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ABSTRACT
the development of high-tech industries stimulates the growth of requirements for the metal of welded structures and the 
complex of their basic and special properties. the use of pulsed electric currents, plasma currents, pulsed electromagnetic 
fields and their combined effects to improve the mechanical characteristics of metals and alloys is relevant in connection with 
the need in replacing traditional energy-intensive technologies for treatment of welded structures with more progressive ones. 
the use of a pulsed barrier discharge (pbD) in the metal treatment, which generates a low-temperature plasma on the surface 
of the treated metal is a new approach to optimizing mechanical properties of high-strength steels for welded structures, which 
is based on electrophysical processes. In the work, strengthening of 25khgnmt steel as a result of pbD action on its surface 
was investigated. The PBD treatment of steel took place in a discharge device at an increment rate of voltage ≈ 3·1011 V/s. the 
effect of pbD treatment period on Vickers hardness value (HV) of test specimens was investigated. examinations of the struc-
ture of 25khgnmt steel were carried out by the method of transmission electron microscopy to reveal its changes as a result 
of pbD action. It was found that values of HV after pbD treatment increase from 420 to 505 kg/mm2, which is accompanied 
by a general increase in the dislocation density and dispersion of the microstructure, which can positively affect the mechanical 
characteristics of 25khgnmt steel for welded structures operating under dynamic loads.

KEYWORDS: pulsed barrier discharge, surface treatment, low-temperature plasma, structural steel, Vickers hardness, elec-
tron microscopy, microstructure, substructure, dislocation density, strengthening, mechanical characteristics

INTRODUCTION
the development of high-tech industries stimulates an 
increase in requirements for steel welded structures op-
erating in dynamic loads at high temperatures. the re-
serve of increasing the life of such products is the de-
velopment of metal treatment technologies with the use 
of electrophysical effects. the use of pulsed electric 
currents (pec), plasma currents, pulsed electromagnetic 
fields (PEMF) and their combined effects to improve the 
mechanical characteristics of metals, alloys and welded 
joints is relevant in connection with the need in replace-
ment of traditional energy-intensive technologies of 
treating elements of welded structures with more pro-
gressive ones. the results of studies of electrophysical 
processes occurring in metal materials under the effect of 
pec and emf give reason to consider them challenging 
for engineering practice from the standpoint of energy 
efficiency and manufacturability [1‒6].

the use of a pulsed barrier discharge (pbD) in the 
metal treatment, which generates a low-temperature 
plasma on the surface of the metal being treated, is a 
new approach to optimizing mechanical properties of 
metal materials for welded structures based on electric 
physical processes. the criterion of a rational practical 

use of technologies for strengthening metals and alloys 
using PBD is their energy efficiency Y, which is deter-
mined by much lower energy consumption as compared 
to heat treatment. the value Y is called energy yield and 
depends on such pbD parameters as voltage, its growth 
rate and pulse repetition frequency [7].

this is especially true for structural steels used 
in special purpose products operating at a short-term 
action of high temperatures in the conditions of dy-
namic loads. Special requirements are applied to the 
hardness of such steels, which is one of the character-
istics of their protective properties at dynamic contact 
interactions at rates of about 1000 m/s. an example 
of such material is 25khgnmt steel, which is used 
in critical special purpose structures. the traditional 
method to increase hardness of such steel is quench-
ing, which is carried out at a temperature T = 860 °C 
in oil with the subsequent tempering at T = 190 °C in 
air [8]. This is a quite energy-consuming technology 
that requires large-sized metal-consuming equipment. 
the use of pbD to treat the surface of 25khgnmt 
steel in order to improve its mechanical characteris-
tics opens new prospects for the use of electrophysical 
processes in the metal treatment. taking into account 
the abovementioned, it is necessary to consider it ap-
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propriate to study the impact of pbD on the mechani-
cal characteristics of 25khgnmt steel.

the aim of this work is to study the effect of pbD 
on the hardness of specimens of structural 25khgnmt 
steel.

TEST SPECIMENS, EQUIPMENT FOR PBD 
TREATMENT AND RESEARCH PROCEDURE
as a subject of investigations, plane metal specimens of 
40×40×4 mm were used, which were subjected to pbD 
treatment. chemical analysis of specimens was carried 
out in accordance with DStu ISO 10012:2005 standard, 
which confirmed the correspondence of the material to 
be treated to the chemical composition of 25khgnmt 
steel according to DSTU 7806:2015 (Table 1).

