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1HCTUTYT» MiHICTepCTBa OCBITH 1 HAYKU Y KpaiHU.

Mema oucepmayitinoi pobomu — BCTAaHOBUTU 3aKOHOMIPHOCTI BIUIMBY
TEXHOJIOTIYHUX TapaMeTpiB (IMIBUAKOCTI OOEpTaHHS, IIBHJKOCTI 3BaprOBAaHHS,
JlaMeTpa 1HCTPYMEHTY) Ha SIKICTh 3BapHUX 3'€IHAHb AJFOMiHIEBUX CIUJIABIB MPHU
TOYKOBOMY 3BapIOBaHHI TEPTAM 3 TIEPEMINIyBaHHSIM 13 3allOBHEHHSM IS
onTHUMi3allii mporecy Ta 3a0e3MeUeHHs] BACOKUX MEXaHIYHUX BIACTUBOCTEH.

06 ’exm 0ocnioxceHHs: POLIEC YTBOPEHHSI 3BApHUX 3’ €IHAHb aJTIOMIHIEBOTO
cruiapy 6061-T6, oTpuMaHMX METOOOM TOYKOBOTO 3BaprOBaHHS TEPTAM 3
NEepPEMINTYBaHHSIM 13 3alI0BHEHHSIM

Ilpeomem  OocnidjicenHs:  3aKOHOMIPHOCTI  BIUIMBY  TE€XHOJIOTTYHUX
napameTpiB (JiaMerpa nmepeMinryBaIbHOTO 1THCTPYMEHTY, IIBUIKOCTI 00epTaHHS Ta
HIBUKOCTI 3BapIOBAaHHS) HA MIKPOCTPYKTYPY, MEXaH14HI BIACTUBOCTI Ta MEXaHI3MHU

dbopMyBaHHS 3’€THaHb amtoMiHieBOTO criaBy 6061-T6.
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YV ecmyni npmcepranii OOIPYHTOBAaHO aKTyaJIbHICTH OOpaHOi TemH,
chopMyIbOBaHO METY Ta BU3HAYEHO OCHOBHI 3aBJaHHA JOCIHIIKEHHS, OKPECICHO
00’€eKT 1 mpeaMeT pobotH. HaBeneHo mepenik METOiB, BUKOPUCTAHUX Y MPOIIECi
nocnipkeHHsa. [ligkpeciaeHO HaykoBy HOBH3HY Ta NPAaKTUYHY 3HAUYYIIICTh
OTpUMaHUX pe3yibTariB. BimoOpakeHO 0coOMCTHII BHECOK 3/100yBada, IMOJAHO
BIJIOMOCTI IIOAO ampoOariii pe3yabTaTiB JOCHIKEHHS Ta IyOJiKalii, y SKHUX
BHCBITJICHO OCHOBHI ITOJIOKEHHS UCEPTAIIMHOI pOOOTH.

Ilepwuti po30in aucepTallii IPUCBIYCHUM aHaII3y JKepes 1HpopMaIlii o0
BIUIMBY TEXHOJIOTIYHHUX MapaMeTpPiB 3BAPIOBAHHS TEPTAM Ha MEXaHIUHI BIaCTUBOCTI
3’€JHAHb MareplajiB Ha OCHOBI aloMiHit0. [loka3zaHo, MO0 CydacH1 JOCHIJIKEHHS 1
BUNPOOYBaHHSI CHPSIMOBAaHI Ha YIOCKOHAJICHHS MPOIECY 3BAPIOBAHHS ILISIXOM
pO3pOOKH HOBUX MEXaHI3MIB B3a€MOJIl MarepiaiiB y 30H1 3'eqHaHHs. Ha ocHOBI
aHai3y JiTepaTypHUX JHKepea chopMyabOBaHO 3aBIaHHS JOCIIIKEHHS.

Y  Opyeomy pos3Oini HaBeACHWM  MEpeNik  BUXIJHUX  Marepiaiis,
EKCIIEpUMEHTAILHOTO 00JIaTHAHHS 1 BUKJIAJICHO OMUC METOAUK JIOCII1KEHHS.

