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Puc. 9. Ilona 3anumkoBuX eKBiBaJIeHTHUX HANIPYKEHb Gexs AJIA TEXHOJIOTIUHUX
cxeMm 3BaproBaHHA PAW1 (a), PAW2 (6) i MAG (8) Ta posuogin ix y cepegHbBO-
MY IIOIIepeuHoOMY Iepepisi (2).

Fig. 9. Fields of residual equivalent stresses cex: for technological welding
schemes PAW1 (a), PAW2 (6) and MAG (8), and their distribution in the av-
erage cross-section (2).

miBa, AK i gaa cxemu PAW1, yTBOpIOIOThCA 3HAUHI ITO30BKHI HAIPY-
JKeHHdA cTucky g0 —890 MIla.

ITiciga MAG-3BaproBaHHS Ha OCi 3BapHOTO IIBa, MINPUHA AKOTO CKJIA-
mana =10 mMm (Taba. 4) popmyioThea HesHauHi 1o 81 MIla Hampy:KeHHA
po3TATY 3 mepexoaoM YV HAIPYsKeHHs CTHUCKY g0 —454 MIla ma mimxswii
cTorLmeHHA (= 5 MM Bin oci mBa). Besmunaa MakcuMaabHUX HAIPY:KeHb
poarary carae 486 MIla B ocuoBHOMY MeTaJri 3a Mexxamu 3TB.

XapakTepHi BiIMiHHOCTi y PO3IOAiji MO3A0BXKHIX HAIIPYKEHb B Me-
JKaxX MJIACTUYHOI 30HU IJIS DOCIiIMKyBaHUX cxeM (puc. 7, 2) 3yMOBJIEHO
0cOo0JIMBOCTAMHU IIepediry (azoBMxX HepeTBOpPEHDb Y IMBaxX i meperpitTux
minauxkax 3TB, a TakoK TeXHIK0I0 BUKOHAHHSA 3BapHOTO ITBa (HAITPOXis
abo mBOMAa IiISHKAMM Bif IIEHTPY MO TOPIiB). 30KpeMa, BU3HAUEHU
I TexHoJoriunoi cxemu PAW1 posmofis mo3goB:KHIX 3aIUITKOBUX
HaAIIpy:KeHb B Iepepisi 3BapHOro 3’¢IHAHHA 3a CBOIMU XapaKTEpPUCTH-
KaM¥ € aHaJIOTiYHUM A0 HaBeleHUX y [8] pe3yabTaTiB mocaim:KeHb Ha-
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Puc. 10. Posnozin 3anuirkoBuX MepeMiIlieHs 3 MJIOMIVHY Y CEPeJHbOMY IIOIe-
pevHOMY Iepepisi CTUKOBOTO 3’€THAHHA JJISI PiBHUX TeXHOJOTIUHUX CXeM 3Ba-
pIOBaHHA.

Fig. 10. Distribution of residual displacements from the plane in the average
cross-section of the butt joint for different welding technological schemes.
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Puc. 11. Posnogin 3a1uImkoBUX IIepeMiIieHsb 3 IJIOMIMHY B3IOBXK OCi 3BAPHOTO
IITBa CTUKOBOTO 3’ €THAHHS IJIA PiBHUX TEXHOJIOTIUYHUX CXeM 3BapIOBAHHA.

Fig. 11. Distribution of residual displacements from the plane along the axis
of the weld of the butt joint for different welding technological schemes.

MIPY:KEHOT0 CTaHy 3BapHUX 3 €JHAHL TapTiBHUX KPUIb, BUKOHAHUX
3BapOBaJbHUMI MaTepiamaMu, 1o 3abe3neuyoTs LTT-edexT.

BusnaueHo, 1110 114 BCiX TPhOX TEXHOJIOTIUHUX CXeM B MerKax ILjac-
TUYHOI 30HU Yy IPUIIOBEPXHEBiH 001acTi (hOopMYIOTECA 3aJIUIMKOBI ITOIIE-
peuHi Hampy:KeHHSa po3TAry (puc. 8) HesHauHOl BesmuuHU (MeHITe 300
MIlIa). ¥V npukiHIeBuX 006JIaCTAX Ha IIOYATKY Ta B KiHITi 3BAPHOTO IIIBA
YTBOPIOIOTHCA IIOIEPEeUHi HANPY:KeHHSA cTucky (momexyam mo = —400
MIIa).
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Kpim Toro, gyisa 3BaproBamusa 3a cxemoio PAW?2 (puc. 8, 6) Ha TOBXKU-
Hi y 228 MM Big mouaTky 3aBapeHOl HiJIaHKYN 1 micsasa 3aBeplleHHA 3Ba-
proBaHHA TiAdHKH 2 QPOPMYETHCA 00JIACTD IONEPEUHNX HANPYKEHb IO
—-1060 MIla, symoBiIeHa HEMOKJIMBICTIO PO3IIHUPEHHS MeTaJly y IIoIe-
pevYHOMY HaOpPAMKY BiKe OXOJIOAKEHOI HiaauKy 1 i yTBOpeHHAM KOHIIe-
HTpaTopa HAIIPY:KeHb — CTUKY IBOX IiJAHOK.

3 HaBemeHOTO Ha puc.8,z pO3MOIiJy IOHEePEeUYHUX HaANPYyKeHb
B3JOBJK OCell 3BaApHUX IIIBiB BUAHO, IO Ajda cxemu PAW1 ta MAG Binm
Mae piBHOMipHUIT xapaKTep 0e3 IOKAJIbHUX eKCTPEMYMiB. 3a BUHATKOM
IIPUTOPIIEBUX 0bJIacTel, B3HoB:K oci 1mrBa PAW1 dopMyoThCca HesHAUHI
Hampy:KeHHA cTUCKY 10 —88 MIla, B3goB:x oci MAG-11Ba — HaIpyKeH-
Ha posTary He Buirie 130 MIla. ¥V npuTopiieBux 06JacTsaX IIBiB HAIIPY-
JKeHHs 3MiHIOIOTL 3HaK; BogHOUac, aJd cxeMu PAW1 dopmyroTsesa 1mi-
KOBi 3HaueHHs MONEePeUHMX HAMOPYy:KeHb poatary go 600 MIla, maa
MAG-3’emHaHHS HATIPYKEHHA CTUCKY He mepebinabmryoTs —87 MIla.

Hina cxemu PAW2 BenuumnHa HaAIpy:KeHb y CepemHiii yacTuHi 060X
IinaHoK 1Ba € meHIoo 3a 60 MIla; mpuTopiiesi o6JiacTi miBa, aHaJIOri-
yHO A0 cxemu PAW1, 3a3Ha0TL BIJIMBY HAOPY:KeHBb Po3Tary y =550
MIIa. Boguouac, Ha JOBXKUHI Yy = 28 MM BiJ mouaTKy 3aBapeHoi JiIAHKHT
1 micas 3aBepIlleHHsA 3BAPIOBAHHS JiIAHKY 2 (GOPMYETHCA 00JIACTh CTH-
CKAJLHUX MOMNEePeUHMX HAIpPYKeHb cTucKy mo —1063 MIla, maaBHicTE
AKOI 3yMOBJIEHO HEMOMKJIMBICTIO PO3IIMPEHHA MeTaJy Yy IOIepeuyHOMY
HAIPAMKY BiKe OXOJIOM:KeHol Tiagauku 1 i popMyBaHHAM KOHIIEHTPATO-
pa HATIpPyKeHb — CTUKY IBOX IiJITHOK.

3 oryIAAy Ha Te, II0 B POOOTi JOCTiAKyeThCA (POPMYBAHHSI KOMIIOHEHT
HaIpyKeHo-I1e()OPMOBAHOTO CTAHY JIMCTOBOI KOHCTPYKIIil, — CUMeTpPHu-
YHOTO CTUKOBOT'O 3BapHOTO 3’€IHAHHS HeBeJUKOoi ToBmuHT (710 10 MM),
— BU3HAYEHHSIM PO3MOAiNy HAIPYKEHb II0 TOBIINHI Gy MOKHA HEXTY-
BaTH uepe3 IXHIO HE3HAUHY POJIb Y MOMKJIMBOMY TPIiIIMHOYTBOPEHHI.
Opmak, 3BasKamOuM Ha Te, ITT0 HeOe3MeUHUIl CTaH MaTepifaay 3aIeKUTh
He BiJl BeIMYNHYU OKPEMUX KOMIIOHEHT TEH30pa HAIIPY KEHbB, a BiJl iIXHBOI
KomOimaIii, AJIs OIiHKY HACTAHHSA 'PAHUYHOIO CTAHY HEeOOXiJHO BUKO-
PUCTOBYBaTHU eKBiBaJIeHTHI Hanpy:KeHHs 3a MisecoM, po3paxyHOK AKUX
I'PYHTYEThCA Ha OIIHII KiJBKOCTM NUTOMOI MHOTEHIiAJIBHOI eHepril
dopmosMinu, HakommueHoi 3medopmoBaHuM 00’ekToM [22]. Amasiza
POBIOAiNy IOJIiB eKBiBaJIeHTHUX HAIPYKeHb Y IPUIIOBEPXHEBiH obJac-
Ti 3’eIHAHD IMOKAa3aJja, Io MicJIg 3BapioBaHH 3a cxemoo PAW1 (puc. 9,
a) MaKCUMaJIbHI HaIpyKeHHs YTBOPIOIOTHCA Ha oci mBa go =915 MlIla,
1o ckJaagae =0,43 Bif po3paxyHKOBOI I'PaHUII MiITHOCTH MeETAJy IIIBa
nporo 3’emmanaa (2108 MIla). B mexax miIacTUUHOI 30HM BeJIHUYMHA
HAIIPY KeHb MIBUIKO 3MEHIITYETHCA 1 Ha MeKaX ILJIACTUYHOI 30HU CTaHO-
BuTh =180 MIla; y BsakpimieHux I uYac 3BapOBaHHA 00JaCTAX
3’eIHAHHS €KBiBaJIeHTHI 3aJIMIITKOBI HaOpyKeHHA MiHiMaJdbHI i He mme-
peBuiyioth 30 MIIa. ¥V obaacTax Ha IOYATKY Ta B KiHI[i 3BapHOTrO IIIBa
BeJINUNHA 3aJUINTKOBUX €KBiBaJeHTHUX HAIPY:KeHb ckjaajaa 450 MIla i
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427 MIlIa BinmmoBinHo.

s BapiauTy 3BapoBaHHA 3a cxemoio PAW2 (puc. 9, 6) BeauumHa
eKBiBaJIEHTHUX HAIPY:KeHb Y IPUIIOBepPXHEBi#l ob6jacTi Ha oci miBa cs-
rae 2890 MIla. Ha me:xax miaacTUYHOI 30HU MiIOTH HANIPY KEHHA Ha PiB-
Hi 2560 MIIa. Kpim Toro, Ha mouaTKy 1-i 3aBapeHoi HiaIAHKY Ha Biggaii
y 212 MM Bixg cturkyBamuda 1-1 i 2-1 ginaHoK opmyeTbea o0sacTh mif-
BUIMeHUX Hanpy:keHb 10 1480 MIla 3 mikoBumMu 3HaveHHaAMHu m1o0 1894
MIIa, aki cranoBaaTrsk =0,90 Bixg po3spaxyHKOBOI rpaHUITL MIiITHOCTH Me-
raay 3BapHoro mBa (2108 MIla). ¥V npukinmeBux obgacTax JijdaHOK 1 i
2 Hampy:KeHHd cTaHOBIATEh 240 MIla i 293 MIla BigmosigHo.

CrukoBe 3’emHamHA Hanpoxif 3a gzomomoroo MAG-3BapoBaHHs (puc.
9, 8) mpuBOAUTE N0 GOPMYBaHHS y IPUIIOBEPXHEBiH 00J1aCTi eKBiBaIeH-
THUX 3aJUNTIKOBUX HAIPYKeHb Beanunuoo y 123 MIla. Ha mouaTtky i B
KiHIIi 3BapHOTO IIIBa BeJMUYMHA €KBiBaJIEHTHUX HAIPY:KeHb cArae 237
MIIa i 336 MIla Bigmosiguo. Kpim Toro, ajs miei Texuogoriunoi cxemu
cIocTepiraeTbca piske 30iabmieHHa o 1098 MIla exBiBaJleHTHUX Ha-
Ipy:KeHb Ha Bigmanaax y = 7,8 MM JiBopyY i mpaBopy4 Bifg oci 3BapHOTO
IIIBAa.

3 Po3moAiNy 3aJUINTKOBUX €KBiBaJeHTHUX HAMPY:KeHb II0 MINPUHI
3TB B cepenunHil ginAHII 3BapHUX 3’€THaHb (puc. 9, 2) MoKHa 6aunTH,
IIT0 3BapIOBAHHSA 3a TEXHOJOTiuHOI0 cxeMol0 PAW?2 cynmpoBomKyeThCs
HAHWBUINOIO KOHIIEHTPAIIi€l0 HAIPY:KeHb, AKa 00MeKyeThCA BUKJIIOUHO
MeTaJIOM 3BapHOTrO IIBa. BelnumHa 3aJUITKOBUX €KBiBaJIeHTHUX Ha-
IpYysKeHb B3OBK oci mBa ckJana 1126 MIla uu to 0,53 Big pospaxyH-
KOBOI I'paHMUIIi MiITHOCTHY MeTaJy miel ginauku 3’exuanna (2108 MIla), 3
IBOMA JIOKAJIbHUMK Maxcumymammu go 1227 MIla ma Bigmami y =3 Mm
BifZ oci mIBa j1iBopyd i mpaBopyu, 1o cArae 0,58 po3paxyHKOBOI IrpaHUIli
MiITHOCTU MeTaJIy IIIBa.

s Trexmomoriunoi cxemu PAW1 B Meskax 3BapHOTO IITBa PiBeHb 3a-
JUIMTKOBUX eKBiBaJIeHTHUX HaOpy:KeHb 3MiHweTbea Big 975 MIla
B3MIOB:K Iioro oci 10 1141 MIla B mepudepiiinux giJdHKAaX ImBa abo Bix
0,46 mo 0,54 fioro po3paxyHKOBOI rpaumuili MimHocTu. TaKoX MaioTh
Miciie 2 JIOKAJIbHIX MiHIMYyMHM 3aJIHUINKOBUX eKBiBaJIeHTHUX HAIIPYKeHb
y 852 MIla ma Biggaaax y 4,5 MM 1mo oouaBa 60KU Bif oci mrBa. Bigmo-
BiHO IO pes3yJbTaTiB MiKpomiopoMeTpii (puc. 5) 3a3HaueHUM BigmaasaMm
Bizmosimae mginguka cromienua 3TB. IloBTopHe 30iMbIIeHHS 3aIUIIKO-
BUX HAIIPYKEHb YTBOPIOE IIe IBa JOKaJbHUX Makcumymu (1057 MIla)
Ha Bigmanax y=11,5 MM Bix oci 111Ba B MeTaJi JiIAHKY HU3LKOTEMIIEpa-
TypHoro Bigmycky 3TB (puc. 5), MmexaHiuHi BJIaCTUBOCTi AKOTO He3HAU-
HO BiIPi3HSAIOTHCS BiJl BJJaCTHUBOCTE OCHOBHOT'O METAJIY.

Y ctukoBomy 3’emHaHHi, BukoHaHoMy MAG-3BapioBaHHAM, PiBeHb
3aJIUIITKOBUX €KBiBaJIEHTHUX HAIPYsKeHb B MeKaX 3BapHOTO IIBA € Mi-
HiMmansrHUM i He tepeBuIntye 200 MIla a6o 0,18 Bix MmakcuMaabHOI PO3-
PaxXyHKOBOI T'pPaHHIII MIITHOCTH MeTaJly IIBa AJISA I[i€l TeXHOJIOTiuHOI
cxemu (1090 MIIa). IIpote, B mexxkax 3TB Ha Bigmanax =8 MM Bim oci
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IIIBa YTBOPIOIOTHCA JIOKAJLHI MaKCcUMyMu HampysKeHb y 1099 MIla.
BigmoBigHO 10 po3momisiy MiKpOTBEPAOCTH, Ie — OiIAHKA MaKCHUMaJlb-
HOTO 3HEMiITHeHHS, 3YMOBJIEHOTO BHCOKOTEMIIEPDATYPHUM BiIIoycKOM
BUXIiTHOI CTPYKTYypU 3’€IHYBAaHOTO MeTasy. Po3paxyHKOBe 3HaUEHHS
rpaHUIll MimHOCTH MeTanxy Iiel mimamkm ckiaamae 1275 MIla; Taxum
YUHOM, KOHIIEHTPAIlisd eKBiBaJeHTHUX 3aJUINKOBUX HAIPY:KeHb B Me-
rTaJi miei obaacTu 3BapHOro 3’e¢qHAaHHA MoXKe caratu g0 0,86 iioro pos-
PaxyHKOBOI rpanulli MminmHocTu. IIpoTe B KpUIAX 3 HE3HAUHOIO KiJbKic-
TIO eJIeMeHTiB-KapOimoyTBoprooBauiB, Takux ax MARS 600, miaacTudy-
HiCTh MeTaJly 3a3HaYeHOI JiJIAHKY JOCTaTHLO BICOKA.

BpaxoByoouu BCTaHOBJIEHY AJs 3’€THaHHA 3a cxeMoio PAW2 mebes-
HeYHy KOHIEHTPAIlil0 3aJNINKOBUX HAIIPYsKEeHb B METAaJIi IIepIIol mJiis-
HKU mBa (puc. 7,0, 8,0, 2, 9, 0) DOIiTLHO TAKOK TOPiBHATH PO3MOIiJ
3aJUINTKOBUX TMepeMillleHb y IO30BXKHIiX 1 IOIepeyHUX Mepepisax B
MerKaX IJIaCTUYHOI 30HU 3BapHUX 3’ €THAHD.

XapakTep PO3IOAiIy mepeMilleHsb 3 IJIOIINHY II0 IMUPHUHI 3’ ¢ THAHHS
(puc. 10) cBiguuTs, 10 g yac 3BaprOBAaHHA 3a JOCIiIKYyBAaHUMU CXe-
MaM¥ YTBOPIOIOTHLCS HYJIbOBI IIepeMillieHHs 3 ILIOIWHY AJiA obJacTeit,
e MisJIo OCHAINEeHH:, a HAauOiabImi mepeMinmenasa GopMyIOThLCSI Ha OCi
s3BapHoro 1mBa: 10 0,4 MM — aia cxemu PAW2, 10 0,16 MM — a7 cxe-
mu PAW1inmo 0,06 Mmm — gaa MAG-3BapioBaHHs.

Hatowmicth, 3 puc. 11 BugHO, II[0 MaKCHMAJbHUN BUTHUH 3BAPHOTO
mBa (20,6 MM) YTBOPIOETLCS IIifT yac 3BapioBaHHS 3a cxemoio PAW?2
mo0JM3y CTOILJIEHHS 3BapIOBAHUX MiJIgHOK 1Ba. 3a MAG-3BapioBaHHS
BUTHWH 3 IJIOIMUHYU 3’¢THAHHA € MiHimaabHuUM (20,06 MM) i He 3MiHIO-
€ThCA Ha BCill moB:KUMHI 11Ba. 3BapoBaHHA 3a cxeMmoio PAW1, xou i mpu-
BOAUTH 10 QOPMYBaHHS HEPiBHOMipPHOTO BUTHHY 3 ILJIOIITNHU O JOBXKI-
Hi 11IBa, IpoTe Horo MakcuMaJbHe 3HAUeHHS He nepebiabirnye 0,23 M.

IlopiBHAHHA PO3PaXyYHKOBUX Pe3yJbTaTiB CKiHUeHHO-eJIeMEeHTHOI'O
MOJEJIIOBAHHS Ta PeHTI'eHOAM(PpPaKTOMETPUYHOI aHaxism (as3oBOTro
CKJAJy Ta HaAIPYKEeHOTo CTaHy 3BapHUX IIBiB, yTBopeHumx PAW- i
MAG-3BapioBauHaM, HaBeJeHO y TabJ. 5.

