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JuceprartiiiitHa po0oTa MpUCBAYECHA BUPIMICHHIO HAYKOBO-TEXHIYHOI 3aj/1ayl
JOCIIJIKEHHSI ~ OCOOJIMBOCTEW  Tpoliecy  TIOPHIHOTO  JIa3€pPHO-IIJIA3MOBOIO
3BapIOBaHHS CTaJe 3 BHUKOPHUCTAaHHSIM BOJIOKOHHOTO JDKEpeNia JIa3epHOTO
BUINIPOMIHIOBaHHS. BIMBY Horo 3acTocyBaHHS Ha MPOSBICHHS CUHEPIETHUYHOTO
edeKTy Ta ePEeKTUBHICTH ITPOLIECY 3BapIOBaHHs. A TaK0k 0COOIMBOCTEH CTPYKTYPO-
YTBOPCHHSI, 3MIHA MEXaHIYHUX BJIACTUBOCTEH 3BapHUX 3’€HAHb Ta XapaKTEpy
HaIpy>KeHo-1eQOopMOBaHOTO cTaHy. B po0OOTI mMpoBeaeHO eKCHepUMEHTAbHI
JOCIIJKEHHS  OCOOJIMBOCTEH Tmepenayl eHeprii npu  JIa3epHO-TIa3MOBOMY
3BapIOBaHHI 3 BUKOPHCTAHHSIM BOJOKOHHOTO JIA3€PHOTO BHUITPOMIHIOBAaHHS Ha
OCHOB1 4Or0 PO3BUHEHO YSBJICHHS MPO MEXaHI3M YTBOPEHHS CHUHEPTreTUYHOTO
ehpeKTy y BUINAAKy BUKOPHUCTAaHHS BOJOKOHHOTO Jlazepy. BHKOHaHO
MIKPOCTPYKTYPHI1 JTOCIIIJPKEHHS Ta MPOBEJCHO MOPIBHUIBHUM aHaI3 Pe3yIbTaTiB 3
OCOOJIMBOCTSIMU  CTPYKTYpPH TIpU JIa3€pHOMY Ta IUIa3MOBOMY 3BapIOBaHHI.
ExcrieprMeHTaIbHO-TOCTITHUMH METOJaMU BU3HAYEHO XapakTep 3aJIMIIKOBOTO
HAIPY>KEHOTO CTaHy B 3BapHUX 3’ €IHAHHSIX. A TaKOX PO3pOOJICHO HAYKOBI 3acaau
JUUISl pO3POOKH Ta BUTOTOBJICHHS MTPOMUCIIOBO-A0CITHUX 3pa3KiB 0OJaHAHHS JJIsI
JA3epHO-TIJIa3MOBOTO  3BaploBaHHS Ha 0a3l  MNPOBEICHUX  TEXHOJOTTYHHX
CKCIICPUMEHTIB.

O0’exT M0CHiIKEeHHS - CIIUIbHA Jis BUTIPOMIHIOBAHHS BOJIOKOHHOTO Jiazepa
1 TJIa3MOBOT JYTM Ta TEXHOJIOTIUHI MPOIIECH JIa3epHO-TIIIa3MOBOTO 3BapIOBAHHS

HHU3BKOBYTJICHICBUX HU3bKOJCTOBAHUX Ta HepmaBiqux cTajeu.



IIpenmer pocaigxeHHss — ¢GopMyBaHHS 3BapHOTO 3 €AHAHHS TIpU
3aCTOCYBaHHI OPUIHOTO JIa3€PHO-TIIIA3MOBOTO MTPOIIECY.