Y mpemvomy po30ini HaBeNEHO 1 MPOAHAII30BaHO TEOPETUYHY MOJIEINb
TEIUIOBUAUICHHS. B 30HI TOYKOBOTO 3BapIOBAHHS TEPTSAM 3 NEPEMIIIYBaHHSIM 13
3armoBHeHHsIM (T3T3II) 1 Meramorpadiuny CTpYKTypy TpH PI3HUX TapameTpax
nporiecy. Iloka3zaHo, 1m0 y 30HI TOYKOBOTO 3BapIOBaHHS IIBUJKICTH BBEIACHHS
IHCTPYMEHTa € OCHOBHUM (DAKTOPOM, 1110 BIUIMBAE HA TEIUIOBUJICHHS, 32 HEIO e
IBUIKICTh OOEpTaHHS, a MOTIM JlilaMeTp 1HCTPpYMEeHTY. Takoxk moka3aHo, M0 MpU
pI3HHX TNapameTpax Mpolecy 1 AlaMeTpax IHCTPYMEHTY Mop(oJjoris MmoBepxHi B
obnacti T3T3II 3Ha4HO 3MIHIOETHCS, B OCHOBHOMY, BHACIIIJIOK TEIJIOBOTO BILJIUBY 1
TaHTeHINaIbHOT IIBUIKOCTI METAIY, SIK1 B3aEMHO OOMEKEHI.

Y uemseepmomy po30ini IPOBEAEHO MOCHIIKECHHS XapaKTEPUCTHK 3’ €IHAHD,
OTPUMAHUX METOJOM IIOBTOPHOTO TEPTEBOTO TOYKOBOTO 3BAapIOBaHHA 3
MIepPEMIIITyBaHHIM, 3 aKI[EHTOM Ha 3CyBHY MIIHICTb, MIKPOTBEPAICTh 1 BTOMY IMPHU
HaBaHTaxeHHI. [loka3zaHo, 10 JAiaMeTp MEePEeMIlNTyBaJIbHOTO 1HCTPYMEHTA BILJIUBAE
Ha MaKCHUMaJIbHY 3CYBHY MIIHICTb Y 30HI TOUYKOBOTO 3BaptoBaHHs. Y 30H1 T3T3II

3’€¢HaHHS, $KI YTBOPEHI IHCTPYMEHTAMH MEHILIOTO JlaMeTpa, CXWUJIbHI J10



3

pyHHYBaHHSI TIO TMOBEPXHI 3’€IHAHHS a00 70 BUPUBAHHS BHUCTYILY, TOAl K MpHU
OUTBIIOMY JIlaMeTpl IHCTPYMEHTA 3a3BHYail CIOCTEPITaeThCs YaCTKOBE PyHHYBaHHS
Buctyny. 3onHa T3T3II 3a3Hae pexpucTanizamiifHOro Bianady, BHACIIAOK 4Oro ii
MIKpOTBEpAICTh HUXYa 33 TBEPAICTH OCHOBHOTO MaTepiany. HaliBuina TBepicTh Ha
IOBEPXHI CIIOCTEPIra€TbCsl B 30HI AKTUBHOIO 3pYILIEHHS, HAaWHWXKYa - B 30HI
TEPMIYHOIO BILIUBY. KIJIBKICTh IIUKIIIB A0 BTOMHOTO pyiiHyBaHHA y 30Hax T3T3II
3pocTae 31 30UTBIICHHSIM JllaMeTpa IHCTPYMEHTA.

