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Ienb: BeIsBICHHE OCOOCHHOCTEH pa3pyIIeHNs CBAPHBIX COCIMHEHNH aTIOMHHIEBO-MAarHUEBOTO CIIIaBa C Jie-
(eKTHOI CTPYKTYpOH, BBIOJHEHHBIX CIIOCOOOM CBapKM TPEHHMEM C TiepeMenmBaHneM. B pabore mpencTaBieHs!
pe3ysbTaThl aHANIM3a Pa3HOBUJIHOCTEH CTPYKTYPHBIX IE(EKTOB CBAPHOTO IIIBA M MX BIIHMSAHHE HA MPOYHOCTH CBAp-
HBIX COEIAMHEHMII NPH CTaTHYECKOM pacTsukeHnn. IIpuBesieH KpaTknii 0030p OCHOBHBIX NPUYMH BO3HUKHOBEHHUS
HECIUIOIIHOCTENH CTPYKTYphl CBAPHOIO COEJJMHEHMS, JJaHA OLEHKA BIMSAHMS OCHOBHBIX IapaMETPOB TEMIIEparyp-
HOTO peXMMa B 30HE CBAapKM Ha IMOJyYEeHHE KauecTBEeHHOro mmBa. Ha ocHOBaHMM JaHHBIX (pakTorpaduueckoro
aHaJIN3a MOBEPXHOCTH Pa3pyIIeHNs 0Opa3IoB CBAPHBIX COEIMHEHNUH 1 MOCIOHHOT0 MeTaIorpaiyecKoro aHaIn3a
MaTepraia B 30He Je(eKTa ONMMCaHbl BUIbI XapaKTePHBIX Je(EKTOB U 00CYKIAeTCs MPUPOJA UX BO3HUKHOBEHUS.
ITomydenHsle pe3yabTaThl yKa3blBalOT Ha ONPEAEISIONIYI0 POJIb XapaKTepa MJIacTHYECKOro TEUEHHUs MaTepuana B
30HE JIBUKYIIETOCS WHCTPYMEHTa B ()OPMHUPOBAHUM CTPYKTYPHI M CBOWCTB CBAPHOTO COGJAMHEHHS U MOTYT OBITh
YUTEHBI IIPH BBIOOPE PEKUMOB CBAPKU TPEHHEM C NEpPEeMENINBAaHIEM U KOHTPOJIE KaueCTBa CBAPHBIX COCIMHEHMI.
MeToabI: SKCIIEPUMEHTAIIbHBIE UCCIIEI0BAHUS TTPOBOJMIMCE Ha JIAOOPATOPHOI YCTaHOBKE JUIsl CBAPKH CIIOCOOOM
TpeHus ¢ nepeMenmBanueM, n3rotosaeHHol B IOIIM CO PAH. McnbiTanus Ha cTaTHYeckoe pacTshHKEHHE OBbUIH
BBINOJIHEHBI C MOMOILBIO pa3pbiBHON MamuHbl TUna Y TC110M-100. CTpyKTypHbIE UCCIIEN0BaHNS IPOBOIMUIN Me-
TO/IaMH ONTHUYECKOH M PACTPOBOM MHUKPOCKONHUM C HCIOJIB30BAHUEM DJIEKTPOHHOIO CKAHHPYIOIIEr0 MUKPOCKOMA
MiniSEM. Pe3yasrarsl u obcy:xaenne. Ha npumepe mnactun craBa AMrSM pa3HO# TOIIMHBI TOKAa3aHO BITH-
SHHME OCHOBHBIX ITapaMETPOB TEXHOJIOIMYECKOTO MPOIECCca CBAPKU HA KaueCTBO CBAapHEIX coeluHenuid. [lokasaHo,
YTO PEXKUM CBApKM 00YCIIOBIIMBACT BU M pa3Mep 00pasyroluxcs Ae(peKToB, MEXaHNUECKY0 TPOYHOCTh U XapaKTep
paspylIeHns CBapHBIX coeMHeHNi. 1o TaHHBIM CpaBHUTENBHOTO aHAIM3a ToNorpapuu u3noMa odpasIoB mocie
PACTsHKEHHs YCTAHOBJICHO, YTO B 30HE AeeKTa MMeeTcs Mepexoj| MaTepuaia OT BA3KOTO XapakTepa pa3pyIIeHus
K XpynKoMy. BeisiBiensl ocobeHHOCTH (opMupoBaHus Je(EKTHOH CTPYKTYphl CBAPHOTO IIIBA MPU BapbHPOBAHHHI
BEJIMYMHOM TEIIOBIIOKEHHs pH cBapke. [Toka3aHo, 4TO He TONMIMHA CBAPUBAEMBIX IIACTUH OKA3bIBAET BIUSHUE HA
THI 00pasyromerocs aedekra, a KoJIMIEeCTBO TEIJIa, BROIMMOE B 30HY cBapku. Ha ocHOBaHMHM MOTy4YeHHBIX pe3yib-
TaToB (ppaKTOrpahMIeCcKoro aHaIM3a MOBEPXHOCTH Pa3pylICHHs 00pas3ioB CBApHBIX COSMHEHHH M TOCIIOHHOTO
MeTauorpa(udecKoro aHaan3a MaTepraia B 30He 1eeKTa ONMCaHbl BUIbI XapaKTEPHBIX 1e(QEKTOB H 00CyK1aeTcst
MPUPOJIA MX BOSHUKHOBEHHUSI.

