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IH®OPMAIIA A1 ABTOPIB

Mi:xnaponuuii HaykoBuii sxypHaa «Meranodisuxa ta HoBiTHI TexHomorii» (MHT) momicansa my0Omikye crarti,
SAK1 paHiIrre 111e He IyOIiKyBaIrcs Ta He mepe0yBaroTh Ha POSTJIAI 1JId OMyOIiKyBaHHA B iHIIMX BUugaHHAaX. CraTTi
MAalOTh MiCTUTH PE3YJIbTATH €KCIIEPIMEHTAJBLHUX 1 TEOPETUYHUX AOCHTiIKeHb B 00JacTi (DisMKM Ta TEeXHOJIOTii
MeTaJIiB, CILUIABIB i CIIOJIYK 3 MeTaJIiYHUMIU BJIACTUBOCTSIMMU; pelleHsii Ha MoHorpadii; indopmartiro mpo KoH(DepeH-
1ii, ceminapu; Bimomocti 3 icTopii MeramodisuKuy; peKiaMy HOBUX TE€XHOJIOTIH, Marepiaiis, npuianis. JKypuaa
JIOTPUMYETHCS 3araAIbHOIPUHHATAX IIPUHITUIN B, 3a3HAYEHNX Ha M10r0 CaiiTi B JOKYMEHTaX 3 ITyOJIiKaIliiTHOI eTUKY
Ta HEIPUIHATHUX IIPAKTUK.

TemaTuxa :xypHaiy: Enekmponni cmpyxmypa ma éaacmueocmi, Jepexmu kpucmanivnoi rpamuuyi, @asosi
nepemeopenns, Pisura miyrocmi ma naacmuynocmi, Memaniuni nosepxri ma niieku, Bydosa ma sacmueocmi
HAHOMACULMABHUX | Me30CKoniLHUX mamepianie, Amop@ruil i pidkuii cmanu, Bsaemodii sunpominenus ma wac-
MUHOK i3 KOHOeHC08aHOI0 pevwosuHolo, Mamepiaau 6 ekcmpemanvhux ymosax, PeaxmopHe i agiaxocmiure me-
maanosnascmeo, Meduune memano3nascmaeo, Hosi memanesi mamepianu ma cunmemuuni memaau, Memanos-
MicHi cmapm-mamepianu, Pisurxo-mexHiuHi 0CHOBU excnepumenmy ma diazHocmuru, JJuckyciiiii nogidomieHHsA.

Crarri myOJIiKyIoThCsI OMHIEIO 3 TBOX MOB: aHIVIIMCHKOIO (Ia€ThCs IepeBara) ab0 YKpaiHChKOIO.

Crarri, B ohopMIeHH] AKUX He JOTPUMAHO HACTYIHUX IPaBuI AJs omy6raikyBanus B8 MHT, noseprarorbes
aBTOpaM 0€e3 Po3rJIsAAy 10 cyTi. (laTor HaTXOI KeHH BBAXKAETHCA I€Hb TOBTOPHOTO HAZIAHHS CTATTI ITiCJIs JOTPU-
MaHHSA 3a3HAYEHNX HUKUe IIPABIJI. )

1. Crarra Mae GyTH migmicanoro BciMa aBTopamu (i3 3a3HauYeHHAM IXHIX afpec eJIEKTPOHHOI ITOIITH); CJIiZ
BKasaTy Mpi3BUIIle, iM’s1 Ta 1o 6aThbKOBi aBTOpA, 3 IKMM PeJaKIlisi Oy/ie BeCT! JINCTYBAHHSI, FOT0 IIOIIITOBY aApecy,
HOMepH TestehoHy Ta (haKcy i afipecy eJIeKTPOHHOI ITOIITH.

2. BukagaHHa MaTepiasy Mae OyTH 4iTKUM, CTPYKTypPOBaHMM (PO3AilaMu, HapUKIazL, «1. Berym», «2. Exc-
nepuMenTaiabHa/ TeopeTnuHa MeTonKa» , «3. PesyabraTu Ta ix 00roBOpeHHs», «4. BucHoBku», «IluroBana site-
parypa» ), CTUCJINM, 6e3 JOBruX mpeamMOyJI, BiIXJIEHD i IIOBTOPIB, a TAKOK 0e3 MyOJIIOBAHHS B TEKCTI JaHuX Ta0-
JIAIh, PUCYHKIB i migmucis 1o Hux. AHoTaris Ta po3ait « BucHOBKI» MaroTh He IyOJIFOBATH OAMH ofHOro. Huctosi
JIaHi CJIiZ1 HABOJWITU B 3araJIbHOIPUITHATUX OAVMHUIIAX .

3. 06’em crarTi Mae 6yTu He 6isbiire 5000 ci1iB (3 ypaxyBaHHAM OCHOBHOTO TEKCTY, TAO/INIIb, IIiAKCIB 10 PUCY-
HKIiB, COIMCKY BUKOpHCTAHUX Kepen) i 10 pucyHKiB. YxBasia mpo mybutikarito HaykoBux orJisagis (1o 9000 ciis Ta
30 prc.) IpUiMAaETHCS PEIKOJIEr i€10 ITiCIIsT 03HAMOMIIEHHSA 3 PO3IIIMPEHOI0 aHOTAIIEI0 POGOTH.

4. To pepakiii moxxke Hapasarucs 1 apyxkoBanuii (A4, noasiitHuii iHTepBas) IPUMiPHUK PYKONIKCY 3 iyrfocTpa-
miAMU.

5. ITo pepakiii 060B’s13K0BO HaAEThEsA (10 e-mail) daiin crarri, HaGparuii y TekcToBoMy pegakropi Microsoft
Word 2003, 2007 a6o 2010, 3 Ha3BOIO, IT0 CKJIAMAETHCS 3 ITPI3BUIIIA MIEPITIOTO ABTOPA (JIATMHUIIE0), HATIPUKJIIA,
Smirnov.doc.

6. EjleKTpomHa Bepcist pyKOMUCY Ta foro ApyKOBaHM BapiaHT (B pasi foro HaJaHHs) MAlOTh OyTH iIeHTUYHY-
Mu. BoHU MaroTh 0(hOpMITIOBAaTUCA 3a I1a0JI0HOM, KU MOYKHA 3aBAHTAYKUTH 3 CAUTY JKypHAILY, i Mmictutu 6—7
inmexciB PACS B penaxiii ‘Physics and Astronomy Classification Scheme 2010°. Tekctu crareil MaloTh TaKOXK
MicTHTV Ha3BY CTaTTi, CIIMCOK aBTOPIB, HOBHI HA3BM T MOIITOBI aIpeCH YCTAHOB, B AKVX BOHU IIPAIIOIOTH, AHOTA-
wiro crarri (200—250 cxniB), 5—6 KIFOYOBHX CIIB TPHOMA MOBaMM (AHIJIIICHKOI0, YKPATHCHKOIO, POCIHICEKOIO), &
3arOJIOBKY TAOJIUIH 1 MANNICY [0 PUCYHKIB MarOTh IIOAABATHCH SIK MOBOIO PYKOIIHCY, TAK i AHIVIIICHKOI0 MOBOIO;
AHIJIOMOBHA AHOTAITiA MOXKe OyTH ITPeJICTABJIEHOI0 B OLIBIIT posropHyToMy BapianTi (zo 500 ciis). Hassa craTri, ii
aHOTAIlifA Ta KJIIOYOBI CJIOBA HE IOBUHHI MiCTUTU CKIATHUX (DOPMYJI, MATEMATHYHIX BIPA3iB UM IO3HAUEHb.

7. EnexTpoHHi KoIIil PUCYHKIB MaioTh GyTH IPEACTABIEHNMY ¥ BUTUIA/] OKpeMux haiiriB (B rpadiunux dopma-
rax TIFF, EPS a6o JPEG 3 poszaimsuoio 3xaTaicTio y 600 dpi) 3 HasBamu, 1110 CKJIQAAIOTHECS 3 IPISBUIIA IEPIIIONO
aBTOpa (JIATWHUIEI0) Ta HOMepa PUCYHKA, Haupukiax, Smirnov_fig2a.tiff. [JonarkoBo pucyHKu Hajgarotecs y
dopmaTi mporpamu, B IKiii BOHU CTBOPIOBAJIVICA.

8. Harucu Ha pucyHKax (0COG/IMBO HA ITiBTOHOBYX) CJIL 110 MOKJIMBOCTI 3aMiHUTH JIITEPHUMY TIO3HAYEHHIMU
(HabpaHrMu Ha KOHTpacTHOMY (hOHi), a KpHBi MO3HAYNTH InpaMu ab0 PisHUMU THUIAMU JIiHil/MapKepiB, AKi
MaioTh OyTH pO3’sICHEHUMH B IiAnmcax N0 PUCYHKIB a6o B Tekcri. Ha rpadikax yci jinii/mMapkepy Maiots OyTu
JIOCTATHBHOI TOBIIMHY,/ PO3MIPY IJIs X AKICHOTrO BiITBOPEHHA y 3SMEHITIEHOMY B 2—3 pasu BUIJIAAL (DeKOMeHIOBaHA
TI0YaTKOBA MIMpuHA pucyHKa — 12,7 cm). CBiTiinHN MaroTh OyTH YiTKUMU Ta KOHTPACTHVIMY, & HAIINICH Ta ITO3HA-
YeHHS MalOTh He 3aKPUBATH iCTOTHI JeTaJi (IJIA 40ro MOKHa BUKOPYCTOBYBATH CTPLIKM). 3aMiCTh 3a3HAUEHHS B
MiATEeKCTOBITI 30LIBITTEHHS IIPY 3HIMaHHI 6ayKaHO IIPOCTABUTH MacITad (Ha KOHTpacTHOMY (hOHi) Ha OIHiil 3 imeH-
TryHUX cBitauH. Ha rpadikax mianucu no oceii, BUKOHAHI MOBOIO CTATTi, MAlOTh MiCTUTH ITO3HAYEHH (200 Ha-
IMeHyBaHHS) BJIMUMH, 1110 B3ZIOBK BiZIKJIaIaI0ThCS, 1 Uepe3 KOMY iXHi OMMHUITI BUMiDIOBAHHA.

9. ®opmysi B TEKCT HEOOXiJHO BCTABIATH 3a AOIOMOroio pemaxropa dopmys MathType, cymicaoro 3 MS
Office 2003, 2007 a6o 2010. BexTopu c1iz HaGHPATH YKUPHIM IIIPU(TOM 6€3 CTPLIOK 3BEPXY.

10. Pucynxn, a6, hopmMysH, a TAKOXK HMiAPSAAKOBI MPUMITKY (BUHOCKH) MAIOTh HYMEPYBATHUCS [IOCIILIB IO
Bciif cTarTi.

11. IlocunaHus Ha JliTepaTypHi JPKepeJia CJIiA AaBaT y BUIVIAAL TOPAAKOBOIO HOMepa, HAPYKOBAHOTO B PAZOK
Yy KBaApaTHUX Ay:kKaxX. CIHCOK JIiTepaTypy CKJIAJAEThCs ITOYEProBO 3a IIEPITIO0 3TagKo0 MJKepesa. ITpukianu
odopMIIEHHS TIOCUJIAHb HABEIEHO HIKUE (IIPOCUMO 3BEPHYTH yBary Ha MOPSAOK PO3TAIlyBaHHA iHiriastis i mpi-
3BUII] aBTOPIiB, Gibriorpadiurmx BigoMocTell i Ha PO3ALIOBI 3HAKM, a TAKOK Ha HEOOXiMHICTH 3a3HAUEHHS BCiX
cIiBaBTOPIB ITuTOBaHOI po6ory Ta it DOI, AKIIO BiH €):
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2. M. Chegini, A. Fallahi, and M. H. Shaen, Proc. Mater. Sci., 11: 95 (2015). DOI:
https://doi.org/10.1016/j.mspro.2015.11.116
3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [ X-Ray Spectra and
Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).
4. J. M. Ziman, Printsipy Teorii Tverdogo Tela [Principles of the Theory of Solids] (Moscow: Mir: 1974) (Rus-
sian translation).
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STRUCTURE AND PROPERTIES OF NANOSCALE AND
MESOSCOPIC MATERIALS

PACS numbers: 61.43.Gt, 61.46.-w, 75.30.Cr, 75.40.Cx, 75.75.-¢, 81.07.Wx

Oco0auBocCTi UcHepcii po3MipHUX i MATHeTHUX ITapaMeTpiB
y HAaHOYACTUHKAX (hepuTiB-mmninenei

B. O. Bamopcekuii, C. O. Cononan’, A. I'. Binoyc®, O. I. ToBcTOIUTKIH

ITuemumym maenemusmy HAH Yrpainu ma MOH Ykpaiuu,

Oyave. Axadenmika Bepradcviozo, 36°,

03142 Kuie, Ykpaina

“Tnemumym 3azanbhoi ma Heopeaniunoi ximii im. B.I. Bepnadcvrozo HAH Yipainu,
npocn. Axademixa Ilaanadina, 32/34,
03142 Ruis, Ykpaina

Burkonano amanis kpuBux HamarfeuyBaHHs HaHomopommkiB AFe,O, (A=Ni,
Zn, Co), moBefiHKa SKUX 0JIM3bKa 0 cynepnapamMaraeTHoi. BusHaueHo QpyHK-
Iii po3momiy HAHOUACTUHOK 3a MAarHeTHUM MOMEHTOM i podmipom. ITokasano,
10 PYHKIIiA PO3IOALIY 3a PO3MipoM, ofep:KaHa 3 MATHETHUX XapaKTePUCTUK,
JIO03BOJISE aJeKBATHO OMMCATH ITOBEAIHKY aHcaMOJIiB HAHOYACTHMHOK, IO Mic-
TATH cJIabKoMarHeTHi a60 HeMarHeTHiI 060/I0HKKU. 3po0JeHO BUCHOBOK, IO 3a-
MIPOIIOHOBAHUY IiAXiM € mocUTh e(peKTUBHUM IJIS aHaJidy Auciepcii posmip-
HUX i MarHeTHUX mapaMeTpiB aHcaMOJIiB HAHOYACTHMHOK i IIPOrHO3YBAHHS IX-
HBOI IIOBEeIiHKY MHiJ Ii€I0 eJIeKTPOMAarHeTHUX IOJIiB.

KarouoBi cioBa: HaHOYAaCTUHKM, MarHeTHUH MOMEHT, (QYHKIIiA PO3MOAiay,
cymepumapaMarHeTusM, QepOMarHeTUKA.

The analysis of the magnetization curves of AFe,O, (A =Ni, Zn, Co) nanopow-
ders displaying superparamagnetic-like behaviour is performed. The distri-
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bution functions of nanoparticles in terms of magnetic moment and size are
determined. As shown, the size distribution function obtained from the mag-
netic characteristics makes it possible to adequately describe the behaviour of
an ensemble of nanoparticles containing weakly magnetic or nonmagnetic
shells. As concluded, the proposed approach is effective for analysing the
dispersion of the dimensional and magnetic parameters of nanoparticle en-
sembles and for predicting their behaviour under the influence of electro-
magnetic fields.

Key words: nanoparticles, magnetic moment, distribution function, super-
paramagnetism, ferromagnetic materials.

(Ompumano 29 scoemus 2020 p.; ocmamoun. gapiaum — 15 acoemnsa 2021 p.)

1. BCTYII

MarsneTHi HAHOYaCTUHKHY IIPUBEPTAIOTh 3HAUHUM iHTEpec MOCHiITHUKIB ¥
3B’ABKY 3 IePCIeKTUBAMHU IX IPaKTUYHOTO 3aCTOCYBaHHA Y Pi3HUX ce-
pax: MemguImHa, 6ioJoris, eKoJoris, iHdopMaIlifiHO-KOMYHIKAI[ifHI Te-
xHoJorii Ta iu. [1-4]. ¥ mexguiusi Ta 6iosorii 6araToodinAIbHIM € BU-
KOPUCTaHHS HAHOUYACTUHOK JJIs TimepTepMii (JIOKaJIbLHOTO HATPiBY Iy X-
JUHHUX TKAHWH) Ta IiJecIpPAMOBAHOI JOCTABKHU JiKapChbKUX Iperapa-
TiB. TaKoX MOKJMBI 3aCTOCYBaHHS MIJI MiarHOCTHUKU 3aXBOPIOBAHb
(KOHTpACTHi areHTH IJIs1 MarHeTOPe30HAHCHOI Tomorpadgii, 6ioceHcopu,
MapKepu 6ioMoJIeKyJI) Ta PO3POOKY 0i0IOTiUHNX TKAHWH. ¥ IIUX BUIA-
KaXxX KJIOUOBMMMU € TaKi BJIaCTHUBOCTIi, SK BHUCOKAa cOpOIlifima 3gaTHICTh,
IIT0 BaXKJIMBO IJiA eeKTUBHOI amcopOItii/mecopbirii, Ta HadABHICTDL Bin-
HOCHO BEeJIMKOT0 MArHeTHOTO MOMEHTY, IO HeOoOXimHO AJIA KepyBaHHS
MOBEIiHKOI0O HAHOYACTUHOK 3a JOIOMOIOI0 30BHIIITHIX eJIeKTpOMAarHeT-
HUX IOJIiB.

Opmak, IMIUPOKe BUKOPUCTAHHA HAHOUACTUHOK Y BKA3aHUX Taly3aXx
YCKJIAIHEHO y 3B’ A3KY 3 HEMOYKJIMBICTIO HAAIMHOTO IPOTrHO3YBaHHSA iX-
HBbOI IOBEIiHKM, 1110, 30KPEMa, 3yMOBJIEHO CYTTEBUM PO3KUIOM IIapamMe-
TPiB HAHOYACTUHOK 3a PO3MipOM, a TaKOK 3a MarHeTHHUM MOMEHTOM Ta
aHisoTpomien. AKII0 BUKOPHUCTOBYBATY HAHOYACTUHKU SIK iHIYKTOPU
rinmeprepmii, HaABHiICTH PO3KUAY (AucHepcii) MarHeTHMX HapaMeTpiB
MOJKe IIPU3BECTH A0 IIPOCTOPOBO-HEOAHOPiZHOTO HATPiBY aHcaMOJII0 ua-
CTUHOK y 30BHIIITHHLOMY €JeKTPOMAarHeTHOMY IIOJIi, IIT0 CHPUYUHIOE JIO-
KaJbHUM IeperpiB, Xoua cepemgHE 3HAUEHHS TeMIepaTypu, BUMipsHe
TEPMOUYYTJINBUM TAaTUNKOM, MOKe He BUXOTUTH 3a HeoOXimui mexi [5,
6]. ¥V 3B’A3KY 3 MMM BUHUKAE HEOOXiMHiCThL KOHTPOJIIO Ta afeKBaTHOTO
BpaxyBaHHS PO3MOAiJly HAHOUACTHHOK 3a PO3MipaMM Ta MarHeTHUMH
mapaMeTpaMu.

Tpaauiiiino AJA OI[IHKM CTYIIeHSa HeOLHOPigHOCTI ancam0bJi0 Marue-
THUX HAHOUYACTHHOK BUKOPUCTOBYIOTH IIPOCBITJIIOBAJILHY €JI€KTPOHHY
mikpockotito (IIEM), i3 pe3yabTaTiB SKOI OTPUMYIOTH PO3IIOAiJ HAHO-
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YaCTUHOK 3a poamipamu. Ha Kayb, HUHI TUTAaHHA IIPO Te, IKOI0 MipOIo
poBIIOAiT MarHeTHUX IIapaMeTpiB (30KpeMa, MarHeTHUX MOMEHTIB) IIO
aHCcaMOJII0O KOPeJIoe 3 PO3IOIijIoM HAaHOYACTHHOK 3a po3MipaMu, IpaK-
TUYHO He Jocaim:xene [7, 8].

VY 11iit poOoTi 3aIpPOIOHOBAHO MPOIEAYPY PO3PAXYHKY PYHKIIIN po3-
HOAiJIy HAHOYACTUHOK 34 Po3MipaMu, AKa I'PYHTYETHCS HaA Pe3yJabTaTax
aHaJIizy MarHeTHuUX xapakTtepuctuk. Ha npukiani HaHOTOPOIIKiB de-
puris-muineneit AFe,O, (A = Ni, Zn, Co) ogep:kaHo il mOpiBHAHHA 3 Bix-
IOBiHOIO (PYHKITi€I0, oTpuManoio 3 gaHux IIEM. 3po6/ieH0 BICHOBOK,
110 3aIIPOIIOHOBAHUY HiAXiJ € JOCTATHRO e(peKTUBHUM AJISI aHAJIiI3y CTY-
TIeHs HeOAHOPIZHOCTI MarHeTHIUX IIapaMeTpPiB aHcaMOJII0 HAHOUACTUHOK
Ta IPOTHO3YBAHHSA MOr'0 MOBEIIHKH ITiJl Ji€I0 eJIeKTPOMarHeTHUX II0JIiB.

2. IIOCTAHOBEA SAJAUYI I METOOUKA POSPAXYHKIB

IIponenypy aHaIi3y MarHeTHUX i PO3MIPHUX XapaKTePUCTUK BUKOHAHO
Ha npukJjganai HamomopomkiB AFe,0, (A = Ni, Zn, Co). Hamomoporiku
CUHTE3yBAJN METOIOM OCAKeHHs 3 HeBOAHUX PO3UMNHIB, e 32 PO3UMH-
HUK i BUXigHi peareHTH obupaan AieTHJIeH TJIIKOJb 1 HiTpaTHi coi Me-
raaiB A = Ni, Zn, Co i Fe. [leTanbuuii omuc cxeMu CHHTE3Y i XapaKTepu-
3arrii 3paskiB, a TAaKOK METOIMKN MarHeTHUX BUMIipPiB IIpeICcTaBJIEHO B
poborax [9—11].

3ayie:xHOCTi HamarHeuernocTi M Big MmarHeTHOro mojad H aiaa HaHOIIO-
pomikiB AFe,O, (A = Ni, Zn, Co), BuMipaHi 3a KiMmHaTHOI TeMIlepaTypu,
mokasano Ha puc. 1. [lysa Beix 3paskiB, aki gocaimxysanu, KpuBa M(H)
Mae BUTJIAL, XapaKTePHUH IJId HaMarHeuyBaHHS cynepliapaMarHeTHUX
YaCTUHOK, TOOTO IIOKAa3ye OJIM3bKi 10 HyJIA 3HAUEHHA KOEePIIUTUBHOI CH-
JIY 1 3aJIMIIIKOBOI HAMArHeuYeHOCTi.

JJig BUnagKy, KOJM BCi YaCTUHKYM MAaIOTh OJIMH i Tol caMuil po3mip i
XapaKTepu3yIThCS HEXTOBHO MAaJIOI0 aHi30TPOIIi€l0, MarHeTHY IIOBeMi-
HKY aHcaMOJII0 cyIepHmapaMarHeTHUX YaCTUHOK ONMCYIOTH 3 BUKOpPUC-
ranHAM QyHKITii JlamixeBena [12, 13]

1
L(&) = coth(§) - e (1)
dopmyia a1 HamargedeHocTi M y oMYy BUIIAAKY:
M = cuL| E | = e cotn [ P | BT )
kT kT wH

e ¢ — KOHIIEHTPAIlid YaCTUHOK, || — MarHeTHUN MOMEHT YaCTUHKH, k
— craJa Boapnmana, T — Temmeparypa.

Anporkcumallia ¢yHKIiero JlaH;KeBeHa KPMUBUX HaMarHeuyBaHHSI,
oIep;KaHMX eKCIIEPUMEHTAJIbHO, He Ia€ 3aJ0BiILHOTO pe3yabTaTy (Iy-
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HKTHUPHA JiHiA— MOJeJbHi PO3PAXYHKM, KPYKEUKN — eKCIepPHUMeHTa-
JbHi pesyabratu Ha puc. 1). Tomy Oyiio mpoBemeHo 00po0IeHHA eKcIe-
PUMEHTAJbHUX MaHUX 3 YPaXyBaHHAM PO3KUAY MArHeTHUX MOMEHTIB
HAHOYACTUHOK. ¥ IILOMY BUIIAAKY HaMarHEUEHICTh € CYMOIO BKJIAIIB
MarHeTHUX MOMEHTiB UaCTUHOK 3 BpaxyBaHHAM BiAIMOBilHOI Barosoil

(PpyHKIIII posmoaity:
MH,T)=c|uL| — ,o)du, 3
(H,T) !u (kT)f(uluo ) (3)

Ile L, — cepeiie 3HAUEHHS MarHEeTHOTO MOMEHTY, G — JMUCIepCis, AKa

8t : L
NiFe,0, ) 30r  ZnFe,0, B -
. ] 7 . 1 #
B4t |1 = 150 -2
3 — 3 —
Lc% 0 > v 0 = oAl
=64 > « 5 25 i
- | . - 2
= gt g = -15) 2 w0n
p w48 ’, = 205, .
10 20 __ = 10 15
-8 H, xE =30+ H, xE
-30 -15 0 15 30 -30 -15 0 15 30
H, xE H, kE
a i
301 CoFe,0, et
o ] ‘
£ 150 -3
ﬁ? —3
\D 0 P =
& a2
- 3 .
= 15 VAR
== Sl 5 16 15
-30+ H, xE
-30 -15 0 15 30
H, xE
8

Puc. 1. Kpusi namarueuyBauas M(H) ninsa nanonopoiikis NiFe,O, (a), ZnFe,0,
(0) i CoFe,0, (8): I — ekcnepuMeHTaNbHi AaHi, 2 — anmpokcumallida QyHKIie0
Jlan)xeBeHAa B MOHOJUCIIEPCHOMY HAOJMMKEHHi, 3 — alpoKCcHUMAIliad (PYHKIIie0
JlaH:KeBeHa 3 BpaXyBaHHAM BaroBoi (GYHKIIl pO3IOAiIy 3a BEJIMYMHOIO MarHeT-
Hux MmoMeHTiB. Ha BcTaBKax mokasaHo 36isblieHi rpagiku M (H) B 00J1aCTi CHIIE-
HUX II0JIiB.

Fig. 1. Magnetization curves M(H) for NiFe,0, (a), ZnFe,0, (6), and CoFe,0O,
(8) nanopowders: 1 —experimental data, 2—Langevin function fit in the mon-
odisperse approximation, 3—Langevin function fit taking into account the
weight function of the magnetic moments distribution. The inserts show en-
larged graphs M(H) in the regions of strong magnetic fields.
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XapaxkTeprus3ye PO3KIL MAarHeTHUX IIapaMeTpiB.
[1a IMCKpeTHOro BUIIAAKY (POpMYTy MOMKHA IIepelrcaTH y TakKoMYy
BUTJISATI:

M(H,T) =Y uL[%j 7, | 1g»0), (4)

e |\, — MarHeTHUH MOMEHT i-0i YaCTUHKHU, N — KiJbKiCTh YACTHUHOK Y
cucreMi.

Hapgani 6ymemo BBasKaTH, III0 PO3KUL MATHETHUX MOMEHTIB 00yMOB-
JEeHUU BUKJIIOUHO HASBHICTIO POBKUIY PO3MipiB HAHOYACTUHOK.

Y GinbIIOCTi eKCIIepIMEHTAJIbHIX POOiT, e aHAII3YIOTh POSIIOALI 3a
Po3MipoM AJI UYACTHHOK PisHMX THUIIIB MaTepiajiB, 3p00JeHO0 BICHOBOK
IIPO Te, 1110 ¥ mepeBasKHiil OiIbIIIOCTi BUIIAAKiB TaKUil PO3IIOIi € JIOTHO-
pmansHUM [14-17]. OckinbKu (GopmyJsia mepepaxyHKY QYHKILI posmo-
iy YacTUHOK 3a 00’eMOM Ha (PYHKIIiI0 PO3IIOAiNY 3a BEIUUYNHOIO MAar-
HEeTHUX MOMEHTiB Mae Takuil Buraaz [18]:

f(v | vy, 0,)dv = Misf(u | 1y> 0)ds (5)

TO PO3MOMiJ 3a MATHETHIMM MOMEHTaAMH TAKOMK OyIe JJOTHOPMAJILHIM,
TOOTO MaTUMe BUTJIAL:

f(ulpo,0) = (6)

2
1 lexp{_ In?(u / uo)}
oV2n n 20

Y dopmyi (5) o, o3HAUAE AUCIIEPCii0, AKA XapaKTepu3ye PO3KUI Ha-
HOYACTHHOK 3a 00’ €MOM.

Takum unHOM, y hopMmy.ri (4) € Tpu mapameTpu (¢, Ly, G), AKi MOXKHA
BapitoBaTU MIJisl MOCATHEHHA MaKCHUMAaJILHOTO Y3TOIKEHHS 3 eKCIIepH-
MEHTOM.

OpuH 3i crmoco6iB onTUMisallii TUX mapaMeTpiB € ONTUMi3allisa QyHK-

mmioHany Q:
Q:Z(M(Hk,T)—MEXP(Hk,T))2, (7)
k=1

ne M™(H,, T) — eKcllepUMeHTAILHO Oflep:KaHa HaMarHedeHicTh y Ma-
THETHOMY IIOJI, 1Mo mopiBHIoE H,, N — KiJbKiCcTh eKCIIEpUMEHTAJIBHO
BUMIipPAHUX TOUOK, a K — MOPAIKOBUYN HOMEDP TOUKH.

3. PE3YJBTATH TA OBI'OBOPEHHS

Pesyabratu ontumisaiii pyukmionany (7) 3 MeTO0 MaKCUMAJIbLHOIO y3-
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TOIKeHHA 3 eKCHePUMEHTAJbHUMM OaHUMH [OJd HAHOMIOPOIIKIB
NiFe,0,, ZnFe,O, Ta CoFe, 04 manu Taki mapaMmeTpu pO3IOIiIy 3a Mar-
HEeTHNUMU MOMEHTaMMN:

H.ONiFeZO4 — 344, 6“3, cNiFego4 — 1, 7 . 1019 CM—S, GNiFego4 — 1, 07“'3’

perres = 575,34p,, ¢™% =3,3-10" em®, 6% =1,26p,,

MgoFe204 — 582,55}13, cCoFeZO4 — 3,8 . 1019 CM_3, GC0Fe204 — 1, 39“'3.

Ha pucynky 1 cyiinbHOIO JiHico mokasaHi rpadikmu, po3paxoBaHi 3
BUKOpPUCTAaHHAM Bupasy (4) i 3 ypaxyBaHHAM (QYHKIII pO3MOmiay Mar-
HEeTHUX MOMEHTIB y popmy.ai (6). Bunmo, 110 po3paxyHKOBi gaHi 1eMOH-
CTPYIOTH JOCUTE J0OPe Y3TOAKEeHH 3 eKCIIePUMEHTAaIbHUMU.

DyHKIII posmoAily MarHeTHMX MOMEHTIB [Jii HaHOMIOPOIIKIB
NiFe,0,, ZnFe,0, i CoFe,0,, onep:kaHi 3 pesyabTaTiB 00pOOKU KPUBUX
HaMarLeuyBaHHS, IIOKA3aHO Ha puc. 2.

Cepenni sHaueHHA [iaMeTpiB, PO3PaxOBaHI 3 ONEP:KAHMX [JaHUX,
cKIamaoTh: dy % =6,1uM, d2'% =4,6 M, d°% =4,5 am. Ii-
ameTpu OyJu po3paxoBaHi 3a dopmyomno d = (6u/npM,)"?, ne p — Tab-
JUYHAa T'yCTHUHA, a M, — HaMarHeueHiCTh HAaCWYeHHs, OTPUMaHa 3 I'pa-
dikis sanexxuocTeit M(H).

PesyibraTu nopiBHAHHA (DYHKI[IN PO3IIOAiay 3a PO3MipoM, oaep:Ka-
HUX 3 MarHeTHUX BUMipiB, 3 eKCIIePUMEHTaJbHNMH IicTOorpaMamMu, ofe-
pxanuMu nIAxoM o0pobku IIEM-306paskens manomopomkiB NiFe,O,,
ZnFe,0, i CoFe,0,, mokazani Ha puc. 3. Baunmo, m1o y Bcix Bumagrax
ImapaMeTpPHU PO3MIOIily HAHOYACTUHOK, PO3Pax0oBaHi 3 KpUBUX HaMarHe-
YyBaHHA, BUABUJINCH MEHIITMMHU HOPiBHIHO 3 €KCIEePUMEHTAJILHO Ofe-
P’KaHUMMU TicTOorpamMaMu.

Bimomo, 1o HamMmarseueHicTh HACHMUYEHHSA HAHOYACTHMHOK 3 PO3Mipom
IO JEeKiITbKOX HecATKIB HAHOMETPiB, 34e0ijbIIToro, MeHIna, HidK y BiI-

3r I
. NiFe,0, 12 ZnFe,0, 2 CoFe,0,
= 9l =8 | 58
[=] o &t Q 8
g g | &
« «© ' [
S “ 47 «2 4]
0 0! ‘ 0 : o
0 400 800 0 600 1200 1800 0 600 1200 1800
B/ Hing wng
a 6 8

Puc. 2. ®yaK1ia po3noginy MarseTHNX MOMEeHTiB Ajd HaHonopoInkis NiFe,0,
(a), ZnFe,0, (6) i CoFe,0, (8).

Fig. 2. Magnetic moments distribution function for NiFe,O, (a), ZnFe,0, (6),
and CoFe,0, (8) nanopowders.
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Puc. 3. Posnoain 3a posmipamu Hanomnopoikis NiFe,0, (a), ZnFe,0, (6) i CoFe,0,
(8). TicTorpama — poamoAiji 3a po3MipaMu HAHOYACTHUHOK, OJIePyKaHUI 3a JOIIO-
mororo ITEM (maHi B3aTo 3 po6otu [11]); cyminbHa KpuBa 3 TOYKAMM — POSIIOII
3a po3Mipamu, OJlep:KaHUH 3 MarHeTHUX XaPaKTEPUCTUK HAHOIIOPOIIIKiB.

