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Abstract. The development of industry stimulates the development of modern approaches to the optimization of welded structures. The 
use of pulsed electromagnetic fields, plasma currents, electrodynamic forces and their combined effects is a new trend in engineering 
practice to improve the mechanical characteristics of metal materials and welded joints (WJ). Treatment with a pulsed electromagnetic 
field (TwPEMF) is a promising direction for optimizing the stress-strain states (SSS) of welded structures made of non-ferromagnetic 
metal materials. Using the method of electronic speckle interferometry, the effect of TwPEMF on the SSS of specimens of circumfer-
ential WJ with a thickness of δ = 1.0 mm from aluminium AMg6 alloy was investigated. Based on the original procedure using an 
accelerometer, the kinetics of the action of the force P of the magnetic field pressure on the residual displacements f and SSS of the 
specimens during their TwPEMF were investigated. TwPEMF of WJ specimens was performed without and with the use of an addi-
tional shield made of AMg6 alloy δ = 5.0 mm. It was found that the use of a shield increases the amplitude values of force P by up to 
two times, which is caused by an increase in the active volume of the conductive medium. At the same time, TwPEMF without and with 
the use of a shield contributes to the reduction of f values by 2 and 4 times, respectively, and residual SSS by 50 and 80%. On the basis 
of mathematical modelling, the advantages of using electrodynamic treatment (EDT) of butt WJ δ = 3.0 mm of АMg61 (1561) alloy in 
the TIG welding process compared to EDT at room temperature (Tk) are substantiated. According to the results of the model verifica-
tion, it was proved that EDT during TIG contributes to the formation of peak values of residual compressive stresses in the weld zone 
by 60% more than EDT during Tk. The use of a pulsed barrier discharge (PBD), which generates a low-temperature plasma on the 
surface of the metal being treated, contributes to the optimization of its structure. An increase in the hardness HV of structural 
25KhGNMT steel as a result of its PBD treatment from 420 to 510 units was established, which is accompanied by the dispersion of 
the metal microstructure. 
Кeywords: treatment of welded joints; pulsed magnetic field; pulsed barrier discharge; electrodynamic treatment; aluminium alloy; 
structural steel; residual displacements; stress-strain state; hardness of steel.

Introduction 

The development of modern industry requires the 
study of progressive energy-saving technologies to im-
prove the service properties of metal structures. In this re-
gard, the development of methods of treatment of metal 

materials and welded joints based on the effect of a pulsed 
electromagnetic field is challenging. These include electro-
dynamic treatment (EDT), treatment with a direct action 
(pressure) of a pulsed electromagnetic field (TwPEMF) 
and a pulsed barrier discharge (PBD) [1–6]. Based on EDT 
and TwPEMF, technologies for control of the stress-strain 
state of thin-sheet welded joints are developed. Taking into 
account the results [1], a promising technology of EDT in 
the process of welding has been developed, which provides 
the following advantages over EDT after welding: 1) effect 
of the thermal cycle of welding contributes to more inten-
sive relaxation of welding stresses as a result of EDT com-
pared to treatment of weld metal at room temperature; 2) 
reduction in the labour intensity of manufacturing welded 
structure due to the transition from successive to simulta-
neous performance of technological operations of welding 
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and EDT. The use of PBD opens up new opportunities to im-
prove the hardness of structural steels for special equipment. 

Aim of the work is the study of TwPEMF, EDT and 
PBD effect on residual stresses and mechanical character-
istics of metal materials and welded joints. 

Research procedure and materials 

Electrophysical models, which form the basis of the 
action of TwPEMF, EDT and PBD on metals, alloys and 
welded joints, are presented respectively in [4], [1] and [6]. 
Electrophysical characteristics of electrode systems and 
power sources for TwPEMF, EDT and PBD are presented, 
respectively, in [2, 4, 5], [1, 3] and [6] 

As a tool for TwPEMF realization, a plane inductor 
(Fig. 1 a) was used, and to evaluate the efficiency of treat-
ment, plane specimens of AMg6 aluminium alloy in the 
form of a disc were used, whose thickness and diameter 
were respectively δ  =1.0 mm and spD  = 90 mm (Fig. 1 b). 
During treatment, a current-conducting shield in the form 
of a disc from AMg6 alloy was used, its diameter and thick-
ness were respectively 90 and 5.0 mm (Fig. 1 c). Circumfer-
ential welds were produced by TIG method in Ar environ-
ment along the line of the circle with a diameter  

wD  = 45 mm. A tangent component θσ  (Fig. 1 b) of resid-
ual stressed state of welded joints and vertical movements f 
of the discs’ edges before and after TwPEMF were evalu-
ated by the method of electron and speckle-interferometry.  