Jlnst uuTHpoBaHus: BiusHEE OCHOBHBIX ITapaMeTPOB IIPOIIecca CBapKU TPEHHEM C IepeMeIINBaHAeM Ha JIe(pEKTHOCTh CTPYKTYPBI CBAPHOTO
coenunenus / O.B. Cuzosa, A.B. Kony6aes, E.A. Komy6aes, A.A. 3aukuna, B.E. Py6onos // O6paboTka MeTauioB (TeXHOIOTHsI, 000pyROBaHHE,
uHCTpYMEHTHI). — 2017. — Ne 4 (77). — C. 19-29. — doi: 10.17212/1994-6309-2017-4-19-29.

BBenenue

CBapKa TPEHUCM C IICpEeMCUIMBAHNUECM, YCIICII-
HO IMpUMCHACMas IJid COCAUMHCHUA pa3/IMYHbIX MC-
TaJ1J0B U CIIJIaBOB, HauOoJIbIIIEE PacCIpoCTpaHCHUC
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MOJTyunJia P CBapKe KOHCTPYKLUUN U3 aTFOMUHUS
u ero craBoB. C Havana MOSBICHUS TEXHOJIOTHH
CBAapKH TPEHUEM C NIEPEMEIINBAHUEM U JIO HACTOSI-
IIer0 BpeMeHH OO0JIbIII0e KOJIMYECTBO 3apyOex HbIX
U OTEYECTBEHHBIX HCCIENOBAaHUM IIOCBAIIAIOCH
IJIaBHBIM 00pa3oM M3y4eHHIO MeXaHu3Ma (opMu-
pOBaHMS CTPYKTYphl miBa. B 3TOM HampaBieHuu
JOCTUTHYTHI OoJbIIMe ycrexu. Pe3ynbrarsl nccie-
JIOBaHUH, MOCBSIIEHHBIX OMMCAHUIO CBOCOOPa3HOi
CTPYKTYpPBl M MEXaHMYECKHUX CBOWCTB CBapHOIO
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[IBa, MOJYYEHHOIO CBApKOM TpEeHUEM C Iepeme-
IIMBaHKMEM, TOKa3aJy, 4YTO NMPU BHEUTHEN MPOCTO-
T€ CXEMbI MpOollecca U UJIEHTUYHOCTU CTPOCHHUS
CBApHOTO IIIBa y IIMPOKOIO Kjacca MaTrepHuaioB
JOOUTHCSI KaueCTBEHHOTO COEIMHEHUs HE BCEr-
Jla BO3MOXHO H3-3a BO3HUKAIOIHUX Ae(EKTOB,
OTJIMYHBIX OT XapaKTEpHBIX ISl CBapKH IUIaBJe-
Huem [1-4]. Hecmotps Ha GoJbiioe KOJTUYECTBO
paboT, MOCBAIIEHHBIX H3YYEHHUIO CTPYKTYpPHl U
CBOMCTB CBapHBIX COCAWHEHHUM pa3JIMYHBIX Me-
TaJIJIOB U CILJIaBOB, MOJYYEHHBIX CIIOCOOOM CBap-
KU TPEHHEM C NepeMelIMBaHUEM, OJHO3HAYHOTO
MHEHUS O BIUSHUU J1€(EKTHON CTPYKTYphI CBap-
HOTO IIBa Ha XapakTep pa3pylIeHUs COeTUHEHUS
He cyliecTByeT. M3yueHue 3Toro BIUSHUS SBIIS-
€TCs B HAcCTOsIIEee BpeMs BaKHEHIIEH 3amadei,
OT peIlIeHHs] KOTOPOM 3aBUCHUT yCHeX LIHPOKOTO
BHEJIPEHHUS B MPOMBIIUIEHHOCTh 3TOH NEpCIeK-
TUBHOW TE€XHOJIOTHH.

JeticTBytomue B 00JaCTH CBapKH IJIABJICHUEM
CTaHAAPTHI, OMpPEENSIIONINE BU U JTOIMYyCTUMOCTh
obOpasyromuxcsi 1e(peKToB, a TaKXKe TEXHOJIOTHU-
YeCKHUe MPUYMHBI UX BO3HUKHOBEHHS JJISi CBApKU
TPEHUEM C MEpPEeMEIIMBAaHUEM OKa3aJUCh HENpHU-
MEHUMBI B OCHOBHOM M3-3a CIIELU(PUKHU CTPYKTYpPO-
00pa3oBaHMs CBapHOTO IIBa: CIOUCTOTO CTPOEHUS
Y HaJW4us Pe3KO I'paHUIbl MEXIY SJIpOM IIBa U
30HOM TepMoMexaHudeckoro Biusaus [5—7]. Ilpu-
MEHEHHUE CBapKU TPEHUEM C MepeMeIIMBaHUEM IS
OTBETCTBEHHBIX KOHCTPYKLUHUN TpeOyeT yuera crie-
nupuIHOCTH O0Opa3yeMbIX NpU JAaHHOM METOJe
CBapku J1e(heKTOB U ONpeAeNieHUs] UX BIUSHUSA Ha
IIPOYHOCTH CBAPHOTO COCAMHEHHUS.

CampiMu 3HaunMbIMH TTapamerpamu npu CTII
SBJISIFOTCS 4acTOTa BPAIIEHUS] HHCTPYMEHTa U CKO-
pPOCTh €ro MOCTyNaTeIbHOrO JABMKEHUs npu (op-
MUPOBaHUU I1IBA, & TaKXKe HUX COOTHOIIECHHE. JTU
rapaMeTpsl YIPaBIsSIOT TEMIEPATyPHBIM PEXKUMOM
B 30HE CBAPKHU U JOJDKHBI 00€CcTeunBaTh ONTUMAIIb-
HBII OaslaHC /1715 TOTy4YeHHsI KaueCTBEHHOTo 1mBa. C
OJTHOM CTOPOHBI, HE JIOJIKHO OBITH IEeperpena mare-
puaina, a ¢ Ipyroi — Marepua J0JKeH ObITh JOCTa-
TOYHO pazorpeT uisg GopMUPOBAHUS KAUECTBEHHOTO
6e31e(heKTHOTO TIBa.

