, which possess of chemically and thermally stable Cr2O3 oxides 
on their surface. The presence of the latter complicates dramatically 
their weldability and ability for brazing as well. Wetting of pre-treated 
surfaces with liquid solders was chosen as a measure of the effective-
ness of the glow discharge. After purification, the samples were re-

Fig. 12. Relief of steel X6CrNiTi18-10 surface before (a) and after 
(b) ion treatment (×5000) [29]
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moved from the discharge chamber and installed in a heater and after 
evacuation were heated with temperature of 1103 K. The duration be-
tween treatment and heating was approximately 15–18 minutes. The 
treatment was carried out in argon. The experiments were conducted on 
samples of 30 × 30 × 0.2 mm3. The silver solder (PSr-72) was used. The 
weight of the solder in all cases was the same — 0.2 g. In accordance 
with [18], the treatment parameters varied within the following range: 
voltage at the electrodes Ud = 500–5000 V, while the magnitude of the 

Fig. 14. The dependence of the solder spreading area Ss on the steel surface from 
the voltage on the electrodes during treatment in the glow discharge (j — current 
density on the sample surface, gas pressure 4.65–5.32 Pa): ○ — steel 41Cr4; × — 
steel X20Cr13; ■ — steel X6CrNiTi18-10 [30]

Fig. 13. Changing the angle of wetting of the steel surface depending on the method 
of its preparation: 1 — the original surface; 2 — washing the surface with acetone; 
3 — ion surface treatment [29]

Fig. 15. Dependence of the solder spreading area on the surface of steel X6CrNi-
Ti18-10 on current density of the glow discharge while ion treatment and the pressure 
of the working gas (T — heating temperature of the sample during processing) [30]

Fig. 16. The impact of ion treatment duration of steels on the solder spread area on 
them: ○ — steel 41Cr4; × — steel X20Cr13; ■ — steel X6CrNiTi18-10 [30]
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cathodic potential drop Uc varied from about 300 to 4000 V; gas pres-
sure P = 1.33–16.03 Pa. 

Figure 14 shows the obtained dependences of the solder spread area 
on the steel surface from the voltage at the electrodes while treating in 
the glow discharge. 

The obtained results indicate an increase in the solder spreading 
area Ss on the surfaces of the samples after ion treatment with increas-
ing of discharge voltage. The author inferred that the value of the dis-
charge voltage required for the soldier spread on the surface would be 
determined by the chemical composition of oxide systems. Thus, for 
steel 41Cr4, the surface of which is covered with the low chromium ox-
ide of spinel type (FeO)(Cr2O3), the activating voltage going to be ap-
proximately 1200–1800 V. While for steel X6CrNiTi18-10, where quite 
stable chromium oxides Cr2O3 are formed, activating voltage will be 
3000–3500 V. As in the case of Ref. [18], the author points to the dete-
rioration of the surface condition after reaching a certain critical volt-
age and, also, associates this with their oxidation caused by increasing 
the temperature of the samples, which during ion treatment reached 
453 K and more. Increasing the voltage at the electrodes above 2000–
3500 V (according to the chromium content in the samples materials) 
has virtually no effect on the quality of the surfaces cleaning of steel 
samples. 

Investigating the effect of gas pressure on the quality of treatment, 
the author notes that in the low pressure of 1.33 Pa the surface state  
of the stu died steels after ion bombardment not unlike the untreated 
ones (Fig. 15).

In author’s opinion, this is due to the insufficient concentration of 
charged particles in the discharge plasma because of low degree of ion-
ization at these pressures. The maximum of solder spread area on the 
surfaces of the studied steels was obtained at gas pressures of 3.99–7.98 
Pa. A further increase in pressure in all cases led to a deterioration in 
the solder spread. This phenomenon is natural for a glow discharge, 
because, as was mentioned above, with increasing of pressure, the cur-
rent density at the cathode has also going up, contributing to the heat-
ing of the latter. The most effective results (the largest area of solder 
spreading) were obtained at current densities of 0.4–1 mA/cm2.

Fig. 17. Spreading of solder 
PSr-72 on the surface of ste -
els: a — 41Cr4; b — X20Cr13; 
c — X6CrNiTi18-10 [30]
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In Figure 16, the results of experimental studies of the effect of 
exposure duration of steel surfaces by argon ions are shown. Analysing 
the obtained dependences, the author concludes that the duration of ion 
treatment will be determined by the content of easily oxidizable ele-
ments in steels, in particular chromium. Thus, achievement of the larg-
est spreading area of PSr-72 solder on the surface of steel 41Cr4 took 
about 120–150 s, while for steel X6CrNiTi18-10 this parameter has 
doubled and was about 300–360 s. 

Along with the decrease in the solder spread area with increasing of 
chromium content in the studied steels, a corresponding increase of the 
wetting angle under other equal conditions was observed (Fig. 17). Thus, 
the wetting angle of 41Cr4 steel was θ = 15–18°, while for steel X6Cr-
NiTi18-10 — θ = 44–52°.

