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treatment for regulation of stress-strain states
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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 (TwWPEMF) 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 TwWPEMEF on the SSS of specimens of circumfer-
ential WJ with a thickness of 6 = 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 TwWPEMF were investigated. TwWPEMF of WJ specimens was performed without and with the use of an addi-
tional shield made of AMg6 alloy 6 = 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 8= 3.0 mm of AMg61 (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.

Keywords: 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
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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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Fig. 1. Appearance: a) plane inductor; b) specimen of circumferential welded joint of AMg6 alloy with a thickness
& = 1.0 mm, where Dy, =90 mm and D, = 45 mm are respectively the diameters of the specimen and the weld, Gy

is the component of residual stresses; ¢) current-conducting shield with a diameter of 90 mm and a thickness of

5 mm; d) PS for TWPEMF

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 & =1.0 mm and D, =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 ¢). Circumfer-
ential welds were produced by TIG method in Ar environ-
ment along the line of the circle with a diameter
D,, =45 mm. A tangent component O (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 & = 1.0 mm and on the assembly of the
specimen & =1.0 mm with a current-conducting shield

6 =5.0mm (28 =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.
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PBD treatment of the surface of specimens of
25KhGNMT steel was performed using an electrode system
(ES), the structural diagram of which is shown in Fig. 4.
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Fig. 3. Design diagram of the process of dynamic
loading of a plate at EDT: / — electrode-indenter;
2 — specimen being treated; 3 — absolutely rigid
base, 4 — point on the outer surface of the elec-
trode-indenter, B — point on the outer surface of a
plate, C — point on the back surface of a plate,
Vo — speed of movement of the electrode-indenter
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Fig. 4. PBD treatment of 25KhGNMT steel,
where: a) diagram of electrode system for PBD
treatment of specimens of 25KhGNMT steel,
where 1 — studied specimen 1 of 25KhGNMT
steel, 2 — high-voltage electrode, 3 — dielectric
barrier, & — gas gap, HV — high voltage; b) ap-
pearance of PBD; c¢) appearance of PBD treat-
ment process of 2SKhGNMT 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 25 KhGNMT steel, high-voltage electrode 2 and
glass (quartz glass) dielectric barrier 3 (100x100x1 mm?®).
To reduce the edge effect, electrode 2 had rounded edges.
The treatment was carried out at a gas gap & of lmm 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 & rather than filamentous.

Discussion of research results

Dependence of pressure force P at TWPEMF on cur-
rent I for different thickness & 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 o , P will
grow, because it is defined as an integral value in a certain
volume of a current-conductive medium. At an increase in
d to 6.0 mm as a result of using a shield (curve 2), the
values P rise twice compared to TWPEMEF of the specimens
& = 1.0 mm without a shield (curve 1).
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Fig. 5. Influence of amplitude EPC values — / on
pressure force P at TWPEMEF of specimens of cir-
cumferential welded joints & = 1.0 mm of AMg6

alloy, curve / — TwWPEMF without a shield, curve
2 — TwWPEMF 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. 14 (Fig. 6 ¢) with a fixed
angular distance /, 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 TWPEMEF-.

Fig. 7 shows the results of TWPEMF effect on the
component Gy of residual stresses in the centre of the weld
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Fig. 6. Residual forming of circumferential welded joints of AMg6 alloy, where: @) appearance (A) of the disc
without treatment, where f'is the movement of the disc’s edges; b) A after TWPEMF without a shield; ¢) A after

TwPEMF with a shield, where 1-4 is the number of point of movements measurement, O and /, 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