Y n’amomy po30ini Ha OCHOB1 €KCHEPUMEHTAIbHUX JAaHUX, OTPUMAHUX Y
MOTIEpPEIHIX po3iiax, Oymo BukoHaHo maremarnynuil anani3z T3T3I1 3a qonmomorozo
nporpamHoro 3abesnedeHHss Deform, BuOpaHO penpe3eHTaTUBHI MapaMeTpu
MPOILIECY SIK OCHOBHI 00’ €KTH JOCIIIKEHHS, 1 B PE3yJIbTaTi OTPUMAHO TEMIIEpaTypHe
MoJIe Ta BHYTPIIIHE TEPEMINIEHHS METally B 30HI TOYKOBOTO 3BapIOBAHHS.
[ToGynoBano, y mporpami Deform V11.0, maremarnuny mojaenb pediaiHTOBOTO
TOYKOBOTO 3BaproBaHHS MeETOIOM Tepra 3 nepemimryBaHHsaM (T3T3II) 3
BUKOPDHCTaHHSIM pI3HUX 3MIINIYBaJIbHUX 1HCTPYMEHTIB. OTpUMaHO Ba)JIHMBY
iH(popMaILlll0 TPO HANpyKEHE IoJie, TEMIEpaTypHE I0Jie, MOoJie IIBUIKOCTEH,
BIJICTEKEHHSI YAaCTUHOK 1 Jedopmalito CITKM Ha PI3HUX CTaAisiX 3BaprOBaHHS.
Cumyniiii mpyu MaTeMaTHYHOMY MOJICTIOBaHHI TTOKa3aliu, 10 301IbIIICHHS llaMeTpa
3MINIYBaJIBHOTO THCTPYMEHTA CYTTEBO BIUIMBAE HA TEMIIEpaTypHE TMoJjie B 30HI
TOYKOBOTO 3BapiOBaHHs. Pe3ynpraTy MoeIroBaHHS MOKa3alu, 110 JJis IHCTPYMEHTIB
3 MEHIIIUM J1aMeTPOM IIPOCTOPOBI TBUHTOMOIOH] TPAEKTOPIT € OB BUPAKECHUMHU
Ta c1a0IIaloTh 31 301IBIIEHHSAM BIJICTaHI BiJl LIEHTPY 3BAPHOIO LIBA.

Y wocmomy po30ini 3a TONOMOT 00 METOAY MUTTEBOI 3YITUHKH OyJIM OTpUMaHi
Makpo- Ta Mmikpoctpykrypu T3T3Il Ha pi3HHX cTamisgX, a TaKOX BHU3HAYECHO
TEKy4iCTh METAJIy B 30HI TOYKOBOTO 3BApPIOBAHHS IUISXOM MOETHAHHS PE3yJabTaTiB
aHaJli3y MOJIB HAMPYXEHb Ta TEMIIEparyp, OTPUMAHUX METOJOM MaTeMaTHYHOIO
MojentoBaHHs. B pesynbrari OyJa0 BCTAHOBIEHO MeEXaHi3M (OPMYBAaHHS 30HU
T3T3II qyist pi3HUX A1aMeTpiB 3MIITYBAIbHUX 1IHCTPYMEHTIB. Teuis MeTally B 30HI
TOYKOBOTO 3BapIOBaHHS B OCHOBHOMY Ma€ XapaKTep BEPTUKAJIBLHOTO CHIpajIbHOTO

pyxy. IlpoBeneHo kommiiekcHi ekcrnepuMeHTasibHi pobdotu 3 T3T3II ToBcTHX
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IacTUH 13 amoMmiHieBoro cmiaBy 6061-T6 (tommaa 3 MM). OcHOBHa yBara
30cepepKeHa Ha 3MINTyBaJbHOMY 1HCTPYMEHTI, 30KpeMa JOCIIPKEHO BIUIUB 11’ STH
pI3HUX JiaMeTpiB CTPUXHS Ha (HOpPMYBaHHS 30HM TOUYKOBOTO 3BapIOBAHHS.
JlocnmipkeHHsST BUKOHAHO JUJISl PI3HUX IIBUJKOCTEH OOEpTaHHS Ta 3BaplOBaHHS, 3
aHaJI130M MaKpo- 1 MIKPOCTPYKTYPH, MIKPOTBEPAOCTI, MIIIHOCTI Ha PO3TAT 1 3CYB,
BTOMHUX BJIACTUBOCTEH, a TAKOXK JIMHAMIYHUX 3M1H HapyXeHb 1 nedopmariiii. Kpim
TOTO0, TOOYAOBAaHO MareMaTuyHy Mozels y mporpami Deform V11.0, mo mamo 3mory
OTpUMATH JaHl PO TMOJS HANPYXKEHb, TEMIEpPaTypH, IIBUAKOCTEH, TpaeKTOPIi
YacTMHOK 1 JedopMallio CITKM Ha pI3HUX CTajifax 3BapioBaHHA. OTpumani
pe3yapTaTd J03BONWIM MOSCHUTH MexaHi3m ¢opmyBanHs T3T3II. Hasexeno
OCHOBHI pe3y/IbTaTH AUCEPTALIiHOI poOOTH P PO3B’I3aHHI IOCTABICHUX 3aB/IaHb.