3a momoMoroo peHTTreHo(ha30BOi aHaizu BCTAaHOBJIEHO, ITIO Y 3Bap-
HUX IIIBaX YTBOPIOIOTHCS OAHOPiMHI TBepAi PO3UMHU 3 IPaHEIeHTPOBa-
HOIO0 KybGiuHoio r'paTHUIIEIo (aycTeHiT) y Bunaaky MAG-3BapioBaHHS Ta
00’eMHOIIEHTPOBaHOI0 Ky0OiuHOI0 r'paTHHIeio 3a PAW-3BapioBaunusa. B
OCTAaHHLOMY BUIIaJKYy, BPaxOBYIOUM pe3yJbTaTHd AaHAJI3WM XEeMiuHOTO
cKJamy meraiy mrBa (tabi. 1), mikporBepmocTu (puc. 5) i MiKpPOCTPYK-
Typu (puc. 6, @), MOKHA OCTATOYHO CTBEPAKYBATU IIPO CTPYKTYPY peii-
KOBOT0, 3a KJacudikarieio [23], maprercury. HagBuicTs gpyroi dpasu B
CTPYKTYPi 000X HIBiB AUPPAaKTOMETPUUYHUMU JOCTiIKeHHAMN He MiaT-
BepKeHo. VIMOBipHO, Ile TOB’ A3aHe 3 HEOJHAKOBOIO IIOBHOTOO (Pa30BUX
IIepeTBOPEeHb Y PisHUX 00JaCTAX 3BAPHUX IBiB, afisKe IIig yac audpax-
TOMETPUUYHUX [TOCTiIKeHb PEHTIeHiBCLKOMY OIIPOMIiHIOBAHHIO ITiIJIs-
raJiu JIMIe TOBePXHeBi IMapu ix 3 IuIboBOro 60Ky 3’eqHaHb (puc. 1, 6).
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TABJINIIA 5. ITapamerpu $asoBOro CKJALy Ta 3aJIUIIKOBOTO HAIIPYKEHOI'O
CTaHy 3pas3KiB 3BapHUX MIBiB, ofgep:kaHux PAW-t1a MAG-3BapioBaHHAM.

TABLE 5. Parameters of phase composition and residual-stress state of weld
samples obtained by PAW and MAG welding.
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PAW kyGiuma  2,8756 83 MapTeHcuT: 93, 93
aycreHit: 7
MAG xyGiuma  3,5926 147 maprencur: 21, 132

aycreHiT: 79

B cBo10 uepry, 1e gajo 3MOr'y VHUKHYTHU JOJYUYEHHS A0 CKaHOBAHOI IIO-
BepxHi 3paskiB vactTunu 3TB (1110 6yJs10 6 HEMOKINBUM y pasi audpax-
TOMETPii momepevHoro nmepepisy 3’eTHAHD).

Pazowm i3 mum, BusHaUYeHi 3a MeTOL00 sin?y 3aIuNIKOBI (B HAIPAMKY
OITPOMiHIOBAHHSA) HANIPY:KEHHSA B 3BapPHUX IIIBaX M00pe Y3TOMKYIOTHCS
3a MIOPiBHAHHS iX 3 PO3PAXyYHKOBUMU 3HAUCHHAMU HANPYKEHb IO TOB-
IIMHI Gy Y TOYKaX CKiHUYeHHO-eJIEMEHTHUX MOJEJiB, KOOPANHATU IKNX
BiAMIOBiZaOTh PO3TAITyBaHHIO 3Pas3KiB, BUPi3aHUX OJA CTPYKTYPHO-
dasoBux mocJimxeHs (TabJ. 5).

3a manumu [7, 9] HaAHIOiABINM TO3UTUBHII BILJIMB Ha 3aJIMITKOBUI Ha-
NpysKeHUM cTaH Ta eKCIIyaTallifiHi BJacTUBOCTi, 30KpeMa BTOMHY Mill-
HiCTh, CTUKOBUX 3’€IHAHL BHCOKOMIITHMX KPHIb MAIOTh 3BApIOBAJIbLHI
marepianu 3 LTT-eperTom, 1110 3a6e3MeUYIOTL TEeMIIEPATYPY IOYATKY
MapTeHCUTHOTO IIePEeTBOPEHHS B MeTaJi 3BapHoro 1rBa 6ima 190—200°C.
3acTocyBaHHS IapaMeTPUYHOrO PiBHAHHA [24] 11 po3paxXyHKY TeMIIe-
paTypu IOYaTKy MAapTEHCUTHOTO IepeTBopeHHA Msg, °C: Mg=561 —
474C - 33Mn — 21Mo — 17Ni - 17Cr, ge C, Mn, Mo, Ni, Cr — BMmicT Bif-
MOBiTHUX eJeMeHTiB [Bar.%], nJd xeMiuHOTO CKJIaAy MeTajly IIIBa 3a
PAW-3BapioBaHHS I oCHOBHOrO Merany (Tabis. 1) mae HacTymHuUii pe-
syabTaT: Mg (1mmBa) = 187°C; Ms (ocHOBHOTO MeTaiy) = 299°C.

IToxasaHo, 1110 BUCOKi 3aJMIIIKOBI HANIPYsKEeHHA CTUCKY Y 3BapHOMY
mBi Ta mpuaeraux giaaHkax 3TB 3’egmann, omep:KaHUX ILJIa3MOBUM
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3BapPIOBAaHHAM, B3YMOBJEHO HHIBKOTEMIIEPATYPHUM II€PETBOPEHHAM
ayCTEeHITy B MeTaJIi 3BAPHOIO IIIBA, CIPUUYMHEHUM BHCOKOIO YaCTKOIO
OCHOBHOT'O METAJIy B HHOMY .

5. BUCHOBRH

1. Busunaueno, 1o sacrocyBanusa cymimii Ar + 20% CO: maa MAG-
3BapoBaHHA 0poHBOBOI Kpuri MARS 600 3BapoBaJIbHUM APOTOM THUITY
G 18 8 Mn Mo:Ke CIPUYMHATHA YaCTKOBE IIEPETBOPEHHSA ayCTEeHITy B Me-
TaJi ITBa 3 BUHUKHEHHAM ITOOIMHOKHNX BKpAILJIeHb MapTeHCUTHOI hasu.
TeBepaicTh MeTasy IIBa BOAHOUYAC IOHAKMeHIe B 1,7 pa3iB MeHIIA Bif
TBEPIOCTH OCHOBHOT'O MeTaJy.

2. Beranosieno, 1o 3a PAW-3BapoBanada kpuni MARS 600 araJoriu-
HOI TOBIIMHU 3aBAAKU 3MEHIIIEHHIO BUTPAT 3BaPIOBAJIILHOTO APOTY B =4
pasu YacTKa OCHOBHOT'O MeTaJIy ¥ MeTaJIi IIIBa 3pOCTa€, BHACIILOK YOT'O
IITOB HAOyBAa€ CTPYKTYPU APiOHOr0JIacTOr0 PEMKOBOTO MApPTEHCUTY 3
TBepAicTIO, 10 = 1,1 pasu 6iJIBIIIOIO Bil TBEPAOCTH OCHOBHOT'O METAaJy.

3. IlokasaHo, IT1T0, HE3BasKAOUM Ha MAPTEHCUTHY CTPYKTYPY METaJy
mBa, PAW-3BapoBaHHA Ha BU3HAUEHMX PAI[IOHAJILHUX IapaMeTpax
pe:xxumy B3abesmeuye sAKicHe (GOPMYBaHHA CTHUKOBOTO 3BapHOTO
3’eqHaHHs 0e3 YTBOPEHHSA XOJOTHUX TPIiIINH 3aBAAKU OCOOJIMBOMY Xa-
paxTepy HOT0 3aJIMIITKOBOTO HAIPYsKEHOTO CTaHy, 3yMOBJIEHOMY HU3b-
KOTeMIIEPATYPHIM II€PEeTBOPEHHIM ayCTeHiTy. 30KpeMa, 3a TeXHOJIOTi-
yHOI0 cxemMoio PAW1 B Mexax 3BApHOIO IIIBA, a TAKOK MiJSHOK CTOII-
Jeuusa ta neperpisy 3TB, aAKi B 3BapHUX 3’¢JHAHHAX IapTiBHUX KPUIH
3a3BUYAl BUCTYIIAIOThL OCepPeIKaMM XOJOTHUX TPIIUH, CTBOPIOIOTHCS
MO30BKHI HAIIPYKEeHHS CTHUCKY. B CBOIO uepry, mo3a0B:KHI HAIIPYKEeH-
HA PO3TATY HiIOTh y BigmameHux Big mBa minguxkax 3TB, merana akmx
BHACJIIIOK BiIyCKY BBA’KA€ThCS CTINKUM [0 YIIOBiILHEHOTO KPUXKOTO
pyliHYBaHHA.

4. TlopiBHAHHA POSMOAIJIY €KBiBAJEHTHUX HAIPYKEHb Y CEPEeIHBOMY
IIOIIEPeYHOMY IIepepisi 3BapHUX 3’€¢THAHD IIOKAa3ye, IO MJIA TeXHOJIOT-
yaux cxeM PAW1 i PAW2 maiiBuini Hanpy:xeHHsS (POPMYIOThCA Y 3Bap-
HUX IIBax 3 JOKAJIbHUMHI MaKkcuMymamu He O0iabire 0,53 i 0,58 Big pos-
paxyHKOBOI rpaHuIli MilTHOCTM MeTaJy ImmiBa Bigmosimmo. laga MAG-
3’e¢IHAHHS PiBeHb BAJMINTKOBUX €KBiBaJIEHTHUX HANPY:KEHb y MeKax
3BapHOTrO IIIBAa HE3HAUHN M, IPOTE B 00JIACTi IJISHKY BICOKOTO BiIIyCKY
3TB ixwuiii piBers Moske caratu o 0,86 po3paxyHKOBOI I'PaHUIIL MiI[HO-
CTU MeTaJy Iiei JiIaHKY, 3alac IJIACTUYHOCTH SKOT'0 BOTJHOUAC BBasKa-
€ThCA TOCTATHBO BUCOKMM.

5. 3BapioBaHHS 3a TeXHOJOTiuHOIO cxemMo0o PAW?2 (mBoma mingaHKaMu
Big cepenmuu 3’eIHAHHSA OO TOPIIiB) MPUBOAUTL 10 (GOPMYBAHHAM KOH-
IeHTpaTopa HAIpPy:KeHb — CTUKY ABOX IIJISHOK i, AK HACJIiZOK, IO
YTBOPEHHS B OChOBill UYaCTHHI 3BapPHOTO IIIBA 00JaCTH BEJIUKUNX 3aJIMIII-
KOBUX HAIIPY/KEHb CTUCKY K y IIO3TOBKHLOMY, TaK i B OIIEPEYHOMY
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HAIIPSAMKY, BeJINUYMHA AKWX MOKEe CATaTH T'PAHUIII MiITHOCTH METaay
miBa. K HacJIigOK, BUTHH 3 IJIOIIMHU MeTaJay Iiei objacTu 1msa B 4 pa-
3u GiBINIMIH y TOPiBHAHHI 3i 3BAPIOBAHHAM 3 iIeHTUUYHUMHU IIapaMeTpa-
MU PeKUMY 3a TeXHoJIoTiuHOoI0 cxeMoo PAW1. Takum unHOM, 3aCTOCY-
BaHHA cxeMu PAW?2 3 meroro minimisarmii popmosminm 3BapHUX KOHC-
TPYKIIiNl y BUPOOHUYNX YMOBaX € HEOE3IEeUHUM 3 TOUKHU 30Py TPilllMHO-
YTBOpPEHH.

6. YaockoHasena texHoJsoria PAW-3BaproBanua kpuni MARS 600, y
nopiBuaAHHI 3 MAG-cmmocoboM, Mae ImepeBaru o0 OAeP:KaHHA CTUKO-
BUX 3’€IHAHDb 3 BY3bKUM 3a30POM: 3MEHIIIEHHA MeTaJIOMiCTKOCTH CKJIa-
JaJIbHUX POOIT, MOHMKEHHS TEIIOBKJIANEHHS Y 3BapIOBaHN MaTepis,
3201 KeHHs 3BaplOBaJbHOTO JIPOTY, 3aBAAKU e(peKTy HUIbKOTEeMIIe-
pPaTypHOTO IIePeTBOPEHHA ayCTeHITY 3yMOBIIIOE Oe3edeKTHe YTBOPEHHS
MapTEeHCUTHOI CTPYKTYPU B MeTaJIi IIBa 3 BUCOKUM PiBHEM TBePJOCTHU Ta
MinmzocTH. B cBOIO Uepry, BUTPUBAJIICTh IOAIOHOI CTPYKTYPHU IIiJ BILIM-
BOM BHICOKOIIIBUAKICHUX yIapHMUX HaBaHTAKEeHb, 3 IMOTJIAAY Ha JOCTAaT-
HbO BucOKUii BMicT KapOoHy B MeTaJIi 1mBa, moTpedye JOZATKOBUX IOC-
JigiKeHb.
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Oco6auBOCTI MEXaHI3MYy CTPYKTY POYTBOPEHHS B IIOBEPXHEBUX
mapax jgatyHi JIC59-1 3a yasTpa3ByK0oBOro yaIapHOTO 00PO0JIeHHS

II1. ¥O. BoaoceBuu, 6. M. Mopzaiok

Inemumym memanogisuxu im. I'. B. Kypodiomosea HAH Ykpainu,
oyave. Akademixa Bepnadcvrozo, 36,
03142 Ruis, Ykpaina

Meromoio TpamcMicifiHOI eTeKTPOHHOI MiKPOCKOIIil ZOCIiIKeHO 0COBJIUBOCTI
dopmyBanHa medopMaIliiHUX CTPYKTYpP i asoBoro craHy 3paskiB JjaTymi
JIC59-1 micas yabTpasByKoBOTO yaapHoro oopobsenusa (Y3VYO0) sa pisHux Te-
mIepaTyp (B aproti Ta pigkomy asori) i crynenis medopmartii. [IpogemorcTpo-
BaHO, IO HaA TJIi HEPiBHOMiIpPHOTO €KCTPEMAJbHOTO MOAPiIOHEHHS BUXiTHUX
3epeH i (opMyBaHHA CYOCTPYKTYPHUX e€JeMeHTiB 30imbineHHA dacy Y3YO
CYIIPOBOIKYETHCS IPUTHIYEHHAM MeXaHizMy medopmariiiHOTo MiKpogBiiHU-
KyBaHHA, AKe aKTUBHO po3BuBaeThca B I'IIK-a-(dasi Ha mouaTkoBuUX cramiax
00pobsennua. [ledopmarnisa B-dasu 3 OIIK-rpaTHumero Ha nux cragiax Bigdysa-
eThca 0e3 yuacTu MiKpOABIHMKYBAaHHA 34 aKTUBHOTO 3POCTAHHS TYyCTUHU
IVCJIOKAIIill i 30iMbINTeHHA KiTbKOCTH MOAPIOHEeHUX BUAiJIeHDb OJIUBA, II0 30Ce-
PEMKYIOThCA HA MUCIOKAIINHUX CKymueHHAX. OOGroBopeHo 0COOJIMBOCTI pO3-
TMOMiNy KOHITEHTPATOPIiB HANIPY KEeHb i COPUATINBI YMOBHU IJis aKTUBAIlil Me-
xaHiBMiB pesakcarii, y Tomy uwmcii MikponaBitHmKyBaHHA. IlinTBepmixeHO
daxT BigcyrHOCTHU -(hasu 3a ymoB 3HaUHUX AedhopMaIliii, IKi BexyTh 10 IOApi-
OHEHHS YCiX CTPYKTYPHUX €JIeMeHTiB, 110 MOXKe OyTH OB’ A3aHe i3 migBuIeH-
HAM IMIBUAKOCTHU Iepediry qudysiiHux mporeciB, CIIPOMOYKHUX IIPUIIIBUAIITY -
BaTu ii meperBopenHs Ha cyMmim o-dasu (I'LIK) Ta y-pasu 3 'TIK-rparaunero.
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Karouosi cioBa: Cu—Zn-n1aTyHb, MiKpPOCTPYKTypa, MexaHismu medopwmariii,
IBiMHUKYBAHHSA, VIbTPAa3ByKOBe yAapHE 00OPOOIeHHA.

The transmission electron microscopy is used to study the features of the
formation of deformation structures and the phase state of Cu39Zn1Pb brass
samples during ultrasonic impact treatment (UIT) at different temperatures
(in the argon gas and liquid nitrogen) and strain extents. As shown, on the
background of uneven extreme grain refinement and substructure for-
mation, an increase in the UIT duration is accompanied by the suppression of
the deformation microtwinning mechanism, which actively develops in the
f.c.c. a-phase at the initial stages of treatment. At these stages, the defor-
mation of the B-phase with a b.c.c. lattice occurs without the participation of
microtwinning with an active increase in the dislocation density, and an in-
crease in the number of the refined precipitates of lead concentrated on the
dislocation tangles/bundles. The features of the stress-concentrators’ distri-
bution and favourable conditions for activation of relaxation mechanisms,
including microtwinning, are discussed. The fact of the absence of the B-
phase under conditions of significant deformations, which results in the
crushing of all structural elements, is confirmed, that may be associated with
an increase in the rate of diffusion processes capable of accelerating its trans-
formation into a mixture of the a-phase (f.c.c.) and the y-phase with the f.c.c.
lattice.

Key words: Cu—Zn brass, microstructure, deformation mechanisms, twin-
ning, ultrasonic impact treatment.

(Ompumano 21 cepnna 2025 p.; ocmamoyn. apianm — 1 eepecns 2025 p.)

1. BCTYII

OpnHieo 3 OCHOBHUX BUMOT IO CYYACHUX KOHCTPYKI[IMHUX MaTepPisdiB €
onTHMMAaJibHEe MOETHAHHA IXHIX MiImHOCTH Ta miaacTuuHocTu. IloKasaHo,
IIT0 TaKe IIOEIHAHHS YacTO IpHUTaMaHHe MeTaJiaM i cTomaM i3 yJIbTpamu-
cuepcHUMU a00 HAHOPO3MiPHUMU eJIeMeHTaAMU CTPYKTYPHU Ta, SIK HACJIi-
IOK, IIiIBUINEHOIO MiITHICTIO i1 3a/I0B1JIbHOIO IIJIACTUYHICTIO IIOPiBHIHO 3
MOJIiKPUCTATIUYHNMY aHaJIOTaMU 3 MiKPOHHUM i HaBiTHL CyOMiKDPOHHUM
(0,1-1,0 mgm) posmipom 3epHa [1—4].

IligBumieEMMY MeXaHIYHMMM BJIACTUBOCTSIMM TaKOXK XapaKTepusy-
IOThCA MeTaJieBi MaTepidAau 3 MOBePXHEBUMHU ITapaMu, AKi MaioTh I'pa-
Ii€HTHY CTPYKTYPY, IO MiCTUTh CTPYKTYPHIi eleMeHTH, AKi 3MiHIOIOTh-
cd 3 BigmaJieHHAM Bif MOBepXHi Bi HAHO- 0 CYyOMiKpO- Ta MiKpPOpPO3Mi-
pHUX. 3MiITHEHHA MeTajJeBUX BHPOOIB BHAETLCSA JOCATTU 3a PAaXYHOK
dopMyBaHHA y iIXHiX TOBEePXHEBUX ITapax I'PaJliEeHTHUX CTPYKTYP ILIIA-
XOM 3aCTOCYBAHHS PisHUX MeTon AedopMalliiiHoro o6pobdieHHA IIoBep-
xHi [5], cepen axux — mporoctpymunHe [6], mickocTpymunHe [7], Ja-
3epHe ynapue o0pobisenHa [8] Ta inmmi. Bee mupiiie BUKOPUCTOBYIOTHCS
YIABTPa3BYKOBi MeToau MmonudikyBanua mosepxHi [9, 10], B Tomy uncri
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YIBTPa3BYKOBe yaapHe 06pobsennsa (Y3Y0)[11-14].