Metra po6oTM — JOCHII)KEHHS CHUIBHOTO BIUIMBY BHIIPOMIHIOBAaHHS
BOJIOKOHHOT'O Jiazepa 1 IUIa3MOBOi JYrM Ha €(EKTHUBHICTh Iepeadl Teruia Bijl
JKepena eHeprii, 0COOIUBOCTI CTPYKTYPO-YTBOPEHHS 3BapHUX IIBIB, OCOOJIUBOCTI
dbopMyBaHHS Ta PO3MOJUTY HAMpPyXeHO-AePOPMOBAHOIO CTaHy Ta BHU3HAUCHHS
(h13UKO-MEXaHIYHUX BIACTUBOCTEH OTPMMAHUX 3BapHHX 3’€IHAHB 1 pO3poOKa Ha iX
OCHOB1 0a30BHX TEXHOJOTIYHUX MPUHOMIB JIa3€pHO-ILIA3MOBOIO 3BapIOBAHHS, Ta
oOJiaiHaHH 1JId 1X peasizaiii.

/10 HayKOBOI HOBM3HU BiIHOCATHCSI HACTYITHI MTOJIOKEHHSI:

1. Brnepiie BCTaHOBJIEHO, IO B MpPOLIECI 3BAPIOBAHHS HEJIETOBAaHUX 1
JeroBaHux (HEp)KaBIlOYMX) CTajlled TpU BUKOPUCTAHHI IUJIa3MOBOI  JyTU 1
BUIIPOMIHIOBaHHS BOJIOKOHHOTO JIa3epa, B MOPIBHSHHI 13 TJIa3MOBUM 3BaPIOBAHHSM,
Mae€ MicCIle 3pOCTaHHS HANpyTru Ha JIy31 Ha BenuuuHy 1-3 B, a Takoxx 3011bIICHHS
MOTJIMHYTOI MeTaJoM eHeprii Ha 6% BIAHOCHO CyMH OKpPEMOi il CKIaJ0BHX, TIPH
bOMY CHOCTEpIraeTbcsi 30uUTblIeHHs B 2,06-2,25 pa3u miony MONepevyHOro
nepepizy mpoBapy MOPIBHSHO 13 CYMOIO IUION] MEPEPi3iB JIa3epHOTO 1 MIa3MOBOI0O
MpPOBapiB, a TaKOX IMIJIBUIIECHHA TMOWHU mporuiaBieHHs Ha 20-30% BiTHOCHO
Ja3€pPHOTO 3BAPIOBAHHHL.

2. OTtpumanio MOJaNbIIUNA PO3BUTOK VYSBIEHHA TPO BIUIMB THUITY
Ja3epHOTO BUIIPOMIHIOBAHHS HAa €(EKTUBHICTH MPOILECY TIOPHUIHOTO Ja3epHO-
TUTa3MOBOTO 3BapIOBaHHS, a caMe MOKa3aHO, [0 BUKOPUCTAHHS BHIPOMIHIOBAHHS
BOJIOKOHHOTO JIa3epa Mpu MOTY>KHOCTI Jia3epa 1 11a3Mu o ~2 KBt rmubuna mpoBapy
HEPKaBII0YOT CTalll 301IbIIYETHCS, TOPIBHSIHO 13 3aCTOCYBAHHSAM J10JHOTO Ja3epa —
Ha 60%, Nd:Y AG-na3epa — Ha 30%, CO,-na3epa — Ha 40%.

3. OTtpumanio mMOAAIBIINNA PO3BUTOK YSABICHHS TIPO OCOOJIMBOCTI
dbopMyBaHHS CTPYKTypHU 3BapHUX 3’€JHaHb, OTPUMAHUX 3 BHUKOPUCTAHHSIM
BOJIOKOHHOTO JIa3epa, a caMe — Ha IPUKJIaIl HePXKaBIF0YOi CTalll MOKa3aHo, 10 MpH
riOpuJIHOMY Ja3€pHO-TIJIA3MOBOMY 3BapIOBaHHI B METaJIl I11BA, 1O JI1HI1 CIIaBJICHHS

1 B 30HI TEPMIYHOIO BIUIMBY (POPMYEThCS 3€peHHA CTPYKTypa, OJu3bKa 10



Ja3epHOTO 3BapIOBaHHS 13 pO3MipaMu B 2-3 pa3u MEHILKUMH, HIXK MPH TJIa3MOBOMY
3BapIOBaHHI, IIPU I[LOMY IS riOpUJIHOTO TPOLleCY B 3BapHOMY IIIBI
CTIOCTEPIraeThCsl BUOBKEHHS 3¢peH (B ~1,7 pa3) Ta MiABUIIEHHS MIKPOTBEPAOCTI
(1a 20...40%) nopiBHSHO 13 Ja3epHUM 3BapIOBAHHSM.