To realize the discharge cycles of TwPEMF, the 
power source (PS) was used based on a capacitor system 
with a charging voltage U of up to 800 V and pulsed current 
amplitude of up to 10 kA (Fig. 1 d). PS can perform 
TwPEMF in an automatic mode with 1–5 s time periods 
between the pulses. The registration of time distributions 
of the pulsed current I and the power of electrodynamic 
pressure P at TwPEMF of the specimens without and with 
the use of a shield was performed using a non-induction 
shunt and an accelerometer Kistler Instrumente AG, re-
spectively [7]. TwPEMF was performed on the specimens 
with the thickness δ  = 1.0 mm and on the assembly of the 
specimen δ  =1.0 mm with a current-conducting shield  

δ  = 5.0 mm (δ  = 6 mm). Treatment was carried out by the 
series of EPC on the mode at a charging voltage U of up to 
800 V. Residual stressed states of welded joints were studied 
using the electron and speckle-interferometry method [1]. 

The hardware complex for automatic welding of al-
uminium alloys in the EDT process has been developed 
and manufactured (Fig. 2). The complex includes system 
for feeding filler wire 1, torch 2 for TIG welding, electrode 
device for EDT 3 and linear solenoid for movement 4 of 
electrode for EDT. The components of the complex are 
structurally combined into a monoblock. 

 

 
Fig. 2. Hardware complex for automatic TIG 
welding, which is compatible with EDT of a 
weld, where 1 – system for feeding filler wire, 
2 – welding torch, 3 – electrode device, 4 – linear 
solenoid for movement of EDT electrode 

Mathematical modelling of stress-strain states of 
welded joints as a result of EDT was performed in the con-
ditions of elevated temperatures (in the process of weld-
ing), with the use of a simplified two-dimensional (2D) pla-
nar formulation. The design diagram of the problem of the 
process of impact interaction of the electrode-indenter with 
plates [8] is presented in Fig. 3. The solution of the problem 
was performed using ANSYS/LS-DYNA software. 

 
a b c d 

Fig. 1. Appearance: a) plane inductor; b) specimen of circumferential welded joint of AMg6 alloy with a thickness 
δ  = 1.0 mm, where Dsp = 90 mm and Dw = 45 mm are respectively the diameters of the specimen and the weld, θσ  
is the component of residual stresses; c) current-conducting shield with a diameter of 90 mm and a thickness of  
5 mm; d) PS for TwPEMF 
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PBD treatment of the surface of specimens of 
25KhGNМТ steel was performed using an electrode system 
(ES), the structural diagram of which is shown in Fig. 4. 

 

 
Fig. 3. Design diagram of the process of dynamic 
loading of a plate at EDT: 1 – electrode-indenter; 
2 – specimen being treated; 3 – absolutely rigid 
base, А – point on the outer surface of the elec-
trode-indenter, В – point on the outer surface of a 
plate, С – point on the back surface of a plate,  
V0 – speed of movement of the electrode-indenter 

 
a 

 
b 

 
c 

Fig. 4. PBD treatment of 25KhGNМТ steel, 
where: a) diagram of electrode system for PBD 
treatment of specimens of 25KhGNМТ steel, 
where 1 – studied specimen 1 of 25KhGNМТ 
steel, 2 – high-voltage electrode, 3 – dielectric 
barrier, δ  – gas gap, HV – high voltage; b) ap-
pearance of PBD; c) appearance of PBD treat-
ment process of 25KhGNМТ steel 

The diagram of the electrode system (ES) for PBD 
treatment is shown in Fig.4 a. ES consisted of studied speci- 
men 1 of 25KhGNMT steel, high-voltage electrode 2 and 
glass (quartz glass) dielectric barrier 3 (100×100×1 mm3). 
To reduce the edge effect, electrode 2 had rounded edges. 
The treatment was carried out at a gas gap δ  of 1mm thick-
ness between plate 1 and barrier 3. High voltage (HV) was 
supplied to electrode 2 from the pulse generator (PG), 
which provided unipolar pulses of a voltage with an ampli-
tude of up to 30 kV at their rising rate ≈ 3∙1011 V/s and a 
duration of about 150 ns. The appearance of the discharge, 
shown in Fig.4 b (exposure time is 0.1 s) indicates a homo-
geneous nature in the gap δ  rather than filamentous. 