OcTaHHiM YacoM, i3 Po3BUTKOM BHCOKouYacTOTHOI ¥Y3VYO 3’aBuincsa
Po06OTH, III0 CTOCYIOThCA BILJINBY 10T0 Ha (popMyBaHHA AedopMalliiiHmx
CTPYKTYP i (pa30BOT0 CKJIAAYy Ta 3yMOBJIEHI HUMU 3MiHM TBEPAOCTHU II0-
BepxHeBUX InapiB Jatyueii cucteMu Cu—Zn [13—-20]. AnmamisyBanucs
3MiHM 00’¢MHOI YacTKM (pas3 i BeIMUNMHN 30H KOIePEHTHOT'0 PO3CiTHHS
[15-20], a Tako:xk fiMOBipHicTE medopmariiinoro ABitHMKyBaHHA [13,
16, 19, 20].

Migui crommu, 3okpeMma JaTyHi cucremu Cu—Zn, 3HAWILIN IINPOKE
IIPOMUCJIOBE BUKOPUCTAHHSA 3aBIAKY BUCOKMM MeXaHiYHUM BJIACTHUBOC-
TSAM i KOPO3iliHil cTitikocTi. ¥ pAai pobiT moKasaHo, IO 3aCTOCYBAHHAM
nedopmallii 3a pisHUX IIBUJIKOCTEHN i TeMIlepaTyp MoKHa chopMyBaTu
3aJaHH CTPYKTYPHO-(Pa30BUMA CTAH JIATYHEH, a TaKOMK MOCATTU OIITH-
MaJibHe TOeTHAHHA iXHiX MimHOcTM Ta maactTuuHoctu [1-4, 21-23].
IToxasaHo TaKo0K, IIJ0 CTPYKTYPHO-(a30Bi 3Minu y JaTyHi cuctremu Cu—
7Zn MOXKYTh BimOyBaTuCh i3 3aIyUeHHAM pisHUX AedopMaliiiumx Mexa-
HisMiB, mmepebir AKMX 3aJeKUTh AK BiJ XeMiuHOro CKJany, I0 3yMOB-
JII0€ BeIMUUHy eHeprii mederkrtiB maxkyBauua (EIII) [4, 22], Tak i 30B-
HIiITHiX YMHHUKIB, a caMe: IIBUAKOCTU medopwmaliii ¢ Ta/abo TeMmiepa-
rypu T [3, 4, 23]. 3gaTHicTh K0 IBIiNHMKYBaHHS Ta IiJIbHICTL ABifHM-
KiB 3pocratoTh i3 moumkeHuaM EJIII (spocranuam roHmeHTparnii I{uH-
Ky) Ta TeMIlepaTypHu, IIiIBUINEHHAM IIBUAKOCTH medopmarrlii, a Takox
3aJIesKaTh BiJl po3MipiB 3epeH i TOBIIMHY ABIHHUKIB [3, 4].

3o0Kpema, jJatyHb JIC59-1, dKa JOCTATHLO ITMPOKO BUKOPHCTOBYETh-
cs B IIPAKTHILl, MiCTUTh TPU CTPYKTYPHUX CKJIAJOBUX, MEyKa MiITHOCTH
SIKUX 34 PO3TATY 3aJIEKUTh Bil BUAY ITOIIepeHBOT'0 00POOIeHHS i CTaHy
CTPYKTYpH Ta 3MiHIOeThCA Bix 335 1o 610 MIla [24] 3a BumoB:KeHHA Bix
50 mo 4% sigmosiguo. PasoBuii cKkaan JaryHeil cucremu Cu—Zn modpe
BHMBUYEHO Y 3aJIe}KHOCTI Bix BMicTy Zn (puc. 1) [25].

Y BigmosimHOCTI A0 HiArpaMmu cTaHiB, 3a KiMHATHOI TeMIepaTypu
3pOoCTaHHA KIiJIBKOCTU Zn Bejle A0 3MiHM ()a30BOT0O CKJIAAy B HACTYIHIiM
TIOCJIi OBHOCTI (B Iy*KKax BKasaHOo KoHIeHTpaIio [{uuky) [25]:

o (< 28%) —> 00+ P (S 4T%) — B’ (£51%) — P’ + 7 (< 59%) — 7 (> 59%).

3riguo 3 [24], B- i p'-dhasu maroTh ogHaKOBUI XeMiuHMM cKaaxs (CuZn)
i BimpisuaoTLCa jaulle mpoctopoBuMu rpynamu (Im3m i Pm3m) Ta
cTpyKTypHUMU TUnamu (A2 i B2) cBoix rpaTHuIb Bigmosigao. B pobori
[18] 6yso 3asdHaueHo, 110 y 3B A3KY i3 MaJioo IMIBUAKicTIO mudysii 3a
€BTEKTUYHOI TeMIIepaTypu IIEPEeTBOPEHHA BUCOKOTEMIIEpaTypPHOL [3-
daszu (f — B + p' — o +y) BizOyBaeThCA 32 OXOJOAKEHHA AYKE TTOBiIb-
HO, 3aBIAKY YoMy [}’ He OyJI0 BUBHAUEHO Yy HOIEPENHIX MOCTiAKEeHHIX
[24]. Iami dasu maors TIK (a-dasa) it OIIK (B-dasa) rparanmi. Ixmi
napamerpu 0,36327-0,36898 um i 0,29498-0,29522 um 3amexkaTh Bif
BMicTy Zn B imTepBaJjax 11,41-33,56 ar.% i 48,23-49,30 at.% Bigmo-
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Fig. 1. Phase diagram of Cu—Zn system [25].

BigHO [24]. 3a nanumu [26] y-dasa mae crexiomerpito CusZns i3 cKas-
HOI0 Ky0iuHOIO BIIOPSIAKOBAHOIO I'PaTHUIIEIO, a e-(asa (CuZns), 110 Mic-
TUTB IIepeBakaJIbHy KilbKicTh Zn (> 79 aT.%), — I'lIIII-cTpyKTYDY.

3asHauvaeThCA TAKOK, 1110 hopmosmina B-maryHi (39-60 aT.% LluHKY)
3a IIeBHUX TEeMIepPaTypHUX YMOB i BMicTy Zn moske OyTu OB’ sa3aHa 3
¢das3oBUMU IIEPETBOPEHHAMUN MapTeHcuTHOro [24, 26] a6o GeiiHiTHOTO
(B« Pp)I[27, 28] Tunry. Pazom 3 Tum, Mmexauizmu medopmarii okpemMux
dazoBux craamoBux JartyHi JIC59-1 moTpedyroTsL ZOZATKOBUX OCJIi-
IKeHb, OCKiJIbKH IIOBEJiHKA MaTepiday IiJ yac MeXaHiuyHUX 00po0JIeHb
i HacTYHnHOI eKcIJIyaTanii 3ajJIe;KUTh BiJl CTPYKTYPOYTBOPEHHS Ta 3MiIl-
HeHHA (Da30BUX CKJIATOBUX.

MeTo10 maHOl POOOTH € HOCIiAKeHHA 0co0anBOCTEN Hed)opMaIliiiHOro
CTPYKTypoyTBopenusa jJatyHi JIC59-1 za ymoB ¥Y3¥YO, 3o0xpema BuU3HA-
YeHHS 0cO0JIMBOCTEel ABIMHMKYBAHHS y (a30BUX CKJIAJOBUX, MEeXaHi3-
MY 3MeHITeHHA KiabKocTu 3-hasu Ta moBeqinku Pb.

2. METOOUKA EKCIIEPUMEHTY

HocmimxeHnHsa mpoBemeHOo Ha 3paskax Jaryri JIC59-1, axa micTuThb
Muuk, IlnfoMOyM i He3HAYHI YACTKM iHIMHX JeI'yBAJLHUX €JIEMEeHTIiB,
HaBegeHi y Taoi. 1.

VY BigmoBigHOCTI 3 pasoBoio Aiarpamoro JaTyub JIC59-1 mae Tpudas-
Hui craH (puc. 1). Ha giarpami 1BomMa BepTUKAJIbHUMHU JIiHiAMY TO3HA-
YeHO XeMiuHi CKJIaay HalOiJbII IOIIMUPEHNX 3 TOUKHU 30PY IPOMUCIOBO-
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TABJINIIA 1. Xemiuamit ckaan aaryai JIC59-1 (Bar.%).

TABLE 1. Chemical composition of Cu39Zn1Pb brass (wt.%).

MacoBa uactka enxemenTty, %

Cu Zn Pb Si Fe Mn Ni Sn

58,9 39,6 1,05 0,43 0,05 0,03 0,03 0,01

o 3aCTOCYBaHHA JaTyHeH Ifiei cucTeMu, a caMe, KapTPUIKHOL (4epBo-
uoil) maryHi (Cu—30 Bar.% Zn) i Tax 3BaHoi 3esiexoi gatyui (Muntz metal
— Cu—40 Bar.% Zn) [25]. HocuimKyBaHMI CTON B3HAXOAUTHCA Ha
Jigrpami Ha MexXi MixK ogHO(a3HOI0 00JaCTIO icHyBaHHS a-(pasu i 0bJ1a-
crell icHyBaHHA cymiment dpas o+ ' i a +y. KigbpricTs y- Ta -dhas y Bu-
XiZHOMY CTaHi JOCJiAKyBaHOI JaTyHi 3a pe3yJibTaTaMUu PEeHTI'€HOCTPY-
KTypHOI aHaJisu ckaagae 54,1% ta 45,3% [15].

Y3VO amificHOBaJIOCA 3a OJHAKOBUX PEKMMIB i3 BUKOPHCTAHHAM
IBOX CXeM HaBaHTaKeHHd, mepina 3 Axkux (Y3VY0-1) nepegbavasia pos-
TalryBaHHA 3pasKa y 3arauOJieHHi KoBaaia (puc. 2, a) [15—18]. Ocki-
JbKV HaBAaHTA)KEHHSA 34 I[i€I0 CXeMOI0 Bim0yBaJOoCh YV KBa3Wi30CTATUU-
HOMY Pe:KHMi, TO 3pa30oK 3a3HaBaB MeHINUX AedopMalriit (po3mupeHHs
3paskKa B PafifdJbHUX HaOpPIAMKax O0yJao oOMe)KeHe CTiHKaMM 3arjauo-
JeHHs). 3a 00pobJieHHA 3a Apyroio cxemom (Y3YO0-2) 3pa3ok posTariio-
ByBaBCcA Ha ILTacKkoMy KoBamiai (puc. 2, 0) [29, 30], 110 yMOXKINBIIOE
omep:;KyBaTHu mig yac oOpobJsieHHs (Ha MOBiTpi, B 3axucHiit aTMocdepi 3
apromy Ta 3a OXOJIOM:KEHHS B PiIKOMY a30Ti) 3pa3Ku 3HAYHO OiIbIMTUX
PO3MipiB, IO iCTOTHO IIOJIIIIIIYE HE TiJIbKM YMOBHU IIPOBEIEHHS eKCIIe-
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Puc. 2. Cxemun ¥Y3VYO y kBasmizocratmunomy (Y3VYO-1) (a) i HOpMasbHOMY
(Y3YO0-2) (0) pe:xumax.

Fig. 2. Schemes for UIT in quasi-isostatic (a) and normal (6) regimes.
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PUMEHTiB, a ¥ HiABHUINYE HASINHICTh OepP:KaHUX PEe3yJbTaTiB, POSIIN-
PIOIOUM MOJKJIMBOCTI BUKOPUCTAHHA 3HAYHO OiJbINOI KiJTbKOCTH HOCIIiI-
HUNLKIX METOLiB, Y TOMY UMCJIi i MeXaHiuHNX BUIPOOyBaHb. BoguHouac
yacTora ¥ 3-xoausausb (f = 21,6 xI'r) 6yaa mocriliHoio, yacToTa yaapHUX
iMmoyabciB ckaagama 0,6—1,2 kI'tg [29, 30], ammaityga A = 20 MKM i gac
o06pobaenns cramoBus t =20, 501100 c.

CTPYKTYpPHI HOCIIimKeHHA ITPOBOAUINCH i3 BUKOPUCTAHHAM CBiTJIO-
BOI Ta TpaHCMIiCifiHOI eJIeKTPOHHOI MiKPOCKOIii. 3pa3Ku y BUTJISALL TO-
HKUX (oJIiil AJid eJJIeKTPOHHO-MiKPOCKOIII YHUX AOCIiI3KeHb II0JipyBaan
eJeKTPOXeMiUYHOI0O METOA0I0 y CTPyMeHi eeKkTpoiiTy ckiaanmy HsPO4 (65
mi) + HaSO4 (15 ma) + Crz0s (6 1) + H20 (14 M) 3a BormamoBoo MmeTo-
nmoio (mmaTuHoBa (a00 0B’ AHA) KaToAa Ta MicIle AJid 3pasKiB y TpuMaui
3 (¢rTopoImacTy) 3a Hampyru mocriiimoro ctpymy mo 80B Ta crpymy
1=0,8-1A. VY mporieci moipyBaHHS €JEKTPOJIT 0XOJOLKYBABCSA IPO-
TOYHOIO BOJIOIO TEMIIEPaTypoio B Mexkax 12—15°C.

3. PEBYJIBTATHU TA IX OBTOBOPEHHS

PesynbTraTn gOCIIigKeHDb y CBiTJIOBOMY OITHYHOMY MiKPOCKOIIL 3pasKiB
BuximHoro crany jJatyhi JIC59-1 naBemgeno ma puc. 3. AHamiza HUX CBi-
OUYUTH OPO Te, IO iXHIiM (Da3oBUM CKJIaJ BiAIIOBimae JiTepaTypHUM Oa-
HUM 1 IpeficTaBJIeHNN ¥ BUTJIALL ABOX Y- i B-(ha3 3a HAABHOCTY BUAIJIEHD
onuBa 3 'lIK-rparaumeio (¢ = 0,49505 am). MikpocTpyKTypa MicTUTH
maTpuuny (cBiTay) v-asy Ta remHy [(abo B')-hasy, a TaKoX 100y aapHi
BUIiJIeHHA ouBa pos3mipamu Big 0,2 1o 10 MKM, pO3TOAia AKX HA IIO-
BepxHi mrida € npakTuuno piBHOMipHUM. CTpiukm B-asu i3 HesHaU-
HUMU TJIO0YJIAPHUMHY IIOTOBITEHHAMY, PO3TAIIIOBAHI B3JOBK MEK 3epeH
y-basu, maroTh TeMHUI KOHTpacT, ocKinbku OILK-B-dasza sasnae min-

Puc. 3. OnTruHO-MiKpPOCKOIIiuHE 300paskeHHA CTPYKTYPM IIOBEPXHi JaTyHi
JIC59-1 y Buxinmomy craHsi.

Fig. 3. Light-optical microscopy image of the Cu39ZnlPb brass surface
structure in initial state.
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BUIIIEHOT'0 XeMiUHOTO IITaBJIeHHA.

HaasuicTb 03HaYeHUX CKJAMOBUX Y BUXiJHOMY CTaHi JaTyHi miaTBe-
PIKYEThCS PpPe3yJbTaTaMH AaHaJJi3W TPAHCMICIHHUX eJeKTPOHHO-
MiKPOCKOIIIYHIX TOCJIIIKeHb CTPYKTYPH TOHKHUX (PoJIiii, a TaKkoXK ofe-
piKaHUX eJeKTPOHOrpaM i3 BU3HAUEHHAM ILJIOINUH BimagsepKalieHHA Ta
pediekciB Bix xoxuoi 3 a3z (puc. 4). 3a3HAUYNMO, III0 I'YCTHUHA PO3TAa-
IITyBaHHS AMCJIOKAIIil BTijleHHA B 000X (hasdax BUXiTHOTO CTaHY JIEKUTD
y meskax 5-10°cm 2 3a mesHaunol npucytHoctu B I'IIK-y-dasi Tonkux
IBiHUKIB, OUeBUIHO, JedopMallifHOTO MMOXOI:KeHHsa (puc. 4, a). IIpo
OPUHAJEKHICTh JUCJIOKAIiN 10 THIY Je()eKTiB BTiJIEHHS CBiAYNTh Had-
BHicTBh 0ing HuUX medopMalliiiHOro KOHTPACTy, 3aBAAKU SKOMY BOHU
BU3HAYAIOTHCS Ha €JIEKTPOHHO-MIKPOCKOTIUHINX 300pareHHax. I1oaio-
Hi 0cOBGJIMBOCTI He IPpUTaMaHHi JedeKTaM TUITY BUJIYUYEHHs, AKi Ha PiBHI
BaKaHCiHi i AMCIOKAaIliili IPaKTUUYHO HE CIOCTEPiramoThbcA y HOMiOHMX
Iocim:KeHHAX . Bimomo, 1110 uIlle HaABHICTD Ae(peKTiB TUNIY BTiJIEHHA Y
BUTIJIAAL BaKaHCiH i quciokalliii Mmoxxe i 3a0esmeuye BigmosigHe medop-
MallilfiHe 3MiITHEHHS 3a Pi3HUX BUAIB IIacTHUHUX nedopmarrii [31, 32].

Caix BigsHaumTH, 1110 Y BUXiJHOMY CTaHI PLMKHUITA MiMK OUCIOKAIIi-
HUMU CTPYKTypamu V- i B-das (3a ymoB, 1mo B-asa He BcTUrae posmac-
THCA Ha O- i y-ha3u) IpaKTUYHO He BUABJIAETHCA (OKPiM MiKpoOABiiTHM-
KyBaHHdA, AKe 3pifgKa 3ycTpiuaersed B y-dasi BuxigHoro crany). Hamii-
HO po3pisHUTHU a3y y BUXITHOMY CTaHi y JOCIiIKeHHAX 3a JOIIOMOT' 00
TpaHCMiciliHOl eJJeKTPOHHOI MiKPOCKOIMil MOKJINBO TiJIBKHU 3a €JeKTPO-

Puc. 4. TEM-zo6paskenns mikpocTpykrypu I'lIK-o-hasu y miomuui BaabIrio-
BaHHA y ¢ouii Jaryni JICH59-1 y BuximHomy craHi (a) Ta erekTpororpama (6) 3
HaBegeHoi Ha (@) TiIAHKA.

Fig. 4. TEM image of the microstructure of f.c.c. a-phase in the rolling plane
in Cu39Zn1PDb brass foil in the initial state (a) and the SAED pattern regis-
tered from the area shown in (a).
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HOTpaMaMHM, XOua HaABHICTH, JgeopMaIlilHMX JABIAHMKIB, dAKi
3’ ABNAIOThLCA mig yac ¥Y3VYO (mesasieskKHO Bij oro BUAIB i peKuMiB), Ha
IMOYATKOBUX CTaAiAX 0OpOOJIEHHA JUIe Y CTPYKTYPi 3epeH y-dasu 1o-
moMarae mpoiiecy ii BusHaueHHs. Ha pucynkax 5, 6 HaBeIeHO CTPYKTY-
pu spaskiB garyni JIC59-1 micaa ii ¥Y3YO B atmocdepi aproHy BIIpo-
mos:x 20 ta 50 c.

3azHavYmMo, II10 TOAi0HI CTPYKTYPHI 3MiHM B JIaTyHi cmocTepiranaues i
3a ymoB ¥3¥YO0 3a cxemoio 1 [15] yupomos:k 50 ¢ 3a 00po0IeHHA AK Ha
IOBiTPi, TaK i 3a OXOJIOMKEeHHS y piZKomy asori. BomHouac akTuBHe
Iedopmariiine ABiTHUKYBaHHA Y-(as3u CIIOCTEPiraeThCcAa Ha ITOUYaTKOBUX
cramiax obpobaennsa (micaa 20 ¢ Y3VO0). Ilepebir aBiiHMKyBaHHA Bif-
OyBaeTbcda Ha TJi ogHOuacHoro hopmyBaHHA B 'T[K-y-hasi komipuacTux
CTPYKTYP i3 posmipamu Komipok y 0,02—-1,5 MKM, asuMyTaJabHA Ae30Pi-
€HTAIlis MisK CyCiZHIMU eJleMeHTaMH AKX B MeKaX MOHOKPUCTAI YHIX
3epeH He mepeBUIye +2,5°, 110 MiATBEePAKYETHCA aHATi30I0 eJIeKTPOHO-
rpaM TeEMHOIILJIBLHUX i CBiT/IONiIBHUX 300pasKkeHb (puc. 5).