4, Opeprkano nmofanblivii PO3BUTOK YSBIECHHS PO CTPYKTYPOYTBOPEHHS
pu TiOpUIHOMY JIa3€pHO-TNIA3MOBOMY 3BapIOBaHHI HEPKaBiIOYOi CTali, 30KpeMa
BUSIBJIICHO (DOpMYBaHHSI CyO03€pEeHHOI CTPYKTYpH B 3BapHOMY IIBI 3 pO3MipaMu
cy03epeH MEHIIIUMU MOPIBHSHO 13 Jla3epHUM (B 1,6 pa3iB) Ta mia3MoBUM (B 2 pa3u)
3BapIOBAHHSIM, TIPU IIbOMY y BCIX 30HaX 3BapHOTO 3 €JHAHHS, OTPUMAHOTO JIA3€pHO-
IJIa3MOBUM  CIIOCOOOM,  cmocTepiraerbest  (GopmyBaHHS — Oe3rpaJieHTHHX
KOMIPYACTUX CTPYKTYp MEPEBaXHO PIBHOOCHOI (OpMH, a TpH JIA3EPHOMY

3BaprOBaHHI B METaJIl IIBa (POPMYIOTHCSI CyOCTPYKTYpH MOJA0BKEHO1T (POPMH.

OTprMano nofajJblINil PO3BUTOK YSABIEHHS MPO OCOOJMBOCTI MPOTIKAHHS
TepMoiepOopMallIiHUX MPOLIECIB MPU POPMYBaHHI 3BAPHUX LIBIB 13 BUKOPUCTAHHSIM
KOHIICHTPOBAHUX JKEPEIT €HEPTii, a caMe BCTAHOBJICHO, III0 B CTUKOBUX 3’ € THAHHSIX
13 HEpI)KaBirOYOi CTajll TOBIIMHOIO 2 MM XapakTep PO3MOAUTYy HAIpyXeHb IMPHU
Ja3epHO-TJIA3MOBOMY 3BApIOBAaHHI OJIM3BKUIA 1O PO3MNOAUTY MpHU JIA3EPHOMY
3BaprOBaHHI, TPH IIbOMY ITIKOBI 3HAYEHHS HaIpYy>KeHb CKOHIICHTPOBaHI 30HI
TEPMIYHOTO BIUIUBY 1 B OUIBIIINA Mipi 3a7I€KaTh Bl IOTOHHUX €HEPTii 3BaprOBaHHS,
HIXK BIJ MAKCUMAJIBHOI TEMIIEpaTypHy HarpiBy 3BaproBajibHOT BaHHHU.

IIpakTHYHe 3HAYEHHSI OTPHMMAHMX Pe3YJbTAaTiB.

BusiBiieni B po0OOTi 0COOJMBOCTI Ta 3aKOHOMIPHOCTI JIa3€pHO-ILJIA3MOBOTO
3BapIOBAaHHS JO3BOJIMJIM  PO3IIMPUTH  YSABIICHHS TIIPO TPOIEC TiOpHUIHOTO
3BapIOBaHHS 1 Ha OCHOBI IIhbOTO PO3POOUTH PEKOMEHMAIlli MO MPOEKTYBAHHIO
3BapIOBAILHUX TOJIOBOK Ta TIA3MOTPOHIB JJISl Ja3€PHO-TUIa3MOBHX MPOLIECIB Ta
MEPEeIOBOTO  3BAPIOBAIBHOTO  OOJIAHAHHSA, pPO3pOOUTH Ta  ONTUMI3yBaTH
TEXHOJIOTIYHI ~ TapaMeTpy  JIa3epHO-TIA3MOBOTO  3BAapIOBaHHS  CTajield. 3a
pe3yJibTaTaMu poOOTH ONTUMI30BaHO TEXHOJIOT1] JIa3epHO-TIJIa3MOBOT0 3BAPIOBAHHSI

HU3bKOBYTJICIIEBUX HU3bKOJETOBAaHUX Ta HEPKABIIOUUX CTaJIell TOBIIUHOIO 2-6 MM
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3a KpUTEPIEM SIKICHOTO (hOpMyBaHHS IIBIB MPU MiHIMaJIbHOMY BKJIaJaHHI TOTOHHOI
eHeprii.

