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— HEOTHOPiAHICTh CYOCTPYKTYpPH 3a 00’€éMOM METAJy Ta BCEPEeIMHi OK-
peMux 3epeH, AKa IOB’A3aHa 3 THUM, IO OHI JIIAHKM IIOMHO PeKpHc-
TaJIi3yBaJlCsd, a PaHillle PEeKPUCTAIZ0BaHI JIATHKY 3a3HAJIN HAKJIEITY
Ta IMHAMIYHOTO IIOBEePHEHHS;

— XBUJIACTIiCTH a00 3yOIIOBATICTL MEXK 3€peH, IO BUKJINKAHA BUKUIAH-
HAM «A3UKiB» IiJ yac 3apoaKeHHsI HOBUX 3epeH (a1uB. puc. 6);

— IOsIBa KOJIOHIN HOBUX 3€PEH MepeBakKHO0 HABKOJIO MEXK BUXiTHUX KPU-
crajiTiB (puc. 9, a i 6);

— piBHOBiCHIiCTH 3epeH Ha BiIMiHY BiJf BUTATHYTUX 3€peH Ha cTamii au-
HaMiYHOT'O IOBEPHEHHS.

[P sasBuuaii moumHaeThCA Ha HAaABHUX MeKax sepeH (puc.9,a), a
HOBi 3epHa 3rofoM 3apOIKYIOThCA Ha MerKaX IMONHO YTBOPEHUX 3€PeH
(puc. 9, 6), i, TaKMM YMHOM, YTBOPIOETLCS CMyTa 3 PEKPUCTATiZ30BaAHUX
3epeH, AKa MOCTYIIOBO MOTOBMIIYEThCA (puc. 9, 8). 3aBAAKM IOCTIiTOBHIH
MMOABI HACTYIHUX IIApiB MOKe YTBOPUTHUCS HAMHCTOMHOAiOHA 3epeHHa
CTPYKTypa. 3a CIPUATINBUX YMOB IIei IPOIleC MOKe ITPOIOBKYBATUCS
IO YTBOPEHHA MPiOHO3EepHUCTOI TMHAMIUHO PEKPUCTAi30BaHOI CTPYK-
rypu (puc. 9, 2). BogHouac muHamMiuHuil PO3Mip 3epHa UYTJIWBO 3aje-
JKUTH Big ymMoB pedopmaritii [44]. Onguak cain 3asHauuTu, 1o [P mikomn
He OyBae MOBHOIO, OCKiJIBLKM B HOBi peKpucTaIisoBaHi 3epHa gedopmairi-
€10, IIT0 TPUBAE, BHOCATHLCA HOBI aucokarii [16].

3a yMOBH iCTOTHOTO PO3BUTKY AZMHAMIYHOT'O IIOBEPHEHHS KPUTHUUYHA
TyCTHHA JUCJIOKAIlil, AKa HeoOXigHa I 3apOoAsKeHHS IeHTPiB PeKpic-
ramiszaiii, Moske He OYTU SOCATHYTOI0 aX IO HAMOLJLIINX CTYIEHiB Je-
dopmarii, 1 B Takux ymoBax IIP moixke BsaraJjii He posmoyaTuUcCH
[35, 40, 43]. Came Taka cuTyallis MoxKe CIIOCTepiraTucs y MeTajax 3 BU-
COKOI0 eHepriero mederTiB makysanus (a-Fe, Al ta in.). I maBmaku, y
MeTajax 3 IMOPiBHAHO HUBBLKOI eHepriew medekTtiB makyBaHua (y-Fe,
Ni, Cu, Co Ta iH.) tmHaMiuHe TOBEepHEHHS IIPUTHIUEHEe i mix yac rapsdoi
medopmarii gocTaTHiX CTyIeHiB MoMKe OyTHU TOCATHYTA KPUTUYHA I'yCTH-
Ha TUCJIOKAIlil, TKa HeoOXimHa ayda imimitoBanua nporecy IP. o cromis,
y AKUX 3a BiTHOCHO BUCOKOI'O CTYyIIeH:A rapaydoi aedopmartii Buaukae [P,

8 2
Puc. 9. Cxema eBoJIOINil 3epeHHOI CTPYKTYPHU KPUIIi IIiJ Yac AUHAMIUHOI peK-
pucranizanii[19]. IlyaxTupHi giHil 1OKa3yIOTh HIOYATKOBI MeXKi 3epeH.

Fig. 9. Schematic of the evolution of the grain structure of steel during dynam-
ic recrystallization [19]. The dashed lines show the initial grain boundaries.
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BiTHOCATHCSA BYTJIEIEBi Ta JIeT'OBaHi KPUIlL B ayCTeHiTHOMY CTaHi, sKapo-
MiITHi HiKJIeBi cTOIM Ta JIaTyHi, IO € BKpPall BaKJIUBUM JJId peaJisarrii
pisuux Texmosoriuaum cxem TMO ixX y IpoMHUCJI0BUX YMOBaX.

Jler'yBasibHi ejleMeHTH, AKi 3MEHNIYIOTL eHepriio meeKTiB IIaKy-
BaHHA, YCKJAIHIOIOTH IMHaAMiUHe ITOBepHEeHHA Ta moJjierinyioTs IP. Ilig
yac OI[IHKM POJIi Jer'yBaJbHUX NOOABOK TaKOMK CJiJl BDaXOBYBATU MOK-
auBe mpurHiueHHa [P uepes rajsbMyBaHHA Mirpailii Mex AUCIIEPCHUMU
yacToukaMu (KapOigiB, HITPMAIB TOINO), AKi MOKYTh BUIIIATHCA Y
npoiieci medopmalliiizoro oopobaenus. Koau cuia 3akpilieHHsa Mex,
10 BUKJMKaHA HASIBHICTIO BUAiJE€Hb, IEPEBUINYE PYUIHHY CUIY IJIs
mirpamii me:x, [P mpurHiuyeThcs; BOAHOUYAC YTBOPIOIOTLCSA APiOHIiImi
IUHAMIYHO PEKPHCTAJIi30BaHiI 3epHa 3a BeJIMKHX aeopMariiii, SKIITO
YTBOPEHHA iX BaaraJii Oyme MOMKJINBUM 3a TaKUX YMOB [45].

Y zarambHOMY BUOAAKY KPUTHUYHUIN CTYIIiHL AedopMmarrii, HeoOXim-
HU# aja nmouyatky P, 36iabmIyeTbesa 3i 3pocTaHHAM IMIBUAKOCTH Aedo-
pMarrii Ta MOHMIKEHHAM TeMIePaTypPH, a TaKOoK 31 301JILITTIEHHAM PO3Mi-
py Buxignoro sepua[35, 36, 40, 41, 43].

5. CTPYKTYPHI 3MIHU IICJH 3AKIHYEHHSA TAPAYOL
IE®OPMAIIIT

TapsuemedopMoBaHa CTPYKTypPa METaJy MiCTUTh BeJIMKY KiJbKiCcTh Ha-
KONMYeHOl eHeprii y BUrIAmi A1UCcJa0KaIlii, 110 pOOUTE i1 TepMOJMHAMIU-
HO HecTabinbHOIO. Ilicasa rapauoi medopMmaiiii abo BIPOIOBIK MixkIedop-
MaliffHUX iHTepBaJIiB BCTAHOBJIEHO TPU TUIIM MUMOBLJIBHUX BiTHOBJIIO-
BaJIbHUX IPOILECiB, TaKi AK cTaTUUYHE IIOBePHEHHS, CTATUYHA PEKPHCTa-
agigamia (CP) ta merammHamiuHa pekpucraiisaiia (MIOP), mo imomi
3BEThLCS MOCTAUHAMIUHOIO, SKi OB’ s3aHi 3 piBHEeM HAKOMMUYEHOl Jedop-
marrii. IlepImi aBa mmporecu MaOTh aHAJIOTH IIiJT Yac BiAmay IicJsd XO0JI0-
noi medopmariii, a MIIP moxe nmepebiraty TiabKuy miciid rapadoi medop-
Marrii.

Tun BimTHOBIIOBAJILHUX IIPOIIECiB, IXHA KiHEeTUKA Ta BHECOK Yy 3HEMi-
IHIOBAHHS METAJNy 3aJekaTh Biff TOro, Ha AKil cTamii O0yjao mepepBaHO
rapauy medopmariiito. Ha pucyury 10, a HaBeleHO KPUBY IIJIMHHOCTHU
BYTJIEIIEBOI KPUIIi B ayCTEeHITHOMY cTaHi 3a Temneparypu y 780°C, a Ha
puc. 10, 6 —kiHeTUKY 3HEeMIiI[HIOBaHHSA MHiJ uac micasgedopMalliiiHoro
i30TepMiUyHOTrO BUTPUMYBaAHHSA MicJA IepepuBaHHA rapAdoro CTUCKAaH-
H{ 3a pisHUX cTyHeHiB medopmarrii [46].

Kpusa I ma puc. 10, 6 BifHOCUTLCA IO IMepepUBaHHSA rapAdoro CTHC-
KaHHA Ha CTafdil mouaTKoBoro aedopMartiiimoro saMminmuernHs (Touka I Ha
KpuBiit manuHOCTH Ha puc. 10, a). ¥ 1boMy BUNIAAKY HAKJIEI 1O MOMEH-
Ty 3aKiHueHHs medopMaillii Ime 3aHAATO MaJWil, IMO0 IIig Yac MicJisd-
IedopmaliiiHoro BUTpuMyBaHHA cTajia MoxkjauBoo CP, i micaamedop-
Malliliie 3HeMIiI[HIOBAHHA BiIOYBa€ThCA TiJIbKU 3aBOAKN CTATUUYHOMY
moBepHeHHI0. Ile MOBepHEHHS IMOYMHAETHCA Oe3IocepegHbO ITiCJIA 3a-
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Puc. 10. Kpusa niuanoctu Kpuii 3 0,68% C, medopmoBaHOl CTHCHEHHSM 3a
780°C 3i mBuakictio y 1,3-103 ¢! (a) Ta 3agesHICTE CTyIeHs 3HEMIiITHIOBAHHSA
miei kputi Bim TpuBasocTu micaamedopmarltiinoro BurpumMmyBanHsa 3a (80°C (0)
[46].

Fig. 10. Flow curves for 0.68% C steel compressed at 780°C with a rate of
1.3:10%s™ (a) and dependence of softening of this steel on the duration of
post-deformation holding at 780°C (6) [46].

Kinuennsa rapadoi gedopmairii (6es inkyoOariiitnoro nepiony) i mepebirae
i3 mocTymoBuM 3racamuAM. CTaTuuHe ITOBEPHEHHS BUBHAYAETHCA K
3MEHIITeHHA I'YCTUHHY i 3MiHa po3IoAiay AUCJIOKAIlill Ta iHImuX gedeKTiB
KpHUCTAJiUYHOI CTPYKTYPH, IO BiZOyBaIOTLCS ITil YaC BUTPUMYBaHHS 3a
IIigBUIITEHOI TeMIIepaTypu, Ie Ii 3MiHu He mepeadavaoTh « BUMiTAHHA»
IederTiB 3aBOAAKM Mirpailii BeaukKokyToBux me:k [47]. IlepepuBuacra
nedopmarrisa, TeMmiepaTypa, a TaKOK IPUPOIa MaTePiday YMHATH iCTOT-
HUH BIJIMB Ha CTaTUYHE IIOBEPHEHHS. 3a TAKUX YMOB eHeprid gedeKTiB
NaKyBaHHA MaTepidany € HalBasKJUBIIMIUM (aKkTOpoOM, IO BILJIMBAE Ha
CTYHIiHbL BiTHOBJIEHHS, OCKiJILKM BOHA BU3HAYAE MEXaHi3MU, IKi KOHT-
POJIIOIOTH HIBUAKICTHL BiJHOBJIEHHS: IMBUIAKICTH IIEPEIOB3aHHS IMCJIO-
Kallii Ta iIXHBOTO ITOoIIepPeyHoro KoB3aHHsa [19].

Kpusa 2 ma puc. 10, 6 Tak0:X BiZTHOCUTBLCS A0 IePePUBAHHA rapsadoro
CTHUCHEHHS Ha cTamil zedopMaIiiiHOro 3MiITHEHHS, aJje CTYIIiHb gedop-
matrii mopsaz 3 mum € BuinuM (Touka 2 Ha puc. 10, a) i HakJen € gocTar-
HiM gaa pos3sutky CP mig vac micaamedopMaliiiHOTO BUTPUMYBAHHSI.
HoBi craTuuHO peKkpucTaji3oBaHi 3epHa 3apOIKYIOTLCA IIEePeBaKHO
TaM, ge JOKAJbHAa AedopMallia HalBUIa, TOOTO HA BiKe HAaABHUX MexKax
3epeH, cMyrax gedopmaiiii Ta BkaoueHHax. CP 3asBuuaii mounHAETHCS
ITicJIsT IeBHOTO YacOBOTO iHTepBaay (iHKyOaIifiHoro mepiomy) Big mouar-
Ky BuTpuMyBaHHa [19], HeoOXimHOrO M1 TepMiuHOI aKTHBAIIil ITPOITecy
3apOAKOYTBOPEHHS, i IPU3BOAUTE 0 ITIOBHOT'O 3HEMiITHIOBAHHSA (APyrui
migiiom Ha KpuBint 2). [{na ininiroBanua kaacuuuoi CP moTpi6Ha BigHO-
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cHa medopmaria y =10% [42]. 3 migBuilleHHAM IIBUIKOCTHA Tapsadol
nedopmarrii 7o IIeBHOI Mipu 3pocTae I'yCTHHA AUCJIOKAIlill; V pe3yJIbTaTi
nporec CP mpummBugmyerses [47]. Yapomos:x iHKyballifiHoro mepioay
BigOyBaeThCA JIMINIE CTATUUYHE IIOBEPHEHHS, AKe PO3BUBAETHCA IO
IIBUAIIE TA IIPU3BOAUTE M0 OiJBLIIIOr0 3HEMIiI[HIOBAHHSA Y IIOPiBHAHHI 3
IoIepeIHIM BUIaaAKoM (IIJ1aTo Ha KPUBiit 2 BuIlle 3a MJIaTo Ha KPUBiii 1).
Ha kimetury nporecy CP BupaskeHUil BIJINB YNHATH PiBeHb HAKOIIYE-
HOI medopmalrii, mIoUYaTKOBUI PO3Mip ayCTEeHiTHOTO 3epHAa, MIBUIKICTH
medopwmarrii, remmeparypa Ta XxemiuHuii ckaan Kpuii [19].

Ocob6smuBuil iHTEpPEC IIpeAcTaBasae Kpusa 3 Ha puc. 10, 0, 1110 XapakKTe-
pusye 3HeMillHIOBaHHA micad nedopmaliii, mepepBaHoi Ha cTajxii mouar-
Ky /1P, ame mie mo mocArHeHHs cTamioHapHOI cramii (Touka 3 ma cmami
IicJIsg miKoBOT'O HaNpy:KeHHs Ha puc. 10, a). 3HeMiHIOBAaHHA ¥ IILOMY
BUIIAAKY BigOyBaeTheA y Tpu etanu. Ilepiuii i Tperiit migiiomu Ha Kpu-
Biff 3 amasoriumi migiiomaM Ha KpusBiii 2 i BiAmoBigaoThL IIpoIlecamM cTa-
TuuHoTro noBepHeHHs Ta CP Bigmosizno. HoBuM € mpomiskHMIT migiiom
Ha Kpusiit 3, mio Binmosimae M/P, axa Ha Bigminy Bixg xkaacuumoi CP
nmepebirae 6es iHKyOaliitHoro mepioxy. 3riguo 3 KomecoM i cmiBaBTO-
pamu [46, 48, 49], konu gedopmariio mepepBauno Ha ctaznii [P, e 6esiiu
CBiJKMX 3apPOJKiB PEeKPUCTAJII30BAHUX 3€PeH, IO He BCTUTJIN IIiAJaTHICs
HaKJIeIly Ta 34aTHi MO0 3POCTAHHS B CTAaTUYHUX YMOBAX Bigpasy IIicjsa
NpUIIMHEeHHA rapdadol gedopmariii. baraTo BeIMKOKYTOBUX MeK PEKPU-
CTaJIi30BaHMX 3€PeH, II0 00MIBa OOKM AKUX CUJIbHO Pi3HATHCA I'yCTUHU
IUCJOKaIlill, MirpyBaau y 0ik OLJIBII HaKJENMaHUX 3epeH IIif uac rapadoil
medopmarii (zuB. puc. 3) i MOXKYTBH IIPOZOBIKYBATH TaKy Mirpailio Bij-
pasy mmichda il sakinueHHA. Ilum 3ymMoBIIeHO HallBaKJIUBIITY IJ1d MeTa-
Jyprifinoi mpakTuku ocobauBictb MJIIP— BigcyTHicTh iHKyO6aIlifiHOTO
mepiogy Ta 3pOCTaHHS 3ePeH 3a KOPOTKUM Yac MicJIs 3aBepIIIeHHA rapsi-
yoi medopmarii meraay. Ilepina saTpuMKa y 3HeMillHIOBaHHI (MaJIeHbKe
ILJIaTO Ha KPUBiii 3) € pe3yabTaTOM TOTO, I110 3HEMIiITHIOBAHHS 34 IITBUIKO-
o CTaTUYHOI'O IIOBEPHEHHSA 3aBEepPIIYEThCA paHillle, HisK cTaHe IIOMiTHUM
3HeMinHIOBaIbHU Y eeKT Big MIIP, 1110 po3BUBa€ETHCA.

Kpusa 4 ua puc. 10, 6 BigmoBisae 3HeMiITHIOBAHHIO IIiCJIA IIPUINHEH-
H4a rapavoi medopmarrii Ha craxgii cramioHapHOI IIMHHOCTH MeTay (TO-
uyka 4 Ha puc. 10, a). 3ynmnHKa 3HEeMIiITHIOBaHHA MMicJd 3aKiHUeHHA cTa-
Iii cTaTHYHOTO IIOBEPHEHHA He CIIOCTEePiracThes uepesd CUJILHO PO3BUHE-
He Ha IIbOMY eTami 3HeMinuioBaHHa Bigx MP. Binmiznmoro ocobauBicTiO
€ Te, 1m0 MIP npu3BOAXTS 10 TOBHOT'O 3HEMIITHIOBAHHA 3a Yac, MEHIITUHN
imkyoOaritinoro nmepiogy CP, uepes 1110 oOCTaHHS He iHiIlitoeThCs.

Pisui mexamismu, 1110 peai3yioThed micaa rapadoi gedopmairii, 0yrm
IomaTKOBO BuBUeHi XomsxkcoHoM i cmiBaBrOopamu [50-52]. ¥V poborax
[63, 54] HuUMU TaKOK PO3TJIAHYTO MeXaHi3M 3HEMiITHIOBAHHS 3aBAAKU
nepebiry MJIIP B aycreniti miciaa moBuoi P (puc. 11, a). IlouaTkoBe
3HEeMIiITHIOBAaHHSA, SKe CIOCTepiraeThbCcsa Ha pPaHHiN craxmii miciasmedop-
MaI[ilfHOTO BUTPUMYBAaHHS, 3yMOBJIEHE INMBUAKNM 3POCTAHHIM AUHAMI-
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9YHO c(h)OPMOBAHUX 3aPOJKiB, I10 MAlOTh BUCOKY PYHIifiHYy cuay Mirparrii
yepes3 BiJHOCHO HU3BbKY I'YCTHHY AMCJIOKAIlill BcepeqUHI HUX Y IIOPiB-
HaHHI 3 cycigaiMmu sepHamu (puc. 11, a i6). Ile mpuBogUTEL MO YTBO-
PeHHS BIILHUX Bif AUCIOKAIIiM obJacTeil mo3amy Mexx, II0 PYyXaioThCs
(puc. 11, 6). IIporpecyroue pyiiHyBaHHA cyOMe:k BCepeIUWHi TMHAMIUHO
pPexpucTaridoBaHUX 3€PEeH, 3yMOBJIEHE IIEPEIIOB3aHHAM Ta aHIiTiJaAIieo
IUCJOKaIliil, y milcyMKy IPUBOAUTH A0 YTBOPEHHS 3€peH, AKi MpaKTu-
YHO BiJIbHI Big mmcJIOKaIliii, Ta MOHMKEHHS IMIBUIKOCTH Mirpaifii Mex
sepew (puc. 11, 61i 2).

TaxuM YMHOM, UMM OLJIBIINM € CTYIiHb rapsauoi gedopmaiiii mo moua-
TKY CTafAii IIIMHHOCTU MeTaJay, THM IIBUAIIE BiIOyBacThLCA 3HEMII[HIO-
BaHHA mig uac micaamedopMalliiiHoro BUTPUMYBAHHSA Ta APiOHIIIINM €
pexpucrangizoBane 3epHO. 30iMbIIeHHA cTyneHs medopmariii Ha cramii
MJINHHOCTHY He BILIMBAE Hi Ha IMIBUIKICTL 3HEMiITHIOBAaHHS, Hi HA PO3Mip
3epHa IIig yac micadanedopmaliiiinoro surpumyBaHHa. IIBuaKicTh mic-
aameopMaIiiHOr0 3HEMIITHIOBAHHA 3POCTAaE 3 MIiABUIIIEHHAM TeMIIepa-
Typu rapadoi gedopmarii[51, 52].

OcuoBHa BigmiaHicTs Misk CP i MIP mosarae B ixHix KiHeTmunHmMX
s3ajexkHocTaAx. MIIP icToTHO 3a7€KUTh BiJ ITBUAKOCTU JedopMaliii, He-
iCTOTHO 3aJIeKUTH Bil TeMIepaTypH Ta XeMiUHOTO CKJIALy KPHUIli, aje
Malii)ke He 3aJIe;KUTh Big cTymeHsa gedopmairii. CP, 3 inmroro 6oky, icto-
THO 3aJIeKUTH BiJl TeMIepaTypu, CTyIlleHa Aedopmallili Ta posMmipy 3ep-

1 I
o e < e s s
8 2

Puc. 11. CxemaTuyse 300paskeHHA 3aIIPOIIOHOBAHOTI0 V¥ poboTi [54] mexanizmy
MMOCTAVMHAMIUYHOTO 3HEMIITHIOBAHHA: MIOYATKOBUHM MMHAMIYHO PEeKPUCTAIi30Ba-
HU# cTaH (a); mBUAKA Mirpamia Me)x 3epeH i pyiHyBaHHA cyOomerk (0); BUAa-
JIeHHS IUCJOKAIIiM i3 BHYTPIINIHLOI YacTUHU 3epeH (8); KiHmeBuit 6e3uciIoKa-
miftHuY cTaH 3epeH (2). BeraBku Ha puc. (a)—(2) i0cTpyIOTE IPOI'pecyyue 3Me-
HIMeHHS KiTbKOCTHY UCJIOKAIiH 3 000X 00KiB Bix Mexx 3epeH («I'3»).

Fig. 11. Schematic representation of the post-dynamic softening mechanism
proposed in Ref. [54]: the initial dynamically recrystallized state (a); rapid
grain-boundary migration and disintegration of subboundaries (6); removal
of dislocations from the grain interiors (8); formation of dislocation-free
grains (2). The insets in (a)—(2) illustrate a progressive loss of visibility of ex-
trinsic dislocations inside the grain boundary (I'3) structure.
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Ha, aJie HeiCTOTHO 3aJIeKUTh BiJl IMTBUAKOCTU Aedopmarrii.