Y BHCHOBKAax MpPEICTaBICHO OCHOBHI pe3yJbTaTH HAyKOBOi pOOOTH IIOAO
BUPIIIECHHS IOCTaBJIEHUX HAYKOBUX 3aB/IaHb JOCIIIKEHHSI.

3a  pesyromamamu  OOCHIONCEHHs  OMPUMAHO  HACMYNHI  HAYKOBI
pe3yibmamu:

Bnepue:

1. CuHCTeMHO TOCTIIKEHO 3 YAOCKOHAJIEHHSIM I'SITh TUIIIB TEPEMIITYIOUUX
IHCTPYMEHTIB JiaMeTpoM 6-10 MM Ta BCTAHOBJIEHO ONTHMAJIbHI TEXHOJIOTIYHI
napameTpu s Oe3nedexTHOro 3BaplOBaHHS aloMiHIEBOTO crutaBy 6061-T6
TOBILIMHOIO 3 MM.

2. Bcranosneno 3akoHomipHOCTI (opmyBaHHs xapaktepHoro "U"-
o110HOTo POd IO MOMEPEUHOTO MePEepi3y 3BAPHOTO IIBA 3 PO3MIpaMH, IO ACIIO
NEPEBULLYIOTh PO3MIPU THCTPYMEHTY, Ta BUSBIIEHO TPU OCHOBHI 30HU: 30HY BIUIMBY
CTPUHS, 30HY BIUIUBY T'ijIb3U Ta 30HY TEPMOMEXAHIUYHOTO BILJIUBY.

3. Bu3HaueHO KpUTHYHY pOJb '"30HM 3YEIUIEHHS OpU (QPUKLIIHOMY
3aKJIEMyBaHHI 3  MepeMminryBaHHsAM" y  3a0e3leueHHl  eKCIUTyaTalliifiHuX
XapaKTEPUCTUK 3BAPHOTO ITBA T4 BCTAHOBIICHO KOPEJIALIII0 MIXK PO3MIpOM 3€pHa Ta
TIOJIOXKCHHSIM 30HHU.

4, BcraHoBieHO MpsiMy 3alieKHICTh MK J1aMETpPOM 1HCTPYMEHTY Ta

pPIBHEM CWJIM PO3TATYIOUOro 3cymy: 9,27; 13,74; 14,79; 16,83 ta 18,16 xH mns



5

niametpiB 6-10 MM BIANOBIAHO, IO MIATBEPIKYE [I1aMETp I1HCTPYMEHTY SK
KITFOYOBHUH (haKTOp MITHOCTI 3'€ THAHHS.

5. Po3pobneno marematuuny mojenb Ha 6a3i Deform V11.0, mio onucye
MPOIIEC TOYKOBOTO 3BapIOBAaHHS TEPTAM 3 TIEPEMINIYBaHHSIM Ta JO3BOJISE
MIPOTHO3YBATH TEMIIEPATYpHI OIS, HAPY)KESHHS Ta XapakTep Tedii MeTanay B 30Hi
3BapIOBaHHSI.