3. Modification of Metal Surfaces in Glow Discharge Plasma

The ability of joining of dissimilar metals and the strong bonds forma-
tion is determined primarily by the joined materials surface properties. 
However, in practice, the physicochemical properties of most metals are 
underdeveloped in terms of adhesion, wetting and the strong bonds for-
mation. To obtain the needed surface characteristics of metals, they are 
normally modified by changing its morphological and physicochemical 
properties. This is mostly achieved by adjusting its structural–phase 
composition through the diffusion saturation with appropriate metals 
or non-metals (nitrogen, boron, carbon) by exposing the samples surface 
with high-energy ions (10–100 keV). Such ions’ energy is normally pro-
vided by the use of ion beam technologies [31] or other ion accelerators 
(discharge with a hollow cathode/anode [32, 33] or immersion plasma 
ion implantation with the glow discharge [34]). However, for the weld-
ing, brazing and coatings deposition conditions the gas saturation of 
surfaces is undesirable phenomenon. This is because the presence of the 
gases in the near-surface layers of metals complicates dramatically the 
diffusion mass transfer processes, thereby degrading of the welded or 
brazed joints quality and an adhesion of coatings on the substrate re-
spectively. Additionally, the processes of chemical-thermal treatment 
(nitriding) are normally carried out at the samples temperatures of 
823–873 K. As shown from Ref. [35], already at 503 K, there are the 
related annealing colours on the workpieces surface, which indicates 
about occurring significant oxidation during processing. 

Instead, the effect of penetration of metal atoms from the surface 
into the microscopic distances at temperatures not exceeding of 493 K 
while ion bombardment in a glow discharge was established by the scien-
tists of G.V. Kurdyumov Institute for Metal Physics of the National 
Academy of Sciences of Ukraine [36–38]. Gertsriken and Mazanko showed 
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Fig. 18. The distribution of nickel atoms in titanium during treatment in a glow 
discharge for 10 hours [37]
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the penetration depth of tens of microns of caesium atoms deposited on 
the surfaces of nickel and aluminium during ion bombardment in abnor-
mal GD. The diffusion coefficients of caesium atoms in nickel and alu-
minium were one or two orders higher than similar indicators obtained 
under isothermal annealing.

In Ref. [37], the results of doping of the titanium surface in glow 
discharge plasma with nickel atoms galvanically deposited on the tita-
nium are given. The treatment was carried out in nitrogen plasma at gas 
pressures of 10–1500 Pa. The current density was 0.5–40 mA/cm2 while 
the temperature of the samples during ion treatment did not exceed of 
473–493 K. The voltage at the electrodes varied in the range of 0.4– 
2 kV and the duration of ion exposure varied from 1 to 10 hours. In 
order to increase the intensity of ion bombardment, the process was car-
ried out in a pulsed glow discharge with pulsations of 20–100 µs. The 
latter allows increasing slightly the magnitude of the discharge current 
in comparison with the usual glow discharge. The effect of ion bombard-
ment on the redistribution of atoms in the surface layers was studied by 
the method of radioactive isotopes. In this case, a 63Ni radioisotope de-
posited on the surface of samples up to 1 µm of thickness was used.

According to this research, the authors have noted the penetration 
of nitrogen into titanium to a depth of 12–15 microns. However, there 
is some redistribution and penetration of the surface atoms of treated 
metal into the distances of ≈ 8–10 µm along with the nitrogen ions was 
observed (Fig. 18). Moreover, the depth of penetration of the doping 
atoms increases with the growth of ion exposure duration.

To determine the diffusion coefficient Def of the radioisotope la-
belled atoms into the sample, which was treated with a glow discharge 
for a while, the following equation was used [37]:
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Fig. 19. Changing of microhardness and phase composition along the depth of the 
diffusion zone after ion treatment [37]
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where Nn is the activity of the sample after removal of the layer thick-
ness of Xn, µ is the linear coefficient of the sample material absorption 
of radiation, and t is the duration of ion treatment. The calculations 
performed with (1) showed that the diffusion coefficient of nickel in 
titanium about 3.3–10−13 after treating with the glow discharge. More-
over, nickel and nitrogen forms a solid solution in titanium, the concen-
tration of which in the latter decreases exponentially. The most inter-
estingly, the authors notes the reverse migration of titanium atoms into 
the nickel layer, which appear even on the surface of the sample in form 
of titanium nitrides, apparently due to the interaction with nitrogen 
atoms. Herewith, there is a certain inhomogeneity in the distribution of 
penetrating atoms on the surface, which is remains at a depth of 2 to 3 
µm was observed. The increase of the penetration depth of nickel atoms 
into titanium to 80–120 µm was achieved through the increase of the 
discharge energy from 0.9 to 3.14 J. Analysing the microhardness dis-
tribution along the depth of the diffusion zone (Fig. 19), the authors 
[37] conclude on the simultaneous saturation of titanium surface with 
nickel and nitrogen. At that, the following three phases in the interac-
tion zone occur alternately: nickel nitride (zone 1), solid solution of ni-
trogen and titanium in nickel (zone 2), and solid solution of nickel and 
nitrogen in titanium (zone 3). The maximum of microhardness of 1000–
1200 kg/mm2 are observed in zone 1, the length of which is approxi-
mately 15–18 µm.