6. 3ACTOCYBAHHA Y TPOMHCJI0BUX YMOBAX

B3aeM03B’ 130K MisK CTPYKTYpPOIO Ta BJIACTUBOCTAMU KPUIL 3YMOBJIIIOE
BaYKJINBiCTh GPOPMYBaAHHS OasKaHUX TUIIIB CTPYKTYP HifJ Uac BAJIBITIOBAH-
HS MeTaJOBMPODOiB y MPOMUCIOBUX yMOBaX. 3aje:KHO BiJi YMOB IIpoBe-
IEeHHs Tapsayoro reopMyBanusd (3MiHU TeMOepaTypu, CTYIIeHs Ta IITBUI -
KocTu medopMarliii, TPMBAJIOCTH IicaAne(OopMAaIliiiHOTO BUTPUMYBAHHSI)
MOJKe cIlocTepiraTucsd NIMPOKUM CIIEKTEDP CTPYKTYPHUX CTaHiB JehopMo-
BAHOT'O MEeTaJY: Bifl rapsauyeHaKJIeIIaHOTO O CTATUYHO PEeK PHUCTAIi30BaHO-
ro [55]. IIi cTpyKkTypHi cTaHu, IKuX 3adikCcOBAaHO OXOJOAKEHHIM, BU-
3HAYAIOTh KOMILJIEKC MEeXaHiUHNX BJACTHUBOCTEH BAJBLIIOBAHHA 3a KiMHa-
THOI TeMIIepaTypPHU MicJid mepediry BiAmoBifHNX (ha30BUX IIEPETBOPEHbD.

Y BUNIAAKY HUSLKOIIIBUIKiCHOTO rapsavyoro BaJbI[IOBAHHA Y O1JIbIITIOCTI
BUIIAJKiB CTYIIHb JepopMaIlii 3a OAMH IIPOXiJ IIOPiBHAHO HEBEJIMKUH i B
30HI medopmarii (Misk BaJabIIbOBUMHU BaJKaMHU) Bil0YyBa€ThCA TiJIbKU
IUHaMivHe IOBEPHEHHs, IO He 3MiHIoe (popMmu 3epeH. Ilicisa Buxony 3
Mi’KBaJIKOBOT'O IIPOCTOPY B METAJI, II[0 OXOJIOIKYEThCA, MOXKe BimOyBa-
THUCA TiIbKU CTATUYHE ITIOBEePHEHHS, a 3epHAa 3aJIUINAI0THLCA BUTATHYTH-
MU Y HaOPAMKY medopmaliiiinoi Teuii (puc. 12, a), a00 MOKJINBA TaKOMK
CP, y pesysbTaTi AKO0I yTBOPIOIOTHLCS PiBHOBiCHI peKpucTaizoBaHi 3ep-
Ha (puc. 12, 6). Ilepinii BUNIaA0K € XapakTepHUM IJIs METaJiB i3 BUCO-
KO0, a Ipyruii — i3 HU3bKOIO eHeprieio gedeKTiB makyBauusd [56].

OxHuM i3 HaWBaKJIUBIIINX IIapaMeTPiB IPOIECY Tapsuoro BaJIbI[IO-
BaHH4, 1110 BIJINBae Ha yMmoBu nouaTky [P, € vac misk gedopmariitnumm
npoxomamu. Koau miskgedopmartitina maysa € nys:Ke KOPOTKOIO IJIA II0-
yaTKy Ta po3BUTKY CP abo njsa BUIAiJIeHHA OMCIEPCHUX YaCTUHOK (Kap-
0imiB, HITPMUAIB TOIO) HEJOCTATHLO YACY, TO y IIMX YMOBaX BimOyBaeThCs
HaKonn4YeHHA AedopMalrii, 110 TpUBOAUTH 10 TOUATKY Ta po3BUTKY [P i
MIP (puc. 13). I maBmaxku, Ko TPUBAJIICTh MiKaedopMaIliiHol naysu
€ 3HAYHOIO, AK, HAIIPUKJIAM, IIiJl Yac BaJIbI[IOBAHHSA JIMCTiB HA PEBEPCUB-
HUX CTaHaX, € JOCTAaTHLO uacy A nepebiry CP uu BumisieHHA guciepc-
HuX yacTuHoK. OcTaHHe, K OyJI0 3a3HadyeHo paHile, 3amobirae mouar-
Ky IP. BoiuB TpuBajiocTu MikaedopMaliiiHuX mmay3 Ha XapakTep Bif-
HOBJIIOBAJILHUX IIPOIECiB, IO BiAOYyBalOThCA Yy rapauenedOpMOBAHOMY
aycreHiri, i, 30KpemMa, Ha Te, Yy AKX BUOajgkax iHimiroerbca P, pe-
TeJILHO PO3TJIAHYTO ¥ poboTax [xoHeca Ta cuiBaBTopiB [57—60].

OpHuM 3 HANIOMINPEHIINTUX Y MeTaTyPrifiHii mpakTuili € coocio TMO
KPHUIIEBOT'0 JOBrOMipHOIO BAJBITIOBAHHSA KPYTJIOTO Iepepisy, aKuii Mae
Has3By «CresMoOp-mporec», a TeXHOJIOTiYHA MiJAHKA OXOJIOAMKEHHS Me-
TaJy Ma€e HasBY JiHil ABoOCTamiiiHOTO (BOZOMOBITPAHOTO) OXOJIOAKEHHS
(puc. 14). ¥V crkaxaxi Takoi gixii rapsuenedopMoBaHe BaJIbIIOBAHHS IIic-
JIsT BUXOAY 3 BHCOKOIIIBUIKICHOTO YMCTOBOTO BAJBIILOBOTO GJIOKY 0XO-
JOIYKYETHCA A0 IIEBHOI TEMIIEPaTyPU BOIOI0 Y CIEIliAJIbHUX (POPCYHKO-
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Hunamiune Junamiune ]
TIOBEPHEHHST Crarmage IIOBEPHEHHA Crarausa
TIOBEepHEHHA izar

a
Puc. 12. Cxemu KomOiHaIil fuHaAMiYHMX i CTATHYHUX BiZHOBIIOBAJIBHUX IIPO-
IeCiB ITiT yac rapsaYoro BaJIbITIOBAHHA 3 HEBEJIUKUM OOTUCHEeHHAM [56].

Fig. 12. Schemes of combinations of the dynamic and static processes during
hot rolling with small reductions [56].

Hunamiuna
perprcTasania

MeTanunamiusa
PEKPHCTAITIBAITIA

Puc. 13. Cxema komOinarii suHaMigYHMUX i CTAaTUYHUX BiTHOBIIOBAJIBHUX IIPO-
IeciB i yac rapsAYOro BaJbITIOBAHHA 3 BeIUKUM o0TuCcHeHHAM [61].

Fig. 13. Scheme of combinations of the dynamic and static processes during
hot rolling with high reductions [61].

BUX IIPUCTPOAX, a MiCJIA PO3KJIALAHHS Ha BUTKY — IIOBITPAHUMU IIOTO-
KaMH, SKi Har"HiTamTbhCSA AYTTHOBUMHU BEHTHUJIATOPAMU 3HH3Y—BIOPY,
a00 Ha CIIOKiHHOMY IIOBiTPi HA POJIMKOBOMY TPaHCIOPTEPi.

SKIMO posrisgmaTy 3a3HAUYEeHi BHUINE BiTHOBJIIOBAJIbHI IPOIecHu y KOH-
TEeKCTi BUPOOHUIITBA KOMJIOBOTO BaJILIIIOBAHHS MAaJOro mepepisy (mis-
meTpoM y 5,5-6,5 mm) Ha Crenmop-iaiHii, To dpinambua rapada mzedop-
Mallisg MeTaJly BiZO0yBaeThbCcA V BUCOKOIIBUAKICHOMY UNCTOBOMY BaJib-
ILOBOMY OJIOITi, IIT0 CKJIamaeThes 3 8—12 BaabIbOBUX KJIiTeH, AKi MarOTh
3araJbHUUA OPUBOJ BiJ OJHOroO ejeKTpoaBuryHa. MiskiaiTuHHI Bigmati
Yy Takux 0JIOKax — IIepeBaskKHO KOPOTKi (menri 3a 1 M), MIBUAKICTE Ba-
JBITIOBAHHA Ha BUXO0Ai 3 010Ky ctaHOBUTL 90-120 M/c, a cymapHUii Bij-
HOCHUI cTyminb gedopmailrii ckaagae = 90% 3a OZMHUYHOTO OOTHCHEH-
Hay =20% . Ile osHauae, 110 y HIPOIeCci BUPOOHUIITBA KOHJI0BOTO BaJIb-
II0OBAHHS MaJioro AiaMerpa meras 3asHae 90% -cymapuoi nedopmariii y
BaJIbIIeBOMY OJI0IIi MeHIIIe, HixK 3a 1 ¢. TeMmeparypa MeTany Ha BUXOZI 3
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Po3BuHYTO mojaabili yABJIeHHA 1010 GyHIaMeHTaJIbHUX IT0JIOMKEHD
3HEeMiITHIOBAJIbLHOTO TePMOMEXAaHIUHOTO O0POOJIEHHS KOMJIOBOTO BaJib-
IIOBaHHA 3 HU3BKOBYTIJIEIIEBUX KPUIh ¥ IIOTOII CyYacHUX TEeXHOJOTid-
HUX JiHiH, 110 I'PYHTYIOTHCA HA CTBOPEHHI cIenu()ivyHoro CTPYKTYPHOTO
cTaHy rapauee()opMOBaHOIO ayCTEeHITY mepe] MOYaTKOM HOT'0 po3many,
SAKUH XapaKTepusyeTheA IPiOHMM PO3MipoM 3epHa 3a paXyHOK PO3BUT-
Ky OUHaMiuHOl peKpucTtasisaimii Ta MiHiMaJlbHOIO I'YyCTHHOIO NUCJIOKAa-
il Ta YOOPAAKYBAHHAM iX 3aBAAKM HACTYIIHOMY IIepebiry cTaTHYHOIO
MOBEepPHEHHA Ta MeTaAWHAMIUHOI peKpucTaJjisallil 3 ofHOUaCHUM IIPUT-
HiYeHHAM PO3BUTKY CTAaTHUUHOI peKpucraiisaiii. IleperBopenns apio6-
HO3ePHUCTOT0 MeTacTabiJIbHOTO ayCTeHiTy 3a TaKoi cxeMHu TepMoMexa-
HiYHOT0 00PO0JIEHHA MOUYNHAETHCA 3a O1JIBIIT BUCOKUX TEMIepPaTyp Iopi-
BHAHO 3 KPYMHO3EPHUCTUM Ta Y BUIIAIKY HU3BKOBYTJEIEBUX JieTOBa-
HUX KPUIB OyZle CYIPOBOIKYBATUCA YTBOPEHHAM 0ibIoi 06’eMHOI Ua-
CTKHU CTPYKTYPHO-BiJILHOTO (DEPUTY, MEHIIUM CTyIeHeM MiKpoaedop-
maIlrii #oro KpucTajgiuyHOl I'PATHUI, 3MEHIIEHHAM TBEPIOPO3UNHHOTO
3MiITHEeHHA 3aBAAKMU MMOHMKEHHIO KoHIeHTparii Kapbony y depuri ta
MEHIIIOI0 BipOTiZHICTIO YTBOPEHHS CTPYKTYP OeMHITHOTO Ta MapTEHCUT-
HOT'O THIIy HiJi YaC YIOBLIbHEHOI'O0 OXOJIOMKEHHS KOMJIOBOT'O BaJIbILIO-
BaHHA Ha Tpamcmoprepi Cremmop-minii. Taka KOHIEHNIisg € TOJOBHOIO
IepeIyMOBOIO I BUPIIIeHHS BAXKJINBOI HAYKOBO-IIPUKJIALHOI IPob.Je-
MU — IJacTU(PiKaIlii KOHJOBOIr0 BaJBIIOBAHHSA 3 HU3LKOBYIJIEIIEBUX
JeTroBaHUX KPUIlh, 30KpeMa 3BaplOBaJIbHOTO IIPpU3HAUEHH, AKi y Ioaa-
JBIIIOMY HiIZaloThCA XOJIOOHIN NJaacTHUYHIA medopmalrii 3 BHCOKMMU
CTYIIeHAMU.

ITeit maTepisa 6ya0 CTBOPEHO 3a IMiATPUMKHU IPOEKTY « BcTaHOBIEHHA
ocob0amBOCTEN (POPMYBaHHS CTPYKTYPHOTO CTAHy Ta BJACTHUBOCTEH OYH-
TOBOT'O BaJIbI[IOBaHHA 3 JeroBauux Cr—-Mo—V Kpuip AJs OiJBUIIEHHS
ioro meOpMOBAHOCTI IIPW BUPOOHUIITBI 3BapIOBAJIbHUX MaTepiaris»
(mep:xaBHUII peecTpalliiHUA HOMEp HaYKOBO-IOCHimHOI poboTu
01250U000021).
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KoedimienTu pisaanua I'oana—IleTruya nasa 6araToKOMIIOHEHTHUX
TBepaux po3uuHiB 3 'I[K-kpucrariyHoo rpaTHUIIEIO

C. O. ®dipcros, T. I'. Poryas, B. ®@. 'opbanb

Incmumym npobaem mamepianosnaecmaea im.l. M. Ppanyesuva HAH Yrpainu,
8ya. Omenana Ilpiyaxa,3,
03142 Ruis, Ykpaina

Haseneno pesysibTaTy IOPiBHAJIBHOI aHaNidu KoeditieHTiB 6o (abo Ho) Ta ky
(abo ki) cuiBBimmomenua 'omma—IleTya Mik Melker0 MIIMHHOCTHA Ta PO3MipoM
3epHa JUid cepeqHbO- i BucokoenTporniumx cromiB (CECis i BECiB) Ta unctux
merainiB 3 'IIK-kpucraniuuoio rpatauneio. Ilokasano, 1Mo sHaUeHHS BKasa-
Hux KoedimientiB aiasg CECiB i BECiB icToTHO mepeBUIyIOTh IXHI 3HAUEHHA
IS YMCTUX MeTaJliB; BoAHOYAC Koe(dillieHTH Go 3pOCTalOTh 3SHAUHO MOBiJIbHI-
e, HiK ky. PO3riIgHYyTO BIJIVB Ha BEJIMUYMHU Go Ta By AUCTOPCiH KpucTamiuroi
I'PaTHUIIi, eJIeKTPOHHOI KOHIIEHTPAIlil, eHTaJbIii mapHOoaTOMOBOI B3aeMOmii.
BusnaueHo ymHHUKY, 1110 3yMOBJIOIOTH BUCOKi 3HAUEHHA Go Ta ky AJia 6ararTo-
KOMIIOHEHTHUX TBepAux po3umHiB. IlokasaHo, 110 piske 3pocTanua Koedilrie-
HTa 3¢PHOMEKOBOTO 3MilTHEHHS ky, oKpiM BractuBux Aiaa 'T[K-merariB mexa-
Hi8MiB, MOKe OyTU 3yMOBJIEHO HE3BUYHUMHU, IPUTAMAHHUMY JIUIIIe 6araToKO-
MIIOHEHTHMM TBEPAMM PO3UMHAM ABHUIIlAMN 3MiI_IHeHHH MeX HO,B;i.TIy: IIOHU-
JKeHHSIM eHeprii Me)k 3epeH 3a PaxyHOK JOJAATKOBOTO JieT'yBaHHA 6araToOKOM-
MMOHEHTHUX CTOIIiB TaK 3BAaHOIO «KOPHCHOIO AOMIITIKOIO», AKa 3a B3aeMOZii 3
aTOMOM eJIeMeHTYy 0araTOKOMIIOHEHTHOTO CTOITy Ha MeyKaxX MOy YTBOPIOE
CIJIBHUY XeMiuyHWH 3B’ 30K (ATOMU MAIOTh BUCOKY €HTAJIBIIII0 IIaPHOATOMOBOL
B3aeMOJii), Ta y pesyJabTaTi MOABU Ha Me)KaX 3e€PeH cerperariii ogHOTO 3 BJjac-
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HUX eJIeMeHTiB 0araToOKOMIIOHEHTHOTO TBEP/IOTO PO3UMHY BHACJIILOK IIEPEepos3-
Imozisly aToMiB 3a paxXyHOK IiKopiBHeBux 3mimens. IIpoanasnisoBamo nmedaxi
MOJZeJIi TBEPIOPO3UMHHOTO 3MiITHEHHA 0araTOKOMIIOHEHTHUX TBEPAUX PO3UU-
HiB, AKe 3yMOBJIOE 3POCTAHHA KoedillieHTa co i BUBHAUYAETLCS YCEPEIHEHUM
OMIOPOM PYXY AWCJIOKAIlill, CHPUUMHEHUM HAsSBHICTIO MiKOPiBHEBUX AMCTOPCiH
KpUCTANIYHOI I'PATHUIII, I1I0 CTBOPIOIOTHCSA ATOMAMM KOMIIOHEHTIB CTOIY BHA-
CJIiTOK IXHBOI MOIYJIBHO-PO3MipHOI HEeBigmOBiMHOCTH.

KarouoBi ciioBa: cepelHBO- i BUCOKOEHTPOIIifiHI cTomM, MeyKa MINHHOCTH, TBe-
pricTb, gucTopcii KpucTasmivuHol I'paTHUIl, 3ePHOMEIKOBE 3MiITHEHHA.

The results of a comparative analysis of the coefficients oo (or Ho) and &, (or
kr) of the Hall-Petch relation between the yield strength and the grain size
for medium- and high-entropy alloys (MEA and HEA) and pure metals with
an f.c.c. crystal lattice are presented. As shown, the values of the indicated
coefficients for MEA and HEA exceed significantly their values for pure
metals, while the coefficients co grow much more slowly than k,. An influ-
ence of crystal-lattice distortions, electron concentration, and pair-
interatomic-interaction enthalpy on the values of oo and %, is discussed. The
factors determining the high values of co and &, for multicomponent solid
solutions are determined. As shown, the sharp increase in the grain-
boundary-strengthening coefficient &,, in addition to the mechanisms inher-
ent to f.c.c. metals, can be caused by unusual phenomena of boundary
strengthening inherent only to multicomponent solid solutions: a decrease in
the energy of grain boundaries due to additional doping of multicomponent
alloys with the so-called ‘useful impurity’, which, when interacting with an
atom of an element of the multicomponent alloy at the boundary, forms a
strong chemical bond (atoms have a high pair-interatomic-interaction en-
thalpy), and as a result of the appearance of segregation of one of the ele-
ments of the multicomponent solid solution at the grain boundaries due to
the redistribution of atoms due to peak-level shifts. Some models of solid-
solution softening of multicomponent solid solutions are analysed, which
causes an increase in the coefficient co and is determined by the averaged re-
sistance to the movement of dislocations caused by the presence of peak-level
distortions of the crystal lattice, which are created by the atoms of the alloy
components due to their moduli-size mismatch.

Key words: medium- and high-entropy alloys, yield strength, hardness, crys-
tal-lattice distortions, grain-boundary strengthening.

(Ompumano 17 ciuna 2025 p.; ocmamoun. eapianm — 21 mpaens 2025 p.)

1. BCTYII

CriBBiZHOIIIEHHS MisK MesKel0 IJIMHHOCTH Go,2 TA PO3MipoM 3epHa d IJIsd
MOJIIKPUCTANIYHOTO MaTepidAlly ONUCYETbCA BijoMuM piBHAHHAM I'o-
ana—Ilerua [1-3]:

Cpg = Oy + kyd’l/z, (1)
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e 6o i k,— KoHCcTaHTH, d — po3Mip 3epHa. KoncranTa 6o posriagaerbes
AK HaIpy:KeHHs, HeoOXigHe IJId mepeMillleHHs AUMCJIOKAIlili Bcepeqnui
3epHa, a Bupas k,d /2 — K HAUPYyKeHHs, HeoOXiHe IJIs MPUBEeJIeHH B
[Iif0 3ePHOMEXKOBUX IUCJIOKAIiMHUX M:Kepet; KoedilieHT k, Bu3HaAUa€E
TPYyAHOIII ecTadeTHOI mepesavi KOB3aHHS uepe3 MeiKi sepHa (Koedilri-
€HT 3ePHOMEIKOBOTrO 3MillTHeHHs). [[1d eKcIIepruMeHTaILHOTO BU3HAUCH-
HA Go i B, BUKOPUCTOBYIOTE 3aJIEKHICTD Go,2 = f(d /?): 6o BimoBizaec eKc-
TPAMOIAIL]l IPAMOI Go2 = f(d /?) no 3HauenHsa d /2 =0 (IpUIyCKaeTLCH,
10 Gp — MeKa IJIMHHOCTH MOHOKPHCTAJNY 3 TaKOI0 K BHYTPiITHBO3e-
PEHHOI0 CTPYKTYPOIO, AK i MOJIKpucTas); napamMmerep k, BUSHAUAETHCS
HAXUJIOM IPAMOI Go,2 = f(d"1/2).
Bupas (1) Tako)K MOKHA 3aITUCATA Y BUTJIAII:

H=H,+kd", (2)

ne H — tBepnictb, Ho i by — KoHcTaHTH. Y AKOCTi KoedimieHTa mpoio-
pIiifiHocTu MiK TBepAicTio H Ta HaIpy:KeHHAM HJIUHHOCTU G2 3a3BU-
yaii BUKOPUCTOBYeThCs TeiibopoBe ciBBigHoMIeHH [4]: Go2=H /3.

CuisBignaomenss (1) ta (2), AK IpaBUio, 100pe y3TroaKyIOThCA 3 eKC-
HIEePUMEHTOM JIJIS HOJiKPHUCTAJIUYHNX MaTEePifAIiB y TOCTAaTHLO IITTPOKO-
My misgnasoHi po3MmipiB 3epeH [5]. EKcrepumenTanbHi 3HaUeHHS Iapa-
meTpiB 'omma—IleTua Ay uMcTHUX MeTaiB HaBeJeHO B OTJIALOBii poboTi
[6] HA OCHOBi aHaJ[i3M HAKONMUYEHUX 33 OCTAHHI IIiCTh AECATUJIITH pe-
3yJLTATIiB JOCTiIKEeHHSA 3MIiIITHEHHS 3a po3MipoM 3epHa. ¥ pobori [6]
TaKOK 3aIIPOIIOHOBAHO BUPAa3 AJIA MEXKi MINHHOCTH Y BUTJISAIL

oz = O, + PGH*d V2, (3)

e p— koucraHTa, G— MOAYJIb 3CyBY, b— noB:xkuHa BroprepcoBoro se-
KTopa.
IlopiBuioroum (1) i (3), ky MOKHA 3amTCATH AK

k, = BGbY?. 4)

Toni B =k, (Gb"?) i €, mo cyTi, HOPMOBAHOI XaPAKTEPUCTHKOIO Iapa-
metpa k,. Ha migcraBi npoBeennx pospaxyHkiB aBropamu [6] 3podiieHo
IIiKkaBe y3araJibHEHHA I[OA0 3HAa4YeHb Koe(imieHTiB B: mmda merasiB 3
OIlK-rkpucramiuHOO I'DAaTHUIEI0 BeJIWUYMHA [ MOKe 3MiHIOBATUCS Bif
0,2 (mna Fe) no 0,7 (gua Ta), 3 'IIK — Bix 0,1 (gua Cu) go 0,2 (mampu-
kaan g Ni), 3 TIIIIT—sig 0,3 (guisa Ti) mo 1,5 (aas Cd).