Bysno po3po6iieHo TeXHOJIOTI4HI TPHHOMH T1OPUIHOTO Ja3epHO-TIa3MOBOTO
3BapIOBaHHA, SIKI JIO3BOJISIIOTH OTPUMYBATH 3BapHi 3’€IHAaHHA 3 HEPXKABIIOUHMX
cTajel B aiana3oHi 2...6 MM, 3 MIITHICTIO 10 97% BijJ MIITHOCTI OCHOBHOT'O METaIy.

Po3pob6neno TEXHOJIOT1I0 JIBOCTOPOHHBOTO Ja3epHO-TIa3MOBOTO
3BaproBanHg ctaii AISI 304 ToBmmHO0 10 MM B iHTEpBaJll MOTY>KHOCTI JIa3€PHOTO
BUIIPOMIHIOBaHHS 10 2 KBT.

MopnepHi30BaHO Ta pO3pO0JIEHO HOBI JOCIHIIHO-IPOMHUCIOBI KOHCTPYKIIii
IUIa3MOTPOHIB JIJIs TIOPUIHOTO-TIa3€PHO TIIa3MOBOI0 3BapIOBaHHS CTAJICH.

Po3pobieno xaBa 3pa3ka JOCIHIIHO-TIPOMHUCIOBUX YCTAaHOBOK OJIOYHO-
MOAYJIBHOTO THUNY JJii aBTOMAaTUYHOTO TiOPUIHOTO JIa3€pPHO-ILIA3MOBOIO
3BapIOBaHHS, K1 B 3aJIEKHOCTI BiJ] MOTPeO BUPOOHUIITBA, MOXKYTh 0a3yBaTUCS Ha
3BapIOBAJIbHUX MaHIMyJATOpaxX Ta aHTPOoMop(hHHUX poOOoTax.

Y nepmoMy po3aijii MPOBEACHO KPUTUYHHUM aHall3 Cy4acHOTO CTaHy
Ja3epHUX, IUIA3MOBUX Ta TIOPUIHMUX TEXHOJIOTIM. 3a pe3ylbTaTaMH OISOy
NOTOYHOTO CTaHy O00’eMy  JOCHIDKEHHS  JIa3epHO-TUIa3MOBUX  MPOLECIB
chopMyIbOBaHa METa 1 3aBIaHHS AUCEPTAIIHHOI pOOOTH.

Y apyromy po3aijii mpuBeIeHO ONMUC OOpPAaHUX METOJUK ISl JOCHIIKEHHS
MPOILIECiB 3BapIOBaHHA Ta €pEKTUBHOCTI Mepeadi eHePTii MpU MOeTHAHH] JJa3€PHOTO
BUIIPOMIHIOBaHHS 3 IUIa3MOBOIO 1yror. BkaszaHi marepianu, 10 3aCTOCOBYBAIMCS
] 9ac aociipkeHb. [IpuBeaeHo onuc oOpaHoOro jJadopaToOpHOTO 3BAPIOBAIBLHOTO
oOnajHaHHSA; METOAMK [UJIi  JOCHIJDKEHHS  MIKPOCTPYKTYpU, MEXaHIYHUX
BJIACTUBOCTEH, TEPMIYHMX LMKIIB MPU 3BaprOBaHHI, METOJIMKH MPOTHO3YyBaHHS
HaIpy>KeHO-1ePOPMOBAHOTO CTaHy Ta Bepu(ikallii OTpuMaHUX PE3yIbTATIB.