Ogmep:xaHi pe3yabTaTH 3arajioM 36iraioTbcs i3 BUCHOBKaMu pobit [3,
5] mpo Te, 10 aKTUBHE medopMalliiiHe IBiNHUKYBaHHS JaTyHel MoOKe
CIIPUATU IiABUNIEHHIO IXHBOI IJIACTUUYHOCTH, AKEe TaKOXK CIocTepira-
JIoCch i 3a ymoB gedopmartii mig wac Y3VO [13].

Mo omep:kaHUX pes3yJbTaTiB CJif momaTu i Te, 110, Ha BiAMiHy Bifx y-
dazu, B OLIK-B-dasi gredopmariiiine MikpogBiiHUKYBaHHA HE CIIOCTEPi-
raeThesa. HesasexHo Bim cepemoBuila o0po0IeHHSA, I'YCTUHA PO3TAIIy-
BaHHA AeeKTiB BTiieHHA y 3epHax [-dasu 3i 30iIbIITeHHAM TPUBAJIOCTHA
V3VO0 nigsuiyernes go 101! em 2. IlepebymoBa guciaokariii y Komipua-
CTi CTPYKTYypU B 3epHax B-dasu y mopiBHAHHI i3 y-(hasoro BixbyBaeTbcs

Puc. 5. TEM-306paskenusa mikpocrpykrypu I'IIK-y Ta OLIK-B-das y miomusi
BasnbIoBaHHA (Qourii naryri JIC59-1 micaa ¥Y3VO (20 c) B atmocdepi aprony
3a cxemoio 1 (a) Ta emekTpororpama (6) 3 HaBeneHOl Ha (a) TiTAHKU.

Fig. 5. TEM image of the microstructure of f.c.c. y- and b.c.c. B-phases in
the rolling plane of the Cu39Zn1Pb brass foil after UIT-1 for 20 s in the
argon-gas atmosphere (a) and the SAED pattern registered from the area
shown in (a).
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Puc. 6. Caitisonisnsae TEM-300paskeHHsa MiKpocTpyKTypu i3 medopmariisnu-
mu Mmikpoasititamkamu I'IIK-y-hasu y momumui BanbmioBaHHS (Qouril jgaTyHi
JIC59-1 micaa ¥Y3YO (50 c) B atmoctepi aprouy s3a cxemoio 1 (a), eIeKTpo-
Horpama (6) 3 HaBefeHOl Ha (a) HIAHKYU Ta TEMHOIIJBHI 300paskeHHA (8, 2),
onmepsKaHi y BigmsepKaJeHHAX Bix ABIAHWMKIB 1 MaTpuili, mo3HaueHUX Ha
eneKTpoHorpami mudpamu I ta 2 BigmoBigHO.

Fig. 6. TEM bright-field image of the microstructure of f.c.c. y-phase with
deformation microtwins in the rolling plane of the Cu39Zn1Pb brass foil
after UIT-1 in the gas argon atmosphere for 50 s (a), SAED pattern (b)
registered from the area shown in (a), and dark-field images (8, 2) obtained
in reflexes of twins (1) and matrix (2) indicated in (6), respectively.

3HauHo cyabire (puc. 5, 7).

PesynpraTtu mociaigskeHb cTPpYKTypH (-hasu y TeMHOMY moJi B ped-
JeKcax oamBa (puc. 7, 6—0) cBiguaTh mpo Te, 1o 3a ¥Y3¥YO maryHi, B TO-
My YHCJi H 3a TeMmepaTryp, HaOIm:KeHHX OO0 pimrkoro asory, B OILK-
I'paTHUII BigOyBaeThcsa aKTHBHE IMOAPiOHEHHS BUXiTHUX T'JIOOYJISAPHUX
YAaCTUHOK OJIMBA 3a OJHOYACHOTO YTBOPEHHSA Ha AUCJOKAIIiAX 3HAYHO
IpibHimux Bumisenb poamipom y 2—20 um. IIi obcraBuHM, OUeBUIHO,
CIIPUAIOTH TaJIbMYBAHHIO IIPOIECiB YTBOPEHHS H00pe chopMOBAHUX KO-
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Puc. 7. TEM-306paskenusa mikpoctpyktypu OLIK-B-hasu y maomnusi BasgbIfio-
BaHHA ¢ouii aaryui JIC59-1 micaa ¥Y3VO y pizkomy asori 3a cxemoro 1 (50 i
100 ¢) (a, 8), BigmoBigHi enekTpoHOrpamMu (0, 2) Ta TEMHOIIiJIbHE 300paKeHH S
(0), omepeKkane y BiigsepKaIeHH] 0JMBa, IIO3HAYEHOMY Ha (2) CTPiIKOIO.

Fig. 7. TEM image of the microstructure of b.c.c. B-phase in the rolling plane
of the Cu39Zn1Pb brass foil after UIT-1 in liquid nitrogen for 50 and 100 s (a,
8), respective SAED patterns (6, 2), and dark-field image (9) obtained in reflex
of lead indicated by arrow in (2).

MipyacTux CTPYKTYp y P-dasi, osHaK 3MeHIIIeHHA KiJIbKOCTHU AKOI 3a
yMoB Y3V O 3a MeHIIT IOTyKHOIO cxeMoio 1 ympomos:xk 50 ¢ He crmocTepi-
rajiocs.

Buropucramua Y3VYO0 za cxemorio 2, axa 3a0e3meuye BUINN CTYHiHb
medopwmarrii, icTroTHO 3MiHIOE 0COGIMBOCTI (POPMYBAHHS CTPYKTYP JaTy-
Hi (puc. 8). ¥V mepiry uepry, CJig 3a3HAUYNTHU 3HAUHE IIOAPiOHEHHS MO-
HOKPHUCTAJIUHNX 3ePeH BUXiTHOTO CTaHy BiJ cepelHbOT'0 PO3Mipy B Me-
kKax 30 MKM MO0 MOHOKPHCTAJIUHUX eJeMeHTiB 3 posmipamu y 2—3,5
MKM, BHYTPiIlIHI CTPYKTYPU SKMX HPEACTaBJIEHO KOMipKaMHU 3 PO3Mi-
pamu 0,2—-0,6 MxM, a IXHA asuMyTaJIbHA Ae30PicHTaIlid B MeXKaX MOHO-
KpHCTAJiYHOTO yTBOPeHHs B Kouil (puc. 8, a) He mepeBuinye +2,5°
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Puc. 8. Csitsnoninere TEM-300pa:xenna wixkpoctpykrypu I'I[K-y-hasu y
IJIOIIWHI BaJbITIoBaHHA (ourii paryHi micaa Y3VYO0 y pigxomy asori (50 c) 3a
cxemoio 2 (a), exexrpoHorpamu (6, 8, 2), omeps:KaHi Bim obsacreii, mo3HaUe-
HUX Ha (a) mudpamu 1, 21i 3.

Fig. 8. TEM bright-field image of the microstructure of f.c.c. y-phase in
the rolling plane of the brass foil after UIT-2 in liquid nitrogen for 50 s
(a), the SAED patterns (6, 8, 2) obtained from the circle areas indicated in
(a) by numbers 1, 2, and 3, respectively.

(puc. 8, 0).

Y MOHOKPHCTATIYHNX eJIEeMEHTAaX 3 Po3MipaMu, MEHIITIMHU 34 2 MKM, i
BHYTpPillTHIiMu KoMipkamu meHinmumu 3a 0,3 MxM (Koo 2 Ha puc. 8, a)
eJleKTpoHOTrpaMa HabyBae BUTJIAAY (puc. 8, 8), AKUM CBiAYUTH PO a3u-
MyTaJbHY He30picHTAIlil0 KOMipoK, aka carae +3,5—4°. 3azHaunMo, II10
Ha puc. 8, @ pucyTHi Micia (K00 3) i3 CTPYKTYPHUMH YIPYIIOBAaHHAMU
i3 posmipamu y 0,14-0,2 mxM. BoHU Bu3HAYAIOTHLCS GBI YiTKUM YOP-
HO-OimuM medopMalifiHUM KoHTpacToM. EjeKTpoHOrpaMmu Bim Takmx
IinaHOK HaOyBalOTh BUTJIALY, IIOKa3aHOTO Ha puc. 8, 2, AKUHA CBiIUYNTDH
PO pisKe 3MeHIITEeHHA eJeMeHTiB cTPYKTypu. KpaTHe 30iableHHA Ki-
JBbKOCTH Bii3epKajieHb, PO3TAIIOBAHUX Yy IIEPITIOMY KOJIi, CBIiIUNTD, IO
IIi eJileMeHTH 3a CBOIMH KpucTajJorpaiuHnMy o3HaKaMM BiAIOBiZaOTh
MOHOKPHUCTAJIUHUM JPiOHMM yrpyIoOBaHHAM i MICTATh BCcepemguHi
6imbm mpidui Komipku. Ile 3abeaneuye He JuIlle a3UMyTaJbHe, a i pami-
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SIIbHE PO3MUTTS OKPEMUX BimazepKajieHb BiJi 03HAUYeHNX MOHOKPHUCTA-
JIYHUX eJIEMEeHTiB CTPYKTYPH.

Onucanmii KOMILIEKC CTPYKTYPHUX SABUIN CIPUAE YTBOPEHHIO HAa
eJIEKTPOHOTPaMax MalKe CYIIJIbHUX HepPIIuX KiJ, KOKHe 3 SKuX c(o-
pPMOBaHe 3arajbHOI0 KiJIbKiCTIO pO3TaIllOBaHUX B3JOBXK HUX BimasepKa-
JIeHb BiJl yCiX eJeMeHTiB CTPYKTYpH, AKi 3HAXOAATHCA Y MeXKax II0JId
(KoJa) orasamy, oOMeKeHOTO MPOEKITiHOI0 AiAdparMoio eJIeKTPOHHOTO
MiKpockoma. BogHopas, pagisiibHe po3MUTTs pedJaeKciB MoKe cBimgum-
TH, 30KpeMa, i PO SHAUYHUI HANPYKEHUI CTaH MOAiIOHUX CTPYKTYP,
AKUN OUiKyBaHO Mae IIiABHUITyBATHCA 3a YyMOB ¥3YO 3a KpioreHHHX
TemiepaTtyp. KpiMm Toro, 3a ycix momiOHmMX BHOAAKiB eJIeKTPOHOTPAMU
MaTh Kpuctajgorpadiuni osuaku, npuramani Tiabku I'IIK-r'paTamIri
3a MPaKTUYHO MMOBHOI BificyTHOCTH Bixnseprasens Bix OLIK-B-dasu. Ile
MOsKe OyTH IIOB’sA3aHe 31 3HAUHMMM CTYIEeHAMHU ILJIaCTUYHOI medopMa-
ii, AKi cOpUAIOTE Ae3iHTerpailii rimo0yJaapHUX YaCTHHOK OJIMBA 3 OJHO-
YACHUM YTBOPEHHSIM BEJMKOI KiJIbKOCTH HOBUX OLJBII APiOHMX YACTU-
HOK OJIMBA, PO3TAINOBAHUX Ha AUCJIOKAI[isAX, IIT0 MOKe OyTH CBigueH-
HAM ITiABUINEHHS IMBUAKOCTH AUQPY3ilHUX mporieciB. 3a BUCHOBKAMMU
pobiT [24, 25] 6pak mBuakocTu nudysii 3MeHIITye BiporigHicTh po3many
B-dasu Ha o+y-hasu y TO# Uac, AK BHAUHE ITiJBUINEHHA IITBUIKOCTH IU-
dysiitaux mporecis 3a ymMmoB Y3YO MosKe cupuaTu ii posmany, 3abesme-
yyoun noaBy o-¢asu 3 ['TIIK-rparauneo. 3pocTaHHSI yacy o0pobaeHHa
1o 100 ¢ y pisHuX cepemoBuIax (Ha IOBiTPi, B apr'oHi i1 y pizxomMy a30Ti)
CIIPUYMHAEC 3HAYHI BeJIMUMHMN AedopMaliiii 3paskiB, 10 IIPUTHIUYE me-
dopmarnitine nBittHukyBanHA ['L[K-y-dasu. Oxpewmi i#ioro sajnumku B
He3HAaUYHUX 3a posMipaMu miJAHKaxX CTPYKTYP (Zo 3 MKM) 3pigka cioc-
TepiraroThcA Ha TJIi 3HAYHOTO HOAPiOHEeHHA IK MOHOKPUCTAJIIUHUX eJje-
MEHTIiB BUXiZHOI CTPYKTypu (3epeH), TaKk i KOMipoK y ixHi#l cepemuHi
(puc. 8). VimoBipHo, mo micaa Y3YO TpusaiicTio > 50 ¢, He3aIesKHO Bif
3aCTOCOBAHOI cXeMHU HaBaHTAMKEHHs, OLiJBINI iCTOTHY pPoOJb y mepediry
pejaxcaliiHIX OpoIeciB Bigirpae Bakauciiiuuii mexauiam. IIpo e cBi-
OJYaTh He TiJIbKU 3MiHU AedopMaIiiHOro KOHTPACTy, a M HaA3BUUYAMHO
BHCOKA I[LJIbHICTh CKYITUYeHb TOUKOBUX Ae(eKTiB THUITY BTiJIeHHS.

3a3HaYMMO, IO BCTAHOBJIEHA IIOCJiTOBHICTE CTPYKTYPHUX IepedyIoB
He CYIepeuYnuTh 3araJbHUM IPUHITUIIAM YYaCTH Ta MOCJIiJOBHOCTH POOO-
T MeXaHi3MiB ILIACTUYHUX i KPUXKOI pejlakcalliii Big ymMoB medopma-
1ii, 3oxpeMa Bif ii mIBUAKOCTH, AKa Y BUTJIALL IapabOJIiuHIX 3aJI€KHO-
cTell MOCIiTOBHO perjaMeHTye OisaabHIiCTS (TeHepallito BiZmoBigHuX me-
dekTiB) ycix MmexaHidMiB pesakcarlii y moJi giAabHOCTH BaKaHCITHOTO
MmexaHizmy [33—38]. BogHouac, ocKinbKu mporiec medopMaIiiHoro Mi-
KPOABiMHMKYBaHHA MOXKe OYTH BiHeceHUI M0 AUCJIOKAIIMHOTO MeXa-
HisMy, 1OT0 IPUTHIiUEeHHS 34 HAA3BMUYANMHOTO IOAPiOHEHHS MOHOKPIC-
TAJTIYHUX CKJIAJOBUX IIOJNIKPUCTATIYHUX CTPYKTYP BUIJIALAE Biporin-
HUM, TUM OiJIBII, IO ITe MAa€ BigOyBaTHCA 3a IPUINHEHHSI POOOTH JTIC-
JOKaIifHOTO MexXaHi3My KOB3aHHA Ta Iepefaudi mpoBigHOI poJii 3a yci
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penakcalifini aBuIilna BaKaHCifiHoMy MexaHismy. OsHaueHe, 3TiZHO
[38], BimOyBaeThCca 3a 3HAUHOTO 30iJBbINTEHHA KiJILKOCTH HOBUX, c(hop-
MoBaHUX 3a ¥Y3Y0O KOHIEHTPATOPIB HAIPY:KeHb, Biamami MixK BepImu-
HaMU AKUX MiHIiMi3yIOThCS, 34 PAXYHOK HOAPiOHEHHS eJIeMEeHTiB CTPYK-
TypUu Ta 3MEHIIeHH JiI0UYnX HaIPY:KeHb Y KOKHiM i3 BepiuH. Ile mae
CIIPUATH IIPUTHIYEHHIO 1mporecy gedopMAaI[iiHOrO0 MiKpoaBiiiHI-
KYBaHHS, 3aPOJKeHHA AKOTO OB’ A3YETHC i3 AUCIOKAIIMHNM MeXaHi-
3MOM, 3JATHOTO CHOPUATH pejakcaiii OiJbIl maJeKOUMHHUX HaIpPy-
JKeHb, AKi BUHUKAIOTH JIUIIEe Y KPYIHO3EPHUCTUX CTPYKTYpax.

4. BUICHOBRKH

Bmepiite mpogeMoHCTPOBaHO, 1110 3a yMoB ¥Y3VYO 3paskis natyri JICH59-1
Ha (OHi HepiBHOMipHOI'O iHTEHCUBHOIO MOAPiOHEHHS BUXITHUX 3epeH i
copMOBaHMX BIOPOAOBXK medopmarlii cyOCTPYKTYPHHUX eJIEMEHTiB y
ixHiT cepexunui 30imbitenHda uyacy Y3YO mo 100 c cympoBoOm:KyeThCS
NPUTHIYeHHAM mpoliecy AedopMalliiHOro MiKpoABIiMHUKYBaHHA, dKe
Ha MOYaTKOBUX CTamiaxXx o0pobseHHs (7o 40 ¢) aKTUBHO PO3BUBAETHLCS B
y-asi.

Hedopmaria BucokoremnepatypHoi B-hasu HA MUX cTaxidx BigdyBa-
eThbcA 0e3 y4acTd MiKPOABIMHMKYBaHHS 3a aKTMBHOIO 3POCTaHHS T'yC-
TUHU AUCJOKAaIlili, moApiOHeHHA Ta 30iJbINIeHHS KiJIbKOCTH BUIiIJICHL
0JINBA, AKi 30cepeKeHi Ha UCJIOKAI[INHNX CKYITUYeHHIX.