Fig. 3. Size distribution function for NiFe,O, (a), ZnFe,0, (6), and CoFe,0, (8)
nanopowders. Histogram—nanoparticle size distribution obtained using TEM
(data taken from [11]); solid curve with points—size distribution function
obtained from the analysis of magnetic properties of nanopowders.

moBigHOTO 00’ eMHOTO MaTepiany [19—22]. 3MeHIIIeHHA cepeIHbOI HaMa-
THEUEHOCTI HAHOYACTUHOK 3a3BUYall MOSACHIOIOTH, BUXOAAYN 3 IPUILY-
IeHHsd, 10 YaCTMHKU € MarHeTHO-HeogHOpigHuMu. IlepeBasKHO BUKO-
PHCTOBYIOTh TAKUH IMiAXil: IPUIYCKAIOTh, 0 YACTUHKY MAalOTh CHUJIb-
HoMmaruetHy (¢gepo- abo (pepuMarHeTHY) CepPIeBUHY i cJIaOKOMarHeTHY
(uacTo mapamarueTHy) oboJsioHKy [21, 23]. 3po3ymijo, 110 AJaA TaKUX
HEOTHOPiTHMX MarHeTHUX KOH(pirypariii, (byHKI[iI pO3IOAiay 3a pPo3-
MipaMu IJisi CHJIbHOMATHETHUX O0JacTell MOKe iCTOTHO BiApisHATHCS
BiZ po3momiay 3a gJiameTpammu, IO YCKJIAIHIOE OIMC MAarHeTHOI MOBeIiH-
KM amcaMO0JiiB HAaHOUACTUHOK. 3aCTOCYBaHHSA IIPOIlENyPU, OIMCAHOLI y
IaHiil poboTi, MJO3BOJIAE BpaxyBaTH IIi 0COOJMBOCTI i Jae MOMKJIMBICTD
3HAYHO TOYHIIIIe OIIMCYBAaTH i IPOTHO3YBATH MOBEAiHKY aHCaMOJIiB Mar-
HETHUX HAHOYACTUHOK, OCOOJMBO Yy TUX BUMNAAKAX, KOJU BHECKOM Bifm
caabKoMarueTHoOI 000JIOHKY 3HEXTYBAaTH He MOKHA.

4. BUCHOBKH

Y poboTi 3aIpOIIOHOBAHO IIiAXiM, IO JO3BOJISE€ BUSHAUYNTH (PYHKI[IIO PO-
3MOAIY HAHOUYACTHUHOK 3a PO3MipOM, BUXOIAYU 3 aHAJIi3y MarHeTHUX
xapakTepucTuk. I[lokasaHo ImIiAHiCTh JaHOTO HiAXOAY AJS OTPUMAaHHS
(GYHKIII po3momisy HAHOUYACTUHOK 3a po3MipaMu OJId HAHOIIOPOIIKiB
AFe, 0, (A=Ni, Zn, Co). 3pob.1eH0 BUCHOBOK, 1110 BUKOPHUCTAHHSA 3aIIPO-
IIOHOBAHOTIO IIiIX0AYy € 0C00JUBO e(DeKTUBHUM Y BUMIAAKY OIIUCY ITOBEi-
HKY MarHEeTHUX HAHOYACTUHOK, I1T0 MiCTATH c1a0KoMarHeTHy abo mema-
THETHY 000JIOHKY.
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Hamy poboTry 0yJio uacTkoBo mimrTpumano HAH Vikpainu (3a mpoek-
Tom N2 0119U0100469) i MOH Ykpainu (3a npoekTom Ne 0121U110014).
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JIuHamika (ppakniiHUX BUXOPiB y IBO30HHUX HAANMPOBITHUKAX
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PosraaryTo B3aeMozio (pparkiliiiHUX BUXOPiB MiK co00I0 Y TBOBOHHOMY HAaJ-
IPOBiZHUKY Ta BIepIlle IepeadaueHO MOKJIMBICTL Aucoriamii KOMIIO3UTHUX
BUXOpPiB AOGpPHMKOCOBA i3 IiTMM KBAHTOM MATHETHOTO IIOTOKY Ha (parIliiini
KOMIIOHEHTH ITiJ] BIJINBOM BHCOKOYaCTOTHOTO eJIeKTpoMarHeTHoro nojsa HBY-
niamasony. IIpoBemeHo uMcesbHI PO3paxXyHKHU AJiS BUABJIEHHSA IIOPOTY TaKoi
nucoriamii Ak GyHKIil ammiaitynu i vacrotru HBUY-cTtpymy.

Kirouosi ciaosa: Buxop AOPHUKOCOBa, 6araTo30HHI HAAIPOBIAHNKM, KBAHT Mar-
HETHOTO TIOTOKY, piBHAHHA ['in36ypra—Jlangay, JOHAOHIBCbKAa BiTbHA eHeprid.

The interaction of fractional vortices with each other in the two-band super-
conductor is considered, and for the first time the possibility of dissociation
of the composite Abrikosov vortices with a whole quantum of magnetic flux
into the fractional components under the influence of microwave electro-
magnetic field is argued. Numerical calculations are performed in order to
identify the threshold of such dissociation as a function of the amplitude and
frequency of microwave current.
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1. BCTYII

Huwni icuye smauHmMit iHTepec 10 (pisvKM HAAITPOBIAHMKIB i3 mapamMeTpoM
MOPSAAKY, 110 CKJIAAAETHCA 3 KiTbKOX KOMIIOHEHT, AKi OMMCYIOTH Ha[I-
IPOBIAHUY CTAH Pi3HUX €JeKTPOHHUX 30H y HAAIIPOBiTHMKAX 3 KiJIbKO-
Ma eJeKTPOHHUMHU 30HaMHu IpoBimmocti. Takmii Tun HagZOpoBigHOCTI
MiATBEPAKEHO MOCTiAKeHHSIMHU BJACTHUBOCTEH HAAIIPOBiITHOTO CTAaHy y
HOBUX KJIacaX HAJAIIPOBiAHUX MaTepialiB, Takux, HanpukJaan, sk MgB,,
nHikTHIax Ha ocHOBI Fe, cmosykax Bamkkux (epmionis Torro [1, 2].
BBakaeTnes, 110 KOJKHA eJIeKTPOHHA 30HA Y 0araTosoHHOMY HAAIIPOBi-
ITHUKY Mae KOHAEHCAT 3 aMILIiTyo0 i pasoro, axuii cjaabo B3aeMoOIie 3
KoHIeHcaTaMHu iHIIUX 30H. Il obcTaBuMHA CTBOPIOE MOMKJIMBOCTI IJIsA
CIOCTePeKeHHs MPUHIIUIIOBO HOBUX e(eKTiB MakpocKomiuHoi ¢asoBoi
KOT'epPeHTHOCTi, OB’ A3aHUX 3 ABUIAMU iHTep(PepeHIlii MisK XBUJIbOBIH-
MU QYHKI[IAMU eJeKTPOHHUX HAAIJIMHHUX KOHIEHCATiB, IO YTBOPIO-
IOTBhCS B pisHUX 30HaX [2—4].

OgHUM 3 ICKPaBUX IIPOABJIEHDb 0araTO30HHOI HaAIPOBIAHOCTI € YTBO-
peHHs BUXOpPiB 3 (PpaKIiiHMMN KBAaHTAMM MarHeTHOTO MOTOKY B 3Mi-
IIaHOMY CTaHi 6araTo30HHUX HAANPOBiAHUKIB [5]. BusaBaseTrbcs, IO
Buxopu AOpHUKOCOBa B 0araTo30HHUX HAANPOBIAHUKAX 34 IeBHUX YMOB
MOXKYTBb MHCOIiIOBATH HA (PpakIliiiHi BUXOpH 3i 3MEHIIIEHUM KBaHTOM
MATHETHOT'O0 IMOTOKY, YTBOPEHi eJIeKTPOHHUMH HAAILJIMHHUMU KOHIEH-
caTaMU OKpeMUX eJJeKTPOHHUX 30H [6—9].

2. ®PAKIIINHI BUXOPH ¥ TBO3OHHUX HAJIIPOBITHUKAX

IcHyBaHHSA IBOX €JIeKTPOHHUX 30H 3i c1a0K0 B3a€MOAiMHUMU Ha IIJIMH-
HUMHU KOHJeHCAaTaMM KYIIePiBCbKUX Map M03BOJIAE MPUIYCTUTHU, IO Y
KOJKHIiY i3 30H € BUXxopu 3 PpaKIiiHIMU KBAaHTAMU MarHeTHOT'O IIOTOKY,
YTBOPEHI HAAIIINHHUMY eJIeKTPOHAMU Y KOKHili i3 30H. Bmepiire 11e 0y-
JIo 3amporioHoBaHo BabaeBuMm [5], a misHiie obrosopioBaJsiocsa y 6Gara-
THOX iHIIUX poboTax (AMB., HAIPUKJIAI, OTJALM [2, 4]). ¥V 11boMy posmi-
JIi 06TOBOPIOIOTHLCA OCHOBHI 0COOGJIMBOCTI TAKMX BUXPOBUX (PPaKI[iAHIX
KBAHTiB MOTOKY Ha ocHOBi Teopii I'iHa36ypra—Jlanmay aas i30TPOIHOTO
IBO30OHHOTO HAANPOBigHMKA 31 ciabkuM [I:x03ed)COHIBCHKUM 3B’ I3KOM
eJeKTPOHHUX HAJAIJIMHHUX KOHIEHCATiB y A1BOX 30HaxX [2—4]:

F=3la | +B,w| 2+ @m)" | inv - 2eA/cy, F1+ (1)



IMTHAMIKA ®PAKITITHITX BUXOPIB ¥ IBO3OHHIX HAIITPOBIMHUKAX 11

+§(V X A)2 + Y(\Vﬂ‘r]z + Vo, )’

. 2
N ARAL A=Y @

=i m;c
Tyt F — pyHKIioHaJ  BitbHOI eneprii I'imsdoypra—Jlangay, J, — ryctuna
HaJCTPyMy, A — BEKTOp-IOTeHIIiaJ MarHeTHOIO IOJId, M, — Maca eJIeK-
TPOHA, \y;, — IIapaMeTp IOPAAKY HaAIIPOBIJHOIO CTaHy B j-i 30Hi (j=1,
2).
HagmposBigHuii cTal y KOMKHil 3 TBOX 30H MOKE XapaKTEepPU3yBATHUCT
KOHKPETHUMU 3HAaUeHHAMU [OBKHHI KOTePeHTHOCTI &; Ta JOHJOHIBCh-
KOI rMuOMHY IPOHUKHEHHA A

A=Y a2 (3)

TyT A — moBHA INIMOMHA MPOHUKHEHHS AJIA JBO3OHHOTO HAAIPOBiIHN;-
Ka.
Y nmogasbiiomy 0y ieMo BBAYKATH:

iej(r)
v, (r) =y, = const, o = o[ /B, w;(r) = wje (4)
o 115010 K BUpas IJs I'YCTUHN HaJCTPYMY IPUiiMae BUTJIAL:
2ehy? 9
,= Y iy STy, (5)
jr2 M, o

Axrmro margeTHnii noTiK @ 3HAXOAUTHCS B MesKax oOMesKeHol obJiacTi
BCEpPeIMHI JBO3OHHOTO HAAIPOBITHMKA, TO 3iHTEIrpyBaBInu (5) B3TOBIK
3aMKHYTOI TpaeKTopii, 1110 oTouyeE 1110 00J1aCTh, Ha BifAcTaHAX, OiIbIINX
3a A (Tak, 110 J, 3SMEHIITYEThCA A0 HYJA B3IOBIK I[i€l TpaeKTOopii), omep-
JKYy€EMO:

2 n1 2 nz

10 + Wy m

— 2
O = 1 - (6)

2 2
V1o + Wy
my m,

Tyt n,in, — nini uncia , 110 BUHMKAIOTE IIiJ Yac iHTerpyBanHa VO, B (5)
10 3aMKHEHil TpaeKTopii: cﬁvejdl = 2nn,.

Taxum unHOM, MarHeTHui MOTiK @ B (6) KBAHTYETHCS i3 SHAUEHHIMU
BEJIMYUH KBAaHTiB IIOTOKY ¢; Ta -
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2 1 2 1
V1o m Wao .
¢1 = (I)o : > ¢2 = (I)o 2 . ("N
s 1 s 1 , 1 s 1
WVio —— T Wy —— WVio —— Wy ——
m, 2 m, m,

IIi ¢ppakmifini KBAHTU IIOTOKY CTBOPIOIOTHCA BUXOPaMU i B eJIeKTPOH-
HUX HAAIIMHHUX KOHAEHcaTaX ABOX 30H. IXHi BeIMUMHU MOKYTH OyTH
3amnvcaHl y BUTJIAMI:

Az A B A2

2
, , Al=—2122 (g
A2 +x2 ¢°k2 b, = ¢°x 24 %xz A2 4+ A2 (8)

O =g o5

DYHKI[IOHAJ I'YCTUHY BiJIbHOI eHeprii ABO30HHOI0 HAANPOBiZHUKA Yy
JIOHJZOHiBCHbKOMY HAOJMMIKEeHHI MOKHA 3aIUCATU TK:

j=1,2

BinbHy eHepriio ychboro 3paska 3amaioTh iHTEIpajoM II0 00’eMy
3= Idzr F,(r). SacrocyBaBiiu BapialliiiHy mpoueanypy §3/SA =0, MO-
JKHa oZlepsKaTu TaK 3BaHe piBHAHHA JIorgora—Makcsesia [4, 6]:

MVVxH=-A g’l 4’2 ve (10)
T

Basasinu potop Big 060x yactuH piBHAHHA (10), MoXKHAa omepKaTH Pi-
BHAHHSA AJIS PO3MOAiJY MarHeTHOTO II0JIS, CTBOPEHOI'o IMapajieIbHUMU
(pakniiHMMMN BUXOpaMu [JBOX THIIiB, PO3TAIIOBAHUMHU y ToukKax R, , i
R, , BiAmIOBigHO, Ha TOBEPXHI JBO30HHOr0O HAAIIPOBiJHUKA:

MVVx(VxH)+H=n, {(I)IZB(I'—RM)+ ¢228(r—R2,m)] (11)

Mu BBakaemo, IO MarHeTHe II0Jie, K 1 Ooci BUXOpiB, Opi€eHTOBaHi
B3IOBX oci 2, Tak mo R,, i R,, BU3HAYaIOThH IIOJIO}KEHHS BUXODPIB y
ILIOIWHI (X, i) HA IOBEPXHi 3pasKa.

IlincramoBka ajya A 3 Bupasy (10) y piBuanus (9) 1o3Bossae o6UmCIIN-
TU I'YCTUHY BiJIbHOI eHeprii Ta eHepreTNYHi XapaKTepuUCcTuKU hparirii-
HUX BUXOPiB, a caMe iXHIO BJJaCHY €Heprilo Ta eHepriio B3aeMoOiil s
BHUXOPIiB 3 ONHAKOBUX, a4 TAKOK 3 Pi3HUX eJIeKTPOHHUX 30H [4, 6]. Busas-
JSETHCS, M0 (PPAKIiliHI BUXOPHU 3 OJHIi€l €JIEKTPOHHOI 30HH BiJIIITOB-
XYIOThCS OJWH BiJ OMHOT'O, & €HePTilo iX B3aeMO/Iiil 3aJa10Th BUPa30M:

2 e
Vintra (rl,ij) = 87‘45);%2 K, ‘r;’:]‘ S(I:_;j)}iz In (‘ Lij

)’ i = T ~ e (12)
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Tum yacoM BUXOPU, YTBOPEHi eJeKTPOHHUMU KOHJEeHcaTaMM 3 pis-
HUX 30H, IPUTATYIOTBCA OAWH IO OAHOTO i HamMarawmTbCA 3JIUTHUCA i
YTBOPUTH KOMIIOSUTHUI BUXOP i3 IIJTMM KBAHTOM IIOTOKY (.

Bzaemogis mik (ppakmiiHmMm BuUXopaMu, IO BiAmOBimae mboMy
OPUTATHEHHIO, BU3SHAYAETHCA AK

) ‘rlz,ij
I/in1;er(r12,ij) = 87;2;2 KO }\,

Tyoi

+In (‘I’lz,ij‘) ’ (13)

=T

L T

2,j*

Ha pucyuky 1 300pakeHO PO3IOAiT HAAIJINHHUX CTPYMiB HABKOJIO
napy (PPakI[iiHUX BUXOPiB, YTBOPEHUX HANILIMHHUMM KOHIEHCATaMU
JIBOX 30H 3 Pi3BHMMM 3HAUEHHAMU (PpaKIifHNX KBAaHTiB MarHeTHOTO 110-
TOKY: ¢1 = 07254)0’ ¢2 = O’ 75¢0'

3rigno (13), 1mi Buxopu MaTh IPUTATYBATUCH OAUH IO OTHOTO HA Bi-
ICTaHAX Iy > A. I'padir cuam miskBuxpoBoi Baemomii (13) 3o6parkeHo
Ha puc. 1.

TakuM YMHOM, BUXOPH Yy ABO3OHHUX HAANPOBIZHWUKAX HepeBaKHO
iCHYIOTH YV BUTVIAAI KOMIIO3BUTHMX BUXOPiB, AKi IiJlxoM momibHi mo Ta-
KHUX Y OTHO30HHUX HAAIIPOBiTHUKAX.

IIpoTre BBarkaeThCA, IO 3a IMIEBHUX YMOB I[i KOMIIO3UTHI BUXOPU MO-
JKYTh OyTH pO3AijieHi Ha BUXPH (ppakiiiiimoro moToky. OmHa 3 TaKux
MOKJINBOCTEM 0OTOBOPIOETHCSA Y HACTYIIHOMY PO3/IiJIi.

1,0

0.8

0.6

0.4

Finter(r)/Finter()\')

0,2

0.0

r/h

Puc. 1. Cuna MiKBUXPOBOi B3aeMoAil GparIiiHUX BUXOPiB Pi3HUX 30H 3TiAHO
Bupasy (13).

Fig. 1. The strength of the intervortex interaction of fractional vortices from
different zones is according to the expression (13).
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3. INCOLOIANIA KOMIIOSUTHHNX BUXOPIB ¥ IBO3OHHOMY
HAOITPOBIAHURY IIIJ BIIL/TMBOM SMIHHOI'O
EJEKTPOMATHETHOTIO I10JIA

BsaemHe npuTATHEeHHA (PPaKIifHNX BUXOPiB 3 PidHUX 30H, AK IIe BUTI-
Kae 3 (13) i soOpaskeno Ha puc. 1, IpU3BOAUTEL A0 TOTO, IO BUXOPHU Y
JIBO30OHHOMY HAJANPOBIAHUKY B yMOBaX TePMOJANHaMiuYHOI piBHOBaru me-
PEBaKHO € KOMHOO3UTHUMHU BUXOPAMU i3 IiINM KBAHTOM IIOTOKY 0.
IIpore, y HepiBHOBasKHOMY CTaHi ITiJi BIJIMBOM 30BHIIIIHIX IIOJIiB BOHU
MOXKYTb AHCOIIiIOBaTH Ha (PpaKIiliHi BUXOPU OKpeMux 30H. Broepime me
O0yJ10 mepenbaueHo TeopeTUUHO ¥ poborTi JIina i ByraeBcbKoro y pe:xumi
Teuii MarHeTHOro IIOTOKY Ha MocTifiHOMY cTpyMi [ 7].

Y mamriit poboTi Bepirie po3rJITHYTO MOKJINBICTD AMCOIIiaIii KOMIIO-
BUTHNX BUXOPIiB Y IBOBOHHOMY HAJANPOBIAHUKY IIi/l BIZIMBOM BUCOKOYa-
CTOTHOTO IIOJISI MiKpPOXBHMJIBLOBOTO Aiamaszony. O0paxoBaHo Imopir Taxoi
aucorriarmii ak pyukmio ammrityaun HBY ctpymy i wacroru.

3a gomomororo nporpamuoro nakery Wolfram Mathematica ogep:xa-
HO YMCeJbHI PO3B’A3KY HEJiHIHHUX PiBHAHDL PYXY KOMIIO3UTHUX BUXO-
piB AGpuKoOCcOBa y IBO3SOHHOMY HAAIPOBiAHUKY IIiJl BIJIMBOM BHUCOKOYA-
crotuoro mmoJs (14) [4, 7]:

N, + 0,9, _Re A _K, (xl _xzj =10,
2nph | X, — X, Ao
(14)
N, + ¢1¢2 . Re A _ K1 (xz _xlj — Iext¢2'
2mp A | X, — X, Ao

Ilig mieto cunu Jlopenua I..,0; (i =1, 2), ge I, = J,cos(ot), ® — gacTo-
Ta, KOMIIOBUTHI BUXOPH 3OiHACHIOIOTH PYyX 3 pisHMMU KoedimieHTaMu
B’ABKOCTi M, = (2)/(27r§i p,) (i=1,2), ne & — BiAmoBigHI KOBKUHU KoOTe-
PEeHTHOCTi, p, — MUTOMUI OIip HaAIPOBIAHMKA ¥ HOPMAJIbHOMY CTaHi.
Po3B’sA30K IIyKaJgu IJd Iapu He3aliHiHTOBAaHMX KOMIIO3UTHHUX BUXO-
piB, II10 YTBOPEHi B PidHUX €eHEPreTUYHUX 30HAX ABO30HHOTO HAIIIPOBIi-
IHWKa, Po3MilleHi Ha Bigcrani X, — x2| =&, ne & =E22/(&? +&2) onun
BiJl OMHOTO V¥ MOYATKOBUM MOMEHT Yacy Hif miero cuau JlopeHIiia, 3yMOB-
JIEHOIO 3MiHHUM CTPYMOM 3 aMILIiTyI0IO0 J ), BOHU 3IilICHIOIOTh 3MYIIIEeHi
KOJIMBAaHHSA y IOTEHIIiaJi CUJI IPUTATHEHHS OaWH 10 ogHoro (13).

Has ynceqbHUX PO3PaxXyHKIB OyJa0 B3ATO mapamerpu 3 pobortu [7]:
A =47,810" M, A, =33,6:10° ™, &, =13,0-10° ™, &, = 51,0-10° ™, p, =
=1,0-10°Om-M.

Ha pucynkax 2, 3 moKasaHOo Po3B’I3KU IMOOJIN3Y KPUTUUYHNX 3HAUEHD
aMILTITyAu 3MIiHHOTO CTPYMY, KOJHM KOMIO3UTHI BUXOPU MMOYMHAIOTH
IUCOITiI0BATH IIij] BILTMBOM 3MiHHOI cuiu JIopeHIa.
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x,(8) . .

5,010

Z’M

X, X

-5,0-107°

0 5,0-1071° 1,0-107° 1,5:10°° 2,0-107°
t, ¢

Puc. 2. 3mina KoopauHaT GpaKIiHHNX BUXOPiB Mif BIJIMBOM 3MiHHOI'O CTPYMY
3 yacTorow ® = 27-10° 'y, i ammritymoio J, = 1,0-10'% A/m? Ha uacoBoMy ITpoMmi-
KKy 2T =471/ o.

Fig. 2. Change of coordinates of fractional vortices under the influence of al-
ternating current with frequency o = 2n-10° Hz and amplitude J, = 1.0-10'2
A/m? on time interval 2T =47/ ®.

1,5:10°

1,0-10°

5,0-10°7

M

27

X, X

-5,0-107

-1,0-10°

-1,5-10°

0 5,0-1071° 1,0-10° 1,5-10°° 2,010
t, ¢

Puc. 3. 3mina KoopauHAT GpaKIiHHNX BUXOPiB Mif BIJINBOM 3MiHHOI'O CTPYMY
3 yacToron ® = 27-10° ', i ammritymoio J, = 2,0-10'% A/m? Ha wacoBoMy ITpoMi-
KKy 2T =471/ o.

Fig. 3. Change of coordinates of fractional vortices under the influence of al-
ternating current with frequency o = 2n-10° Hz and amplitude J, = 2.0-10'2
A/m? on time interval 2T =47/ ®.
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II106 3’sacyBaTu, SKUM caMe YMHOM 3MiHa YaCTOTH i CTpPyMy BILIHBA-
TUMYTh Ha PO3PUB KOMIIO3UTHUX BUXOPiB, OYJIO 3ilficHEHO 00UMCIeHHSA

10+ ./
109 e

10 °

1040 /

™

10° 10° 10 10%
Iy, A/M2

Puc. 4. 3ajmexHicTh BificTaHi Mik BUXOpaMu Biff TYCTUHU CTPYMY B Jorapud-
Miumiii mrani. Yacrora o = 27-10° ',

Fig. 4. Dependence of the distance between vortices on the current density in
the logarithmic scale. The frequency o= 27-10° Hz.

10 ~

107 .

104 107 1‘010
o, I'g
Puc. 5. 3anexuicTh BiAcTaHi Mik BuxopaMu Bim wacToTu B JorapudMiuHiit
mkanii. 'yctuna ctpymy J, = 2,0-10'2 A /M2,

Fig. 5. Dependence of the distance between vortices on the frequency in the
logarithmic scale. Current density J, = 2.0-10'> A/m?.
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BimcTami mixx Buxopamm D = |x1 - x2| (muB. puc. 4, 5) Ha iHTepBaii
ctpymy J, = [10%, 10'°] A/m? 3a cramol wactotu o = 21-10° 'y, (puc. 4) i
Ha iHTepBaJi wactor o = [2n-10, 27-10'?] T’ 3 mocTiiiHOIO aMILIiTY 00
ctpymy J, = 2,0-10'* A/m? (puc. 5).

Ha pucyskry 4 Mo:xHa 1mo6aunTH, Mo Ha dactoTi o = 21-10° 'y, 3min-
HOTO CTPYMY, IIOUMHAOUN 3 aMILIiTyau J, = 10° A/m® Bigcrans D mix
KOMIIOSBUTHMMM BUXOPaMM HOouMHAE 30iapmryBatucd. I ma Bigcramax D
nopanky A (8), AKuM Bixmosigae ryctuna ctpymy J, = 102 A/m?, 3 mmo-
IaJbIIUM IIiTBUIIIeHHAM o, BimOyBaeThcA piske 30inabinennsa D, ne Baa-
€MO/is Mi’K KOMOO3UTHNMY BUXOPaMU IPAaKTUYHO 3HUKAE.

Ha pucyuky 5 MmoxxHa mobaunTu, 10 3i 30iIbIIIeHHAM YaCTOTH 3MEH-
mryeThbes BigcTanb D. OTiKe, 11100 BigmaanTy KOMIIO3UTHI BUXOPH Ha Bi-
ICTaHi, Te MisK HUMU 3HUKA€E CUJa IPUTATHeHHA (puc. 1), 3HaT00IAThCS
OiJIBIIi I'yCTUHY CTPYMIB .

4. BUCHOBKH

TaxuM YMHOM, i3 OJEPIKAHOT0 YMCEJbHOTO PO3B’I3KY HEJiHIAHUX mu-
HaMiUHUX PiBHAHDB CIIAYy€E MOKJIUBICTh YTBOPEHHA (PPaKI[ifHUX BUXO-
PiB Y ABO3OHHOMY HAIANPOBIZHMKY 3a PaxXyHOK AMCOIiaIlili KOMIIO3MT-
HUX BUXOPIiB i3 MiJIuM KBAHTOM IIOTOKY ¢, ¥ LZOCTATHBO CUJIHLHOMY BUCO-
KOYaCTOTHOMY IIOJi. AMILTiTYy/la KPUTHUYHOTO IO (CTPyMYy), IO BU-
KJNKAaE OUCOoITiaIiio, 3aJIe’KUTh BiJ YaCTOTH.

Poboty Bukomano B pamkax npoekty 2020.02/0408 Hamionambaoro
(OHIY HOCIIiIKeHb ¥ KpaiHu.
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CRYSTAL-LATTICE DEFECTS
PACS numbers: 61.72.Mm, 68.35.bd, 68.35.Rh, 81.10.Fq, 81.30.Kf

Regularities of Grain Structure Formation
in Thin Ribbons of Iron—Nickel Alloy

V.dJ.Bondar, P. Yu. Volosevich, V. Yu. Danilchenko, and Ie. M. Dzevin

G.V.Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

The regularities of the grain structure formation of the austenitic phase in the
ribbon of the metastable iron—nickel alloy Fe—31.4% wt. Ni—0.05% wt. C,
formed in the conditions of high temperature gradients during quenching
from the melt and its influence on the realization of martensitic y—a-
transformation in the local regions of the formed ribbon are investigated.
The dependence of the completeness of the martensitic transformation and
morphology of martensite crystals on the grain size of austenite is analysed.
The change in the relative intensity of the diffraction reflexes of the y-phase
lines along the depth of the ribbon is characterized by a continuous change in
the degree of austenite texture. The consequences of the influence of relaxa-
tion processes during the crystallization of the ribbon on the value of residual
stresses, the presence of triple 120° joints between the grains as signs of equi-
librium, and the change in their number along the ribbon are investigated.

Key words: martensitic transformation, austenite, solid solution, spinning,
crystal structure, diffraction.

HocaigsxeHo 3akoHOMipHOCTI (hopMyBaHHA 3€PEHHOI CTPYKTYPU ayCTeHiTHOI
dasu y crpiuni meracrabinbHOro sasniso-uikenesoro crony Fe—31,4% Bar. Ni—
0,05% =ar. C, cdhhopmMOBaHOI B yMOBaxX BUCOKUX TeMII€PATYyPHUX I'DAJI€HTIB y
pasi rapTyBaHHS 3 PO3TOIy, Ta il BIJIMB Ha peasilallilo MapTeHCUTHOTO Y—Ol-
IIepPeTBOPEHHs y JOKAJbHUX 00JacTAX copmoBanoi crpiuku. IIpoanasizosa-
Ha 3aJIe;KHIiCTh MOBHOTHU peaJIisallii MapTeHCUTHOIO IIePpeTBOPEHHA Ta MOpdo-
JIorii MapTeHCUTHUX KPUCTAJiB Bil po3Mipy 3epHa aycTeHiTy. 3a 3MiHOIO Bif-
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HOCHOI iHTeHcuBHOCTI audpaxuiiiaux pedJekciB JiHilt y-dasu mo rambuui
CTPiUKM XapaKTepusyBaJu 6e3lepepBHY 3MiHY CTYIIeHA TEeKCTYPU ayCTEeHiTy.
HocaigsxkeHo HacaiJKY BIJINBY peJaKcallifHMX IIPoIieciB y pasi kpucrasisarmii
CTPiUKM Ha BeJIMUMNHY 3aJUITKOBUX HAIPYKEeHb, HaABHiCTh moTpitinumx 120°
CTHKiB Mi)K 3epHaAMU, SK O3HAKU PiBHOBAKHOTO CTaHy Ta 3MiHY ixX KiJabKocCTi
B3JIOBIK CTPiUKHU.

KarouoBi cjoBa: MapTeHCHUTHe II€PETBOPEHHS, ayCTeHIT, TBepAUN pPO3UYMNH,
CIIiHiHT'yBaHHSA, KPUCTAJiUHA CTPYKTYpPa, AU PaKI[id.

(Received November 15, 2021 )

1.INTRODUCTION

One of the most relevant areas of modern materials science is the de-
velopment of metallic materials with special properties by ultra-fast
hardening of the melt (spinning). Due to cooling at a rate of (10°-
10%)°C/s in such materials a specific structural-phase state is formed,
macro- and micro-inhomogeneities appear, phase components are
crushed (refined), the region of mutual solubility of chemical elements
is significantly expanded [1—-4].

This leads to the formation of a new set of physical and mechanical
and operational properties of fast-quenched alloys. In this regard, in-
tensive research and development of highly dispersed metallic materi-
als has been carried out for the last 20 years.

The main factor influencing the change in the properties of fast-
quenched materials is the grain size of the phase components. Metal
materials with an ultrafine (grain size—100—1000 nm) or nanocrystal-
line (grain size—20—-100 nm) structure are obtained by quenching of
the liquid melt. It is impossible to obtain such fine-grained grain by
traditional methods of heat treatment. Fast-quenched materials can be
considered as qualitatively new perspective materials of the next gen-
eration. They can be used as structural, instrumental and functional
materials. In the nanocrystalline state alloys have increased strength,
hardness, low thermal conductivity, high grain boundary diffusion
coefficient and improved magnetic characteristics. Further progress
in the development of fast-hardened alloys is associated with the pur-
poseful control of the processes of their non-equilibrium crystalliza-
tion and structural-phase transformations in the solid state.

Additional possibilities of controlling the structure formation of
thin-film materials from metastable iron-based alloys appear in the
course of martensitic transformations (MP), which are realized in the
process of ultrafast crystallization of the melt or in the subsequent
cooling and external factors. There is a certain prospect of creating
new materials based on fast-quenched iron—nickel alloys, in which di-
rect y—a- and reverse o—y-MP occur during cooling and subsequent
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heating [5—7]. The complex effect of fast-quenched alloys can be sig-
nificantly affected by the dimensional effect of MP, which is that when
the size of the austenitic grain decreases, the temperature of the be-
ginning of transformation decreases, the amount of martensite and the
size of martensite crystals decrease [8—10].

However, the powerful MP factor can be used to form a new set of
properties of metastable alloys only if we study the features of such
transformations in thin-film materials obtained in sharply non-
equilibrium conditions of superfast cooling. Thus, the study of the fea-
tures of MP and regularities of formation of the structural-phase state
in the local regions of thin ribbons of metastable alloys based on iron,
fast-quenched from the melt, are important and relevant.