ELECTRODE SYSTEM FOR STUDYING 
THE EFFECT OF PBD ACTION ON 
THE SURFACE OF 25KhGNMT STEEL 
AND DISCHARGE CHARACTERISTICS
the pbD treatment of the specimen surface was car-
ried out with the use of the electrode system (eS), 
whose design scheme is shown in figure 1.

the eS consisted of the test specimen 1 of 25kh-
gnmt steel, the high-voltage electrode 2 and the glass 
(quartz glass) dielectric barrier 3 (100×100×1 mm3). to 
reduce the marginal effect, the electrode 2 had rounded 
edges. the diameter of a plane part of this electrode was 

36 mm. The treatment was carried out at a gas gap δ 
of 1 mm thick between the plate 1 and the barrier 3. a 
high voltage (HV) on the electrode 2 was supplied from 
the pulse generator (pg), which provided unipolar puls-
es of voltage with an amplitude of up to 30 kV with a 
rate of their growth ≈ 3∙1011 w/s and a duration of about 
150 ns. pg also included a magnetic key that contrib-
uted to discharging the dielectric barrier after passing a 
direct current pulse through the electrode system. the 
pulse amplitude was regulated by changing the constant 
voltage U0 supplied to the input of pg. the voltage and 
current oscillograms through the electrode system were 
registered by means of the tDS1012 oscilloscope and 
respectively by the sensors P6015 and P6021. All stud-
ies were performed at a pulse repetition frequency of 
300 hz. the appearance of a discharge shown in fig-
ure 2 (exposure time is 0.1 s) indicates a homogeneous 
character in the gap δ rather than a thread-like one.

a typical appearance of oscillograms of current 
i(t) and voltage u(t) in pbD mode, used for treatment 
of specimens of 25khgnmt steel, is shown in fig-
ure 3 respectively by the curves 1 and 2. as is seen 
from figure, during the action of the voltage pulse, 
whose amplitude Um reaches 26 kV, the PBD current 
consists of two main parts: direct current with the am-
plitude Im1 = 80 a and reversed one with the amplitude 
Im2 = 65 A, which is predetermined by discharging a 
dielectric barrier through the magnetic key. the calcu-
lations show that during a direct current pulse, the am-
plitude value of the average current density through 
the plate is close to 0.9 А/cm2.

the effect of the treatment time period on the val-
ue of hardness of steel was studied. the specimens 

Table 1. results of analysis of chemical composition of the test specimens of 25khgnmt steel, wt.%

metal c Si mn S p cr ni cu mo V al ti w

25khgnmt steel, 
sheet δ = 4 mm 0.27 0.24 0.84 0.004 0.018 0.50 0.95 0.23 0.40 0.03 0.04 0.007 ≤0.02

Figure 1. Scheme of electrode system (eS) for pbD treatment 
of 25khgnmt steel specimens: 1 — tested specimen of 25kh-
gnmt steel; 2 — high-voltage electrode; 3 — dielectric barrier; 
δ — gas gap

Figure 2. pbD appearance

Figure 3. typical appearance of oscillograms of current i(t) — 
curve 1 and voltage u(t) — curve 2 of pbD mode, on which the 
specimens of 25khgnmt steel were treated
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were subjected to pbD on the mode in figure 3 at a 
variation of time of respectively 5, 10, 15 and 20 min.

macrosections were prepared from the metal of 
specimens according to the standard procedure, on 
which structure examinations and measurements of 
the Vickers microhardness of treated surfaces (HV) 
according to ISO 6507-1:2005 standard were con-
ducted. the evaluation of the HV values was per-
formed with the use of m-400 lecO hardness tester 
at the specimen loading P = 100 g.

transmission examinations of the structure were 
carried out by the method of transmission electron 
microscopy (tem) in the Jem-200cX device (JeOl 
company) at an accelerating voltage of 200 kV in 
order to find how the structure and phase composi-
tion of the metal of 25khgnmt steel changes as a 
result of pbD action on its surface. the examinations 
by the tem method allowed obtaining a reliable ex-
perimental information at the dislocation level about 
such structural and phase components as lower or up-
per bainite, tempered and quenching martensite, pa-

rameters of their fine structure and distribution and 
dislocation density in steel before and after treatment. 
Namely these structural components have a signifi-
cant impact on the properties of strength and crack 
resistance of the metal of high-strength steels used in 
special purpose products [9, 10].