Jl1st momy4eHusi CUCTEMaTHYeCKUX JTaHHBIX, KO-
TOpbIE MOIVIM OBl MOCITYKUTh B JajibHelIeM 0azoit
JUTsL IEpBUYHON Kilaccupukauuu edeKToB, npeu-
CTaBJISIETCS] MOJIE3HBIM MPUMEHEHHE MeTo/a Iielie-
HaIpaBJIEHHOTO BAPbUPOBAHUS OCHOBHBIMU Mapa-
METpaMH peKrMMa CBAPKHU C LEIbI0 HICHTU(PUKATUN
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oOpasyromuxcs 1e(PeKTOB U U3yUCHHS UX BIHSTHUS
Ha MMPOYHOCTH CBAPHBIX COCTMHECHUI.

Leabro padoThl sABISETCS U3yYCHHUE BIHMSHUS
OCHOBHBIX MTapaMETPOB TEXHOJIOTHYECKOTO PEKIMa
CBapKH TPEHUEM C TEPEMEIINBAHUEM aTIOMUHHUE-
BO-MarHMeBOTO CIJIaBa Ha Ie(PEKTHOCTh CTPYKTYPHI
U MEXaHWYECKHE CBOWCTBA CBapHBIX COEAMHEHHI
JIUCTOB AJIFOMUHUEBO-MAarHUEBOTO CILJIaBa Pa3iind-
HOM TONIINHBEI.

MeTonuka nuccjie1oBaHum

CBapky JHCTOBOTO TpoOKaTa U3 aJIOMHHHE-
BO-MarHueBoro crmiaBa AMrSM tommubo#n 5,0 u
8,0 MM, HCXONHBII XHMHYECKHH COCTaB KOTO-
pPOrO COOTBETCTBOBAJl COCTaBy cIuiaBa AMrS mo
I'OCT 4784-97, BbmonHsIM Ha IabOpaTopHOI
ycTaHoBKe, n3rorosiaeHHoi B UPIIM CO PAH nns
9KCMEPUMEHTAIBHBIX HCCIEA0BAHUIN TEXHOJIOTHYe-
CKHX PEKHMOB CBApKHU CIOCOOOM TpEHHS C Tmepe-
MmemmBanueM (puc. 1). BpaieHue uHCTpymMeHTa
OCYIIECTBIISIIOCH MPOTUB YAaCOBOM CTPEIKH.

CBapka BBINOJIHSIACH C MOMOIIBIO HUHCTPY-
MEHTOB, (POPMUPYIOUIUX Y CBAPUBAEMBIX IJIACTHH
BBIOPAHHOM TOJIIMHBI MIOB IUPUHON ~20 MM, TIO
pexuMaM, npuBeieHHbIM B Tabn. 1. OcHoBHOE
BHMMAaHUE MPH CBapKe YAEIAI0Ch MOUCKY peKUMa
CBAapOYHOIO MpoIecca, MO3BOISIONIETO MOTYUYUTh
CBapHOE COEAMHEHHE C MUHHUMAJIbHBIM KOJIUYe-
CTBOM Je(DEKTOB.

C 3Toi1 11eTbI0 BapbUPOBAIUCH CIEAYIOLIUE Ta-
paMeTpbl CBApOYHOTO Mpoliecca: CKOPOCTh Bpallle-
HUS UHCTPYMEHTAa U CKOPOCTh €ro JIBUXKEHHS OT-
HOCHUTEIIFHO 3aroTOBKM CBapHMBaeMOro MaTepuaia
(ckopocTh mMomauM), a TaKXkKe CHiIa MpPUKUMa HH-
CTpPyMEHTa K 3aroToBke. /[l OlleHKH COBMECTHOTO
BIIMSIHHSI 9THX TapaMeTpoB Ha KayecTBO GopMUpy-
IOLIETOCS] CBAPHOTO I11Ba PACCYUTHIBATIU N3MEHEHHE
ko3 uleHTa TEMIOBIOXKEHUS, XapaKTepU3yIo-
IIETO TeIJI0, BBOAMMOE B 30HY CBapku. UncieHHoe
3HaYeHne Kod(hPUIMEeHTa TETIOBIOKEHHUS ONpeie-
JSI0Ch KaK OTHOIIEHHWE CKOPOCTU MOJaYu MHCTPY-
MEHTa K CKOPOCTHU €ro BparieHus [8-9].

KauectBo cBapHOro coequWHEHHS OLIEHHBA-
JU BU3YallbHO, a TaKXe METOJOM ONTHYECKOI
Mukpockonuu. dpakrorpaduyeckrue UccaeaoBa-
HUS TOBEPXHOCTH pa3pylIeHUs 00pasloB MOCIe
UCTIBITAHUM Ha pacTsKeHUE ObIIU BBIMOIHEHBI C
MOMOIIBIO 3JIEKTPOHHOTO CKaHUPYIOIIETO MUKPO-
ckonia MiniSEM (FOsxuas Kopes). s nonyyeHus
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CBapHOW LWOB

~ 185 MM |

Z MM

KOHTponupyembiit obpaseL,

0BRABOTKAMETALLOV ~ CAf

oTBepCTne BbiXxoda
WHCTPpYMEHTa

X MM
(nMueBasi cTopoHa)