In this work a study of the peculiarities of the grain structure for-
mation of austenite in the local regions of a thin ribbon of metastable
iron—nickel alloy, fast-quenched from the melt, and its effect on the
characteristics of MP during subsequent cooling have been carried out.

2. MATERIALS AND METHODS

The object used in the study is a ribbon obtained from iron—nickel alloy
N31 (31.4% wt. Ni; 0.05% wt. C). It is obtained in a carbon dioxide
atmosphere at a cooling rate of (10°-10°%) °C/s. A continuous ribbon
with a thickness of 30 um and a width of 8 mm is obtained by spinning
of 100 g of melt by casting its flat jet on the outer surface of a massive
copper drum, which rotated at a speed of 4000 rpm [11]. At room tem-
perature the ribbon is in an austenitic state. Under cooling in liquid
nitrogen, the direct y—o-MP is realized. The heating in a salt bath with
temperatures between 450—500°C leads to reverse a—y-transformation.

X-ray studies are performed on an automated diffractometer
DRON-3 using a graphite monochromator in iron and cobalt radiation.
Residual stresses are measured by the non-destructive X-ray method
sin®y, which is based on the measurement of elastic deformation of the
crystal lattice [12]. Measurements are performed by the austenitic re-
flex (311), with sequential rotation of the sample at angles of 10°, 15°,
20°, 25°, 30°. The accuracy of stress measurement is +20 MPa.

The grain structure of the ribbon is studied along the contact and
free surfaces, as well as in the planes of oblique longitudinal and cross
sections on an optical microscope MIM-7. Etching of the sections is
performed in an electrolyte solution (glycerol—10%, perchloric acid—
20% , ethyl alcohol—70%) at a voltage of 3 V. For better wetting of the
surfaces of the sections in the electrolyte solution a small amount of
surfactant is added. Metallographic observations of structures on the
free and contact surfaces of the ribbon are performed without prior
mechanical grinding and etching, and sections of oblique longitudinal
and cross sections are etched in a similar manner. In order to observe
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the microstructure of the cross section 4—7 ribbons 2—3 cm long are
glued with epoxy resin into bags, which after curing are cut at an angle
of about 45 degrees and ground with a fine abrasive and polished using
chromium oxide powder. Electrolytic etching of such sections is per-
formed in a solution of perchloric acid according to the mode: voltage
10 V, time—10 s. The average grain diameter is determined from 30
metallographic images containing more than 300 grains. Image-Pro
Plus (MediaCedernetics, Inc.) is used to determine grain sizes.

Samples for electron microscopic studying of the ribbon on a JEM-
200CX transmission electron microscope are prepared without prior
mechanical treatment by electrolytic polishing in a solution of 25 g of
chromic anhydride in 75 ml of glacial acetic acid and 10 ml of distilled
water under cooling with running water. The polishing mode is in the
range U=90-100V,I=0.8-1A.

Measurements of the microhardness of the ribbon are performed on
the device PMT-3 under load on the indenter 25 and 65 g. A diamond
pyramid with an angle between the faces of 136° is used as an indenter.

3. RESULTS OF EXPERIMENTS AND DISCUSSION

Metallographic studies revealed a significant heterogeneity of the
grain structure of the ribbon. There is a significant difference in grain
size on the contact and free surfaces, as well as in sections on the width
and length of the austenitic ribbon. Most of the austenite grains on the
free surface of the ribbon had a shape close to equilibrium. On the con-
tact surface, the grains had a shape elongated in the direction of rota-
tion of the drum. The elongated shape of the grains on the contact sur-
face is not transmitted to the free surface of the ribbon.

The ribbon is inhomogeneous in thickness. The difference in thick-
ness at the edges (periphery) and in the middle of the ribbon reached 4
pm. The thickness at the end of the ribbon is less than 3 um compared
to the beginning of the ribbon. Deviations from the average thickness
of the ribbon are associated with a decrease in the adhesion of the rib-
bon to the surface of the drum due to its heating by a liquid jet.

On the free side, the predominant number (more than 30%) are
grains with a size of 2 um, and about 10% had a size of 0.3 um or less.
On the contact side, about 40% of the grains had a size of 1.0-1.8 um
and about 16% had a size less than 0.2 um. Intermediate-sized grains
are observed in the volume (oblique section) of the ribbon.

Due to the gradual heating of the drum surface in the ribbon devel-
oped thermally activated relaxation processes, which resulted in al-
most complete absence of residual stresses along its entire length of
the ribbon. Tensions are absent at the beginning of the formation of
the ribbon. This meant that the formation of the austenitic structure
of the ribbon occurred under conditions of relaxation processes as the
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surface of the drum is heated.

A certain number of triple joints of grains with angles between the
boundaries close to 120° are observed (Fig. 1). Analysis of the evolu-
tion of triple intergranular joints in the formation of the ribbon allows
us to conclude about the development of recrystallization processes as
a result of gradual heating of the cooler disk with a liquid melt [13]. At
the initial stage of forming the ribbon (cold drum), the angles between
the sides of the triple joints differed from 120° by (2—4)°, and as the
drum heated, this difference decreased, and at the end of the ribbon
(warm disk) the angles differed by no more than two degrees. In paral-
lel with this process, the number of triple joints increased, as well as
the number of adjacent such joints increased. The successive manifes-
tation of these stages of formation of the grain structure, which con-
tained triple joints of grains, testified to the gradual development of
relaxation processes during the formation of the ribbon.

Samples cut from different parts of the ribbon showed an increase in
grain size as they approached the end of the ribbon. At the end of the
ribbon, when the drum is noticeably heated, the grain size increased to
4-5 pum due to a decrease in the degree of supercooling.

The heterogeneity of the grain structure determined different val-
ues of microhardness in different areas of the contact and free sides of
the ribbon. The decrease in the size of the austenitic grains on the con-
tact side led to an increase in the microhardness in the central part by
24 kg/mm? compared to the free side (Fig. 2). In addition, the edge ef-
fect is observed along the width of the ribbon—on the periphery of the
ribbon the microhardness is increased by 18 kg/mm? compared to the
central section (Fig. 2). Increased microhardness of the ribbon in the
austenitic state is recorded in areas with smaller austenitic grains.

The amount of martensitic phase, determined by the X-ray method
in relation to the integral intensity of reflexes (111),/(110),, is signifi-
cantly different on the contact and free surfaces, as well as on the

Fig. 1. The 120° boundaries at the joints of three grains (end of the ribbon),
angles between grain boundaries: a;,—118°, a,—121°, a,;—121°.
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Fig. 2. Change in the microhardness of the ribbon (y-state) obtained on the
cold drum, in width (1, 2 are the contact and free side, respectively).

width and along the ribbon. 60% of martensite is formed on the con-
tact surface, and up to 88% on the free surface. Along the ribbon, to-
wards its end, the amount of martensite increased in accordance with
the increase in the size of austenitic grains. The difference in the
amount of martensite at the beginning and end of the ribbon reached
11% (on the contact surface). These changes in the amount of marten-
site are completely determined by the dimensional effect of MP.

Electron microscopic studies showed that the structural state of
austenitic grains gradually changed during the formation of the rib-
bon. Accordingly, the structural state of the martensitic phase formed
in such grains during the subsequent cooling of the ribbon in liquid ni-
trogen also changed.

The results of studies of the structural features of the ribbon at its
beginning and end after cooling in liquid nitrogen are shown in Figs. 3
and 4. Their analysis shows that in austenite grains with a diameter
less than 1.2 um (Fig. 3, a, b) MP after cooling in liquid nitrogen is
practically not realized (beginning of the ribbon). Inhibition of MP in
small austenitic grains of fast-quenched alloys is previously observed
in [14]. Martensite crystals with different morphological features
(needle and massive) are formed in larger grains (Fig. 3, ¢, d). The use
of a dark-field image allowed to observe the micro-twinned structure
of martensite (Fig. 3, d).

The increase in the size of martensite crystals is accompanied by the
appearance inside them of signs of micro-twinning, which is confirmed
by the analysis of electron diffraction pattern and conducted dark-
field studies (Fig. 4, d, €). In grains with a diameter less than 2 pum MP
is inhibited, and the amount of residual austenite increased. This is
evidenced by the presence on the electron diffraction pattern of reflex-
es of the (200), type (Fig. 4, b). The internal structure of massive mar-
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Fig. 3. The microstructures of the ribbon obtained on the cold drum, after
cooling in liquid nitrogen (a, b) and the electron diffraction pattern (¢) from
the area shown in (b).

tensite and small-sized needle martensite crystals had a dislocation
character. These results are consistent with the conclusions of [15—
18], which showed that the thickness of the sample and the place of
origin of the martensitic phase determine its morphological features.

The density of dislocations in martensitic crystals of both morphol-
ogies is in the range of 10'' cm™®. Austenite grains with a diameter
more than 3 um in the vast majority are converted almost completely
into martensite. In grains with a diameter of less than 1.5 pym MP is
inhibited, and the amount of residual austenite increased. This is evi-
denced by the presence on the electron diffraction pattern of reflexes
of the (200), type (Fig. 4, b).

The ribbon obtained on the warm drum contained austenitic grains



26 V.J.BONDAR, P. Yu. VOLOSEVICH, V. Yu. DANILCHENKO, and Ie. M. DZEVIN

much larger (up to 5 um) in average size compared to the grains at its
beginning (1 um). In such large grains, the amount of needle marten-
site with predominantly dislocation (Fig. 4, a) or dislocation and mi-
cro-twinned (Fig. 4, d) internal structures approached 100%. The
crystals of martensite with microtwins are much larger while main-
taining the same morphological features.

In [9] to explain the dimensional effect of MP from the size of aus-
tenitic grains in thin ribbons of Fe—Ni alloys obtained by melt quench-
ing, we used the concept of critical average of austenitic grain size, in
which MP is completely inhibited. Our experiments showed that this is
observed in almost all grains of a certain size. The general regularity is
that the completeness of the MP decreased with decreasing austenitic
grain size. In [9] it is noted that MP is observed in much smaller grains

e

Fig. 4. The microstructures of the ribbon obtained on the warm drum, after
cooling in liquid nitrogen (a, c¢) and the dark field image (e) obtained with (¢)
in the reflex indicated on the electron diffraction pattern (d) by the arrow.
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and at the same time in some larger grains MP is not realized. This con-
tradiction can be explained by taking into account that the structural
state (dislocation density, presence of fragments with small angular
boundaries, internal stresses and distribution of alloying elements)
can differ significantly and depend on heat treatment, including for
the same grains, especially in the range of close to critical. It is the
structural state of austenitic grains and their environment could con-
tribute to the transformation into small grains. The author of [10] also
previously came to the conclusion that the concept of critical average
austenitic grain size, introduced in [9], is devoid of physical meaning.

Analysis of diffraction patterns from different local areas of the
ribbon showed a pronounced texture of the structure of austenite on
the free surface. On the contact surface the intensity ratio of the aus-
tenitic reflexes I,y,/1,;; along the ribbon varied from 0.8 to 0.7, and for
the free surface from 4.5 to 5.8 (Table 1). The diffraction pattern from
the free surface reflected the growth texture (100), characteristic of
the f.c.c. structure. On the contact side the texture is much less.

On the contact surface this texture is expressed much less (Table 2).
The degree of texturing markedly varied in width and length of the
ribbon in accordance with the change in cooling rate during the crys-
tallization of the ribbon. On the free surface of the ribbon observed a
certain distribution of the texture ratio I,,/I,;; and the width of the
ribbon. On the contact surface these values did not change.

TABLE 1. The relative intensity of diffraction reflexes of austenite along the
surfaces along the length of the ribbon (y-state).

The surface of the ribbon A section of ribbon ‘ Tso0y/1 111y
The beginning 0.8
Contact The middle 0.72
The end 0.7
The beginning 4.5
Free The middle 5.1
The end 5.8

TABLE 2. The ratio of the integrated intensity of austenitic and martensitic re-
flexes on the contact and free surfaces at the beginning and end of the quenched
ribbon from the alloy N31 after cooling in liquid nitrogen (y + a-state).

The surface of the ribbon | A section of ribbon ‘Izoom/I1100L pzua/IumlIum/Ium

The beginning 0.11 0.87 1.8

Contact The middle 0.12  0.88 1.2
Free The end 0.13 0.93 5.7
The beginning 0.12 0.92 6.6
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Additional information about the texture of the ribbon can give X-
ray of the surface of the ribbon at different inclinations of the primary
X-ray beam. In this diffraction mode reflexes are formed at different
depths, which are determined by the magnitude of the angle of inclina-
tion [18]. The monotonic decrease in the integral intensity of all major
austenitic reflexes in depth indicated the absence of texture in the
near-surface layer from the contact surface (Fig. 5, a). From the free
surface, the intensity of the reflex (220), changed along the curve with
a maximum at a beam inclination of about 40° (Fig. 5, b). This indicat-
ed the possibility of changing the type of texture in the near-surface
layer up to 3—5 um thick from the free surface (inner texture). The
regularity of the formation of the internal texture deserves a special
study.

—
Ty

Integral Intensity, a.u.

0 10 20 30 40 50 60

Integral Intensity, a.u.

a, deg
b

Fig. 5. Dependence of the integral intensity of austenitic reflexes on the angle
of inclination relative to the Bragg position for each of the reflexes: 1—
(111)g,, 26 = 33,97°, 2—(200)x,, 20 = 39,95°, 3— (220)x,, 26 = 64,98°, 4—
(811)gp, 260 =74,95°. a—free side, b—contact side.
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4. CONCLUSIONS

The formation of dimensional parameters of austenitic grains and
their internal structure along the ribbon of fast-hardened alloy Fe—
31.4% wt. Ni—-0.05% wt. C took place under the conditions of relaxa-
tion processes, which are associated with the gradual heating of the
cooling drum by the melt jet. As a result, the structural state and prop-
erties changed along the ribbon. This simultaneously ensured the ab-
sence of residual stresses in the austenitic phase along the entire
length of the ribbon and an increase in grain size from 1-2 um at the
beginning of the ribbon to 4—5 um at its end due to a decrease in the de-
gree of supercooling. In addition, the relaxation processes resulted in
the formation of triple 120° joints of grain boundaries (a sign of re-
crystallization) and an increase in the number of such adjacent bound-
aries along the ribbon.

On the free side of the thin ribbon, a one-sided axial texture of the
growth of the (100) austenitic phase, characteristic of the f.c.c. struc-
ture, is formed. The degree of texture varied across the width and
along the ribbon according to the change in cooling rate. On the contact
side, the texture is less pronounced.

The internal structure of martensite crystals formed in austenitic
grains of different sizes is formed by one or two types of defects in the
crystal structure—dislocations and microtwins. Microtwins together
with dislocations are observed in larger martensite crystals, and in
small crystals the morphology is mainly dislocation.
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IudysiiitHa Mmogesb po3maay ayCTeHiTy B JieroBaHil cTaJi
3 ypaxyBaHHAM HOro cradimxisarii

C. B. Bobups, E. B. Ilapycos, T. M. 'onyb6enko, I. M. Hyiiko

ITncmumym woprnoi memaaypeii im. 3. I. Hexpacosa HAH Ykpainu,
na. Axademira Cmapodyobosa, 1,
49050 Iuinpo, Ykpaina

Hudysifina Momenb IIEPETBOPEHHA AayCTEHITYy B JIeT'OBaHill MOEBTEKTOIMHIiM
cTaJIi mig yac i30TepMivHOTO BUTPUMYBAHHS OTPUMAJIa IOAAJBIINI PO3BUTOK.
CTBOpeHa MO/eJIb J03BOJINJIA BUSHAUNTH 00’€MHY YaCTKy CTPYKTYPHUX CKJIA-
IOBUX, KiJBKiCTh AKUX 3aJE€KUTh BiJi BEIMUMHU MEPEOXOJIOMMKEHHS CTaJi.
Mogenp BpaxoBye CTYIIiHb II€PEOXOJIOMKEHHSA ayCTEeHITy, BMICT BYIJIEIIO I
CTPYKTYPHUX CKJIAZOBUX Y CTaJIi, po3Mip 3apoakis, 00’eMHY uacTKy ¢as, Ki-
JBKiCTh BYIJIEII0, IO IIPOXOAUTH UepPe3 OAWHUINIO ILJIOI 3a IIPOMiXKOK dacy,
Gasarc TemyoBoi eHeprii Tommo. ITokasaHo, 110 Yy HOEBTEKTOIAHIN JieroBaHim
cTaJli iCHYIOTh IBA MAaKCUMYMH CTiliKOCTi ayCTEHiTy B TeMIlepaTypHHUX iHTep-
BajaxX iCHyBaHHSA BEePXHBHOTO TAa HUKHBOTO OEMHITY. ¥ HPOMIKKY MiK HUMU
KiJbKiCTh 3aJIMIIIKOBOTO ayCTEeHITY € MiHiMaJIbHOI0. BcTaHOBIEHO, ITI0 3aJIMIII-
KOBUH ayCTEeHIT 3aJIe’KHO BiJl BeIMUYNHU IIEePEOXO0JOAKEeHH CTaJi Ta TeMIiepa-
TYPHOTO iHTEepBaJly BUTPUMYBAHHSA MiJ] YaC HACTYIIHOTO OXOJOKEeHHS MOKe
posnagatucs 3a fu@ysiiitHuM a00 3CyBHUM MeXaHi3MaMu.

Karouori ciioBa: y — o-mepeTBOPeHHA, MePJIiT, 6efHiT, 3aIUIIKOBUIH ayCTeHiT,
ITOEeBTEeKTOigHAa JeroBaHa CTaJlb.

The diffusion model of the austenite transformation in hypoeutectoid alloyed
steel during isothermal holding is received further development. The model
which is developed provides ability to determine the volume fraction of the
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structural components, the quantity of which are depends on the magnitude
of the steel overcooling. The model is considers the degree of the overcooling
of austenite, the contents of carbon and structural components in the steel,
the size of the nucleus, the volume fraction of the phases, the quantity of the
carbon, which are running through a unit area over a period of time, the bal-
ance of thermal energy, etc. As shown, in the hypoeutectoid alloyed steel
there are two maximum of the austenite stability in the temperature ranges
of the existence of upper and lower bainite. The amount of retained austenite
is minimal between these temperature diapasons. As established, the residual
austenite, depending on the value of the steel overcooling and the tempera-
ture range of the holding during subsequent cooling, can decompose by diffu-
sion or shear mechanisms.

Key words: y — a transformation, pearlite, bainite, residual austenite, hypo-
eutectoid alloyed steel.

(Ompumano 5 rucmonada 2021 p.)

1. BCTYII

CTpyKTypa BYIJIEeIeBUX cTaJieil i cTOImiB i3 3ayi30M 3HAYHOIO MipOIO BU-
3HaYaeThCcAa Au(ysieio ByrJerio y pasi y — o-meperBopeHHA. Tomy Bu-
BUEHHS OCHOBHUX 3aKOHOMipHOCTel qudysii Byrieiio y BUnagky y —> o-
IIEePEeTBOPEHHS i MOoJaJIbIlla TeOpeTUYHAa iHTepIpeTallis IboTo IPoIlecy
Ma€ BasKJIMBe 3HAUEHHSA Y (PisMUYHOMY MeTaJ03HaBCTBi i TpUBae JOHUHI
[1-11].

Haitinrpocrinty nudysiiiny Moaeb IepeTBOPEeHH ayCTeHITy 3aIpoIIo-
HoBaHoO B pobori [1]. Ha ii 3acazxi mosicHeHo nesAKi 3aKOHOMipHOCTi po3-
majy ayCTeHiTy, 30KpeMa, HasgBHiCTh MAKCUMyMy Ha KPHUBii, IO OMU-
Cy€ 3aJIe’KHIiCTh IMIBUAKOCTI IIEPETBOPEHHS 3aJIesKHO BijJ] BEJIUUUHU IIe-
peoxomomkenusa A;. OgHak y poboTi BUKOpPHCTAHO (PeHOMEHOJIOTiuHi
CIiBBigHOIIIEHHS MisK OaraTbMa IIapaMeTpaMH MOJeJNi, IKi 3acTOCOBY-
BaJyin. ¥ pobori [2] 3anIponioHOBaHO TOYHIIIY MOJEJDb IIEPJIiTHOTO IIepeT-
BOPEHHs, Ha 3acali SKOl oJep:KaHO PiBHAHHS IJId BUSHAUEHHS 3aJIeK-
HOCTi Mi’KIJIAaCTMHKOBOI BificTaHi y ImepJriTi i MIBUIKOCTI 1OT0 yTBOPEH-
Hf BiJ BeJINUUHU II€PEOXOJIOAKEHHA. ABTOopamu [3, 4] po3rasHyTO Me-
xaHisMu gu@ysii Byrieiio i3 MmapTeHcuTy Ta OeMHITY 40 aycTeHiTy i 3a-
IIPOIIOHOBAHO HOBUH IIPOIleC TePMiuHOI 00pPOOKY cTaJIi, AKUIA 3aCHOBAHO
Ha cTabigisaiii 3aJMIITKOBOTO ayCcTeHiTy. 3HAUHY POJIbL 3aJIUIIKOBOTO
aycTeHiTy B ()OPMYyBaHHi CTPYKTYPHU i BIIACTUBOCTEH JIeTOBAHUX CTAJIEH
HaBeleHO y pobotax [5—T7], a HeoOXigHiCTH IOTO BpaxyBaHHA I dac
IIPOTHO3YBAaHHA CTPYKTYpU cTajeir — y podorax [8—10].

Otm:xe, cyyacHi Momesti, Ki OMMCYIOTH IIepedir CTPYKTYPHUX MeperT-
BOPEHb ITIOBUHHI BPaX0BYBAaTH 0COOJIUBOCTI (popMyBaHu4 i crabdimizalriro
3aJIMIIIKOBOTO ayCTEeHITy.

¥ poborax [11, 12] sanporoHOoBaHO AUDY3iiiHYy MOAEIb PO3Iaay ayc-
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TeHiTy, SKa BijoOpaskae OCHOBHI 3aKOHOMiPHOCTI KiHEeTHKHM IILOT'O IIPO-
Iecy y BYIJIEIIeBUX CTaAX. Po3pobeHy Moesb oncaay PiBHAHHAM 3-
ro CTyIleHA i BOHa [03BOJIA€ BUBHAUUTHU TeMIlepaTypHi iHTepBajiu, B
AKUX BUALIAIOTLCSI (pepuT Ta OeiiHiT. BomHouac GelfHiT BigmoBigHO 10
3aIIPOIIOHOBAHOI MOJIEJIi, € CTPYKTYPOIO, IO CKJIATa€ThCA 3 TUCIIEPCHO-
ro ILJIaCTHUHYACTOrO epuTy i KapbimiB, AKi MOMKYTDH PO3TAIIIOBYBATHUCS
abo Ha moBepxHi (BepxHili GeliHiT), abo BcepeAWHi MUX IIacTuH (HUMK-
Hii GetimiT). OmHAK, M4 3BUYaHUX BYTJIEIIEBUX CTaJIeH IPOIeCH YTBO-
PEeHHS 3aJIUIITKOBOTO ayCTEeHITy He € aKTyaJbHUMU, a TOMY B ITUX POOO-
Tax iX He PO3TJIAIalN.

A neroBaHUX MOEBTEKTOIZHUX cTajiei i3 BmicTom Byriero 0,5—
0,8% obGJacTi yTBOpeHHA (pepPUTY Ta IEPJIITY 3HAXOLATHCA IIPAKTUYHO B
OJHOMY TeMIIepaTypHOMY iHTEepBaJIi i He PO3miIAIOTHCA Ha i30TepMid-
HUX miarpamax posmnaxy aycrteHity [13]. 3asBuuaii iX mo3HauaiOTh —
obmacth (P + K). Tax camo mo6pe Bimomo, 1110 ¥ OeMHITHOMY IPOMIiKKY
JIleToBaHi cTaJii MaroTh 00JIaCTh IMiABUINIEHOI cTifikocTi aycreniTy [14], a
3aJMIITKOBUM ayCTeHIT yTBOPIOEThCA Yy 3HAYHOMY TeMIlepaTypHOMY iH-
TepBayi [15]. 3asHaueHi 0cobGJMBOCTI cJi BpaxoByBaTH AJIA HOCJIi-
MKEeHHSA CTPYKTYPHUX IIEPETBOPEHb V JeTOBAHUX CTAJIAX, HAITPUKJIA,
rakux Ak 50XI'M, 50X5HM®P, 65X3CM®P, 656X2C3MP, T0X3THMD,
80X3M® Ta iHIImx.

Meta pobotTu — TeopeTwuuHa po3pobka audysiiiHOI Momeai vy — a-
IePeTBOPEHHA y JIeT'OBAHIN HOEBTEKTOIAHIN cTaJsi 3 ypaxyBaHHSIM CTa-
OimizaIrii 3aIMIITKOBOrO ayCTEHITY B OefiHiTHOMY iHTepBaJIi TeMIepaTryp.

2. TEOPETUYHA POSPOBKA MOJEJII

g mobynoBu y JieroBaHiil JoeBTeKTOIAHIN cTai pisuyumoi Momei mpo-
Iecy Y — Oo-IIePEeTBOPEHHS, PO3MIp ayCTeHITHOrO 3epHA 00pau IoCTaT-
HBO MaJiuM, IT00 MOKHaA OyJI0O 3HEXTYBaTH IepemajoM TeMIIepaTyp 3a
ioro mepepisom. TemIlepaTypHy 3aJie’KHIicTh KoeillieHTa TelJjomnepe-
Jadvi MiK 3epHOM ayCTEeHITy i HaBKOJIUIITHIM CepemoBUINEM IIPUNHAIN
gimiitnoro. Temmeparypuuii iHTepBaJ, 3a AKOT0 BiIOyBaeThCS IepPeTBO-
PeHHs, 3aJIeXKUTh BiJl BMiCTy BYIJIEITIO V CTOIIL Ta BEJINUYNHU II€PE0X0JI0-
MKeHHA Ay ayCTEeHITY HUMKUe TeMIiepaTypu A; Ha Jinii GS Bimomoi giar-
pamu crany cucremu Fe—C (puc. 1).

IIim yac oxoJyom:KeHHA CTAJi HUKUE TeMIepaTypu A; IIOUMHAETHCS
IIePETBOPEHHA ayCTEHITy IIJIAXOM YTBOPEHHsS (pepUTHUX 3apOIKiB, a
HUKUue A; — depuTo-Kapbiguoi cyminri. Ilicia moaBu 3apoakis peputy
YTBOPIOETHLCA CHUCTEMA ABOX (Pas3, MisK AKMMU BimOyBaeThca qudysia By-
TJIeIlio.

Ha rpamuni misk muMmm (pasaMy BCTAHOBJIIOETHCA II€eBHA KOHIIEHTPA-
Iig ByTJIeIio, AKY MOJKHA BU3HAUUTHU 3a giarpamoio Fe—C HumKue TeM-
nmepatypu A; I TepMOKiHEeTHUHMX AiarpaMm Ta HMKUe A, IJa isorep-
MiYHUX giarpam.
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YM0OBU mepeTBOPEHHSA CTOIIY 3aJIeKaTh TAKOMK BiJ IIBUIKOCTI BigBe-
nenHda Temaa. Came Tomi, KON KiJIbKiCTh BiIBeleHOTO TeILIa IePEeBUIIYE
KiJIbKiCTh Tella, sKe BUIIIAECTBCA Y pasi posmamy aycTeHITy IIijg dac
YTBOPEHHs (epury, TeMmuepaTrypa IepeTBOPEHHS 3MEHITYETbCSA. SHU-
JKeHHS TeMIIepaTypu CTOIY BUKJMKAE 3MEHINIeHHA KoedimienTa qudy-
3il ByTJIEIlfO, IO YCKJIAAHIOE MOT0 IIePEPO3IOAiJI 11 BUKJINKAE 3MEHIIIEeH-
HsA PO3MipiB (hePUTHUX AiIAHOK.

Hns onucy nudysiiinol mogesi y — o-neperBopenHs [11, 12] BBexgemo
KinbkicHI coiBBigHOmMeHHsA. IIpumycTumMo, 1m0 B 3epHi aycTeHiTy B pe-
3YJBbTATi OXOJOMKEeHHA 3’ IBUJINCI YaCTUHKU QepuTy (HuKUe TeMIiepa-
Typu A;) i 1eroBaHoOTO IeMEHTHUTY (CHeliaJbHOTO Kapbigy, HIKUe TeM-
meparypu A,).

Bynmemo BBaskaTu, 1110 3apOAKY (hepUTy YTBOPIOIOTHCS 3 IIOTJINHAHHAM
IOIaTKOBOI eHeprii aya (popMyBaHHS HOBOI IIOBEPXHi PoO3Aiay i 3pocTa-
IOTH 0 XapaKkTepHoro po3mipy D = 2A (puc. 2).

KoumenTparia ByrJeIio 3a IIeBHOI TeMIIEpaTypu y Iapi aycTeHiTy,
SAKUH IpuMUKae 10 GepuTHOTO 3apPOAKy, cTaHOBUTE C,, a B cepeauHi (e-
putHOro mapy — C, (zuB. puc. 1). Bynemo BpaxosyBaru, mo audysia
BYTJIEITIO Y3IOBK AessKoi oci X MorKe IPOXOAUTH SIK B aycTeHiTi (mig uac
3pocTaHHA YaCTUHOK (hepuTy i KapbimiB), Tak i y mrapi a-samiza — y pasi
YTBOPEHHs OelHiTy.

3a BiToMOI0 KOHITEHTPAIli€l0 Ha IPAHUIIAX IIapy (GepUTy TOBITUTHOIO A
MOKHA 3HAWTH KiJbKicTh ByrJeiio d@, 110 IPOXOAUTH Uepes Iieil map
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Puc. 1. CxemaTuuHe 300pakeHHS 3MiHU KOHIIEHTpPAIIlil ByTrJeIio y GepuTi ta
aycTeHiTi y pasi gudysiiiHoro nmeperBopenHs. HactuHa giarpamu crany Fe—C:
C — Bmicr Byraemto y craii, C,, C,/” — BMicT Byriemnto B aycreniri, C;, — BMmicT
ByTJIEIIO y (hepmrTi.

Fig. 1. Schematic representation illustrating of changes of carbon concentra-
tion in ferrite and austenite at diffusion transformation. Part of the condi-
tion diagram Fe—C: C—carbon content in steel, C,, C,’—carbon content in aus-
tenite, C;—carbon content in ferrite.
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uyepes OAMHUINIO ILIOII 32 HeCKiHUeHHO MaJanii MPoOMiKoK uacy dt:
dQ =(C, - Cq))Dxdt/A, 1)
ne D, — xoedimnienT nudysii Byrieiio, ¢ — dac.
B yrBOpenomy depuTHOMY Iapi ToBinHOW0O dX BigOyBaeThCA 3MEH-
meHH: KinpkocTi Byraerno Bix C go C, (BmicT Byriemnto y ¢pepuri 3a 3a-

mamoi remneparypu T). Toxmi KimbKicTh ByTJIenio, AKka mepeuImia 3 ¢e-
PUTY 10 ayCTEHITY, TOPiBHIOBATHIME:

dQ =(C-C,)dX (2)
IlopiBraBmu Bupasu (1) i (2), sHaxoammo:
(C-C,)dX =(C, -C,)D, (dt / A). 3)

Kopucryiouncs piBHicTio (3), MOKHA 3HANTU MMOBHUI IPUPICT BeJu-
9uHU (DEPUTHOTO 3apOAKa:

dX = D,[(C, -C,) /(C~-C,)]|(dt/A) = D,a,(dt/A), (4)

e o, — KOHIIeHTpaIliitHU# KoedilieHT 1ad pepury.

Posrismemo Gajsamc eHeprii njs 3paska cTaji ToBHIMHOIO 2A y Ha-
npaMKy oci X.

3arajbHa KiTbKiCTh TEIJIOTH, III0 BiIBOAUTHCA BiJl 3paska, JOPiBHIOE:

2A
Y A
K
e Es
o/ X

oD
Am

Puc. 2. Cxema yTBOpeHHSA 3apoAKiB pepury Ta gudysii Byrieio B cucreMi ayc-
TeHIiT (A) —> depur (P) + kapdigu: K (3oBHimHIN Kapbin), Ky (befiniTHUHE Kap-
6im BcepenuHi pepury).

Fig. 2. Scheme of ferrite nuclei formation and carbon diffusion in the system

austenite (A) — ferrite (®) + carbides: K (external carbide), K (bainite car-
bide inside ferrite).
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dW = aAA,dt. (5)

nIe oo — koedimient remnonepenaui, Ap = (T — T,), T, — Temmeparypa
O0XOJIOAKYBaJbHOT'O CEPEIOBUIIIA.

YacTtuHa eHeprii, 1[0 BUTPadYaeThCcAd HA YTBOPEHHS MisK@asHOI rpa-
HUIi ayCcTeHiT/hepuT, 10piBHIOE:

AW, = cdX, (6)

Jle c — BiJIbHA eHepria OAUHUIII ITOBEPXHi po3iay (a3 aycTeHiT/(epur.
IIix uac yrBopeHHs hepuTy i3 ayCTEHITY BUALIAETHCA €eHeprid:

aw, = qyAdX, (7

e ¢ — TUTOMAa KiJIbKiCTh TEIJIOTH, 10 BUAINIAETHCA i Yac yTBOPEHHA
depury, y — rycTuHa CTaJIi.