6. BceranoBneno nBa mexaHisMu (OpMyBaHHS 3'€IHaHb 3aJICKHO BIJ
JlaMeTpa IHCTPYMEHTY: "TepTs 3CYBY - 00epTaHHS Ha MicIi" ISl MaJluX JliaMeTpiB

Ta "TBOCTOPOHHIN 3CYB - HEHTPAIbHUN OCHOBUI MOTIK" /I BETUKUX JI1aMETPiB.

3ae0anns  Oocniodcennsa: Po3poOUTH Ta BUTOTOBUTH MEPEMINIYOUl
IHCTPYMEHTU PI3HUX [lIaMETPIB i1 TOYKOBOTO 3BApPIOBaHHS TEPTIM 3
MepeMilllyBaHHSIM TOBCTUX aJIOMIHI€BUX TLIUT.

1. BcTaHoBUTH BIUIMB TEXHOJOTIYHUX TapameTpiB Ha (popmyBaHHS
MIKPOCTPYKTYPH Ta 30HAJIBHOTO PO3MOJILITY B 3BAPHUX 3'€IHAHHSIX.

2. JlocmiguTy MEeXaHIYH1 BJaCTUBOCTI 3'€JHaHb Ta BU3HAYMTH ONTHMAaJIbHI
PEXKUMU 3BAPIOBAHHSI.

3. Po3poOuTi MareMaTwdHy MOJENh IMPOIECY TOYKOBOTO 3BApIOBAHHS
TEPTSIM 3 TIEPEMIIITYBaHHSM JIJIsi TPOTHO3YBAHHS SIKOCTI 3'€ JHAHb.

4, BcranoButu Mexanizmu GpopMyBaHHS 3'€IHAHb MIPU PI3HUX JlIaMETpPax

THCTPYMEHTY.

IIpakmuune 3HaueHHs OMpuMaHux pe3ynomamie:

1. BceranoBneno kputepii BUOOpPY AlaMeTpa 1HCTPYMEHTY 3aJlie’KHO BiJ
BUMOT JI0 MIITHOCTI 3'€THaHHS: MEHII JlaMeTpu MPU3BOJATH 10 PyWHYBaHHS IO
MEX1 PO3JILTY, OUIBII — JO YACTKOBOTO PYHHYBaHHS 30HU MEPEMIIITyBaHHS.

2. CTBOpPEHO METOJIOJIOTII0 MPOTHO3YBAHHS MEXAHIYHUX BIACTHBOCTEH
3'€THaHb Ha OCHOBI MAaTE€MaTHYHOTO MOJICITIOBAHHS MIPOIIECY.

3. Pesynbratn BrpoBajpkeHi B HapyanbHUi mpormec HTY "XIII" Ta
MOXYTh OyTH BUKOPUCTAaHI B aBTOMOOUIbHIM, 3aJi3HUYHIM Ta aepPOKOCMIYHIN

MIPOMHUCIIOBOCTI.
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4, Po3pobut Ta BUTOTOBUTH TMEPEMINIyIOUl 1HCTPYMEHTH PI3HUX
JiaMeTpiB s TOYKOBOTO 3BAapIOBaHHS TEPTSIM 3 TEPEMIIIYBAHHSIM TOBCTHUX
QJIOMIH1€BUX TUIHT.

5. Po3po6neHo TeXHOIOT14HI peKOMEH AT 1010 BUOOPY ONTUMAIbHUX
napameTpiB TOYKOBOTO 3BAPIOBAHHS TEPTAM 3 TIEPEMIITYBaHHSIM JIJIsi TPOMHUCIOBOTO
3aCTOCYBaHHS MPH 3'€JTHAHHI TOBCTUX aJIOMIHIEBUX ILJTUT.