Puc. 1. 3KCHCpI/IMCHTaJ'H>Ha}I YCTaHOBKaA U CXeMa 06pa3OBaHI/I$I CBAPHOI'0 COCANHCHUA

Fig. 1. Laboratory machine and the scheme of welding joint formation

Tabonuna 1

Table 1
IMapameTpbI pe;KUMOB CBAPKH
The friction stir welding parameters
Howmep pexuma Cuna npmwxuma CKopOoCTh BpaIieHus CKOpOCTh MojIaqu Koadpunment
CBapKu uHCTpyMeHTa (Kr), P | nHcTpyMeHTa (00/MUH), © (Mm/mun), Vo TEIJIOBJIOKEHUS, M

5 Mmm
1 2600 kr 670 06/MuH 500 MM/MuH 0,75
2 2600 xr 560 06/MuH 500 MmM/MHUH 0,89
3 2100 kr 450 o6/MuH 300 MM/MUH. 0,67
4 1500 kr 560 06/MuH 300 mM/MuH 0,53

8 Mm
5 2700 xr 600 00/MuH 450 MmMm/MHuH 0,75
6 2900 kr 560 00/mMun 550 MmM/MuH 0,92
7 2600 kr 500 06/MuH 400 Mmm/MuH 0,80
8 2100 xr 550 06/MuH 350 MM/MUH 0,64

0oJiee YETKOTO TPENICTAaBICHUS 00 OOHAPYKEHHBIX
nedexTax BBITIONHSIICS TMOCIOWHBIA MeTaiorpa-
(buueckuii aHaM3 CEYCHUI CIUTaBa, MapalIeTbHBIX
MOBEPXHOCTH 00pa3la, a TaKXkKe NepreHIUKYIsIp-
HBIX K OCH IIIBa.

Pe3yabrarsl M UX 00CyKIeHHE

O6p33HH JUIA HCITBITAHUN Ha CTaTHYECKOE pac-
TSAKCHUC CBAPHBIX COCJIMHEHUIN HCCIICAOBAaHHOTO
ATFIOMHHHEBO-MarHMeBOro CIUIaBa ObIIN U3TOTOBJIE-

HbI cortacHO TpeboBanusm ['OCT 6996—66. Crap-
Hble coeluHeHus. MeToabl OoIpe/eeHus] MEeXaHu-
YECKHUX CBOMCTB. Pe3ynbraThl ucnbITaHUN 00pa3iioB
CIUIaBa B MCXOJHOM COCTOSIHUU U MOCJIE CBAPKH IO
YKa3aHHBIM peXHMaM, a TaKKe pacCUUTaHHBINA KO-
3¢ puUIHEeHT TPOYHOCTH CBAPHBIX COCAMHEHUH, BU/T
0oOHapy>keHHOTO JieeKTa MPUBEAEHBI B TA0M. 2.

N3 tabn. 2 cienyer, yTo K03PHUIUESHTHI TPOY-
HOCTH CBapHbIX COEIMHEHUN M BEJIMYMHA Bpe-
MEHHOTO COIPOTUBJICHMS AJIs IJIACTUH TOJIIUHOMN
5,0 MM, CBapeHHBIX MO peXKUMaM 2—3, U MO PEKHU-
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TaOmnuma 2
Table 2

CraTrn4yeckasi MPOYHOCTH CBAPHBIX cOeJUHEHNI ciiaBa AMrSM
Static tensile strength of the friction stir welded Al 5083 alloy

Pexxnm cBapku Bpewenoe Kosgmmer Tum nedexra
conpotusinenue, MIla MIPOYHOCTH
5 mm
Ocnosnoit 327,0+2,0 1,0 Her
METaJII
1 321,1+164 0,98 Hedexr Tuna wormhole
2 3250+ 14,0 0,99 PrixmocTs
3 327,6 £41,1 1,00 Hert
4 183,0+2,0 0,56 Jlunausg cteika (Lazy S)
8 MM
Ocrosroii 318,0 £ 2,0 1,0 Her
METaJII
5 271,0+8,5 0,85 Jedexr Tuma wormhole
6 250,0 £ 66,0 0,77 Peixyniocts, gedekt tuna wormhole
7 314,0+7,0 0,99 Her
8 216,9 + 59,0 0,68 Jluausg cteika (Lazy S)

My 7 — I7s TACTUH TonmuHoi 8,0 MM, ObLIn O113-
KM K CBOMCTBaM HCXOJHOro marepuaina. Paspymie-
HUE 3TUX 00pa3L0B MPOUCXOAMIIO B 30HE TEpMOMeE-
XaHUYECKOTO BIMSHUA HA «OTCTYIAIOLIE» CTOPOHE
110 JIMHKU cThiKa. Ha puc. 2 nokasaH xapakTepHbII
BU/J| NTOBEPXHOCTH Pa3pyILIEHUs IOCJIE UCIBITAHUI
Ha CTaTUYECKOE pacTsHKEHUE U IpUBeAeHa (PpaKTo-
rpamMma IOBEPXHOCTU M3JIoMa 3TuxX oOpasuon. U3
IIOJlyYEHHBIX PE3YJIbTAaTOB CIEAYET, YTO IIPOLECC
paspylLIeHMs IPOXOJWJI B JBa dTala — PacKpbITUE

Marepuaa 10 JIMHUM CThIKa B HUXKHEH 4acTu cBap-
HOTO IIBa C MOCJIEAYIOUIMM JI0JIOMOM OCTaJbHOIO
o0beMa MaTepuaia.