Inma vactuHa Terotu W, dKa BUAIIAETbCA 3a 3MEHITIEHOI TeMIlepa-
rypu cronty Big T mo (T —dT):

dW, = C,yAdT, (8)

ne C, — muToMa TeIJI0EMHICTh cTony 3a Temnepatypu 7.
Basamc TenioBoi eHeprii MOMKHA IIPEICTABUTH Y BUTJIAII:

AW +dW, = dW, + dW,. (9)

ITligcraBuBiniu B piBHAHHA (9) 3HaUeHHS eHepri (5)—(8), omepryemMo
HaCTYITHUY BUpPas:

aAA,dt = gyAdX - odX + C,yAdT. (10)

PiBuanusa (10) moB’aA3ye Benruunum, IKi Hac mikaBaaTsb X, T'i t y pasi
Y — a-neperBopenHsa. lligcraBuBmiu cmoiBBigHOmEeHHA (4) 1o hopmysin
(10), omep:KyeMO HACTYITHUH BUPA3:

A*(aA, - C,ydT/dt) - a,qyDyA + oo, Dy = 0. (11)

Pieuarna (11) onmcye y — o-mepeTBOPeHHA. 3 HBOTO BUILINBAE, IO
posMip pepuTHUX yacTUHOK D = 2A 3aJ1€KUTH Bi pisHUITL TeMItepaTyp Ay
i mBuaKOCTI oxomom:KeHHa crony dT/dt, TobTo 3mMiHIOETHCA y Yaci. OT-
JKe, piBHAHHSA (11) MOXKJIMBO PO3B’I3aTH TiIbKY YNCEJIbHUM CIIOCOO0M.

PosriameMo posmaja ayCTeHITYy B 0COOJMBUX i30TepMiuHMX yMOBaX,
KOJIM MOKHA IPUHHATH, 1110 Ay ~ const, dT/dt = 0. Y nbomy Bumaakry pi-
BHaAHHA (9) HaOyBae HACTYITHOTO BUTJIAAY 3 IMTOCTiMHUMHY KoedilieHTaMmu
3a 3aJaHOl TeMIIepaTypu:
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A’aA, —a,qyDyA + 6o, Dy = 0. 12)

BBegeMo HacTyITHI MO3HAYEHHA:

Ay = \a,qyDy JaA,, (13)

Am =c/qy, (14)

e A, — DOBXKUHA NLIAXY Audy3sil y hepuri, Am — xapakTepHHU po3Mip
YaCTUHOK OeHHIiTYy, IKUU BU3HAUAETHCS BLILHOIO €HEPTi€l0 ITOBEepPXHi
posnginy das.

Omxe, piBuannag (12) Temnep npuiiMmae HACTYITHOTO BUTJIAAY

A® = A2A + AlAm = 0. (15)

Aximo Am — 0, axk i ciing 6yJo ouikyBaTu, pinmenHs piBaauaa (15) A =
=A,. SAAxII0 Am # 0, To HeoOXiTHO 3HANTY KOPEeHi PiBHAHHA 3-TO CTYIIEeH.

g sHaxomKeHHsa Po3B’aA3KiB piBHAHHA (13) BBegeMo HOPMYBaHHSA
Ay =1, omgHAK caix mam’saTaTu, 10 BiJl TeMIIepaTypu 3aJeKUTh Ay, a Am
3aJINIITAETHCS MIPAKTUYHO IOCTiNiHOI BesmunHo©. PiBHaAHHA (13) TOAi
HaOyBae BUTJIALY:

A —A+Am =0. (16)
Kopeni pisuanns (16) gopiBuioors [16]:

X,=A+B,X,,=~(A+B)/2+i\/3(A - B)/2, 17

Ie Ai B Bu3HAUYaOTh 3 HACTYIITHUX PiBHAHD:

A=3-am/2+q, (18)
B =i-am/2-q. (19)

ne @ = (Am/2)” —1/27, i — ysAABHA OAUHUIIA.

Axmro @ > 0, To pos3B’a3koM piBHAHHS (14) € onuH milicHui i 1Ba KOM-
IJIEKCHUX KopeHd. AKIimo @ = 0, To0To Tpu AiliCHUX KOpeHd, 3 HUX JBa
piBHi. Ao @ < 0, To icHye Tpu mificHux Kopeud piBHauHA (14). OgHak
OIMH KOpPiHb X, € HeTaTMBHUM Y BUIIQJKY BCiX IMOSUTUBHUX 3HAUEHb
Am, aKuii He Ma€e (PiBMUHOTO CEeHCY K HeraTWBHA BeJINUUYNHA JOBXKUHU
maxy augysii. Poss’a3ok piBuanHa (16) mokHaA mpencTaBUTH rpadi-
yHO. BBeseMo ABi monmomixkni GyHKIIii Y,iY,, e Y, = X% Y,=1-Am/X.
PosB’sa30k piBHaHHA (16) rpadiuno MoKHa 3HAUTHU Yy BUTJISII:

Yl = Y2. (20)
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Hamecemo rpadiku GyHKIiN Y; i Y, Ha Bich KoopAmHAT 3a Pid8HUX
3HaUeHb Am (B OIUHUIAX A,), (puc. 3).

Bopmouac 3rigro Bupasis (11) i (12) Bpaxyemo, mo Am = const, a A,
3MIiHIOETBCS 3aJIEKHO BiJl TeMIepaTypHu IIepeTBOPeHHS.

Ileperun oinit Y, i Y, BUsHauae AK po3amipu ¢pepuTHUX Ta GeHHiTHIX
vyacTuHOK (KopeHi X; i X,), Tak i ixHi0 00’€MHY YaCTKY B CTOHi — KOOP-
muHaTu Ha oci Y (Y,1Y)).

S BcTaHOBIIEHO (AUB. puc. 3), B JiicHiH 06JacTi icHye qBa po3B’A3KHU
piBaaAHHA (18). 3a Mmaaux Am (<0,1) oxmH 3 KOPeHiB Mae 3HaUEHHA OJIN-
spKe 10 1 (X; > A,), apyruit Kopius (X,) Mae 3HaueHHA 0JIU3bKe 10 Am.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

VY posrianyTiii cucTeMi MOMKJINBE YTBOPEHHSA ABOX MPOAYKTiB IIepeTBO-
peHHA ayCcTeHiTy y (PepHuT: IEePIINi — i3 pagiycoM YaCTHHOK OJM3bKUM
Io A, (hepuTo-KapbigHa cymirr), apyruii — OGeitir [12], axkuii yrBOpIO-
€ThCsA B pedyabTaTi nudys3iAHOro mporecy 3 MaJuMH IagdxaMu gudyaii,
AK1 6JIM3BKi 10 Am.

OninnT; KinbKicTh epuTo-KapbigHol cymimni i 6efiHiTY B CTPYKTYpPi
cTajii MoKHA HAaCTyOHUM unHOM. PyHKIiA C; = Y,(X) mokasye 4acTKy
depuTo-KapbigHOI CKJIAmOBOI B CTPYKTYpi cTronmy (akmio Am =0, C, =1,
arimo Am > 0, C; < 1). @yurmia C, =Y ,(X,) xapakTepusye BiIHOCHY dac-
TKY OeHMHITY B cTPYKTYpi cTaii. Toxi 06’eMHa yacTKa 3aJIUIITKOBOTO ayc-

Y
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Puc. 3. I'padpiunnii po3s’s3ok pisasauusd (20) sanexuo Big Benuunau Am: X —
BifHOCHUIT PO3Mip UaCTUHOK, 110 yTBOPOIOThHCA (X Ta X,), Y — 06’emHa yacT-
kadas (Y, ray,).

Fig. 3. Graphic solution of equation (20) depending on the value of Am: X—
the relative size of the particles formed (X; and X,), Y—the volume fraction
of phases (Y; and Y,).
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TeHiTY (A,,,) cranoBuThb A, =1 —(C; + C,). Komu Am = 0,1A,, cTpyKTypa
CTOITY CKJIaZaeThesd i3 ~99% depuro-Kapbiguoi cymiri ra ~1% OeiHiTy.
OT:xe, y pasi HeBeJIMKOTO IIePeoXO0JIOAKEeHHA CTOIy, 3a AKoro Am < 0,1,
0ro CTPYKTYPpa IepeBaskHO CKJIANAEThC 3 (pepuTo-KapoOigHOol cymirri.

3i 30iIbIIeHHAM IePeoX0JIOMKEeHHA, 3a AKoro Am = 0,2A,, CTPyKTypa
CTOITY CKJIAHaeThecd i3 ~96% depuro-Kapbiguoi cymimi, ~3,5% OeiHiTy
i ~0,5% sanumkoBoro aycrerity. JucmnepcHicTs (epuTo-KapbigHOI
CYMiIlli 3pocTae, OAHOYACHO MOeI0 30iJbIIyEeThCS TOBIIHMHA UYACTHUHOK
OeltHIiTY.

Ilomanbiiie 3MeHIITEHHA TEMIIEPATYyPU HMePEeTBOPEHHSA MPU3BOAUTDL IO
30iJIbIIIeHHS KiIBKOCTI OefiHiTy, BOJHOUYAC 3POCTAE HOTr0 AUCIEPCHICTD i
3MEHITYEThCA KiIbKicTh hepuTo-KapbimHoi cyMillri B CTpYKTypi cTauIi.

Aximo Am = 0,384A,, To CTPYKTypa CTOIY XapaKTepuU3yeThCs HasIBHIC-
TIO TPHOX CTPYKTYPHUX CKJIQJOBUX PIBHOTO CTYIIeHA AMCIEPCHOCTI: (e-
puTo-KapbigHoi cymitri, 6eHHITY i 3aIHUIITKOBOTO aycTeHiTy. [0 IIHOTO K
yacTuHAa ByTJIEII0 AuyHaye 3 (GepuTry A0 3aJUINKOBOTO ayCTEHIiTy, IO
BUKJIMKAE ¥oro crabimisarito 3a 3amamoi Temmneparypu. OueBHUIHO, IO
cTabiisallisg aycTeHiTy BifOyBaeThCA JUIIE B JEeI'OBAHNX CTANIX, AKi Mi-
CTATH JOCTATHIO KilbKicTh XxeMiunux ememenTiB (Mn, Mo, V, Cr, Ni), 1o
CIPUAIOTH IIiABUINEHHIO HOTro CTiKOCTi Ta crabinisaiii. ¥V ByrieneBux
HUBbKOJIETOBAHNX CTAJIAX 3aJ€KHO Bifl IMIBUIKOCTI OXOJIOMKEHHS ayCcTe-
HiT, 3a3BUUail, po3nasaeTbCca 3a AUPY3iNHUM Ta YACTKOBO TPOMIiKHUM
mexamismam [17—20]. Ogmak y boMYy BUIIQIKY CJIiT BPaXOBYBaTH CTY-
OiHb PO3BUTKY JIIKBaIlilHIX IIPOILECIiB y CTaJIi, IO MOXKe BUKJIUKATH PO-
3MaJ] ayCTeHITy OJHOUACHO 3a MMPY3iiHUM, TPOMisKHUM Ta 3CYBHUM Me-
xamismamu [21].

3a TemIepaTypu IepeTBOpPeHHA, I aKoi Am = 0,384A,, cTpyKTypa
CTOITy CKJIAJAETHCS MEePeBaAKHO 3 BEePXHBLOTO OeiiHiTY i MaKcuMaJbHOI
K1JIBKOCTI 3aJIMIITKOBOTO ayCTEHITY.

Iloganbie 3MeHIIEHHA TeMIepaTypu y pasdi y — o-IepeTBOPEeHHA
IIPU3BOAUTDE 10 mepexony B Toulli Am = 0,384A, B 06J1acTh IIepPeTBOPEHD,
3a AKX aToMu KapOoHYy MOKYTh mepeMimiaTuca Ha BimcraHi <A,, 1110
XapaKTepHo AJA HU:KHbOTO OetiniTy [10, 11].

PosB’sa30k piBHAHHA (16) MOKe maTH meBHY XapaKTEPHCTHUKY i 1miel
obJacTti. BBegemo miticHuii mapamMerp:

C=C, +C, =Y,(X)) + Y,(X,). (21)

Ileit mapameTp XapaKkTepuaye 00’€MHY YacTKy epuTo-KapOigHoi cy-
minti (Ce.x)) Ta BepxHBOrO 0eiiHiTy (Cg,) y CTPYKTYPi cTami.

YaBua uactura GyHKITI Y,(X,) Oyae xapakTepusyBaTu 00’€MHY dac-
TKY HUKHBOTO OeiiHiTy Cg, = Im(Y4(X,)) y cTpyKTypi cramui, pemrra —
A,,,. Hiticao, y Tourni Am = 0,384 06’emMHa yacTKa BepPXHBOTO OeHHITY
craagae C; + C, = 0,768 (76,8% ). BogHouac pospaxyHKOBa KiIbKicTb
ayCTeHiTy B CTPYKTYpPi craui gopisHioe 23,2% . AKIo BMicT JeryBajib-
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HUX eJIEMEHTiB B CTaJIi BUABJISIEThCA JOCTATHIM IJis cTabimizalii aycre-
HiTY 3a JaHOl TeMIIepaTypH, TO IA KiJbKICTh € 3aJIMIIIKOBUM ayCTeHi-
ToM. BimmoBizHa 1iit ToUIli Ha i3oTepMiUHMX miarpamMax posmnany aycre-
HiTYy TeMIlepaTypa BimoBimae TeMmmepaTypi HaibiabIIol cTifikocTi ayc-
TEHIiTYy y BepXHii GefimiTHi# obaacTi.

Axmmo Am > 0,384A,, TO B CTPYKTYPi cTai BimOyBaeThCca YTBOPEHHA
K BEepXHbBOTO, TaK i HMKHBOTO OeHHITY, a KiJIbKiCcTh 3aJIUIITKOBOTO aycC-
TEHITY AeIl0 SMeHIITYEThCA.

Hexait Am = 0,6A,, Tomi X,,, = 0,61 + 0,344, toxi Cg, = 0,51, a Cg, =
=0,42. 3a TemmepaTypu IIepeTBOPEHHs, dKa BimmoBimae Am = 0,6A,,
00’eMHa YaCcTKa BEPXHBOr0 OEHHITY B CTPYKTYpPi cTomy cTanoBUTh 51% ,
TOOTO 3MEHINTYEThCA 31 30iMbIIIEHHAM CTYIIeHS IIepeoxoom:KeHHsa. Ki-
JBKiCTh HMMKHBOrO OeliHiTy 30iabiyeTbes 10 42% , a pospaxyHKOBa Ki-
JBbKIiCTE 3aJIMIIIKOBOTO aycTeHiTy cTanoBUTh 7,0% .

Buxropucrasmu Bupasu (16) i (21), sraxogumo, 1mo Koau Am = 1,4 A,
Cg:20,C5,20,5,C, . =0,5. 3i 3HUIKEHHAM TeMIepaTypyu IepeTBOPeH-
HS 10 3HaueHb Am = 1,4A, y CTPYKTYpi cTony 3aBepIyeThcsa (hopMyBaH-
HS HUKHBOTO OEHHITY, TMM caMHM BH3HAUalOUM TeMIIEpATypy 3aKiH-
yeHHA OettHiTHOrO mMeperBopeHHA [13]. KinbKicTh HUMKHBOrO OeliHiTY i
3aJIMIIIKOBOI'0 ayCTEeHITY CKJamaoTh npubdausuo 10 50% xosxuoro. k-
IIT0 TOYKA ITOUYaTKY MapTEeHCUTHOTO mepeTBopeHHA M, 36iraeTnhes 3 miero
TEeMIIepPaTypolo, TO HIKUe Hel KiTbKicTh HMMKHBOTO OeliHITY OyIe 3MeH-
IIyBATUCHA, a KiJIbKicTh MAapTEeHCUTY — 3pocTaTi. KilbKicTh 3aIHIIKO-
BOT'O ayCTEHITY 3a TAKOI yMOBU 3MeHIITyeThbCA. IlepeTBOpeHHA ayCTEHITY
Y pasi HacTyITHOT'O OXOJIOI:KeHHA Bi0yBaeThCcA 3a 3CYBHUM MeXaHi3ZMoOM
i omucyeTheda iHmuMu cuiBBigHOIIIEHEHAMY [ 22].

SajekHicTh 00’eMHUX YacTOK (pa3 y CTPYKTYPI JieroBaHOI cTaji Bix
TeMIepaTypH IIePeTBOPEHHS 3a Pe3yIbTaTaMU PO3PAXYHKY CXeMAaTHUIHO
HaBeJeHOo Ha puc. 4.

SAx BumnBae 3 rpapivHMX HAaHWX Y JIETOBAHIl cTAJi € IBA MaKCHUMY-
MU CTiliKocTi aycTeHiTy. OOMH 3HAXOAUTHCA V TEMIEPATyPHOMY iHTep-
BaJIi icCHyBaHHSA BEPXHBOTO OeHHITY, APYyruii — HUMKHLOTO OelHiTy. ¥V
OPOMIKKY MiK HMMHU KiJBbKiCTh 3aJUIITKOBOTO ayCTEHITY € MiHiMaJb-
HOIO, 110 00YMOBJIEHO HMIBUAKNM 3POCTAaHHAM KiJbKOCTi HMKHLOTO Oeli-
HiTY Ha IIOYaTKOBi# cTamii 1oro yTBOPEHH.

SauIIKoBuil ayCTeHIT B iHTEepBaJIi TeMIepaTyp icHyBaHHSA BEPXHBO-
ro OeffHiTy MOJKe IIiJl Yac TPMBAJIOTO i30TepMiUHOTO BUTPUMYBAHHSI PO3-
mazaTtucs 3a AUQy3iiHUM MeXaHi3MOM, TOMY HOTO0 KiJIbKicTh Oyae 3Mme-
HHTyBaTucA. BogHouac 3aJuIITKOBUM ayCTEHIT B iHTepBaJi TemMmuepaTryp
icHyBaHHA HUKHBOTO OEHHITY BUABJIAETLCA OiNBIN CTIHKMM A0 i3oTep-
MiYHOTO BUTPUMYBAHHSA, ajle PO3IaacThCA 3a HACTYIITHOTO Oe3lepeps-
HOT'0 OXOJIO/I’KEeHHA i3 yTBOPEHHAM MapTEHCUTY .

Crinx sasHaunTH, 1110 Hapasi cmocTepiraeThea BeINKUHA iHTEepec JOCIi-
THUKIB 10 CTBOPEHHA (PisMKO-MaTeMaTUUYHUX MOJEJNeH, AKi 103BOIAIOTE
nmependavynTH 0COOJIMBOCTI Iepediry mporeciB cTPpyKTypoyTBOopenus. Lle
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J03BOJISIE HAYKOBO-OOI'PYHTOBAHO IIiAXOAWUTH OO BU3HAUEHHS pallioHAa-
JBbHUX IapaMeTPiB PeKUMY TEPMiUHOTO 00PO0JeHHS 3 METOI e(DEKTHUB-
HOT'O BILTMBY Ha CTPYKTYPY Ta BJACTUBOCTi TOTOBUX METAJIOBUPOOiIB 3i
cTaJjei Ta CTOIiB pisHOMaHiTHOrO TpusHaveHHsa [23—-28].

Ilomaneimii PO3BUTOK 3aIIPOIOHOBAHOI MOAeai Oyne IOMATATH B
ypaxyBaHHi BIJIMBY JIETYBAJLHUX €JE€MEHTIiB Ha 0CO0JIMBOCTI mepebiry
$a30BUX Ta CTPYKTYPHHUX IIePeTBOPEHb, a TAKOK crabiaisarito mepeo-
XOJIOKEeHOT0 ayCcTeHiTy. BpaxyBaHHsS 3a3HaUeHUX ITapaMeTpPiB MT03BO-
JUTH IIOBHOIO MipOIO CTBOPUTH IIPOTHO30BAHY MOJEJb, KA 3 BUCOKUM
CTyIIeHeM TOYHOCTi 3MOXKe OIMCYBaTU IIporecu (hpas3oBUX Ta CTPYKTYP-
HUX IIePETBOPEHD y JIETOBAHUX CTAJAX.

Pospobiena aBTopaMu (PisMKO-MaTeMaTHYHA MOJENL AUQPY3iiiHOTO
Y — O-IIepeTBOPEeHHJ Y JIeI'0BaHil cTaJIi 3a i30TepMiUYHUX YMOB IIOPYIITYE
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Puc. 4. CxemaTuuHa CTPpYKTYpPHA AiarpaMa i3oTepMiuHOro posnaay aycTeHiTy B
IOEBTEKTOINHil JieroBaHiM crTasi BiAmOBiZHO K0 pospobsieHOi mMomesmi: A; —
KPUTUYHA TOUKA CTaMi, Tgy .« — MaKCUMaJIbHA TEMIIEPATYPA YTBOPEHHSA BePX-
HBOTO OetiHiTy, T, — TEMIEpaTypa, AKa BifmoBizae MiHiManbHiN KiTbKOCTI
3aJIMIIKOBOro aycTeHiTy, Ty — TeMIlepaTypa IO4YaTKy MapTeHCUTHOI'O IIepeT-
BOpeHHs, T, — TeMIepaTypa 3aKiHUeHHA YTBOPEHHS HUMKHBOIO OeHHITY,
C (o) — 00’emHa yacTKa (epury i kapbinis, C, — 06’eMHa YacTKa aycTeHiTy,
Cs, — 006’eMHa JacTKa BepXHBOTO OeiHiTy, Cy, — 00’€MHa YacTKa HUYKHBOTO
beitHiTy, C)\y — 00’€MHA YaCTKa MapTEHCUTY.

Fig. 4. Schematic structural diagram of isothermal decay of austenite in hypoeu-
tectoid alloy steel according to the developed model: A,—critical point of steel,
Thamax—maximum temperature of formation of upper bainite, T,,;,—
temperature corresponding to the minimum amount of residual austenite, Ty, —
temperature of onset of martensitic transformation the end temperature of the
formation of lower bainite, Cg.—the volume fraction of ferrite and carbides,
C,—the volume fraction of austenite, Cz,—volume fraction of upper bainite,
Cyx,—Vvolume fraction of lower bainite, C,,—volume fraction of martensite.
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(pyHZaMEeHTaJJbHI IIOJIO}KEHHS PO3Iany IepPeoXO0JOAKeHOr0 ayCTeHITy.
Bona migHimMae HOBI mHUTaHHSA, IKi 00YMOBJIIOIOTH BEKTOP IIOHAJIBIIINX
IOCJiIKeHb Y I[bOMY HAIIPAMY Ta CIIOHYKAE 40 OOTOBOPEHHS OJePIKaHmIX
pPe3yJIbTaTiB 3 HAYKOBOIO CIiJIBLHOTOIO.

4. BUCHOBKH

1. Iudysiitaa moxessb Y — o.-IIeEPEeTBOPEHHSA B JIETOBaHIN [OEBTEKTOIAHIT
cTaJIi 3a i30TepMiUYHUX YMOB, AKA OMUCYETHCA PiBHAHHAM 3-TO CTYIIEHSA
IIO0 PO3MipPy YaCTHHOK O-(hpasu, oTpruMaJia IIOAAJILINTIHA PO3BUTOK. Mo-
JIeJib BPAaXOBY€ YTBOPEHHs (pepuTO-KapOigHOI cyMilli, BepXHBOTrO i HU-
JKHBOTO OeHHIiTy, a TakKo crTabijgisaIlizo 3aJHMIITKOBOTO ayCTEHITY B
CTPYKTYPIi cTaJIi.

2. Po3paxyHKOBHM cIIOCOO0M Oflep:KaHO CTPYKTYPHY Aiarpamy isorep-
MiUYHOTO po3majy aycTeHITy B JOeBTEKTOIAHi#M JeroBaniit cramui. Iloka-
3aHO, IO JJIA HOEBTEKTOIAHOI JIETOBAHOI CTaJIi € XapaKTepPHUM HasIB-
HiCTH IBOX MaKCHMYMiB CTIHKOCTi ayCTEHITY, OOUH 3 IKNX 3HAXOIUTHCS
y TeMIlepaTypHOMY iHTepBaJi icHyBaHHsa BepXHLOTr0O OelHiTY, a Apyruii
— HIKHBOTO OeiiHiTYy. MisK 3a3HaueHMMU IBOMA MaKCUMyMaMU KiJb-
KiCcThb 3aJIMIITKOBOTO ayCTEHITY BUABJIAECTLCA MiHiMaJIbHOIO, I1TI0 O0YMOB-
JIEHO MIBUAKUM YTBOPEHHAM KiJBKOCTI HUIKHBOTO OeHHITY Ha MOYaTKO-
Bili cTamii ioro yTBOpEeHH.

3. 3ampomoHoBaHa (pisMKO-MaTeMaTHUYHA MOZEJb PO3Iany ayCTeHiTy
moTpebdye MPAaKTUYHNX YTOUHEHb B YaCTHHI BpaxyBaHHSA 0CO0JIMBOCTEIH
BILIMBY JIET'YBAJIbHUX XE€MiUHUX eJIeMEeHTiB Ha IIporecu (asoBUX IIepPeT-
BOpEHb Ta cTabinisarliro aycTeHiTy, YoMy OyAyTh IPUCBAYEHI HACTYIHI
IOCJTiIsKeHHSA aBTOPiB.
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Features of Diffusion Processes Occurring at Saturation
with Atomic Elements and Formation of Surface Layer
with Composite Structure

K. O. Kostyk

National Technical University ‘Kharkiv Polytechnic Institute’,
2 Kyrpychova Str.,
UA-61002 Kharkiv, Ukraine

One of the most effective ways to reduce the brittleness of boride layers is the
formation of layers with a composite structure. To create a composite struc-
ture of the diffusion layer, it is proposed to form, in addition to borides, sev-
eral additional phases that are located in the layer arbitrarily or in an orderly
manner. For this purpose, the samples made of 38Cr2MoAl steel are
strengthened by a complex chemical-thermal treatment, namely, boriding is
carried out after cementation or nitrocementation. The analysis of micro-
structures shows that after various modes of surface hardening of steel, it
can be argued that complex chemical-thermal treatment leads to the for-
mation of a composite structure of steel with the grinding of borides in the
layer, the dispersion of which increases with an increase in the temperature
of diffusion saturation. The paper shows that the main mechanisms of boron
diffusion are such mechanisms as reaction (the movement of atoms is carried
out by moving the chemical reaction front); diffusion along dislocations,
block boundaries, subgrains and grains, etc. reaction diffusion occurs by dif-
fusing boron everywhere the boride layer to the main reaction front, which is
located at the boundary of two phases: iron—boride Fe,B and boride Fe,B—
boride FeB. First, the embryos are formed, and then—the needles of boride
Fe,B. These needles grow until they close and form a continuous layer of Fe,B
borides. Individual needles are then formed on the surface of this boride lay-
er, which also form a second continuous layer of FeB boride. The needle-like
structure of the boride layer indicates rapid growth of boride zones in the di-
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rection perpendicular to the surface of the samples, while along the surface
the development of these phases was insignificant. This formation is due to
the peculiarities of the structure of these phases, due to which boron atoms
move rapidly only in a certain direction. As found, the boride layer displaces
the carbon that is in the layer hardened by cementation (nitrocementation)
deep into the steel. Due to the preliminary hardening treatment by cementa-
tion (nitrocementation), boride needles with rounded edges are formed and
then crushed to the depth of the diffusion layer, which is due to the presence
of a large number of carbides (nitrides, carbonitrides) in the surface layer,
which do not allow boride needles to grow in the direction perpendicular to
the surface of the samples due to their high density. Grinding and rounding
of boride needles has a positive effect on the further operation of the product,
thereby making it possible to eliminate stress concentrators and local zones
that can cause cracks in the presence of sharp needles and reduces surface
brittleness due to the formation of a crushed composite structure.

Key words: composite structure, diffusion layers, complex treatment, borid-
ing, cementation, nitrocementation.

OpuuM 3 eeKTUBHUX CHOCO0OiB 3HMIKEHHS KPUXKOCTi 00pUAHUX IIapiB € gop-
MyBaHHA MIapiB 3 KOMIIOBUIIIMHOIO CTPYKTYypowo. g yTBOpeHHA KOMIIO3U-
IiHAHOI CTPYKTYpHU AUQPY3iAHOTO IITapy MPOIOHYEThCA chOpMyBaTH KpiM 6opu-
IiB, IeKiJTbKa JogaTKOBUX (a3, AKi posTaloBaHi y mapi 1oBiJabHO ab0 BIIOpS-
IroBaHo. [lns mporo spasku 3i crani 38X2MIOA sminmHOBaIN KOMILJIEKCHOIO
XeMiKo-TepMiuHOI0 06pPOOKOI0, a came, 3ilicHIOBAI OOPYBaHHSA IIiCJIS IIeMEH-
rarii abo HiTporemenTarii. AHaIi3 MiKPOCTPYKTYD ITOKAa3aB, II0 ITicaa pisHuX
PeKUMIB IIOBEPXHEBOT'O 3MiIlTHEHHS CTaJi, MOKHA CTBEPIKYBaTU, IO KOM-
IJIEKCHA XeMiKo-TepMiuHa 00pobKa IMIPUBOAUTE 40 (pOPMYBaHHSI KOMIIO3MI[ili-
HOI CTPYKTYpH cTaji 3 mMoApiOHeHHAM OOpPHUIiB y IMPOIIapKy, AUCIEPCHICTH
AKHUX 301JIBIITYETHCS 3 MiABUIIIEHHAM TeMOepaTypu Audys3ifHOTO HACUUYeHHS.
BcranoBneno, 1o map 60opuaiB BUTiCHAE Braub craji ByrJelb, AKUA 3HAXO0-
IWBCA y HIPOIIapKy, 3MIiITHEHOMY MeTOOM IieMeHTaIlii (HiTpoiemenrarii). 3a
PaxyHOK IOIlepelHbol 3MiIIHIOBAJIbHOI 00POOKY METOmOM ITeMeHTaIlii (HiTpo-
memMenrTarnii) BigdyBaeTbcAa GopMyBaHHA GOPUIHUX TOJOK i3 3a0KPYTJICHUMU
KpasgMHu Ta IOJAJBIINM 1X MmoApiOHeHHAM Bramb audysiiiHOro miapy, IO
OB’ A3aHO 3 HAABHICTIO BeJIMKOI KinbKocTi Kapbigis (miTpuais, KapOoHiTpu-
IiB) y HIOBepXHEBOMY IIIapi, AKi He Jal0Th MOKJIMUBOCTI 3pOCTAaTH rOJIKaM 00pu-
IiB y HaIPAMKY, IEPIEHINKYJIAPHOMY A0 IIOBEPXHi 3pas3KiB 3a PaXyHOK iX-
HBOI BeJInKOi miijbHOCTi. IloapiObHEeHH A Ta 3a0KPYTJIEHHA OOPUIHUX T'OJIOK Ma€e
TMO3UTUBHUM BIJIMB HA IOJAJBINTY eKCILIyaTallilo BUPOOYy caMe THUM, IO JAa€
MOJKJIMBICTh YCYHYTH KOHIIEHTPATOPHU HAIIPYKEHb Ta JOKAaJbHi 30HU, SKi MO-
KYTh OyTU MMPUYMHOIO ITOSIBU TPIIUHU 3a HAABHOCTI IOCTPUX T'OJIOK, Ta 3HU-
KY€ MMOBePXHEBY KPUXKiCTh 3aBAAKY (pOPMYBAHHIO HOIPiOHEHOI KOMITO3UITili-
HOI CTPYKTYpH.

KarouoBi caoBa: KOMIIO3UITifiHA CTPYKTypa, Au@ysiiiHi 1mapu, KOMILIEKCHAa
o0pobka, bopyBaHHSA, IleMeHTaIlid, HiTpolleMeHTaIlidA.
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1.INTRODUCTION

Chemical-thermal treatment combines thermal and chemical simulta-
neous effects on the surface layer of the part in order to obtain the nec-
essary composition, structure and properties [1-3]. During pro-
cessing, the metal surface is saturated with the corresponding element
(carbon, nitrogen, boron, aluminium, chromium, silicon, titanium,
etc.) by its diffusion deep into the product at high temperature in the
atomic state of the external environment.

The widespread use of chemical-thermal treatment in wvarious
branches of technology is explained by the fact that most machine
parts and various mechanisms operate under conditions of wear, cavi-
tation, cyclic loads, corrosion at cryogenic or high temperatures, at
which maximum stresses occur in the surface layers of the metal [4].

The essence of the chemical-thermal treatment process is to saturate
the surface layers of the product with one or several elements at once in
combination with a certain heat treatment, which, depending on the
type of who, can be performed before and after surface saturation.
Therefore, during chemical and thermal treatment, the structure and
properties of the surface of the part are determined by both changes in
the chemical composition of the surface and heat treatment [5, 6].

Diffusion that causes phase recrystallization (with the formation of
new phases) is often called reactive or reactive diffusion. This type of
diffusion occurs when steel is saturated with carbon, nitrogen[3, 4, 7],
chromium, silicon, etc.

Diffusion in metals is based on an atomic process in which each free
atom performs more or less random displacements, that is, a series of
jumps between different equilibrium positions in the lattice. The con-
cept of ‘diffusion’ is applied not to the motion of individual atoms, but
to the macroscopic flow of substances. Macroscopic movements of mat-
ter are the result of a huge number of small movements of individual
atoms. The driving force of diffusion is the gradient of the chemical
potential, which can be caused by various reasons. With respect to
chemical and heat treatment, the gradient of the chemical potential is
determined by the concentration gradient [8].

The development of the process of diffusion of atoms of the saturat-
ing medium leads to the formation of a diffusion layer, which is under-
stood as the surface layer of the part material, which differs from the
initial matrix material in chemical composition, structure and proper-
ties. The material of the part matrix under a diffusion reinforced layer
that is not disturbed by the chemical action of the saturating medium
is called the core[9].