Y TperboMy po31iji TIPOBEICHO EKCIEPUMEHTAIBHY OIIHKY €()eKTHBHOCTI
IpOIeCy Ja3epHO-TUIa3MOBOTO 3BapIOBAaHHS 3 BHUKOPUCTAHHSIM BOJIOKOHHOTO
JUKEepelia BUMPOMIHIOBaHHS, 3 TOYKH 30py €(PEKTUBHOCTI TepeAadi €Heprii Bij
Jokepena HarpiBy. Ha ocHOBI 4oro, oTpuMaHO MOAANbIINN PO3BUTOK YSIBJIEHB MPO

MEXaHi3M TPOTIKaHHS TIOPUIHOTO TPOIECYy IPHU BUKOPUCTAHHI BOJOKOHHOTO



Ja3epHOrO BUIPOMIHIOBaHHS. BHCBITIEHO TOJOBHI BIJIMIHHOCTI y TPOSIBICHHI
CUHEPreTUYHOTr0 e(eKTy IPH 3BapIOBaHHI HEP)KABIFOUMX CTajel pi3HUX TOBIIUH 3
BUKOPHCTAHHSAM BOJIOKOHHOTO Jla3epy. A TakoX, PpO3IMIIAHYTO €(EeKTUBHICTh
3aCTOCYBAaHHS pI3HMX THIIIB JIKEpEN Ja3epHOro BUIPOMIHIOBAHHS B IpOLEC]
riOpUIHOTO JIa3€pHO-TIJIA3MOBOIO 3BaPIOBAHHS.

YeTBepTHii PO3AiJ NPUCBAYCHO TOCHIIKEHHIO BIUIMBY YMOB JIa3epHO-
IUIa3MOBOIO 3BapIOBaHHs Ha CTPYKTYPY 1 BIIACTUBOCTI 3BaPHUX 3’ €JIHAHB 31 CTaJICH.
BusHaueHo 0co0JMBOCTI (POpMYBaHHSI MIKPOCTPYKTYpPU Ta CYOCTPYKYpPH 3BAPHUX
IIBIB 1X BILUTMB Ha PO3MOJILTM MIKPOTBEPIOCTI Ta XapaKkTep PyHMHYBAHHS 1 TOKa3HUKU
MEXaHIYHUX XapaKTePUCTHK 3BapHUX 3’€/lHaHb. [IpoBeieHO MOPIBHAIBHUM aHali3
JUISL TPbOX TEXHOJIOT1: T10pUAHOro, JIA3€pHOIO Ta IJIA3MOBOTO 3BApIOBAHHS.
BukoHaHO MOJENIOBAaHHA METOJIOM CKIHUEHHUX €JIEMEHTIB  ITOKa3HUKIB
3aJIMIIKOBOIO HAIpPYKEHO-AE(POPMOBAHOIO CTaHy Ta MOPIBHAHO PO3PaXyHKOBI
pe3yabTaTH 3 JaHUMHU OTPUMaH1 eKCIIEPUMEHTATHbHUM METO/IOM BUMIPIOBAaHHS.

Y m’saTomy po3aijii, NpUBEACHO ONKHC TEXHOJOTTYHUX OCOOIMBOCTEH
Ja3epHO-TNIA3MOBOTO 3BApIOBAHHS Ta PO3POOJIEHOI TEXHOJOTIT JABOCTOPOHHBOTO
riOpMIHOrO 3BapIOBaHHS HEPXaBilOYOi CTadl TOBIIMHOKW 10 MM, Ta BUSBIIEHI
3aKOHOMIPHOCTI TIiJT YaCc BHUKOHAHHS TEXHOJOTIYHUX eKcrepuMeHTIB. OIliHeHO
MOJKJIMBICTh 3aCTOCYBaHHS JIa3epHO-TIA3MOBOTO MPOIIECY B PEXUMI pi3aHHS, Ta
BHCBITJICHO OCHOBHI CKJQJHOIIl JJIs1 Horo peamizamii. Hapegeno 6a30Bi
TEXHOJIOTIYHI MPUHOMH Ja3epHO-TINIA3MOBOTO 3BAPIOBAHHS Ta PO3POOKH JTOCIHITHO
IPOMHUCIIOBOTO  OONIagHAHHS  JUIsl  JIa3€pHO-TUTa3MOBOTO  3BAapIOBAaHHA 3
BUKOPHUCTAHHSAM PI3HUX MOTYKHOCTEHN JIa3epHUX Ta MIa3MOBHUX JKEPEIL.