The effect of metal atoms penetration from the surface into the 
depth with ion bombardment was used in Ref. [38] for development of 
diffusion welding technology of copper with molybdenum, the joining of 
which is complicated by a sharp contrast in their physicochemical prop-
erties. The lack of mutual solubility of this diffusion pair prevents the 
formation of a reliable diffusion-welded joint. Therefore, welding was 
performed through the ion-modified copper layers up to 1 µm of thick-
ness applied to the molybdenum surface by the ion-plasma method. The 
effect of ion bombardment with the plasma of abnormal GD of the de-
posited on the molybdenum surface the layer of copper on atoms redis-
tribution and diffusion rates while diffusion welding of molybdenum 
with copper was investigated. Diffusion processes in the contact zone 
during welding, as in the previous case, were studied by the method of 
radioactive isotopes. In addition, the nickel isotope 63Ni was used, which 
was applied electrolytically to Mo. The thickness of 63Ni layer was about 
0.3 µm, the activity was 5 ⋅103 pulses/min. After welding, the samples 
were cut and placed on the x-ray film. Exposure time on film was about 
100 hours. After that, the film was photometred to obtain the concen-
tration distribution of 63Ni in both Mo and Cu. The efficiency of ion 
treatment was evaluated by comparing with the base sample, which was 
not subjected to modification while tensile testing of welded joints. All 
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Fig. 20. Concentra-
tion distribution of 
63Ni in Mo and Cu af-
ter welding on the 
basic mode I and on 
the modes II, III, IV 
(see Table 1 in Ref. 
[38])
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the modes was differ from the base and from each other by the duration 
of treatment with argon (tAr) and the accelerating voltage of ions (Uacc), 
as shown in Table 1 of Ref. [38].

Analysis of the distribution curves of the radioactive isotope of 63Ni 
in Mo and Cu after diffusion welding, shown in Fig. 20 demonstrates a 
significant penetration of Nickel (tens of microns) in the latter. More-
over, the depth of penetration of 63Ni into Cu is noticeably greater in 
comparison with Mo. The authors attribute this to the limited solubility 
of Ni in Mo, although Ni in Cu diffuses without any restrictions over 
the entire concentration range.

The influence of the treatment mode (regime) on the penetration 
depth of 63Ni in Cu and Mo is illustrated in Fig. 21. The dependences 
also indicate a greater depth of 63Ni penetration into the Cu in the whole 
range of parameters changes that indicates a greater mobility of 63Ni in 
Cu. The results of mechanical tests of diffusion-welded joints (Fig. 22) 
shows the increasing of welded joints strength with increasing of vol-
tage up to 2000 V and the treatment time up to 20 min (mode IV). 

In another work [39], the effect of ion bombardment on the penetra-
tion of nickel atoms into chromium in order to improve the strength of 
copper–chromium diffusion-welded joints was investigated. The weld-
ing of this pair of metals has the same problems, as for the mentioned 
previously. Since, as shown in Ref. [40], the solubility of chromium in 
copper is only about 0.0021% at a temperature of 1173 K. Therefore, 
the welding was carried out through the nickel layer of 1–2 µm thick, 
deposited by thermal evaporation on the surface of the chromium alloy 
VH-2K with the further ion implantation in a glow discharge. The treat-
ment was carried out at a voltage on the electrodes Ud = 600 V in argon 
plasma of GD with pressure of 13.3 Pa. The treatment time was 900 s. 
Then, the diffusion welding of chromium with copper at a temperatu - 
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re of 1193 K was performed. The compressive force was of 16 MPa;  
the welding time — 900 s. As a control, the samples welded through  
the layer of chromium deposited on the nickel without ion treatment 
were used. 

The results of mechanical tests showed the 162–172 MPa for sam-
ples with ion bombardment of the nickel layer vs the 118–120 MPa for 
the samples without ion modification. The obtained results are explained 
by the authors based on the analysis of the nature of the diffusion pro-
cesses in the joint zone of ion-modified samples, and samples welded 
without ion treatment. Thus, the distribution of elements in the transi-
tion zone of the samples without ion bombardment is characterized by a 
significant inhomogeneity of the distribution of nickel with essential 
shift towards the copper sample (Fig. 23, a). The latter is explained by 
the greater diffusion coefficient of nickel rather in copper, — 4  ⋅ 10−14 
m2/s at T = 1273 K, — than in chromium — 6.7  ⋅ 10−16 m2/s at the same 
temperature. The forced implementation of nickel in the surface layers 
of chromium changes the pattern of diffusion processes in the weld zone 
with a character close to homogeneous (Fig. 23, b). The latter makes a 
higher strength of the samples after ion bombardment.