VY Toii ;Ke yac, v 3B A3KY 3 UNCJICHHUMU JOCIIIKEHHIMU BJIAaCTHIBOC-
Teli BUCOKO- Ta cepenuboeHTponiiinux crouis (BECiB Ta CECiB) BuHU-
Kae NMUTAHHA CTOCOBHO aHaJisu mapamerpiB piBHAHHA ['osma—Ilerua
IJIs TaKUX KJaciB maTepianais. BECu — 1ie cTonu, AKi MicTATL He MeH-
e m’ATHOX OCHOBHHUX €JIEMEHTiIB; BOJAHOYAC aTOMOBA KOHIIEHTpPAIlisd
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KOKHOT'O eJIEMEHTY 3HaXOAUTHCA B Mexxax Bif 5% 10 35% ; CECu & mi-
CTATH TPU ab0 YOTHPHU eJIEMEHTH B PiBHUX KOHIeHTpaIiax. Taki cronu
MAalOTh BHCOKY €HTPOIiI0 3MiIlIaHHSA, III0 IIPUBOAUTEL 40 MiHiMizaIrii Ti-
00coBOi BiibHOI eHeprii i, OCKiIbKY €HTPONIisA TBEPAOPO3UMHHOI (asu
BUIINE, a BiJIbHA e€Heprid HUKYe, HidK y iHTepMeTaJIiZiB, 10 YTBOPEeHHS
onHo(pasuux TBepaux posunHiB 3 OIIK-, I'IIK- a6o I'IIII-kpucTasiuyHoIO
cTpyKTypoio [7, 8]. XapakTepHoio ocobamuBicTio BECiB i CECiB € icToTHE
CIIOTBOPEHHS IXHBOI KPHUCTAJIUHOI I'PAaTHUIL BHACJIIJOK MOIYJILHO-
PO3MipHOI HEBIIIOBiTHOCTY €JIeMEHTiB, AKi BXOAATH A0 IXHLOT'O CKJIAIy
[9-12], 110 3HAUHO YTPYAHIOE PYX AUCJIOKAIil, COPUUYNHIOIYYN aHOMA-
JIbHO BUCOKi 3HAUEHHSA TBEPAOPO3UMHHOrO 3Minuenud [13], i, Bigmosiz-
HO, Ma€ IPUBOAWTH A0 3MiHU ITapaMeTpiB y criBBigHomenHAX (1)i(2)y
MOPiBHAHHI 3 YMCTUMU MeTaJIaMU.

Y mpencraBieHiit pobOTi HaBegeHO aHANI3y IIapaMeTPiB CIiBBigHO-
mreraHd IN'onna—Ilerua, 1ucTopciit KpucTaJivHOI I'PATHUILL OJIA CEPEeqHbO-
Ta BucokoeHTpotmiitaux 'l K-cTomiB i uncTux MerasiB, IpoBeIeHO IOPi-
BHAJBHY aHaJiI3y ix. Po3riigsHyTo MOMKJINBI YMHHUKU, IO BILJINBAIOTH
Ha 3HaUYeHHA BKasaHUX ITapaMeTpiB. Bukopucrano Ak gdiTepaTypHi, Tak
i omep:kaHi aBTOpPAMMU JaHi.

2. JETAJI EKCITEPUMEHNTY TA POSPAXYHKIB

3nmuBku cronmy CrMnFeCoNiz omep:xaHO METOAOM BAaKYYMHO-IYTOBOTO
TOILIEHHA B aTMocdepi aproHy B MiZHOMY BOJZOOXOJIOIKYBAHOMY KPHC-
rajizaTopi. B AKoCcTi cHPOBUHY BUKOPUCTOBYBaJIU KOMIOHEHTH YUCTO-
toro He meurre 99,5% (mac.). Posmip sepHa y 3paskax BapiroBajiu 3a pa-
XVHOK BigmaJjenusa 3a remmaeparyp 1o 1073 K.

MikpoingeHTyBaHHSA IPOBOAUIN HA YCTAHOBIIL « MiKkpoH-raMmma» [14]
mig maBantaxxeHHaM Bix 0,98 H mo 2,94 H anmaszoio mipamizoro Bep-
KOBHYA 3 KYTOM 3aTOUYBAHHS y 65 r'pal. B pe:KMMi aBTOMATHUYHOTO Ha-
BAHTAKEHHS Ta PO3BAHTAKEHH.

CepenHe 3HaUeHHI PO3MipHOI HEBiATIOBiZHOCTH 6AraTOKOMIIOHEHTHO-
T'0 CTOITY PO3PaX0BAHO AK

5= [>e (0 -n)/n)

e ¢; Ta ri— KOHIIEHTpPAIlid Ta pajiloc aToMa eJeMeHTY, III0 BXOAUTH 0
CKJIaAy cTomy, BigmoBimuo. CepenHiii pamitoc aToMa CTOILY 7. Ta CepeqHii
MOZIYJb 3cyBY G. podpaxoBaHo 3a BerapmoBum mpasuiiom [15]:

n n
r.= Zciri’ Gc = ZciGi
i i

(G;—Moayab 3CyBY €JIeMeHTY, 10 BXOAUTD 0 CKJIaly CTOITY).
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3. KOE®IIICHTHU PIBHAHHSA I'OJIJTA-IIETYA B CECax I BECax
3 THIK-KPHCTAJIYHOIO IPATHHUIIEIO

3.1. BnauB gucTopciii KpucTalivyHOI I'PATHHUIIL Ta €JIeKTPOHHOI KOHIIeH-
tpauii Ha 6o (Ho) Ta k, (k)

Ha pucynky 1 HaBeeHO eKCIepUMEHTAJbHY 3aJeKHICTh TBEPAOCTU Bif
poamipy 3sepma H(d'/?) pas BucokoeuTpormiiinoro cromy 3 I'I[K-
Kpuctaniuuoro rpatauiieio CrMnFeCoNi; Ta pospaxoBati 3a manumu [16]
cxemarnuHi sanexuocti H(d V?) gasa cepegunoenrpomriiinoro I'ITK-cTomy
FeNiCoCr i uncroro Ni. Bugno, 1mio 3HauenHs Ho i KyTiB HaXUJIy TpAMOl
H(d™'?), a, BigmoBigHo, i KoedimieHTiB k), gasa cromis CrMnFeCoNi: Ta
FeNiCoCr icToTHO mepeBHUIIYIOTh 3HaUeHHA AJad Ni. 30KpeMa, SAKIIO IJIsI
cronry CrMnFeCoNi» Ho=142HV, a k,=246 HV /Mm%, To mna Ni
Hy,=68,6 HV, a k,=34,3 HV/MmxmY2, JIna 3’AcyBaHHS UMHHHUKIB, IO
IIPUBOASATH A0 TaKUX PE3YJIbTAaTiB, BUXOIAYM 3 CTPYKTYPHUX OCOOJIUBOC-
teit BECiB i CECiB, DOIIiTEHO POSTJIAHYTH BILINB Ha iXHIO IIOBEIiHKY Ta-
KNX YMHHUKIB K OMCTOPCii KpHCTaJTiYHOI I'PATHUII, €JEeKTPOHHA KOH-
IeHTpaIlis, eHTaJIbII A IaPHOATOMOBOIL B3a€MOIii.

Hai6insm BuBuenumu cepen CECiB i BECiB 3 I'IK-xkpucramiuHoio
rpatauneo € cron FeCrMnNiCo (Bimomuit sk KanmtopiB crom [17]),
AKUU Ma€ XOPOIlle IIOEHAHHI MIITHICHIX 1 IJIACTUYHUX BJACTHUBOCTEH,
Ta MOoABiliHI, MOTPiliHi Ta UeTBEPTUHHI CTOIIM Ha 1OT0 OCHOBI.

500

400

300
E“ ® CrMnFeCoNi,
T 200 o Ni

e 4 FeNiCoCr
100 .
*

0
0 0.2 04 06 08 1 1,2 14
d, MEM /2

Puc. 1. EKcnepuMeHTaNIbHA 3aJIeXKHICTh TBepaocTu H Bix posmipy s3epHa d mns
BucokoeHTponifitaoro crony 3 I'llK-kpucranmiunor rparauneo CrMnFeCoNi:
Ta pospaxoBani 3a manumu [16] cxemaruuni sanexuocti H(d V%) gnsa cepen-
wboeHTpouitHoro I'llK-crory FeNiCoCr i uncroro Ni.

Fig. 1. Experimental dependence of hardness H on grain size d for a high-
entropy alloy with an f.c.c. crystal lattice CrMnFeCoNi: and schematic de-
pendences H(d /%) calculated according to data [16] for a medium-entropy
f.c.c. alloy FeNiCoCr and pure Ni.
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IToxasaHo, IO 3aJEKHICTD Go,2(d '/?) IJIA TAKMX CTOIIB IiAITOPAIKO-
ByeThed cuiBBigHoImenH0 ['omna—IleTya B mimpoKoMy iHTepBaJi po3mi-
piB sepen [16-25]. Bokpema, y [18] BigmmiuaeThcs, IO OJA CTOILY
FeCrMnNiCo coiseigmomniennsa I'osmma—IleTua crupaBa:KyeThCsa B Aidma-
30Hi po3Mipis 3eper 503 um < d < 88,9 MK M.

OckinbKu aasa aHaxisu Koedimientis piBaauusa Noana—IleTrua BuKO-
pucTaHO IIpeJACTaBJIeHI B JiTepaTypi opuriHajibHI pesyJabTaTH HdOCJIi-

TABJMNIIA 1. Suauenua napamerpiB Ho i kr, MmogyniB 3cyBy G i posamipHoi He-
BigmoBimaHocTu & masa Ni Ta mesaxux GaraTokomMmoHeHTHuX cromiB 3 T'IIK-
KPUCTAIIYHOIO I'PATHHUIIEIO.

TABLE 1. Values of parameters Ho and k», shear moduli G and dimensional
mismatch & for Ni and some multicomponent alloys with an f.c.c. crystal lat-
tice.

Marepisa Ho, HV ‘ kn, HV /MrMm!/2 ‘ G, T'Tla ‘ Ixxepeio ‘ 3, %

Ni 68,6 34,3 76 [16]
CrMnFeCoNi»  142,5 246 84 1,19
FeNiCoCr 118 165,6 84 [16] 1,18
FeNiCo 97,3 131,1 60 [16] 0,65
NiCoCr 146,5 197,3 87 [16] 1,35
FeNi 104,7 113,4 62 [16] 0,8
NiCo 62,2 167,1 84 [16] 0,4

TABJINIA 2. 3uauenHa napaMeTpiB oo i By, pO3paxoBaHUX CEPENHIX 3HAUEHb
monyJiB 3cyBYy G. i posmipaoi HeBimnmoBigHOCTH O A1t Ni Ta tesaKkux 6araToKoM-
nouHeHTHUX croniB 3 'T[K-kpucramiunoro I'paTHAIIEIO.

TABLE 2. Values of parameters oo and %, calculated average values of shear
moduli G. and dimensional mismatch 3 for Ni and some multicomponent alloys
with an f.c.c. crystal lattice.

Marepisn | 60, MIIa | k,, MITa/MxmM"?| G, TTla | ixepeno | 8, %

Ni 14,2 180 [24]
CoCrFeMnNi 125 494 85,8 [20] 1,12
CrCoNi 143 653 88,7 [21] 1,35
VCoNi 383 864 66 [22] 3,5
MnFeNi 97 660 79,7 [23] 0,99
(CoCrMnNi)soFezo 194 490 85,8 [25] 1,12
(CoCrMnNi)soFeso 169 302 84,9 [25] 0,97
(CoCrMnNi)soFeso 159 267 84,4 [25] 0,89
(CoCrMnNi)«Feso 149 208 83,9 [25] 0,79
CoCrFeNi 132 506 87 [26] 1,18

CoFeNi 157 541 77,7 [27] 0,65
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mxerb H(d V2) Ta 6o,2(d V/?), To 3HaueHusa Koedimienris Ho i &k, gusa ge-
axux 6iHapHux i 6araTrokomnoneHTHUX ['I[K-cTomiB y mopiBHAHHI 3 Un-
ctuM Ni HaBeneHo y Tabi. 1, a 3HAUEHHS Go i By,— y TadJu. 2. ¥ Tabammax
TAaKOJK HaBeJEeHO 3HAUEeHHA eKcnepumMeHTanbHUX (G) i posdpaxoBaHUX
cepenHix (G.) MOAYJIiB 3CyBY Ta PO3MipHOI HEBiAmOBiZHOCTH O IJIS TUX
crormiB. [[1s pospaxyHKY G, i d BUKOpHCTaHO JaHi 3 TabJ. 3.

Ha mpexncrasienux Ha puc. 2 3aJdeKHOCTAX KoeditienTis Ho i k, Ta 6o
i ky Bix mucropcii KpucramiyHoi rpaTHUIL O Ay pAXY 6araTOKOMIIOHEH-
Taux crouiB 3 'IIK-kpucramiunoio rpatauteio (tadia. 1, 2) giTko mpo-
CIiIKYETHCA TeHAEHIIiA M0 JIHIMHOT0 3PpOCTAaHHA BKasdaHnX IIapaMeTpiB
3i 30inmpIIIeHHAM J.

3ayBaxXuMo, 110 3 Tabu. 1, Taba. 2 Ta puc. 2 TaKOK BUXOAUTH, IO
MaKCHMaJIbHI ArcTopcii Kpucradiunoi rpaTHUI O MOKYTHL BUHUKATH He
aunie y BECax, me BelnKa KiJIbKicTh Pi3HOPO3MIpHUX i pisHOMOAYJIL-
HUX aTOMiB MOKe KOMIIEHCYBAaTU CIOTBOPEHHS, 110 BHOCUTHCA CYCiTHi-
Mu aromaMu, a i y geakmx CECax. Hampuxiaanm, AKIO OJS CTOIY
CrCoNi6=1,35%, Tto gy CoCrFeMnNi6=1,12%.

¥ Toii :xe uac, ax Bimomo [29], mix yac anarisu MexaHiuHUX XapakKTe-
PUCTUK TBEPAUX PO3UNHIB HEOOXiJHO BpaXOByBaTH He TiJIbKHU BigMiH-
HicTh y po3dMipax aToMiB po3UMHHMKA Ta AOMINIKHU, a i BIAMiHHICTD 1X-
HiX IPYKHIX MOCTifiHMX, TOOTO CHJIy MiKaToMOBOI B3aeMozii, 1o 6es-
IMocepenHbOo OB’ A3aHa 3 eHTAJBII€I0 KPUCTAIUHOI I'DATHH!III.

Y pob6ori [30] BkasdyeTses, 1o eHTranbnia amimanua BECiB 3 I'IIK-
KPHUCTAJIIYHOIO I'PATHUIIEIO 3POCTAE 3i 301/IBLINIEHHAM yCcepeIHEeHOl eeK-
TPOHHOI KOHIIeHTpAaIlii cTomy. Ile 3HAUNTS, 1110 3i 30iIbINIEHHAM ycepen-
HEHOI eJIeKTPOHHOI KOHI[EHTPAIIil CTOIy Ma€ MicIie mocJaa0JeHHsa CII Mi-
JKaTOMOBOI B3a€MOJii i, AK HACJIJOK, 3MEHINEHHS TBEPAOCTH, MOIYJIS
MIPY*KHOCTH.

SamexxHicTh KoeditieHTiB Hy i k), Bi ycepemHeHOI eJIeKTPOHHOI KOH-
meurparnii npeacraBienux y Tadba. 1 T'IIK-BECis i CECiB HaBemeHo Ha
puc. 3. Buguo, 1110 3i 30iILIIIeHHAM eJeKTPOHHOI KOHIeHTPAIlii o0uaBa
KoedillieHTa MarTh TeHIEHITiIO 0 MOHMKEHHS, II0 BiAmoBigae 3po0.ie-
HOMY y pobori [30] mpumnyienH:o.

3.2. Anamiza MexaHi3MiB, 1[0 BiIMOBiZaJIbHi 3a BICOKI 3HAUECHHA O
(Ho) Ta ky (k) y CECax i BECax 3 T'IIK-kpucraaiaHor0 I'paTHUIEI0

a) Koncmanma oo

Ax Bimomo, BCOKe 3HAUEHHA HeOoOXiTHOTO A mepeMillleHHsa JUCIOKAa-
il BcepenuHi 3epHa Hampy:KeHHA o Aad BECiB i CECiB 3ymoBieHO
TBEPAOPO3UNHHUM 3MiIITHEHHAM i BUBHAUAETHCA yCEepPeIHEHUM OIIOPOM
PYXy OUCJOKAaIill, CIpUUYMHEHNM HaABHICTIO MiKOPiBHEBUX AMCTOPCiH
KPHUCTAJIUHOI I'PATHUILi, IO CTBOPIOIOTHCSA aTOMaMM KOMIIOHEHTIiB CTO-
Iy BHACJiJOK IXHbOI MOyJIbHO-PO3MipHOI HEBiITTOBiAHOCTM].
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TABJINIIA 3. ATomoBi paxitocu r i moxyJti 3cyBy G eJIeMeHTiB, 110 BXOAATDH A0
6araroxommoneHTHUX ['TIK-cTomiB [28].

TABLE 3. Atomic radii r and shear moduli G of elements included in multi-
component f.c.c. alloys [28].

Enement Co Cr Fe Mn Ni
r, IM 125 128 126 127 124
G, TTla 75 115 82 76 81
160 . NiCoCr 300
120 D A 5 .
E FeNiCo, e~ TTNIGCr & 200 oaeRcell
80N -t = 150 FeNiCo_. -~~~ FeNiCoCr
s 40*” ¢ w100 -7 " FeNi
g -
50 i Ni
0 0
0 02 0406 08 1 12 14 16 0 02 040608 1 12 1416
8, % 8, %
a 0
500 1000 VCoNi,
. < PR |
o 200 (CoorMmNi), Fe veens, g 800\ \tupeni o
£ . |(CoCrMnNiy Fes 7 & n wOTCONI
S 300 |(CoCrMnNi), Fe,, - & 600 (CoCrMnNi), Fe, ~
(CoCrMnNi), Fe,, . -~ & -
B 0" "6y < 400 - )
& 200 .": o o = _ -~ (CoCrMnNi), Fe,,
100 .7 200§ . u (CO(}I'NLUNI)WFBSO
P MnFeNi 2 Ni (CoCrMnNi), Fe
e 0
0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
5, % 9, %
8 2

Puc. 2. 3ane:xxuocti napamerpiB Ho i kx Ta Go i ky Big 3HaueHns posMipHOi HeBif-
noBiguocTu § g CECiB i BECiB 3 'TIK-kpucraniuHo0 r'paTHUIIEIO (32 JaHUMU
[16, 20-27] Ta aBTODiB).

Fig. 2. Dependences of parameters Ho and &, as well as 6o and &, on the values
of dimensional mismatch 6 for MEA and HEA with an f.c.c. crystal lattice (ac-
cording to Refs. [16, 20—-27] and the authors).

Ha chorogmimmHiii geHb y IepeBakHiil GiJbIITocTi pobiT aasa obuwc-
JeHHsA TBepAoposunHHOro aminueHHsa BECiB mpomoHyoThCA IIigxomu,
110 T'PYHTYIOThCA Ha BUKOpHcTaHHL JIaOyIIoBoro Mmoaes o A OiHapHuX
TBEPANX PO3UYMHIB, ajie 3 PIBHMMU BapidHTaAMU PO3PaXyHKY PO3MipHOI
Ta OPYsKHBLOI HeBigmoBimuocTeil aTromiB ([31-33] Ta im.). Hampukmanm,
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VCoNi :
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& 150 - CrCoNie ™, >, - 300 7
100 - MnFeNie ™ [, |20 *®
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0 . . \‘ ? Ni 0
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Puc. 3. anme:xuicTs mapametpiB Ho i kr Bix ycepenmenoi eIeKTPOHHOI KOHIIEH-
rpatii cromy VEC gna CECis i BECiB 3 I'TI|K-kpucraxiunoio rpaTauieio (3a ga-
HyuMu [16] Ta aBTOpPiB).

Fig. 3. Dependence of parameters Ho and k&, on the averaged electron concen-
tration VEC of the alloy for MEA and HEA with an f.c.c. crystal lattice (ac-
cording to Ref. [16] and authors).

BUKOpUCTOBYyIOUM MomubpixoBaumit Jlabyiris mogens (Taxk 3Banmii Jla-
OymIiB Mozenb cepegHbOTO moJiA) ¥ poboTi [34] mia cromy Coz(CrNi)so
po3paxoBaHoO 3HAUECHHA HAIIPYKEeHHA Gy, AKe Jo0pe 30iraerhcs 3 ekciie-
puMeHTaIBEHUM (0o = 280 MPa).

¥ Toii :Ke yac, IK BKasdyeThbcs y pobori [35], ockinmbku B JIaGyIimoBomy
MOJIeJII0 IIPUIIYCKAEThCA B3aEMOIiA AMCIOKAIlil 3 IPyIIo0 6JU3BLK0 PO3-
TaloBaHUX aToMiB (KJjacTepiB) 1 TBepAOpPO3UMHHE 3MilTHEHHS
Ac(c) o« ¢?3[36, 37], a KOHIIEHTPAIILSA KOKHOI'0 3 €JIEMEHTIB, 10 BXOAATH
ro BECiB, 3a BusHaueHHAM He MOxKe OyTu menire 5%, TO TBepLOpPO3-
ynHHe 3MinuenHs BECiB ckopiie moxiOHe S0 MOBeSiHKM B KOHIIEHTPO-
BaHUX TBepaux posunmHax (MortiB mogens [37, 38]) i Ao(c) « c. Ile mixT-
BEPIKYETHCA Ofep:KaHuMU B poboTtax [39, 40] ekcrepuMeHTAILHUMU
pesyabTaTamu. 3oKpeMa, y pobori [39] mokasamo, 1Mo MiKpoTBepaiCcTh
omep:kanux meromom xayrosoro Ttomenus BECiB (TiZrNbTa)ieo-.Mox
(0 £ x <£20) minifino 36iaBITyeTHCA 3 KOHIIeHTpaItieo Mo, 1o moxi6ue 1o
BUIIAAKY KOHIIEHTPOBAHOTO OiHAPHOro TBEPAOTO po3unuy. ¥ poooTi [40]
BCTAHOBJIEHO, II0 HAIPYKeHHA mianHHocT: ¢ crony Al HfNbTaTiZr ra-
KOJK JIiHilTHO 3pocTae 3i 30iIbIeHHAM KOHIleHTPAaIlil AToMiHiio Ta Mo-
sKe OyTu ommcano Bupasom ¢ = 1031 + 26,1c.

Y poborax [41,42] aHOMAJIBLHO BUCOKE aTepMiuHe TBEPIOPO3UMHHE
avinuenua AH (Ac) paa 0araTOKOMOOHEHTHUX TBePAUX PO3UUHIB
moB’ A3yeTheA 3i 3Minoro Broprepcosoro BekTopa b B310BK SUCIOKAILi-
HOI JIiHII K 3a JOBXKMHOIO, TaK 1 3a HAIPSIMOM BHACJIiZOK HOSBU CKJIa-
noBoi Ab, sSKa € HepHeHAUKYJIAPHOI ILIOIMHI KOoB3aHHA. BojgHouac
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Puc. 4. 3anexuicts mapamerpiB Ho i k» Bixg 3Hauens 0G mgina CECiB i BECiB 3
T'TTK-kpucraniunor rparauneo (3a gauumu [ 16] Ta aBTopiB).