One of the most effective ways to reduce the brittleness of boride
layers is to form layers with a composite structure. To form the compo-
sitional structure of the diffusion layer, it is proposed to form, in addi-
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tion to the borides, several additional phases, which are located in the
layer arbitrarily or in an ordered way. These additional phases should
have a lower hardness compared to borides. Layers consisting only of
iron borides, despite their high hardness, have increased wear under
the operating conditions of products in the presence of shock loads.
The reason for this is the discoloration of individual sections of the
layer due to its high brittleness [10—12]. Layers with a composite
structure do not have this disadvantage. The presence of less solid ad-
ditional phases in the layer reduces the overall fragility of such a layer,
and in the absence of borides in the layer makes it wear-resistant, that
is, the layer is built on the ‘Sharpie’ principle [183—-15], during wear of
which the surface acquires a microrelief due to structural heterogenei-
ty. In addition, composite borage layers have a low stress state due to
stress relaxation at the interface boundaries of the boride-solid solu-
tion phases[16].

Thus, the composite structure of the diffusion layer should reduce
its brittleness and ensure high wear resistance of the product. To ob-
tain a composite structure, various methods are used, including the
most promising ones, based on the use of laser and electron beam heat-
ing. The main task of using concentrated energy sources is to design a
layer with separated borides. At the same time, it is advisable to re-
place the compact needle-like or globular structure of borides with a
dispersed one with their arbitrary orientation. The use of these heating
methods makes it possible to process in the thermal cycling mode,
which also leads to the formation of a composite structure of layers
during both the diffusion-crystallization and diffusion mechanisms of
their formation.

2. EXPERIMENTAL/THEORETICAL DETAILS

2.1. Obtaining a Composite Structure by Complex Chemical
and Thermal Treatment (Boriding after Carburization)

To create the compositionality of the structure, samples made of
38Cr2MoAl steel are reinforced by complex chemical-thermal treat-
ment, namely, boriding is carried out after carburization [17, 18] ac-
cording to the modes presented in Table 1 composition of the carburiz-
ing medium: charcoal with activators (barium carbonate and soda ash
in the amount of 10—-40% by weight of coal). Composition of the borid-
ing mixture: 65—85% mass of amorphous boron, 5-10% mass of po-
tassium tetrafluoroborate, 5—20% mass of boron nitride, 5—15% mass
of dolomite. After boriding, quenching from the temperature of chem-
ical-thermal treatment is performed, followed by a low tempering to
partially relieve internal stresses.

The diffusion layers of alloy steel after complex saturation with car-
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TABLE 1. The modes of complex chemical-thermal treatment of alloy steel
38Cr2MoAl.

Mode number Cementation Boriding
1 At 800°C duration 2 hours At 800°C duration 2 hours
2 At 850°C duration 2 hours At 850°C duration 2 hours
3 At 900°C duration 2 hours At 900°C duration 2 hours
4 At 950°C duration 2 hours At 950°C duration 2 hours

bon and boron consist of a boride zone, carboboride and carbide, which
smoothly pass into the core structure.

It is established that the boron layer consists of two zones: the boride
zone—chemical compounds of boron and iron and the transition zone—
a solid solution of boron in iron. The boride zone has a characteristic
needle-like structure. Boride needles, growing together at the base,
form a continuous boron layer.

Alloying elements in steels do not form their own borides, but alloy-
ing iron borides. Depending on the nature of the interaction of alloying
elements with iron boride, they are redistributed during the formation
of the boron layer. The boron layer is only part of the total reinforced
layer. When boring steels, a transition zone is located under the boride
zone, which differs from the core in structure.

Electron microscopy of 38Cr2MoAl steel after complex chemical and
thermal treatment according to mode No. 1, which consisted of carbu-
rization followed by boriding at a temperature of 800°C for 2 hours
(Table 1) is shown in Fig. 1.

The elemental composition of the diffusion layer of steel is deter-
mined by energy-dispersive recording of the intensity of the lines of
characteristic X-ray radiation of the sample, which occurs as a result

Fig.1. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 1.
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of irradiation of the micro-volume of the sample with an electronic
probe (Fig. 2). Spectrograms are obtained for all the studied points in-
dicated in Fig. 2.

In Figures 3—5 shows the structures of composite layers of steel
38Cr2MoAl after complex chemical-thermal treatment according to
modes Nos. 2—4, which consisted in carburization with subsequent
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Fig. 2. Intensity of the lines of characteristic X-ray radiation of the
38Cr2MoAl steel sample: at Point 1 (a), at Point 2 (b), at Point 3 (¢).
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boriding at a temperature of 850°C for 2 hours, carburization with
subsequent boriding at a temperature of 900°C for 2 hours and which
consisted in carburization with subsequent boriding at a temperature
of 950°C for 2 hours (Table 1) respectively.

Received data (Figs. 1, 2) confirmed the presence of a carbide layer
between the surface layer of borides and the core of the steel sample,
namely the carbon content at Point 2 (Fig. 2, b) has the highest rate
(1.22% ) with a gradual decrease in carbon (Point 3—1.07% ) compared
to the boride layer—Point 1 (0.07% ) and the steel core, according to

Fig. 3. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 2, which consisted of carburization
followed by boriding at temperature of 850°C for 2 hours (Table 1).
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Fig. 4. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 3, which consisted of carburization
followed by boriding at temperature of 900°C for 2 hours (Table 1).

the marking of which, the carbon content is up to 0.42% . Similar data
are obtained for processing modes Nos. 2—4 (Table 1).

It is established that the boride layer displaces carbon, which is in
the layer reinforced by carburization, deep into the steel. Due to the
preliminary strengthening treatment by carburization, boride needles
with rounded edges are formed and then crushed deep into the diffu-
sion layer, which is associated with the presence of a large amount of
carbides in the surface layer, which do not allow boride needles to grow
in the direction perpendicular to the surface of samples due to their
high density. Grinding and rounding of boride needles has a positive
effect on the further operation of the product, which makes it possible
to eliminate stress concentrators and local zones that can cause cracks

Fig. 5. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 4, which consisted of carburization
followed by boriding at temperature of 950°C for 2 hours (Table 1).
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in the presence of sharp needles.

The service properties of boride layers are determined by the set of
properties of borides and sublayers. The sublayer plays the greatest
role in the heat treatment of borated parts, which creates a solid sub-
strate for the boride layer and prevents its penetration, as well as dur-
ing the formation of the stress state of the part. In this case, it is nec-
essary to adjust the heating temperature for quenching, taking into
account the changed chemical composition of the sublayer, in order to
obtain an optimal set of properties of the part. A certain importance
for the wear processes is the sublayer, which is strengthened by prelim-
inary chemical and thermal treatment. Due to its higher hardness and
the presence of carbides, it provides further increased wear resistance
of the part compared to the wear resistance of the core after wear of the
boride layer.

A characteristic property of boride layers is their high hardness.
Iron boride FeB has a microhardness of 22 GPa, and iron boride Fe,B
has a microhardness of 18 GPa. An increase the carbon content in the
steel leads to a decrease in the hardness of FeB boride and practically
does not effect on the hardness of Fe,B boride. As the boriding temper-
ature of carbon steels increases, the hardness of FeB decreases slight-
ly, and Fe,B increases slightly. The saturation time practically does
not effect on the hardness of the boride phases. The high microhard-
ness of the boron layer is not inferior to the microhardness of hardened
medium-carbon steel. These allow the use of boriding to increase the
wear resistance of products. Thus, after analysing the change in mi-
crostructures after various modes of surface hardening of steel, it can
be argued that complex chemical and thermal treatment leads to the
formation of a composite structure of steel with the grinding of bo-
rides in the interlayer, the dispersion of which increases with increas-
ing diffusion saturation temperature.

2.2, Obtaining a Composite Structure by Complex Chemical
and Thermal Treatment (Boriding after Nitrocementation)

To create a compositional structure, samples made of 38Cr2MoAl steel
are reinforced by complex chemical-thermal treatment [22], namely,
boriding is carried out after nitrocementation. Nitrocementation of
the samples is carried out at a temperature of 550°C for 5 hours, and
then control is performed according to the modes presented in Table 2
composition of the nitrocementation medium: urea (NH,),CO (95%)
and NaF activator (5% ). Composition of the boriding mixture: 65—
85% mass of amorphous boron, 5-10% mass of potassium tetra-
fluoroborate, 5—20% of mass boron nitride, 5—15% of mass dolomite.
After boriding, quenching from the temperature of the chemical-
thermal treatment is performed, followed by a low tempering to par-
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TABLE 2. The modes of complex chemical-thermal treatment of alloy steel
38Cr2MoAl.

Mode number Nitrocementation Boriding
1 At 800°C duration 2 hours
2 o . At 850°C duration 2 hours
3 At 550°C duration 5 hours At 900°C duration 2 hours
4 At 950°C duration 2 hours

tially relieve internal stresses.

When the boriding temperature increases from 800 to 1000°C in al-
loy steel, the boride layer and transition zone increase significantly.
The boride layer has a crushed structure with dispersion particles, the
amount of which decreases from the surface of the sample to its core.

Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to modes No. 1-4 (Table 2) is shown in
Figs. 6—9. Energy-dispersive registration of the intensity of lines of
characteristic X-ray radiation of a sample made of alloy steel after
complex chemical and thermal treatment according to mode No. 1 (Ta-
ble 2) showed the presence of carbon at Point 1 (Fig. 6) 0.81% and
0.95% —at Point 2.

The boriding temperature of 950°C provided the presence of carbon
at Point 1 (Fig. 9) 1.02% and 1.42% —at Point 2.

Studies are shown that pre-nitrocementation made it possible to ob-
tain a layer of borides with subsequent struggle with curved and
crushed boride needles, which eliminates stress concentrators. This
fact has positive effect on the operational properties of the reinforced

20,00V %500 100um

WD=10/7mm

Fig. 6. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 4, which consisted of nitrocementa-
tion at temperature of 550°C for 5 hours, followed by boriding at temperature
of 800°C for 2 hours (Table 2).
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Fig.7. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 4, which consisted of nitrocementa-
tion at temperature of 550°C for 5 hours, followed by boriding at temperature
of 850°C for 2 hours (Table 2).

i ot
S
WD=12.3mm

Fig. 8. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 4, which consisted of nitrocementa-
tion at temperature of 550°C for 5 hours, followed by boriding at temperature
of 900°C for 2 hours (Table 2).

layer, reducing its brittleness due to the formation of a crushed com-
posite structure.

3. RESULTS AND DISCUSSION

The most likely mechanism of diffusion in solid substitution solutions
and pure metals is, as is known [20], the vacancy mechanism. The pro-
cess of diffusion in the vacancy mechanism is carried out by moving an
atom to a neighbouring vacancy and forming a new vacancy in the old
place. Thus, there is a continuous diffusion of vacancies. A convincing
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Fig.9. Electron microscopy of 38Cr2MoAl steel after complex chemical-
thermal treatment according to mode No. 4, which consisted of nitrocementa-
tion at temperature of 550°C for 5 hours, followed by boriding at temperature
of 950°C for 2 hours (Table 2).

confirmation of the vacancy mechanism of diffusion in solid substitu-
tion solutions is the Kirkendall effect [20]. This is also evidenced by
theoretical calculations of the activation energy required to move at-
oms using one of the listed mechanisms.

Elements with a smaller atomic radius have the highest diffusion
coefficient in iron. Among carbon, nitrogen, and boron, nitrogen has
the smallest atomic radius, which is 0.75 A, while carbon and boron
have the smallest atomic radius of 0.77 A and 0.97 A, respectively. The
atomic radius of iron is 1.26 A.

In the case of boron diffusion in iron, the vacancy mechanism raises
significant doubts, since in the case of diffusion by the vacancy mech-
anism, we can talk about solutions. But according to the Hume-Roseri
rules [21], for the formation of substitution solutions, solubility is
possible if the crystal lattice of the solvent and the soluble element are
the same. Iron, as a rule, has two types of crystal lattices—b.c.c under
standard conditions and h.c.c.—at temperatures above AC1, and boron
either does not have a crystal lattice at all (amorphous modification) or
has a more complex rhombohedral crystal lattice (crystal modifica-
tion). The formation of a solid solution is possible if the atomic radii of
the solvent and solute differ by no more than 14-15%. For iron and
boron, the difference is {(1.26 — 0.97)/0.97}-100% =29%, for nitrogen
and carbon, this difference is even greater—68% and 63% , respective-
ly, which significantly exceeds 14 and 15%.

According to this phenomenon, the formation of substitution solu-
tions between iron, carbon and nitrogen is out of the question. Thus,
based on the above, we can conclude that the diffusion of nitrogen and
carbon in the proposed methods of chemical and thermal treatment oc-
curs by introducing, which does not contradict the existing theory. On
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the other hand, according to the Hume-Roseri rule, maximum solubili-
ty is achieved if the solvent and the substance to be dissolved have the
same valence. In this case, metals with a lower valence tend to dissolve
in metals with a higher valence. Boron has a valence equal to three,
iron can have a valence equal to two or three. Also, the solvent and so-
lute should have the closest possible electronegativity (the difference
should not exceed 0.2—-0.4). If the recommended difference is exceed-
ed, substances tend to form compounds instead of solutions. The elec-
tronegativity of boron on the Pauling scale is 2.04, iron is 1.83, and
thus, the difference is 0.21.

To form solid insertion solutions, an atom of a dissolved element
must have a radius smaller than the size of voids or pores in the solvent
crystal lattice. But be greater than the size of the smallest possible
pore, namely a tetrahedral pore, that is, the Hegg rule must be fulfilled
[22]: 0.25 atomic radius of the solvent < atomic radius of the dissolved
element <0.59 atomic radius of the solvent. For iron and boron, this
rule does not apply and is: 0.315 A< 0.97A >0.743 A.

For iron, nitrogen, and carbon, the Hegg rule also does not hold and is
0.315A<0.75A>0.743 Aand 0.315 A<0.77 A> 0.743 A, respectively.

Thus, for the formation of a solid nitrogen, carbon, or boron substi-
tution solution in iron, the atoms of the diffusing elements are too
small, and for the formation of a solid injection solution, they are too
large in the case of boron. Therefore, the diffusion of boron in iron by
the vacancy mechanism is almost impossible. This is also evidenced by
the limited solubility of boron in iron at the level of 0.003—-0.008% .
Thus, we can conclude that the main mechanisms of boron diffusion
will be such mechanisms as reaction (the movement of atoms is carried
out by moving the chemical reaction front); diffusion along disloca-
tions, block boundaries, subgrains and grains, etc. Reaction diffusion
occurs by diffusing boron throughout the boride layer to the main re-
action Front, which is located at the boundary of two phases: iron—
boride Fe,B and boride Fe,B—boride FeB.

In the developed complex chemical and thermal treatments, pre-
treatments before boriding do not affect the main regularities of bo-
ride layer formation in comparison with the process of atomic boron
saturation. Microstructures of the boride layer have the form of nee-
dles that are oriented perpendicular to the surface of the samples.
First, the embryos are formed, and then the needles of boride Fe,B.
These needles grow until they close and form a continuous layer of
Fe,B borides. Individual needles are then formed on the surface of this
boride layer, which also form a second continuous layer of FeB boride.
The needle-like structure of the boride layer indicates rapid growth of
boride zones in the direction perpendicular to the surface of the sam-
ples, while along the surface the development of these phases is insig-
nificant. This formation is due to the peculiarities of the structure of
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these phases, due to which boron atoms move rapidly only in a certain
direction. The size of the C faces for the rhombic crystallographic lat-
tice of boride FeB and tetragonal boride Fe,B have the smallest values
compared to the sizes of other faces and are 2.952 A and 4.249 A, re-
spectively. The formation of lattices of these borides occurs in the di-
rection of the c-axis, which corresponds to the C faces, and is located
perpendicular to the surface of the samples and coincides with the loca-
tion of the needle axis, that is, with the direction of boron diffusion.
Thus, the needles of FeB and Fe,B crystals arise due to the fact that the
embryos of this phase are oriented to the sample surface and the crys-
tallographic directions of the lattices are oriented along the normal to
the diffusion front, which causes the appearance of anisotropy of the
diffusion rate and rapid growth of phases in the predominant direction
to the core. Thus, the rapid growth of borides is associated with the pe-
culiarities of their structure, which consist in the existence of such
crystallographic directions in which the diffusion of atomic boron is
significantly facilitated.

Such regularities of the formation of a boride layer in the developed
processes of saturation with atomic elements do not contradict the ex-
isting theory of the formation of boride layers.

4. CONCLUSION

Obtaining the microstructure of surface layers of 38Cr2MoAl steel un-
der complex chemical and thermal treatment, which consist of a boride
and transition zone containing carbonitrides of alloying elements
formed during preliminary nitrocementation. Experimental data
showed that the thickness of the boride layer and transition zone in-
creases with increasing boriding temperature from 800°C to 950°C af-
ter nitrocementation at a processing temperature of 550°C. The sur-
face microhardness confirms the presence of two borides, namely FeB
with a hardness of 22 GPa and Fe,B with a hardness of 18—-16 GPa.

Complex chemical and thermal treatment of 38Cr2MoAl steel,
which included sequential carburization, nitrocementation and borid-
ing under various modes, made it possible to create a compositionality
of the structure, namely, to form a boride layer with a transition zone
containing nitrides, carbonitrides and carbides. The resulting transi-
tion zone makes it possible to increase the operational properties of
machine parts and tools by reducing the micro-fragility of the diffu-
sion layer.
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HocaigsxkenHsa mpouecy GOpMyBaHHSA MCEBIOCTOITHUX MOKPUTTIB
Migb—aJJIOMiHiN, OepPsKaHUX METOIOM eJIEKTPOIYTOBOTO
HANOPOIIEeHHA Pi3SHOPITHUX APOTiB

IO. C. Bopucos, H. B. Birinanceka, I. A. [lem’anos, O. I1. I'purnrenko,
A. II. Mypartmos

ITncmumym eaexmposeapiosanns im. €. 0. Ilamona HAH Ykpainu,
eys. Kasumupa Manesuua, 11,
03150 Kuis, Ykpaina

IIpoBemeno mociim:keHHA mporecy (popMyBaHHS IICEBIOCTOIIHUX IIOKPUTTIB
CHUCTEMU Migb—aJIIOMiHilI B yMOBax eJIeKTPOAYTOBOTO HAIOPOIIIEHHA. 3a MOII0-
MOT'OI0 MaTeMaTUYHOI'O IJIAHYBAHHS €KCIEePUMEHTY OJeP:KaHO PiBHAHHSA pe-
rpecii, 110 BigoOpakamTh 3aJIe:KHICTh CepeJHBOT0 PO3Mipy YaCTUHOK IIPOAYK-
TiB POSIIOPOIIEHHS APOTiB, BMiCTY OKCH/IIB i TOPUCTOCTI MOKPUTTIB BiJ IIBU/I-
KOCTi mojadvi IpoTiB, HAIPYTru Ha eJIEKTPOIaX, BUTPATH CTUCHEHOTO IOBiTpA Ta
JIVCTaHIil HAIIOPOIIIeHHA. BcTaHOBIEHO, 110 TOJIOBHUMH ILJIAXaMU YIPaBJIiH-
HS PO3MipOM YaCTHMHOK, AKi HAIOPOIIYIOTh, ¥ Pa3i CyMiCHOT'O pO3MOpOIITyBaH-
HS IPOTiB Mifi Ta aloMiHil0 € 3MiHA BUTPATU CTUCHEHOT'O MOBITPSA Ta TEIJIOB-
KJaJeHHSA B MaTepiaju, 1110 HAallOPOUIYIOTh, i ra30BUM CTPYMiHb. ¥ pesyJbTaTi
IOCJIIMMKeHHS CTPYKTYPH i (ha30BOr0 CKJIALY IPOAYKTIB PO3TIOPOIIEHHSI BUAB-
JIEHO, IIT0 Y IPOIeCci CyMiCHOTO PO3HOPOIIIEeHHI MiJHOTO i aJIIOMiHi€BOTO IPOTY
B pe3yJsbTaTi Misk(dasHoi B3aemMoil iIXHiX PO3TONIB YTBOPIOIOTHCA IICEBAOCTOI-
Hi YyaCTHMHKU, AKi € KOHIJI0MepaToM Migi—aJjoMiniio. AHaJia pesyabTaTiB mocC-
JigsKeHb (QOPMYyBaHHS HOKPUTTIB y pasi pOSIOPOINTyBaHHS APOTIB Mimi Ta
aJIIOMiHiIO ITOKAas3aB, II0 Ha BChOMY OOpaHOMY JialasoHi mapaMeTpiB eJIeKTpo-
JIYTOBOTO HATIOPOIIEHHS (POPMYIOTHCA T'eTepPOTeHHi MCeBAOCTONHI ITOKPUTTSI,
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110 CKJIAJAIOThCS 3 JIaMeJiell BUXiTHNX KOMIIOHEHTiB Migi Ta ajioMiHiio 3 Hasd-
BHICTIO OKCHUIHUX HPOMIAPKIiB Mifi. ¥ MOKPUTTAX BUABJIEHO TAKOMK MOMIIIKN
inTepmeranizaux das CuyAl, i CuAl,, aki yrBopoooThCca mix uac GOpMyBaHHS
Iapy HOKPUTTA Ha OCHOBi. BMicT OKCHIiB y TOKPUTTAX JIEKUTH B MexKax 10—
17% 06., mopucTicTh MOKPUTTIB cKJIagae 4—8% 06. Y pe3yabTaTi IpoBeAeHuX
JIOCJIiI3KeHb BCTAHOBJIEHO IIJISAXY YIPABIiHHA CTPYKTYPOIO i, OT?Ke, BJIaCTUBO-
CTAMHM IICEBJOCTONHUX MOKPUTTIB Mib—aJIIOMiHi#l IIIJIAXOM 3MiHU ITapaMeTpiB
€JIEKTPOIYTOBOTO HATIOPOIITeHHA.

KaiouoBi cmoBa: esleKTpOAyroBe HATIOPOIIIEHH S, IOKPUTTSA, ICEBIOCTOIHA CTPY-
KTypa MiIb—aJIOMiHill, IPOIYKTH PO3IMOPOIITYBaHHSA, iHTepMeTaJigHAa (Dasa.

The investigation of the formation process of pseudoalloy coatings of the
copper—aluminium system under the conditions of electric arc spraying is
performed. Regression equations reflecting the dependence of the average
particle size of the products of wire spraying, the content of oxides and po-
rosity of the coatings on the wire feed rate, voltage at the electrodes, com-
pressed air consumption and spraying distance are obtained using mathemat-
ical planning of the experiment. As determined, the main ways to control the
size of the sprayed particles during the simultaneous spraying of copper and
aluminium wires is to change the compressed air consumption and heat input
into the sprayed materials and gas jet. As a result of studying the structure
and phase composition of the spraying products, it is found that in the pro-
cess of simultaneous spraying of copper and aluminium wires as a result of
the interphase interaction of their melts pseudoalloy particles are formed,
which are a conglomerate of copper—aluminium. Analysis of the study’s re-
sults of coatings formation during the spraying of copper and aluminium
wires show that heterogeneous pseudoalloy coatings are formed for the entire
selected range of electric arc spraying parameters. The coatings consist of
lamellas of the initial components of copper and aluminium with the presence
of oxide layers of copper. The coatings also contain admixtures of the inter-
metallic phases CugAl, and CuAl,, which are formed during the formation of
the coating layer on the substrate. The content of oxides in the coatings is in
the range of 10-17% vol., the porosity of the coatings is 4-8% vol. As a re-
sult of the performed investigation, the ways of controlling the structure and
consequently the properties of pseudoalloy copper—aluminium coatings by
changing the parameters of electric arc spraying are established.

Key words: electric arc spraying, coating, copper—aluminium pseudoalloy
structure, spraying products, intermetallic phase.

(Ompumano 22 xmoemus 2021 p.)

1. BCTYII

ITOKPUTTS 3 ICEBAOCTOMHOIO CTPYKTYPOIO BiTHOCATE A0 TUIY KOMIIO3H-
MiMHUX TOKPUTTIB, II0 CKJIANAIOTHCSA 3 YACTUHOK PidHOPiZHMX MeTaJIiB,
SAKi He YTBOPIOIOTH CTOIIiB ab00 XeMiUHUX CIHOJYK i 30epiraroTh cBOi iHIM-
BimyanbHi BiractTuBocTi. Taki MOKPUTTS MOMKJIMBO OJIEP:KYBATU METOA-
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mu razorepmiunoro Hamopornenua (I'TH) [1]. Ak marepianu nas Hamo-
poIITyBaHHA BUKOPHCTOBYIOTH IIOPOMIKY, AKi OeP:KYIOTh METOIOM ILjIa-
KyBaHHs abo MeXaHiuHOro JieT'yBaHHA, MeXaHiuHi cyMiIi KOMIOHEHTiB
(LmasmMoBe Ta ra3omoJiyMeHeBe HATIOPOIIeHHA), IPOTH CYIiJILHOTO Imepe-
TUHY [BOX PiBHOPIAHMX MaTepiayiB i ITOPOIIKOBI APOTHU 3 MeTaJIeBOIO
000JIOHKOIO Ta PiBHMMM HAIIOBHIOBaUaMH (€JIEKTPOIYTroBe HAIOPOIIIEeH-
Ha)[2].

HafinmommupeHinmumuMu 1ceBAOCTONHUMY HOKPUTTAMMY HUHI € TIOKPUTTA
Ha ocHOBI mizi, taki ax Cu—Fe, Cu—Al, Cu—Pb ra iu. [2, 3]. Ak ocHOB-
HUH KOMIIOHEHT IIC€BIOCTONHNX MOKPHUTTIB BUKOPHCTOBYIOTH MiIb 3
OIJIAAy Ha Te, IO ii MIMPOKO 3aCTOCOBYIOTH Y IIPOMUCJIOBOCTi, IOPAL 3
UM Ma€ HeJOCTATHIO CTiMKiCTh AJA poOOTH B yMOBaX MiABUINEHUX Te-
MIepaTyp i 3HOIITyBaHHS.

3acTocyBaHHSA AK 3MIiITHIOBAJIbHUX KOMIOHEHTIB TAKUX TICEBIOCTOII-
HUX IOKPUTTIB 3aJIida, aJoMiHiio abo iHIIIMX MaTepialiB O3BOJSAE Iif-
BUIIIATH BMCOKOTEMIIEPATYPHI BJAaCTHUBOCTI MiITHOCTi, TBEPAICTh i 3HO-
COCTiHiKicTh 3i 30epesKeHHAM OCHOBHHUX BJIacTHBOcTed Mimi. Taxi mok-
PUTTA IepeBaskHO 3aCTOCOBYIOTh Y MIPOMUCJIOBOCTI AK (PPUKILIHHI Ta aH-
TUPPUKIiITHI MaTepiany Ha poOOUMX ITOBEPXHAX JeTasell i KOHCTPYK-
I[ifA, IITO IPAIIOIOTH B YMOBaX 3HOIIIEHHS Ta KOpoaii [4—6].

HaiimomupeHinmumM crmoco6oM ofepKaHHs ICEBIOCTOITHUX ITOKPUTTIB
cepel METOiB Ira30TEPMIUYHOIO HATIOPOIIIEHHS € TeXHOJIOTiA eJIeKTPOLY-
roBoro HamopoiteraHsa (EIIH) 3 ornaay Ha GiabIT HU3LKY BapTiCTh IIPO-
mecy HaHEeCeHHS, BICOKY IIPOAYKTUBHICTh, IIOPTATUBHICTL YCTATKYBaH-
HS Ta MOMKJMUBICTH HaHeCceHHSA MOKPUTTIB Ha BUPOOM cKJIaAHOI (hopmMu
[7]. EnekTpomyroBe HaIOPOIIIEHHA HA€ MOYKJINUBICTHL CTBOPEHHS IICEBIO-
CTONHUX IMMOKPHUTTIB 3 IIMPOKUM /ialla30HOM II0OETHAHHA KOMIIOHEHTIB.

¥ pasi cymicHOro posnopoiiienHsa 3a ymoBu EJIH meTasriB, AKi He BU-
PiBHAIOTHCSA IIOMiTHOIO B3A€EMHOIO PO3UYMHHICTIO, ¥ CTPYKTYPIi IICeBIOC-
TOITHUX ITOKPUTTIB CIOCTEepiraloThCcsA JUIIIE JJaMeJi BUXiTHUX MeTaliB i
ixHi oKmcHeHi vacTuHKY [8]. ¥V BUIIaIKy CyMiCHOT'O PO3IIOPOIIIEHHS eJie-
KTPOAYTOBHUM METOAOM METAaJIiB, III0 BipPi3HAIOTHCSA AeAKOI0 B3aEMHOIO
po3UYMHHICTIO a00 3TaTHNX BCTYIIaTH B XeMiUHY B3a€MOiI0 B CTPYKTYPi
MICeBAOCTOMHNX IIOKPUTTIB, KPiM BUXiTHMX KOMIOHEHTIB Ta IXHIX OK-
CUIiB, MOXKYTh YTBOPIOBATHCA TBEP/i PO3UMHU Pi3HOI KOHIleHTpAIlii Ta
inTepmeraninui gasu. IlpuKaagoM TaKOro TUMNY IICEBAOCTONHMX IOK-
PHUTTIiB € cucTeMu 3ayido—amiominin [9, 10]i migp—amromimiit [11].

IIpoBeneni gocaimxenHs ealeKTponyroux TokputTis Cu—Al [12—-14]
MOoKasaJju, 10 HOKPUTTH, OJlep:KaHi eJJeKTPOAYTOBUM DPO3IIOPOIIEHHAM
OPOTiB MiAi Ta aJIOMiHiIO, MAIOTh JIAMEJIIPHY CTPYKTYPY, IO CKJIaja-
I0ThCA 3 Jamenaeil mini, amomimio ta intepmeranimaumx ¢as CuAl,,
CuyAl,, CuzAl,, CugAl;. ¥V HOKPUTTAX IPUCYTHI TAKOMK OKCHUIH Ta IIOPH,
IpoTe iXHI0 KiJbKicTh y mJaHMX poboTax He HaBeaeHo. JlociaimsKeHHS
OPOBOAWJIN AJIA IMOKPUTTIB, Ofep:KaHUX €JeKTPOAYyTOBUM HAIIOPOIIIEH-
HAM 3 BUKOPHUCTAHHAM OJHOTO pe:Xumy: cTpym ayru — 205—210 A, Ha-
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mpyra Ha ejJeKTpojgax ayru — 26—28 B, THCK CTHCHEHOTO IOBiTpA —
4 at™, gucrauiig Hamopolrnenasa — 120-150 mMm. ¥V poboTax BigsHaua-
€ThCs, IO AJIS IMiABUIEHHA AKOCTi IOKPUTTIB HE0OXiTHO IIPOBECTH OII-
TUMi3aIlito mapaMeTpPiB HATTOPOIIIeHH .

Ha crorogni nuranHa BmiuBy ymoB nporiecy EIIH nHa dopmyBanHHA
IOTOKY YaCTHHOK, IO PO3MOPOIIYIOThCS, Ta MIiKPOCTPYKTYPY OAEPKY-
BaHuX moKkpuTTiB Cu—Al € HeBuBUennmMu. Tomy MeTo!0 11iel poboTH € m0-
CIigyKeHHA IIporecy (DOPMYBAHHSA IICEBIOCTOIHUX IIOKPUTTIB CHUCTEMU
Cu—Al B ymMoBax ejIeKTPOLYTIOBOI'O HAIIOPOIIIEHHS.

2. MATEPIAJIA TA METOJHU JOCJIIAKEHHSA

g pociigsxkeHHA mporiecy (POPMYyBaHHSA TCEBIOCTOITHUX HOKPUTTIB
Migb—aJIIOMiHil, AKi OJEePIKYIOTh CIIIJIBHUM PO3IIOPOIIEHHAM Pi3HOPiLI-
HUX [JPOTiB, AK MaTepiaam BUKOPUCTOBYBaJsu ApiT mimi mapxkm M1
2 mm i amominieBuii apiT mapxu A99. HaneceHHs MOKPUTTIB IIPOBO-
IUJIN eJeKTpoayroBuM Mmetasizaropom EM-14M. [Ins BcTaHOBJIEHHS
CTYIeHs BILIMBY YMOB PO3IOPOINEHHS APOTiB HA AUCIEPCHICTH YaCTH-
HOK, IO PO3IIOPOIIYIOTHCSA, Ta CTPYKTYPY HCEBAOCTOIIHUX ITOKPUTTIB
Cu—Al BUKOPHCTOBYBAJIM METOJ MATEMATHUUYHOIO ILJIAHYBAHHSA €KCIIe-
PUMeHTY 3 HamiBpeILtikoio 2%,

3a daxTopu mpoIlecy HAIIOPOIIEeHHA o0paii TaKi mapaMeTpu: IIBUJ-
KicTb mogaui apotis W, m/rox; Hanpyra Ha exeKkTponax ayru U, B; Bu-
TpaTa CTHCHeHOTro noBitpa V,, M®/rox; aucranmis samopomernasa H, M.
I'pannuni sHaueHHA (PaKTOpPiB, 3a AKUX CIOCTEPIraeThcsa CTabOiJIbHUMI
IPoIleC PO3IIOPOINEHHA APOTIB i (popMyBaHHSA IIOKPUTTIB, BH3HAUAJIU
eKCIIePUMEHTAJbLHUM IILJIIXOM. ¥ BCiX BUIaAKaX MigHWI APIT CayryBaB
aHOIOM, aJIOMiHi€BUH — KaTOAOM. ¥ MOBU IIPOBEIEHHS €KCIIEPUMEHTY
3BeIeHO B MATPHUI0 ITaHyBaHHa (Tabs. 1). [aa akicHol ominkm yMoB
IIPOIecy eJeKTPOAYTOBOTO HAIIOPOIIIEHHSA BBEJeHi MOKa3HUKHU Yacy Ie-
pebyBaHHS PO3IIOPOIIEHNX YaCTUHOK B CTpyMeHi (¢), BiIHOCHOTO TeIJIo-
BKJageHHA B apotu (IU/G,,) irasosuii crpymins ([U/V)).