Discussion of research results 

Dependence of pressure force Р at TwPEMF on cur-
rent I for different thickness δ  of the specimens is shown 
in Fig. 5. Based on its data, in the studied range of treatment 
modes, it is possible to see that with an increase in δ , P will 
grow, because it is defined as an integral value in a certain 
volume of a current-conductive medium. At an increase in 
δ  to 6.0 mm as a result of using a shield (curve 2), the 
values P rise twice compared to TwPEMF of the specimens 
δ  = 1.0 mm without a shield (curve 1). 

 

 
Fig. 5. Influence of amplitude EPC values – I on 
pressure force Р at TwPEMF of specimens of cir-
cumferential welded joints δ  = 1.0 mm of АМg6 
alloy, curve 1 – TwPEMF without a shield, curve 
2 – TwPEMF with a shield 

The efficiency of TwPEMF effect on the residual 
forming of the specimens treated under the abovemen-
tioned conditions confirm the data given in Fig. 4 a–c. The 
values of vertical movements of the discs’ edges f (Fig. 6 a) 
were recorded at the points Nos. 1–4 (Fig. 6 c) with a fixed 
angular distance lα  of 90° between the adjacent points. 
Performance of TwPEMF without a shield (Fig. 6 d, curve 2) 
and with its use (curve 3) allows reducing the values of 
movements f of the discs’ edges relatively by up to two or 
eight times compared to the specimens that were not sub-
jected to TwPEMF. 

Fig. 7 shows the results of TwPEMF effect on the 
component θσ  of residual stresses in the centre of the weld 
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(W) and in the area around the weld (AAW) at a distance of 
10 mm from the weld line. Taking into account the bending 
of the discs (Fig. 6), which results in the imbalance of the 
diagrams of residual stresses, as an evaluation of TwPEMF 
effect on the stressed state, the peak values θσ  were deter-
mined in W and in AAW in the specimens in the original 
state and under the set treatment conditions. It is possible 
to see that in general TwPEMF has a positive effect on the 
residual stressed state of the circumferential welded joints 
of AMg6 alloy with a thickness δ  = 1 mm. 

 

 
Fig. 7. Influence of TwPEMF on the component 

θσ  of residual stresses in the welds (W) and in 
the area around the weld (AAW) of circumferen-
tial welded joints of the specimens of АМg6 alloy 
with a thickness δ  = 1 mm: a) peak values θσ  
of the specimens in the initial state; b) θσ  after 
TwPEMF without the use of a shield; c) θσ  spec-
imens in the initial state; d) θσ  after TwPEMF 
with the use of a shield 

Though initial (before TwPEMF) values θσ  during 
treatment without a shield – a) and with a shield – c) differ, 
which is associated with a low rigidity of the discs, it can 
be seen that the use of a shield has a positive effect on re-
laxation of stresses in TwPEMF. This is confirmed by com-
paring the diagrams between each other a)–b) and c)–d). 
Thus, the treatment without and with the use of a shield led 
to a decrease in the initial values θσ  in the active zone of 
tension (W) respectively by 36 and 56%, and in the zone 
of reactive compression (AAW) – by 50 and 80%. 