(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 6, 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 TWPEMEF has a positive effect on the
residual stressed state of the circumferential welded joints
of AMg6 alloy with a thickness & =1 mm.
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Fig. 7. Influence of TWPEMF on the component
Og of residual stresses in the welds (W) and in

the area around the weld (AAW) of circumferen-
tial welded joints of the specimens of AMg6 alloy

with a thickness § = 1 mm: a) peak values Oy
of the specimens in the initial state; b) Oy after
TwPEMEF without the use of a shield; ¢) Gy spec-

imens in the initial state; d) Gy after TWPEMF
with the use of a shield

Though initial (before TWPEMF) values 6, during

treatment without a shield — a) and with a shield — ¢) 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 TWPEMEF. 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 oy 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
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Fig. 8. Results of modelling stresses G, along
the line between the points B and C (Fig. 3) of the
plates of AMg61 alloy 6 = 3 mm after EDT at
the temperature T and cooling to 7= 20°C, where
curve 1 — G, (instant) at the moment of comple-
tion of contact interaction at elevated tempera-
tures, curve 2 — O, at room temperature:

a) T=20°C; b) T=150°C; ¢) T=300°C
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T'=150°C (thermoelasticity), provides larger values of lon-
gitudinal (along the axis X'in Fig. 3) compression G, stresses,

than at 7= 20°C (room) and at 7= 300°C (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 G, in the welded joint.

Verification of modelling results was carried out on
the specimens of butt joints from AMg61 alloy with the
sizes of 300x200x3 mm (Fig. 9), where the Specimen No.1
was not subjected to EDT, the Specimen No.2 was sub-
jected to EDT at 7=20°C and the Specimen No.3 was sub-
jected to EDT at 7= 150°C. The values of residual longi-
tudinal deflections f; of the specimens and residual G,

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 f; are reduced by 1.8 times
compared to the Specimen No.1, and in the Specimen No.3
—by 3.7 (Fig. 9 a). The values of the membrane tensile G,

(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 ¢), and in the Specimen No.3 they are transformed
into compression and amount to about 0.360.2 for

AMg61 alloy (Fig. 9 d).
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Fig. 9. Longitudinal deflections f; and residual stresses O
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It was found that the maximum effect of PBD on the
hardness of 2SKhGNMT 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/mm?
(Fig. 10 @). In depth from the treated surface (from 0 to
2200 pum) 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 um, exclusively the struc-
ture of tempered martensite and lower bainite is formed
during its refinement and a uniform distribution of disloca-
tions density p = (2...8)x1010 ¢m (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 25KhGNMT steel: a) values of Vickers hardness (HV)
before and after PBD treatment; thin structure before and
after PBD treatment: b) tempered martensite (Mtemp) be-
fore and after PBD treatment, ¢) lower bainite (Bl) before
and after PBD

Analyzing the abovementioned results, it should be
noted that TWPEMF, EDT in the process of welding and
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of the specimens of welded joints of AMg61 alloy of

& =3 mm, where the Specimen No.l — no EDT, Specimen No.2 — EDT at T = 20°C, Specimen No.3 — EDT at
T = 150°C: a) appearance and values of f: of the Specimens Nos.1...3; b) distribution of G, 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 (O) surface of the point B in Fig. 3; ¢) similarly to b) for the Specimen No.2; d) similarly to b) for the

Specimen No.3



111

Mech. Adv. Technol. Vol. 7, No. 1, 2023

HV, kg/mm’
500

480

460

440 After
treatment

420

400 Before treatment

380

a

Fig. 10. Influence of PBD treatment on the structure of 2SKhGNMT steel: a) values of Vickers hardness (HV)
before and after PBD treatment; thin structure before and after PBD treatment: b) tempered martensite
(Mtemp) before and after PBD treatment, ¢) lower bainite (BI) before and after PBD

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.
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IIporpecuBHi TexHoJ10r1iI eJIeKTPOPi3MIHOT 00pOOKY 11 peryIIOBaAHHSA
HANPYKeHo-1e()OPMOBAHMX CTAHIB €JIEMEHTIB 3BAPHUX KOHCTPYKIiii

JI.M Jlo6anos!, ILP. Ycrumenxo?, 0.M. Cugopenko?, M.O. Mamun'

U Incmumym enexmposeapiosanns im. €.0. Illamona HAH Ypainu, Kuis, Yxpaina
2 KIII im. lzopsa Cixopcvkozo, Kuis, Ykpaina