OCKiTbKM OCHOBHUM IPAKTUYHUM IIPU3HAUEHHAM IICEBIOCTOIIHUX
TOKPHUTTIB € 00JIaCTh TPMOOTEXHIUHIX MaTepiaJaiB, TO OCHOBHUMH Xapa-
KTEepUCTUKAMU IIMX IMOKPUTTIB € OAHOPiAHICTH CTPYKTYpPHU, CTYIIiHB
OKHCHEHHS Ta IIOPUCTICTh, AKi 3aJie’KaTh BiJl AUCIEPCHOCTI MaTepiais,
III0 PO3MOPOIITYIOThECA. ToMy 3a (pyHKIIiI BiAryKy B MaATPHUILL TaHOTO eKC-
IepuMeHTy 0OpaHO cepeHiili po3Mip YaCTHHOK, IO PO3IOPOIIYIOTHCH,
CTYIIiHb OKMCHEHHSA Ta IIOPUCTiCTh MOKPUTTIiB.

3a pe3yIbTaTaMU eKCIepuMeHTY BU3HauaJau KoedilieHTHn perpecii ta
OyayBaJu PiBHAHHA perpecii, 1o onmucyoOTh CTYIiHb BILIMBY HapaMeT-
PiB HAIIOPOIIIEHHA HA PO3Mip YaCTUHOK, IIT0 PO3HOPONIIYIOTLCA, Ta CTPY-
KTypy IMIOKPHUTTIiB.

[ OIiHKM MOJKJIMBOCTI B3a€MO/il YaCTUHOK B 06’€Mi CTpyMeHs po-
3IIOPOIIIEHHS IIPOBEJEHO PO3PAXYHOK YMOBHOI 00’€MHOI KOHIIeHTpaIii



JOCJIIMEHHSA ITPOITECY @OPMYBAHHSA IICEBOOCTOITHIX ITOKPUTTIB Cu—Al 67

TABJINIIA 1. MatemaTuyHe MJaHYBaHHSA €KCIEPUMEHTY 3 AOCIiAKeHHS IIPO-
mecy EITH mceBIoCTONMHNX HOKPUTTIB 3 BUKopucTanuaam apotis Cu i Al.

TABLE 1. Matrix of mathematical planning of experiment on research of elec-
tric arc spraying process of pseudoalloy coatings by using of Cu and Al wires.

No IlapaMeTpy HAIOPOIIEHHSA ¢ /G, | UV,
Jocuiny| W o M/ro,11| U,B |VF, m3/roxn| H,m c-10™ | MIx/kr | MIIx /M
1 260 48 126 0,2 1,6 2,7 0,21
2 260 48 108 0,06 0,6 2,7 0,24
3 260 22 126 0,06 0,5 1,3 0,09
4 260 22 108 0,2 1,9 1,3 0,11
5 180 48 126 0,06 0,5 2,1 0,11
6 180 48 108 0,2 1,9 2,1 0,13
7 180 22 126 0,2 1,6 1,0 0,05
8 180 22 108 0,06 0,6 1,0 0,06

YaCTUHOK PO3TOIY MaTepiajy B CTPyMeHi HAIopoIlleHHs 3’ Ta OIliHeHO
MMOBipHIiCTh 38iTKHEHHA YACTUHOK Y CTPYMEHi 3a METOIMKOI0, OIICAHOIO
B[15].

3 MeToI0 JOoCIIiIKeHHA XapaKTepy B3aeMojii, po3sMipiB i cTpyKTypu
YaCTUHOK, III0 YTBOPIOIOTHCS Y Pasi po3IOPOITYBAHHA PO3TOIIiB Pi3HOPI-
OTHUX OPOTiB MiAi Ta ajdoMiHiio, mpobu Bigbupayu ILIAXOM 300py uac-
TUHOK Y BOASHY BAHHY PO3MipoOM, II10 BCTAHOBJIIOBAJIM IIiJl CTPYMiHb Ma-
Tepiajay, 110 HAIlOPOUIYEThCA. B ofep:KaHOMY ITPOAYKTI PO3IOPOIIEeHHSA
IOCJIiIXKyBaIU CTPYKTYPY, (ha30BUil CKJIa i posMip uacTuHOK. g Bu-
3HAYEHHS PO3Mipy YACTHMHOK IPOAYKTiB PO3IOPOIIEHHS BUKOPUCTOBY-
BaJIM JIa3ePHUI aHaJi3aTOp IPaHyJIOMETPUYHOTO CKJIAAY CYXHUX ITOPOIII-
ki ACO/-300.

dopmMyBaHHA APy MOKPUTTA AOCJiIKYBaIU ILISIXOM aHAJIiIZy Omu-
HUYHUX Je(popMOBAaHUX HA OCHOBI yacTMHOK (cmieTiB). Hamopoienusa
CILJIETiB ITPOBOANJIN Ha IIACTUHMU 3 IIOJipOBaHOI Heip:KaBKoOI cTaJi.

BusHaueHHA €JIeMEHTHOTO CKJAAy PO3MOPOIIEeHNX YaCTUHOK i cILIe-
TiB TPOBOAMUJIM METOAOM CKAHYBaJbHOI eJIeKTPOHHOI MiKpocKoIii
(CEM); mocimim:KeHHS CTPYKTYPH POSIIOPOIIEHWX YACTHUHOK i HAIOpo-
IIIeHNX IMOKPUTTIB IIPOBOAUJIN Ha OINITHYHOMY Mikpockomni Neophot-32.
Peurrenocrpykrypuuii ¢asosuit aHairiz (PCPA) BukonyBaiu 3 BUKO-
pucranuaam nudpaxtomerpa [JPOH-3 y sunpominenni CukK, 3 rpadirto-
BUM MOHOXPOMAaTOpPOM y pasi Kpokosoro mepemitnenus 0,1 rpagyca Ta
YacoM eKCcHo3uIii y Ko:kHill Touri 4°C 3 mOZaJbIIIOn KOMII IOTEPHOIO
00poOKOI0 ofep:;KaHUX HMU(PPOBUX MaHUX. BU3HAUEHHS BMICTY B IIOK-
PUTTAX OKCHUAIB i IIOP IIPOBOAUJIN METOAOM aHAJi3y 300pasKeHb, IKUI
MoJIsiTa€ y BU3HAUYEHHI IIJIOIIi, 110 MPUNALA€c Ha BUABJIEHI IIOPU Ta OKCH-
I1, BiZHOCHO Bciel muomri miaidpa MOKPUTTS 3a AOMOMOTOIO IIPOTpaMu
00po0Ku 300pakens «Image-Pro Plus».
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TABJIAIIA 2. PesynbraTy BUSHAUEHHS CEPEIHBOT0 PO3MipPy PO3IOPOIIIEHNX Yac-
THHOK d,, BMicTy oKkcugiB MeO i mopuctocri (IT) nceBgocTomanx nokpurris Cu—Al.

TABLE 2. The results of determining the average size of the sprayed particles d.,,
the content of oxides MeO and the porosity (II) of pseudoalloy coatings Cu—Al.

Ne mocaimy d,, MKM ‘ MeO, % II, %
1 44+ 3 17+1,9 4+1,3
2 49+ 2 12+0,9 7T+1,7
3 47+ 3 10+1,0 4+0,9
4 59+5 16+ 2,6 8+1,0
5 52+4 14+ 2,1 5+1,3
6 56 +4 12+1,8 6+1,4
7 52+4 17+1,8 6+1,5
8 55+4 10+1,6 5+0,9

3. PESYJIBTATH TA IX OBTOBOPEHHSA

PesynbTaTy BU3HaAUEHHSA CePeTHLOTO PO3MIiPY PO3IOPOIIEHNX YACTUHOK
d,, Bmicty oxcuziB MeO Ta mopuctocTi (II) mceBOOCTOTHMX IMOKPUTTIB
HaBeJeHo B Ta0JI. 2.

VY pesyabraTi MmaTemMaTuuHOI OOpOOKY Pe3yJIbTaTiB BUMipIOBaHHS ce-
PeAHbOTO PO3Mipy YaCTHMHOK OAeP:KaHO HACTyIlHe PiBHAHHA perpecii,
110 BUpasKae 3aJIesKHICTh PO3Mipy YaCTUHOK BiJi yMOB PO3TIOPOIIIEHH:

d,=103,9-0,06W-0,12U -0,33V+0,014H.
3a JaHuM piBHAHHAM perpecii mobymgosasu rpadik TpeHAiB, 110 Bimo-

Opaskae iHTEHCUBHICTH BILJIMBY OKPEeMHUX IIapaMeTpiB IIpoIlecy pPO3IIo-
POIIleHHS Ha cepemHill fiaMeTp ofep:KaHUX YaCTUHOK (puc. 1).

H\

U
w

— v

Puc. 1. Broius mapamMeTpiB mpoiiecy eJIeKTPOAYTIOBOrO HAIOPOIIIEHHA Ha cepe-
Hill JiaMeTp YaCTUHOK MPOAYKTiB po3moporrenHsa apoTis Cu—Al.

Fig. 1. Influence of parameters of electric arc spraying process on the average
particle diameter of Cu—Al wire spraying products.
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3icTaBJaeHHA XapaKTepy Ta iHTEeHCHMBHOCTI BILIMBY IIapaMeTpiB Ipo-
Ilecy HaIIOPOINIeHHs Ha cepeqHill AiamMeTp YacTHHOK (B o0paHiii obJacTi
eKCIIEPUMEHTY) MO3BOJISIE 3POOUTH BUCHOBOK, IO HA PO3Mip PO3IOPO-
IIeHNX YaCTUHOK HauOiJbIlle BIJIMBAE€ BUTpaTAa CTHUCHEHOTO IIOBiTpH,
301JIBITIeHHA AKOI Belie 10 3HUKEHHS iIXHBOT'O CEPeqHbOT0 PO3Mipy. 3Ti-
IHO MeXaHi3My yTBOpeHHs Kpanenab y pasi EIH 3i 36iabIIIeHHAM TUCKY
PO3IOPOIITYBAHOTO MOBITPA CTA0iIBHICTE PO3TOIJIEHOTO METAJNy Ha KiH-
YUKaX JPOTiB 3MEHIIIYETHCA Yepes 3POCTAHHA PYHHYBAJbLHUX CUJI OMO-
PV, AKi 00yMoBJeHi 6iIbIIT BUCOKOIO IIBUAKiCTIO ra3dy. OT:ke, yac HaKo-
MUYEeHHA KPUTUYHOTO 00’€MYy PO3TOILIEHOTO MeTaJy 3MEeHIITYEThCH.
Binpmnr Bucoka IMBUAKICTE rady TaKoK e(eKTHUBHIIIe BUIAJISIE POITOII-
JeHu MeTal.

OcCKilIbKM uac yTBOPEHHs HeCcTalOlJIbHMX KpAalleJb i uac BUAAJICHHS
Kpamejb 3MEHITYIOThCA 3i 30i/ILIIIEHHAM BUTPATU T'ady, CIOCTEPiraeThb-
cs 3MEHIITeHHA fiaMeTpa YaCTUHOK.

30iIbIlIeHHA IPUKJIALEHOI HAIPYTH Ta IMIBUIKOCTI IOAAYi IPOTiB, 1110
MIPU3BOAUTE A0 IIiABUINEHHS CHUJIU CTPYMY, 30LIBLINTye eHepriio Ta TeM-
nmeparypy Ayru, i, SK HacJiJZOK, TEIJIOBKJIAJEHHS B MaTepiaau Ta raso-
Buil cTpyMiHb. BiJIbIII BUCOKI TemMIlepaTypu Ta HMIBUIAKOCTI HarpiBy Jo0-
3BOJISIOTH PO3TOILIEHOMY MeTajJy HaOyBaTu OijbIlle IeperpiBy mepen
BUAAJIEHHAM KpaIllji po3ToIly 3 KiHIiB IPOTiB, BHACIIIOK YOTO 3MEHIITY-
€ThCs MIOBEPXHEBUH HATAT i B’A3KiCTL pigKOro Meramny, 110 Beae IO IIij-
BUINIEHHSA iHTEHCHUBHOCTI AUCIEpPryBaHHS Kpameilb posTony. Kopeis-
mifiHa 3aJIeKHIiCTh PO3MIPY YaCTHMHOK BiJl TEIJIOBKJIALEHHS B APOTU Ta
rasoBU CTPYMiHb OpUBeHeHa Ha PUC. 2.

MimiManbHUi po3Mip YacTUHOK 44 MKM ofep:KaHO y pasi posmopo-
mryBauasa a1potis Cu—Al y BUIIagKy MOeJHAHHS MAaKCUMAJIbHUX 3HAUEHD
TeILJIOBKJIAAeHHA y MaTepiaau, 110 HAIOPOIITYIOTLCS, Ta BUTPATU CTHC-
HeHOro moBiTpa (mociwim Ne 1). Ile moB’sA3aHO 3i 3SHMIKEHHAM BeJIUUYNHUI
IIOBEPXHEBOT'O HATATY PO3TOITy METaJIiB y BUIIAIKY IeperpiBaHHsa dac-
TUHOK i HiBUITEHHAM AWHAMIUYHOTO HAIIOPY CTPYMEHsA. 3a 3BOPOTHUX
NPUYMH CYKYITHICTh MiHiMaJbHUX 3HAUEHb TEIJIOBKJAJeHHA y MaTepi-
aju, 10 HAIIOPOIIMYIOThCSA, i BUTPATHU CTUCHEHOTO MOBiTpA Beme no ¢op-
MYBaHHSI YaCTHHOK MaKCHUMAaJbHOTO po3Mipy 55—59 MKM (mociimm
NeNe 4, 6, 8).

3 orJIALy Ha 3alIOPOIIEeHICTh CTPYMEHS Y pasi eJIeKTPOayTroBOro HAIIO-
POIIIeHH A, KPaIlJli pO3TOMiB, 1[0 YTBOPUJINCA Y IIPOIECi pyXY B CTPYMEHi
MOXKYTBb CTUKATHUCHA, 1110 BUBHAYAE MOKJIMBICTH PO3BUTKY IIPOIECIB Mi-
sKdasHOI BlaeMoil 3 ABUINIAMU B3aEMHOT'O 3MIiIlTyBaHHA Ta YTBOPEHHA
TBePANX PO3UMHIB i iHTEpMeTAigiB B CHCTEMI Migb—aJIIOMiHil.

3rizHo 3 po3paXxyHKOM YMOBHOI 00’€MHOI KOHIIeHTpAaIlii YacTUHOK
posTomy MaTepiasy B CTPYMEHi HAIIOPOINIEHHS MaKCHMaJbHAa YMOBHA
KOHIIeHTpalliA ! YacTMHOK PO3TOIly MaTepialy B CTPyMeHi y pasi Ha-
nopomenuda mokpurtis Cu—Al, 1o coocrepiraerbesa B IpuBicesiil 30Hi,
Moske gocaratu 0,34-107%.
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PospaxyHOK BigHOIIEHHS cepeqHBbOI BiicTaHi MijK YacTHHKaAMM B ra-
30BOMY CTPYMEHi 10 iXHBOr0 po3Mipy (3a MaKCUMAaJILHOTO PO3Mipy dac-
THUHOK, IKUH 3yCTPivaeThCcsa y pasi cymicHOro posmopoiiesnua aporis Cu
i Al — 140 MKM) 103BOJIsS€ 3POOUTH BUCHOBOK, ITI0 38 KOHIIEHTPAIliil ya-
CTHHOK po3Tomny Marepiany menmux 0,34-10™* mpomecu 3iTKHeHHA Ta
KoaryJIdilii YaCTMHOK IIiJ uac pyxy B 00’eMi cTpyMeHsa MaJIOMMOBipHi.

XeMiuHMY CKJIaAg OPOAYKTiB posmoporrenHs (puc. 3, Taba. 3) cBia-
YUTHh PO 3MIIlTyBaHHA ITOTOKY UAaCTUHOK MAaTepiaJjiB, IO PO3MOPOIIY-
IOThCSH, 3 Mi’KUYaCTMHKOBOIO B3BAEMO/IIEI0 ¥ TPOIleCi pO3IOPOINIEeHHA, TOMY
III0 B YaCTMHKAX MiJli Bij3HAUAETHCA HASIBHICTD aJIIOMiHiO i HaBIIAKM.

Amnaiiz MiKpOCTPYKTYpPHU YaCTUHOK, OJeP:KAaHUX CYMiCHUM PO3MIOPO-
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Puc. 2. 3anexkHicTh po3Mipy YaCTHUHOK BiJ TeNJIOBKJIAIEeHHA ¥ APOTHU (@) Ta ras
(6) y pasi posmopoirysauus gporis Cu—Al.

Fig. 2. Dependence of particle size on heat input into wires (a) and gas (6) at
spraying of Cu—Al wires.
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Puc. 3. 30BHIiIIHI I BUNIAL IPOAYKTiB cymMicHOTO posmoporinenHsa gporis Cu i Al.

Fig. 3. SEM photograph of products of simultaneous spraying of Cu and Al wires.

mrenHAM apoTtiB Cu i Al, TakoK moOKasas, 1[0 ¥ IIPOIeCci PO3IOPOIIeHHS
3a BCiX TEXHOJOTIUHUX PEXKUMIB BiIOyBaeThCA B3a€MOIisd YUACTUHOK PO-
3TOIIiB Mifi Ta adoMiHiio Mixk coboro. Ha pucyHky 4 BUAHO, IO Y IPO-
IYKTaX PO3IIOPOIIEeHHS MiJHOrO ¥ aJlOMiHi€BOTO APOTY 3yCTPidaioThCS
OKpeMi YaCTMHKHU aJIOMiHifo, Mifi Ta crmosmyKku Migb—asmoMiniin. YacTu-
HKU IIepeBaskHO MaloTh chepUUHY Ta KpaljaeBUIHY GhopMy.

PenTrenogasoBuii aHajis moKasaB, IO HPOAYKTHU PO3IOPOIIEHHS
apotiB Cu i Al ckaagaoThCS 3 YaCTUHOK Mili, alioMiHil0 Ta OKcuay Mimi
Cu,0 (puc. 5).

TaxuMm 4yMHOM, BUSBJIEHO, IO V IpoIieci posmoporieHHsa apoTiB Cu i
Al BimOyBaeTbCcs MiKUYaCTHHKOBA B3AEMOJisl PO3TOIIB 3 YTBOPEHHAM
TICEBIOCTOITHUX YACTUHOK Mimb—asioMiHiii. PO3BUTOK mpoliecy B3aEMoO-
il YyacTHHOK PO3TOIiB Y pasi po3mopoIlTyBaHHSI MOXKe IPOTiKaTu Ha I10-

TABJINIA 3. Xemiunuit cKJiaZ, YaCTUHOK IPOAYKTIiB POS3MOPOIIEHHSA APOTiB
CuiAl

TABLE 3. The chemical composition of the particles of spraying products of
Cu and Al wires.

Xemiunnii criaazn, % mac.

Touka Ha Al Cu (0] Bceroro
IIOBEpPXHi
Spectrum 1 20,39 60,82 18,79 100
Spectrum 2 52,85 2,27 44,88 100
Spectrum 3 6,41 87,24 6,35 100
Spectrum 4 14,29 76,89 8,82 100
Spectrum 5 48,06 2,55 49,40 100

Spectrum 6 37.37 12,68 49,94 100
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Puc. 4. MikpocTpyKTypa IpoAyKTiB posmoporienHs aporie Cu i Al.

Fig. 4. Microstructure of Cu and Al wires spraying products.

o

YaTKOBIi# cTamili CTOMJIEHHSA Ta BiApWBY Kpamesjb 3 TOPIIiB MigHOTO ¥
aJIIOMiHi€BOTO IPOTY Ta Y pasi 3iTKHEHHSA YACTUHOK IIiJl Yac pyxy MO oc-
HOBH 34 PaxyHOK pisHUIi (~ 2,5 pasu) MIBUAKOCTEHN IOJBOTY YACTUHOK
Mizi Ta amoMiHiI0, 3yMOBJIEHOI PiSHUIEIO I'YCTUHY IIUX MaTepiaiB.

Amnanis cmeris, ogep:xaHNX y pasi posmoporlnenua agporiB Cu i Al, mmo-
Kasas (puc. 6), 1110 3a BCiX pe;KMMiB HAIIOPOIIIEHHS YaCTUHKY MAaloThL (hop-
My AUCKAa, II[0 TOBOPUTH IIPO Te, 10 B MOMEHT 3iTKHEeHHS 3 OCHOBOIO BOHU
nepe0yBaJii B IIOBHICTIO PO3TOILJIEHOMY CTaHi, TOOTO, 1110 BOHU He TBep[-
HYTb i yac MoJbOTY Ha aucTaHIlii Hamopoienusa (60—200 Mmm) 3 oryiagy
Ha KOPOTKOTpuBaJIicTs moasoty (0,05—0,19 mc). Crtetu micid siTKHeHHS
3 OCHOBOIO CKJIAAIOThCA 3 TiJIAHOK Mifi Ta ayromiiro (Ta6i. 4).

Ogep:kaHi B JaHOMY [dialas3oHi PeKUMiB eJeKTPOAYyTrOBOrO HAIIOPO-
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Puc. 5. PenTrenorpama npogyKTiB posnopoiiesnsas gpotis Cu i Al.

Fig. 5. X-ray diffraction of Cu and Al wires spraying products.
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Puc. 6. 300pakeHHA CILIETiB, OfepPKaHUX Yy pasi posmoporienusa aporis Cui Al.

Fig. 6. SEM photographs of splats obtained by spraying of Cu and Al wires.

IITeHHA ICEeBIOCTOIIHI TOKPUTTSI XapaKTePU3yIOThCA TeTEPOTEeHHICTIO Ta
BUPAaKeHOI0 JaMeJIPHICTIO CTPYKTYpH (puc. 7).

3a manumu PC®A (puc. 8) moxkpurrs Cu—Al ckiamaoTbcsa 3 BUXiA-
HUX KOMIIOHEHTiB Mizi Ta amominiro Ta okcuay migi Cu,0. ¥V mokpuTTax
mpuUCyTHI Tako:x imTepmeranigui gasu CuyAl, i CuAl,, axux me 0yJo
BUSBJIEHO B IPOAYKTi poamopomiernusd. [1le roBopuTh Ipo Te, I110 B3aEMO-
Iisg KOMIIOHEHTIiB MiZi Ta a/JoMiHiI0o 3 yTBOpeHHAM HOBUX (pas3 BimOyBa-
€ThCsA y Iporeci (hopMyBaHHSA APy IOKPUTTS HA OCHOBi. Buxomsaum 3
oIep:;KaHMX HAHUX, MOKHA 3POOUTH BUCHOBOK, IO IIPOIIECOM YTBOPEH-
HA iHTepMeTaNiAHUX (a3 y MOKPUTTAX Mifb—aJIOMiHIN MOKHA yIIpaB-
JATH 3a AOMOMOTOI0 3MiHM IIBUAKOCTI OXOJIOAMKEHHA YaCTUHOK Ha OC-
HOBi, HAIPUKJIAJ, HarpiBaHHA a00 0XOJIOJKEHHS OCHOBH a00 IIIBUIKOC-
Ti mepeMillleHHA MeTaJi3aTopa BiITHOCHO OCHOBH.

BwmicT okcuIiB y MOKPUTTAX, Ofep:KaHNX Ha O0OpAaHUX PeKMMaxX Ha-
mopomienusa, craHoBuTb 10—-17% 06., mopucricts mokpurrtie — 4—8%
00. (Tabu. 2).

PiBHaHHSA per'pecii, 1110 BUPaKalTh 3aJ€KHICTb CTYIIeHS OKUCHEHHA
Ta IIOPMCTOCTI MMOKPUTTIB BiJi pesKUMY HAIIOPOIIIeHHA MaloTh HACTYITHUHN
BUTJISAM:

TABJINIA 4. Xemiunuii CKJaj CIJIETiB, OZEP:KAHUX y Pasi POSIOPOIIEHHS
apotiB Cui Al.

TABLE 4. The chemical composition of splats obtained by spraying of Cu and
Al wires.

Xemiunnii craag, % mac. | Cu/Al, % 06.

Touka Ha moBepxHui Al Cu 0] Bcerworo
Spectrum 1 4,5 93,2 2,3 100

86,14
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i
200 Srem

Puc. 7. MikpocTpyKTypa IIceBLOCTOIHOTO MoK puTTsa Cu—Al.

Fig. 7. Microstructure of Cu-Al pseudoalloy coating.

MeO (%)=5,3+0,006W +0,019U + 0,111V +0,029H,
I1(%)=15,95+0,003W - 0,01U — 0,097V +0,005H.

Ha pucynky 9 moxasamo CTyIiHb BILTUBY (DaKTOPiB HATIOPOIITEHHA HA

BMICT OKCHuAiB i mopucTicThb ncespocTonanx noKkpuTtis Cu—Al.

Sk BunuBae 3 piBHAHHSA perpecii Ha BMiCT OKCHiB B IIOKPUTTAX TI'O-

IuTencuBHICTH, aT.0].
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Puc. 8. Pearrenorpama mncesgoctonroro moxkpurts Cu—Al.

Fig. 8. X-ray diffraction of Cu—Al pseudoalloy coating.
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Puc. 9. Boius napaMeTpiB IpoIlecy eJeKTPOAYyTroBOr0 HAIIOPOIIEHHA Ha BMiCT
okcunmiB (a) i mopucricts (6) mokpurris Cu—Al.

Fig. 9. Influence of parameters of electric arc spraying process on the content
of oxides (a) and porosity (6) of Cu—Al coatings.

JIOBHUM YMHOM BILJIMBaIOTh TaKi ITapamMeTpu IPoIllecy HaIlOPOIIIeHH A, AK
BUTpAaTa CTUCHEHOTO ITOBITPA Ta AUCTAHITiA HATIOPOIIIeHHA.

Tak, MaKcUMaJbHUUA BMiCT OKCHUJiB BUSBJIEHO B IIOKPUTTAX, HAIO-
POIIIeHUX 3a PEKUMIB 3 MAaKCUMAaJbHOIO BUTPATOI0 CTUCHEHOT'O OBiTpA
Ta MaKCUMAJBLHOIO AUCTaHITielo HamopolneHHsa (mocaigu NeNe 1, 7). Ile
IIOB’ A3aHO0 3 TUM, IO IMiABUIIIeHHA BUTPATU CTUCHEHOTO IIOBiTPA Beme 0
3MEHITIeHHA JliaMeTpa YacTUHOK, IO PO3MOPOINYIOThCA y pasi aucmep-
r'yBaHHSA APOTiB, IO IPU3BOAUTH A0 IXHBOT'O iIHTEHCMBHOTO OKMCHEHHSA
3a PaxXyHOK 301JILITIeHHA ILJIOIi MUTOMOI IIOBEPXHI MeTaly.
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Puc. 10. 3amexHICTh CTyIeHA OKUCJIEHHA MMOKPUTTIB BiJ MOKa3HUKA Yacy Ie-
pebyBaHHA YaCTUHOK B CTPYMEHI.

Fig. 10. Dependence of oxidation degree of coatings on the time of particles
existence in the jet.
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30iIbIlIeHHA AUCTAHITII HATIOPOIIIEHHS BeJle CBOEI0 UeProio A0 30iJb-
IIIeHHs Yacy mepeOyBaHHSA YaCTHHOK Y CTPYMEHIi II PO3BUTKY IPOIleCy
B3a€MO/il yacTUHOK 3 KucHeM (puc. 10).

Ha BeanumHy HOPHCTOCTi TOJIOBHMM UHMHOM BILJIMBA€E€ BUTPATA CTUC-
HEHOTO IIOBiTpsA, 30iJbINIeHHA AKOI Bele OO IMiABUINEHHSA IIBUIKOCTI
MOJIbOTY YaCTUHOK, 3HMUIKEHHA PO3Mipy Kpallesib, 10 PO3IOPOIIYIOTh-
cd, i, oTiKe, 1o GOPMYBAHHS OLJIBII IiTLHOTO HOKPUTTA.

30iIbIlIeHHA JUCTAHIII] HAIIOPOIIIeHH Bee OO IMiABUIeHHA IIOPUCTO-
cti mokpuTTiB Cu—Al, 1110 0B’ A3aH0 3i 301JILINIEHHAM Yyacy nHepeoyBaHHs
YaCTUHOK y CTPYMEHI Ta SHUKEHHAM iXHbOI TeMIlepaTypu. Yum HuKYe
TeMIlepaTypa YacTUHOK Yy MOMEHT 3iTKHEHHS 3 OCHOBOIO, TUM BUIIE
B’ABKiCTHL PO3TOIY TAa MOBEPXHEBUI HATAT MaTepiaJis i, oTike, CTyIiHb
medopmarrii (po3TikamHA) YaCTUHOK y pasi opMyBaHHS IIapy 3MEHIITy-
€ThCS, IIT0 1 TPU3BOAUTD A0 IIiABUIIEHHS IIOPUCTOCTI IIOKPUTTIB.

4. BUCHOBKH

1. Ha mizcrasi mpoBemeHNX MOCIiMKEeHb BIJIMBY HapaMeTPiB eJIeKTpo-
IyTOBOT'O HAIIOPOIIIEHHSA Ha PO3Mip YaCTUHOK, IO PO3IIOPOIIYIOThCH,
BCTAHOBJIEHO, ITIO0 TOJIOBHUMMU ILJIAXaM! YIPAaBIIHHA PO3MipoOM YacTH-
HOK, III0 HAIIOPOIIYIOThCS, Y Pa3i CyMiCHOT'O PO3IIOPOIINEHHA APOTiB Mifi
Ta aJIOMIiHIiIO € 3MiHA BUTPATU CTUCHEHOTO MOBIiTPA Ta TEHJIOBKJIALEHHS
y IPOTH i radoBUH CTPYMiHb, IKi BU3HAYAIOTh JUHAMIUHINHA HAIIIP CTPY-
MeHd Ta CTYIIiHb HarpiBaHHA YaCTUHOK po3aTolriB. Ilig uac posmopoIieH-
HS Yy BUIAAKY TeIJIOBKJAAEHHS Y HAIoOpoIlyBaHi Martepiamu 2,7
M]I:% /KT i BUTpaTH CTHCHEHOTo moBiTpa 126 M?/Tos yTBOPIOIOTHCA Yac-
TUHKY MiHiMaJbHOT0 po3Mipy (44 MKM), CYKYIHICTE TEIJIOBKJIANEHHSA B
HanopomryBaHi marepianau (1-2,1 Mk /Kr) i BUTpaT! CTUCHEHOTO IIO-
BiTpa 108 mM?/rox Beme m0 (OpMYBaHHA YACTHHOK MAaKCHMAJIbLHOTO i
0JIM3BKOTO 0 MaKCUMAaJBHOTO POo3MipiB (55—59 MKM).

2. Buasieno, 1110 y Ipolieci eJIeKTPOAYTrOBOT'0 HATIOPOIIIEHHS IIOKPUTTIB
3 IPOTiB MiAi Ta aJIOMiHiI0 MiKYaCTHHKOBA B3a€EMOLisd YaCTUHOK IXHiX
po3TomiB BimOyBaeThCs i Uac iX pyXy B PO3IOPOIIYBAJIbHOMY CTPYMe-
Hi, y pesyJbTaTi AKoi BifOyBaeThCA iX KOaryJsdllisg 3 YTBOPEHHAM Uac-
TUHOK TICEB/IOCTOITHOI CTPYKTYPHU, BOJHOUYAC YTBOPEHHS TBEPAUX PO3-
YWHIB # iHTepMeTaJIiAiB He BinOyBaeTbCs.

3. IlceBmocTomHI MOKPUTTA, OAepP:KaHi y pasi HAIOPOIIeHHS CHUCTEeMU
Cu—Al,mig yac xapakTepusyoOTbCSI BUPAYKEHOI0 IeTEPOreHHICTIO CTPYK-
TYpH, IO CKJIAJAAETHCA 3 BUXITHUX MaTepiaiB i IXHIX oKCUIiB. ¥ NOK-
PUTTAX NPUCYTHI Tako:k momimiKkm imTepmerarnigaux ¢as CugAl, i
CuAl,, 1110 yTBOPIOIOTHCA IIig uac (POPMYyBaHHSA IIapPy IMOKPUTTSA Ha II0-
BepPXHi OCHOB.