KuarwuoBi cioBa: 3BaproBajbHa Jyra, Jia3epHe BUIIPOMIHIOBAHHS, IjIa3Ma,
ribpuna, crtanb, 3BapHi 3 €QHAHHS, TEPMIYHMMA IMKJ, 30HA TEPMIYHOTO BILUIWBY,

MIKPOCTPYKTYpa, 3TUIIIKOB] HATTPYKEHHSI, MEXaHI9H1 BJIACTHBOCTI.



ABSTRACT

Ye. llliashenko. Hybrid welding of steels using plasma arc and fiber laser

radiation. — Qualifying scientific work on manuscript rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in the
specialty 132 Materials Science. - E.O. Paton Paton Electric Welding Institute of the
National Academy of Sciences of Ukraine, Kyiv, 2023.

The dissertation is devoted to solving the scientific and technical problem of
researching the peculiarities of the process of hybrid laser-plasma welding of steels
using a fiber source of laser radiation. The influence of its application on the
manifestation of the synergistic effect and the efficiency of the welding process. And
also, features of structural formation, changes in the mechanical properties of welded
joints and the nature of the stress-strain state. In the work, experimental studies of
the features of energy transfer during hybrid welding using fiber laser radiation were
carried out, on the basis of which an idea about the mechanism of the formation of
a synergistic effect in the case of using a fiber laser, was developed. Microstructural
researches and a comparative analysis of the results with structural features during
laser and plasma welding was carried out. The nature of the residual stress state in
welded joints is determined by experimental methods. Also, scientific principles for
the development and production of industrial-research of equipment for laser-plasma
welding have been developed on the basis of technological experiments.

Object of research - joint action of fiber laser radiation and plasma arc and
technological processes of laser-plasma welding of low-carbon, low-alloy and
stainless steels.

Subject of research — formation of a welded joint during a hybrid laser-
plasma process.

The purpose of the work — research of the joint effect of fiber laser radiation
and plasma arc on the efficiency of heat transfer from the energy source, features of
the structure and formation of welds, features of the formation and distribution of

the stress-strain state and determination of the physical and mechanical properties of
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the welded joints and the development of basic technological methods of laser-
plasma welding based on them, and equipment for their implementation.

Scientific novelty includes the following provisions:

1. It was established for the first time that in the process of welding unalloyed
and alloyed (stainless) steels when using a plasma arc and fiber laser radiation, in
comparison with plasma welding, there is an increase in the arc voltage by 1-3 V, as
well as an increase in the energy absorbed by the metal by 6 % relative to the sum
of the individual actions of the components, while an increase in the cross-sectional
area of the weld by 2.06-2.25 times is observed compared to the sum of the cross-
sectional areas of laser and plasma welds, as well as an increase in the depth of

penetration by 20-30% compared to laser welding.

2. The idea of the influence of the type of laser radiation on the efficiency of
the hybrid laser-plasma welding process was further developed, namely, it was
shown that the use of fiber laser radiation at a laser and plasma power of ~2 kW
increases the depth of penetration of stainless steel, compared to the use of a diode
laser, by 60 %, Nd:YAG laser — by 30%, CO2 laser — by 40%.

3. The idea of the peculiarities of the formation of the structure of welded
joints obtained using a fiber laser received further development, namely, on the
example of stainless steel, it was shown that during hybrid laser-plasma welding in
the weld metal, along the fusion line and in the thermally affected zone, a grain
structure is formed , close to laser welding with dimensions 2-3 times smaller than
in plasma welding, while for the hybrid process in the weld there is an elongation of
the grains (by ~1.7 times) and an increase in microhardness (by 20...40%) compared

to laser welding.

4. The idea of structure formation during hybrid laser-plasma welding of
stainless steel was further developed, in particular, the formation of a sub-granular
structure in the weld with sub-grain sizes smaller compared to laser (by 1.6 times)
and plasma (by 2 times) welding was revealed, while in all in the zones of the welded

joint obtained by the laser-plasma method, the formation of gradient-free cellular
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structures of mostly equiaxed shape is observed, and during laser welding, elongated

substructures are formed in the weld metal.