The results of mathematical modelling are shown in 
Fig. 8 from which it can be seen that EDT in the conditions 
of heating the plate from AMg61 alloy to the temperature  

 

 
a 

 
b 

 
c 

Fig. 8. Results of modelling stresses xσ  along 
the line between the points В and С (Fig. 3) of the 
plates of АМg61 alloy δ  = 3 mm after EDT at 
the temperature Т and cooling to Т = 20°С, where 
curve 1 – xσ  (instant) at the moment of comple-
tion of contact interaction at elevated tempera-
tures, curve 2 – xσ  at room temperature:  
a) Т = 20°С; b) Т = 150°С; c) Т = 300°С 

  
a b c d 

Fig. 6. Residual forming of circumferential welded joints of АМg6 alloy, where: a) appearance (A) of the disc 
without treatment, where f is the movement of the disc’s edges; b) A after TwPEMF without a shield; c) A after 
TwPEMF with a shield, where 1–4 is the number of point of movements measurement, α  and lα  are respectively 
the angle and angular distance between the points 2–3; d) vertical movements f of the disc’s edges, where curve 
1 – without TwPEMF, 2 – after TwPEMF without a shield, 3 – after TWPEMF with the use of a shield 
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Т = 150°С (thermoelasticity), provides larger values of lon-
gitudinal (along the axis X in Fig. 3) compression xσ  stresses, 
than at Т = 20°С (room) and at Т = 300°С (thermoelasticity). 
This allows choosing the distance between welding torch 2 
and electrode 3 for EDT (Fig. 2) that pro vides the optimum 
level of residual compression xσ  in the welded joint. 

Verification of modelling results was carried out on 
the specimens of butt joints from АМg61 alloy with the 
sizes of 300х200х3 mm (Fig. 9), where the Specimen No.1 
was not subjected to EDT, the Specimen No.2 was sub-
jected to EDT at Т = 20°С and the Specimen No.3 was sub-
jected to EDT at Т = 150°С. The values of residual longi-
tudinal deflections fх of the specimens and residual xσ  
confirm both the efficiency of EDT, as well as its growth 
in the conditions of thermal deformation welding cycle. In 
the Specimen No.2, the values fх are reduced by 1.8 times 
compared to the Specimen No.1, and in the Specimen No.3 
– by 3.7 (Fig. 9 а). The values of the membrane tensile xσ  
(curve 2 in Fig. 9, b–d) in the weld centre on the Specimen 
No.2 compared to the Specimen No.1 are reduced by 95% 
(Fig. 9 c), and in the Specimen No.3 they are transformed 
into compression and amount to about 0.3 σ 0.2 for 
АMg61 alloy (Fig. 9 d). 

It was found that the maximum effect of PBD on the 
hardness of 25KhGNMT steel is achieved when duration 
of the specimens treatment is 15 minutes (at the optimal 
mode). In this case, the values of HV hardness after the 
treatment increase by 20% from 420 to 505 kg/mm2 
(Fig. 10 a). In depth from the treated surface (from 0 to 
2200 μm) in the cross-section of the specimen, the changes 
in structural and phase composition, parameters of thin 
structure and dislocations density were revealed. In depth 
from the treated surface to 300 μm, exclusively the struc-
ture of tempered martensite and lower bainite is formed 
during its refinement and a uniform distribution of disloca-
tions density ρ = (2…8)×1010 cm-2 (Fig. 10 b). The ob-
tained results indicate that PBD facilitates an imp rovement 
in the dynamic strength of welded structures of the men-
tioned steel during their contact interactions. 

Fig. 10. Influence of PBD treatment on the structure 
of 25KhGNМТ steel: a) values of Vickers hardness (HV) 
before and after PBD treatment; thin structure before and 
after PBD treatment: b) tempered martensite (Мtemp) be-
fore and after PBD treatment, c) lower bainite (Bl) before 
and after PBD 

Analyzing the abovementioned results, it should be 
noted that TwPEMF, EDT in the process of welding and 

  
a b 

  
c d 

Fig. 9. Longitudinal deflections fx and residual stresses xσ  of the specimens of welded joints of АМg61 alloy of  
δ =3 mm, where the Specimen No.1 – no EDT, Specimen No.2 – EDT at Т = 20°С, Specimen No.3 – EDT at  
Т = 150°С: а) appearance and values of fx of the Specimens Nos.1...3; b) distribution of xσ   at the central cross-
section of the Specimen No.1, where curve 1 – top (●) surface of the point B in Fig. 3, curve, 2 – membrane stresses, 
3 – bottom (□) surface of the point B in Fig. 3; c) similarly to b) for the Specimen No.2; d) similarly to b) for the 
Specimen No.3 
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local PBD treatment of metals, alloys and welded joints is 
the basis for the development of a number of technologies 
aimed at optimizing welded structures of new equipment. 