Fig. 4. Dependence of parameters Ho and k: on the values of 6G for MEA and
HEA with an f.c.c. crystal lattice (according to Ref.[16] and authors).

sHaueHHa AH mponopiiiine mapametpy (Aa/a)G. (me
z Aa e l(a —a
0. =Y ca, 22y altma)
i a i a,

Ciia;— KOHIIeHTpAIlid Ta IIapaMeTep KPUCTAJIUHOI I'PATHUIII eJIEMEeHTY,
IIT0 BXOJUTH IO CTOITY, BiAIOBiAHO) i MOsKe OyTHU po3paxoBaHe, AK

AH =k 2% ¢ | (5)
a

Ie xoedimienr k,=1,5-1,6.

OckinbKu, sriguo 3 [43], mepexin Bim ycepemHeHOl BiZHOCHOI 3MiHU
mapaMeTpa KpuctaigiuHoi rpaTHuiii (Aa/a) mo HaBemeHoro B Tabdia. 1 ce-
PeIHbOKBAAPATUUHOTO 3MiIlleHHA aTOMiB i3 CTapTOBUX IIOJIOMKEHB O
MOIKJIMBHI 38 KoedinierTom B 1,25 (V(1/2), To A5 cromis 8 Tabur. 1 mpo-
BeleHO aHAJNi3y 3ajiedkKHocTH mapamerpiB Hyo i k, Bim 8G.. Hasemeni Ha
puc. 4 3a/1eKHOCTI CBiqUaTh, 1110, AK i Y BUOaAKYy 30iJbIlIeHHs O, Koedi-
mieatu Hy i k, 3i 30inbimenuam 0G. MalOTh TEHAEHI[IIO JO 3POCTAHHI.
Tob6to anomanbHO Bucoke s3minumenusa CECis i BECiB manpamy saie-
JKUTH BiJl PO3MipHO-MOAYJIBHOI HEBiANOBIZIHOCTH €JIeMEHTiB, IO BXO-
IATH 10 0araTOKOMIIOHEHTHOTO TBEPAOT0 PO3UMHY.

0) Koegiyienm k, (k)

VY Toii ke yac, AKINO Y MOPiBHAHHI 3 YUCTUMHU METaJaMu IJa 0araToko-
MIIOHEHTHHUX TBepIUX pO3‘-II/IHiB II0dBa BUCOKHWX 3HAYEHb 3MiHHeHHH
BcepenuHi 3epHa oo (Ho) MOoKe OyTH IMOsSCHEHA MeXaHi3ZMaMU TBEPIO-
PO3YMHHOIO 3MiITHEHHA, TO PidKe 3pocTaHHA Koedimienra k, (k,) mosc-
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HUTH cKJanHime. Ik BugHo 3 puc. 2 i puc. 4, kyi k, ax i oo i Ho, 3i 30i-
JbIIeHHAM O i 6G MaloTh TEHAEHITiI0 0 3POCTAHHS, ajie BOJHOPAas3 Iapa-
metpu Hy i 6o 3pocTaroTs 3HAUHO NOBiibHIiIIE, HiXK kB, 1 kr. Hanmpurmazn,
3a 3minm 0G Bin O (maa Ni) mo 1,2 (maa NiCoCr) Hy spoctae Big 68,6 HV
mo 146,56 HV (8 2,1pasu), a k, — sBimx 34,3 HV/MMY? po
197,3 HV/mxmY2 (B 5,8 pasis). Takuii e)eKT CBiAUNUTL PO Te, IO IIE-
pelnKoay O IepeMilleHHA AUCJIOKAaIlil BCcepearHi 3epHa € MeHII ede-
KTHUBHIi, Hi’K Ha MeJKi 3epeH.

BigmoBigHO 40 KJIaCHMYHOTO MOIEJI0 HArPOMAIKEHH JUCJIOKAIil 3a
T'onnom [1] i Apmcrponrom [44], y BUTIagAKy, KOJIM KOHIIEHTpAIlis Ha-
IpPYy:KeHb BHACIIIOK HAKOIIMUYEHHA AUCJIOKAIlil Ha MeXi 3epHa OijbIlna
3a KPUTHUYHY, O:Kepeso gucjaoKalliin @panka—Piga akTuByeThCs B CyCi-
IHE 3ePHO Ta Big0yBaeThCA IMMOYATKOBA ILIaCTUUYHA Aedopmaltid. K Bu-
mIuBae 3 pobir [6, 44 ], Hanmpy KeHHA, HEOOXiTHe AJId IpuBedeHHA B Til0
3ePHOMEKOBUX IUCJIOKAIINHIX JKepeJa, a, BIAIOBiAHO, i BeJanmumHa KO-
ebdimienTa &y, BUSHAYAIOTHCA HATIPYIKEHHAM CTAPTY IKepesa IUCI0Ka-
IIili B OKOJIL MEXK 3epeH, eHepricio AedeKkTy makyBaHHs Ta MOAYJIEM 3CY-
BY.

Tak, y pobori [45] mpumyckaeThes, IO aKTUBAIlidg AyKepen PpaH-
Ka—Pima mos’sa3aHa 3 IOIepPeUHMM KOB3aHHAM AUCJIOKAaIliii, a 30iJb-
IeHHS HAIIPYXKeHHA TepPTsd I'PATHUIIL Go 1 TOHMMKEeHHA eHepril nedeKTiB
MaKyBAaHHS MOXKYTH IIOCJA0UTH 3HATHICTh AMCJIOKAIIM 4O IIOIIEPEUHOT0
KOB3aHHJ i, K HACJIAOK, 4O raJIbMyBaHHS 3apOAKeHHA JUCIoKaIiil. Y
TOll Ke dac, y pobori [25] mima cromiB cuctemu (CoCrMnNi)igo-.Fex
(x=20, 40, 50 i 60) mimitiHoro 3B’A3KY MiK eHeprieo mederTy maKy-
BaHHA Ta Koedimienrom I'osrma—IleTua He BuaBaeHo. K BuAHO 3 puc. 2,
30inbmIeHHA BMicTy Fe mpuBOAUTE 0 3MEHIIIEHHA JUCTOPCill KpUCTATi-
yHOI r'paTHUI i, BifmoBiTHO, 10 3MeHIIeHHA G¢; i k. OKpim TOrO, Y pO-
00Ti BKasyeTbcd, 110 BMEHIIIEHHA k, MOXKe OyTU OB’ si3aHe 3 HECTADiIb-
HOIO eHepriero AedexTy mMarkyBaHHA (Yusrz): 30inbIneHHA BMicTy Fe B
cromui cuctemu (CoCrMnNi) go-.Fe. mpuBoguTE 10 30iABINIEHHSA YUsrE, ITI0,
Yy CBOIO Uepry, mocabJroe MesKi 3epeH.

Buue mogynsa scyBy G Ha mapamMeTep k, IPOiJIIOCTPOBAHO y HaBeze-
HOMY Buire Bupasi (4) 3 po6oru [6]. IlikaBo BigsHaunTH!, 1110 PO3pPAX0OBa-
Hi 3a BupasoM (4) sHaueHHd Koedirmienra B, AKuii, AK 0yJj0 BifsHaueHO
BUIIlEe, SABJIAE CO0OI0 HOPMOBAHY XapaKTEePUCTUKY Iapamerpa ky, IJd
b6araroxomnoHeHTHUX I'TIK-TBepaux po3umHiB 3HAYHO BUIIi, Hi¥K IJ
I'ITK-metamiB i moxi6oui mo smauens aas OIlK-meraniB, a inoxi i mepe-
BUIMYIOTH iX (TabJ. 4).

Mo:xkHa 3poOUTH BUCHOBOK, IO Y IIOPiBHAHHI 3 IIepepaxoBaHUMU
BUIIle UMHHUKaAMH, AKi CIPUAIOTh 3MIITHEHHIO MeyX 3€peH Yy UYMCTHUX
I'ITK-meTanax, y BUIIaAKy 0araTOKOMIIOHEHTHUX TBEPANX PO3UMHIB 3a-
IisiHO MOJATKOBi, MpUTaMaHHi JuIlle iM MexaHizMu. AHajiza ogep:ka-
HUX Pe3yJbTATiB CBiAUNTH, IO TAKMMHK MeXaHi3MaMMU MOMKYTb OyTH:
1) momaTKOBe JieTyBaHHA 0araTOKOMIOHEHTHUX CTOITiB TAK 3BAHOIO «KO-
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TABJINIA 4. 3uauenas koedinmienra [ gna 6GararoxkomnoHeHTHUX I[1IK-
TBepAuX po3unHiB i gna neaxkux I'IIK- i OITIK-meranis.

TABLE 4. Values of coefficient p for f.c.c. multicomponent solid solutions
and for some f.c.c. and b.c.c. metals.

Marepisn | b(A) | B = kn/(Gb/?)
Ni I'IK 0,2 [6]
Cu I'TK 0,1 [6]
Ta OIIK 0,7 [6]
V OILIK 0,5 [6]

FeNiCoCr 2,525 [32] 0,78
FeNiCo 2,524 [32] 0,87
NiCoCr 2,517 [32] 0,9

FeNi 2,533 [32] 0,72
NiCo 2,499 [32] 0,8

PHCHOIO TOMIIITKOI0», AKa 3a B3AEMOil 3 AaTOMOM eJIEMEeHTY 0araToKoM-
MMOHEHTHOT'O CTOIly Ha Me)KaX IOMiJy YTBOPIOE CUJbHUN XeMiuHUH
3B’sA30K (aTOMU MAalOTh BHCOKY €HTAJbIIiI0 IIApHOATOMOBOI B3aeMOii);
2) YTBOpPeHHS Ha Me’KaX 3epeH cerperaiii ogHOTO 3 BJACHUX eJIeMEHTiB
0araTOKOMIIOHEHTHOTO TBEPAOr0 PO3UYMHY BHACTIIJOK IIePepO3IOIiay
aTOMiB 3a PaxXyHOK ITiIKOPiBHEBUX 3MiIlleHb.

IIlomo meprrIoro Mmexauismy, To y pob6orti [27] piske sminmHeHHa Mex
3epen y cromax Alys3CoFeNi i Alp3sCoCrFeNi y nmopiBuaHHI 3i cTomamu
CoFeNi, CoCrFeNi noB’s3yeThCs 3 BUCOKOIO IIiIbHicTIO Oaratux Ni—Al
HaHOKJIacTepiB po3mipom 0s113bK0 30 HM, SKi BUHMKAIOTHL HA OCHOBI CH-
JbHOI XxeMiuHOI B3aemonii Misk mumu eslemenTam. SIKImo k, Aada cromis
CoFeNi i CoCrFeNi cramosuts 541 i 684 MIla/mMxm!/? Bigmosigzao, TO
miia cromiB AlgsCoFeNi i AlysCoCrFeNi — 1244 i 1014 MIla/mxm!/2,
3pocTaHHA k, MOACHIOETHCA NOJATKOBUM HANPYKEHHAM, HE0OXigHUM
JIJIA TIOIOJIaHHA MOJIiB KOTePeHTHUX AedopMalliii, 1110 BUHUKAIOTh Yepes
BKasaHi HaHOKJacTepu. BogHouac cmocTepiraeTbCsi HaBiTh HeBeJIHKe
MMOHMKEeHHA KoedimienTa oo (157 i 156 MIla gna CoFeNi i CoCrFeNi
Bigmosimuo Ta 151 i 149 MIIa guas AlgsCoFeNi i AlysCoCrFeNi Bigmo-
BiZHO), ITIO CBiTUNTH, HA HAITy TYMKY, CKOPIIIe IIPO cerperaiiime 3axkpi-
IJIEHHS SUCJIOKAIIHHUX iKepeJ, OCKIIbKM HAaHOKJACTepH MaJu O IIe
HiZBUIITYBATHU Gy, aJie TaKe He CIIOCTepPiracThCd.

Caix BigMiTHTH, III0 B MaJIOJIETOBAHNX CTOIAX, 3TiJHO 3 KOHIIEIII[i€I0
«KOPUCHUX» TOMIIOK [46], cTaH Me:X 3epeH BU3HAUAETLCS JIeT'yBaJlb-
HUM eJIeMeHTOM, SKUH BTLII0EThCI B MexKy 3epHa. «KopucHomo» € mo-
MiIlIKa, AKa Ma€ CUJIbHIINIMHI XeMiuHUH 3B’A30K 3 aTOMaMM OCHOBHOI'O
eJIeMEeHTY MaJIOJIETOBAHOTO CTOITY Y MOPiBHAHHI 3 XeMiUHUM 3B’ SI3KOM
MiK caMHMM HMOr0 aTOMaMM, a «IIKiZJWBOI» — Ta, ¥ AKOI XeMiuHMHA
3B’SA30K 3 aTOMaMM OCHOBHOTO €JIEMEHTY CJa0KiIuii MOpiBHAHO 3 XeMi-
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YHUM 3B’ A3KOM MisK HOoro aroMmamMu. 3ajie;KHO BiJ TOro, Ta 4u iHIa go-
MiIlIKa € «KOPMCHOIO» ab0o «IMKiZJImBOIO», MOMKe BimOyBaTuch abo 30i-
JBINIEHHS Koreasii 3epeH 3a paXyHOK YacCTKOBOI JiKBimarrii («3aJaiKoBy-
BaHHA») CJIAOKUX, PO3PUXJIEHNX, HECYIIIbHUX MIIAHOK Yy MeKax 3e-
peH, abo, HaBnakwu, ii mocmabiaenHsa. Boxgnouac mapamerpu k, (k:) 3a-
3HAIOTh BiIIOBIAHIX 3MiH.

Amnajoriugo cuTyailii 3 MaJIOJIeTOBAHIMU CTOIIAMU, «KOPMCHOIO JOMi-
ITKO0I0» AJ1d 0araTokoMnoHeHTHUX TBepAux po3unHuiB CoFeNi i CoCrFeNi
e Al, y pesyabTaTi Jier'yBaHHSA SKOI0 HA MeXKaX IOy BUHUKAE KOHTAKT
aTOMiB 3 BHCOKOIO €HTAJILIIEI0 IMapHoaToMOBOl B3aemoxii Ni—Al, nigsu-
IIyeThCcA MidK3epeHHa MiIHiCTS i, BiAOBiAHO, Pi3KO 8pocTae k.

Hpyruit cienugiunnii i BIacTuBUii came 6araTOKOMIIOHEHTHUM TBep-
OUM PO3UMHAM MeXaHi3M 3MIiITHeHHS MeK MOy, AKuil moB’saI3aHuil 3
IIepepo3moAijIoM aTOMiB BJIACHUX €JIeMEHTiB, omucano y pobori [47]. Ha-
BiTL 3a BiICyTHOCTH HepeBasKHOTO 30araveHHs MeK 3epeH OyIb-AKNM
eJeMeHTOM MOXKYTh MaTHU MicIle IIiKOpiBHEBi 3MiIlleHHS aTOMiB pi3HUX
PO3MipiB, IO YTBOPIOIOTH MeXKi 3epeH. XapaKTep i cuia MiKaToMOBUX
XeMiuHINX 3B’A3KiB 0e3IocepeqHbo OB’ sA3aHi 3 €eHTANBIICI0 KPUCTATIiU-
HUX I'paTHUINb. TaKuii IpoIec CyIpoOBOIKYIOTHCA, HATTPUKJIAM, 3MIiIIleH-
HSIM aTOMiB MEHIITUX PO3MipiB y cTUCIi 00JacTi, a OiIbIINX — Y PO3TAT-
HyTi. BogHOpas IMiJILHICTE MEXK 3€PEeH BUPiBHIOETHCS, IXHS €Heprisd mo-
HIKYETheA (BiATIOBigHO, 3pocTae MisK3epeHHA MiITHICThL), KOB3aHHA Ue-
pes Taki Mexi 3epeH iCTOTHO YTPYAHIOETHCS i, BiIIIOBiAHO, 3pocTae mapa-
meTep k.

Ha xopuctp mii gamoro MexaHi3My 3MIiITHEHHS MeXK 3€PeH CBIIUYUTH
3HAYHO IIBUJIIIE 3POCTAaHHA Iapamerpa ky, (k;) y mopiBHAHHI 3 mapaMer-
pom oo (Ho) 3i 36iibIIeHHAM AMCTOPCiH KPUCTATIUYHOI I'PaTHUIIL yV He-
JeroBaHUX 0araTOKOMIIOHEHTHUX TBepAUX pos3umHax (puc. 2, puc.4).
Takox migTBEPIKEeHHAM HaABHOCTH TAKOI'0 MeXaHidMy € HaBeIeHi y
pob6ori [26] pesyabTaTtu gociaigkens cTomiB cuctemMu CoCrFeNiMo. Ilo-
KasaHo, 1m0 3i 36inbpimeHHAM KoHIeHTparii Mo mapamerep k, 3pocTae
Bix 588 mo 1100 MIla/Mmrm!/2. Takuii epeKT, pasoM 3 MiABUIMEHNM 3Mi-
IHEHHSIM TBEePJOT0 PO3UNHY, ABTOPU IIOB’ A3YIOTh 3i CTBOPEHHSAM cer'pe-
ramii Mo Ha Mexxi seper. To6To MaeMo edeKT 3MIiITHEHHS MeK 3epeH,
AKWN 3yMOBJIEHO IIEPEPO3IIONiJIOM ATOMiB BJIACHUX eJIeMeHTiB Oararto-
KOMIIOHEHTHOTO TBEP/IOTO PO3UUHY.

4. BUICHOBRKH

1. Amajisa BracHUX i JiTepaTypHUX JaHUX CBiIUUTh, IO y OaraTOKOM-
IMIOHEHTHUX (BUCOKO- i1 cepegHboeHTpomImiitHuX ) cronax 3 ['IIK-rpaTuuiero
He TiIbKU MOXKJNBe BiKe moOpe BijoMe aHOMAJILHO BHCOKE TBEPIOPO3-
YMHHE 3MIITHeHHS, AKe YMOKJIMBIIIOE iCTOTHO HiABUIITyBATH 3HAUYCHHS
mmepiIroro momaHKy B piBHaHHI ['omna—Ilerua oo (Ho), ase crocTepiraiorsb-
¢S 1 aHOMAaJIBHO BUCOKi 3HAUEHH APYTroro Koedirienra piBHAHHA k, (kp),
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AKUY XapaKTepua3ye CIIPOTUB MeXK 3epeH IJIaCTUYHIN nedopmarrii.

2. 30iIbIIIeHHA ycepeqHEeHOl eJJeKTPOHHOI KOHIIeHTpaIlil 6araToxoMIIo-
HEHTHOT'O TBEPJOT0 PO3UMHY IIPUBOAUTH A0 ITOCJIA0JeHHS CUJ MiKaTo-
MOBOI B3aeMofii i, AK HaCJHIZOK, 3MEHINeHHA KoedillieHTiB piBHAHHSA
Tonma—Iletua. Hampukiaan, 3i 30iIbIIIeHHAM €JEKTPOHHOI KOHITEHTpPA-
mii Big 8,33 (CrCoNi) mo 9 (NiCoCr) mapamerep Ho 3MEHIITYETLCA Bin
147 10 97 HV, a napamerep k,—Bix 197 o 131 HV /mrmY/2,

3. Koeimient B (8 Bupasy k,=pGb'/?), axwuii, mo cyTi, € HOPMOBAHOIO
XapakTePUCTUKOIO k,, njid baraTtokomnoneHTHUX ['I[K-TBepaux posumn-
HiB carae 3mauensb 0,7-0,9, o smauno Buine, HiK axa 'lIK-meranis
(Bim 0,1 mo 0,2), i moxmibme (a imoxmi, ¥ BuIme) mo 3maueHb s OILIK-
metaiiB (Big 0,2 mo 0,7), 1110 CBimUNTL TPO HASBHICTH JOZATKOBUX Me-
XaHi3MiB MijK3epeHHOT0 3MillHeHHs 0araTOKOMIIOHEHTHIX TBEPAUX PO-
3YMHIB y TOPiBHAHHI 3 YUCTUMU MeTaJaMMu.

4. OxkpiM HaIpyKeHHA CTApTy AKepesa TUCIOKAIlil B OKOJIi MesK 3epeH,
eHeprii gedeKTy mMakKyBaHHSA Ta MOAYJISI 3CyBYy MaTepisiy, IO BILJINBA-
I0THh Ha BeJIMUnHy Koeditienra k, aia unctux ['IK-merasniB, unHHUKA-
MU, AKi CIPUAIOTD IIiIBUINEHOMY 3MiITHEHHIO MeXK 3€PeH y HMOJiKpucTa-
JiYHOMY TBEPAOMY PO3UMHI €:

e cerperaifisa Ha MeKaxX 3epeH TaK 3BaHOI JOZATKOBOI «KOPMCHOIL JOMIIII-
KH», Y pe3yJabTaTi 4oro BUHNKA€ KOHTAKT aTOMIiB 3 BUCOKOIO €HTAJIbIIi-
€10 ITapHOaTOMOBOI B3aeMOil Ta MiABUINYETbCA MiK3epeHHa MiITHICTH
(ocob6sMBO IiKaBUMHU Y ITLOMY BimHOIIeHHI € maHi podoTu [27], me momar-
KoBe JeryBauasa crouiB CoFeNi i CoCrFeNi AmtoMmiHieM mpakTHYHO He
3MIITHIOE TBEPAWII PO3YMH, ajie BUKJINKAE CUJbHE 3€PHOMEKOBE 3Mill-
HEeHHSA: TakK, AKIO k, cranoBuTh 541 i 684 MIla/mxmY/2 muisa cromis
CoFeNi i CoCrFeNi sBimmosimuo, To pmuaa cromiB Al s3CoFeNi i
Aly sCoCrFeNi spocrae mo 1244 i 1014 MIla/mMgm!/? BigmoBimHO; TOMI
(daKT, 10 BOAHOYAC CIIOCTEPIracThCcsA HABITh HEBeJNKe IIOHMKEHHS I1a-
pameTrpa Gy, CBiIUnNTh, Ha HAITy JYMKY, CKOPIIIE IIPO cerperairiiine 3a-
KpinJIeHHS IUCIOKAI[iHHIX AMKepe);

® YTBOPEHHS cerperairii OqHOTro 3 BJIACHUX €JIEMEHTiB 6araToKOMIIOHEH-
THOT'O TBEPJIOTO PO3UMHY Ha MeKaxX 3epeH; HaBiTh 3a BifcyTHOCTH IIepe-
BasKHOrO 30araueHHs Me)X 3epeH OyAb-IKUM JOSATKOBUM eJIeMEHTOM
(«KOPUCHOIO JOMIIIIKOI0») ¥ 6araTOKOMIIOHEHTHOMY TBEPIOMY PO3UMHI
MOKYTh MaTH MicIlle HiKOpPiBHEBi 3MiIlleHHS aTOMiB, IO YTBOPIOIOTH
MeJKi 3epeH, a TaKUU IIPOIleC CYIIPOBOMKYETLCA, HAIIPUKJIA, 3MiIIleH-
HSIM aTOMiB MEHINIIX PO3MipiB y cTuci o6acTi, a OiabIIuX — y pos3TsAr-
HYTi; BOAHOPAa3 IiJIbHICTh MeK 3epPeH BUPiBHIOEThCH, IXHA €HEPTid mo-
HUXKYEThCA, 3pOCTAE MisK3epeHHa Mil[HiCTh, KOB3aHHSA Uepesd TaKi Mexki
icTOTHO YTPYAHIOETHCA 1, BiATOBiAHO, 3pocTae KoedimieHr k.