Anomauin. Po3eumox npomucio8ocmi cmumynoe po3pooKy CyuachHux nioxoodie 00 onmumizayii 36apHux KOHCmMpYKyiu. Buxopuc-
MAHHA IMIYTbCHUX eNeKMPOMASHIMHUX NOJI8, CMPYMI6 NAA3MU, eeKMPOOUHAMIYHUX CUI A iX KOMOIHOBAHUX 6NIUGIE € HOGUM MPEH-
00M iHdICeHepHOT npakmuKuy 0I5l NIOBUWEHHS MEXAHIYHUX XapaAKMepuCmux Memaiesux mamepiaiie i 36apnux 3’ conans (33). Obpodxa
imnynvcuum enekmpomacrimuum noiem (OIEMII) 33 € nepcnekmusHum HAnpamMKoM onmumiszayii HanpysceHo-0epopmMosanux cmamis
(H/IC) 36apnux koncmpykyiti i3 neghepomacHimuux memanesux mamepianis. I3 3acmocy8anusam memooy ei1ekmpoHHoi cnekninmepge-
pomempii 0ocnioxnceno enaue OIEMIT na HIJC spaskie kinvyesux 33 moswunoto 0 = 1,0 mm i3 antominiegozo cnaagy AMz26. Ha 6asi
OPUSTHANLHOT MEMOOUKY 13 3ACMOCYBAHHAM 0A8AYA NPUCKOPEHb 00CTIONCEHO KiHemuKy Oif cunu P mucky maeHimno2o nons Ha 3aau-
wkoei nepemiwenns i H/[C 3paszkie npu ix OIEMII. Buxonysanu OIEMII 3paskis 33 6e3 ma i3 3acmocy8anuam 000amro8020 eKpany
3i cnnagy AM26 8 = 5,0 mm. Bemanoeneno, wo 3acmocy6anns ekpany nioguwyye amniimyoui snauenns cuau P 0o 0sox pasis, wo
3YMOBIEHO 30IIbULEHHAM AKMUBHO20 00 €My elekmponpogionozo cepedosuwa. Ipu momy OIEMII 6e3 ma i3 3acmocy8anHam ekpany
CHpUslE 3HUIICEHHIO 3HaueHb | 6ionogiono y 2 i 4 pasu, a samuwxosux HIC — na 50 i 80%. Ha 6aszi mamemamuuno2o MoOeno8ants
00IpyHMOBano nepesazu 3acmocyeants erekmpoounamiunoi oopooxu (EO) cmuxoeux 33 6 = 3,0 mm 3i cnnagy AM261 (1561) ¢
npoyeci 36aprosanns TIG y nopienanni i3 E/JO npu kimnamuiu memnepamypi (Tk). Ilo pesynemamax sepugpixayii modeni doseoero,
wo EJJO npu TIG cnpusie popmyeanio nikosux 3HaueHs 3aiuKo8UX HANPYICEHb CIMUCKYB8AHHSL 8 30HI 36apHo20 wea na 60% binvue,
nioic EJJO npu Tx. 3acmocysanns imnynscnozo 6ap ’eprozo pospsdy (IBP), sikuil 2enepye Hu3bKomemnepamypHy niasmy Ha no8epxui
Memarny, wo obpobsemvcsa, cnpuse onmumizayii ioeo cmpykmypu. Bcmanoaneno spocmanna meepoocmi HV koncmpyxmuenoi cmani
25XTHMT 6 pesynomami ii 06pobku IBP i3 420 0o 510 odunuys, sike cynposoodicycmvpcsi OUChep2y8antaM MIKDOCIPYKIMypu Memany.

Knruoei cnosa: oopodxa 36apuux 3’ €OHamb, iMnyIbCHe MAcHIMHe noje; IMNYIbCHULL Oap '€pHULL o3P0, e1eKMPOoOUHaMiuHa 06pooKa;
ANOMIHIEGUTI CNIAB;, KOHCMPYKMUBHA CINATL, 3ATUWKOBT NEPEMIWEHHS; HANPYIHCEHO-0eDOPMOBAHUL CIMAH, MEepOiCHb CIAI.