Conclusions 

1. It was found that treatment with a pulsed electro-
magnetic field (TwPEMF) allows reducing residual dis-
placements and stresses of the specimens of circumferen-
tial welded joints from AMg6 alloy by up to eight times 
compared to untreated ones. 

2. On the basis of mathematical modelling and ex-
perimental studies, it was proved that the use of electrody-
namic treatment (EDT) of weld metal, which is performed 
in a single process synchronously with arc welding is more 
effective compared to separate EDT after welding, which 
is expressed in a more optimal residual stress-strain state 
of a finished welded joint of the aluminium АMg61 alloy. 

3. It was found that as a result of treatment of
25KhGNMT steel with a pulsed barrier discharge (PBD), 
its Vickers hardness (HV) is increased by 20% – from 420 
to 505 kg/mm2, which spreads to a depth of up to 2 mm 
and is accompanied by dispersion of the treated structure. 
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Fig. 10. Influence of PBD treatment on the structure of 25KhGNМТ steel: a) values of Vickers hardness (HV) 
before and after PBD treatment; thin structure before and after PBD treatment: b) tempered martensite 
(Мtemp) before and after PBD treatment, c) lower bainite (Bl) before and after PBD 
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Прогресивні технології електрофізичної обробки для регулювання 
напружено-деформованих станів елементів зварних конструкцій 
Л.М Лобанов1, П.Р. Устименко2,  Ю.М. Сидоренко2,  М.О. Пащин1   
1  Інститут електрозварювання ім. Є.О. Патона НАН України, Київ, Україна 
2  КПІ ім. Ігоря Сікорського, Київ, Україна 

Анотація. Розвиток промисловості стимулює розробку сучасних підходів до оптимізації зварних конструкцій. Викорис-
тання імпульсних електромагнітних полів, струмів плазми, електродинамічних сил та їх комбінованих впливів є новим трен-
дом інженерної практики для підвищення механічних характеристик металевих матеріалів і зварних з’єднань (ЗЗ). Обробка 
імпульсним електромагнітним полем (ОІЕМП) ЗЗ є перспективним  напрямком оптимізації напружено-деформованих станів 
(НДС) зварних конструкцій із неферомагнітних металевих матеріалів. Із застосуванням методу електронної спеклінтерфе-
рометрії досліджено вплив ОІЕМП на НДС зразків кільцевих ЗЗ товщиною δ = 1,0 мм із алюмінієвого сплаву АМг6. На базі 
оригінальної методики із застосуванням давача прискорень досліджено кінетику дії сили Р тиску магнітного поля на зали-
шкові переміщення f і НДС зразків при їх ОІЕМП. Виконували ОІЕМП зразків ЗЗ без та із застосуванням додаткового екрану 
зі сплаву АМг6 δ = 5,0 мм. Встановлено, що застосування екрану підвищує амплітудні значення сили Р до двох разів, що 
зумовлено збільшенням активного об’єму електропровідного середовища. При тому ОІЕМП без та із застосуванням екрану 
сприяє зниженню значень f відповідно у 2 і 4 рази, а залишкових НДС – на 50 і 80%. На базі математичного моделювання 
обґрунтовано переваги застосування електродинамічної обробки (ЕДО) стикових ЗЗ δ = 3,0 мм зі сплаву АМг61 (1561) в 
процесі зварювання TIG у порівнянні із ЕДО при кімнатній температурі (Тк). По результатах верифікації моделі доведено, 
що ЕДО при TIG сприяє формуванню пікових значень залишкових напружень стискування в зоні зварного шва на 60% більше, 
ніж ЕДО при Тк. Застосування імпульсного бар’єрного розряду (ІБР), який генерує низькотемпературну плазму на поверхні 
металу, що обробляється, сприяє оптимізації його структури. Встановлено зростання твердості HV конструктивної сталі 
25ХГНМТ в результаті її обробки ІБР із 420 до 510 одиниць, яке супроводжується диспергуванням мікроструктури металу. 
Ключові слова: обробка зварних з’єднань; імпульсне магнітне поле; імпульсний бар’єрний розряд; електродинамічна обробка; 
алюмінієвий сплав; конструктивна сталь; залишкові переміщення; напружено-деформований стан; твердість сталі. 