XapakTep i cujaa MiKaTOMOBUX XeMiUHUX 3B fA3KiB 0esmocepeqHbo
OB’ A3aHi 3 eHTaJbIIi€l0 ITapHOaTOMOBOI B3aemomii. Tak, y pobori [26]
spocraHHA Koedimnienra k, Big 588 mo 1100 MIla/mxmY2 quis cTomiB cu-
cremu CoCrFeNiMo 3i 30inmbienuaam KoHIeHTpallii Mo moB’a3yeTbed 3
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yTBOpeHHAM cerperailii Mo Ha mexki 3epeH.

VY mimomy, mpobJjeMa 3MIiITHEHHS MeX 3epeH y 0araToOKOMIOHEHTHIX
TBEPAUX PO3UMHAX B3aCJYyroBye Ha IIOAAJbIIe OiJbIN AeTajbHe TOCJIi-
IKEeHHs, OCKiJIbKY MOKHA PO3PAaxXOBYBATHU HA Ofep:KaHHsI 0COOJIMBO Mi-
IMHUX (Mai:Ke J0 PiBHS « TEOPETUUHOI MiITHOCTH» ab0 «TeOPETUYHOI TBe-
pIoOCTH » ) HAHOCTPYKTYPOBAHUX CTaHIiB, HAIPUKJIAL Y IIOKPUTTAX i TOH-
KUX ILJTiBKax.
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Nowadays, the automotive industry is increasingly emphasizing lightweight
structures to enhance fuel efficiency, vehicle performance and comply with
emission regulations. Traditionally, reducing steel-sheet thickness and
boosting strength has been the go-to method for weight reduction, but this
approach often compromises panel stiffness. To address the same, there is a
growing interest in replacing steel with lighter materials like aluminium,
which offer comparable structural properties. AA7075, an aluminium 7000
series alloy with high strength, prepared with precipitation hardening, is one
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alternative. However, it is regarded to be difficult to join 7075 plates by
conventional fusion-welding methods. Friction stir welding, being a solid-
state joining process, is proved as a viable technique to join successfully these
high-strength alloys, in particular, AA7075. However, the friction stir
welding causes reductions in weld properties, and the reduction is more
pronounced in thick section welds. Double-side friction stir welding is
considered as one of the possible solutions to address the problem of weld-
property reductions. In the present study, 6.35 mm-thick AA7075-T651
plates are friction stir welded from both sides. Mechanical properties of the
welded joints are evaluated using tensile tests as per ASTM B557 standards
and hardness tests. Furthermore, the weld microstructures are also
examined using optical microscopy. Higher hardness values occur in weld
nugget, and the heat-affected zone records lower hardness values. The weld
zone has exhibited joint efficiency of 67% in terms of yield strength, and the
tensile fractures are found to take place in the weld nugget. Weld nugget
region of friction stir weld exhibits fine equiaxed, recrystallized grains,
while heat-affected zone is seen with marginal grain growth.

Key words: double-side friction stir welding, aluminium alloy 7075, weld
microstructure, tensile properties, hardness survey.

ABTOMOGiTbHA TPOMUCIOBICTHL CHOTOAHI Bce Oinblle mOTpedye JEeTKUX
KOHCTPYKII# [OJA MTigBUINEeHHA e(eKTUBHOCTM BUKOPUCTAHHA MaJIUBa,
MPOAYKTUBHOCTY aBTOMOOLIIB i BigmoBimHOCTN HOpMaM BUKUAIB. Tpaguiriiino
OCHOBHUM METOAOM MOHMKEHHS BAru Ta IIiABUINEHHA MiITHOCTH OyJIo
3MEHINIEHHA TOBIMUHU KPUIEBOTO JIMCTA, aJjie Ied MigXil YacTo TOHUMIKYE
JKOpCTKicTh maHesen. g Bupimenna miel mpobseMy 0ys0 3aIpOIIOHOBAHO
3aMiHUTH KpHUIIl JErIuMHK MaTepifigaMu, TaKUMU SK aJIOMiHi#, aki
JIEeMOHCTPYIOTH TOPiBHAHHI CTPYKTYpPHI BaacTuBocti. AAT075, amominitioBuit
cron cepii 7000 3 BMCOKOIO MiIlHiCTIO, OfEP:KAHUIT METOAOM AUCIIEPCIIAHOTO
rapTyBaHHSA, € OAHi€0 3 aabTepHaTuB. OOHAK BBaKAETLCS, IO 3 €THAHHA
miaactuH 7075 3BUUaHUMU METOAAMU 3BAPIOBAHHSA TOILJIEHHAM € CKJIQTHWM.
3BapIOBaHHA TEPTAM 3 IEePEeMiIllyBaHHAM, IO € IIPOIecOM 3’e€THAHHS Y
TBEPAOMY CTaHi, BUSABUJIOCA KUTTE3TATHOI TEXHIKOIO MAJA YCIIIITHOTO
3’eTHAHHA ITNX BUCOKOMIIITHUX CTOIiB, 30KpemMa AAT075. OmHak TaKkuii crocio
MPU3BOAUTH M0 TOTIPIIeHHS BJACTUBOCTEH 3BApPIOBAHHSA, i Ile¢ MOHMMKEHHSA
0inbII BUpasKeHe Y TOBCTUX 3BapPHUX MIBaX. [[BOCTOPOHHE 3BAPIOBAHHS TEPTAM
3 IePEeMIITyBaHHAM BBAXKAETHCA OMHUM 3 MOKJIMBUX PiIlleHb /IS PO3B’ A3aHHA
IpobJyieMy ITOHUKEHHA BJIACTUBOCTEN 3BapIOBAHHA. ¥ JaHill pobOTi miacTuHU
AAT075-T651 ToBImHOIO ¥ 6,35 MM OyJiu 3BapeHi TepTaAM 3 HepeMilryBaHHAM
3 000x OokiB. MexaHiuHi BiIacTHUBOCTI 3BapHUX 3’€IHAHb OI[IHIOBAJU 3a
JIOTIOMOTO0I0 BUTIPOOYBaHb Ha PO3TAT BigmoBigHo mo ctangaptis ASTM B557 ta
BUIIPOOyBaHb Ha TBepmicTh. OKpiM TOro, MiKpPOCTPYKTYpy 3BapHOTO IIIBa
JOCTiM:KyBaJ TaKOMK 34 MOIMOMOTOIO ONTHYHOI MiKpockomii. Buri smauenusa
TBEPAOCTH CIIOCTEPIraroThCA y MicIli 3BapiOBaHHHA, a 30HA TEPMiUHOTO BIIJIUBY
Ma€e HMKYI 3HAUEeHHA TBEPAOCTU. 30HA 3BapIOBAaHHS IIPOJAEMOHCTPYyBaja
edbexTuBHicTh 3’emHaHHA Y 67% 3 TOUKM 30py MeKi NIMHHOCTH, i OyJO
BUSBJIEHO, IO B 3BaPHOMY IIIBi Bif0OyBatoThCA PO3PUBHI pyiiHnyBanHusa. O0sacTh
3BapHOrO IIIBa, OJEPIKAHOTO TEPTAM 3 IepeMilryBaHHAM, Mae ApiOHI
piBHOBiCcHi, peKpucTasi3oBaHi 3epHa, TOAi SAK y 30HI TEepPMiUHOrO BIJIUBY
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BiZOyBa€eThCS HE3HAUYHUU PiCT 3€peH.
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amominitioBui crou 7075, MiKpocTpyKTypa IIBa, BJIACTHMBOCTI mim dac
PO3DHUBY, LOCIIiKEeHHA TBEPAOCTH.
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1. INTRODUCTION

The 7xxx aluminium alloys stand out for their heat treatability and
ability to offer the highest strengths among all aluminium alloys.
Their remarkable strength-to-weight ratio and corrosion resistance
have made them a staple in various aerospace and structural
applications. However, joining these high-strength aluminium alloys
using traditional fusion welding techniques presents challenges due to
their high thermal conductivity, which often leads to weld defects such
as porosity and solidification cracking. The dendrite structure formed
during conventional welding also contributes to a significant
reduction in mechanical properties [1-3].

Specifically, AA7075 sheet and plate products find extensive use in
automotive industry where a balance of high strength, moderate
toughness, and corrosion resistance is crucial. Aluminium and
magnesium have densities of 2.7 g-cm™ and 1.74 g-cm™3, respectively,
significantly lower than steel (7.86 g-cm™3). However, aluminium can
face availability issues for high-volume production. Therefore, a
strategic blend of aluminium and magnesium, coupled with advanced
joining techniques like friction stir welding, emerges as a promising
solution for next-gen automobile applications. While these alloys are
typically considered non-weldable using commercial processes and are
often assembled using riveted construction, the advent of Friction Stir
Welding (FSW) technology has provided a viable alternative,
particularly, for welding high-strength aluminium alloys compared to
traditional fusion techniques.

FSW is a solid-state, hot-shearing process well suited for joining
nonferrous metals and alloys, offering notable advantages such as
lower heat generation, absence of melting, reduced defects, and
minimal distortion [4-8]. This process has gained traction in
industries like automotive and aerospace for producing sound joints in
high-strength aluminium alloys. However, improper welding
parameters during FSW can lead to defects and compromise the
mechanical properties of the joints [9].

During FSW, a non-consumable rotating cylindrical tool with a
shoulder and threaded pin plunges into the butting surface of rigidly
clamped plates placed on a backing plate. Welding occurs through
friction-induced heat between the tool and plates, resulting in severe
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plastic deformation and material flow as the tool moves along the
welding direction. The weld consists of several zones, including the
heat-affected zone (HAZ), thermomechanically affected zone (TMAZ),
and dynamically recrystallized zone known as the weld nugget (WN).
The fine grain structure in the centre of the weld region significantly
influences the mechanical properties[10, 11].

Despite FSW effectiveness in joining high-strength alloys like
AAT075, it can lead to reductions in weld properties, particularly
noticeable in thicker welds [12, 13]. Double-side friction stir welding
has emerged as a potential solution to mitigate these weld property
reductions [14]. In the present study, 6.35 mm-thick AA7075-T651
plates were subjected to double-side friction stir welding, followed by a
thorough evaluation of mechanical properties and examination of weld
microstructures.

2. EXPERIMENTAL PROCEDURE

In the current study, 6.35 mm-thick plates of AA7075-T651 alloy
were used, having a composition of Al-5.6% Zn, 2.5% Mg, 1.6% Cu,
0.23% Cr, and 0.08% Fe by weight. These plates were cut and
machined into 110 mm-width and 200 mm-length coupons. To perform
friction stir welding, an appropriate tool made of M2 grade tool steel
with a tapper threaded pin profile was employed, featuring specific
dimensions such as a 3.5 mm-pin length, 6 mm-pin major diameter,
3 mm-pin minor diameter, 15 mm-shoulder diameter, and a 1.5 mm
pitch of threads, as illustrated in Fig. 1.

Through a series of rigorous trials, optimal welding parameters
were determined to achieve flawless welds, including a pin rotational
speed of 1000 rpm, a pin travel speed of 250 mm/min, and a 1.5° tilt
angle between the FSW tool and the plates that are joined. Double-side
friction stir welding (DS FSW) was performed sequentially on a
vertical milling machine. The second pass (side 2) was welded after
completing the first pass (side 1), with the advancing side (AS) of side
1 intentionally aligned to become the retreating side (RS) of side 2. The
welded joints are presented in Fig. 2.

For microstructural analysis, advanced optical microscopy

Fig. 1. Image of the tool used for friction stir welding trials.
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Fig. 2. Double side friction stir welded joint showing the weld region on both
sides of the joint.

techniques were employed. Carefully prepared samples from the welds
underwent a polishing process using various emery papers starting from
800 through 1200 grit size, culminating in final polishing using
diamond compound (1 micron particle size) in a high-precision single
disk polishing machine. These polished samples were then etched using
standard Keller’s reagent (comprising 5 ml HNOs, 2 ml HF, 3 ml HCI,
and 190 ml distilled water) to unveil the intricate microstructures
within the welds. Fractured surfaces of tensile-tested specimens were
also examined using scanning electron microscopy (SEM). Transmission
electron microscopy (TEM) specimens were extracted from the parent
metal and the weld nugget region of double-side friction stir weld using
electrical discharge machining (EDM). Initial sample thinning was
performed manually at low speeds to minimize thermal effects. Final
thinning was achieved through electrolytic polishing using a solution of
nitric acid in methanol. TEM studies were conducted using a JEM-2100
transmission electron microscope operating at 200 kV.

Transverse tensile specimens, in compliance to the stringent ASTM
B557 standards, were meticulously prepared from the welds in their
as-welded state. Room-temperature tensile tests were conducted using
an advanced universal tensile testing machine. Hardness testing was
carried out by Vickers microhardness tester. The readings were
considered at the mid-thickness of the joint. Each indentation was
taken with the spacing of 0.5 mm between adjacent measurements, at a
load of 200 g and for a dwell time of 10 s each.

3. RESULTS AND DISCUSSION
3.1. Tensile Properties

The outcomes of the tensile tests are presented in Table 1. It is evident
that friction stir welding led to a decrease in strength values compared
to the unaltered base material. The yield strength, tensile strength and
percent elongation values of the welded joint were found to be 360
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MPa, 435 MPa and 7, respectively. The joint efficiency, calculated
based on yield strength, was determined to be 67% . Moreover, each of
the three weld samples experienced fracture at the weld nugget in a 45°
shear mode, as depicted in Fig. 3. Fracture surface of the tensile tested
samples is shown in Fig. 4. It was realized that tensile fractures occur
in ductile mode as fine dimples can be observed.

TABLE 1. Results of transverse tensile testing (average of three tests).

Parameter Base material DS FS weld
Yield strength (0.2% proof) (MPa) 539 360
Ultimate tensile strength (MPa) 609 435
Elongation (%) 13 7
Joint efficiency in terms of YS (%) - 67
Fracture location - WN

Fig. 3. Tensile fractures of double-side friction stir welded joint of AAT075
(arrowhead shows failure location).

Fig. 4. SEM image exhibiting the fracture mode of the tensile-tested specimens.
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Fig. 5. Microhardness profile of the double-side friction stir welded joint.

3.2. Hardness Survey

Microhardness curve drawn from the readings obtained with 0.5 mm-
spacing is presented in Fig. 5. As can be clearly seen, hardness profile
was a typical ‘W’ shaped curve showing higher hardness in the weld
nugget region and lower hardness in the heat-affected zone. The
reduced grain size due to recrystallization of the material in the weld
nugget could be the reason for higher hardness in the region. However,
the high hardness could not show any effect on tensile strength of the
material since all the tensile samples broke in the WN region itself.
Increased hardness tackles the challenges associated with steel and
contributes to further reducing vehicle weight.

3.3. Optical Microscopy

In Figure 6, the macrograph showcasing a double-side friction stir
welded AAT7075, highlighting a flawless weld with no discernible
defects. The image clearly delineates various distinct weld zones such
as the WN, the TMAZ, and the HAZ.

Figure 7 represents the micrographs depicting the parent material
and the corresponding weld zones. Figure7,a unveils the
microstructure of parent metal, characterized by large elongated
pancake-shaped grains, indicative of a hot rolled structure.
Contrarily, Fig.7,b reveals the microstructure of weld nugget,
showcasing a fine and equiaxed grain formation resulting from
recrystallization. The recrystallized fine grain structure could be the
reason for the higher hardness in the weld nugget as the same is typical
in case of friction stir welded aluminium alloys. Figure 7, ¢ provides
insight into the thermo-mechanically-affected zone, displaying a
highly deformed grain structure, a consequence of the thermal and
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Fig. 6. Cross section of the weld showing various weld zones of double-side
friction stir welded AA 7075.

Fig. 7. Microstructures of the weld joint: a) parent metal; ) weld nugget; ¢) WN-
TMAZ interface; d) HAZ.

mechanical effects of welding process. A defect free, clear interface
zone of TMAZ and WN can also be seen in the same, which is an
indication of solid weld joint between the parent work pieces. Finally,
Fig. 7, d presents the heat-affected zone micrograph, which mirrors
the grain structure of the parent metal, but with noticeable grain
growth attributed to the heat input during welding.

3.4. Transmission Electron Microscopy

Figure8 presents the characteristic precipitate morphology of
AAT075 parent material in the T651 ageing condition and the weld
nugget of the double side friction stir welded joint. As evident in Fig.
8, a, the parent metal contains two distinct types of strengthening
precipitates, differentiated by size and morphology, consistent with
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Fig.8. Transmission electron microscopy images: a) parent metal; b) weld
nugget.

prior reports by Wert [15] and Lorimer [16]. The first group comprises
larger precipitates (50—80 nm), while the second consists of finer
particles (20—25 nm). Wert [15] identified the larger precipitates as an
isomorphous solid solution of MgZn, and MgAICu, denoted as
Mg(Znz,AlCu). In contrast, Lorimer [16] characterized them as
Mgs2(Al,Zn)y with a b.c.c. crystal structure. Thus, these precipitates
may correspond to either phase. The presence of these strengthening
precipitates, formed during deformation and T651 ageing, contributes
to the base-material ultimate tensile strength of =600 MPa, i.e.,
significantly higher than the =200 MPa observed in the annealed
condition.

Figure 8, b presents the TEM micrograph of the weld nugget region
in double-side friction stir welded joints. The welding thermal cycles,
typically exceeding the solution temperature while remaining below
the base-metal melting point, induced dissolution of strengthening
precipitates in the weld nugget. However, TEM studies revealed
partial re-precipitation and subsequent coarsening of some
strengthening precipitate particles, attributable to favourable post-
weld cooling rates. The dissolution and coarsening of strengthening
precipitates could be considered responsible for tensile fractures in the
weld nugget.

4. CONCLUSIONS

The conclusions drawn from the experiments on the FSW joint of

AAT075 alloy samples are as follow.

1. AA7075 alloy 6.35 mm-thick plates can be successfully welded using
friction stir welding from both sides.

2. The nugget region of the welded joint exhibited fine equiaxed
recrystallized grains, while heat affected zone exhibited no change
in grain structure excepting marginal grain growth.
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3. Higher hardness values occurred in weld nugget and heat affected
zone recorded lower hardness values.

4. The weld exhibited joint efficiency of 67% in terms of yield strength
and the tensile fractures occurred in the weld nugget.
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The aim of this paper is about modelling microhardness in function of
welding speed and position around the welded joint. The obtained model is
then able to predict this characteristic without need of further experiments.

Key words: welding, neural network, microhardness.

Meroto 1miei poboTH € MO TIOBAHHA MiKPOTBEPAOCTH 3aJIEIKHO Bifl IIMTBUAKOCTHU
3BapIOBAaHHA Ta IIOJOMKEHHA HABKOJIO 3BapHoro 3’emHanHA. Omep:KaHUMI
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1. INTRODUCTION

Welding is a process that plays an important role in industrial field [2].
We find welding in uncountable domains. Studying of welding process
and understanding its features is of big interest.

There are different parameters that can influence welding
properties such as metal type, speed of welding. It is difficult to find
mathematically a model for such process. Artificial neural network is
chosen as solution to find a model describing relations between the
studied characteristics.

Microhardness (and subsequently mechanical resistance) along
metal and weld joint is an important characteristic that are studied in a
welding process [3, 4]. Understanding those characteristics could help
in predicting the behaviour of weld in the first step of designing a
structure before passing to realization phase.

The metal BS2 is chosen for this study due to its important role in
industry and thus economy, this study contributes to the security,
economy and industry.

2. EXPERIMENTAL TEST
2.1. Arc Welding

First, the metal is prepared in four samples of length 8 mm. Each
sample is welded in different speeds (30, 35, 40, 45 mm/min). The
obtained samples are then prepared for the laboratory tests.

2.2. Laboratory Test

Each sample undergoes a series of test of microhardness. The points
are chosen around the weld and distances are taken in the length of the
piece symmetrical to the centre welded joint.

2.2.1. Microhardness Test

The microhardness is measured at different points along the sample
[3], passing through the different regions (base metal BM, fusion zone
ZF, and thermally affected zone ZAT). The obtained results are shown
in figure (Fig. 1).
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Fig. 1. Microhardness versus distance for different welding speeds.

From the above results, it is clear that microhardness curves are
highly non-linear and are therefore difficult to find simple models to
represent the evolution. This leads us to choose the artificial neural
network as a tool to predict the above values as a function of welding
speed and distance.

3. ARTIFICTIAL NEURAL NETWORK

Artificial neural networks (ANN) are biologically inspired [2, 6]. They
are used in many fields due to their features. ANNS is composed of
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Fig. 2. ANN architecture.
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elements (neurons) that are interconnected to form a neural network.
The advantage of the use of ANN for prediction is that they are able to

learn from examples only [5] the trained network is then able to predict
values even for nonlinear process.

3.1. The Proposed Neural Model

We use a feed-forward neural network with two inputs (speed,
distance) and one output (microhardness).
The first problem to solve is the number of layers and neurons in

each layer. After tests we choose a feed forward ANN with 2 hidden
layers and (8, 3) neurons.

3.2. ANN Training

Once the ANN designed, it should be trained. Experimental data are
used to establish neural network, which are able to predict the Vickers
microhardness[1].

The database is divided randomly in 3 parts: two thirds for training,

third for testing, and third for validation. The results are shown in
figure (Fig. 3).
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Fig. 3. ANN training, test and validation.
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Fig. 4. Results calculated by the ANN model and experiments.

4. RESULTS AND DISCUSSION

From the results, it is clear that the obtained neural network gives good
results with an overall correlation coefficient R=0.9220 and a mean square
error MSE =0.0108 (Fig. 4).

The difference between experimental data and predicted ones can be
reduced and the results could be improved by adding more experiments to
database with more accurate devices.

5. CONCLUSION

As the correlation coefficient R and the mean square error MSE are
good, the obtained neural network can be used as a model to predict the
microhardness values for any speed or position around the weld joint.
This feature of trained ANN allow user to use it as a model that predict
microhardness along the welded metal without any further
experiments.
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Crpykrypa ta BaactuBocti IIEO-nmokpurris, ogep:xaHux
Ha cromi [[16T 3a pi3HUX eTeKTPUYHNX TapaMeTPiB
i momepeaHBOTO yIBTPA3BYKOBOTO YAAPHOTO 00PO0IeHHS

B. M. Mopaiok, JI. {1. Porr’ak”, B. C. Bursunekuii’, H. O. IlickyH,
B. I0. MaJinin
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ITpoBeneno mogudikyBanHA HOBepPxXHI amominitioBoro cromy [[16T 3a momomo-
TOI0 TIJIA3MOBO-eJIeKTPodiTHuHOr0 oKcuayBanHA (ITEO) 3a pisHMX Bea1uumH ryc-
TUHU CTPYMY i Ta IIBUAKOCTHU IIOAAYi eJIeKTPOJITY . 3 OrJIALy Ha MaKCHUMAaJb-
HY MikporBepzicTh i minimasnbsHe 3HomyBanHA [IEO-IOKpUTTA BUSHAUEHO OII-
TUMaJbHI mapamerpu nporecy (i=4 A/am? i v=_80cm/c). I3 numu napamerpa-
MU IPOBeeHO0 KoMOiHoBaHe 00pobsieHHA moBepxHi cromry 16T iz momepenrim
yABTPasBYKOBUM yaapHuUM 00pobiaerHAM (Y3VYO0) ta dpinimtaum ITEOQ. MeToxoro
pacTpoBoOi eIeKTPOHHOI MiKpocKomii gocrifgKeHO 3arajabHy IOPYBATiCTh, PO3-
Mip mop i ixwHi#t posmoxin mo TosmuHi ITEQO-moKkpuTTiB v 3ameKHOCTi Big Beau-
YUH I'YyCTUHY 3aCTOCOBAHOI'0 CTPYMY, IIBUKOCTH NOoAaYi ejeKTposity i1 Y3VO.
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IToxrasatmo, 110 3pocTanusa MikporBepgocTu HV (= 22T11a) Ta 3MeHIIIeHHS 3HO-
mryBanuasa W (=2 0,18 r) Y3VYO + IIEO-nokpuTTsa craamu = 3—5% B IOpPiBHAHHI 3
ITEO 6e3 ¥Y3VYO, mo moB’s3aHe 3i 3MEHIIIEHHAM IIOPYBATOCTH IIOBEPXHEBOTO
mapy nokpurTa TormuHOK y 40 MKM (y 3,5 pasu) Ta mapy 6ins inTepdeiicy
MiXK TOKPUTTAM i moBepxHeto 3paska I[16T (y 4,5 pasu), a TaK0oXK 3MEHIIIEHHAM
po3MipiB i 6iabIT PiBHOMiIpHIM POSIIOAiIOM IIOP IO TOBII[MHI TOKPUTTA.