B crpykType 00pa3ioB, cBapka KOTOPHIX OblLia
BBINOJIHEHA C CaMOW BBICOKOM CKOPOCTBIO Bpallie-
HUS MHCTpyMeHTa (pexumsl 1, 5 u 6) HaOmonamu
Ne(QeKTbl CBapKH, MOJYYMBILIHE B AHNIOSA3BIYHOMN
auTeparype Has3BaHue «wormhole», uam «4ep-
BoTounHa» [10-15]. DTo Hambonee yacTo BCTpe-
qaomuiics TUN JAeeKkTa Hpu CBapKe TPEHUEM

Puc. 2. Tloepxuocts paspyienus (AS — Haberaroias cropona; RS — oTcrynaromias cropona) (a) u ¢ppax-
TOTrpaMMa OBEPXHOCTH n3JioMa (6) 0e37epeKTHOTO CBapHOTO 111Ba

Fig. 2. Defect-free joint’s fracture surface: general view (A4S — advancing side; RS — retreating side) (a),
magnified view (0)

22 Ne 4 (77) 2017
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C MepeMenIMBaHUEeM UMEET BHJI HECIUIOIIHOCTU Ha
HAaCTYTaloIel CTOPOHE I1IBa U BO3HUKAET MPEIIo-
JIOKUTENILHO BCJIEJICTBUE YPE3MEPHO BBICOKOM CKO-
POCTH ABUXEHUS MHCTPYMEHTa OTHOCHUTEIBHO 3a-
TOTOBKH, KOTJa YBJIEKAEMbII MHCTPYMEHTOM CJOM
MeTajula He YyCHeBaeT 3alojHATh HPOCTPAHCTBO
MMo3aJid 3TOTO HWHCTpyMeHTa. B mimactmHax Oo0ib-
e TOJIIHUHBI 3TOT JAeEKT MPOSBHICA HanOoJee
MacmTabHO: y 00pa31oB ToMmuHOH 5,0 MM AedeKT
«wormholey» pacrmonaraercsi BOJIH3U MTOBEPXHOCTH,
B TO BpeMsI KaK y 00pa3roB ToamuHOu 8,0 MM Je-
(heKT pacmpoCTpaHMJICS HA 3HAUUTENIbHYIO YacTh
cedeHus oOpasna (puc. 3), TIyOWHA 3aJIeTaHus Jie-
dekra coctaBmwia 1800 u 2160 MKM COOTBETCTBEH-
HO. [IpoTsKeHHOCTH JeeKTa 3aMEeTHO TIOBJIHSIIA Ha
MOKa3aTellb MPOYHOCTH CBAPHOTO COEIMHEHUS, YTO
ClIeyeT U3 pe3ynbTaToB UCIbITaHUI 00pa31oB, CBa-
PEHHBIX TI0 peKuMaM | u 6, MpUBEICHHBIX B Ta0I. 2.
MOXXHO MPENON0KNUTh, YTO MPHU BO3AECHCTBUU JH-
HaMHYECKHX HArpy30K CHMYKEHHUE MTPOYHOCTHU OyJIeT
0osiee 3aMETHBIM, TOCKOJIbKY B 3THUX YCIIOBHUSX Jie-
dekT Oyzmer akTHBHO UTPaTh POJIb KOHIIEHTpaTopa
HanpspkeHud. [lpy CHWKEHUH CKOPOCTH MOJIa4H
nHcTpyMmenTa 10 300...400 mm/MuH AedekT He 00-
HapyXHBAJICS, 9YTO OTMEUEHO U B padore [14].

Aed extel TMNa

ewarmholes W

a

0BRABOTKAMETALLOV ~ CAf

[Tocnoitaeiii MeTautorpaduuecKuii aHamu3 1Mo-
KazaJl, 4To J1e(peKT pacmojokKeH B AJIpe IIBa CIpa-
Ba 10 XOJy JIBXKEHHUS] MHCTPYMEHTa Ha IpaHHUlIe C
OCHOBHBIM MarepuaioMm. OH mpeacTaBiIseT coOoi
KBa3UIEPUOINYECKYIO MTOPUCTYIO CTPYKTYpY C Iie-
PHOIOM, OJTU3KHUM K ITEPHOAY KOJIBLEBOU CTPYKTYPbI
Ha JINIIEBOH cTopoHe mBa (puc. 4, a, 6). [lopsr opu-
€HTUPOBaHbI BJOJb JIMHUN IJIACTHUYECKOTO TEUSHHS
MaTepuaia U MpeiCTaBIsoT CO00H MUKPOIYCTOThI
HenpaBWIbHOHN Gopmbl. [To gaHHBIM QpakTorpadu-
YeCKOI0 aHaJIn3a MOBEPXHOCTH Pa3pyIIeHUs BUAHO,
YTO MPUJIETAIOIINH K 1epeKTy MaTepuan pa3pymiai-
cs1 Xpynko (puc. 4, 8, 2).

B o0pasmax, cBapeHHBIX MO pexumaM 4 u 8 B
YCIIOBUSIX COYETaHUsI BBICOKOM CKOPOCTH CBAPKU U
HEJ0CTAaTOYHOI'0 YCUJIHS MPUKUMa BPaLaOIIerocst
MHCTPYMEHTA K CBAPUBAEMOMY METAJLTY, OOHApPYKHU-
BaJICS IPYTOH OMACHBIA THN Jie(heKTa — CTBHIKOBAs
JIUHUS B IPUKOPHEBOM 30HE CBAapHOTIO 1IBa, 3aMET-
HO CHIDKAromuil 3(pQeKTUBHOE CEUCHHME MaTepha-
Jla B CBApHOM IIIB€, a CJI€ZI0BATENIbHO, U IPOYHOCTh
CBapHOTO COCJMHCHUsS. BhIreonvcanHbIii 1edexT,
W3BECTHBIH 1O psaxy myomukammii [15-20] mox
Ha3BaHHeM «Lazy S», cantaercs Hanboee OracHbBIM
W3-32 CBOEH 3HAUUTEJIBHOM MPOTSHKEHHOCTH IO