IligTBEepmEeHO, IIIO 3a YMOB 3HAUHMUX Aedopmailiiii, AKi BegyTh 0
dopMyBaHHA AEe30Pi€eHTOBAHUX HAHOPO3MipHUX CTPYKTYPHUX eJIeMeH-
TiB, B CTPYKTYPi KocaimkeHoi JaTyHi BigcyTHa B-dasa, 1110 Moxe 0yTH
moB’sI3aHe i3 MiABUINEHHAM IIBUAKOCTH IUPY3iHMX IpoIlleciB, CIIpo-
MOXKHUX IPUIIBUANTYBATH i1 po3naz Ha o- Ta y-hasy i3 'K rparanma-
MU.
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IlinBUIEeHHSI BTOMHOI JOBrOBiYHOCTH CTOILY aJIIOMiHi0
16T BucoxkouacroTHUM yagapHUM MogudiKyBaHHAM IIOBEPXHi

B. M. Mopzrok ™™, O. C. T'anteaxo”, T. B. Typuak”, O. I. Backosa”,
0. C. Kymuapnosa™

*‘ITncmumym memanogisuxu im. I'. B. Kyporomosea HAH Ykpainu,
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ITigBumenssa pecypcy BiATOBiZaJIbHUX KOMIIOHEHTIB i3 anOMiHifIOBUX CTOIiB
3a IMUKJIYHUX HaBAaHTAXKEHb 3a JOIIOMOI0I0 MOAU(DIKyBaHHSA IIOBEPXHI € BaXK-
JINBOIO 3aadvero. ¥ il poboTi JOCIIiMKEeHO eBOJIOiI0 MiKPOCTPYKTYPHU Ta Me-
xaHiuHi BaacTuBOCTi amioMmiuiioBoro cromy /16T 3a mukgiuHOrO HaBaHTAa-
JKeHHS Ta BUCOKOYACTOTHOrO yamapHoro oopobaenusa (BUYO) mosepxui. Ak
OyJI0O BUABJIEHO 3a JOIOMOIOI PEHTIeHiBChKOI amdpaxiii, ckanyBaabHOL
(CEM) i tpaucwmiciiinoi (TEM) eneKTpOHHMX MiKPOCKOIil, MiKPOCTPYKTypa
3pasKiB cKJaazasacAa 3 MATPUII aJTIOMiHiIO Ta BUAiJeHb 3Mil[HIOBAJIBHOI (hasu
pisuoi gucmepcuHocTH (= 2,5 06.%). BecranoBieno, 1o iHTeHCUBHA ILIACTHUYHA
medopmartia mix vac BUYO-moaudikyBaHHA TOBEPXHI Belie 10 3POCTAHHSA Mi-
kporBeproctu HV100 nosepxHi Ha 46% (1,46 I'lla) Ta omopy BTOMi Ha 75%
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(9,2 103 nurIiB 3a Omax = 440 MIIa) 3paskis crony 16T y nopiBaaHHI i3 Bu-
XiIHUM CTaHOM, II[O HOB A3aHe i3 (POPMYyBAHHSAM YJILTPAAUCIIEPCHUX 3€PeH i
HaIpy:XKeHb CTUCHEHHA y NoBepxHeBoMmy Iapi. EBomionmiro medopmamiiiHux
IedeKTiB i MiKPOCTPYKTYpHM aHaidyBaiM Ha KiJbKOX MacHITaOHUX PiBHIX
IndpakmifHTMy Ta MiKPOCKOIIYHMME METOZAaMM, a TaKOK MOJEJTIOBAHHIM
MeTomo0 MoeKyasapHoi nuaamMiku (M]l). CKynueHHA AUCIOKAITIN i TOUKOBUX
IedeKTiB HaBKOJIO COepUIHOTO BKJIIOUEHHS, BiATIIapyBaHHA MaTPUIlL B3JOBXK
Mik(dasHUX MeX i3 yacTuHKaMu APyroi hasu Ta cMyru KOB3aHHA PiBHUX CHUC-
TeM, BUSBJEHI B I'PaTHUII ajfoMiHito mig vac M]l-MomemtoBaHHS ILIACTAYHOL
medopmailrii, 3HAUIIIN CBOI eKCIIEPUMEHTAJNbHI MiATBEPI:KEeHHSI Ha iHITOMY
macirrabromMy piBHi 3a mpsamoro TEM-cnoctepeskeHHA MiKPOCTPYKTYPH BUXi-
raHUX i MmogudikoBanux BUYO 3paskiB miciida muKaivHOro HaBaHTAKEHHA. 3a
IJaHUMU €KCIIEPUMEHTAJBHOI aHaIi3u MiKPOCTPYKTYPU Ta pe3yabTaTaMU MO-
IEeTI0OBAHHA MOJYKJIMBUMM MeXaHi3MaMV YTBOPEHHA 3apOAKOBUX TPIITUH €
CKYHUEeHHHA AWCJIOKAIiN i TouKoBUX NedeKTiB HABKOJIO YACTHMHOK APyTrol asu
3 MOJAJIBIINM BifiapyBaHHAM B3IOBXK MiK(asHUX MeX i YTBOPEHHS CMYT
KOB3aHHSA, IKi MOXXYTb BUXOAWUTHU Ha IIOBEPXHIO BIIPOJOBIK ITUKJIIUHOIO HaBAa-
HTa’KeHHd, a POPMyBaHHA HAIPYKEHb CTUCHEHHA B YJIbTPAANCIEPCHOMY II0-
BEPXHEBOMY IIapi € TMMMW YMHHUKAMU, M0 3aI00iraroTb PO3IOBCIOAMKEHHIO
TpimuH i nepexuacHoMy pyiHyBaHHIO. Omep:KaHi pesyJsibTaTy CBig4yaTh, IO
BUYO-monudikyBaHHA IOBEPXHI 3a LOMOMOIO0 YJIBTPA3BYKOBOT'O 00JIa HAH-
HA MOXXe 0yTu e()eKTUBHO 3aCTOCOBAHE IJIA IMiBUINEHHSA OIOPY BTOMi CTOIY
16T B ymoBax MaJIOIMKJIOBOI BTOMH i3 MaKCUMAJbHUMU IMUKJIIUHUMU Ha-
MPYXKEeHHAMHU, OJU3LKUMHU 0 MEXKi IIJIMHHOCTH.

KarouoBi ciioBa: anoMiHifioBi cTonm, MaJOIMKJIOBA BTOMA, TBEPAiCTh, JUCIE-
pcitie 3MilTHEeHHA, JiHIHHI Ta TOUKOBi JedeKTH, IIacTuvHa qedopMalliss, Mo-
JeKyJIsIpHa IUHaAMiKa.

Increasing the service life of critical components of aluminium alloys under
cyclic loading by surface modification is an important task. In this work, the
evolutions of the microstructure and mechanical properties of the aluminium
alloy D16T under cyclic loading and high-frequency mechanical impact
(HFMI) modification of the surface are investigated. As revealed by x-ray
diffraction, scanning electron microscopy (SEM), and transmission electron
microscopy (TEM), the microstructure of the samples consisted of an alumin-
ium matrix and precipitates of strengthening phases with different disper-
sion levels (2.5vol.%). As established, severe plastic deformation during
HFMI surface modification leads to a 46% increase in surface microhardness
HV100 (1.46 GPa) and a 75% increase in fatigue resistance (9.2 103 cycles at
Omax = 440 MPa) of the D16T-alloy samples compared to the initial state that
is associated with the formation of ultrafine grains and compressive stresses
in the surface layer. The evolutions of deformation defects and microstruc-
ture are analysed at several scale levels using diffraction and microscopic
methods, as well as molecular dynamics (MD) modelling. Clusters of disloca-
tions and point defects around spherical inclusions followed by the matrix
delamination along the second-phase particles’ interfacial boundaries and
slip bands of different systems detected in the aluminium lattice during MD
modelling of plastic deformation found their experimental confirmation at
another scale level by direct TEM observation of the microstructure of the
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original and HFMI-modified samples after cyclic loading. According to the
experimental microstructure analysis and modelling results, possible mecha-
nisms for the formation of nucleated cracks are the accumulation of disloca-
tions and point defects around the particles of the second phase with subse-
quent delamination along the interphase boundaries and the formation of slip
bands, which can reach the surface during cyclic loading, and the formation
of compressive stresses in the ultra-dispersed surface layer are the factors,
which prevent crack propagation and premature failure. The results obtained
indicate that HFMI modification of the surface using ultrasonic equipment
can effectively enhance the fatigue resistance of the D16T alloy under low-
cycle fatigue conditions, with maximum cyclic stresses approaching the yield
point.

Key words: aluminium alloys, low-cycle fatigue, hardness, dispersion
strengthening, linear and point defects, plastic deformation, molecular dy-
namics.

(Ompumano 26 rucmonada 2025 p.; ocmamoun. 6apisnm — 28 aucmonada 2025p.)

1. BCTYII

AnoMiHiTIOBI cTOmM INMMPOKO BUKOPHCTOBYIOTHCA B aepOKOCMiuHii,
TPAHCIIOPTHIN Ta iHMINX rajgys3ax 3aBASKHN CBOIM HM3LKIiHM Basi Ta mpu-
WHATHIZA nurToMiii mimuocti # ymapuiii B'askocti [1-5]. Cromu cepii
2xxx (cucrema Al-Cu-Mg), 6xxx (Al-Mg-Si), Txxx (Al-Zn-Mg—Cu) €
TePMOOOPOOTIOBAHMMMU 3aJIA AUCIEPCiiHOT0 3MiITHeHHA Ta MalOTh BU-
COKY MimHicTh i miaactTuuHicTsh. BomHouac omip BToMi asoMiHifToBMX
CTOIiB € XapaKTepUCTHUKOIO, II[0 IMOTPeOye MOJIIIIIeHHA 3a4ad YHUK-
HeHHS PaHHBOTO BUHUKHEHHS IOBEepXHeBUX He(eKTiB i samobiranHs
3apOJKEHHIO BTOMHUX TPiluH Ha moBepxHi [6—11]. Takum unHOM, aK-
TYyaJbHUM € IIOIIYK METO/IiB IIOBEPXHEBOT'0 3MIiITHEHHS aJIIOMiHiIOBOTO
cromry 2024 ([16).

Hapasi 6araTo MeTo/[iB IIOBEPXHEBOI0 3MiITHeHHSA HaHECeHHIM 3aXU-
cHuX TMOKpuTTiB [12, 13] ab60 3 BUKOPUCTAHHAM iHTEHCHUBHOI IIJTaCTHY-
HOI medopMarrii, TaKUX AK IIPOTOCTPYMUHHEe 3MinuenHsa [14-16], 1aze-
pHe ymapHe sminueHHsd [14], yabTpasByKoBe MoaudiKyBaHHS IIOBEPXHi
[16] Ta yabpTpasByKoBe yaapHe o6pobuenHs (Y3YO0) [9, 17-19], Takox
BifoMe K BUCOKOYACTOTHE MexaHiuHe mpokoByBauHsa (BMII) [20], mm-
POKO BHKOPHCTOBYIOTBHCSA B rajiysi MoamdikyBaHHS IIOBepPXHiI MeTae-
BUX MAaTepisaigiB. 3asBuuail 11i MeTonu 3abes3mneuyioTh Momu(iKyBaHHS
TIOBepPXHi, iHAYKOBaHe medopMalli€io, Ta MigBUIIYIOTh BJIACTUBOCTI 00-
po6JieHOTr0 MAaTepisaay 3aBOAKU CUHEPreTUYHOMY BILINBY 3MEHIIEHHS
MIePCTKOCTiI MOBEepPXHi, 3MEeHINIEHHA PO3Mipy 3epHa /10 HAHOPO3MIipiB i
3aJUIMKOBUX HaNpPysKeHb CTHUCHEHHSA Yy IIOBEPXHEBUX Ilapax
[9, 10, 14, 16, 20-24].

3araJbHOIPUNHATO, IO, KPiM 3MEHIIEHHS IIEePCTKOCTH IOBEPXHI,
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IO CIIPHUsIE YCYHEHHIO ITIOBEPXHEBUX KOHIIEHTPATOPiB HANPY:KEeHb i 3a-
mobirae 3apomiKeHHIO TPiuH, Ta (OPMYBAHHSA BaJIUIIKOBUX HAMIPY-
JKeHb CTHCHEHHS, II0 raJbMYIOTh PO3IOBCIOMMKEHHS TPIIMUH, MOLM()i-
KYBaHHS MiKPOCTPYKTYPHU TaKOK € OJHUM i3 KJIIOUOBUX YMHHUKIB IIij-
BUIIEHHS 0IMopy BToMi [25-29].

JJisg 3MiHM MiKPOCTPYKTYPU ITOBEPXHI BUKOPUCTOBYIOTH BUITIE3Tala-
Hi MeToau MoBEPXHEBOI gedopmarrii.

Hanpukiaan, gocaigkeHHA BILJINBY Ja3ePHOT0 3MiIlHEHHA Ha BTOMHI
BJIACTUBOCTI MMOKAasaJjiu, 110 CIIPUATJINBA €BOJIIOIiA MiKPOCTPYKTYpPHU Ta
BaJIUIMKOBI CTHUCKAJNbHI HANPY:KEeHHA € OCHOBHUMHN YMHHUKAMU, IO
CIIPUAIOTH MOJIIIIIIEHHI0O BTOMHIX BJAaCTUBOCTEeHN adioMiHifioBOTO cTOITY
2024-T351[30].

306imbIienHa BToMHEOI moBrosiunoctu mo 20 pasiB mopiBHSAHO 3 He00-
pobseHUM 3paskoM 3a paxyHOK ¥ 3YO mosepxHi crony 7075-T651 6yo
IToCcATHYTO B [31], a MOKJINBICTL YCYHEHHS 3aJIUIITKOBOI IOPYBAaTOCTH 34
yMmoB Y3V O morasamo B [32], 1110 € KOPUCHUM IJIsI BUPOOiB aAUTUBHOT'O
BUPOOHUIITBA. ¥YJILTPA3BYKOBe MOAU(DIKYBAHHS IIOBEPXHi OyJIO 3aCTO-
COBAHO OJIA IiABUINEHHS BTOMHIX XapaKTEePUCTUK aJIOMiHIiIOBOTO CTO-
my 7075-T651 micoa mepebyBamua B KOoposiitHOMY cepemoBuiili [33].

Mo:kHa ouiKyBaTH, ITII0 3HAUHY IepeBary MaTUMYTh MaTepisaau 3 Oi-
MOJIaJIbHOIO MiKPOCTPYKTYPOIO, AKAa MOJIATaTME B HAABHOCTI TBEPAOIO
IIOBEPXHEBOTO ITIapy 3 YAbTPAAPiOHO3EePHUCTOIO 36 PHOBOIO CTPYKTYPOIO,
110 3abe3revyBaTHMe ITi IBUINIEHUH OIIip OaraToUKJIOBiil BTOMi, Ta cep-
[IEBUHN 3 OCHOBHOI'0O MATEPifAIy 3 BUCOKOI B SI3KICTIO, IO CIIPUATHME
ITiABUIEHi i1 CTiKOCTI 11010 MaJIOIIMKJI0BO1 BTOMH [ 34, 35].

MeTo10 mamoi poOOTH € aHaJJi3a 0coOJIMBOCTEM eBOMIOIiT Jedopmalriii-
HUX JedeKTiB i MiKpOCTPYKTypHu Ha pi3HUX MacIITaOHUX PiBHAX i BTO-
MHOI TOBTOBiUYHOCTHU ajoMiHifioBoro cTomy 116 3a yMOB IMUKJIIYHUX HAa-
BaHTaskeHb i BUYO pisaoi TpuBamsocTu. OGroBOpeHO MiKpPOCTPYKTYPHI
YNHHUKY 3MIiITHEHHS Ta MiBUINEHHSI OIIOPY BTOMI.

2. METOJUKA ERKCIIEPUMEHTY

XeMiuHMIA CKJIAM JOCTiM:KyBaHUX 3paskis 3i crony [[16T mpomucioBoro
BUPOOHUITBA (TapAYe BAJBLITIOBAHHS, TapPTYBaHHA Ta IPUPOIHE CTapiH-
H{ 3a KIMHATHOI TeMIIepaTypH) pa3oM i3 OCHOBHMMM MeXaHiUHNMH BJia-
CTUBOCTSIMHU HaBeJeHo y Tao. 1.

3amJia 3MiITHEeHH TOBEPXHEBOTO Iapy 3pasKiB ixHa poboua ywacTuHaA
piBHOMipHO 00pO6Jisgaacsa 3a JOIOMOIOI0 BMCOKOYACTOTHOTO YIapPHOTO
00pobisenua (BUYO) is Bukopucranuam npuigany USTREAT-4.0 msa-
XOM TOCTYHOBOTO B3MiIl[eHHA IJIACKOr0 MNUJIIHAPWUYHOTO YIapHUKA
B3IOBK oci 3paska. erambuo onuc metony BUYO maBemeno y [17, 24].
B mawmiit poborti 06pano HacTynHi mapamerpu BUYO: ammiiTyga Ta dac-
TOTa KOJWBAHL TOPIISI YJILTPA3BYKOBOTO KoOHIeHTpaTtopa— 20 MKM i
21,6 xI'n BigmoBigHO, TpuUBaIicThL 06pobIeHHA — 30-60 ¢, uacToTa yua-
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TABJINIIA 1. Xemiunnii ckaazn i mexaHiuHi BiractuBocti cromy I[16T (Bar.%).

TABLE 1. Chemical composition and mechanical properties of D16T alloy
(wt.%).

| si | Fe [Cu| Mn [Mg| Cr | 2Zn | T [2zr| Al
Min. - - 3,8 0,30 1,2 - - - —  permiTa
Maxe. 0,50 0,50 4,9 0,90 1,8 0,10 025 015 -
HV (TTa) |02 (MIIa) |E (Ta)|os (MITa)[owo,» (MIIa)| §(%) |Kic(MIa-n?)
1,06 325-345 72 470 460 10,0 1355

Go,2 — MeMKa IIUHHOCTU, F — moznysb FOHTa, 65 — Merka MiITHOCTH, Go,2 — MeKa K-
JIiYHOI INIMHHOCTH, 8 — BUIOBKEHHs, K c— B'A3KiCTb pyiiHyBaHHS.

piB —=0,5 xI'i; [36, 37].

[MurriyHe (BTOMHE) HaBAaHTAXKEHHA 3Pa3KiB y PEKUMi MaJIOIUKJIOBO1
BTOMU IIPOBOAMJIU Ha cTaHmapTHi# ycranoBii «INSTRON-8802» B pe-
JKUMI «IIUKJIIYHOTO PO3TATY—CTUCHEHHA» 3 yacToToio y 15 I'm i acumer-
piero mumxay R=0,1 3a MaKCcHUMaJbHUX IHUKJIUHUX HAIPYy:KeHb
Omax = 440 MIla, aki 6igble MesKi IMIMHHOCTH BUXiJHOrO MaTepisany,
ajie MeHIITi MesKi muKJaiuaol mauHHOoCcTH (Tabda. 1). Posmipu pob6ouoi uac-
TUHY IJIACKUX 3Pa3KiB IJIA BTOMHUX BUIIPOOYBAHDL TOBITWUHOIO ¥ 3 MM
craanamu 20x10 mm2.

MipAaHHA MiKpPOTBEPJOCTHU IIiCJIA BTOMHMX TECTiB BUKOHYBaJOCA Ha
npunaxni IIMT-3M za maBauTaxkeuusy 100 r.

MopgenoBanHA pAedopMaiiHNX HOPOIECiB 3a IUKJIIYHOTO PO3Ts-
I'y—CTHUCHEHHs, a caMe, (JopMyBaHHA JIHIAHMX 1 TOUKOBUX HedeKTiB
CTPYKTYpH HaBKOJO (asoBux BKJIOUeHL y [TIK-TBepmomy posumhi
(I'paTHUII] aIOMiHiI0), IPOBEIEHO METOMOI0 MOJEKYJAPHOI AUHAMIKMU
(M) i3 BuropucTanuam nporpamuoro 3abesneuerna LAMMPS, a Bisy-
ajrizarfiio i1 oOpoOJIeHHA Ofep:KaHMX HaHUX IPOBEIEHO 3a JOIIOMOI'0I0
naxetry OVITO.

Ha ocuHoBi amaimisu jiTeparypu o0paHO HaNOiJBII IIePCHIeKTHBHI
EAM- ra MEAM-noTeHItisgaau MizkaTomMoBoi B3aemomii [38—41].

MikpocTpyKTypa Ta PO3IOAiJ (PasdoBUX CKJAJOBUX aHAJi3yBaju B
pactpoBomy enekTpoHHOMY MikpocKomi TESCAN Mira 3 LMU is B6ymo-
BaHUM eHeproguciuepciiinum wmikpoanamizaropom OXFORD X-MAX
80 Mmm2. 3MiHM MIKPOCTPYKTYpH B IIOBEPXHEBOMY IIapi 3paskip micsa
BYYO Ta BTOMHOro HaBaHTAKEHHS MOCIiMKYBall PEHTI'eHiBChKOIO
CTPYKTYPHO-()a30BOI0 aHAaJi30I0 i3 BUKOPUCTAHHAM JAu@paKToOMeTpa
Rigaku Ultima IV (sunpominenus CuK,, peecrpailisa gudpaxiiiiHux
KapTuH B iHTepBayi KyTiB 20 = 25°-105° i3 xpokom y 0,02° Ta wacom Bu-
TpuMKHN y 2 ¢). OcobanBocTi cTPpyKTypHO-(ha30BUX HepeGyaoB y 06 emi
3paskiB mob0JaM3y 00JIacTHM PYHMHYBAHHS aHaJIi3yBalud 3a JOIOMOTOIO
TpaHCMicifiHOTO eleKTPOoHHOTO MiKpockomna JEOL JEM-200CX.
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3.PE3YJBTATHU 1 OFTOBOPEHHSA
3.1. CTpykTypHO-(ha30BUI CTaH y BUXiTHOMY CTaHi

PesynbraTu amanaisu MikpocTpyKTypu cromy 16 y BuXigHomy craHi
HaBezeHo Ha puc. 1. 3rinmo 3 PEM-3o6pakennam (puc. 1, a) Ta peHTTe-
HiBCBKUMU aupakmiiHuMu KaptuHamu (puc. 1, 6), BiH MmicTuTh o-
TBePAUII PO3YMH HA OCHOBi aJIIOMiHiIO 3 cepegHIM PO3MipoM 3epeH y
3—-5 MKM, a TaKOoX pAJL AucHepcHux ¢as pisHOro ckiaanmy ta opmu. Ha
pucyHKy 1, a no6pe BUAHO YacTUHKU S-(hasu (Al;CuMg) posmipom y
2-5 mKM). Ixma o6'emHa uacTka criaamzae =2,5% (muB. ricTorpamm
puc. 1, 8). Ctonm Tako:k MicTHUTH cTpu:KHemonioui mucmepcoigu T-dasu
(AlgFeMn) poamipom y 200-500 um Ta uacturku 0-gasu (Al:Cu) posmi-
pom < 100 um (puc. 1, a), posmipu Ta ¢hopmy AKux BusHauaau 3a TEM-

< z|| ¢
. = g
3| ©-AlCu = g
5| s-ALcuMg
a| T-AlFe, Mn)
Q
E
5 s
ol e e § 55 0 %5 & s
SEM MAG: 379 X i EYT ,D;Hq)pa]{l[ll 20, rpazg.
8
R 30
g V=2,44%
= 20 d=0,2-6,5 mEm
=N
B
Q
210 l
. l.l I
0 2 4 6

Posmip wacTusOK d, MKM

Puc. 1. PEM-300pa:xenna (a), (pparMeHT PeHTIeHiBCbKOro IudpakKIiiiHOTO
cuekTpy (0) MiKpoCTPYKTypu BuxigHoro 3paska cromy I[16T i ricrorpama pos-
MipiB Ta 06’ € MHOI YaCTKM 3MiI[HIOBAJIbHUX YACTHUHOK (8).