4. BmicT OKCHIIB Y MOKPUTTAX 1 MOPUCTICTE IMIapy 3ajieKaTh IOJOBHUM
YMHOM BiJl BUTPATH CTHMCHEHOIO IOBIiTpPA Ta AUCTAHIII HAIIOPOIIEHHS.
Maxkcumanapuauit BMicT okcuaiB (17% 006.) BUSIBJIEHO ¥ MOKPUTTAX y pasi
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HAIIOPOIIIeHHA 3 BUTPATOIO CTHCHEeHOro moBiTpa 126 m®/rox i aumcranii-
eto HamoporteHHsa 0,2 M. 3a TOro K MOeTHAHHA IMUX IIapaMeTpiB ¢op-
MYIOTBHCSA HOKPUTTS 3 MiHiManbHOIO mopucTicTio (4% 06.). Ile mos’s13amo0
3 MiABUINEHHAM CTYIIeHA AUCIIEPCHOCTI MaTepiany, IO PO3IOPONIIYETh-
cs, Ta TPUBAJIOCTI ITepebyBaHHA YaCTUHOK Y CTPYMEHi.
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This paper’s aims are to compare the effects of advanced mechanical surface
treatments on the surface characteristics of AISI 304 austenitic stainless
steel. The laser shock peening (LSP), combined with the water jet cavitation
peening (WjCP), water jet shot peening (WjSP), and multi-pin ultrasonic im-
pact peening (UIP), is applied to improve the surface quality and increase the
hardness, hardening depth, and the compressive residual stress values in the
near-surface layers. The laser shock processing is implemented using a sub-
merged laser peening system with a wavelength of 1064 nm. The outcomes of
the LSP treatment combined with other peening techniques in different se-
quences (applied prior or post it) are studied. The experimental results show
as compared to the combined LSP + WjCP and LSP + WjSP techniques, the
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combined LSP + UIP technique results in a lower surface roughness
(Ra ~0.15 pm) and higher surface macrohardness (~ 39.0 HRC;) supported by
nanoscale grain structure with grain size of 15100 nm, which is observed by
XRD and TEM analysis. The surface macrohardness is respectively increased
by about 48%, 68% , and 80% after the combined WjCP + LSP, WjSP + LSP,
and UIP+LSP techniques in comparison with the original sample
(22.1 HRC,). All combined peening techniques lead to an increase in the re-
sidual stresses values as compared to the single LSP process, providing the
hardening depth of about 1 mm.

Key words: AISI 304 stainless steel, laser shock peening, water jet cavita-
tion/shot peening, wultrasonic impact peening, roughness, hardness,
nanostructure.

Mertoro mamoi po6oTH € IMOPIiBHSAHHSA BILJIMBY IIePeJOBUX METOHIB MeXaHiuHOi
IIOBePXHEBOI 00POOKM Ha XapaKTEePUCTUKU IIOBEPXHi aycTeHiTHOI Heip)KaBKOI1
craai 08X18H10. Jlasepue ymapue sminnenasa (LSP) y moegHaHHi 3 rigpoct-
pymeneBum 3MmintHeHHAM y BoAi (WjCP), npoGocTpyMeHEeBUM 3MiITHEHHSAM Y
Bozai (WjSP) Ta yiIbTpa3ByKOBUM yIapHUM 3MiIlHEHHSAM 6araTo00MKOBUM Ha-
koHeunukoM (UIP) 3acToCOBYIOTH IJid MOJIMIIIEHHS AKOCTi MOBEPXHi i 30ib-
IIIeHHS BeJUYUH TBEPIOCTi, TIUOMHY 3MIITHEeHHA Ta 3aJUITKOBUX HATIPY/KEHb
CTHCKAHHS y IIPUIOBEPXHEBUX IIapax. JlasepHy yaapHy o0poOKY 3aiificHeHO 3a
JOIIOMOTOI0 3aHYPEHOI CHCTEeMM JIa3epHOrO 3MIiITHEHHSA 3 MOBXKUWHOIO XBUJIi
1064 am. HocaigxyBaam pes3yabTaTy JIa3ePHOI0 YAAPHOTO SMIITHEHHSA Y OET-
HaHHi 3 IHIMMMU MeTOoJaMu 3MIiITHEHHSA y PidHUX IOCJIiZOBHOCTSX (3aCTOCOBY-
Basm A0 abo micaa Hboro). ExcriepuMeHTAaNbHI pe3yIbTaTy MOKa3aju, M0 II0-
piBHAHO 3 KoMOinmoBanumMu merogamu LSP + WjCP ta LSP + WjSP, kombizo-
Baumuit metron LSP -+ UIP mpusBOAUTL MO MEHIOI IMTOPCTKOCTI TOBEPXHi
(Ra ~ 0,15 MrM) Ta BuIol moBepxHeBOi mMakporsepxpocti (~39,0 HRC;), mio
MiATBEPIKYE HAHOPO3MIipHY 3epeHHY CTPYKTYpPy 3 poamipom 3epen 15-100
HM, SIKa CIOocCTepirajacs 3a AOIOMOIOI PEHTIEeHOCTPYKTYPHOI'O aHaJlisy Ta
TpaHcMiciiiHol eleKTpoHHOI Mikpockomii. IToBepxHeBa MaKpOTBEPAiCTh 30i-
JBINIYyeThCA npubansno Ha 48, 68 ta 80%, BigmoBigHO, mic/asa KOMOiHOBAHUX
metonaiB WjCP + LSP, WjSP + LSP ta UIP + LSP nopiBHAHO 3 BUXiJHIM 3pas-
koM (22,1 HRC;). Yci kom0iHOBaHI MeTOoAu 3MiITHEHHA IPUBBOAATH 0 30i1b-
IIeHHS 3HAUYEHDb 3AJIMIIIKOBUX HANPYKEeHb IOPiBHAHO 3 OAMHUYHUM IIPOI[ECOM
LSP, zabesneuyounu rNinOMHY 3MilTHeHHS ITPUOJIU3HO 1 MM.

Kuarouori caora: zHeip:xaBka craab 08X18H10, sasepHe yanapHe 3MillHEHH,
riZpocTpyMeHeBe/IpoboCcTpyMeHeBe 3MillHEHHA ¥ BOJi, YJIBTPa3BYKOBe yaap-
He 3MiITHeHHHA, IIOPCTKiCTh, TBEPAiCTh, HAHOCTPYKTYpa.

(Received October 22,2021 )

1.INTRODUCTION

Given the high technological requirements for industrial products,
special attention is paid to their reliability and durability. As well-
known that the metal surface of components is exposed to intense me-
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chanical, thermal, chemical, and other influences. Thus, the main
cause of premature failure of parts is the destruction and wear of the
surface layer.

Currently, both traditional and advanced highly concentrated sur-
face treatment methods are used to form the required material proper-
ties for the fatigue and corrosion/wear resistance of metal compo-
nents. One of the most effective solutions is the application of the laser
surface modification techniques in combination with advanced me-
chanical surface treatments to enhance the surface characteristics [1—
3]. The combination of individual types of modification techniques al-
lows obtaining a much greater effect in increasing the surface charac-
teristics of metal parts to prolong their operation life.

There are several laser surface modification methods, such as a laser
shock peening [4, 5], laser transformation hardening [6], laser surface
melting/alloying [1, 2], and laser surface cladding [7]. It is also im-
portant to point out that the laser shock peening or laser transformation
hardening techniques can improve the surface properties, retaining the
same chemical composition of the material. Recently, the laser trans-
formation hardening combined with the ultrasonic impact hardening is
applied to reduce the surface roughness and increase the surface hard-
ness, forming the compressive residual stresses in carbon [8] and tool [9]
steels. The laser transformation hardening is effective for surface
treatment of structural or tool steels with a high carbon content of more
than 0.3% in which an ultrafine martensitic microstructure in the sub-
surface layer is formed due to phase transformations.

However, to improve the surface characteristics in low carbon
steels, the surface plastic deformation methods, such as a shot blasting
(SB) [10], shot peening (SP) [11], water jet shot peening (WjSP) [12],
cavitation peening (CP) [13], water jet cavitation peening (WjCP)[14],
ultrasonic impact peening [15—17], ultrasonic burnishing (USB) [10,
18], and laser shock peening (LSP) [19—-21] are usually applied. All of
the above-mentioned mechanical surface treatments can be used for
surface peening of the complex-shape or large-sized parts. In compari-
son with the unprocessed rough specimen, the surface roughness is
slightly decreased after the LSP and WjCP processes, while the WjSP
and multi-pin UIP processes lead to a significant reduction of the pa-
rameter Ra due to the plastic deformation both peaks and valley of ini-
tial micro-irregularities [22]. Conversely, the LSP and WjCP processes
provided a greater hardening depth thanks to a higher strain rate as
compared to the WjSP and UIP processes. The surface nanocrystalliza-
tion process of stainless steels is reported elsewhere [23—26].

Additionally, a study of stainless steel by Turski et al. [20] estab-
lished that as compared to the conventional SP process, the LSP, mono-
pin UIP, and WjCP processes induced a greater depth of compressive
residual stress.
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However, it is of interest that the combined peening techniques pro-
vide a better improvement of the surface characteristics as compared
to the single peening process [27—-30]. Wang et al. [31] found favoura-
ble effects of the application of LSP followed by SP for surface en-
hancement of a martensitic stainless steel. Unal et al. [30] studied the
effects of SB combined with SP on the surface roughness, hardness,
and structure of the AISI 304 stainless steel. They have shown that the
surface roughness is decreased after the SP process followed by the SB
process. Soyama et al. [27] established that a combination of
WjCP +CP/CP + WjCP, SP+ WjCP/WjCP +SP, and CP +SP/SP +CP
induced the resistance to fatigue crack growth owning to a greater and
deeper compressive residual stress in comparison with a single peening
of AISI 316L austenitic stainless steel. Zhang et al. [32] showed that
the combined USB + SP + USB process increased the surface hardness
value from ~800HV,, to ~1100 HV,, and value of the surface com-
pressive residual stress from about —350 MPa to —1000 MPa. Kumar et
al.[29] recommended the SP followed by deep cold rolling (DCR) to in-
crease the fatigue life.

Based on the chemical, thermal, and mechanical influence, the
thermo-mechanical surface treatment [1, 2, 9, 33] or thermochemical
treatment combined with the mechanical surface treatment [34—36]
can also be applied to enhance the fatigue life and corrosion/wear re-
sistance of the treated surface by generation of a hard layer. Shen et al.
[34] revealed that a pre-shot peening allows a double increase in the
thicker nitrided layer as compared to the unpeened surface by increas-
ing the nitrogen diffusion rate of stainless steel. The effects of the SP,
USB, and DCR techniques on the plasma-carburized surface are stud-
ied in works [37—39].

It should also be noted that among peening techniques, the LSP
technique is one of the most effective techniques for selective surface
treatment of fatigue-prone metals that produces a deep hardening
depth and compressive residual stress in the near-surface layers [40].
The surface of a metal part is impacted by a pulsed laser beam to gener-
ate high-energy plasma, which produces a pressure wave. The LSP
technique leads to significantly deeper compressive residual stresses
than conventional peening techniques, providing a superior surface
enhancement for the resistance of materials to fatigue and stress cor-
rosion cracking [41]. Nevertheless, despite successful LSP examples
for surface treatment of metal parts (turbine blades and compressors,
car engine parts, aircraft wings, parts of rockets and satellites, gears
and shafts of propeller gears, etc.), this method suffers from a poor
surface quality and inhomogeneous properties of the hardened layer.

Thus, to improve both the surface quality and material properties in
the low carbon steels or stainless steels treated by the LSP technique,
post-processing is required. As a consequence, the development of new
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combined pre- or post-processing techniques for expanding opportuni-
ties of LSP technique for advanced manufacturing is very relevant.

The paper compares the effects of the WjCP, WjSP, and multi-pin
ultrasonic impact peening (UIP) processes on the surface roughness,
hardness, and residual stresses of the austenitic stainless steel AISI 304
treated by LSP. The study of the combined WjCP + LSP, WjSP + LSP,
and UIP + LSP techniques is also addressed.

2. EXPERIMENTAL DETAILS

The plane samples with a dimension of 48x48x3 mm? of AISI 304 aus-
tenitic stainless steel in as-received condition are applied. The unpol-
ished samples are rough (Ra =3.063 um). The chemical composition of
studied steel is ~18% Cr, ~9% Ni, ~0.8% Si, ~0.5% Ti, 0.3% Cu,
0.2% Mn, 0.08% C, and balance Fe. The cross-section microhardness
near the surface is 230 HV ;, while the surface hardness is 22.1 HRC;.
The samples are processed by a laser peening, cavitation peening, shot
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Fig. 1. Schematic representation of the experimental setups applied for the
laser shock peening (a), water jet cavitation peening (b), water jet shot peen-
ing (¢), and multi-pin ultrasonic impact peening (d).
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peening, and ultrasonic peening with the optimized parameters [22].

The laser shock peening (LSP) process is implemented using a
Nd:YAG laser with the wavelength of 1.06 um [42]. Figure 1, a reveals
the setup for the submerged LSP technique. The sample is placed on a
stage that moved horizontally and vertically by stepping motors in a
water-filled glass chamber. The laser beam is focused on the treated
sample using a plano-convex lens, providing the laser spot size of
0.8 mm on the treated surface. The LSP experiments are made at a
pulse energy of 0.35dJ and a pulse width of 6 ns. During the LSP pro-
cess, the laser beam is overlapped by 50% . The pulse number density is
8 pulses/mm?.

The cavitation peeing (WjCP) process using a submerged water jet is
realized into a water-filled stainless-steel tank (Fig. 1, b). The pressur-
ized water jet by a plunger pump is perpendicularly injected into the
treated surface. A detailed description of the WjCP system can be
found elsewhere [22, 42, 43]. The WjCP technique is carried out by a
jet injection pressure of 30 MPa and a jet ambient pressure of 0.1 MPa.
The nozzle throat diameter D is 2 mm, the diameter of the cavitator d
is 3 mm, and the stand-off distance S between the nozzle and the sur-
face sample is 222 mm. The treatment time is 8 s/mm providing a
peened patch size of 45x45 mm?.

The shot peening (WjSP) process is performed applying re-
circulating shots accelerated by a pressurized water jet which come
through three 0.8 mm diameter holes [42]. A peening head for WjSP
technique is given in Fig. 1, ¢. The WjSP tests are conducted in the
chamber with an inner diameter of 54 mm at a water-jet an injection
pressure of 12 MPa using 500 stainless steel shots/balls in a diameter
of 3.2 mm. The stand-off distance S from the nozzle to the sample sur-
face is 50 mm (Fig. 1, c¢). During the WjSP process, the samples are
uniformly peened by moving the chamber at constant speed [44]. The
WjSP duration is 0.88 s/mm while a peened area is 45x45 mm?.

UIP process is performed by a numerical control milling machine, a
0.3 kW ultrasonic generator, and a multi-pin ultrasonic impact tool.
An ultrasonic vibration system is attached to a conventional machine-
tool (Dyna Myte 2800) with numerical control and passed to the speci-
men surface at a static load of 50 N. A seven-pin impact head is mount-
ed at a step-like waveguide horn tip. Fig. 1, d illustrates a schematic
diagram of the multi-pin impact head. The multi-pin UIP system is de-
scribed in detail [3, 22, 23]. The UIP experiments are carried out at a
vibration frequency fy;p of 21.6 kHz and amplitude AUIP of ultrasonic
horn tip of 15 um. During the UIP process, the multi-pin impact head
is forcedly rotated by a motor at a rotation speed of 76 rpm. The UIP
process lasted for 60 s.

The surface texture of the samples in an area of 4.5x5 mm? is meas-
ured using a 3D optical surface system (Leica DCM 3D). The surface
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roughness parameters of all samples are estimated using a filter cut-
off of 0.8 mm in each measurement. The profile arithmetic mean pa-
rameter Ra is defined six times at different places and the roughness of
each state is averaged.

The surface macrohardness is measured using a universal digital
hardness tester (Computest SC) at a load on indenter of 49 N. In each
case, six measurements are conducted in different locations of the
peened zones and average value summarized. The microhardness depth
measurements in the near-surface layer are performed at the loads of
0.1kg (HV,,) and 0.025kg (HV, ) using a PMT-3 microhardness
tester.

Microstructure of the surface layers is analysed by transmission
electron microscopy (a JEM 100 CX-II microscope) and X-ray diffrac-
tion (XRD) structural-phase analysis using a Rigaku Ultima IV dif-
fractometer (CuK,) in ‘0—20’ geometry with a 26 (20—120°) scanning
speed of 2°/min. The residual stress measurements are performed us-
ing sin2y based method [44]. The diffraction angle from the y-Fe (220)
plane without strain is 128 degrees. To calculate the stress tensor, the
diffraction ring from the sample is detected at several angles (¢ and ).

3. RESULTS AND DISCUSSION
3.1. Surface Morphology

The surface morphology of the samples recorded with the laser pro-
filometer is illustrated in Fig. 2 while surface roughness parameter Ra

Fig. 2. Comparison of 2D surface morphology of the unpeened sample (a) and
after LSP (b), combined LSP + WjCP (c), WjCP + LSP (d), LSP + WjSP (e),
WijSP + LSP (f), LSP + UIP (g), and UIP + LSP (%) peened AISI 304 samples.
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Continuation of Fig. 2.

is presented in Fig. 3.
It is of interest that in comparison with the unpeened sample (Fig. 2,
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a), the surface texture in the LSP-peened and combined LSP + WjCP
and WjCP + LSP-peened samples are slightly changed due to rather
rough initial surface (surface maximum height parameter Sz ~ 39 um).
The same results are observed in work [21]. Nevertheless, it is well-
known that the LSP technique leads to an increase in the roughness
and waviness parameters due to the surface severe plastic deformation
by highly concentrated laser shots [19]. The effects of LSP and WjCP
techniques on the surface texture of studied steel are presented in our
recent work [22].

The parameter Ra is slightly decreased by the combined LSP + WjCP
and WjCP + LSP techniques in comparison with the single LSP and
WjCP-peened sample (Fig. 3). Compared to the initial state, the combi-
nation of LSP and WjSP processes allows almost double increasing the
surface roughness, forming a new wavy surface texture/microrelief
(Fig. 2). At the same time, the surface maximum profile height of the
combined WjSP + LSP-processed samples (Sz~28 um) is lower than
that of the combined LSP + WjSP-processed samples (Sz ~ 43 um).

The surface roughness is remarkably decreased after the application
of UIP both pre-LSP (Ra~0.35um) and post-LSP (Ra~0.15 um)
(Fig. 3). This is because of the rotated multi-pin head which provides
the sliding impact of seven pins by the sample surface. This result also
correlates well with the literature data [3, 8]. Moreover, as compared
to the combined LSP + WjCP and LSP + WjSP techniques, the com-
bined LSP + UIP technique forms a regular microrelief with lower
roughness parameters due to the application of the multi-pin ultrason-
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Fig. 3. Comparison of surface roughness Ra magnitudes of the unpeened sam-
ple and after LSP, WjCP, WjSP, UIP, and combined peened AISI 304 samples.
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ic tool which moved by a Computer Numerical Control (CNC) program
and rotated forcedly by a motor. It should also be noted that the LSP
process increased the surface roughness in the UIP-processed sample.
As compared to the initial state, the parameter Ra is respectively re-
duced by approximately 13%, 80% , and more than triple after com-
bined LSP + WjCP, LSP + WjSP, and LSP + UIP methods. In contrast
to the combined UIP + LSP technique, the parameter Ra is decreased
after the combined WjCP + LSP and WjCP + LSP techniques as well.

3.2. Surface Hardness

The experiments show that the surface macrohardness (HRC;) increas-
es relative to the single peened samples irrespective of the combined
peening type (Fig. 4).

The highest surface hardness is observed after the combined
LSP + UIP/UIP + LSP and LSP + WjSP/WjSP + LSP techniques (~38
HRC,;), and the lower surface hardness is conversely observed after the
combined LSP + WjCP/WjCP + LSP methods (~32 HV,,). The figures
point to the surface severe plastic strain with post-LSP leads to a high-
er surface hardness improvement except for the WjSP + LSP process.
In comparison with the unpeened sample (22.1 HRC;) the surface
hardness is increased by about 48, 68, and 80% after the combined
WijCP + LSP, WjSP + LLSP, and UIP + LSP techniques, respectively.

A near-surface microhardness depth profiles are presented in Fig. 5.

;e +LSP /7// é
LR

Q
vl

Initial LSp Wij WjSpP uIpP

Fig. 4. Comparison of surface hardness HRC,; magnitudes of the unpeened sam-
ple and after LSP, WjCP, WjSP, UIP, and combined peened AISI 304 samples.
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The subsurface microhardness of the unpeened sample (~ 230 HV, ;) is
enlarged after the application of all combined hardening methods,
producing the hardened layers of ~1 mm thick. This is because the
combined peening techniques induced a higher plastic strain in the
near-surface increasing grain refinement and dislocation density [15,
25, 29, 30]. The highest values of the surface microhardness are ob-
served after the combined LSP+ WjSP (~410HV,,;), LSP+UIP
(~450HV, 455 (Fig. 5, a) and UIP/WjSP + LSP (~ 460 HV | ,,;) methods
(Fig. 5, b) with one exception of combined LSP + WjCP method that
shows slightly higher surface microhardness (~ 450 HV, o,5) in the sur-
face layer (Fig. 5, a).

3.3. Microstructure and Residual Stress

X-ray diffraction analysis of the modified surface layers demonstrates
that in comparison with the initial specimen all peaks related to aus-
tenite f.c.c. phase became shifted to lower diffraction angles indicat-
ing the formation of residual compressive stresses. Figure 6 compares
residual stresses in the near-surface layers measured by sin2y based
method. Unlike the LSP followed by the WjCP, WjSP or UIP processes,
the prior plastic deformation with post-LSP leads to higher values of

4.4 4.5 4 —a—LSP+SP
________ —e—LSP+UIT
: 5 40 —4—LSP+CP
4.0 - : : K —v—LSP
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: oo 35
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T : 25
0 40 80 120 160
; layer depth A, um
284"
2.4+
(I) 2[30 4;)0 6':90 8(I)0 1 OIOO
layer depth A, pm
a

Fig. 5. Microhardness depth profiles HV, 4, and HV, ; of LSP and combined
LSP + WjCP/WjSP/UIP (a) and WjCP/WjSP/UIP + LSP (b) peened AISI 304
samples.



90 D. A.LESYK, H. SOYAMA, B. N. MORDYUK et al.

44 - 50
5.0 —=—_SPL+SP
......... 15 —eo—UIT+LSP
: o 0] —v—LSP
g @]
& 364 % 354
&) . =
: y
a g
& 324!
40 80 120 160
28 - layer depth %, pm
2.4 =

T T L) 1 L] 1
0 200 400 600 800 1000
layer depth A, pm
b

Continuation of Fig. 5.

surface residual stress.

The LSP process combined with the WjCP process increased surface
residual stress is —(500—-540) MPa as compared to both single LSP
(—470 MPa) and WjCP (-377 MPa) techniques, however, the values of
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Fig. 6. Comparison of residual stress magnitudes in the unpeened sample and
after LSP, WjCP, WjSP, UIP, and combined peened AISI 304 samples.
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the residual stress in comparison with the combined LSP + WjSP/UIP
and WjSP/UIP + LSP techniques are lower.

The maximum residual stress values are about —640 MPa after the
combined WjSP + LSP method, while the combined UIP + LSP method
leads to greater residual stress values is —730 MPa.

The change in the residual stress values correlates well with the sur-
face macrohardness data (Fiig. 4). The comparison between the effects
of cavitation peening in air/water and WjSP processes on the residual
stress profile in the subsurface layer of AISI 316 austenitic stainless is
studied in works [27, 44]. Results showed that in comparison with a
single peening process, the values of the compressive residual stresses
are greater and deeper in the samples peened by the combined peening
techniques.

Additionally, XRD analyses show that all mechanical treatments
used resulted in the appearance of additional peaks related to the mar-
tensitic b.c.t. phase. Figure 7 demonstrates fragments of X-ray spec-
tra for the untreated AISI 304 sample containing XRD peaks of only
f.c.c. austenite and for the samples modified by LSP and its combina-
tion with UIP treatment. The LSP and LSP + UIP combined processes
demonstrated the highest magnitudes of the surface macrohardness
HRC; (Fig. 4) and compressive residual stresses (Fig. 6). It is seen that
both austenite and martensite related peaks on the XRD patterns of
the modified surfaces are significantly broadened indicating the

‘ 0o ini 2& TUIP+LSP
1o LSP 3v LSP+UIP

Intensity I, r.u.

L) v L)
74 75
Diffraction angle 20, degrees

Fig.7. Fragments of X-ray spectra for the untreated sample and after LSP,
and combined UIP + LSP and LSP + UIP peened AISI 304 samples.
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grains/crystallites’ refinement and/or increased lattice microstrains
formed. However, considering the intensity of martensitic peaks, the
LSP treatment results in a much lesser volume fraction of o’ phase.

A significant decrease in the crystallites size is confirmed by direct
observations of the microstructure of near-surface layers of the modi-
fied samples by TEM analysis (Fig. 8). For the sake of comparison, mi-
crostructures of the LSP treated (Fig. 8, a, b) and LSP + UIP treated
(Fig. 8, ¢, d) are presented. The microstructure of the LSP treated sur-
face layer of AISI 304 steel mainly contains dislocation cells with high-
ly tangled boundaries and cell sizes of 150—500 nm. Considering sig-
nificant azimuthal dispersion of diffraction spots some of the cells are
highly misoriented. This well correlated to the data reported to the
LSP treated austenitic steel AISI 321 [15]. This microstructure under-
goes further refinement during additional UIP treatment. High-
density dislocations formation and movement lead to the increase in
the volume fraction of the high-angle boundaries transforming dislo-
cation cells into highly misoriented grains. As a result, a nanoscale
grain structure with grain size of the 15-100nm is formed after
LSP + UIP treatment (Fig. 8, ¢, d). A characteristic ring-like SAED
pattern is registered for this nanoscale structure. Similar nanostruc-
turization is reported for UIP treated austenitic steel AISI 321 [15,
45]. Such nanograined structure is believed to be the main reason for
the highest observed magnitude of macrohardness HRC; (Fig. 4).

Fig. 8. Bright-field (a—c) and dark-field (d) TEM images of microstructure of
AISI 304 samples after LSP (a, b) and LSP + UIP (¢, d) accompanied with
SAED patterns.
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4. CONCLUSION

In this paper, AISI 304 stainless steel are peened by LSP and combined
peening techniques by a prequential or subsequent LSP treatment
(LSP + WjCP/WjCP + LSP, LSP + WjSP/WjSP + LSP, LSP + UIP/UIP +
+ LSP). The comparison of the surface texture, roughness, hardness,
hardening depth, and stress state of AISI 304 stainless steel are esti-
mated. The obtained results allow drawing the following conclusions:
1. The LSP combined with the UIP technique remarkably decreased the
mean roughness (parameter Ra) of peened surfaces (Ra ~0.2 um). Un-
like the combined LSP + WjCP and WjCP + LSP techniques, the LSP
combined with the WjSP and UIP techniques produce a new surface
relief.

2. The surface plastic deformation with post-LSP leads to a higher sur-
face hardness and residual stress improvement as compared to pre-
LSP. In particular, the maximum surface hardness is approx. 39 HRC,
after the combined UIP + LSP/UIP + LSP techniques while the LSP
combined with the WjSP (~37 HRC;) and WjCP (~32 HRC;) tech-
niques leads to lower surface hardness. All combined surface peening
techniques induced the hardening depth of approx. 1 mm.

3. The maximum surface residual stress is approximation —540 MPa
and —640 MPa after the combined WjCP + LSP and WjSP + LSP tech-
niques, respectively, while the combined UIP + LSP technique leads to
a higher residual stress (-730 MPa).

4. Mechanical surface treatments result in significant grains/subgrains
refinement. Ultrafine dislocation cell structure with cell size of 150—
500 nm and highly misoriented nanoscale grain structure with grain
size of 15—100 nm are respectively observed in the top near-surface
layers of the LSP and LSP + UIP treated samples.

5. The combined LSP + UIP technique can be applied to improve both
surface quality and physical and mechanical properties while combined
WjiCP/WjSP + LSP techniques can be recommended when a higher sur-
face roughness parameters are required.

6. To treat the complexly-shaped or small-sized metal components the
application of the LSP and multi-pin UIP methods should be applied
for surface peening of the large-sized metal components.

This study is partially supported by JSPS KAKENHI Grant Number
17HO03138 and the German Academic Exchange Service (DAAD) Re-
search Grant.

The authors gratefully acknowledge Dr. S. Martinez (Aeronautics
Advanced Manufacturing Centre of the University of the Basque
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morphology analysis.
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PHYSICS OF STRENGTH AND PLASTICITY
PACSnumbers: 43.35.+d, 68.35.Gy, 81.05.Ni, 81.40.Lm, 81.65.-b, 83.10.Tv, 83.50.Uv

®dopmyBaHHS KOMIIO3UTHHUX IIAPiB YITPA3BYKOBUM yIapPHUM
o0pooaenHam adaryHi JIC59-1 i3 BUKopucTaHHAM
apMyBaJbHUX YACTUHOK KapOiqy KpeMHit0o

A.TI. Bypmak®, B. M. Mopziok~™, C. I. CuzopeHko’,
C. M. Bosomko”, B. B. Moruako”

‘Hauionanvruii mexniunuil ynisepcumem Yrpainu

«Ruiscvruil norimexnivnuit incmumym imeni Izopsa Cikopcvko20»,
npocn. Ilepemozu, 37,

03056 Kuis, Yxpaina

“Inemumym memanogisuru im. I'. B. Kypoomosa HAH Ykpainu,
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03142 Ruis, Ykpaina

HocaigsxeHo CTPYKTYDPY, (ha30BUil CKJIaJ] Ta MeXaHiUHi BJaCTUBOCTiI KOMIIO3UT-
HUX HOKPUTTIB, CHHTE30BaHUX YJbTPAasBYKOBOI yAapHOI 00pobkor (Y3VYO)
IMOBepxXHeBUX INapiB aBodasuol JaryHi JIC59-1 i3 momaBaHHAM apMyBaJbHUX
yactTuHok SiC pisHux dpaxuiii (3—5 mxm, 14—20 mxm, 40-50 mgm, 80—100
MEM, 160—200 mKM). BHacHifoK inTeHCUBHOI maacTuuHOi gedopmaliii, cupu-
upHeHol ¥Y3YO0, Big0yBaeThCs 4aCTKOBe MOAPiOHEHHSA Ta BTiJIEHHS IIOPOINKY
SiC mo mpunoBepxHeBUX IIapiB jaryHi. I[IpomonoBaHu miagxim mo3BoJIsAE CUH-
Te3yBaTH BHUCOKOMII[HI KOMIIO3BUTHI IIOKPUTTA TOBIIUHOIO O/JM3BKO ~50 MKM.
Maxkcumanbuuii epeKT 3MilITHEeHHSA BHACJIJOK HAWOIJIBIIIOrO CTYIIeHs HoApib-
HEeHHA KPUCTAJITIiB (a3oBuUX CKJIAJOBUX JATYHI HOCATAETHCA 3a YMOB apMy-
BaHHa moporrkoM SiC 3 poamipom uactTmHOK 160-200 MrM. 3acTocyBaHHSA
dpaxkiii kapoigy kpemuio 40—50 MKM gae HaKpaluil pe3yJbTaT 3 TOUKH 30PY
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98 A.II. BYPMAK, B. M. MOPIIOK, C. I. CHJOPEHKO ra i=.

MiHiMaJBHOrO PO3Mipy ob0JacTeli KOTepeHTHOrO PO3CiAHHSA IIOPOIIKY Ta HOro
6inpIoi 00’€MHOI YacTKM i piBHOMipHOCTI pO3mOiny y ImOBEepXHEBOMY IIapi
(peHTT'eHOCIeKTPAJIbHUIN MiKpoaHasi3 IIoKasye MiHiMaJbHUUA BMiCT IIMHKY i
MiZi Ta MakKCcUMAaJbHY KiTbKicTh cuiiliito Ta ByrJeiiio). HesBaskarouu Ha Te, 110
MiKpOTBEPAiCTh TAKOrO MMOKPUTTS AEIl0 HUKYA, HisK IJIA BUIIAAKY 3aCTOCYBaH-
Ha mig vac Y3YO mopoIlkis 6iabIIoro poamipy, CyiijabHiCTh, OQHOPiAHICTE i
piBHOMipHiCTBH cC(hOPMOBAHOIO Y IILOMY BUIIAAKY ITIOKPUTTSA € MAKCUMAJIbHUMH.

KuarouoBi caoBa: yJIbTpasByKoBa yAapHa 00poOKa, iHTeHCHMBHA IIJIaCTHUYHA Je-
dopmMaIlia, KOMIO3UTHE HIOKPUTTA, MiKPOTBEPIiCcTh, (pa30BUM CKJIA.

The structure, phase composition and mechanical properties of composite coat-
ings synthesized by ultrasonic impact treatment (UIT) of the surface layers of
two-phase Cu—39Zn—1PDb brass with the addition of reinforcing SiC particles of
different fractions, i.e. 3—5 um, 14-20 um, 40-50 pm, 80-100 um, 160-200
um, are studied. Owing to severe plastic deformation caused by UIT, there is a
partial grinding and embodiment of the SiC powders into the near-surface lay-
ers of brass. The proposed approach allows synthesising the high-strength
composite coatings with a thickness of ~50 um. The maximum hardening effect
due to the maximum crystallites’ refinement of the phase components of brass
is achieved under conditions of reinforcement with the SiC powder with a par-
ticle size of 160—200 um. Application of the SiC powder fraction of 40—50 um
gives the best result in terms of the minimum of coherent-scattering regions’
size of the SiC powder and its higher volume fraction and more uniform distri-
bution in the surface layer (EDX analysis shows minimum contents of Zn and
Cu, and maximum contents of Si and C). Despite the fact that the microhard-
ness of such a coating is slightly lower than those for the UIT-produced compo-
sites with the powders of larger size, the integrity, homogeneity, and uni-
formity of the formed composite coating are maximal in this case.

Key words: ultrasonic impact treatment, severe plastic deformation, compo-
site coating, microhardness, phase composition.

(Ompumano 13 xmoemusa 2021 p.)