Thus, the mechanism of activation of the nickel atoms motion deep 
into chromium during ion bombardment with GD cannot be explained in 
terms of methods of metal surface modification by diffusion saturation 
[41] and ion implantation [1]. Firstly, due to the significant ions ener-
gy, which, as was mentioned earlier, in these processes, reaches up to 
100 keV. While treatment with the glow discharges, the energy of ions 
is only 0.2–3 keV. In this case, the doping of the surface layer of the 
sample by recoil atoms (initially displaced atoms) from the predeposited 

Fig. 22. Dependence of the strength of the welded joints of copper and molybdenum 
on welding modes [38]

Fig. 21. Changing the penetration depth of 63Ni in Cu (●) and Mo (■) depending on 
the treatment mode (regime) [38]
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on the sample surface film during ion treatment is more likely [42]. The 
recoil atoms receive a quite high energy from the accelerated ions and 
can be moved in a solid body at a distance of several units or tens of 
nanometers. A similar effect can be observed in the processes of ion 
implantation at high concentrations of doping atoms in the ionized va-
pour phase. If the energy transferred by the ion to the initially displaced 
atom exceeds some threshold energy of the atom displacement, which 
for the most metals is Td = 10–30 eV, in turn, it can displace the other 
atoms, and so on. The average number of atoms displaced by the recoil 
atom is determined by the energy of the initially displaced atom, which 
in the first approximation can be assumed with correspondence to the 
voltage drop in the cathode region of the glow discharge. In an abnor-
mal glow discharge at gas pressures P << 133 Pa, the magnitude of this 
drop is 0.9–0.95 of voltage at the discharge electrodes [30]. 

It follows that the unit effect of the accelerated ion on the film’s 
surface atoms leads to a sequential shift in the direction of impact of 
several tens or hundreds of atoms of the latter. In conditions of small 
film thickness, this can lead to the implementation of film atoms into 
the sample. Prolonged dynamic impact on the moving atoms of acceler-
ated ions transmitting energy and momentum to them, promotes the 
movement of the film atoms deep into the substrate [30]. 

Fig. 24. The dependence of the 
strength of welded chromium–cop-
per joints on the duration of ion bom-
bardment of the nickel layer [39]

Fig. 23. Distribution of elements in the transition zone of chromium–copper joint 
through the deposited (a) and additionally treated with argon ions (b) an intermedi-
ate layer of nickel [39]
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As was mentioned earlier in Ref. [18], increasing the duration of 
ion bombardment leads to a certain growth in the depth of penetration 
of alloying atoms into the depth of the treated sample. The result ob-
tained in this work absolutely correlates with our data, which we have 
while investigating of the impact of ion treatment time of the nickel 
film deposited on chromium on strength of the chromium–copper weld-
ed joint of [39]. The study was performed at a discharge voltage of 600 
V and a gas pressure of 13.3 Pa. The treatment time ranged from 300 
to 3600 s. The research results are shown in Fig. 24 and demonstrates 
the gradually increasing of the welded joints strength with the maxi-
mum of 212–223 MPa (in a 2400 s), with the growth of the treatment 
duration. After that, the welded joints strength did not change.

In the above cases, ensuring the quality of welding was achieved by 
using intermediate layers of copper or nickel, having solubility with 
both metals (copper and molybdenum in the first and chromium and 
copper in the other case). Additional ion bombardment of interlayer 
served as an acceleration tool for its forced implementation into the 
surface of the less active metal (molybdenum and chromium, respec-
tively). This is because, for example, the thermal diffusion coefficient 
of nickel into chromium is two orders of magnitude lower than copper. 
Thus, implemented into chromium nickel forms ‘paths’ along which 
copper, due to its high diffusion coefficient in nickel (9.58  ⋅ 10−14 m2/s 
at 1273 K [43]), penetrates into the chromium, expanding the diffusion 
zone and, thereby, increasing the strength of the welded joints. 

4. Conclusions

An analytical review of the mechanisms of purification (activation) and 
modification of metal surfaces by low-energy ions (0.2–3 keV) initiated 
in the plasma of an abnormal glow discharge is performed. The experi-
ence of effective application of highly ionized glow discharge plasma for 
surfaces preparation in welding, brazing, and coatings deposition was 
shown on the example of steels Ñ45, DC04, a number of active metals 
and alloys as well as chromium-containing steels 41Cr4, X20Cr13, and 
X6CrNiTi18-10, which have chemically and thermally stable oxides Cr2O3 
on their surface. As reported, the presence of such oxides on the surfa-
ces of contacting metals deteriorate dramatically the diffusion mass transfer 
processes, reduces the surface energy of the metals, thereby preventing 
the formation of reliable joints and coatings. As shown, while bombard-
ments by argon ions of a glow discharge, the processes of reoxidation of 
metals surfaces because of their excessive heating can be observed. To 
prevent this, the optimal values of the treatment regime main parameters, 
such as voltage at the electrodes, current density, gas pressure, and dura-
tion of processing are given; they are as follow: Ud = 1500–3500 V, 
Jd = 0.4–1 mA/cm2, P = 3.99–7.98 Pa, and t = 120–300 s, respectively.



ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 1 125

Application of Glow Discharge Plasma for Modification of Metal Surfaces

REFERENCES

M.D. G1. abovich, N.V. Pleshivtsev, and N.N. Semashko, Ion and Atomic Beams 
for Controlled Fusion and Technology (Springer: 1989).
A.I. Morozov, Yu.M. Levchenko, and Yu.G. Zeltser, Application of Ion Accel-2. 
erators for Plasma Cleaning of Steel Strip Surface, 4-th All-USSR Conference on 
Plasma Accelerators (Moscow: VNTITs: 1978), p. 413 (in Russian).
N.V. Ivanovi3. ć, The Study of Ar I and Ne I Spectral Line Shapes in the Cathode 
Sheath Region of an Abnormal Glow Discharge, Atoms, 7, No. 1: 9 (2019); 
https://doi.org/10.3390/atoms7010009
S. Grigoriev, A. Metel, and M. Volosova, Improvement of Thin Film Adhesion 4. 
Due to Bombardment by Fast Argon Atoms, Coatings, 8, No. 9: 303 (2018); 
https://doi.org/10.3390/coatings8090303
A. Metel, S. Grigoriev, Y. Melnik, M. Volosova, and E. Mustafaev, Surface 5. 
Hardening of Machine Parts Using Nitriding and TiN Coating Deposition in 
Glow Discharge, Machines, 8, No. 3: 42 (2020);

 https://doi.org/10.3390/machines8030042
N. Mingolo, Y. Cesa, O.E. Martinez, J.I. Etcheverry, and J.J. Rocca, Enhanced 6. 
Energy Deposition Efficiency of Glow Discharge Electron Beams for Metal Sur-
face Treatment, IEEE Transactions on Plasma Science, 28, No. 2: 386 (2000); 
https://doi.org/10.1109/27.848097
A.S. Stepanovsky, 7. Ion Processing of Materials, Ogarev-online, No. 14 (2013) (in 
Russian); http://journal.mrsu.ru/arts/ionnaya-obrabotka-materialov.
H. Kersten, J.F. Behnke, and C. Eggs, Investigations on Plasma Assisted Surface 8. 
Cleaning of Aluminum in an Oxygen Glow Discharge, Contributions To Plasma 
Physics, 34, No. 4: 563 (1994);

 https://doi.org/10.1002/ctpp.2150340404
D.A. Prokoshkin, B.N. Arzamasov, and E.V. Ryabchenko, Obtaining of Coatings 9. 
on Metals in a Glow Discharge, Protective Coatings on Metals (Kiev: Naukova 
Dumka: 1970) (in Russian).
I.L. Roikh, L.N. Koltunova, and S.N. Fedosov, 10. Deposition of Protective Coatings 
in Vacuum (Moscow: Mashinostroenie: 1976) (in Russian).
M.O. Vasylyev, S.I. Sidorenko, S.M. Voloshko, and T. Ishikawa, Effect of Low-11. 
Energy Inert-Gas Ion Bombardment of the Metal Surface on the Oxygen Adsorp-
tion and Oxidation, Uspehi Fiziki Metallov, 17, No. 3: 209 (2016);
https://doi.org/10.15407/ufm.17.03.209
K.H. Becke12. r, U. Kogelschatz, K.H. Schoenbach, and R.J. Barker, Non-Equilib-
rium Air Plasmas at Atmospheric Pressure (Boca Raton, FL: CRC Press: 2005); 
https://doi.org/10.1201/9781482269123
A.A. Lozovan, S.V. Frangulov, D.V. Chulkov, and A.I. Rodin, Methods for Clea-13. 
ning the Inner Surface of Small-Diameter Pipes with Glow Discharge Plasma 
Prior to Depositing Coatings, Welding International, 24, No. 8: 646 (2010); 
https://doi.org/10.1080/09507111003655580
G.P. Bolotov, M.G. Bolotov, I.O. Prybytko, and G.K. Kharchenko, 14. Diagnosis of 
Plasma Glow Discharge Energy Parameters in the Processes of Treatment Small 
Diameter Long Tubes, 2016 II International Young Scientists Forum on Applied 
Physics and Engineering (YSF) (October 10–14, 2016, Kharkiv) (Kharkiv: 2016);
https://doi.org/10.1109/YSF.2016.7753815. 
S.F. Brunatt15. o, A. Klein, and J.L.R. Muzart, Hollow Cathode Discharge: Appli-
cation of a Deposition Treatment in the Iron Sintering, Journal of The Brazilian 
Society of Mechanical Sciences and Engineering, 30, No. 2: 145 (2008);
https://doi.org/10.1590/S1678-58782008000200007