Knwouosi cnosa: amoMiHI€BI JHMCTH, TOYKOBE 3BapIOBaHHS TEPTIM 3
nepeminryBanssM (T3T3II), MikpocTpykTypa, MEXaHI4H1 BIACTUBOCTI, KOMIUJIEKCHA
OLIHKA  eKCIUTyaTallliHUX  XapaKTepUCTHK, PEKpHCTali3ailisi, TBEPIICTh,
nedopmMariis,CTpyKkTypa, MeTajgorpadiuHuil aHasi3, KOHCTPYKIliSl, MOJEIIOBaHHS,
Mi/1b, TEXHOJIOTTUHHMM TPOIIEC, 3HOCOTIHKICTh, TEXHOJIOT1S, METOJI, MIKPOTBEPAICTb,
MIKPOCTPYKTYpa, CTaJIb.
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ABSTRACT

Jiang Di. Influence of Technological Parameters of Refill Friction Stir Spot
Welding on the Mechanical Properties of Aluminum-Based Material Joints —
Qualification Scientific Work as a Manuscript.

Dissertation for the Degree of Doctor of Philosophy (PhD) in Specialty 132 —
Materials Science (13 — Mechanical engineering). — National Technical University
«Kharkiv Polytechnic Institute” of the Ministry of Education and Science of
Ukraine, Kharkiv, 2025.

The dissertation is devoted to the study of material deformation behavior and
plastic flow mechanisms during welding, as well as the influence of process
parameters on the microstructure and mechanical properties of welded joints.

The dissertation was carried out at Huangshan University, China, and at the
Department of Materials Science, National Technical University «Kharkiv
Polytechnic Institute» of the Ministry of Education and Science of Ukraine.

The aim of the dissertation is to establish the regularities of the influence of
technological parameters (rotation speed, welding speed, tool diameter) on the
quality of welded joints produced by refill friction stir spot welding of aluminum
alloys, in order to optimize the process and ensure high mechanical properties.

The introduction highlights the relevance and importance of the research
topic, defines the aim, subject, and main objectives of the dissertation. It also
emphasizes the scientific novelty and practical significance of the obtained results.

The research objectives include:

1. To design and manufacture stirring tools of various diameters for refill
friction stir spot welding (RFSSW) of thick aluminum plates.

2. To determine the influence of technological parameters on the
formation of the microstructure and zonal distribution in welded joints.

3. To investigate the mechanical properties of the joints and identify
optimal welding modes.

4, To develop a numerical model of the RFSSW process to predict joint
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quality.

5. To establish the mechanisms of joint formation at different tool
diameters.

Object of research: welded joints of 3 mm thick 6061-T6 aluminum alloy
produced by refill friction stir spot welding.

Subject of research: the influence of stirring tool diameter (6—10 mm), rotation
speed (1000—1600 rpm), and welding speed (20—50 mm/min) on the microstructure,
mechanical properties, and formation mechanisms of 6061-T6 aluminum alloy
joints.

The introduction substantiates the relevance of the chosen topic, formulates
the aim and main research tasks, outlines the object and subject of the work, and lists
the research methods used. The scientific novelty and practical significance of the
results are emphasized. The personal contribution of the author is highlighted, and
information on the approbation of the results and publications covering the main
findings of the dissertation is provided.

The first chapter analyzes literature sources on the influence of friction
welding parameters on the mechanical properties of aluminum-based material joints.
It is shown that modern research focuses on improving the welding process through
the development of new interaction mechanisms in the joint zone. Based on the
literature analysis, the research objectives were formulated.

The second chapter presents the initial materials, experimental equipment,
and research methodologies.

The third chapter analyzes the theoretical model of heat generation in the
RFSSW zone and the metallographic structure under various process parameters. It
is shown that in the spot welding zone, plunge speed is the main factor influencing
heat generation, followed by rotation speed and tool diameter. The morphology of
the weld surface significantly changes with varying process parameters and tool
diameters, primarily under the combined influence of thermal effects and tangential
velocity of the plasticized metal.