5. The idea of the peculiarities of thermo-deformation processes during the
formation of welds with the use of concentrated energy sources was further
developed, namely, it was established that in butt joints made of stainless steel with
a thickness of 2 mm, the nature of the distribution of stresses during laser-plasma
welding is close to the distribution during laser welding, at the same time, the peak
stress values are concentrated in the heat affected zone and depend to a greater extent
on the linear welding energies than on the maximum heating temperature of the
welding bath.

Practical significance of the obtained results.

The features and regularities of laser-plasma welding revealed in the work
made it possible to expand the understanding of the hybrid welding process and,
based on this, to develop recommendations for the design of welding heads and
plasma torches for laser-plasma processes and advanced welding equipment, to
develop and optimize the technological parameters of laser-plasma welding of steels.
According to the results of the work, the technology of laser-plasma welding of low-
carbon, low-alloy and stainless steels with a thickness of 2-6 mm was optimized
according to the criterion of high-quality formation of seams with minimal input of
linear energy.

Technological methods of hybrid laser-plasma welding were developed,
which allow to obtain welded joints from stainless steels in the range of 2...6 mm,
with a strength of up to 97% of the strength of the base metal.

The technology of double-sided laser-plasma welding of AlISI 304 steel with
a thickness of 10 mm in the range of laser radiation power up to 2 kW has been
developed.

New research and industrial designs of plasma torches for hybrid-laser plasma

welding of steels have been modernized and developed.
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Two samples of experimental and industrial plants of the block-module type
for automatic hybrid laser-plasma welding have been developed, which, depending
on production needs, can be based on welding manipulators and anthropomorphic
robots.

In the first chapter, a critical analysis of the current state of laser, plasma
and hybrid technologies is carried out. According to the results of the review of the
current state of the volume of research of laser-plasma processes, the goal and
objectives of the dissertation work are formulated.

The second chapter provides a description of selected methods for
researching welding processes and the efficiency of energy transfer when combining
laser radiation with a plasma arc. The materials used during the research are
specified. A description of the selected laboratory welding equipment is given;
methods for investigations the microstructure, mechanical properties, thermal cycles
during welding, methods for predicting the stress-strain state and verification of the
obtained results.

In the third chapter, an experimental evaluation of the efficiency of the laser-
plasma welding process using a fiber source of radiation was carried out, from the
point of view of the efficiency of energy transfer from the heating source. On the
basis of this, the further development of ideas about the mechanism of the hybrid
process when using fiber laser radiation was obtained. The main differences in the
manifestation of the synergistic effect when welding stainless steels of different
thicknesses using a fiber laser are highlighted. Also, the efficiency of using different
types of laser radiation sources in the process of hybrid laser-plasma welding is
considered.

The fourth chapter is devoted to the research of the influence of laser-plasma
welding conditions on the structure and properties of welded joints. The peculiarities
of the formation of the microstructure and substructure of welds, their influence on
the distribution of microhardness and the nature of destruction, and indicators of the
mechanical characteristics of welded joints are determined. A comparative analysis

was carried out for three technologies: hybrid, laser and plasma welding. Simulation
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of residual stress-strain state indicators was performed using the finite element
method, and the calculated results were compared with the data obtained by the
experimental measurement method.

In the fifth chapter, there is a description of the technological features of
laser-plasma welding and the developed technology of two-sided hybrid welding of
stainless steel with a thickness of 10 mm, and the revealed regularities during the
execution of technological experiments. The possibility of using the laser-plasma
process in the cutting mode is evaluated, and the main difficulties for its
implementation are highlighted. The basic technological methods of laser-plasma
welding and the development of experimental industrial equipment for laser-plasma
welding using different powers of laser and plasma sources are presented.

Keywords: welding arc, laser radiation, plasma, hybrid, steel, welded joints,
thermal cycle, heat affected zone, microstructure, residual stresses, mechanical

properties.
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