Fig. 1. SEM images (a), fragment of x-ray diffraction pattern (6) of the micro-
structure of D16T alloy and histogram (8) of the size and volume fraction of
strengthening particles.
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Puc. 2. TEM-306pasxkenua mikpoctpyKTypu cromy 16T Ta ii KoHTpacTyBaHHA
3a/JIA CTATUCTUYHOI aHaIidu po3MipiB i opmu (hazoBUX CKIAZOBUX 3a HOIO-
mororo ImagePro.

Fig. 2. TEM image of the microstructure of the D16T alloy sample and its con-
trasting for statistical analysis of the size and shape of phase constituents us-
ing ImagePro software.

300parkeHHAMY MiKPOCTPYKTYPH 3pasKiB (puc. 2, a) i3 3acTocyBaHHAM
MeTOJy KOHTPACTYBaHHS Ta CTATHCTUYHOI aHAJI3MW y IIPOrpaMHOMY IIa-
Keti ImagePro (puc. 2, 6).

3o00parkeHHsa MiKpPOCTPYKTypu 3paskiB cromy [[16T, omep:xaHi B pac-
TPOBOMY €JIEKTPOHHOMY MiKpocKomi (puc. 1, a), yMOXKIUBUIN BUABUTHU
IIOHAMMeHIe JBa BUAM JUCIEPCHUX BUIiJIEHb, a caMe, MiKpo-
(6-12mMKM) i cyOmixpomerpoBux (<200 HM) posamipiB. PparmeHT
pPeHTTeHiBCchbKOI fu(dpakIiinol kapTuuu (puc. 1, 6) TaKOXK IiATBEPIKYE
el pe3yJbTaT, OCKLJIbKY iHTEHCHUBHICTD IIiKiB BiJl 3MiIHIOBaILHUX (has
® (Al;Cu), S (Al,CuMg), T (Al¢(Fe, Mn)) moBosi HM3LKA Ta MailyKe Of-
HakoBa. IIpAMe cIriocTepe:KeHHS MiKPOCTPYKTYPH MOCJiIKyBaHOIO
crorry [I16T y TpancmiciiiHOMY eJIeKTPOHHOMY MiKPOCKOIIL TaK0K CBif-
YUTh IIPO HAABHICTh YAaCTHHOK ONMMCAHMWX BHUIIE (Da3 Pi3HOro po3Mipy Ta
mMopdoJIorii, AKi MaOTh KOTePeHTHI MeXi 3 MAaTPUUYHUM TBEPAUM PO3-
YMHOM Ha OCHOBI ayrrominiio (puc. 2, a).

3.2. MexaHiuHi BJIaCTUBOCTI

Ha pucynky 3 moxkasaHO eKCIepHUMeHTaJJbHI 3aJeKHOCTI BTOMHOI JOB-
roBiuunocTH (N) Ta MikporBepmocTu moBepxHi (HV) 3paskis crony 16T
Bix TpuBasoctu BUYO mepen BTOMHMMU BUIIPOOYBaHHAMU. BugHo, 1110
MoaudiKyBaHHS MOBEePXHi 3paskiB 3a momomoroio BUYO UnHUTE 1031-
TUBHUY BIJINB HA IXHIO JOBroBiuHicTh. Pa3oM 3 TM, 32 YyMOB 3POCTaHHS
TpuBasioct BUYO Bumie 30 ¢ mpupicT KiJTbKOCTH ITUKJIIB OO0 PYHHYBaH-
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Puc. 3. 3ame:xuocti BromHoi foBrosiunoctu (N) ta mikporepgoctu (HV) 3pa-
3KiB cromy [[16T Big TpuBasmoctu BUYO nepex BroMHEUMY BUIPOOYBaHHAMU.

Fig. 3. Dependences of fatigue life (N, cycles) and microhardness (HV) of the
D16T alloy samples on prior HFMI treatment duration.

HA N [Ielo CIOBiJIbHIOETHCA, a POSKUL JAHUX 3POCTAE. 3aJEKHICTD Mi-
KPOTBEPAOCTHU IIOBEPXHi 3pa3KiB 100113y BTOMHOTO PYHHYBaHHSI Kope-
JIIOE 3 OleP:KaHNMU JaHMMU IIOA0 IXHBOI JOBrOBiYHOCTH, iCTOTHO 3pOC-
ratoun micaa BUYO sBmpoxmor:x 30c (y 1,5 pasu) i sanuimaroumch Ha
IpubJIM3HO TOMY K PiBHI 3i 3pocTanHaM TpuBasoctu BUYO. Takum un-
HOM, iCTOTHe 3MiIHeHHA MoBepXxHeBuUX IapiB cromy [[16T, ake HeomgHo-
pasoBo crmocTepirajgoch i BUCBiTIIOBasOCh y Jiteparypi [8—10, 18], mo-
JKe OyTH i€eBUM UMHHUKOM IIiIBUIIeHHSA BTOMHOI JOBTOBiUHOCTH B 00-
JacTi MaJIOIIMKJIOBOI BTOMM, TOOTO 34 MAaKCHMAJbHUX MUKJIIYHUX Ha-
NpysKeHb, MOPIiBHAHHUX i3 MexKelo IJIuHHOCTU cTolry. Ileit pesyibrar
POBIIINPIOE paHillle ofepsKaHi faHi I0A0 IIiABUIEeHHA BTOMHUX Xapak-
repuctuk cromy 2024, axkuit € agamorom cromy 16T Tiei :x cucremu
nerysanuda (Al-Cu-Mg)[13, 19].

BaxxjauBuM YMHHHUKOM, AKWUA BIJIMBA€ HA BTOMHI XapaKTEePUCTHUKH
MeTaJeBUX MaTepiAJiB, € TaKOK 3aJUNTKOBI HAIIPYKEeHHA y ITOBEPXHe-
BUX IIIapax. Bimomo, 1110 HAIPY:KeHHA PO3TATY € 3arajoM HeraTUBHUM
YUHHUKOM, OCKiJIbKM BOHU MOKYTh CIPUITH PO3IMOBCIOMKEHHIO 3aPO-
KOBUX TPIIIUH i IPU3BOAUTHU IO IEPeIUacHOTO0 BTOMHOIO PYHMHYBaHHS
[25]. [Ina dhopMyBaHHA COPUATINBUX HAIPYKEHb CTUCHEHHS, 1110 3aII0-
0iraTMMyTh POSIOBCIOMMKEHHIO TPilluH y medopMalliiino moaudikoBa-
HOMY IOBEPXHEBOMY IITapi, YacTO 3aCTOCOBYIOTH MOBEPXHEBi medopma-
1iHi MmeTonM, B ToMy uncyai BUYO 3a momomoroo yJbTpa3sByKOBUX iH-
ctpyMmeHTiB [19-22]. Hanpy:keHHA y OOCHiIKyBaHUX B maHiil pobOOTi
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3pasKkax BUHUKAIOTh BHACIIIOK AK MOBepXxHeBoro o6pobaennsa (BUYO),
Tak i 3aBAAKY MUKJIIYHUM HaBAaHTAKEHHAM ITii YaC BTOMHHUX BUIPOOY-
BaHb. ] pYHTYIOUNCH HA JaHUX PeHTI'eHiBChKOI Audpakiiiiinoi aHamisu,
a caMe, CIIMPAOYNCh HA 3apPEECTPOBAHI 3CYBH PEHTI€HiBCHKUX MAKCH-
MYMiB, OyJIO OI[iHEHO BeJIMUYNHI 3AJUINKOBUX HANPY/KEHb IIiCJII BTOM-
HUX HaBaHTaKeHb 0 PYHHYBaHHSA 3pasKiB 0e3 ImomepeqHbOTO MOBEPX-
HeBoro Moau@ikyBaHHA MOBepXHi podouoi vactTuuu (= 190 MIla) Ta mic-
asg BUYO (=275 MIla). Ot:xe, chopmoBani BUYO manpyKeHHs CTHUC-
HeHHSI BUKOHYIOTH 3aXUCHY POJb ITTOJO0 PO3MOBCIOMKEHHA TPIIuH, He-
3BaYKAIOUM Ha MOKJIMBY iX peJlaKCaIlil0 BIIPOAOBXK ITMKJIIYHOT'O HaBaH-
rayxeHHA. 1le 3yMOBJIEHO €BOJIIOI[I€I0 MiKPOCTPYKTYPU IiJl Yac BTOMHUX
BUITPOOYBaHb.

MikpocTpyKTypHi 3MiHM B JaHi# poOOTi BUBYAIU AK eKCIepUMeHTa-
JBbHO JTUMPaKIifHUM i MiKPOCKOIIUHMMY MeTOoJaMU, TaK i 3a JoIOMO-
rOI0 MOJIEJIIOBAHHSA MeTOH0I0 MoJeKyaapHoi aunamiku (MII), 1o maso
3MOT'Y AOCTIIUTH MeXaHi3MU Ta AUHaAMiKy YTBOPeHHA NedeKTHUX CTPY-
KTyp y mpormeci miactuunoi medopmarnii I'IlK-spaskiB amtominiio 3a
YMOB IIUKJIIYHOT'O PO3TATY—CTUCHEHHS.

3.3. MomexroBaHHSA €BOJIIONT Te(heKTHOI CTPYKTYPH

IIpoBemeno moneryaapuo-guaamiune (M) MomenoBaHHSA ITUKJIIUHOTO
HaBaHTAKEeHHS CTOCOBHO PO3BUTKY Ta MMOBiIpHOCTH JIOKaJIisarrii mede-
KTHOI CyOCTPYKTYPH HaABKOJIO 3MiITHIOBAJILHOI YacTMHKU (chepuuHOro
BKJIIOUEHHS) B MOHOKPHUCTAJI adtoMiHio. [IJIa yCIrinrHoro MogeTioBaHH S
METOLO0I0 MOJIEKYJISAPHOI AUHaAMiKM OyJI0O IPOBEAEHO aHANI3y HaABHUX
MMOTEHITi AJiB Mi2KaTOMOBOI B3aeMOIii i 00paHO MEePCIeKTUBHUMA ITOTEH-
Iisa 3a MeTomoM 3aHypeHoro aroma — M3A-morenmian (EAM). Crso-
pPeHo MomeJb 3 YypaxXyBaHHAM Opi€HTamili I'paTHHUIII aJIOMiHiIO
<011>{011}, obpamo BixmoBixzHi nepioguuni KpaiioBi ymoBu. Mogesto-
BaHHA 3[iHICHIOBAJIOCSA BIPOIOBIK OJHOTO ITMKJY HAaBAHTAKEHHS 3a cXe-
MOIO «PO3TAT—CTUCHEHHS». ¥ Pe3yJabTaTi IPOBEEHNX PO3PAXYHKIB Oy-
JIO BUSIBJIEHO, IO B OKOJIi 3MiITHIOBaJILHOI YACTUHKY BUHNKAE 30HA IIif-
BUIMEHOI KOHIIEHTpAIlil Hampy:KeHb (puc.4), sKa CIPUAE PO3BUTKY
IJIaCTUYHUX AedopMalliii Ta YTBOPEHHIO BeJMKOI KiJIbKoCTU HedeKTiB
KpHUCTaAJTIUHOl I'DATHUIL, I10 IIOHUMKYE MIITHICTh MaTepiAly Ta 3a YMOBU
mojajbInol JoKaJisaimii gedeKTiB cnpuATUME YTBOPEHHIO MiKpOTpi-
II[AH.

Buamo, 110 BOPOAOBIK IIUKJY «pPO3TATY—CTHCHEHHS» B 3pasKax i3
opienrarmiero <011>{011} cmocrepirarorbca 3MiHM HANPYKEeHb y BCix
KpucrajgorpadiuHmnx HaopAMKax, IO MAalOTh HEMOHOTOHHUI XapaKTep.
3 caMoro MmoYaTKy KOMII IOT€PHOT0 €KCIIEPMMEHTY BIIPOJOBIK HAIIiBIIH-
KJIY PO3TATY HAIPYKEHHS B HAIIPAMKY PO3TATY (Cyy) CTPIMKO MOHMIKY -
IOThCA 3@ PaxyHOK iHTEHCUBHOTO (pOpMyBaHHA TOUKOBUX AedeKTiB i
MAaIOTh Bifi' €MHY BeJIMUMHy. 3MiHM HAIPYKEHb B IBOX IHIINX HAIPAM-
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Puc. 4. 3ayexHicTh HAIPYKEHHA y I'PATHUILL MOgeJabHOro 3paska Al 3i chepu-
YHUM BKJIOUEHHSM Bif cTymens medopmarii (Yacy KOMII I0TEPHOTO €KCIIepH-
MeHTY) nJs opienranii 3paska <011>{011}.

Fig. 4. Dependence of lattice stress in the model sample of Al with spherical
inclusion on strain extent (time of computer experiment) for sample orienta-
tion <011>{011}.

Kax (Oxx, Ozz) BIPOJOBK IUKJY HaBaHTA’KEHHA B 3 pasyW MEHII, HiK
3MiHM y HampaAMKY po3Tary. Crocrepe:kyBaHi 3MiHM KOPEJOIOTH i3
YTBOPEHHAM i IIepepos3noiijom JiHiAHUX JedeKTiB 3a NTpUKJIaAeHHA Ta
BHATTA HaBaHTaKeHHA (3MiHM HaBaHTaKeHHS 3 PO3TATY Ha CTUCHEH-
H).

3milicHeHO OKpeMy Bisyasisallito eBOJIIOIil pO3Momiay JJiHiAHMX
(puc. 5) i TourkoBux medexTiB (puc. 6) B OKOJIi cheprUIHOT0 BKIIOUESHHST
BIIPOZIOBK OJHOTO IIEPioAy HaBaHTaKeHHS (pPO3TATy—CTHUCHEHH:A). Jac
KOMII IOTEpPHOI'0 eKCIIePUMEHTY BifmoBinac crymenio medopmarrii spas-
kKa: 2mc—0,67%, b1c—1,67%, 8 ic—0,67%, 11 nc— 0,33% Bixmo-
BimHo. B mporieci gocaigskeHHs 0yJI0 3aCTOCOBAHO KijJbKa METOLIiB Bizy-
aJjisamii i amamism gepeKTHUX CTPYKTYP, BKJIOUAIOUN METOLU BipTya-
JILHOI PEeKOHCTPYKIII IIOBEpXOHL Ta 00 €MiB, IO YMOMKIMBUJIO OlJIBII
IeTaJlbHO BUBYUTU IIPOCTOPOBY OpraHisallilo i1 eBOJIOIiI0 HedeKTiB.
IIpoBenena AkricHa Ta KiJIbKiCHA aHAJIida YTBOPEHHS JIHIMHUX i TOUKO-
BUX Je(deKTiB HABKOJIO BKJIIOUEHHS I eBOJIOIil JedeKTHIX CyOCTPYK-
TYp da€e 3MOr'y OIiHUTH iXHill BOJIMB Ha MexaHiuHi BiaacTuBocTi. Bera-
HOBJIEHO, III0 3a oOpaHoi opienrtamnii rparuumi amominiro <011>{011}
HaBaHTaKeHHS CIIPUsE YTBOPEHHIO IK JIIHINHUX medeKTiB, a came, AuC-
JIOKAIIi#l i CMyT KOB3aHHSA, TaK i TOUKOBUX He(heKTiB.

BaxxauBuM pe3yJLTATOM € Te, IO BiKe MiCJIsS IEePIIoro ITOBHOTO ITUK-
JIY PO3TATY—CTUCHEHHSA BUABJIEHO O3HAKY JIOKaJi3aIlil JiHiiHUX gedek-
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Puc. 5. Bizyasisanisa (popMyBaHHs JiHIAHNX qe(eKTiB 38 YyMOB KOMII I0TE€PHOT'O
excrnepuMeHnTy (M]l-MomentoBaHHA) 3 MUKJIIYHOTO PO3TATY (@, 6) i CTUCHEHHS
(8, 2) spaskis Al 3i chepuunum BKIOUeHHSM (He IIOKasaHe) A opieHTarii
<011>{011}; wac Komm roTepHOro eKcrnepumenty — 2 mc (a), 5 mc (6), 8 mc (8),
11 uc (2).

Fig. 5. Visualization of the formation of linear defects during a computer ex-
periment performed by MD simulation on cyclic tension (a, 6) and compres-
sion (8, 2) of an Al samples with a spherical inclusion (not shown) for the sam-
ple orientation <011>{011}; computer-experiment times are as follow: 2 ps
(a), 5 ps (0), 8 ps(8), and 11 ps (2).

TiB KPHUCTAJiIUYHOI OYIOBM B OKOJII BKJIIOUEHHS JJIA PO3TJISAHYTOI OpieH-
rarii rpaTHuni (3epHa) amominio <011>{011} (puc. 5, 2), a oT:Ke, 3poc-
Tae UMOBipPHIiCTh 3apO*KEeHHA MiKPOTPiIIHUA.

Ileit pesynbTaT y3roIsKyeTbCA 3 IUCIOKAIIMHMM MOIeJeM 3apo-
IKEeHHs Ta POCTY MOp (BigmrapyBaHb) HA MisK(pasHUX MeKaX MaTepiamy
3 TUCIIEPCHUMHU YaCTUHKAMU, 3aIIporoHoBaHuM Bpoexom [42]. 3rigmo 3
UM MOJeJeM TIIOPKM YTBOPIOIOTHLCA Ha MeXKi TMOHIIYy <«YacTHH-
Ka—MAaTPUIA» 32 PaXYHOK (popMyBaHHSA OiJIg YACTHHOK JUCIOKAIIIMHUX
CKyNOYeHb. Y TBOPeHHs mop ¥ [42] onucaHo 6araTocTagiiHUM IIPOIIECOM,
a caMe: 3a He3HAUYHUX CTyNeHiB AepopMallil HaBKOJO YaCTUHKHU (popMy-
IOThCA JUCJJOKAIiMHI meTJi; OiMBIIiCTh 3 X HeTeJlhb BiJIIITOBXYIOTHCS
Bil YaCTMHKM, KPiM HeTJi, HaNOJMKUe PO3TAIIOBaHOI M0 MisK(asuoi
MeJKi; maJri mpoiiec IIPOgOBMKYEThCS Ta Ha MisK(pasHill MeXXi HaKonmuy-
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Puc. 6. Bizyasizania popMyBaHHS TOUKOBUX Ae()EKTiB 32 YMOB KOMII IOTEPHO-
ro exkcriepuMenTy (M]-MozmesfoBaHHSA) 3 MUKJIIYHOTO PO3TATY (@, 6) i cTHCHEH-
H (8, 2) 3paska Al 3i cheprunum BKIIOUEHHSM (He IIOKasaHe) AJs opiemTaii
<011>{011}; yac xomm OTepHOTO eKcnepumenTy — 2 mc (a), b mc (6), 8 uc (8),
11 uc (2).