Figure 4. hardness of 25khgnmt steel before (1) and after (2) 
treatment

Figure 5. fine structure of the base metal of 25khgnmt steel: a — tempered martensite (mtemp), ×22000; b — lower bainite (bl), 
×22000; quenching martensite (mquench), ×18000; upper bainite (bu), ×22000). arrows mark the width of the laths



6

L.M. Lobanov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

RESEARCH RESULTS AND DISCUSSION
It was found that the maximum effect of pbD on hard-
ness of 25khgnmt steel is achieved at the duration 
of specimen treatment of 15 min (in this mode). at 
the same time, the values of HV after treatment in-
crease by 20 % from 420 to 505 kg/mm2 (figure 4). 
this can contribute to an increase in dynamic strength 
of welded structures from the mentioned steel during 
their contact interactions.

as a result of the carried out transmission exam-
inations of the structure by the tem method, the fol-
lowing was revealed. the structure of the base metal 
of armoured 25khgnmt steel is martensitic-bainit-
ic, predominantly (up to 60 %) tempered martensite 
(mtemp) and lower baininite (bl ~ 30 %) at a uniform 
distribution of dislocation density in the volume 
of structural components with a small fraction of 
quenching martensite (mquench, to 5 %) and upper bain-

Table 2. Dislocation density ρ in the volume of structural components of lower (Bl) and upper bainite (bu), tempered martensite (mtemp) 
and quenching martensite (mquench) over the depth from the treated surface and in the base metal (bm)

ρ, cm‒2
Distance from the surface, μm

bm
0‒100 150‒300 300‒1000 1400‒1900 2000‒2200

ρ (Bl) (2‒4)·1010 (1‒3)·1010 (1‒3)·1010 9·109‒2·1010 8·109‒2·1010 8·109‒2·1010

ρ (Bu) – – (3‒5)·1010 (2‒4)·1010 (1‒3)·1010 (1‒3)·1010

ρ (Mtemp) (5‒8)·1010 (4‒6)·1010 (4‒6)·1010 (3‒6)·1010 (2‒6)·1010 (2‒6)·1010

ρ (Mquench) – – – (4‒7)·1010 (4‒7)·1010 (5‒7)·1010

Figure 6. fine structure of metal of the treated surface of 25khgnmt steel: a — tempered martensite (mtemp), ×25000; b‒d — lower 
bainite (bl), respectively ×22000, ×25000, ×55000. arrows indicate the width of the laths hl (a, b), cellular (c) and fragmented sub-
structure (dc) (e)
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ite (bu ~ 5 %). the total level of dislocation density 
amounts to ρ = (1–6)∙1010 cm‒2. when detailing the 
structural components of the base metal, it was found 
that the width of the lath structures (hl) is: 0.3‒2.0 μm 
(mtemp, figure 5, a); 0.2‒1.0 μm (Bl, figure 5, b); 
0.35‒1.5 μm (Mquench, figure 5, c); 0.3–0.8 μm (Bu, 
figure 5, d).

Over the depth from the treated surface (from 0 
to 2200 μm) in the cross-section of the specimen, a 
change in structural and phase composition, parame-
ters of the fine structure and dislocation density was 
revealed (table 2). Over the depth from the treated 
surface to 300 μm, exclusively the structure of tem-
pered martensite and lower bainite is formed during 
its refinement and a uniform distribution of disloca-
tion density (ρ = (2–8)∙10 cm‒2) (Figure 6). As com-
pared to the base metal, the volume fraction of lower 
bainite is increasing (up to 50 %). the width of the 
lath structures (hl) is: 0.2‒1.3 μm (Mtemp, Figure 6, 
a); 0.15–0.65 μm (Bl, Figure 6, b). On the depth of 
300 μm from the treated surface, a small amount of 
upper bainite (bu ≤ 3 %) is observed, and at 1400 μm, 
quenching martensite is fixed (Mquench ≤ 5 %).

analysis of the formed substructure showed that 
as a result of a pulsed effect in the area of the treated 
surface of 25khgnmt steel, the inner structure of dis-
location cellular structures changes with a tendency to 
smooth disorientations (Figure 6, c), which indicates a 
redistribution of defects in the crystalline lattice. also, 
the elements of a fragmented structure of the size dc(h×1, 
width×length) = 0.2‒0.6×0.3‒1.4 μm (Mtemp) and 
0.1‒0.4×0.25‒1.0 μm (Bl) appear (Figure 6, d).