KarouoBi ciioBa: 111a3MOBO-€JIEKTPOJIITUYHE OKCHUAYBAHHSA, YJIBTPAa3BYKOBE
ynapHe o0po0JIeHHA, HOKPUTTS, IOPYBAaTiCTh, MiKPOTBEPIiCTh, 3HOITYBaHHS.

The surface of the aluminium [[16T alloy is modified using plasma-—
electrolytic oxidation (PEO) at different current densities i and electrolyte-
flow rates v. Taking the maximum microhardness and minimum wear of the
PEO coating into account, the optimal process parameters are determined
(i=4 A/dm? and v=80cm/s). With these parameters, a combined surface
treatment of the [[16T alloy is carried out with preliminary ultrasonic impact
treatment (UIT) and finishing PEO. The total porosity, pore size, and their
distribution over the thickness of the PEO coatings are investigated using
the scanning electron microscopy method, depending on the applied current
densities, electrolyte feed rates, and UIT. As shown, the increase in micro-
hardness HV (z22GPa) and the decrease in wear W (z0.18g) of the
UIT + PEO coating amount to = 3—5% as compared to those for the PEO coat-
ing produced without UIT. This is associated with a decrease in the porosity
of the coating-surface layer of 40 uym thick (by 3.5 times) and the layer near
the interface between the coating and the [116T-alloy specimen surface (by
4.5 times), as well as a decrease in the size and more uniform arrangement of
pores.

Key words: plasma—electrolytic oxidation, ultrasonic impact treatment, coat-
ing, porosity, microhardness, wear.

(Ompumano 18 cepnna 2025 p.; ocmamoun. eapianm — 19 cepnusa 2025 p.)

1. BCTYII

AnoMiHiTiOBi cTOIM Ta KOMIIO3UTH Ha iXHill OCHOBi mepebyBalOTh cepe
HaWBaKJIWBIINMNX KOHCTPYKI[IMHUX MAaTePidAJiB 3aBOAKM IXHilI BUCOKiH
nuToMiit minmHocTi. IlocTaTHA IJaCTUYHICTL i HEeBHCOKa TeMIlepaTypa
TOILJICHHSA YMOKJINBIIOIOTH BUTOTOBJIATH BUPOOU AK TPAIUI[iTHUMU Me-
TOZAMHU «BimHiMaHHS», TaK i cydYacHUMMN afUTUBHUMU METOJaMM TPU-
BuMipHoro npyky [1]. Ilepenik ramyseit iXHbOTO 3aCTOCYBaHHS € TOBOJII
IINPOKUM: Bii aepOKOCMiUuHOI, aBTOMOOiJIbLHOI Ta CYIHOILIABHOI M0 Oy-
IiBeJqbHOI Ta IMaKyBaJbHOI HmpommcaoBocTeii. OTHAK aKTyaJbLHOIO 3a-
JUIMAETHCA 3aIava IIiIBUINIEHHA JOBTOBIiYHOCTY BUPOOiB i KOHCTPYKITil
i3 amOMiHIOBUX CTOIIiB, BUPiIIeHHA AKOI YacTo MmoB’A3aHe i3 Mmomui-
KYBaHHAM IIOBEPXHi.

Cepen HU3KU MeTOAiB MOAU(MDIKYBaHHSA IIOBEPXHi MOKHA BUIIIUTHU
iHTeHCUBHY dedopMallil0o MOBEPXHEBUX IIapiB BUPOOiB i KOHCTPYKITii
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3a JOIOMOT'0I0 O0PO6JIeHHS TePTAM CHeIiAILHOr0 iHCcTpyMeHTYy [ 2], Apo-
0OCTPYMUHHOT0, JIA3€PHOT0 a00 yJAbTPa3BYKOBOrO yAapHOrO 00po0JIeH-
Ha [3—6], dopMyBaHHS ITOBEPXHEBUX KOMIIO3UTIB, 3MIiITHEHUX IIOPOIII-
kamu metadis [7], kap6ixis i okcuzis [8—10] abo kBasukpucraimis [11,
12], sagna migBuIneHHsS onopy 3HOITyBaHHIO [ 7, 9—11] Ta BTOMi [3, 12],
a TaKOK HaHeCeHHdA IOKPUTTIB 3a/Jid 3aXUCTy IMOBEPXHi Bil KOpoasii Ta
suomyBaHHsa [13—19]1i saaia rarbMyBaHHSA i APOCTAHHSA TPiITUHOIIOMNI -
onux medextiB [20—22]. 3aramom MomudikyBaHHA MOBEPXHi meTaiB i
BUPOOiB 3a0e3meuye IMOLOBKEHUN eKCILIyATAI[IMHNN pecypc KOHCTPYK-
it i criopyx.

Cepep cyuacHIX METOiB MOKPHUBAHHS CJIiJ BUSIINTI METOJ IIJIa3MOBO-
enekTpositTunuHoro okcunyBaHHa (IIEQ) — mepemoBy TexHOJIOTiIO, AKa
Ja€e 3MOr'y BHPOIIyBAaTH CTiMKi ITTOJ0 KOPO3il Ta 3HONTIYBaHHA KepaMiuHi
IMOKPUTTS HA IIOBEPXHAX HU3KM MeTajJiB BeHTUIbHOI rpynu (Al, Mg, Ti
Ta ixHi cronm) [23—26], a TAaKOK € OLHIE€I0 3 EKOJIOTIUHO UMCTUX Ta €KO-
HOMIYHO e(eKTHBHUX TexHoJorii [27]. 3a yMOB BHMCOKOI HAIIPYTH MiK
JeTajieM Ta eJIEKTPOL0I0, BHACTINOK IIepediry miaasMoxXeMiuHNX peaxirii
Y PO3PATHUX KaHAJaX 3a BUCOKHX TEeMIIepPaTyP YTBOPIOIOTHLCA AUCIIEPCHI
OKCHUIH, IO 3a0e3IIeUyI0ThL C(POPMOBAHOMY IIOKPHUTTIO BUCOKY TBEPIiCTh,
3HOCOCTiliKicTh i KapoTpuBkicTh. OmHar TexHojoriunmii mporec ITEO
Mae OyTH ONTHMi30BAaHUM 3 YpaxXyBaHHAM cIern(iky 3aJIesKHO Bim oopa-
HOI MapKu nedopMOBaHOTO aJlOMiHIMOBOIO CTOITY Ta 3aJIe3KHO Bij raaysi
3aCTOCYBAHHA ¥ O0aKaHMX eKCILIyaTallilHUX BJIAaCTUBOCTEI JeTajiB, II0-
KPUTHUX 00BOJIKAJIbHIMU KePaMiYHUMU IIOK PUTTSIMMU.

Hemtomasui poboTu 3acBiguman JOIMiJbHICTE KOMOiHOBAHOTO 3aCTO-
CyBaHHA IIJJACTUYHOrO AeOpMYyBaHHS Ta HaHECEHHS OKCUIHUX IIOK-
puttiB. Tarkuil nigxiag BUABUBCA e(PeKTUBHUM IJIs IIiIBUIITEHHSA CTiAKO-
ctu moBepxHi TuTanoBux [28—30] i amominiifioBux [31, 32] cromis. Ilo-
eqHaHHA 00po0seHHA apobom i Hactymuoro ITEO 3abesmeuye 3HauHy
CTiAKicTh ITOA0 KOPO3ii Ta 36i/ILITIEeHHA TePMiHYy CaOYy:KOU B yMOBaX 3BU-
yaifHOI BTOMU Ta KOPO3iliHOI BTOMH1, TUM CaMUM BiJlKpUBaO4YU HOBi MoO-
JKJIMBOCTI JIJIA 3aCTOCYBaHHA B aepOKOCMiuHill ranysi. Pasom i3 Tum,
yepes IIiABUINEHY IIEPCTKIiCTL MOBEPXHIi micjas Apo6boCTPYMUHHOTO 00-
pobyeHHSA HeoOXiZHO 3aCTOCOBYBATH IIPOMisKHe NMLIipyBaHHS AJIA TO-
JimIeHHsa cTPYKTypu Ta BiaactuBocteit IITEO-moxpurTta. Iliei omeparrii
MOJKHA YHUKHYTHU, AKIIO JOCTATHLO HU3BKY INIEPCTKiCcTEL Oyme copmo-
BaHO 3a YMOB IIOBepPXHeBOro MoAudikyBaHH:A. [{O0BOJIi HUBBKY IIEPCT-
KicTh MomudikoBaHoi moBepxHi (hopMye yIbTPa3ByKOBe yaapHe 00po0-
JIeHHSI 3a YMOBU 3aCTOCYBaHHA BimmoBigHux pesxumis [33]. Kpim Toro,
BaXKJHUBUM TaKOK € iCTOTHe IMOAPiOHeHHA 3ePHOBOI CTPYKTYPH IIOBEPX-
HEeBOTO MIapy, OCKIIbKY HaABHICTD OiJBITTOI KiTBKOCTH MeXK 3epeH 3ara-
JIOM CIIPUSIE IPUIITBUAIIEHOMY (hOPpMYyBaHHIO OKCUAHOI IIiBKY [6]. Tomy
3aCTOCYBaHHSA IIOIIEPEHBOr0 MOAN(MiIKYBaHHA MOBEPXHi yJIbTPa3BYKO-
BUM yIapHUM 00POOJEHHAM i HACTYITHOTO IJIa3MOBO-eJIEKTPOJIi TUYHOTO
OKCHUAYBAHHS MOKe OyTH IePCHeKTHUBHUM i3 OrVIAAY Ha MOJIIIIIITeHHS
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CTPYKTYpPHU Ta BiaacTuBocTeil cpopmoBanoro ITEO-mmokpurTa.

Metoo mamoi pobOTH € eKcIleprMMeHTaJbHe BU3HAUEHHSA OITHUMAJIb-
HUX IIapaMeTpiB IIPoIlecy IIJIa3MOBO-eJIeKTPOJITUUYHOTO OKCUIYBaHHS
crorry [[16T (2024) 3 ypaXyBaHHAM MiKpPOCTPYKTYPH, MiKPOTBEPIOCTH
Ta 3HOcocTifiKkocTu chopmoBaroro ITEO-mokpuTTs, a TaK0OK BUABIECHHS
BILIMBY IIOIIEPEAHLOTO YJIBTPA3BYKOBOTO yAapHOTO OOPOOJIeHHS Ha fAK-
ictes ogep:xanoro ITIEQO-mokpuTTs.

2. METOJUKA ERKCIIEPUMEHTY

HocmimmxyBanu 3pasku gedopMoBaHOro amioMminiiioBoro cromy I[16T,
AKUH HAJEKUTH 10 croniB cucremu Al-Cu—Mg i mae gJocTaTHBO BHCOKI
MexaHiuHi BJIACTUBOCTI MOPiBHAHO 3 iHIMMMM aJOMiHilloBUMU cToma-
MU, a BUPOOU 3 HHOT'O IIIMPOKO BUKOPUCTOBYIOTLCA B ITPOMUCIOBOCTI Ta
mo0yTi. 3pasKu MmomepeqHbO 3a3HABAJIM IrapTyBaHHA BiJ TeMIIepaTypu y
495-505°C i mpupoaHLOTO CcTapiHHA 3a KiMHATHOI TeMIepaTypu. XeMi-
YHUH CKJIAJ CTOIY HaBeaeHo y Ta0. 1.

Ilonepente mogm(piKyBaHHA IIOBEPXHi 3MiMCHIOBAJIOCS YJIbTPa3ByKO-
BUM yzmapHuM o0pobieHHaM (Y3VQ) sza HOpMAJILHOTO IIPUKJIATEHHS
yIoapHOTO HaBaHTasKeHHs Ha ycTaHoBHiI Y3I'-300, axa cKaamaeTbcA 3
YILTPA3BYKOBOrO T'eHepaTopa dactoror y 21 KI'm i moryxuicTio y
0,6 kBT, BiOpaTopa 3i cTyImiHUYacTIM KOHIIEHTPATOPOM i GoiiKa i3 3arap-
roBaHOol KpuIi 11X 15 [35]. AMmriTyna Toplis KOHIIEHTpaTopa CKJaagaia
A=15mKM. 3a paXyHOK II€PiOAMUYHOTO KOHTAKTY OOMKAa 3 TOPIEM KOH-
IeHTpaTopa 00MOK OTPUMYE iMIOYJIbC CUJIN TA KiHETUUYHY eHepriio, sxa
BUTpPaAYacThbesAa Ha ne)opMyBaHHS IIOBePXHEBUX IIapiB 3paska. TpuBa-
JicTh 00pobsmeHHA ckJjaazana 120 c. Y mpolleci HaBaHTaKeHHSA 3Pa30K
orpumyBaB =10°ymapis. Ilicaa MexaHiuHOTO OOpPOOJIEHHA OLeps;KaHAa
IIIePCTKiCcTh moBepx Hi ckaasa Ra =0,8—1,1 MKM.

ITEO mpoBoguan Ha IPUCTPOI, AKUI Ja€ 3MOTy (DOPMYBATH OKCHUIHI
HOKPUTTSA Ha AeTalAX Y IIPOTOUYHOMY €JIEKTPOJITi. YCTaHOBKA MiCTHUTH
IKepeso KUBJIEeHHA 3MiHHOro cTpyMy (Hampyroo mo 1000 B), cucremy
MipAHHA 3HAUEHDb HAIIPYTU Ta CTPYMY B KATOAZHOMY Ta aHOJHOMY Iepio-
IaxX, a TAaKOK CUCTEeMY ITUPKYJIAIl eJJeKTPOJIITY, SMiHHI eJIeKTpoxeMid-
Hi KOMIpKH 3 ejIeKTpoJaMmu 3 Heip:kaBifiHOI Kpuili, cucreMy OXOJIO-
IKEeHHA eJIEKTPOJIITY Ta CUCTEMY BUTSKHOI BeHTUJIAIil. BukopucToBy-

TABJMUIIA 1. Xemiunuii ckaazn crony 16T [34].
TABLE 1. Chemical composition of [116T alloy [34].

MacoBa uactka eiemeHnTy, %
Si|Fe| cu | Mo | Mg [ Zn [Cr [ T [Immi| Al
0,5 0,5 3,8-4,9 0,3-0,9 1,2-1,8 0,25 0,1 0,15 0,15 pemra
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BaJIM CUJIIKAT-JIYKHUU eJIEKTPOJIIT Ha BOOHINA OCHOBI, II[0 MiCTHB Tigpo-
kcun Kaiiro (KOH) i cunikar Hatpito (NazSiOs). TexHogoriumi pesxumu
dopMyBaHHA MOKPUTTA HaBemeHo B [25]. ToBiiuHa chopMOBaHOTO PO-
0ouoro mIapy OKCHUAHOTO IMOKPUTTSA cTaHoBmaa = 300 mxM. Omep:xamo
cepito IIEO-moKpuTTiB 3a pisHMX MapaMeTpiB IIPoIlecy OKCUAYBAHHS, a
caMe, CIJIy CTPYMY 3MiHIOBAJIN B Mexxax 2—8 A/am?2, a MBUAKICTE moxa-
i e1eKkTpoaiTy — B Mexkax 40-120 cm/c.

IIpoBeneHo ekcrepuMeHTaJIbHE JOCTIMKEeHHI MeXaHIiYHUX BJIaCTUBO-
cTeli, a caMe, MiKpoTBepgocTu Ha npuiaani IIMT-3 iz HaBaHTaKeHHAM
Ha BixkkepciB ingenTop y 100 r supozos:x 10 ¢, a TAK0MK OIOPY 3HOIIIY-
BaHHIO 3 3acTocyBaHHAM cTeHay YMT-1 gaa mocaimkeHHA map TepTd
IIiJ 4ac 3BOPOTHHO-IIOCTYIIAJIBHOTO PyXy. Beauwuuny BTpaTu Baru BHa-
CJIiOOK 3HOINNYBAHHSA 3Pa3KiB BU3HAYAJM I'DABIMETPUYHUM METOLOM —
3BaKYBAaHHAM BUIOPOOYBAHMX 3pas3KiB Ha aHamiTuUHUX Tepesax BJIP-
200-M (Tounicts — 0,1 Mr) g0 Ta micaa BUIpoOyBaHHA Ha 3HOITYBaHHSI.
Ilepen KOKHUM 3BasKyBAHHAM 3PasKU PETEJIbHO IPOTHUPATIUN €TUJIOBUM
cuupToM i cymuan. MiKpoCcTPYKTYpPY IMOKPUTTIB AOCTiKyBaln 3a I0-
IIOMOT'OI0 PacTpoBoro ejgekTpoHHOro Mikpockomna TESCAN Vega3 SBH.
IlapameTpu mopyBaTOCTH IIOKPUTTIB OIiHIOBaJIM, aHaJjdisyiouum PEM-
300pasKeHHsa MIKPOCTPYKTYpPH 3a JoIoMorop mporpamu ImagePro-32,
AKa YMOXKJIUBJIIOBAJIa OIliHIOBATY PO3MOiJ IIOP 32 pO3MipaMu Ta 4YacTKY
iX y IeBHUX YaCTHHAX MOKPUTTIB Ha pisHill Bigmasi Bix inTepdeiicy (1mo-
BepxHi 3paska J[[16T).

3. PE3YJIBTATH TA IX OBTOBOPEHHSA

Bigomo, 110 cTpyKTYypa Ta BaacTUBOCTI oxepskamoro ITEO-mokpuTTsa 3a-
JIeXKaTh BijJ mepebiry MiKpoayroBuUX PO3PsALiB i mapaMeTpiB UMCIEHHUX
eJIeKTPUYHUX IPOOOIB OKCUAHOI ILIiBKM, AKa (OPMYETHCA 3a BUCOKOI
HaAIPyTu MiK meTaJjeM Ta eleKTpomor. OueBHOAHO, IO mepedir BKasa-
HUX IIPOIECiB 3aJI€KUTh BiJl €JIEKTPUYHUX IIapaMeTpiB, a caMe, HAIIpyTu
Ta CUJIM IPUKJIAJEHOTO CTPyMY. KpiM TOoro, BUHMKHEHHA PYXOMHUX MiK-
POAoyTOBUX PO3PAAIB Ha ycCili MOBepXHi 3pasKa Be/ie 10 HarpiBaHHA Jie-
TaJII0 ¥ eJIEKTPOJITY, IO TaKOMK MOJKe IO3HAUATHCI Ha CTPYKTYPi cdo-
PMOBAHOrO IIOKPHUTTA. ToMy Ha HEpIIOMY eTalli MOCTiJsKeHO BILIUB
IIBUAKOCTH IIOJAaUi eJIeKTPOJIITY B po0ouy KaMepy, 110 3a0e3meuye IIeB-
HY CTaJy TeMIIEPaTypPy eJIeKTPOJIiTy Ta 3paska B mporteci ITEO.

Ha pucynxy 1 moxasamo pe3yJIbTaTH €KCIePUMEHTAJbLHOTO TOCJIi-
IsxeHHA MiKporBepmoctu HV ITEO-moxpuTTiB, ofep:KaHUX 3a Pi3HUX
BEeJIMUMH CUJIM CTPYMY Ta IIBUAKOCTHU IIOZAaYi eJIeKTpoJiTy. BuaHo, 1110
He3aJIeKHO BiJl IIBHUIKOCTHU IIOAAYi eJeKTpoJiTy aminu HV maioTh He-
MOHOTOHHUH XapaKTep i3 3pocTaHHAM 3acTocoBamnoi B mporieci ITEO cu-
Jau cTpyMmy. JJisd KOXKHOI i3 BUKOPUCTAaHUX BeJIWUYMH MIBUAKOCTH ITofaui
€JIEKTPOJIITY U (piKCYIOThCA MaKCUMAaJbHI 3HaueHHA HV, 10 yMOKJINB-
JII0€ 00paTu omTUMAaJIbHe 3HAUeHH V. 1A JoCIimKeHX MBUIKOCTeH y
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Puc. 1. 3anexxsocti mikporsBepmoctu IIEO-moxkputTiB Bix cuim cTtpymy i Ta
IMIBUAKOCTHY MOAAYi eJIEKTPOJIiTY . BigKpuTuii KBagpaTHU CUMBOJ BiATIOBizae
IIOKPUTTIO, BUTOTOBJIEHOMY Yy KoMOiHoBaHoMYy Y3V O + IIEO-mporieci.

Fig. 1. Dependences of microhardness of PEO coatings on the current density i
and electrolyte-flow rate v. The open-square symbol relates to the coating
produced during the combined UIT + PEO process.

40,801 120 cm/c mikpoTBepaicts carae 17,8 I'lla, 22 I'TTa i 20,5 I'Tla 3a
BEJIMUYNH CUIN cTPpyMy v 6, 6 i 4 A/am? Bigmosigmo. MakcuMaabHi 3HA-
yeHHdA HV dikcyioThca Ha KpUBiil, 3apeecTpoBaHiM 14 NIBUAKOCTH II0-
maui exexTposity v=_80cm/c. Kpim Toro, 3a 1iei MIBUIKOCTH eJIEKTPO-
Jity BenuuuHN HV 3aimMmiamTbCA BUCOKMMHU Ta MaliyKe He3MiHHUMMU B
iHnTepBasi BeJuumH cuau cTpymy v 4—8 A/mm?, ToAi AK oA iHIIEX Be-
JUYWH U MAaKCUMYMHU Ha 3ajiesKkHocTAX HV e 6inbi Bupamenumu. To6To
mnav=40cm/ci 120 cm/c Bubip ONTUMANBHOI BEIMYUHU CUJIU CTPYMY €
OiMBIT KPUTUYHUM.