Fig. 6. Visualization of the formation of point defects during a computer ex-
periment performed by MD simulation on cyclic tension (a, 6) and compres-
sion (8, 2) of Al sample with a spherical inclusion (not shown) for the sample
orientation <011>{011}; computer-experiment times are as follow: 2 ps (a),
5 ps (0), 8 ps (8), and 11 ps (2).

IOThCS AWCJIOKAIIii, IIT0 BeZle 10 3POCTAHHS JIOKAJILHUX HAIPY/KEHb MO
KPUTHUYHOI BEJIMUNHU, KA 3TaTHA 3a0€3IeUYnTH YTBOPEHH mopu (Mik-
porpimuun) Ha MimkbasHiA Mexi; AK HacIiJOK yTBOPEHHS BiJIBLHOI IT0-
BepxXHi BimOymeThcA pejakcallisa HAIPYKeHb i MOAaNBITNN BUXiJ BeJIu-
KOl KiJIbKOCTH JMCJIOKAI[ill Ha I[I0 IIOBEPXHIO.

BaxauBuMu ymoBaMu pocTy mopHu (MiKpOTPiuHMT) B IBOMY MOJEJI €
HaABHICTh AK BUCOKUX HAIIPYKeHb, TAK 1 BUCOKUX AedopMalliil y JIOKa-
JLHOMY 00 €Mi HAaBKOJIO YACTHMHKHN, AKI MOMKYyTh OyTH 3abesleueHi 3a
PaxyHOK MHOXXMHHOrO ()OpMyBaHHA CKYITUeHb MUCJIOKAIiN y KiJIbKOX
ILJIOITMHAX KOB3aHHS.

Kpim Toro, BmpomoB:K IIMKJy HaBaHTA’KeHHS B I'PaTHUILL (3epHi)
aJoMiHifO Imiei K opieHTamii (GopMyOTHCA TOYKOBLI medeKTu, cepen
AKUX € BaKaHCii Ta 3mimeni 3i 3BUUHUX I0JIOXKeHL aToMu (puc. 6). 3a
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Puc. 7. Bisyanizania ¢popmyBanua aedopMaliiHuX CMyr KOB3aHHS 3a yMOB
KOMII 10TepHOro excmepumenTy (MIl-MOmeIIOBAHHA) 3 CTATUYHOTO PO3TATY
spaskis Al gus opienrarii <011>{011}; yac KOMII I0OTEPHOT'0 EKCIIEPUMEHTY —
4 1ic (a), 6 mmc (6), 8 mc (8), 10 mc (2).

Fig. 7. Visualization of the formation of deformation slip bands under the
conditions of a computer experiment (MD simulation) during static tension of
Al samples with the <011>{011} orientation; computer-experiment times:

4 ps (a), 6 ps (0), 8 ps (8), 10 ps (2).

PaxXyHOK JOJy4YeHHA BaKaHCifi Mo BiKe c(opMOBaHOI MiKpOTpillIMHU
MosKe BigOyBaTuch ii pict. ToOTo 3i 30ibIlIIeHHAM UMCJa IUKJIIB HaBaH-
Ta’KeHHA IPUPICT BaKaHCili cmpuATuMe 36iJILIIIEHHI0O PO3MipiB Tpimiu-
HU, IOKUW BOHA He JOCATHE KPUTUUYHOT'O PO3Mipy, JOCTATHBOTO IJIA IIO-
IaJbIIOro i 6iJIBIIT IITBUAKOTO POCTY, Ta B KiHI[I KiHI[iB He CIPUYNHUTD
BTOMHe PyHHYBaHHSA MaTepiday.

3a yMOB ITUKJIYHOTO HAaBAHTAKEHHS 3epPeH IIeBHUX OPi€eHTAIlill y HUX
MOCTYIIOBO (DOPMYIOTHCS CMYT'M KOB3aHHS, AKi € BijoMuM 3 JiTepaTypu
YUHHUKOM (OpMyBaHHA IOBEPXHEBOTO peabedy Ha IUKJIIYHO HaBaH-
Ta’KeHUX 3pasKax, a TAK0K MOKYTh OyTH HIPUUYMHOIO 3aPOKeHHA BTO-
MHUX TPillTWH i TOJaJbIoro pyiHyBaHHsa [27, 28].

Ha pucynky 7 HaBemeHo BizyaJgisaiiio opMyBaHHSA eopMaIlifiHNX
CMyI' KOB3aHHA 3a YMOB KOMII IOTEPHOTO eKcmepumenty (MII-
MOJIeJTIOBAaHHS) 31 CTATUYHOTO PO3TATY 3Pa3KiB alfoMiHiio AJid opieHTa-
mii <011>{011}.
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3.4. EkcriepuMeHTaJIbHA AHAJIi3a MiKPOCTPYKTYPH

HomaTKoBO yTBOpPEeHHSA CKYIIUeHb JiHiHUX medeKTiB (guciiokarii),
CTiiKMX CMYT KOB3aHHA i 3apPOAKOBUX TPIlIIMH B OKOJi YaCTUHOK APYyTroil
dasu, IMOBipHO, 3a PaXYHOK 3aJIydYeHHsS TOUKOBUX HedeKTiB (BakaH-
ciit), miATBEePIKEeHO MPSIMUM CIIOCTEPEKeHHAM MiKPOCTPYKTYPHU 3pas-
KiB micasa BTOMHUX BHUIIPOOYBAaHb ITO0JM3Y 00JIacTH (DOPMYBaHHS BTOM-
HOI TpinuaM 3a fomomoro TEM (puc. 8).

Ha pucynky 8, a mpogeMOoHCTPOBAHO OCOOJNBOCTI CKYITUeHb Ae()eKTiB
HABKOJIO YaCTHUHOK APYyroi ¢asu y 3paskax cromy 16T, aki npuBogATs
IO YaCTKOBOT'O BiAIIapyBaHHA MaTPUUYHOI'O CTOITY, MMOBipHO, uepes KO-
aryJAIio BaKaHCiH i mogaabInnii BUXi AVCJIOKAIIINA Ha BiJIbHY IIOBEPX-

Puc. 8. TEM-300pakeHHs MiKPOCTPYKTYPH B 00 €Mi 3paskis cromy 16T micia
BTOMHUX BUIIPOOYBaHb MOOJIM3Yy MOBEPXHi pyiHyBaHHS (@, 6) Ta MiKPOCTPYK-
TypH (8) 3 KapTUHOIO eJIeKTPOHHOI nmdpakiii (2) moBepxueBoro mapy BUYO-
monupikoBanoro spaska. Ctpinku Ha (a, 6) BKasylOTh Ha Misk(asHe Bigimapy-
BaHHA MaTPUIIi.

Fig. 8. TEM observations of the bulk microstructure of the 2024 alloy speci-
men after fatigue test near the fracture surface (a,6) and microstructure (8)
with the electron diffraction pattern (¢) from the surface layer of HFMI-
modified specimen. Arrows in (a, 6) indicate interfacial matrix delamina-
tions.
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HIO (BKasaHO CTpiikaMm Ha puc. 8, a). MiKpocTpyKTypy 3 O3HAKaMU
dopMyBaHHS CMYT KOB3aHHS i3 BiAMiHHOIO BiJ HaBKOJUIIIHIX ob0JiacTei
KimbkicTio medeKTiB KpucramgiuHoi OygoBu mmokasaHo Ha puc. 8, 6. lasa
MOPiBHAHHSA Ha PHUC. 8, 8 TOKA3aHO APiOHOAUCIIEPCHY MiKPOCTPYKTYPY
moBepxHeBoro mapy BUYO-moaupikoBanoro spaska, KapTUHA €JIEKT-
pounoi mudpakxiii Axkoi (puc. 8, 2) MicTHUTDH iCTOTHO PO3CisgHi B aduMyTa-
JBHOMY HanpAMKY pedJeKcu aJoMiHiio, 110 CBiTYUTH PO iCTOTHY Je3-
opieHTaIio copMoBaHUX 3epeH/cyb3epeH cyOMiKpO- Ta HaHOMACIITA-
OHOTO pPO3Mipy.

TakuM YMHOM, cepel MOMKJINBUX MIKPOCTPYKTYPHHX CTaHIB, AKi
MOKYTH COPUATHA (POPMYBAHHIO BTOMHUX TPIIWH, MOYKHA Bil3HAUNTHU
BiZiIIIapyBaHHA MaTPUYHOTO CTONY Ha MisK(pasHUX MeKaX HaBKOJIO dac-
TUHOK Apyroi ¢asu (puc. 8, a) Ta GopMyBaHHSI CMYTOIOAiOHUX CTPYK-
Typ (puc. 8, 6) y pasi BUX0Ay OKpeMUX CMYT KOB3aHHS Ha MOBEPXHIO 3
HOJAJBIINM 3apOIKeHHAM TpimuH. Pazom 3 TuM, c()OpMOBAHUM ITif
yac BUYO aminmuennit moBepxHeBUH IIAP i3 YIBTPAAUCIEPCHOIO Je30Pi-
€HTOBAHOIO CTPYKTYPOIO MOXKE CJIYI'yBaTH 3aIl00iKHMKOM BUXOAY Ha
IIOBEPXHIO YTBOPEHUX B 00 €Mi CMyT KOB3aHHS, II[0 YMOYKJINBJIIOE BifTe-
pMminyBaTu 3apomkenHda TpimmuH. Chopmoani mig vac BUYO sanuiiko-
Bi Hampy:KeHHS CTUCHEHHS, B CBOIO Uepry, MOXKYThb 3amo0iraTu posIio-
BCIOJ»KEHHIO TPiIllUH, AKIIO BOHU Bce K yTBoprOThcA. Ile miaBumiye
OIlip BTOMHOMY PYHHYBaHHIO CTOILY.

IIpo dhopmMyBaHHS HAHOPO3MIPHUX CTPYKTYP V MOBEPXHEBUX IIapax
AJIIOMiHiITOBUX CTOMiB moBimoMJieHO y paxi podit. Ilokasano, 110 3a pa-
XYHOK 0araTopasoBOro Ta BHUCOKOYACTOTHOTO YIAPHOTO HaBaHTAaKEHHS
¥ iHTeHCUBHOI maacTUUHOI JedopMallii mosepxHi BimOyBaeThCsa icTOTHe
MoApPiOHEeHHA CTPYKTYPHUX €JIEMEHTiB IIOBEPXHEBOTO MIapy, AKe Bele M0
ioro sminuennsa. Tak, aBropu [21] mOBiZOMISAIOTE, ITIO 38 YMOB yJIBLTPA-
3BYKOBOTO yaapHoro o6pobsenusa (Y3YO0) crony 2024 MiKpocTpyKTypa
0ro IMMOBEPXHEBOTO IIAPy TOBIMUHOIO ¥y = 10 MKM MicTUTEL 3epHA PO3Mi-
pom y = 8-10 umM, BUIOB:XKEHI MiKpocMyru mupuHo y =10-15uM, a
TaKoK ABIHHMUKOBI cTpyKTypHu (puc. 7, a). Yci mepesiueHi cTpyKTypHi
eJeMeHTU MiCTATh 3HAUHOI rycTuHU aucjokariii. Ili gani KopesooTs 3
pesyabpratramu TEM-cmocTepeskeHHA MIKPOCTPYKTYPU IIOBEPXHEBUX
mapiB cromry 16 micaa ¥Y3YO (puc. 6, 6) [43]. B miit pobori Takoxk 3a-
dixkcoBaHo hopMyBaHHA (hparMeHTOBAHOI CTPYKTYPU 3 MyKe BHUCOKOIO
cepegHbOIO I'YCTUHOIO TMCJIOKAI[il.

Ba)XIMBUM € TaKO0K BHCHOBOK IIOLO Mailske CTaaol 00 €MHOI YacTKH
YaCTUHOK APyroi a3y 3a yMOB IIUKJIIUHOTO HaBaHTaxKeHHA. I[poro Bu-
CHOBKY MOKHa JIiliTy, BpaXOBYIOUM PEe3yJIbTaTU CTATHUCTUYHOI aHaJIi3u
TEM-300pakeHb MiKPOCTPYKTYP 3Pa3KiB micasa BTOMHUX BUIIPOOYBAHbD
y Buxigaomy craui 6e3 BUYO moBepxHi Ta micia momepegaboro BUYO
(puc. 9). [ly1a KOKHOTO 3pa3Ka aHAJIi3yBaINCA 300parKeHHA NBANIATHOX
moJiB saranpHo0 miommeo y =200 mpm2. Ofepoxani Kpusi posmominay
YaCcTUHOK 3a poaMipamu (puc. 9, a) Ta 3a ¢opmoio (puc. 9, 6) cBiguaTh
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Puc. 9. Posnozgin yacturoK apyroi ¢asu 3a podmipamu (1omreio) (a) Ta 3a ¢o-
p™momo (eKcreHTpHCHUTET) (6) Y MiKPOCTPYKTYPi 3pasKiB micjasa BTOMHUX BUIIPO-
oyBaub 6e3 BUYO i 3 monepenuim BUYO-monzudikyBaHHAM IXHBOI TOBEPXHI.

Fig. 9. Distributions of the second phase particles by size (area) (a) and by
shape (eccentricity) (6) in the microstructure of the D16T alloy specimens af-
ter fatigue test without HFMI and after HFMI surface modification.

mpo HeicTorHi ixHi sminm mix giero BUYO. Ha pucyury 9, 6 3 ypaxyBan-
HAM (OopMU YACTHUHOK OI[iHEHO dYacTKM dyacTuHOK S-pasu (CuAl:Mg),
dopMa AKMX BBasKaJyiacs HaOJIMmKeHoOi0 mo chepuunoi (a/b=1-1,5) Ta
vyacTUHOK O-¢asu (AlyCu), AKi MaOTL mepeBaskHO BUIOBKEHY (OPMY
(a/b>1,5-1,75). IIpoBeneHa craTUCTUYHA aHaJida CBiIUUTD, ITIO0 OOMI-
Ba IIapaMeTpu He 3a3HAIOThL iCTOTHMX 3MiH Hi 3a ymoB BUYO, ani mig uac
[UKJIIYHOroO HaBaHTAKEeHHs, TOOTO He € OCHOBHUM YNHHUKOM, AKUI Mir
0u BIJIMBATH Ha 3MiHYy BTOMHUX XapPaKTEPUCTUK.

OnepsxaHuil pe3yJbTaT JOOPe KOPeJaIoe 3i cmocTepeKeHHAMU MiKpo-
cTtpyktypu cromy 16T i fioro amamora 2024T, ob6pobaenux BUYO
(Y3YO0) Tta BunpoOyBaHUX HA BTOMY, III0 IIOBiZOMJISAJNMCS B JiTepaTypi
[43]. Pasom 3 TuM, y cTOIIaX aJOMiHiIO iHITUX CHCTEM YIPOAOBIK iHTEH-
CHUBHOI mJjacTHUUHOI medopmalrii 0yao 3apeecTpoBaHO PO3UMHEHHS UaC-
TUHOK Apyroi dasu [44].

PentreniBcbki au@pakimiiini cnekTpu 3pasKiB y BUXiZHOMY CTaHi
(6e3 monepenunoro BUYO) ra micas BTOMHUX BUOPOOYBaHb (BiAIOBiAHO
cuextpu 1, 2 Ha puc. 10) cBiguars, 1110 CIIiBBiAHOINIEHHS iHTEHCUBHOCTH
OCHOBHUX JIUPPaKIiHHUX pedJekciB BiapisHsaeTbcA Big TabIMUHMX
3HAYeHb JJId i30TPONHOro cTarny. TooTo miaacTuuna medopmMallis 3a yMOB
BaJIBI[IOBAaHHA Bejlle 10 (popMyBaHHA TeKcTypu. I[ad cueKTpiB, ogepsKa-
HuUX micaa momepenuboro BUYO (mampuxian, cuexrtep 3 Ha puc. 10),
XapaKTepHa 3MiHa CHiBBiJHOINEHHS iHTEHCHBHOCTH PEHTI'€HiBCBKHNX
IudpaKIifHuX MaKCUMYyMiB, IO CBiIUYUTH PO IIepeopieHTaIlil 3epeH ¥



TIIBUIIEHHS BTOMHOI JOBIOBIYTHOCTY CTOITY AJITFOMIHIIO 1351

31 200
111 990
s |
] _A 311
—
: 1 { 1222 400
"
m
=
S
s |, |
= ¢ N
NEl . l.l.‘.
40 60 80 100

Kyr madparnoii 20, rpag.

Puc. 10. ®parvenTu peHTr'eHiBCbKUX AudpakTorpaMm Buximaux (1), BunpoOy-
BaHux Ha Bromy 0e3 BUYO (2) i micasa (3) monmepemaboro BUYO 3paskiB cromy
O16T.

Fig. 10. Fragments of x-ray diffraction patterns of the initial (1), fatigue-
tested without HFMI (2) and with (3) prior HFMI of the D16T alloy specimens.

IOBEPXHEBOMY IIIapi 3a PaXyHOK iHTEHCHBHOI ILIACTUYHOI medopMarii
oig vac BHYO, —11e cIIiBBiJHOIIIEHHA CTA€ Y3TOAKeHNM 13 TAOJTUUHIM.

TakuM 4UYMHOM, BPaxXOBYIOUM 3pocTaioue (pisuuHe PpOIMIMPEHHS
peHTr'eHiBCLKUX MaKcuMyMiB miciisgs BUYO, a rako:x gaui TEM, moxua
BBasKaTHu, IO chopmMoBaHa micasa sacrocoBanoro BUYO MmikpocTpyKTy-
pa 3 HaHOPO3MipHUMHU CcyO03epHAMHU/3ePHAMU iCTOTHO 3MiITHIOE TOHKUI
moBepxHeBui map. 3minueruit BUYO noBepxHeBUi IIIap MoKe 3a1o0i-
raTu yTBOPEHHIO eKCTPY3i#i Ta iHTpy3i#i Ha mMOBepXHi 3pa3Ka 3a yMOB
MUKJIYHOTO HAaBaHTaKeHHA 3a PaXYHOK BUXOJly Ha MOBEPXHIO CTIHKUX
CMYT KOB3aHHJ, AKi € XapaKTepPHOI0 0COOJIUBICTIO CTPYKTYPOYTBOPEHHST
y MeTaJjiax 3a YMOB ITUKJIIYHOTO HaBaHTaKeHH4.

B nmamomy nociiiskeHHiI KigbKa cHUCTeM IlapaJjieIbHUX eKCTPy3iit Ta
iHTpYyS3iit pisHoi BUCOTH/TINOMHM, AKi MepPeTUHATINCS Il MIeBHUMU K-
TaMH, CIIOCTEPiraJucd JHUIle Ha TOBEPXHI BUXiTHNX 3pasKiB, AKi He 3a-
sHaBaau nonepeguaboro BUYO, Toai AK BoHM OyJin BificyTHI Ha MOBEepXHi
micas BTOMHUX TecTiB BToMHUX BUVYO-momudirkoBanux 3paskiB. Ile
BaYKJIMBUM eKCIIePUMEeHTaJbHUMN pesyabTaT, OCKiJIbKU (hopMyBaHHA He-
piBHOMipHOTO MiKpopenbedy Uuepe3 YTBOPEHHA eKCTPy3ilt/iHTpysiil pi-
BHOIIiHHE 3DOCTaHHIO IIIEePCTKOCTU, AKa YaCTO € OHi€I0 3 IPUUYUH 3aP0-
IJKeHHA BTOMHUX TPIIlUH 3a COPUAHHSA KOHIIEHTPAIlil Halpy:KeHb Ha
3amaguHU peabedy i mepemuacHoro pyhmyBamaa [10-12, 25-29, 45,
46].
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4. BUICHOBRKH

IIpoBeneni i3 3acTocyBaHHAM MiKPOCKOIIIUYHNX , AU(PPAKIINHIX METOLiB
i MOJIEKYJIAPHO-ZUHAMIYHOIO MO/IEJIOBAHHSA TOCTiAKEeHHS BIJIUBY ITH-
KJIIYHOTO HABaHTAYKEHHS Ta BHCOKOUYACTOTHOTO yIapHOTO MOAUMIKY-
BaHHA IIOBEPXHi 3a JOIOMOIOI0 YJIbTPAa3BYKOBOTO O0JagHAHHS Ha €BO-
JIIOI[II0 MiKPOCTPYKTYPHM Ta MeXaHiuHi BJIACTMBOCTI aJIIOMiHiIOBOTO
cromry JI16T matoTs 3MOTy 3po0OUTH HACTYIHI BUCHOBKH.