Puc. 3. Mecropacnionoxenue aedexra «wormhole» B rmornepedHoM cedeHnu oOpasua () U MOBEPXHOCTH pas-
PYLICHUS CBApHOTO 1IBa: 6 — oOpasel TonuHoH 5,0 MM; ¢ — oOpasew TommuHoK 8,0 MM

Fig. 3. “Wormhole” defect location (a), welded joint fracture surfaces (6 — 5 mm thick sample, 6 — 8 mm thick
sample)
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6

Puc. 4. Mukpoctpykrypa nedekra tuna «wormholey, moiaydeHHas METOIOM ITOCIOHHOTO METaJ-
norpauyeckoro aHamu3a:

a — Ha ryoune 2,0 mm; 6 — Ha TiyOouHe 2,6 MM 1 (pakTorpadus MOBEpXHOCTH pa3pylleHus: ¢ — o0pasell,
TommuHOU 5,0 MM; 2 — oOpaserr TonmuHoM 8,0 MM

Fig. 4. “Wormhole”-type defect microstructure, obtained by layer by layer metallographic
analysis:
a — at depth 2.0 mm; 6 — at depth 2.6 mm; fracture surface for samples: ¢ — 5 mm thick, e — 8§ mm thick

JUIMHE CBAapHOTO I1IBa, YTO 0OYCIIOBIMBAET MOTEPIO
Hecyllel crmocoOHOCTH KOHCTPYKLIMHU U ObICTpOE ee
pazpyuenue. CTBIKOBast JIMHUS XOPOIIO OOHAPYKHU-
BaeTCs NpU MeTauiorpapuuyeckoM HCCIeI0BaHUU
(puc.5, a, 6). Ha puc. 5, 6, 2 MOXXHO BUJIETh, UTO TIPH
pacTshkeHuH oOpasla ¢ TakuM JeeKToM paccioe-
Hue (pa3pblB) MarepHalia MPOUCXOAUT MO MOJI0CaM
JIYKOBUYHOM CTPYKTYPBI.

OueBUAHO, YTO IIMPHUHA IOJOC JTYKOBUYHOH
CTPYKTYpHl JOJDKHA OKa3blBaTh 3aMETHOE BIUS-
HUE HAa TPACKTOPHUIO PacCIpOCTPAaHEHUs TPEIIMHBI.
B paborte [16] mokazaHo, 4TO MOJIOCH! TYKOBUYHON
CTPYKTYpBI IIPH CTATUYECKOM HarpyXeHHH IMOBOpa-
YUBAIOTCS B HAMIPABJICHUHU MPUIIOKEHHOW HArpy3Ku
JI0 TeX MOp, IMOKa HalpaBI€HHE POCTa TPEIIMHBI
HE COBIAJET C HalpaBJieHUEM HarpyxeHus. Jlanee
TpEIIMHA MPOJOHKAET CBOW MyTh BJIOJIb HAIIpaBIIe-
HUS TI0JIOC, @ OTPHIB MaTepuaia MposBIsieTCs 1O Mo-

24 Ne4(77)2017

JI0caM JIYKOBUYHOM CTPYKTYpbl MPAaKTUYECKU MOJ
MpsIMBIMU yIJIaMU K OOIllEMYy HaIpaBlIEHUIO pac-
MIPOCTPAHEHUS TPEIIUHBI.

[Tomyuennsie B HacTosIIEH pabOTE IKCIIEPUMEH-
TaJbHbIE PE3yJAbTaThl MOTYT OBITH HCIIOJIB30BAHBI
KaK IpU BBIOOpPE PEKMMOB CBAapKU aTIOMHUHHEBO-
MarHMeBbIX CIUIaBOB, TaK U JUIsl TIOMCKa CIIOCOOOB
KOHTPOJISI KauecTBa CBAPHBIX COCAMHEHM, MOIy-
YEHHBIX CIIOCOOOM CBApKU TPEHUEM C ITepeMeIlInBa-
HUEM, MTOCKOJIbKY K HACTOSIIIIEMY BPEMEHH HE CyIlle-
CTBYET OOIIETPUHATON KiaccuduKarmu HamOosee
YaCTO BO3HHMKAIOIIUX JIE(PEKTOB MPU ATOM CIocobe
CBapKH.

BrniBoanbl

I/ISy‘-IeHI/IC BO3MOXXHBIX KOM6HH21LIPII>1 TCXHOJO-
THYCCKUX MMapaMCTpPOB PCKHMaA CBAPKHU TPCHUCM
¢ nepeéMemmrBaHueM  aJIOMUHUCBO-MAarHucBOIO
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Puc. 5. Jluaust cThIKa Ha TIOTIEPEYHOM CEUEHHMH CBapHOTO miBa (a) U GparMeHT paspy-
LICHHOTO 00pa3iia (6); pa3pylleHrue MaTepuaa 1o M0J0CaM JIYKOBUYHON CTPYKTYPHI:
6 — onTHYecKas Metajmiorpadus; ¢ — pacTpoBasi ANEKTPOHHAST MHUKPOCKOTIHS