3a mOBHOI KOpPeJAIlii i3 3aIe/KHOCTAMY MiKPOTBEPAOCTH HEMOHOTOH-
HUU XapaKTep MalTh i 3MiHU BTpaAT Ha 3HONTYBaHHA JOCJiIKEeHUX MOK-
purriB. Ha pucymky 2 mokasaHo pmaHi miomo sHomryBamua IIEO-
MOKPUTTIB y 3aJIeKHOCTI BiJi BUKOPUCTAHUX MiJ Yac IXHBOTro (opmMy-
BaHHS CUJIM CTPYMY Ta IIBHAKOCTU IIOZadYi ejeKTpotity. Bumno, 1mo
HAMeHIIIi BeJIWUYMHU 3HOITYyBaHHA (QikcyoTbea aasa IIEO-mokpurris,
olep;KaHNX 3a CHUJI CTPYMY B inTepBaJi 4—6 A/nqm? He3aIeKHO Bif BUKO-
pucTaHOI IIBUJIKOCTU TOJaYi eleKTpoJiTy v. Pasom 3 TumM, BapTo Bif-
3HAUUTH, IO OJd IIBUAKOCTEN momaui esektposity v=40cm/c i
80cMm/c gmoBoai icrorHi BTpaTm Ha 3HomryBamHa (20,28r) IIEO-
MIOKPUTTIB, Oflep:KaHUX 3a MAJUX BEJIUYNH CUJIU CTPYMY, IIOUNHAIOYUN 3
cuau ctpymy v 4 A/am?, smeniryorsesa 10 0,19-0,21 ri crabimisyoTbesa
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Puc. 2. Sanexnocti Bemnunay 3HomryBanHA ITEO-mokpuTTiB Big cuiau cTpymy i
Ta MIBUAKOCTU IOMaYi eIeKTPOJiTY v. BigKpuTuii KBagpaTHUN CUMBOJ BiAIIoO-
BiJlae MOKPUTTIO, BUTOTOBJIIEHOMY ¥ KoMOiHOBaHOMY Y3V O + IIEO-mmporeci.

Fig. 2. Dependences of wear losses of PEO coatings on the current density i
and electrolyte-flow rate v. The open square symbol relates to the coating pro-
duced during the combined UIT + PEO process.

Ha IIbOMY PiBHi, He3BaKalOUM Ha MOJAJIbIITE 3POCTAHHA CUJIN 3aCTOCOBA-
Horo mig uac ITEO cTpymy.

3BUYHOIO TaKOK € 00epHeHa MPOoIopIlifiHicTs MisK TBepaicTio H i Be-
JudnHOI0 3HolmyBaHHA W. Ile ys3rom:Kyerbcsa 3 BiJoOMOIO 3aJIeKHiCTIO
Apuapna—Pabunosrua W =kp/H (ne p — upukjgajeHe HaBaHTAKEHH,
k — xoedimienr Tepra) [9, 36], BigxumeHHA Bi AKOI MOKJINBI y BUIIa-
KY KPUXKOTO PYHHYBaHHS TOKPUTTS (KOMIO3MTHOT'O MATEPifAIy) Ta Ha-
CTYIIHOTO abpasuBHOT'O 3HOIITYBaHHS.

OueBuaHO, IO BJACTHUBOCTI ofepskaunx ITEO-TIOKpUTTIB mOB’A3aHi 3
iXHBOIO MiKPOCTPYKTYpPOIO, AKY, B CBOIO Uepry, 3yMOBJIEHO Iiepebirom
mporiecy ITEO. B mponeci ITEO, ak Bigomo [13, 14, 25], npukaageHa Bu-
COKa HaIlpyra COPUYMNHSIE MiKPOAYTroOBi po3psaay Ha IIOBePXHi 3pasKa Ta
3POCTaHHA TeMIIEPaTyPH, V PO3PATHUX KaHaJaX 3a BUCOKUX TeMIIepPaTyp
BimOyBaIOTHCA IJIABMOXEMIiUHI peakIlii 3 YyTBOPEeHHSAM JUCIIEPCHIX OKCH-
oiB, axi popmyrors ITEO-mokpuTTsa. EnexkTpuuni mapamerpu mporiecy,
110 3a7a0Thesa A 3a0esneuenna [IEO, BOiImBaoTh Ha XapaKTEePUCTUK U
MiKPOAYTrOBUX PO3PALiB, IXHIO KiJIbKICTh i piBHOMIPHiICTE yTBOPEHHA. SIK
HACJIIOK, BiJl eJIEKTPUYHNX IIapaMeTPiB Mae 3ajekaTy HIiJIbLHICTb olep-
skanoro IIEQO-moKpuTTs, a TaKOK 3aJIUIIIKO0BA IIOPYBATiCTh.

IammM YMHHMKOM, AKMI MOYKe BILJIMBATH HA MiKPOCTPYKTYPY OHep-
sKauux ITEO-moKpuTTiB, € cTaH IIOBEepPXHi 3paska, a caMme, IIEPCTKiCTh
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MIOBEPXHi Ta mapaMeTpu MiKpPOCTPYKTYpPH ITOBeEpXHeBoro 1mapy. Ilpupo-
HBO, IO 3a piBHOMipHOro ocamkenHs npoayKTiB IIEO Ha moBepxHIO ¥
elliTaKCiAIbHOMY pekuMi KiHmesa 1mepcTtkicTs ITEOQ-moxpuTTsa Oyzme sa-
JIesKaTH Bif BUXimHOI 1mepeTrocTu 3paska [14]. Tako:x Bimomo, ITI0 MIIBU-
OKicTh (hopMyBaHHS OKCUAHUX ILJIIBOK 1 iIXHA NIJIBHICTL, HAIPUKJIAL 34
YMOB aHOIHOI mosstpuaartii [6, 13, 16—18], 3aie:KuTh Big po3aMipy 3epeH i
YaCTKM MeXK 3epeH Ha IIOBepXHi 3paska (merasio). Ile mos’azame 3i miBu-
OIMUM OKMCHEHHSAM MATEPiAay B MEHII IiJIbHIX 00JIACTAX MeXK 3epeH i
pasoM 3 TUM NPUMIBUAINEHUM (POpMYyBaHHAM OKCUIHOI IJIIBKU, AKa 3a
YMOB KOPO3ifHMX BUIIPOOYBaHb CJYTYyE 3aXHCTOM Bill ITOTAIBIIIOTO OKIC-
HeHHA (Kopo3sii). Ilelt MexaHi3M 4acTO 3aCTOCOBYETHCA IT1JIECIIPAMOBAHO
IJIs1 (POPMYBaAHHSA MILJIBHUX OKCUAHUX ILIiBOK i MiIBUIITEHHA OIIOPY BUCO-
KoTeMIIepaTypHOMY OKUCHeHHIOo [28—30] i aHTUKOPO3iAHMX BJIaCTHUBOC-
reit [31, 32] maTepiaaiB 3aBAAKY IOAPiOHEHHIO 3€PHOBOI CTPYKTYPHU HO-
BepXHEBUX MIaPiB iXHIM gedopMaliituumMm MoanupiKyBaHHAM.

B mawniit po6ori MmikpocTpyKTypa mocaimkxeHux ITEO-mokpurTiB ama-
JisyBaJjiacs 3a JOIIOMOT'OI0 PACTPOBOl eJeKTPOHHOI MiKpocKoIrii, a 3a-
JUINKOBA IIOPYBaTiCTh BU3HAYAJaCA HA Pi3HUX AiJAHKAX IIOKPUTTIB i3
3aCTOCYBAHHSIM IIOIIIAPOBOI aHAJII3W 300paskeHb yV IPUKJIASHINA IIporpa-
mi ImagePro. Ha pucyHky 3 HaBesieHO 300pasKeHHs IIOIIEPEeYHOTOo Iepe-
pisy IIEO-mokpuTTiB, ofep:KaHuX 3a ABOX BEJIMUYNH CUJIN CTPYyMYy, 3a-

VEGAS TESCAN]

View flic: 160,y
SEM MAG: 218 k| GV, Kurdyumon IMP

Puc.3. PEM-3o0paskeHHsT MIiKPOCTPYKTypu Imomepeunoro mepepisy IIEO-
IOKPUTTIB, OJEepPKaHUX 3a PisHOi cuiu cTpymy, 3acrocoBanoro mig uac ITEO:
2 A/nm? (a), 4 A/om? (6) ta 4 A/am?® i3 monepenuiv Y3YO0 mosepxHi amoMini-
oBoi miakaaguaku (Y3YO + ITEO) (8).

Fig. 3. SEM images of the microstructure of the cross-sections of PEO coat-
ings obtained at different current densities applied during PEO: 2 A/dm? (a),
4 A/dm? (6), and with preliminary UIT modification of the aluminium sub-
strate surface (i =4 A/dm?) (UIT + PEO) (8).
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CTOCOBAHOTO IIifi Yac TJIa3MOBO-€JIEKTPOJITUUYHOTO OKCUAYBaHHA
(4 A/om? (puc. 3, a) i 2 A/am? (puc. 3, 0)), i IMBUIKOCTY MMOZAYi €JIEKT-
poaity y 80 cm/c, a Tako:k momnepeunoro nepepisy IIEO-tmoxkpurta, cdo-
PMOBAHOI'0 MHicJIsI HOIEePesHBOT0 MOAU(hiKyBaHHsA IIOBEPXHi aJIIOMiHi#O-
BOI migKJIaguHKU 3a nomomoroio ¥Y3VO (puc. 3, 8).

PucyHoK 4 meMOHCTpPye pe3yJIbTaTH AHAJI3M IIOPYBATOCTH IOBEPXHi
momiepeuHoro mepepidy IIEO-mokpuTTiB, 300parkeHHA AKUX HaBEIEHO
Ha puc. 3. Paszom i3 BeJIUMUMHOIO 3arajJbHOI MOPYBaTOCTH, OIliHEHOI 3a
BCi€l0 IJIOIIEI0, HAaBEeJEeHO MaHi, 0 YMOMKJINBJIIOIOTH IPOCTEKUTH PO3-
MIOJ1JI IIOP 3a po3MipaMu.

Bupgno, mo mpoaHaJi30BaHI IIOKPUTTS XapPaKTepUI3YIOTHCS Pi3HOIO
nopyBatictio P[%]. HaifiBumy mnopyBaticts Busabieno s IIEO-
IIOKPUTTs, C(POPMOBAHOIO 34 HU3bKOI BeJIMUNHU CUIN CTPyMy (2 A /mm?)
0e3 momepeguboro ¥3YO-MmonubpikyBanua moBepxHi (puc. 4, a). Ilopu B
IBOMY IIOKPUTTI CIIOCTepiraioThCcsa #H mMOo0JM3y 30BHIITHBLOI IIOBEPXHI, i
Ha inTepdelici MisK MOKPUTTAM i mOBepxHelo 3paska (puc. 3, a). Bpaxo-
Byioun, 1o IIEQO-mokpuTTs, ofep:KaHe 3a I[UX IapaMeTpPiB, Mae BigHOC-
HO HeBUCOKY MikporBepmictt (HV =14 T1la) (puc. 1) i moBosi BucoKe
suomyBanHa (W =28,8r1) (puc. 2) y nopiBHAHHI 3 iHIMIUMHU ITOKPUTTSI-
MM, TO MOJKHA IIOB’A3aTH TaKi HeBMCOKi BJIACTHBOCTI caMe i3 mmigBuIIe-
HOIO 3aJUIITKOBOIO IIOPYBATiCTIO IIHOT'0 ITOKPUTTS.

200 P=5,9% 200 P=1,9% 2001 p_0,9%
d=0,44-13,3 MKM d=0,28-3,5 MmEM d=0,19-2,3 MKM
A v .
& ) £
2 2 =
E 100 E 100 E 100
= i |
= -] =

| 0 s 0
0 2 3,5-45 0 2 0 2
Posmip, MM Posmip, MM Posmip, MM

a 6 8

Puc. 4. Ticrorpamu posmozisy nmop y nonepeunomy mnepepisi ITEO-noxkpurris,
OZICPsKAHMX 34 Pi3HOI cmim cTpyMmy, 3acrocoBaHoro mix gac IIEO: 2A/xm? (a),
4 A/nqm? (6) Ta i3 monepemnrim Y3VO-MoaudiKyBaHHAM IIOBEPXHI ATIOMIiHIHOBOI
migkaaguaku (i =4 A/ov?) (V3YO +ITIEO) (8); P — saraybHa 4acTKAa IIOP HA IPO-
aHaJrisoBaHi miori (300paskeHHsa HaBeIeHo Ha puc. 3, a, 0, 8 BiImOBiTHO).

Fig. 4. Histograms of the pore distribution in the cross-sections of PEO coat-
ings obtained at different current densities applied during PEO: 2 A/dm? (a),
4 A/dm? (6), and with preliminary UIT modification of the aluminium sub-
strate surface (i=4 A/dm?) (UIT + PEO) (8); P is the total pore fraction in the
analysed area (images shown in Fig. 3, a, 6, 8, respectively).
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Brpuui menmry (P=1,9% ) mopyBaTicTh, aHi?K y IOIEePeIHLOMY BUIMIAI-
Ky (P=5,9%), Mae IOKPUTT:, OJep KaHe 32 YMOB OKCUIYBAHHS 3 CHJIOI0
crpymy y 4 A/nm? (puc. 4, 6). Pasom 3 ThM, [eI0 3MEHIITYEThCA 1 po3Mip
3aJIUIITKOBUX TOP (IMB. iHTepBamM iXHiX po3MipiB d, HaBemeHi Ha puc. 4,
a, 6 BiITIOBiAHO). 3a3HAUNMO, IO 3MEHIITeHH S ITOPYBATOCTH II03HAYAETHC S
Ha BJIACTUBOCTAX NOKpuTTa. Mikporsepaictes HV 3pocrac ma 30%
(=21 I'Tla) (puc. 1), a suorryBaHHs 3MeHITyeThes Ha 35% (W =19 r) (puc.
2). OueBumHUN TaKOK e()eKT 3aCTOCYBAHHS IIOIEePEIHLOTO ded)opMalliii-
HOro MoAM(pIiKyBaHHS MOBEPXHiI 3paska 3a momomoroio Y3¥YO. ITEO-
TIOKPUTTSA, 300 paskeHHS ITOIIEPEeYHOro Iepepisy AK0oro HaBeeHo Ha puc. 3,
8, a JaHi o0 IOPYyBaTOCT — Ha puc. 4, 8, MiCTUTEL HalIMeHIITy KiIbKiCTh
mop (P=0,9%) maliMeHIInxX i3 IpoaHai30BaHUX IIOKPHUTTIB PO3MipiB
(d=0,19-2,3 mgm). I1i Beauunuu Ha =52% ta =32% wmeHrri, HiK Ha1d
ITEO-moKpuTTs, Ofep:KaHoTo 3a THX Ke eJIeKTPUUYHUX IIapaMeTpiB, aJje
6e3 monepegunoro ¥3YO0 mosepxHi. Boguouac Ha = 3—5% 3pocTae MiK-
poTtBepxicTs HV i smeHmtyerses saonryBanas W (puc. 11 2 BixmoBigmao).

IlokazoBuMU € pPe3yJabTaTH aHAJJII31 PO3IIOALiIY IIOP II0 TOBIMUHI IIOK-
pUTTiB, ofep:KaHUX 3a PiSHUX CUJ CTPyMy Oe3 momepegHbLoro ¥3YO-
monudikyBaunasa moBepxHi mepen IIEO (xkpusil, 2 Ha puc.b) i micas

12 I l
L —@—i=2A/ma
\ w4 A/ m
—A—V3Y0+IIEO 4 A/fw?

0O
|
B

/
\

Ilopysaricts P, %

o

A A

0 40 80 120 160 200 240 280
Biscrane Bif moBepxHi, MKM

Puc. 5. Posnoain nop 3a ToBuiuaoio ITEO-noKpuTTiB, oOTprMaHuX 3a pisHOI CcU-
JI CTPYyMY, 3acTocoBanol mpu IIEO: 1 — 2 A/mm2, 2 — 4 A/am? Ta 3 — i3 mome-
penapol0 ¥Y3YO wmommdikaiiiero MTOBEepPXHiI aJIOMiHIIOBOI MmiAKJIATUHKN
(i=4 A/nv?) (V3YO +IIEO).

Fig. 5. Pore depth distribution in the cross-sections of PEO coatings obtained
at different current densities applied during PEO: 1—2 A/dm?, 2—4 A/dm?2,
and 3—with preliminary UIT modification of the aluminium substrate sur-
face (i=4 A/dm?) (UIT + PEO).
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KomOinoBanoro oopobsenusa (Y3YO + IIEO) (kpuBa 3 Ha puc. 5). Anauri-
3yBaJIMCS IIJIOIi MOBEPXHIi MIiCThOX YACTUH IIOIIEPEYHOT0 IIepepisy IoK-
PUTTA, MOYMHAIOYN BiJf 30BHIITHBOI MOBEPXHi A0 iHTep(ericy MiK IIOK-
puTTAM i MoBepXHeI0 3pa3Ka amoMiniioBoro cromy 16T (cBiTaimna o6-
JIacTh YHUBY 300pasKeHb, HaBeIeHUX Ha puc. 5). HmKHa Mexxa KOKHOL
HaCTYIIHOI ITPOAaHAJII30BAHOI ILJIOIII BiAMOBiZae 3HaYEHHSIM, BKa3aHUM
Ha oci abciuc puc. 5. BugHo, 1110 y BCixX gocaimKeHNX BUIAIKaX OiabImi
CKYIUEHHS IIOP CIOCTepPiraioThCs 0iJisg 30BHIIIHLOI TOBEPXHI MOKPUTTS
Ta 0iJIda MesKi MisK IOKPUTTAM i 3pasKkoM. IlopiBHAHHS JBOX IIOKPUTTIB,
ozep:xaHnx 0e3 momepeaHboro ¥Y3¥YO0, cBigumTh, II[0 caMe IIOBEePXHEBi
IOpY MOKYTh BiIIIOBilaT 3a iCTOTHE MTOHMKEHHA 3HOCOCTIMKOCTY TTOK-
PUTTsI, OLEP:KAHOr0 3a CUJIMN CTPYyMY i=2 A/nm?. BaskanBo TaKox Bif-
3HAUUTH, ITI0 3aCTOCYBaHHA KOoMOiHOBaHOT0 00p0baenusa (Y3YO + IIEO)
Belle o0 3BHAUYHOT'0 MOHMKEHHS KiJbKOCTHU IIOP IO BCHOMY IIepepisy IoK-
putrta (kxpuBa 3 Ha pUC. 5) YV MOPiBHAHHI 3 TOKPUTTAM, OJepP:KaHUM 3a
Tiei s cusu cTpyMmy, aje 0e3 momepenuboro ¥Y3YO (kpusa 2 Ha puc. b),
IO TaKOXK Y3TOMKYETHCA i 3 JAHUMU IOAO ITOHMMKEHHS 3araJbHOL II0-
pyBaroctu (puc.4,0,8). Takum umHOM, KOMOiHOBame OOpPOOJIEHHS
(Y3YO +IIEO) moxxe 0yTu e(eKTUBHUM METOAOM 3 OIJIAMY Ha 3MeH-
IIeHHs IOPYBATOCTH Ta IIOJIIIMIEHHA MiKPOCTPYKTYPHU H BJIACTHBOCTEH
ITEO-moKpuUTTiB 3a YMOBHM IIOIEPEIHLOTO BU3HAUEHHS ONTHMAJbHUX
eJeKTPUYHUX IapaMeTpiB IIpoIecy OKCUAYBaHHA.

Bigomo, 110 pict ITEO-OKpUTTSA peryaieTheAa JBOMA OCHOBHUMU Me-
XaHizMaMM, a caMe, MeXaHi3MOM MiKpPOpPO3pAIy Ta MeXaHi3MOM POCTY
moxpurta [37, 38]. B miTepaTypi 3ammponoHoBaHo IITOHATMEHIITEe TPU Me-
XaHi3MU MiKpPOpPO3PANY, HaliGiJIbIll 3aCTOCOBYBAHUM 3 IKUX € MEXaHi3M
JIOKaJIBHOTO JIABUHHOTO IP000I0, AKNI MPUIYyCKAaE, 110 eJeKTPOHHI Ja-
BUHU, AKi CIIPUAIOTh MiKpOpoO3pAgaM, TAKO YTBOPIOIOTH KaHaJU PO3-
pany B okcugHoMYy Imrapi [39].

Taxosx OyJI0O BUSBJIEHO, IO PiCT MOKPUTTA BigOyBaeThCSI B MicCI[AX
IieJIeKTPUYHOTO HMPO00I0, CTBOPIOIOUM NIIAXKU KOPOTKOTO 3aMUKAHHI,
K1 CIPUAIOTh TPOHUKHEHHIO YACTUHOK 3 eJIEKTPOJIITYy BCepeanHy IOK-
purtTiB i popmyBaHHIO HOBUX OKcuIiB [40]. Cran moBepXHi migKIagmH-
KU, a caMe, HagBHIiCTh BEJIMKOI KiTbKOCTH MeK 3epeH, ToOTo obJiacTeii i3
MEHIII JOCKOHAJIOI KPHUCTAJIIUYHOIO I'PATHUIEIO Ta OiJILIIIOI0 CXUILHICTIO
aToOMiB MaTepisany 3pasKa 0 IIJIa3dMOXeMiUuHNX pPeaKIlii, IMiJIKOM MOKe
BILTMBATU Ha eeKTuBHiCTEL mporecy pocty IIEO-mokpuTtsa. Takum un-
HOM, iHimifioBaHe moApiOHEHHS 3€PHUCTOI CTPYKTYPH ITOBEPXHEBOTO
nrapy spaska JgedopMmaniiinum moauikyBaHHAM, B TOMY YHCJi 3a I0-
momoron ¥Y3YO0, MoKe COPUATH IIiABUIIEHHIO e(DeKTHUBHOCTU IIPOIECY
ITIEO.

4. BUICHOBRKH

EKCHepI/IMeHTaJIBHO BCTAHOBJIEHO ONTHMAJIbHI BEJIMUNHU CUJIHA CTPyMy
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Ta MIBUIKOCTHU IOJAYi eJIEKTPOJITY 3a MJIa3MOBO-EJIeKTPOJITUIHOIO OK-
cCUIyBaHHJA IIOBEPXHi ajmioMiHiftoBoro cromy I[16T 3 orsanmy Ha gocArmy-
Ti BeIMYnHU MiKpoTBepaocTH Ta 3HococTriiikocTu ITEO-mokpurTa. Maxk-
cuMmaabHy TBepaicTs (22 I'lla) i minmimanbHe sHomryBanua (0,19 r) sape-
ecrpoBauo aaa IIEO-moKpUTTs, Oep:KaHoro 3a IIOBEPXHEBOI I'yCTUHU
ctpymy vy 4 A/am? Ta MBUAKOCTH ogadi enekTpouity y 80 cm/c.

Ilokaszano, 1m0 momepenHe aedopmartiiine Moau(piKyBaHHSA IIOBEPXHi
amominmiioBoro crony /16T 3a 10moMOron yiabTpasByKOBOTO yIapPHOTO
00POOJIAHHS IIepe]] IIJ1a3MOBO-eJIeKTPOJIITUYHUM OKCUAYBAHHAM BeJle 1O
3MEHIIIEHHS IIOPYBATOCTHM Ta IOJimineHHs BjaacTuBocteit IIEO-
noxkputtsa. Ilopysaricts (P=0,9%) i posmipu mop (d=0,19-2,3 MmKEM)
naa Y3YO0 + IIEO-mokpuTTa HaltMeHIITi i3 mpoaHaisoBaHUX IIOKPUTTIB
i ma =52% i =32% wenmi, mixk gas I[IEO-mokpurra (P=1,9%,
d=0,28-3,5 MKM), Olep:KaHOT0 3a THUX Ke eJIeKTPUYHUX IIapaMeTpis,
aJie 0e3 momepeAHBOro ¥ 3Y O moBepxHi.