126 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 1

M.G. Bolotov and I.O. Prybytko

V.16.  Budilov, R. Agzamov, and K. Ramazanov, Ion Nitriding in Glow Discharge 
with Hollow Cathode Effect, Metal Science and Heat Treatment, 49: 358 (2007). 
https://doi.org/10.1007/s11041-007-0065-y
G.P. Bolotov, M.G. Bolotov, and I.V. Nahorna, Hollow Cathode Glow Discharge 17. 
as a Heating Source in Welding and Brazing, 2017 IEEE First Ukraine Confer-
ence on Electrical and Computer Engineering (UKRCON) (May 29–June 2, 
2017, Kyiv) (Kyiv: 2017);
https://doi.org/10.1109/UKRCON.2017.8100441
A.M. Kadyrmetov, N.F. Kashapov, S.N. Sharifullin, A.I. Saifutdinov, and S.A. Fa-18. 
deev, Efficiency of Surface Cleaning by a Glow Discharge for Plasma Spraying 
Coating, IOP Conference Series: Materials Science and Engineering, 134, No. 1: 
012010 (2016);
https://doi.org/10.1088/1757-899X/134/1/012010
I.L. Kaganov, 19. Ion Devices (Moscow: Energiya: 1972) (in Russian).
B.O. Aronsson, J. Lausmaa, and B. Kasemo, Glow Discharge Plasma Treatment 20. 
for Surface Cleaning and Modification of Metallic Biomaterials, Journal of Bio-
medical Materials Research, 35, No. 1: 49 (1997);
https://doi.org/10.1002/(SICI)1097-4636(199704)35:1%3C49::AID-JBM6%-
3E3.0.CO;2-M
M.G. 21. Bolotov and G.P. Bolotov, Elimination of Electric Arc Stabilization in Preci-
sion Welding with High-Current DC Glow Discharge, 2019 IEEE 39th Interna-
tional Conference on Electronics and Nanotechnology (ELNANO) (April 16–18, 
2019, Kyiv) (Kyiv: 2019);
https://doi.org/10.1109/ELNANO.2019.8783845
G.P. 22. Bolotov, M.G. Bolotov, and S.A. Stepenko, The Ways of Stabilization of 
High-Current Glow Discharge in Welding, 2018 IEEE 3rd International Confer-
ence on Intelligent Energy and Power Systems (IEPS) (10–14 September, 2018, 
Kharkiv) (Kharkiv: 2018);
https://doi.org/10.1109/IEPS.2018.8559580
J. Malherbe, H. Martinez, B. Fern23. ández, C. Pécheyran, and O. Donard, The Ef-
fect of Glow Discharge Sputtering on the Analysis of Metal Oxide Films, Spec-
trochimica Acta Part B: Atomic Spectroscopy, 64, No. 2: 155 (2009);
https://doi.org/10.1016/j.sab.2008.11.009
I.L. Roikh and L.N. Koltunova, 24. Protective Vacuum Coatings on Steel (Moscow: 
Mashinostroyenie: 1971) (in Russian).
S.A. Pyachin and A.A. Burkov, Formation of Intermetallic Coatings by Electro-25. 
spark Deposition of Titanium and Aluminum on a Steel Substrate, Surface En-
gineering and Applied Electrochemistry, 51: 118 (2015);
https://doi.org/10.3103/S1068375515020131
I.L. Roikh, D.M. Rafalovich, A.A. Modzelevskiy, V.A. Gengrinovich, and E.B. Tep-26. 
lyuk, Application of Glow Discharge for the Treatment of Steel before Defensive 
Coatings Deposition, Ehlektronnaya Obrabotka Materialov, 43, No. 1: 59 (1972) 
(in Russian).
A.V. Lyushinskiy, 27. Diffusion Welding of Dissimilar Metals (Moscow: Akademiya, 
2006) (in Russian). 
S.V. Oleksiienko, O.O. Novomlynets, and S.M. Yushchenko, Diffusion Bonding 28. 
Technique Concerning Production of Microchannel Heat Exchangers, 2016 IEEE 
36th International Conference on Electronics and Nanotechnology (ELNANO) 
(April 19–21, 2016, Kyiv) (Kyiv: 2016);
https://doi.org/10.1109/ELNANO.2016.7493009



ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 1 127

Application of Glow Discharge Plasma for Modification of Metal Surfaces

G.P. Bolotov, Control of Mass-Transfer Processes in Diffusion Welding of Dif-29. 
ficult-to-Weld Metals, Collection of Scientific Papers of Admiral Makarov Na-
tional University of Shipbuilding, No. 2 (413): 57 (2007) (in Russian).
G.P. Bolotov, 30. Welding and Brazing in a Glow Discharge Plasma (Chern³h³v: 
Chernihiv Nat. Technol. Univ.: 2016) (in Ukrainian).
V. Zaporojtchenko, J. Zekonyte, and F. Faupel, Effects of Ion Beam Treatment 31. 
on Atomic and Macroscopic Adhesion of Copper to Different Polymer Materials, 
Nuclear Instruments and Methods in Physics Research Section B: Beam Interac-
tions with Materials and Atoms, 265, No. 1: 139 (2007);
https://doi.org/10.1016/j.nimb.2007.08.040
M.K. Marakhtanov, V.A. Riazanov, and D.K. Alekseev, Modification of the 32. 
Electrode Surface in Glow Discharge Plasma with a Hollow Cathode, Journal of 
Physics: Conference Series, 1281: 012052 (2019);
https://doi.org/10.1088/1742-6596/1281/1/012052
I.O. Misiruk, O.I. Timoshenko, V.S. Taran, and I.E. Garkusha, Non-Self-Sustai-33. 
ned Discharge with Hollow Anode for Plasma-Based Surface Treatment, Nukle-
onika, 61, No. 2: 196 (2016);
https://doi.org/10.1515/nuka-2016-0033
S.N. Grigoriev, A.S. Metel, M.A. Volosova, and Yu.A. Melnik, Surface Harden-34. 
ing by Means of Plasma Immersion Ion Implantation and Nitriding in Glow 
Discharge with Electrostatic Confinement of Electrons, Mechanics & Industry, 
16, No. 7: 711 (2015);
https://doi.org/10.1051/meca/2015093
V.N. Kuskov, R.A. Mamadaliev, and R.Yu. Nekrasov, 35. Technology and Equipment 
for Physicotechnical and Mechanical Treatment. Tutorial (Tyumen: TIU: 2017) 
(in Russian).
D.S. Gertsriken, V.M. Tyshkevich, and V.M. Chernikov, Investigation of the Mig-36. 
ra tion of Atoms of Surface Layers of Metals, Stimulated by Ion Bombardment, 
Cherkasy University Bulletin: Physical and Mathematical Sciences, No. 9: 5 
(1999) (in Russian).
V.F. Mazanko, D.S. Gertsriken, A.V. Ryasnyy, V.M. Mironov, and D.V. Mironov, 37. 
Processes of Interaction of Metals in Conditions Electrospark and Ion-Plas - 
mous Processing, 4-th International Conference ‘Interaction of Radiations with 
Solids’ (October 3–5, 2001, Minsk, Belarus) (Minsk: BGU: 2001), p. 85 (in  
Russian);
https://inis.iaea.org/search/search.aspx?orig_q=RN:32068645
V.F. Mazanko, H.K. Kharchenko, T.R. Hanieiev, O.O. Novomlynets, and I.V. Za-38. 
valna, The Distinctive Features of Diffusion Interaction of Copper and Molybde-
num under Pressure Welding Through the Layers Modified by Ion-Beam Pro-
cessing, Metallofizika i Noveishie Tekhnologii, 37, No. 2: 233 (2015);
https://doi.org/10.15407/mfint.37.02.0233
G.P. Bolotov, M.G. Bolotov, and M.M. Rudenko, Modification of Materials Sur-39. 
face Layers by Low-Energy Ion Irradiation in Glow Discharge, 2016 IEEE 36th 
International Conference on Electronics and Nanotechnology (ELNANO) (April 
19–21, Kyiv, 2016) (Kyiv: 2016);
https://doi.org/10.1109/ELNANO.2016.7493031
O.M. Barabash and Yu.N. Koval, 40. Structure and Properties of Metals and Alloys: 
The Crystal Structure of Metals and Alloys: A Handbook (Kiev: Naukova Dum-
ka: 1986) (in Russian).
V.V. Budilov, K.N. Ramazanov, and I.S. Ramazanov, Ion Nitriding of Titanium 41. 
Alloy VT6 in Glow Discharge with Hollow Cathode Effect, Metal Science and 



128 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 1

M.G. Bolotov and I.O. Prybytko

Heat Treatment, 57: 36 (2015);
https://doi.org/10.1007/s11041-015-9831-4
V.N. Chernyaev, 42. Physical and Chemical Processes in the Technology of Elec-
tronic Radio Equipment (Moscow: Vysshaya Shkola: 1987) (in Russian);
https://elib.pstu.ru/vufind/Record/RUPSTUbooks159569
L.N. Larikov and V.I. Isaichaev,43.  Structure and Properties of Metals and Alloys: 
Diffusion in Metals and Alloys: A Handbook (Kiev: Naukova Dumka: 1987) (in 
Russian).

Received 23.12.2020;
in final version, 15.02.2021 

Ì.Ã. Áîëîòîâ, ².Î. Ïðèáèòüêî
Íàö³îíàëüíèé óí³âåðñèòåò «×åðí³ã³âñüêà ïîë³òåõí³êà», 
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ÇÀÑÒÎÑÓÂÀÍÍß ÏËÀÇÌÈ ÆÅÂÐ²ÉÍÎÃÎ ÐÎÇÐßÄÓ  
ÇÀÄËß Î×ÈÙÅÍÍß (ÀÊÒÈÂÀÖ²¯) ÒÀ ÌÎÄÈÔ²ÊÓÂÀÍÍß  
ÌÅÒÀËÅÂÈÕ ÏÎÂÅÐÕÎÍÜ ÄËß ÇÂÀÐÞÂÀÍÍß,  
ËÞÒÓÂÀÍÍß ÒÀ ÍÀÍÅÑÅÍÍß ÏÎÊÐÈÒÒ²Â