Fig. 5. “Lazy S” defect on the cross sectional view of welded joint (a), fragment of
fractured sample (6); material fracture along the “onion rings” bands: 6 — optical metal-
lography; e — SEM

criaBa AMrSM Ha ¢GopMupoBaHUE CTPYKTYPHBIX
HEOTHOPOTHOCTEH (eeKTOB) CBapHOrO IMBa M
MIPOYHOCTh CBAPHOTO COCAMHCHHS ITOKA3allo, YTO
IIPH CBAapKe C YPE3MEPHO BBICOKOW CKOPOCTHIO JIBU-
JKEHHSI CBApOYHOTO MHCTPYMEHTA O0pa3yroTcs Jie-
(heKThI B BUJIE «ITYCTOT» MPEINOIOKUTEILHO HU3-3a
YXYALIEHUS YCIOBUH MEPEeMENINBaHuUs CJIOCB MaTe-
puana BOKpYT JBIKYIIErocs HHCTpyMeHTa. CBapka
C HU3KOW CKOPOCTHIO TIOJaYM MHCTPYMEHTA IpU He-
JIOCTAaTOYHOM YCHJIMH €ro MPUXUMa K CBapUBaeMOit
3aroTOBKE MPHUBOJIUT K TOSBICHUIO JPYroro orac-
HOTO Tuma aedekra — CThIKOBOM auHuu. [TokazaHo,
YTO MPHUCYTCTBHE 000MX BHUJIOB Jic)eKTa B OJUHAKO-
BOI CTETICHH BIIMSET HAa XapakTep pa3pylieHus 00-
pasloB: B OTIMYHE OT 0e37e(EKTHBIX 00pa3IoB OH
CTAaHOBHUTCsA HBYXCTaHHﬁHBIM. C YBCIIMYUCHUCM I1J10-
nianu nedekra B u3oMe o0pasia Bo3pacTaeT A0
XPYIKOTO pa3pylieHUs] U COOTBETCTBEHHO CHIKA-
€TCSl IPOYHOCTH CBAPHOTO COETUHEHUSI.
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Purpose: to identify the fracturing behavior of the defected aluminum-magnesium alloy friction stir welded
joints. The paper presents the results of analysis of varieties of structural defects in a welded joint and its effect
on the strength of welded joints under static tension. The brief review of the main reasons for the appearance of
discontinuities in the structure of the welded joint is given; the influence of the main parameters of the temperature
regime in the welding area on obtaining a high-quality weld is evaluated. In accordance with the fractographic
analysis of the fracture surface of samples with welded joint and layer by layer metallographic analysis of the
material in the defect zone, the types of defects specific for friction stir welding are described and the nature of its
origin is discussed. The obtained results indicate the defining role of the nature of the plastic flow of material in
the zone of the moving tool in the formation of the structure and properties of the welded joint and can be taken
into account when choosing friction stir welding modes and welded joints quality control. Methods: experimental
studies were carried out on a laboratory machine for friction stir welding, manufactured by ISPM SB RAS. Static
tensile tests were performed on tension testing machine UTS110M-100. Structural studies were performed by
optical and scanning microscopy using the MiniSEM electronic scanning microscope. Results and Discussion: the
effect of the welding process main parameters on the quality of welded joints is shown on the example of Al 5083
alloy plates of different thicknesses. It is shown that the welding regime determines the type and size of the defects
formed, the mechanical strength and the nature of the welded joints fracture mode. According to the comparative
analysis of the fracture surface of samples after static tensile tests, it is found that in the defect zone the fracture
mode is changed from the viscous nature to the brittle one. The forming features of defected structure of the welded
joint are revealed by varying the heat input value. It is shown that not the thickness of the welded plates affects the
type of defect formed, but the amount of heat input into the welding zone. Based on the results of fractographic
analysis of the welded joints fracture surface and layer by layer metallographic analysis of the material in the defect
area, types of defects specific for friction stir welding are described and the nature of its origin is discussed.

For citation: Sizova O.V., Kolubaev A.V., Kolubaev E.A., Zaikina A.A., Rubtsov V.E. Effect of main parameters of the friction stir welding
on structure imperfections of welded joint. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material
Science, 2017, no. 4 (77), pp. 19— 29. doi: 10.17212/1994-6309-2017-4-19-29. (In Russian).

References

1. Nandan R., DebRoy T., Bhadeshia H.K.D.H. Recent advances in friction-stir welding process, weldment

structure and properties. Progress in Material Science, 2008, vol. 53, iss. 6, pp. 980-1023. doi:

pmatsci.2008.05.001.

* Corresponding author

10.1016/j.

Sizova Olga V., D.Sc. (Engineering), Professor
Institute of Strength Physics and Materials Science of Siberian Branch
of Russian Academy of Sciences 2/4, pr. Akademicheskii

Tomsk, 634055, Russian Federation

Tel.: 8 (382) 228-69-70, e-mail: ovs@ispms.ru

Ne 4 (77)2017 27



CM OBPABOTKA METAJIJIOB MATEPUAJIOBEJIEHUE

2. Hirata T., Oguri T., Hagino H., Tanaka T., Chung S.W., Takigawa Y., Higashi K. Influence of friction stir
welding parameters on grain size and formability in 5083 aluminum alloy. Materials Science and Engineering: A,
2007, vol. 456, pp. 344-349. doi: 10.1016/j.msea.2006.12.079.

3. Kumar N., Katlas S.V. The role of friction stir welding tool on material flow and weld formation. Materials
Science and Engineering: A, 2008, vol. 485, iss. 1-2, pp. 367-374. doi: 10.1016/j.msea.2007.08.013.

4. Sato Y.S., Urata M., Kokawa H. Parameters controlling microstructure and hardness during friction-stir welding
of precipitation-hardenable aluminum alloy 6063. Metallurgical and Materials Transactions: A, 2002, vol. 33, iss. 3,
pp. 625-635. doi: 10.1007/s11661-002-0124-3.

5.Yoon T.-I., Yun J.-G., Kang Ch.-Y. Formation mechanism of typical ring structures and void defects in
friction stir lap welded dissimilar aluminum alloys. Materials & Design, 2016, vol. 90, pp. 568—578. doi: 10.1016/j.
matdes.2015.11.014.