the average values of the dislocation density in 
the volume and the sizes of the laths for each of the 
structural components in the surface layers and the 
base metal (bm) are shown in figure 7.

from figure 7, it is seen that as compared to the 
base metal, in the surface layers over the metal depth 
up to 2200 μm, a general increase (by 1.5 times, Fig-
ure 7, a) of the dislocation density and refinement (by 
1.4 times) of the lath structures as bl, as well as mtemp 
(figure 7, b) are observed.

as a result of the examinations by the tem meth-
od, it was found that the inner structure of the metal 
(as compared to bm) is characterized by a general in-
crease in the dislocation density both in the volume 
as well as on the boundaries of the structural com-
ponents (up to ρ = 7∙1010–1.2∙1011 cm-2), the forma-
tion of spectrum of dislocation substructures: cellu-
lar; cellular with a smooth disorientation and with a 
multidimensional discrete disorientation; with signs 
of fragmentation. Such structural and phase changes 
contribute to an increase in the overall level of surface 
strengthening of the metal by increasing the disloca-

tion strengthening caused by an interdislocation in-
teraction (according to the theories of taylor, Zeger, 
Motta, etc. [11]) and a substructural strengthening due 
to dispersion of the structure (in accordance with the 
Hall–Petch dependence [12]).

thus, in the metal of the treated surface (as com-
pared to the base metal), an overall increase in the 
dislocation density, as well as the structure dispersion 
will foster an increase in the overall level of met-
al strengthening. at the same time, the absence of 
quenching martensite and upper bainite in the surface 
layers of armoured steel indicates an increase in the 
crack resistance of metal in this area [11].

based on the abovementioned data, the speci-
men of 25khgnmt steel, whose surface was treated 
during 15 min, an overall strengthening of the met-
al due to an increase in the dislocation density and 
dispersion of the structure was observed as com-
pared to the metal without treatment. as a result of 
pbD treatment under the action of a pulsed current in 
non-equilibrium conditions, it is possible to obtain a 
metastable state in the surface layers of the metal [13]. 
the action of a direct current pulse probably initiates 
periodic fluctuations of atoms, which results in a re-
distribution of defects in the crystalline lattice. the re-
sult is a deformation strengthening of the metal with a 
general increase in the dislocation density, refinement 
of the structure and the substructure formation. this 
will help to strengthen 25khgnmt steel as well as to 
increase its crack resistance [9, 10].

analyzing the abovementioned results, it should 
be noted that a local pbD treatment of 25khgnmt 

Figure 7. Changing the average parameters of the fine structure 
of lower bainite (bl), tempered martensite (mtemp), upper bainite 
(bu), quenching martensite (mquench) over the depth of the treated 
surface and in bm: a — dislocation density (ρ) in the volume of 
structural components; b — width of the laths (hl)
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steel in the future can become the basis for develop-
ing a number of surface engineering technologies that 
will be aimed at extending the life of metal materials 
for welded structures, operating in special conditions.

CONCLUSIONS
1. It is shown that the use of a pulsed barrier discharge 
(pbD) for treatment of 25khgnmt steel is the ba-
sis for developing surface engineering technologies 
aimed at extension of life of metal materials for weld-
ed structures operating in special conditions.

2. It was found that as a result of 15 min pbD treat-
ment of 25khgnmt steel, an increase in its Vickers 
hardness (HV) by 20 % to a depth of 2 mm occurs, 
which is predetermined by the refinement of a mar-
tensite-bainite structure at an increase in the fraction 
of lower bainite and the formation of dislocation 
substructures with the features of fragmentation that 
promotes an increase in the overall level of surface 
strengthening of the metal by increasing dislocation 
and substructure strengthening.

3. the mechanism of strengthening steel as a re-
sult of pbD treatment, which is based on obtaining 
the metastable state in the surface layers of the metal 
in the non-equilibrium conditions is proposed. the 
action of a direct current pulse initiates periodic fluc-
tuations of atoms, which results in a redistribution of 
defects in the crystalline lattice. the result is deforma-
tion strengthening of the metal and refinement of the 
lath structure of martensite.
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