Â³äîìî, ùî ïîâåðõíåâ³ ÿâèùà â³ä³ãðàþòü âèð³øàëüíó ðîëü ó ïðîöåñàõ óòâîðåííÿ 
ì³öíèõ ì³æàòîìîâèõ çâ’ÿçê³â ïðè ç’ºäíàíí³ ð³çíîð³äíèõ ìàòåð³àë³â, à òàêîæ îñà-
äæåíí³ ìåòàëåâèõ ïîêðèòò³â. Òàê, íàÿâí³ñòü íà ïîâåðõí³ ìåòàë³â ð³çíîãî ðîäó 
çàáðóäíåíü, çîêðåìà øàð³â îêñèä³â, ³ñòîòíî ïîíèæóº ïîâåðõíåâó åíåðã³þ ìåòàëó, 
ïåðåøêîäæàþ÷è òàêèì ÷èíîì ïåðåá³ãó äèôóç³éíèõ ïðîöåñ³â ó çîí³ êîíòàêòó òà 
çìî÷óâàííþ ¿õ ð³äêîþ ëþòîþ, à òàêîæ àäãåç³¿ êîíäåíñîâàíèõ ïë³âîê íà ïîâåðõí³ 
ñóáñòðàòó. Ó çâ’ÿçêó ç öèì ³ñòîòíó ðîëü â³ä³ãðàþòü ïðîöåñè î÷èùåííÿ (àêòèâà-
ö³¿) ìåòàëåâèõ ïîâåðõîíü ïåðåä çâàðþâàííÿì àáî íàíåñåííÿì íà íèõ øàðó ïî-
êðèòòÿ. Ó ðÿä³ âèïàäê³â ìåòàëåâ³ ïîâåðõí³ ìîäèô³êóþòü çàäëÿ íàäàííÿ ¿ì íåîá-
õ³äíèõ âëàñòèâîñòåé. Îñòàíí³ì ÷àñîì ç ìåòîþ àêòèâàö³¿ òà ìîäèô³êóâàííÿ ïîâåð-
õîíü ïåðåä çâàðþâàííÿì ³ íàíåñåííÿì ïîêðèòò³â øèðîêîãî âèêîðèñòàííÿ íà áóâàº 
ãàçîðîçðÿäíà ïëàçìà æåâð³éíîãî ðîçðÿäó. Îñòàííÿ óìîæëèâëþº çä³éñíåííÿ îá-
ðîáëÿíü ïîâåðõîíü ð³çíî¿ êîíô³´óðàö³¿, ó òîìó ÷èñë³ é âíóòð³øí³õ ïîðîæíèí, òà 
ð³çíî¿ ïëîù³ — â³ä îäèíèöü äî äåñÿòê³â òèñÿ÷ êâàäðàòíèõ ñàíòèìåòð³â. Äàíèé 
îãëÿä ì³ñòèòü ðåçóëüòàòè äîñë³äæåíü ñòîñîâíî î÷èùåííÿ òà ìîäèô³êóâàííÿ ìå-
òàëåâèõ ïîâåðõîíü éîíàìè íèçüêî¿ åíåðã³¿ (<10 êåÂ), ³í³ö³éîâàíèõ ó ïëàçì³ àíî-
ìàëüíîãî æåâð³éíîãî ðîçðÿäó äëÿ çâàðþâàííÿ, ëþòóâàííÿ òà íàíåñåííÿ ïîêðèò-
ò³â. Çîêðåìà, òóò íàâåäåíî ðåçóëüòàòè äîñë³äæåíü éîííîãî î÷èùåííÿ â ïëàçì³ 
æåâð³éíîãî ðîçðÿäó ïîâåðõîíü çðàçê³â, âèêîíàíèõ ç êðèöü 45 ³ 08êï, ðÿ äó àêòèâ-
íèõ ìåòàë³â ³ ñòîï³â, à òàêîæ õðîìîâì³ñíèõ êðèöü 40Õ, 20Õ13 òà 12Õ18Í10Ò, 
ùî ìàþòü íà ñâî¿é ïîâåðõí³ õåì³÷íî òà òåðì³÷íî ñò³éê³ îêñèäè Cr2O3. Çàçíà÷àºòü-
ñÿ âèð³øàëüíèé âïëèâ íà åôåêòèâí³ñòü î÷èùåííÿ òà ìîäèô³êóâàííÿ ìåòàëåâèõ 
ïîâåðõîíü òàêèõ ïàðàìåòð³â ðåæèìó, ÿê íàïðóãà íà åëåêòðîäàõ, ãóñòèíà ñòðóìó 
ðîçðÿäó, òèñê ó ðîáî÷³é êàìåð³ òà ÷àñ éîííî¿ åêñïîçèö³¿. Ïðè öüîìó îïòèìàëüí³ 
çíà÷åííÿ öèõ ïàðàìåòð³â ó á³ëüøîñò³ âèïàäê³â âèçíà÷àþòüñÿ òåõíîëîã³÷íèìè 
óìî âàìè ïðîöåñó òà êîëèâàþòüñÿ â íàñòóïíèõ ìåæàõ: Uð = 1500–3500 Â, Jð = 
= 0,4–1 ìÀ/ñì2, Ð = 3,99–7,98 Ïà, t = 120–300 ñ â³äïîâ³äíî.

Êëþ÷îâ³ ñëîâà: æåâð³éíèé ðîçðÿä, ïëàçìà, éîííå áîìáàðäóâàííÿ, îáðîáëÿííÿ 
ïî âåðõí³, éîííå ìîäèô³êóâàííÿ, ïîâåðõí³ ìåòàëó òà ñòîïó.