6. Tougne A., Desrayand C., Jahazi M., Feulvach E. On material flow in Friction Stir Welded Al alloys. Journal
of Materials Processing Technology, 2017, vol. 239, pp. 284-296. doi: 10.1016/j.jmatprotec.2016.08.030.

7. Stephen Leon J., Jayakumar V. Investigation of mechanical properties of aluminium 6061 alloy friction
stir welding. American Journal of Mechanical Engineering and Automation, 2014, vol. 1, no. 1, pp. 6-9.

8. Frolov V.A., Konkevich V.Yu., Predko P.Yu., Belotserkovets V.V. Svarka treniem s peremeshivaniem
termicheski uprochnyaemogo splava V95 sistemy Al-Zn-Mg-Cu [Friction stir welding of the heat-treatable
alloy B95 of the Al-Zn-Mg-Cu system]. Svarochnoe proizvodstvo = Welding International, 2013, no. 3,
pp. 21-26.

9. Lukin V.I., Ospennikova O.G., loda E.N., Panteleev M.D. Svarka alyuminievykh splavov v aviakosmicheskoi
promyshlennosti [Welding of aluminum alloys in the aerospace industry]. Svarka i diagnostika = Welding and
Diagnostics, 2013, no. 2, pp. 47-51.

10. Cerri E., Leo P. Influence of high temperature thermal treatment on grain stability and mechanical properties
of medium strength aluminium alloy friction stir welds. Journal of Materials Processing Technology, 2013, vol. 213,
iss. 1, pp. 75-83. doi: 10.1016/j.jmatprotec.2012.09.001.

11. Hao H.L., Ni D.R., Huang H., Wang D., Xiao B.L., Nie Z.R., Ma Z.Y. Effect of welding parameters on
microstructure and mechanical properties of friction stir welded Al-Mg-Er alloy. Materials Science and Engineering: A,
2013, vol. 559, pp. 889—-896. doi: 10.1016/j.msea.2012.09.041.

12. Lukin V.1, Toda E.N., Bazeskin A.V., Zhegina [.P., Kotel’nikova L.V., Ovchinnikov V.V. Osobennosti
formirovaniya svarnogo soedineniya pri svarke treniem s peremeshivaniem alyuminievogo splava V-1469 [Features
of welded joint formation at friction stir welding of aluminium alloy B-1469]. Svarochnoe proizvodstvo = Welding
International, 2012, no. 6, pp. 30-36.

13. Sizova O.V., Zaikina A.A., Rubtsov V.E. Vliyanie tekhnologicheskikh rezhimov svarki treniem s
peremeshivaniem na mekhanicheskie svoistva i1 kharakter razrusheniya alyuminievo-magnievogo splava
[Effect of friction stir welding process parameters on mechanical and fracture behavior of aluminum-magnesium
alloy]. Voprosy materialovedeniya = Inorganic Materials: Applied Research, 2016, no. 4 (88), pp. 101-108.
doi: 10.22349/1994-6716-2016-88-4-101-108. (In Russian).

14. Chen Y, Ding H, Cai Z., Zhao J, LiJ. Effect of initial base metal temper on microstructure and mechanical
properties of friction stir processed Al-7B04 alloy. Materials Science and Engineering: A, 2016, vol. 650,
pp- 396-403. doi: 10.1016/j.msea.2015.10.083.

15. Sizova O.V., Kolubaev A.V., Kolubaev E.A., Zaikina A.A., Rubtsov V.E. Razrushenie stykovykh
soedinenii alyuminievo-magnievogo splava, vypolnennykh svarkoi treniem s peremeshivaniem [Fracture of
friction stir welded butt joints structure of aluminum-magnesium alloy]. Obrabotka metallov (tekhnologiya,
oborudovanie, instrumenty) = Metal Working and Material Science, 2014, no. 3 (64), pp. 14-21.

16. Chen H.B., Yan K., Chen S.B., Jiang C.Y., Zhao Y. The investigation of typical welding defects for 5456
aluminum alloy friction stir welds. Materials Science and Engineering: A, 2006, vol. 433, iss. 1-2, pp. 64—69.
doi: 10.1016/j.msea.2006.06.056.

17. Liu H., Hu Y., Peng Ya., Dou C., Wang Z. The effect of interface defect on mechanical properties and
its formation mechanism in friction stir lap welded joints of aluminum alloys. Journal of Materials Processing
Technology, 2016, vol. 238, pp. 244-254. doi: 10.1016/j.jmatprotec.2016.06.029.

18. Han J., Chen J., Peng L., Zheng F., Rong W., Wu Y., Ding W. Influense of processing of thermal field in
Mg-Nd-Zn-Zr alloy during friction stir processing. Materials & Design, 2016, vol. 94, pp. 186—194. doi: 10.1016/
matdes.2016.01.044.

28 Ne 4 (77) 2017



MATERIAL SCIENCE OBRABOTKA METALLOV %

19. Tarasov S.Yu., Rubtsov V.E., Kolubaev E.A. A proposed diffusion-controlled wear mechanism of alloy
steel friction stir welding (FSW) tools used on an aluminum alloy. Wear, 2014, vol. 318, iss. 1-2, pp. 130-134.
doi: 10.1016/j.wear.2014.06.014.

20. Zhang W., Shen Y., Yan Y., Guo R. Dissimilar friction stir welding of 6061 Al to T2 pure Cu adopting tooth-
shaped joint configuration: Microstructure and mechanical properties. Materials Science and Engineering: A, 2017,
vol. 690, pp. 355-364. doi: 10.1016/j.msea.2017.02.091.

Conflicts of Interest
The authors declare no conflict of interest.

© 2017 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Ne4 (77)2017 29