1. BcraHnoBieHo, 10 iHTeHCHBHA IJIACTUUYHA JedopMallid IIijg uac BHCO-
KOYaCTOTHOT'O yaapHOTro MOoAMG(piKyBaHHA MOBEPXHi Beme IO 3pOCTaHHS
mikporBepaoctu HV100 mosepxHi Ha 46% (1,46 I'Tla) Ta omopy BTOMi Ha
75% (9,2-10% mukais) spaskis cromy 16T y mopiBHAHHI i3 BUXigHNM
CTaHOM, IIIO IIOB s3aHe i3 GOPMYBaHHAM YILTPASUCIEPCHUX 3epeH 1 Ha-
MIpy:KeHb CTHUCHEHHS B IIOBEPXHEBOMY IIapi, BUSABJICHUX 3a MTaHUMU
aHaAJI3M POBIIHPEHHS Ta 3MIIIeHHA PeHTIeHiBCbKUX Iu(MpPaKIiiHMX
MaKCHUMYMiB.

2. MopmenoBaHHSA METOAOI0 MOJEKYJIAPHOI JTUHAMIKYN YMOKJINBUJIO BHU-
SIBUTH OCOOJIMBOCTI 3apOAKEHHS Ta IIePepo3mOAiay TOUKOBUX Ae()eKTiB
(Bakamciit a00 aToM-BaKaHCIHHUX KOMILIEKCiB), IUCJIOKAIil i cMyT Ko-
B3aHHSA 3a IIUKJIIYHOT'O PO3TATY—CTUCHEHHS HAHOKPUCTAJIY aJIOMiHiIO 3
I'TIK-cTpyKTypoOIO 3i chepuuHIM BKJIOUEHHAM. BusBiieHa JoKkaJrisalisa
IUCJOKaIliil i TouKoBUX AedeKTiB HaBKOJO BKJIIOUEHHA ApPyroi ¢asu
MOKe OyTH IPUYNHOI ()OPMYBAHHS 3apPOIKOBMX BTOMHUX TPIITUH Ha
MiskdasHill Mexi, I110 Y3roIKyEThCA 3 TEOPETUUHUM BpoeKoBUM MoOjie-
JeM.

3. CKynueHHsa OUCJIOKAIliil i TOUKOBUX AeeKTiB HaBKOJIO chepuuHOTrO
BKJIIOUEHHS, BilIlTapyBaHHA MaTPUIIl B3JOBK MiK(pasHUX MeX i3 yac-
TUHKaMH1 ApPyroi asu Ta CMyTr'u KOB3aHHSA PiBHUX CHUCTEeM, BUABJIEHI B
r'paTHUI andoMminiro mig yac MJ-mometoBaHHA MJacTUYHOL medopma-
Imii, 3HaXO04ATh CBOI eKCIIepUMEHTAJNbHI HiITBEePAKeHHA Ha iHIITOMY Ma-
crrtabuomy piBHiI 3a mpamoro TEM-cmocTepe:keHHA MiKPOCTPYKTypPHU
BuxigHux i mogupikoBanmx BUYO spaskiB micas MuUKJIiYHOTO HaBaH-
TaKeHHd.

4. 3a 1aHUMU eKCIIePUMEHTAJIbHOI aHAJi3M MiKPOCTPYKTYPHU Ta Pe3yJib-
TaTaM¥W MOJEJIOBAHHA MOKJIMBUMU MeXaHi3MaMU YTBOPEHHS 3apOIKO-
BUX TPIIIIMH € CKYIMYEeHHA AUCJOKAIli#l 1 TOUKOBUX NMedeKTiB HaBKOJO
YaCTHUHOK APYyTroi (pasu 3 MOAAJbIINM BiANIapyBaHHAM B3J0BXK Mixk(as-
HUX MEK 1 yTBOPeHHS CMYT KOB3aHHS, IKi MOKYTH BUXOIUTHU Ha IIOBEP-
XHIO BIIPOOBIK ITNKJIIUHOTO HABAHTAYKEHH, a GopMyBaHHS HAIIPY KEeHb
CTUCHEHHSA B yJBTPAANCIIEPCHOMY IIOBEePXHEBOMY IIapi € TMMU YMHHU-
KaMu, IO 3aImmobiraioTh PO3MOBCIOMKEHHIO TPIIMUH i mepemyacHOMY
pyiHYBaHHIO.

5. Ogep:xaHi pe3yJabTAaTH CBifUaTh, III0 BUCOKOUYACTOTHE yAapHEe MOIU-
dikyBaHHS IIOBEPXHi 3a JOIOMOT0I0 YJILTPA3BYKOBOT'O O0JIafHAHHA MO-
JKe O0yTu eheKTHBHO 3aCTOCOBAHE IJIS HiBUINEHHSA OIIOPY BTOMi CTOMIY
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16T B ymMmoBax MaJIOIIMKJIOBOI BTOMHU i3 MaKCUMAJbHUMHU ITUKJIiYHIMHA
HaAIPYKeHHAMHU, OJU3LKIMU J0 MEeXKi IIJINHHOCTH.

Pob6ory Bukonamo 3a migrTpumru HAH Yrpaimu (Ne mep:x. peectparrii
remu 0123U102368).
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Study of the Stress State in a Wire During Deformation Using
a New Combined Technology

A. V. Volokitin, E. A. Panin, and D. N. Lawrynyuk

Karaganda Industrial University,
30 Republic Ave.,
KZ-101400 Temirtau, Kazakhstan

In this article, the influence of a new combined-processing technology of cop-
per wire on the stress state is investigated. This technology consists in de-
forming the wire in a rotating equal-channel step matrix and subsequent
drawing. Deformation modelling is carried out at ambient temperature. To
assess the effect of the workpiece twisting degree on the value of average hy-
drostatic pressure, the matrix-rotation speed is varied within 6, 18, and 30
rpm; the distance between the two deforming tools also is varied within 100,
200, and 300 mm. The simulation results reveal an inverse dependence of the
intensity of compressive stresses on the matrix-rotation speed and a direct
dependence on the gap magnitude between the deforming tools. Thus, with an
increase in the matrix-rotation speed, the level of compressive stresses in all
models is decreased by 1.5-2 times, depending on the gap length between the
tools. With an increase in the distance between the two deforming tools from
100 to 300 mm, the level of compressive stresses in all models increases by
1.5-2 times, depending on the matrix-rotation speed.

Key words: copper, wire, twisting, drawing, stress state, modelling.

¥ 1i#t craTTi KOCTiMKy€eTHCSA BIJIMB HOBOI KOMOiHOBAHOI TEXHOJIOTI1 00p00IeH-
HA MiJHOTO APOTY Ha HANpPyKeHUH cTaH. [JlaHa TexHoJOria mondArae B medop-
MyBaHHi IPOTy B PiBHOKAHAJBHIN CTyIIiHYACTi#T MaTpuIli, 1110 00epTaeThCs, Ta
momasbIIoMy BoJiouinui. MomemioBanuA medopMarliii IPOBOAMIOCSA 3a TeMIIe-
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paTypu HaBKOJIUIITHBOTO cepenoBumia. {14 OmiHKM BIJIMBY CTYIEHS CKPYyYy-
BaHH 3aTOTiBKY HA BeJIMYUHY CEPETHBOTO TiIPOCTATUYHOIO TUCKY IIIBUAKICTD
obepTaHHS MaTPUIli 3MiHIOBajacsa B Mexxkax 6, 18 i 30 00/xB, Bigmanp Mixk
nBoMa nehOpMyBaJIbHUMU iHCTPYMEHTAMM TaKOXK 3MiHIOoBajsacsa B mexxax 100,
200 i 300 mm. PesynbpraTy MOeII0BaHHSA IIOKA3aJI O0EPHEHY 3aJIEXKHICTh iH-
TEHCUBHOCTY CTUCKAJbHUX HANIPY KEHb BiJl IIBUIKOCTU O0EPTAHHA MaTPUILL Ta
IPAMY SaJIEKHICTD BiJf BEIMUMHY 3a30Py MiK gedopMyBaIbHUMY iHCTPYMEH-
ramu. Tak, 31 30ibIIeHHAM IIBUAKOCTH O0€PTAHHSA MATPUIL PiBeHb CTUCKA-
JbHUX HAIPYKEHb Y BCiX MOJeJaaxX MOHMKYBaBcsa B 1,5—2 pasu, 3a1eKHO Bin
JOBXKMHU 3a30PYy MisK iHCTpyMeHTaMu. ¥ pasi 30iJabIeHHA Bigmanai misk gBoMa
medopmyBanbauMEu iHcTpyMeHTaMu 3i 100 1o 300 MM piBeHBL CTHCKAJIBHUX
HANPyKeHb y BCixX mMomenax 3poctae B 1,5-2 pasu, 3ajie;KHO Bim MIBUIKOCTH
00epTaHHA MAaTPUIIi.

KarouoBi cioBa: minb, ApiT, CKpy4YyBaHHs, BOJIOUiHHS, HANPYysKeHUH CTaH,
MOJeJIIOBAHHSA.
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1. INTRODUCTION

The modern market economy imposes fundamentally new require-
ments on product quality. Now, the survival of any enterprise and the
stable position of its goods and services in the market are determined
by the level of competitiveness. Competitiveness is related to two indi-
cators: price and product quality. The competitiveness of a product is
understood as a set of qualitative and cost characteristics of a product
that meet the specific needs of the buyer at a given time and compare
favourably with similar products produced by competitors.

The main way to increase the competitiveness of wire is to introduce
innovative developments and technologies into existing production,
which will allow producing higher-quality wire at lower costs [1-5].
Therefore, the current steadily growing demand for high-quality wire
requires wire manufacturers to take a new approach to further devel-
opment and improvement of drawing technology.

The need to develop and introduce into production innovative tech-
nologies for the manufacture of wire with high strength and plastic
properties determines the relevance of this study.

A good option may be the principle of deformation combination,
when, as a result of combining two processes, it becomes possible to in-
crease the plastic characteristics of the metal [6-10]. It is known from
the practice of metal forming that the application of the alternating
strains makes it possible to increase the plastic resource of metals due
to the grain reorientation, the appearance of new sliding planes and a
decrease in energy along grain boundaries. This mechanism is because
the dislocation structure formed under a certain deformation pattern



STUDY OF THE STRESS STATE IN A WIRE DURING DEFORMATION 1357

is disrupted when the deformation pattern changes. Such deformation
treatment does not reduce the dislocation density in the metal, but by
redistributing them, it changes the dislocation structure. The in-
volvement of additional sliding planes shifts the moment of complete
embrittlement to the area of increased total compression. As a result,
the yield strength decreases and the wire ductility increases. This is
because plasticity and deformability are largely determined by the
density and distribution of crystalline structural defects (mainly dis-
locations) in the metal volume, which accumulate during progressive
deformation. Therefore, it is necessary to create such deformation
conditions so that local peak stresses are always removed, even before
the crack originates.

Nanostructuring processes are one of the most progressive ways to
improve the complex of mechanical properties of structural materials,
allowing significant modification of the properties of alloys without
changing the chemical composition [11-17]. However, the unique
combination of particularly high strength and at the same time suffi-
cient plasticity of ultrafine-grained materials requires a unique devel-
opment of methods for their production. Therefore, many scientists
have been trying for a long time to combine traditional drawing with
methods of severe plastic deformation, which make it possible to ob-
tain an ultrafine-grained and nanostructure [18-22].

One of these combined technologies is a technology that combines
ECAP and traditional drawing (ECAP-drawing) [23-25]. The defor-
mation technology being developed in this article represents a further
development of the combined ‘ECAP-drawing’ process. In this tech-
nology, the key feature is the rotating ECA matrix. Due to this, the
workpiece, in addition to deformation at the stages of ECAP and draw-
ing, receives a certain increase in deformation due to twisting in the
gap between two deforming tools.

The practical significance of the study lies in the possibility of in-
troducing improved technology into existing drawing mills by simply
adding one node, without significant changes in the mill design or de-
formation technology.

2. EXPERIMENTAL

The possibility of implementing combined loading using traditional
drawing was studied using computer modelling. The study was con-
ducted using the DEFORM-3D software package, which takes into ac-
count sufficient resources to solve the tasks and a user-friendly inter-
face that allows you to output data in the form of graphs and images
with high computational accuracy.

Consideration of the stress state is important in the study of any de-
formation technology. From the point of view of the processed materi-
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al, the study of the stress state allows to assess the resulting stress dis-
tribution over the entire workpiece volume and make the necessary ad-
justments to obtain the most optimal distribution picture (for exam-
ple, to reduce the level of tensile stresses and increase the proportion of
compression stresses). From the perspective of a deforming tool, the
study of the stress state allows to assess the overall stress level that
occurs and identify the possibility of equipment failure due to viola-
tion of strength conditions.

In addition, in this case, it is necessary to take into account the non-
cumulative nature of all stress state parameters. Unlike the strain
state, stress parameters tend to reset after the load is removed. There-
fore, the most appropriate way to study the stress state is to consider
the workpiece at the time of simultaneous deformation in both tools.
This will allow examining in detail the patterns of stress distribution
both in the deformation zones and in the gap between the tools. In this
case, the most advantageous position is the longitudinal section of the
workpiece, which allows to consider the stresses that arise both in the
transverse direction (in height) of the workpiece and in the longitudi-
nal direction (in length).

The deformation speed v; applied to the front end of the workpiece
and equal to 500 mm/s was taken as the initial parameter. In the fibre,
the initial diameter of 7 mm is reduced to 6 mm. In accordance with the
law of constancy of second volumes, the velocity vo-; will be equal to
367 mm/s. The velocity vo applied to the rear end of the workpiece is
280 mm/s. At the same time, it was decided to vary the value of the an-
gular velocity of rotation of the matrix in order to assess the effect of
the workpiece twisting level on the stress state. The following values of
the matrix-rotation speed were set: 6, 18, 30 rpm. A geometric param-
eter the distance between two deforming tools was also varied. This
variation was designed to evaluate the distribution of workpiece twist-
ing intensity in the interval between tools with unchanged kinematic
parameters. The following values of the distance between the matrix
and the drawing die were set: 100, 200, 300 mm.

3. RESULTS AND DISCUSSION

Figure 1 shows the patterns of stress distribution in the workpiece sec-
tion with a distance between the matrix and the drawing die of 100 mm
at different matrix-rotation speeds.

Comparing the obtained results, it can be noted that the stress dis-
tribution is quite identical both in the deformation zones and in the
gap between the instruments. At all matrix-rotation speeds, an abso-
lutely identical pattern is formed in the ECAP deformation zone, both
in terms of the nature of the stress distribution and their values. This
is because the influence of the matrix-rotation speed in this defor-
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Fig. 1. Stress distribution in the workpiece section with a distance between
the matrix and the drawing die of 100 mm at different matrix-rotation
speeds: 6 rpm (a), 18 rpm (b), 30 rpm (c).

mation zone is practically absent due to the free rear end of the work-
piece, which rotates with the matrix.

Due to the presence of tension in the matrix, only small areas of con-
tact between the workpiece and the tool occur, compressive stresses in
the range of —230—250 MPa occur in these zones. Zones of tensile
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stresses in the range of 80-100 MPa are created in opposite sections.

In the interval between the tools, the stress values are also approxi-
mately the same, namely, in the stretching zones, the stress level is of
60—-80 MPa, and in the compression zones, the stress level is of —20—
—50 MPa. The main difference here is the nature of the distribution of
tensile and compressive stresses, which is the result of the influence of
the matrix-rotation speed. Comparing all three pictures in Fig. 1, it
can be noted that, with an increase in the matrix-rotation speed in the
considered interval between the tools, a stress distribution along a hel-
ical line is observed, whereas at a speed of 6 rpm this distribution is
almost linear in length.

The first serious differences in the models are observed in the draw-
ing deformation zone, which is associated with a change in the matrix-
rotation speed, which, in turn, has a direct effect on the workpiece
twisting intensity in the interval between tools. With an insignificant
rotation speed of the ECA matrix of 6 rpm, the drawing deformation
focus differs little from the classical focus, when compressive stresses
prevail in the contact zone of the workpiece and the drawing (under
these conditions, their level is approximately of —140—-150 MPa).
With an increase in the rotation speed of the ECA matrix, the level of
twisting of the workpiece increases, as a result of which the level of
compressive stresses decreases. This phenomenon is a well-known fact,
when the torsion factor reduces energy costs during drawing [4]. As a
result, at a matrix-rotation speed of 18 rpm, the level of compressive
stresses in the drawing deformation zone is approximately of —100—
-120 MPa, and at a matrix-rotation speed of 30 rpm, the level of com-
pressive stresses is approximately of -60——70 MPa.

Figure 2 shows the patterns of stress distribution in the workpiece
section with a distance between the matrix and the drawing die of
200 mm at different matrix-rotation speeds.

An increase in the gap between deforming tools has practically no
effect on the parameters of the stress state in the ECAP deformation
zone and in the gap between the tools. For all values of the matrix fu-
sion rates, patterns similar to the previously considered models in
Fig. 1 are observed in these zones. Significant differences are observed
only in the drawing deformation zone. Here, the inverse dependence of
the intensity of compressive stresses on the matrix-rotation speed is
preserved. However, a comparison of two groups of models with dif-
ferent values of the gaps between the tools revealed a direct relation-
ship of this parameter with the intensity of compressive stresses—in
all three models, the level of compressive stresses in the drawing area
had increased of 25-35%. Despite the fact that increasing the matrix-
rotation speed reduces stresses, the overall increase is associated with
an increase in the total working of the metal along the section, i.e., with
its hardening due to longer workpiece twisting.
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Fig. 2. Stress distribution in the workpiece section with a distance between
the matrix and the drawing die of 200 mm at different matrix-rotation
speeds: 6 rpm (a), 18 rpm (b), 30 rpm (c).

c

Figure 3 shows the patterns of stress distribution in the workpiece
section with a distance between the matrix and the drawing die of
300 mm at different matrix-rotation speeds.

A further increase in the gap between the instruments from 200 to
300 mm preserves the previously identified dependences. There is still
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Fig. 3. Stress distribution in the workpiece section with a distance between
the matrix and the drawing die of 300 mm at different matrix-rotation
speeds: 6 rpm (a), 18 rpm (b), 30 rpm (c).

an inverse dependence of the intensity of compressive stresses on the
matrix-rotation speed and a direct dependence of the intensity of com-
pressive stresses on the magnitude of the gap values.

Since the differences in all the considered models were revealed only
at the drawing stage, for this zone, all the stress values obtained were
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TABLE 1. Stresses in the drawing area, MPa.

Parameter 6 rpm 18 rpm 30 rpm
100 mm -140—-150 -100—-120 -60—-70
200 mm -160—-170 -120—-140 -90—-110
300 mm -220—-240 -160—-180 -140—-160

summarized in Table 1.

4. CONCLUSION

In this article, the stress state is considered during the implementation
of a new combined technology for copper wire processing. The key fea-
ture of the new technology is the wire deformation in a rotating equal-
channel step matrix and subsequent drawing. The analysis results of
the average hydrostatic pressure revealed an inverse dependence of the
compressive stresses intensity on the matrix-rotation speed and a di-
rect dependence on the gap magnitude between the deforming tools.
Thus, with an increase in the matrix-rotation speed, the level of com-
pressive stresses in all models decreased by 1.5-2 times, depending on
the gap length between the tools. With an increase in the distance be-
tween the two deforming tools from 100 to 300 mm, the level of com-
pressive stresses in all models increases by 1.5-2 times, depending on
the matrix-rotation speed.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19676903).
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