3pocranua MikporBepmoctu HV (=22 I'Tla) Ta 3MeHIIeHHSA 3HOIITY-
pauag W (20,18r) VY3YO+IIEO-nokpurrss ckjaamu =3-5%, 1110
OB’ sI3aHe 31 3MEHIIIeHHAM Y 3,5 pasy IIOPYBAaTOCTH IIOBEPXHEBOI0 IIapy
moxputTa ToBiuHOO ¥ 40 mxM. IlopyBaTicTh Ha iHTepdeiici MiK MOK-
puttam i moBepxHero 3paska [116T Takox samenIyerbcay 4,5 pasu.

HloBeneno, 1110 nonepeaHe aeopmarltitine moaudiKkyBaHHA ITOBEPXHE-
BOTO IIapy 3paska 3a jJomoMoromw ¥Y3YO mMoike OyTH 3aIIpPOIIOHOBAHO B
AKOCTi e(DeKTUBHOIO YNHHUKA 3MEHITIIEHHA ITOPYBaTOCTU Ta IIOJIiMIIEeH-
Ha BaactuBocteit IIEO-mokpuTTiB Ha amtomimiiioBomy cromi 16T 3a
paxyHOK MOAPiOHEHHS 3ePHUCTOI CTPYKTYpPU Ta IIiABUINMEHHA eeKTHUB-
HOCTH ¥ piBHOMipHOCTH mpoiecy ITEO.

Pob6ory Bukonano 3a cupuaHaa HamiomaapHol akagemii Hayk YKpai-
"z (Ne mep:x. peecrparii HIIP 0123U0102368) Ta Hamionansuoro dhoHIy
mociimxens YKpainu (mpoekT HPIY 2023.04/0160 «Po3pobra TexHO-
Jorii ¢popMyBaHHA KaAPOCTIHKNX IIOKPUTTIB IMJIa3MOBUM €JIEKTPOJIiTIY-
HUM OKCHUIYBAaHHAM Ha AeTaJIgX aBialiiiHOI Ta paKeTHO-KOCMIUYHOI TeX-
HiKM», Ne mepsk. peectparii 0124U003748).
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Pulsed Glow Discharge Plasma Nitriding of Commercially Pure
Titanium BT1-0
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Surface hardening of commercially pure titanium VT1-0 (Grade 2) by plasma
nitriding within the DC glow discharge initiated in the pulsed and stationary
modes is investigated. The experiments are carried out in pure nitrogen at a
pressure in the reactor of 150 Pa and temperature of 450°C and 550°C with the
treatment-duration changes from 3 to 9 hours. In these plasma-nitriding
conditions, a pulsed glow discharge provides a more hardening effect with the
hardness of the surface layer, which is by 15—-25% higher than that obtained in
a steady glow discharge and by 2—5 times higher than reference sample. As
revealed, an increase in duty cycle from 40 to 80% at a pulse train frequency of
1 kHz during pulsed glow discharge plasma nitriding leads to an increase in the
microhardness of a titanium surface by 25-30%.

Key words: plasma nitriding, commercially pure titanium, abnormal DC glow
discharge, pulsed glow discharge, surface modification.
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IIJIa3MOBUM Aa30TYBAHHAM Y KeBPiHOMY pO3pPAMiL ITOCTIiHOTO CTPyMY, IO
iHimiroeThCa AK B iMITYJIBCHOMY, TaK i B CTAIliOHAPHOMY PEeKMMAaX 10ro TOPiHHA.
ExcnepumMenTr IpoBOAMIN B CEPENOBUII YUCTOTO a30Ty 3a THUCKY B PEAKTOPi ¥
150 ITa i remmepatypu y 450°C i 550°C 3i 3minoio TprBamocTy 00podIeHH Bix 3
o 9 roagus. ITokasamo, 1110 B IMTUX YMOBaX IJIa3MOBOTO a30TYBAHHS iMITyIbCHUHN
JKeBpiMiHMY pospaz 3abesnedye OiNbINT BUCOKWIN 3MiITHIOBAJILHUN edeKT i3
TBEPAICTIO IIOBEPXHEBOrO IIapy, fAxKa Ha 15-25% mepeBuiye TBepAiCTb,
OZlepsKaHy B IIOCTifHOMY JKeBpifiHOMy pospsani, i B 2—5 pasiB mepesurrye
TBEPIICThL TOBEPXHiI KOHTPOJBHOTO (HeoOpoOJieHOro) 3paska. BusBieHO, IO
30inbmmenns mmapysaToctu Big 40 mo 80% 3a wacToTH JaHIOra iMIyJIbCIB ¥
1 kI'm, mig vac 1my1a3MoOBOTO a30TyBaHHA B iMIyJIBCHOMY JKeBPifHOMY pospsni
IIPUBOLUTH [0 IIi IBUIIIEeHHA MiKPOTBEPLOCTHY IToBepxHi TuTany Ha 25—30% .

KarouoBi ciioBa: masmMoBe a30TyBaHHS, TEXHIUYHO YUCTUHM TUTAH, AaHOMAJIbHUHT
JKeBPiHUU pPO3PAJL HOCTIHOTO CTPYyMYy, iMHOYJILCHUI KEeBPiMHWN pPO3PAX,
moxuiKyBaHHSA IOBEPXHI.

(Received 10 January, 2025; in final version, 7 April, 2025 )

1. INTRODUCTION

As far as it is known, plasma nitriding is one of the widespread
techniques for surface modification of metals. It improves their
hardness, tribological properties, corrosion behaviour, etc. [1]. The
hardening effect of the titanium surface during plasma nitriding is
achieved mainly by the formation of a compound layer and following
diffusion zone with a predominant content of titanium nitrides TiN,
Ti:N, and nitrogen stabilized a-Ti phase [2].

Normally, for plasma generating while nitriding process the
stationary abnormal glow discharge with the constant DC power
supply is widely used. However, the long-term industrial application
of DC glow discharge initiated in a stationary mode for the plasma-
activated thermochemical processes, some specific disadvantages have
been revealed. Among them, one of the biggest problems is the
possibility of a partial or complete loss of glow discharge’s stability
related to the presence on a treated surface of different inhomogeneity
in the form of narrow slots and gaps [3]. As it has been already
reported in Refs. [4, 5], at a certain condition, these can lead to both
the appearance of a ‘hollow cathode effect’ or even a transition to an
electric arc as a more stable form of a gas discharge. All of these
inevitably lead to the uncontrollable localized overheating of the
treated surface due to the spike of electric field strength in the arcing
region resulting in the melting of a workpiece surface and violation of
the plasma-nitriding process as a whole [6].

To eliminate the above-mentioned issues, the use of pulsed DC glow
discharge (pulsed GD) devices while plasma nitriding become one of the
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modern trends. As was shown in Ref. [7], during pulsed GD the power
isn’t applied constantly but periodically with a certain frequency. This
benefits us in many ways. Firstly, adjusting the pulse duration and
duty cycle of discharge current allows us to eliminate of an arcing
phenomenon on a sample surface with the more precise controlling of
treating temperatures without overheating. Secondly, it is believed
that the pulsed GD provides a higher hardness of nitrided surfaces
because of the denser-plasma formation with a higher concentration of
ionized active component near the treated sample in comparison with
stationary DC glow discharge [8]. The thing is to ensure the duration
of the pause between pulses, which does not lead to a dramatic decrease
in the concentration of plasma ions on the surface of the samples.

Thus, the aim of the present work was to compare the effect of
plasma nitriding in pulsed and stationary modes of DC glow discharge
on the structure, hardness and surface morphology, particularly
roughness of the commercially pure titanium BT1-0 (grade 2).

2. EXPERIMENTAL PROCEDURE

The research was carried out on samples of commercially (technically)
pure titanium BT1-0 (grade 2) measuring 30x15x0.8 mm cut from the
same ingot. Before nitriding, the samples were mechanically grounded
with sandpaper number 4 and 5, followed by polishing to a mirror
surface with diamond paste of 1 pm.

Plasma nitriding was carried out both in stationary and pulsed DC
glow discharge in pure nitrogen (100% N:) at gas pressures in the
reactor of 150 Pa. The titanium samples were subjected to the plasma
nitriding at a temperature of 450°C and 550°C during 3, 6 and 9 hours.
To ensure the selected temperature during plasma nitriding in a
stationary GD, the discharge current varied in the range of 260-310
mA, while the voltage drop varied from 320V up to 380V. The
frequency of the rectified current in this case was of 100 Hz. It should
be noted that, during stationary mode of glow discharge while
treatment (without modulation), GD was powered by full wave
rectifier without smoothing filter in the circuit. In this case, in a part
of every wave, the discharge current will flow in decaying plasma
partially limiting the probability of an electric arc appearance and its
subsequent stabilization.

The pulsed GD plasma nitriding was carried out at a pulse train
frequency of 1kHz, and the duty cycle of 40% and 80% (pulse
duration of 400 and 800 s, respectively). In the pulsed mode of GD,
the voltage drop on the electrodes was a bit higher and amounted to
370-460V, while the average discharge current does not exceed 220
mA. Meanwhile, the pulse current increases up to 410-650 mA with
the increase of the duty cycle. The generation of current pulses of a
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Fig. 1. Glow discharge installation scheme (a) and electrical scheme of pulse
modulator (b): AT—autotransformer, T—transformer, R,—ballast resistor,
Rs—shunt, V—rectifier, Oscl, Osc2—oscilloscopes, NEb555—integrated
circuit (timer), S—switcher, DD1—supply voltage, Ri—pause-duration
regulator, R:—pulse-duration regulator, Ci—Cs—timing capacitors.

given frequency and duration was provided by a corresponding pulse
modulator, the electrical scheme of which, along with the GD installation
electrical scheme, is shown in Fig. 1.

The main control component is the NE555 integrated circuit, which
is used in monostable mode, is timer. Resistor R; acts as a pause
duration regulator, and R; as a pulse duration regulator. To increase of
accuracy and prevent the impact of external disturbances, control pin
5 was shunted by capacitor C;. After applying power, the voltage
relative to grounding on pin 3 will be about of 0V. The timing
capacitors C1—C4 are completely discharged and the circuit can be in
this state until a positive signal arrives at the start pin 2. Its value
should be three times less than the supply voltage DD1. After applying
power to pin 2, a voltage similar to the supply voltage appears at the
output of the circuit. Its time depends on the charge time of C;—C4 up
to 2/3 from DD1, through resistors R; and R;:. As soon as this happens,
the output voltage will drop to OV and C1—C, will discharge. The
generator pulse forms that were used in the experiments are given in
Fig. 2.

Microstructural analysis of nitrided samples was carried out using
an inverted metallographic microscope PW-1300M, which provides a
maximum magnification of up to 900 times with built-in digital screen
capture equipment. Microhardness profiles of plasma-nitrided
titanium BT1-0 samples were obtained by using PMT-3M
microhardness tester in accordance with the ISO 6507 (DIN 50190)
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Fig. 2. The oscillogram of the voltage pulses shape of the glow discharge with
the frequency of 1 kHz: a) 40% of duty cycle, b) 80% of duty cycle.

standard. Determination of surface roughness (Ra) of nitrided samples
was carried out by using TR-200 profilometer.

3. RESULTS AND DISCUSSION

Figures 3 and 4 show the microstructures of the c.p. titanium BT1-0
surface after plasma nitriding depending on treatment temperature and
time, respectively. Analysing of our microscopic observations, it can be
noted that an increase in both the temperature from 450°C to 550°C and
nitriding time from 3 to 9 hours leads equally to the growth of a-Ti
grains.

It should be noted that pulsed GD plasma nitriding leads to a more
significant grain growth of the a-titanium matrix. The latter might be
evidence of a more significant surface hardening, since, as is known, the
grains growth leads to an increase in surface hardness consequently.

In turn, in the number of works [9—12], analysing the XRD patterns
of Grade 2 titanium after plasma nitriding on a similar mode, the
authors note the presence in the modified layer of nitride phases
mainly &-Ti:N and 3-TiN along with grains of titanium matrix. They
have also reported the o-Ti grain growth with increasing both
treatment temperature and time. The x-ray diffraction pattern of the
pulsed GD plasma-nitrided titanium BT1-0 is given in Fig. 5.

Figure 6 illustrates the effect of nitriding temperature and time on
the hardness of the titanium BT1-0 surface plasma-nitrided in a
stationary and pulsed DC glow discharge.

By analysing the obtained results, it can be concluded that the
formation of the above-mentioned nitride phases on the titanium
surface during plasma nitriding in a glow discharge leads to
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Fig.3. The surfaces microstructure of titanium BT1-0 samples plasma-
nitrided: at a temperature of 450°C (a, ¢, e¢) and 550°C (b, d, f), in stationary
DC glow discharge (a, b) and in pulsed DC glow discharge with a pulse
frequency f =1 kHz and the duty cycle of 40% (¢, d) and 80% (e, f). Treatment
time is of 9 h. (x600).

significant surface hardening. Thus, in our experiments, increasing in
nitriding temperature from 450°C to 550°C during 9 hours led to an
increase in the surface hardness from 438 HV,05 to 1010 HV; 5 for
stationary GD and from 589 HV,05; up to 1190 HV, 45 for pulsed GD
respectively (Fig. 6, a). It should be noted that obtained results of
plasma-nitrided BT1-0 samples are 2 to 5times higher than the
microhardness of the reference (untreated) sample (228 HVy.5). It was
also noticed that the hardness of the samples nitrided in a pulsed GD is
15-25% higher than those, which are nitrided in a glow discharge
initiated in a stationary mode.

At the same time, there is an increase in the surface microhardness
of titanium samples plasma-nitrided in a pulse GD with a change in the
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Fig. 4. The surfaces microstructure of titanium BT1-0 samples after nitriding
in a pulsed GD at a temperature of 550°C for: a) 3 hours, b) 6 hours, ¢) 9 hours.

(x600).

duty cycle was also observed (Fig. 6, b). Thus, in our experiments,
increasing the duty cycle from 40% up to 80% at a pulse frequency of
1 kHz while plasma nitriding at a temperature of 5650°C resulted in an
increase in the surface microhardness by 25-30% for all nitriding
durations. It can be explained by an increase in the concentration of
nitrogen ions (N3) on the surface of the cathode due to an increase in
the number of collisions with the atoms of the active gas or neutrals
when the pulse duration goes up.

Thus, the increase in the duty cycle during pulsed GD plasma
nitriding provides the rise in the number of Nj bombarding the
cathode, thereby enhancing radiation-stimulated diffusion on its
surface.

In work [13], it was also reported on the increase in the
concentration of ionized active species (N» and N3) along with the
surface microhardness of AISI H13 steel plasma-nitrided in pulsed GD,
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Fig.5. XRD patterns of plasma-nitrided titanium BT1-0 at 600°C: 1—
reference sample, 2—sample nitrided at a stationary mode, 3—sample
nitrided at a pulsed mode of GD[9].



1010 G.P.BOLOTOV, O. V.FILATOV, M. G. BOLOTOV, and O. 0. NOVOMLYNETS

1200 T T ] 1200 T T 1
¢ i e o>~ e -
21000 3-stt. GD, T-550°C 21000 2-pulscd GD, T=550°C
E £~ pulsed GD, T=550°C E =1 KFlzy y=40% / ,
@ 800 % 800 / —*
g 600 3 g 600 I
L i P
///1 /
g 400 ——— g 400
| e /
200
200 0 2 4 6 8 10 0 2 4 6 8 10
th t,h

Fig. 6. The dependences of microhardness of titanium BT1-0 samples plasma-
nitrided in a stationary and pulsed DC glow discharge on nitriding temperature
and time (a) and duty cycle at a fixed temperature of 550°C (b).

when the duty cycle goes up from 25% to 75%.

The distribution of microhardness over depth of the modified layer
of plasma-nitrided titanium samples at different modes is shown in
Fig.7. The obtained microhardness profiles illustrate standard
behaviour for the nitriding mechanism with a sharp decrease after the
maximum microhardness at the modified surface to the value of the
metal matrix. Thus, the maximum thickness of the diffusion zone of
the nitrided layer of about 20 ym was obtained after nitriding in
plasma of pulsed GD at a temperature of 550°C for 9 hours with a pulse
frequency of 1 kHz and a duty cycle of 80% . This correlates with the
results obtained in Ref. [14].

Investigating the effect of pulse duration on the microstructure of
plasma-nitrided AISI 409 steel, the authors have noted the greatest
increase in the thickness of the diffusion zone at a duty cycle of 80—
100%.

1200
— I
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1000 f=1kHz; y=80%;
2 @ —stat. GD, T=550C, 9 h
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Fig. 7. The microhardness profiles of plasma-nitrided titanium BT1-0 samples
at different modes.
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In turn, the smoothness of the surface is as important a parameter
as its high hardness, specifically in conditions of dry friction. There is
a known general tendency to increase in the surface roughness (Ra and
R2) of titanium and its alloys with increasing nitriding temperature
and time [15, 16]. In work [17], it is shown that an increase in the
treatment time from 10 to 24 hours at a fixed temperature of 720°C
while plasma nitriding of c.p. titanium grade 2 resulted in an increase
in roughness of the modified surfaces from Ra=3.30 um (of the
reference sample) up to Ra=4.59 nm—Ra = 7.26 pm, respectively. At
the same time, the authors of work [18] have reported a sharp increase
in the surface roughness of plasma-nitrided Ti—-6Al-4V titanium alloy
from Ra= 0.1 um (of the reference sample) up to Ra = 0.21-0.5 pm with
increasing of nitriding temperature in the range of 600—-800°C. Such a
significant difference in Ra value in the works mentioned above is
more likely associated with the difference in the dimensions of the
treated workpieces. In this case, to provide of required nitriding
temperature for the bigger samples, the energy parameters of a glow
discharge (discharge current, current density and voltage drop) should
be also increased. The latter results in a more roughening of a treated
surface. In turn, there is no information specifically on the impact of
the duty cycle on the roughening surface of plasma-nitrided titanium
in pulsed GD plasma.

This paper provides the comparison results of the effect of a pulse
frequency and the duty cycle on the surface roughening of nitrided
titanium BT1-0 in plasma of a glow discharge, initiated both in steady
and pulsed mode. The surface profiles of c.p. titanium were
investigated after plasma nitriding at a temperature of 550°C for 9
hours. The research was carried out with a contact profilometer TR-
200 at a distance of 15 mm. The corresponding surface profiles are
givenin Fig. 8.

Analysing the obtained surface profiles of c.p. titanium BT1-0 plasma-
nitrided in a stationary GD at a frequency of 100 Hz, discharge current of
310 mA and voltage drop on electrodes about 380V allowed us to classify
this treatment as one that least distorts the surface morphology. Under
these conditions, the surface roughness increases from Ra=1.2 ym for
the reference sample up to Ra=2.1 pym. Instead, nitriding in a pulsed GD
at a current frequency of f=1kHz leads to a greater distortion of the
titanium surface microrelief. It should be noted that the surface
roughness increases up to Ra=2.8 ym and Ra=3.9 uym with the decrease
in the duty cycle from 80% to 40%, respectively (Fig. 8). Such an effect
can be described with the fact that pulsed GD operating at higher voltages
compared with the stationary one at the same discharge power. Thus,
while the constant current the reduction of the duty cycle leads to
increasing of a cathode voltage to maintain the current.

As far as it is known, the discharge voltage, specifically, cathode
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Fig.8. Surface profiles registered with the contact profilometer of
commercially pure titanium BT1-0 plasma-nitrided in a glow discharge both
in steady and pulsed mode at a temperature of 550°C for 9 hours.

voltage drop (U.), determines the ions’ energy while the discharge
current determines their amount in a plasma, given the fact that the
pulsed GD during plasma nitriding burns at a lower average current.
However, at the same time, the pulse current is 2 or even 3 times
higher than the average one and those, provided by the stationary GD.
Additionally, as it was mentioned above, the glow discharge voltages
in a pulsed mode are higher rather than in a steady one.

With the purpose to confirm this theory, the calculation of average
ion energy E;, bombarding the cathode surface while plasma nitriding
in abnormal DC glow discharge both in pulsed and steady modes was
conducted. The calculations were carried out by certain
transformations of the model proposed by Davis and Vanderslice [19]:

1/2 1/2
dN _N, L[, E L L E
dE, 2 A ’

(1)
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where N; is the number of ions entering the cathode dark space, E;—ion
energy, U.—cathodic potential drop, A—the free-path length of the
ions, L—the width of the cathode dark space.

Then, the average energy of ions bombarding the cathode surface
can be defined as:

2 2
E-U, {2i—2££) +2(&j exp(—iﬂ. (2)
L L L L
In turn, the dark cathode-space length is determined by the Child—
Langmuir equation [20]:

12 1/4
L= ﬁ 4_q Uc3/4 , (3)
9J M

where J is discharge current density, g—electron charge (1.6:107'° C),
M—ion mass (for nitrogen ions, M =4.66-102%¢kg), g—vacuum
permittivity (8.85-10712 F-m™).

At the same time, the free-path length of ions in the gas medium will
depend on the gas pressure in the reactor and is defined as follows:

A = kT/(Po), (4)

where % is Boltzmann constant (1.3-10723 J-K™), P—gas pressure (150
Pa or 1.125Torr), c—ionization cross-section (2.5:107'"cm?), T—
cathode temperature (723 K).

The calculations showed that the plasma nitriding in a stationary
GD provides the average energy of ions (N3), which bombard the
cathode surface, at the level of 47 eV with the accelerating voltage on
the cathode (U.) of about 280 V. Meanwhile, during plasma nitriding in
a pulsed GD, the average ions energy at a level of 97 eV for 40% duty
cycle (U, =400 V), which is two times higher than E; value, obtained in
stationary GD and about 62 eV for a 80% duty cycle (U.=340YV).

In spite of the fact that the pulsed GD plasma nitriding with the
frequency of 1 kHz and the 40% of duty cycle provides a higher ions’
energy, it releases a more dramatic invasion on a titanium surface.
Instead, pulsed plasma nitriding while 80% of the duty cycle resulted
in a higher level of titanium surface hardness is mainly because of the
longer acting time of glow discharge. The latter provides a higher
ionization rate at the higher average discharge current.

4. CONCLUSIONS

The plasma-nitriding process of c.p. titanium BT1-0 in abnormal DC
glow discharge, initiated in a stationary and pulsed mode was
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investigated. It was established that increasing in nitriding
temperature from 450°C to 550°C and time from 3 up to 9 hours
resulted in a dramatic increase in surface hardness up to 1010 HV o5
and 1190 HV,o5 for stationary and pulsed glow discharge respectively
in comparison with the reference sample (228 HVy.05).

It was also established that an increase in a duty cycle from 40%
down to 80% while plasma nitriding in pulsed glow discharge at a
fixed temperature of 550°C with the pulse frequency of 1 kHz provides
an increase in a surface hardness by 25—-30% .

The pulsed glow discharge of 1 kHz train frequency with the 80% of
duty cycle provides a maximum depth of diffusion zone of plasma-
nitrided c.p. titanium BT1-0 of about 20 ym. Instead, because of
higher pulse voltage while pulsed GD plasma nitriding with the 40% of
duty cycle, such a treatment releases as more invasive on a titanium
surface with a surface roughness about Ra = 3.9 pm that is two times
higher rather than in stationary mode (Ra = 2.1 um).
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