The fourth chapter investigates the characteristics of joints obtained by
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RFSSW, focusing on shear strength, microhardness, and fatigue performance. It is
shown that tool diameter significantly affects the maximum shear strength in the spot
welding zone. Joints produced with smaller diameter tools tend to fail at the interface
or through nub pull-out, whereas those welded with larger tools mostly exhibit
partial nub fracture. The RFSSW zone undergoes recrystallization annealing,
resulting in lower microhardness compared to the base material. The highest
hardness is observed in the sleeve-affected zone, while the lowest is found in the
thermo-mechanically affected zone. The fatigue life of RFSSW joints increases with
increasing tool diameter.

The fifth chapter presents a numerical analysis of the RFSSW process based
on experimental data using Deform V11.0 software. Representative process
parameters were selected for simulation, resulting in the determination of
temperature fields and internal metal flow in the spot welding zone. A numerical
model of RFSSW was established, providing insights into stress, temperature,
velocity fields, particle tracing, and mesh deformation at various welding stages.
Numerical simulations demonstrated that increasing tool diameter significantly
affects the temperature field in the welding zone. For small tool diameters, spatial
spiral trajectories are more pronounced and decrease with distance from the weld
center.

The sixth chapter uses a stop-action method to obtain macro- and
microstructures of RFSSW at different stages. Metal flow in the spot welding zone
was determined by combining stress and temperature field analyses obtained
through numerical modeling. The mechanism of RFSSW zone formation for
different tool diameters was established. Metal flow in the spot welding zone mainly
exhibits a vertical spiral motion. Presents comprehensive experimental studies on
RFSSW of 3 mm thick 6061-T6 aluminum alloy plates. The focus is on the stirring
tool, particularly the influence of five different pin diameters on the formation of the
spot welding zone. Experiments were conducted under various rotation and welding
speeds with analyses of macro- and microstructure, microhardness, tensile and shear

strength, fatigue properties, and dynamic stress-strain behavior. Additionally, a
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numerical model was constructed in Deform V11.0 to obtain stress, temperature,
velocity fields, particle trajectories, and mesh deformation at different welding
stages. The obtained results allowed for the explanation of the RFSSW formation
mechanism.

The conclusions summarize the main scientific findings obtained in the study.

Scientific results obtained for the first time:

1.  Five types of stirring tools with diameters of 6-10 mm were
systematically studied, and optimal technological parameters for defect-free welding
of 3 mm thick 6061-T6 aluminum alloy were established.

2. The formation patterns of the characteristic «U» - shaped weld cross-
section, slightly larger than the tool dimensions, were identified, and three main
zones were distinguished: Pin Affected Zone (PAZ), Sleeve Affected Zone (SAZ),
and Thermo-Mechanically Affected Zone (TMAZ).

3. The critical role of the «Friction Stir Riveting Bonding Zone» in
ensuring joint performance was determined, and correlations between grain size and
zone location were established.

4, A direct relationship between tool diameter and tensile-shear force was
established: 9.27, 13.74, 14.79, 16.83, and 18.16 kN for tool diameters of 610 mm,
respectively, confirming the tool diameter as a key factor in joint strength.

S. A numerical model based on Deform V11.0 was developed, accurately
describing the RFSSW process and enabling prediction of temperature fields,
stresses, and metal flow in the welding zone.

6. Two mechanisms of joint formation were identified depending on tool
diameter: “shear friction—in-situ rotation” for smaller diameters and “bilateral shear—

central axial flow” for larger diameters.

Practical significance of the obtained results:
1. Technological recommendations were developed for selecting optimal
RFSSW parameters for industrial applications when joining thick aluminum plates.

2. Criteria for tool diameter selection were established depending on joint
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strength requirements: smaller diameters result in interface failure, while larger ones
lead to partial nugget fracture.

3. A methodology for predicting joint mechanical properties based on
numerical modeling of the process was created.

4, The results were implemented in the educational process of NTU
«KhPI» and can be applied in the automotive, railway, and aerospace industries.

Keywords: aluminum sheets, friction stir spot welding (RFSSW),
microstructure, mechanical properties, comprehensive evaluation of performance
characteristics, recrystallization, hardness, deformation, structure, metallographic
analysis, design, modeling, copper, technological process, wear resistance,

technology, method, microhardness, microstructure, steel.
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