1. BCTYII

OgHUM 3 IMEePCHeKTUBHUX HANPAMIB CyyacHOTO MaTepiaJiosHaBCTBa €
CTBOPEHHSA 3HOCOCTIMKMX MOKPUTTIB Ha ITOBEPXHI MeTaJiB Ta CTOMIB i3
3aCTOCYBAHHAM METOJiB SIK TepMiuHOTO BIIUBY [1] 3 BHCOKOIO IMIBUAKI-
CTIO HarpiBy Ta oxoJomsKeHHd [2], TaK i aTepMiuHOI BICOKOEHEPTETUY-
HO1 00p00Ku [3—6]. ToBiumHa MOAM(iKOBAHOrO ITOBEPXHEBOTO IIAPY AJIs
BUIIAIKY, HAIPUKJAJ, iMIIyJbCHOTO IIJIA3MOBOTO HAT'PIBY IIE€PEBUIIYE
200-250 MM [7], a ayia BUIaAKy aTepMiduHOl YJIBTPa3BYKOBOI yaIapHOI
00pobOKu, 3asBuuaii, ckiamae 100—150 mxm [8—12] B 3aje:kHOCTI Bin
MaTepiajy MaTPUYHOTO CTONY. BUKIIIOUEHHAM € JIATYHb, AJIA AKOI micaa
YIABTPa3BYKOBOI yaapHoi 00pobku (Y3YO) B cepeoBHIITi aprony Ta Ha
noBiTpi aminuenHs go ~200% peecTpyeTbesa Ha raubuHi 1o ~1 mm [13].
ITicoa mickocTpymmuHOI 00po6Ku [14] Takoro edekTy He crocrTepira-
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€ThCA — HAHOCTPYKTYPOBAHUM ITap Ma€ TOBIIMHY MOPAAKY 130 MKM.
BigminHocTi mporiecy iHTeHCHMBHOrO geopMyBaHHS o+ -JaTyHiI MoO-
JKYTh OyTH 0OyMOBJICHI HAAIJIACTUYHICTIO 34 PaXYHOK BHYTPIIIIHBLO3E-
PeHHOT'0 KOB3aHHS y 3epHax o-(dasu, sKa cIocTepirajgach 3a yMOB iHTe-
HcuBHOrO TepTsd [15] Ta piBHOKaHAJIBHOTO KYTOBOTO ITpecyBaHHs [16].

IITo cTocyeThcA CUHTE3Y HAHOKOMIIOBUTHUX IMTOKPUTTIB HA cTOHAaX Mi-
Ii, 30KpeMa JIaTyHi, TO OCTaHHIM YacOM OCHOBHA yBara IIPUIiJIA€ThCS
MEeTOIy TepPTs 3 IepeMilTyBaHHAM, TaK 3BaHOMY cTip-mpoiiecy (friction
stir processing). IlokasaHo, 1110 HoJaBaHHA OO 30HU OOPOOKM CcyMiriri
Kepamiuanx dacTuHoK 25% AIN + 75% BN mosBoise 301IbIIATH MiK-
poTBepaicTh moBepxHi Mimmoi maTpuiii 3 60 HV no 77 HV [17]. ¥V pobori
[18] 3 ama0oriuHOI0 METOI0 BUKOPUCTAHO CYMIIll KepaMiuHNX YaCTUHOK
SiC Ta h-BN 3a pissaoro ix coisiguomenusa: 100% SiC, 100% h-BN,
50% SiC + 50% h-BN i gocartu MakCUMAaJIbLHOI'O 3HAUEHHS MiKPOTBED-
mocti 181,5 HV nna xommosuTHOro nokputtsa 3 18% o06. vactunok SiC,
III0 BTPUYi IIepeBUINyE 3HAUYEHHA MiKPOTBEPAOCTI MigHOI MmaTpuili. Bu-
KOPUCTAaHHSA OiJbIII CKJIAZHOI cywmimmi 3 xemiunum craagom (% Bar.):
Si0,-49,50, Al,0,—25,54, Fe,0,—8,92, Ca0-6,13, Mn0O,-1,03, K,O—
0,65, Ti0,—0,53, Na,0—-0,47 mosBosmaa aBTopam [19] He TinbKM misn-
BUIIATHA MiKpPOTBepIicTh cOOPMOBAHUX HAa JIATYHI KOMIIOBUTHUX IOK-
purtis Bix 142 HV 1o 173 HV, a i BTpuui 3MeHIIINTH IIBUIAKIiCTH 3HOIITY-
BaHHJA Ta Koe(itieHT TepTa. Po3mip 3eper BogHOUac 3MeHINIUBCs 3 11 10
3 MKM 3a YMOBH, II[0 BMicT cymitmri ckaazas 18% o006.

¥ pob6ori [20] moBepxHIO MiZHOI MaTPUILi 3MIiITHEHO METOAOM TEPT 3i
nepemimryBanuaaM 3 yactuakamu MoS, ta Ti,AlC: mikpoTBepmicTs 30i-
JabinyeTbed Ha 38 Ta 55% , rpannuHa Merxa MirHocTi — Ha 75 Ta 175% ,
a KoedimieuT Tepra smeninyerbed Ha 32 Ta 20% , BigmoBigHO, MOPiBHS-
HO 3 BUXiTHNM CTAHOM.

Arepmiune popMyBaHHSA MOBEPXHEBUX HAHOKOMIIO3UTIB i3 BUKOPHUC-
TAaHHAM YJIbBTPA3BYKOBOI yaAapHOI 00pOoOKM ampo00oBaHO AJaA ABO(Ma3HOI
naryui JIC59-1[21] is mogaBarnuam mopomtkiB Al,0,, SiC Ta -SizN,, 1110
JIO3BOJINJIO TOCATTH MaKCHUMAaJbHOTO eeKTy 3MillHeHHs Mo 4 pasiB mo-
piBHAHO i3 Buxigaum cranom. HaiiBuiie 3HaueHHA MiKpPOTBEPIOCTi
(~5,65 I'lla) zadikcoBano micaa o6pobKu 3 moporrkoMm SiC, dpakriris
saxoro ckjaagana 20—40 mxm. HasgBHicTh mepexigHOro mapy TOBIITUMHOIO
10150 MKM 3 I'pafieHTHOIO CTPYKTYPOIO HiATBEPAKY€E BUCOKY aAresiio
MOKPUTTA A0 MaTepiamy ocHoBu. ¥ mpoiieci ¥Y3YO smiHmoeThcsa Mopgdo-
JIOT'isI IIOBEPXHi JIATYHI 3a PaXYHOK ILJIACTUYHOIO Ae(DOPMYBaAHHSA BUXiI-
HUX MiKpOHepiBHOCTel, BUCTYIIiB Ta 3alIOBHEHHA 3alaJiH MaTepiajaoMm
apMyBaJIbHUX YacTHHOK. MiHiMaibHe 3HAUEHHS IIapaMeTpa MIOPCTKOC-
Ti (R, =1,76 mKM) criocTepiraersca nicaa ¥Y3YO 3 mopomkom SiC, a ma-
KcuMaabHe — 3 mopomioM -SisN, (R, = 3,0 mgm). Taka pisauiia oby-
MOBJIeHA 3MiHamMu (pasoBOro CKJIaAy ITOBePXHi (cHiBBigHOIIEHHA O- i B-
da3s), a TaKOK PiBHUM CTyIIeHEM IOAPiOHeHHA BTiIEHX YaCTUHOK.

OcCKinmbKM apMyBaHHS MOBEePXHi JaTyHi nuaaxoM ¥Y3¥Y0O 3 mIOpOIIIKOM
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SiC BuaBuMI0OCH HAWOLIBINT MPUAATHUM 3 TOUKH 30PY YCiX TOCIiAMKeHUX
XapaKTepUCTUK, Y JaHili poOOTi BUKOpHUCTaHO AuciIepcHi mopomiku SiC
m’aTh iHmux Qpakiiii. 3aopoIloOHOBAHUHM IIifXis MaB HAa MeTi BuU3HA-
YeHHA ONTUMAaJJIbHOI (hpaKIlil HOPOIIKY AJIA CUHTE3Y KOMIO3UTHUX TTOK-
puTTiB Ha gaTyHi JIC59-1 3 moKpaIieHnM KOMILJIEKCOM BJIaCTUBOCTEA.

2. METOOJUKA ERKCIIEPUMEHTY

JoxaamHo MeTOANKY YVILTPAa3BYKOBOI yaapHoi 00po0Ku ayisa (hopMyBaH-
HS KOMIIOBUTHUX IMOKPUTTIB BUKJageHo B [11, 12, 21]. Ammiitynga Ko-
JUBAHb YJLTPA3BYKOBOTO XBHJIEBOIY CTAHOBHJIA 25 MKM, TPUBAJICTD
00pobku Ha mmoBiTpi — 150 ¢. OOpoO6IAIM 3pa3oK AK 60e3 MOPOIIKY, TaK
i3 JomaBaHHSAM IOPOIIKY S0 30HU OOPOOKH.

BuwmipioBarHs MiKpoTBepAocTi moBepxHi cromy /16 BuKoHyBaim Ha
mpuaazni IIMT-3M sa naBautaxkenusa 100 r.

I'nmubury momudikoBaHoro iapy Ta KoHieHTpaiito aromie Cu ta Al
JOCJiIKyBaJIM METOAOM MiKPOPEHTI'€HOCIIEKTPAJbLHOI0 aHaJIi3y 3a IO-
nomoroio npuiaany PEMMA-1061. PeuTreHiBcbKi JOCTiKEeHHS IIPOBO-
Iuin 3 BukKopucramaam gudparromerpa Rigaku Ultima IV (Bumpomi-
moBauua CuK,). Peectpariito mpoBoauiu B inTepBasti KyTiB 20 = 20—140°
3 kpoxoM 0,02° ta vacom BUTpUMEKH 2 ¢. OOPOOKY PEHTTeHiBCLKUX CIIe-
KTPiB Ta BU3HAUEHHS SIKICHOIO i KijgbKicHOro (pa3oBOro cKJamy 3miiic-
HIOBaJI 3 BUKOPHUCTAHHSAM IIporpamMHoro sabesmeuenHs Rigaku, mixk-
Hapoauoi 6asu ganux audpariii PDF-2 ta BizkpuToi 6a3u xpucrajor-
padiurux gapmx COD. PospaxyHOK poaMmipy ob6JiacTeii KOrepeHTHOTO
poacisaua (OKP) Ta crymewnio gedopMarliii KpucTaaiuHol I'paTHUII IIPo-
BOAMJIN 3a MeToaoM XoJunepa—Barmepa. Busmauennsa KinbKicHOro (a-
30BOro ckJjany micasgs ¥Y3YO 3 BUKOPUCTAHHAM apMyBaJbHUX YACTOK
mpoBoguau metogoMm Reference Intensity Ratio. amuit meTon moasarae
y MOPiBHAHHI BiTHOINIEHHA iHTeHCUBHOCTEN HallCUIBHIIINX pedJieKciB
a3y i KOPYHAY B IXHIiH CyMiIlli 3 MACOBMHY YaCTKaMU.

Cromn JIC59-1 mae Hactymuuii xemiunuii ckaag: Cu—58,9 ar.%, Zn—
39,6 ar.%, Pb—1,04 ar.% . Ilicisa pekpucraaisaiifiHoro Bifgmanay 3a Te-
mreparypu 500°C matyss JIC59-1 mae nBohasHy CTPYKTYpPY o + 3 8 1OC-
TaTHbO BUCOKOIO KinbKicTiO B-dasu. CuiBBigHOIIIEHHA BMicTy o- i B-dhas
Y BUXiZHOMY cTaHi cTaHOBUJO ~55:45. [Ina mocigKeHb BUKOPUCTOBY-
BaJIX 3pasKM y BUTVIALL MUIIHAPIB Aiamerpom 15 MM i BucoToo 8 MM
(£0,5 MmM), omepskani pisaHHAM IPYTKIiB IEPHIeHAUKYIAPHO HATPAMKY
mpokaTKku. IHTepBasn po3mipiB mopommkiB SiC pisHux QppakKIifii ckiazma-
an: 3—5 MM, 14—-20 mxm, 40—-50 mxm, 80—100 mxm, 160—200 MmxM.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

PesyabpraTyt BUMiprOBaHHA MiKPOTBEPAOCTI MOBEPXHEBUX ITIapiB JaTyHI
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JIC59-1 y Buximnomy cragi, micaa ¥Y3YO Ha moBiTpi 3 ammiitTygoo A =
=25 MKM BIpogoB:k T = 150 ¢ Ta micia anamoriunoro pexumy ¥Y3YO i3
3aCTOCYBAHHAM apMyBaJIbHUX YacTHHOK SiC pisHMX (ppakIliii HaBeIeHO
Ha puc. 1.

MikporeepaicTs gatyHi JIC59-1 micaa Y3VO ma moBiTpi mmepeBuIye
ii MmikpoTBepAicTh ¥ BUXiZHOMY cTaHi mpubOIM3HO BTPUUi, a AJA CUHTE-
30BAHUX KOMIIOBUTHUX IIOKPUTTIB MaKCUMAaJIbHe 3HAUCHHS MiKDPOTBEP-
mocti mocsarae 6,7 I'lla gisa BumagKy BUKOPHCTaHHA mopoIky SiC pos-
mipom 160—200 mxM (TOOTO edheKT 3MiITHEHHS — ITOHAJ 5 pasiB). 3acTo-
CYBaHHA apMyBaJIbHUX YAaCTHHOK YCiX (pakitiii mo3BoJsA€ 301ILIINTH
sHauenua HV mopiBHAHO i3 amagoriuaum pexxuMoM Y3YO 06e3 zacTocy-
BaHHSA TOPOIIKiB. AJle 3i 30iIbIIIEHHAM PO3Mipy YaCTHHOK MiKpPOTBEp-
IiCTh KOMIIO3UTHOI'O IOKPUTTS IIOCTYIIOBO 3POCTAE.

Peutrenorpagiuni gocaigxkenns spaskis garyui JIC59-1 y sBuximHo-
My craHi Ta micasa Y3YO Ha nosiTpi (puc. 2, a) moKasaiu HasSBHICTE O-
dasu (Cu,Zn), B-dasu (CuZn) ta Pb. ITicas Y3YO 3 BUKOpUCTAHHAM TIO-
pomky SiC pisaux (parimiit (puc. 2, 6—e) 3’ ABIAIOTHCA TOAATKOBI ped-
JIeKCH BiJ KapOigy KpeMHiro.

Ha pucysry 3 moxasaHo BIJINB (PpaKIlil HOPOIIKY Ha 3MiHy iHTeHCH-
BHOCTi pedekrciB SiC (101), (006) i (103) y KOMIIOBUTHUX IOKPUTTIX,
110 cuHTe30BaHi nuIaxom ¥ 3YO0 nmosepxHi atywi JIC59-1.

7-. T
=B T ;s %
hg r- T %/ %
Z 5] 7
T
g :
R
=
= 1_7

G- T

ooy e L e e e ]
JIC59-1 ¥3V0 3-5 14-20 40-50 §0-100160-200

Puc. 1. Mikporsepaicts aaryui JIC59-1 y Buxiguomy crani, micasa ¥Y3VO0 ma
moBiTpi Ta micaa Y3YO Ha moBiTpi 3 BUKOPUCTAHHAM apMyBaJbHUX ITOPOIIKiB
SiC pisaux ppakriiii.

Fig. 1. The surface microhardness of the Cu—39Zn—1Pb alloy after heat
treatment (initial state), UIT and UIT + SiC (different fractions).
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3—-5 mxmMm (0), d =
160-200 mkM (e).

1Pb alloy after UIT

d

:

=40-50 MM (2), d =80-100 mxwMm (), d
Fig. 2. Diffraction patterns of the Cu—

Puc. 2. Judpaxrorpamu 3paskie garysi JIC59-1 nicia ¥Y3VO ua mosiTpi
14-20 mxM™ (8), d

poriky (a), 3 BUKopucTaHuaM mopoIinky SiC pisaux dpariti

without
14-20 um

39Zn—

d =

=5 um (0),

3
160—200 pm (e).

d =

with powders (different fractions):

’

powder (a)
(6),d

~100 pm (9), d =

=80

40-50 pm (2), d
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Puc. 3. 3mina inTeHcuBHOCTI pediekciB Kapbigy KpemHito (6) micaa Y3VO 3
moporirkoM SiC pisHux dpakiriii (a).

Fig. 3. Changes in the intensity of reflexes of silicon carbide (6) after UIT with
SiC powder of different fractions (a).

poiirky 40—-50 mxMm, a mimimaapaa — aasa 14—20 mxm. Kinskicuuii ga-
30BUI CKJIAJ CHHTE30BAHNX KOMIIO3UTHUX HOKPHUTTIB (Tabx. 1) BusHA-
uyeHo Metomom RIR (Reference Intensity Ratio).

PesynbpraTtu KinbKicHOro (pasoBoro aHajidy cBiguaTb, 1Mo 3i 36iJb-
IIeHHSIM PO3Mipy apMyBaJbHUX YaCTHHOK BMicT SiC y KOMIIOSUTHOMY
IIOKPUTTI 3pOCTaE B OCHOBHOMY 3a PAaXYHOK 3MEHIIEHHA KiJbKOCTi [3-
(dasu. BUKJIIOUEHHAM € BUIAI0K, KOJIU (ppaKIlisg mopomky ckaazgae 40—
50 MKM i KinbKicTb B-(hasu HaBOaAKMU 30i/IbIITYyETHCA.

Y Tabauii 2 HaBeIeHO PO3Mip obJacTell KOTePEHTHOr0 PO3CiloBaHHA
(OKP) dpasoBuX CKJIaA0BUX CHUHTE30BAHNX KOMIIO3UTHUX IOKPUTTIB.

Pesynbratu, HaBegeHi B Tabu. 2, cBiguaTs, 110 3i 30iIBIIIEHHAM PO3-
Mipy apMyBaJIbHUX YaCTHHOK BigOyBaeThCA iHTEHCHUBHIiIle IMOAPiOHeH-
Hs (pasoBux ckaamoux JaTtyHi JICH9-1. Ajle MmakcuMasIbHe IIOAPiOHEH-

TABJUIIA 1. KinbKicauii ¢pas3oBuii cKJa CHHTE30BAHNX KOMIO3UTHUX ITOK-
PHUTTIiB 3aJIe;KHO Bif ppakitii mopomkry (3a ganumu PDA).

TABLE 1. Quantitative phase composition of synthesized composite coatings
depending on the powder fraction (according to X-ray diffraction).

> " Buxigauil | Ticas Posmip wacTuHOK, MKM
asa,
°| eram | Y3YO0 | 3-5 [14-20] 40-50 [80-100] 160-200
a-(asa 55 63 54 583 42 55 56
B-dasa 45 37 28 20 32 17 15
SiC - - 17 21 25 27 28

Pb 1,2 1,1 1 0,7 1 1 1
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TABJINIIA 2. Posmip OKP dasoBux CKJIaJ0BUX KOMIIOSUTHUX IIOKPUTTIB, CH-
HTe30BaHMX Ha noBepxHi garyHi JIC59-1 maaxom ¥Y3YO 3 nmopomkom SiC pis-
HUX (ppaKIiii.

TABLE 2. The CSR size of phase components of composite coatings synthe-
sized on the surface of the Cu—39Zn—1Pb alloy by UIT with SiC powders of
different fractions.

Posmip OKP, |Buxiguwnii| [Ticaa Poswmip uacTuHOK, MKM
HM cran | V3Y0| 3-5 | 14-20 | 40-50 |80-100 [160-200
a-dasa 250 150 94 107 86 96 69
B-basa 270 130 131 133 126 104 56
SiC - - 198 140 81 128 126

Ha mopomKy (mo 81 uM) BimOyBaeTbCcs, AKITO MOro BUXiITZHUH PO3Mip
craagae 40—50 MrM.

Ha pucynky 4 HaBemerno Mopdosoriro moBepxHi cpopMOBaHUX KOM-
OO3UTHUX IOKPUTTIB. Ilicasa BUKOpHUCTAHHSA apMyBaJIbHUX YACTHHOK
SiC maiimenIioro posmipy 3—5 MKM (puc. 4, a) Ha TOBEPXHi JaTyHi
JIC59-1 BigbyBaeThcA (popMyBaHHA HEOTHOPiTHOTO KOMIO3UTHOTO IIOK-
purTta. BoHO He € CYHMiJIBHUM, OCKiJIBKH CIIOCTEPirarmoThCs IIOOIMHOKO
posmnoxiseHi rao0yasapHi o6JacTi TeMHOTO KOJBLOPY, AKi € HacIigxoMm
IpobJieHHA Ta BTijeHnHsa y nporeci Y3VO mopomuaok SiC. O6acTi ¢Bi-
TJIOTO KOJLOPY BiAmOBimaroThL BuUXimHOMY cKJamy JaryHi (o-dasza). ¥V
ILOMY BUIAAKY Ha MOBEPXHI 3aJIMIITAIOTECSA JOCUTH 3HAYHI 3a PO3MipoM
IiTAHKY BUXiTHOTO MaTPUYHOTO cToIry. Ile miaATBepAKyIOTh pes3yibTaT

Puc. 4. MiKkpocTpyKTypa IIOBEpPXHi KOMIIOBUTHHUX IMOKPUTTIB, cHOPMOBAHUX
Y3¥YO0 nma moBepxHi garyui JIC59-1 3 Bukopucranuam mopomiy SiC pisamx
dpakuiit: d = 3—5 mrm (a), d = 14-20 mxwMm (6), d = 40-50 MM (8), d = 80—-100
MKEM (2), d =160-200 mxMm (9).

Fig. 4. The surface microstructure of the Cu—39Zn—1Pb alloy after UIT + SiC
(different fractions): d = 3—5 um (a), d = 14-20 pm (6), d = 40-50 pm (8), d =
=80-100 um (2), d =160-200 pm (9).
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IIpodosicenns puc. 4.

Continuation of Fig. 4.

JIOKAJILHOTO MiKPOPEHTI'€HOCIEeKTPAIbHOTO aHAIi3y XeMiuHOro CKJIaay
moBepxHi JaTyHi (puc. 5).

31 30i/MbIIeHHAM PO3MIipPy IOPOIIMHOK IIOKPUTTA CTA€ OiIbII OSHOPI-
IHUM 3a ycieio mioieio o0po0II0BaHOI IOBEepXHi. AJie AKI0O GpaKIilia
Kapbigy kpemuiio cramoButh 40—50 Mmxm (puc. 4, 8), HocAraeThbcsa Hali-
Kpaluii pe3yJabTaT 3 TOUKK 30py MiHimMaJsbHOr0 BMicTy Zn Ta Cu Ha 1o-

d=3-5MKM % Bar.
Enement 1 | 2 | 3
Si 9,88 39,56 40,13
Cu 40,61 4,89 7,36
Zn 31,58 2,95 4,42
Fe 0,2 0,31 0,3
E (0} 3,01 4,69 4,49
‘WD=16.0mm VZ,GI)kV x3.93k 0 C 12,64 47,34 43,1
S 2,08 0,26 0,2

Puc. 5. Mopdosoria moBepxHi Ta XeMiUuHUN CKJIaA KOMIO3UTHOTO IMTOKPUTTA,
chopMOBaHOTO 3 BUKOPUCTAHHAM YacTUHOK SiC pisHUX Qpariiii.

Fig. 5. Surface morphology and chemical composition of synthesized compo-
site coatings depending on the powder fraction.
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d=14-20 MEM % Bar.
Enement 1 | 2 | 3
Si 9,56 44,31 40,39
Cu 49,71 7,19 15,6
Zn 29,13 4,91 11,57
Fe 0,02 0,74 0,56
(6] 2,33 4,69 3,01
C 9,25 37,66 27,67
S 0,76 0,5 1,2
d=40-50 MmKM % Bar.
Enement 1 | 2 | 3
Si 11,35 38,96 33,3
Cu 25,85 2,27 1,35
Zn 15,69 1,42 0,76
Fe 0,21 1,24 0,52
0} 1,27 4,41 1,17
C 45,54 51,63 62,7
S 0,09 0,07 0,2
d=80-100 mxm % Bar.
Enxement 1 | 2 | 3
Si 9,56 44,31 40,39
Cu 49,71 7,19 15,6
Zn 29,13 4,91 11,57
Fe 0,02 0,74 0,56
(0} 2,33 4,69 3,01
C 9,25 37,66 27,67
S 0,76 0,5 1,2
d=160-200 MmEM % Bar.
Enement 1 | 2 | 3
Si 8,74 54,28 43,78
Cu 44,59 1,23 16,1
Zn 26,76 0,81 9,24
Fe 1,21 0,25 0,07
(0] 2,12 1,03 2,31
C 14,78 41,32 27,58
S 1,8 1,08 0,92

IIpodosicenns puc. 5.

Continuation of Fig. 5.

BepXHi Ta MaKCHMaJIbHOI KiJIbKOCTi Si Ta ByrJelfo, a TAaK0X MiHiMaJIb-
Horo poamipy OKP moporiky.

V3aranbHeHi pesyabTaTH y BUTJIALL TicTorpaMm, AKi miATBEpPAKYIOTH
IOILIBHICTh BUKOPHUCTAHHS IIOPOIIKY Kapbigy KpeMHiio 3 ¢pparitiero 40—
50 MKM aJ1s1 GopMyBaHHSA KOMIIO3UTHOT'O IOKPUTTSA Ha MOBEPXHi JIaTyHi,
HaBeJeHO Ha puc. 6. HesBakatouu Ha Te, 1110 MiKPOTBepAiCTb TAKOIO II0-
KPUTTA IeIlio HMMKYa, HijK Yy BUIAAKY 3acTocyBauHA mig uac ¥Y3YO mo-
po1ikiB 6inbIioro poamipy (puc. 1), 3 TOUKM 30pY MaKCHUMAJIBHOTO CTYIIE-
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Hs TOAPiOHeHHs KapOiJHMX YaCTHHOK i piBHOMipHOTIO 3aIIOBHEHHS HIMU
MIPUIIOBEPXHEBOTO IIAPYy.

1
50 1 = 1 60 3 2 3 3
1 1 o 2
£ 404 e 50 3
2 2 2 40
2 2
s 30 1 2 o
= = 80 g | 4] |4
& £ 4
g 20 2 g 4
g S 20
A 10 R g0 _‘
0 4 0 }
35  14-20 40-50 80-100 160-200 3-5  14-20 40-50 80-100 160-200
Posmip vacTuHOK, MEM Posmip yacTHHOK, MKM
200 E
<
o 160 : 6 6
g 5 5 5
o 100 5 6 5
2
S 50
[a P
0

35 1420 40-50 80-100 160-200
Posmip wacTuHOK, MKM

Puc. 6. Bmict 1 — migi, 2 — nuHKy, 3 — a-pasu, 4 — SiC, poamip 5 —OKP a-
dasu, 6 — OKP SiC B 3paskax jgaryui JIC59-1 micaa Y3YO 3 apMmyBaJIbHUMU
YaCTHHKAMU KapOigy KpeMHio.

Fig. 6. Content of 1—Cu, 2—Zn, 3—a-phaze, 4—SiC; the CSR size of 5—a-
phaze, 6—SiC after UIT + SiC (different fractions).

Puc. 7. Ilonepeununii mepepis KOMIIO3UTHOTO ITOKPUTTs, chopmoBamoro ¥3YO 3
Bukopuctanaam mopoiky SiC (d = 160—-200 mrm).

Fig. 7. Microscopy-image of the cross section of the Cu—39Zn—1PDb alloy after
UIT + SiC (d =160-200 um).
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Ixwmi#t posmip y mianasoni 40—-50 MKM BUABUBCA ONTHMAJIbHUM. TOB-
IuHA cQOPMOBAHOTO Y IILOMY BUIIAAKY MOKPUTTS 3a TaHUMU OIMTUYHOI
MiKkpocKorrii ckiamae ~50 MmKM (puc. 7).

TaxuM YMHOM, Y POOOTi ITOKas3aHo, 1110 3a AomoMoron ¥3¥YO mosepx-
HeBuX ImapiB JatyHi JIC59-1 i3 momraBaHHAM 40 30HM iHTEHCUBHOI ILIacC-
TuHOI Zedopmairii mopomkiB SiC MoKyTh OyTH chopMoBaHi CyIiabHi
KOMITO3UTHI MOKPUTTS, [0 XapaKTePU3yIOThCA BUCOKOIO TBEPIiCTIO Ta
MOJKYTBH OYTU BUKOPUCTAHI IK 3aXVCHI MOKPUTTA IJIS €JIeKTPUUYHUX KO-
HTaKTiB OiBUIeHO] 3HOCOCTIHKOCTi.

4. BUCHOBKH

IIpoanasizoBaHO BJIACTHMBOCTI KOMIIO3UTHHUX IIOKPUTTIB, CMHTE30BAHUX
YJIBTPa3sBYKOBOIO yIapHOI0 00poOKoio moBepxHi jsaryHi JIC59-1 Bmpo-
nmoB:k 150 ¢ ma moBiTpi 3 mogaBarnHaAM mopoiKy SiC 5-Tu pisHux ppaKIriii.

ITicoa Y3VO Ha moBiTpi MiKpoTBepAicTh JAaTyHi 3pocTae IPUOJIM3HO
BTPUYi MOPiBHAHO 3 BUXiTHIM CTAHOM, a AJISA BUIAAKY J0JATKOBOI'O BH-
KopHucTauHA MopomKy SiC MakcuMaJbHe 3HAUEHHS MiKPOTBEPIOCTL JO-
carae 6,7 I'Tla gna ppakiii 160—200 mxm (ToOOTO edeKT 3SMiITHEHHS ITepe-
BuInye 5 pasiB). CTyminb moapiOHeHHS Ta BTiJIeHHS YaCTUHOK Y IIPUIIO-
BEePXHEBU IITap MATPUIHOI'O CTOIY, ()a30Bi Ta CTPYKTYPHI IIepeTBOPEeHHA
3aJIeyKHI Bif posmipy KapOigHmx uacTHMHOK. KIMO (Qpakilis Kapbimy
KpeMHi0 cTaHOBUTE 40—50 MKM, TO JOCATAETHCA HAUKPAIIUI Pe3yabTaT
3 TOUKH 30py MiHimMambHOro poamipy OKP mopomiKky, fioro O6inbImoi
00’eMHOI YaCTKM Ta PiBHOMIpPHOCTI PO3IIOily v IOBepXHEeBOMY Itapi (e
MIPOSABJSAETHCA Yy MiHiMasbHOMY BMicTi Zn i Cu Ta MaKcuMaIbHIT KiJTbKO-
cti Si Ta C). He 3Baskatouu Ha Te, I1I0 MiKPOTBEPAiCTh TAKOTO IIOKPUTTSI
JIello HIKYa, HisK Yy BUIAAKY 3acTocyBaHHA mmig yac Y3YO mopoIkKis 06i-
JBITIOTO PO3Mipy, ToBmIMHA (~50 MKM) i CyIijabHiCTE cHOPMOBAHOTO Y
IIbOMY BHUIIIKY KOMIO3UTHOI'O IIOKPUTTS € MAKCUMAJIbHIMU.
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XHiuHOTO YHiBepcurery YKpainu « KuiBcbKuil MONiTeXHIUHNUH iHCTUTYT
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Investigation of Mechanical, Wear, and Corrosion Properties
of AI-BN—-SiC—RHA Hybrid Composites Synthesized
Through Powder Metallurgy Process

G. R.Raghav, D. Muthu Krishnan®, K. J. Nagarajan®,
Vidya Chandran, R. Suraj, R. Sujith, S. Dhanesh, and M. S. Anoop

SCMS School of Engineering and Technology,

Vidya Nagar, Palissery, Karukutty, Ernakulam, 683582 Kerala, India
“K.L.N. College of Engineering, Department of Mechanical Engineering,
630612 Pottapalayam, Sivagangai District, Tamil Nadu, India

Present study explores the effect of Rice Husk Ash (RHA) reinforcements in
mechanically alloyed AlI-BN-SiC hybrid composites through experimental
characterization. The physical, tribological and corrosion resistance proper-
ties of AI-BN—-SiC—RHA hybrid composites are studied. In the outset the
composite pellets are synthesized using powder metallurgy process. The ho-
mogenously amalgamated composite powders are then squeezed together to
form multiple green composite pellets each measuring 8 mm in diameter us-
ing a hydraulic press at a pressure of 500 MPa. The A1-BN-SiC—RHA hybrid
composites are characterized using FE-SEM, EDS, and XRD analysis for fa-
cilitating the studies on the microstructural as well as the elemental proper-
ties. Microhardness and compressive strength of the AI-56BN-5SiC—5RHA
hybrid composites is found to improve by 6 and 13.6% respectively compared
to those of AlI-5BN—-5SiC hybrid composites. The RHA reinforced hybrid
composites have also experienced reduction in density and an enhancement in
the wear resistance of the composite materials while compared to those for
their non-RHA counterparts. The electrochemical corrosion analysis of the
Al-5BN-5SiC-5RHA hybrid composites also confirms that the Al-5BN-
5SiC—5RHA hybrid composites have better corrosion resistance. It is also
evident that the corrosion resistance increases with increase in RHA rein-
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forcement. On the whole the present RHA based composite yields promising
mechanical properties for possible applications in relevant industries.

Key words: RHA, wear, corrosion, FE-SEM, XRD.

EKcrepuMeHTaIbLHO JOCIIiIKEHO BIIJIMB 3MIiITHEHHS 30JI0I0 PHMCOBOTO JIYIIIIINH-
usa (RHA) ma mexaniuno jgerosani riopugui kommosutu Al-BN—-SiC. Busueno
¢isuuni, TpubosOTiUHi Ta KOPO3iliHi BIacTUBOCTI TMiOpUAHUX KOMIO3UTIB Al—
BN-SiC—RHA. CrnouaTKy KOMIO3UTHi I'padyii CUHTE3yBAJIH METOAOM IIOPO-
mIKoBoi mMeranyprii. IToTiMm 3a mOmMOMOTroOI0 TiApaBIiYHOrO Ipecy IIiJ THCKOM
500 MIla romoreHHO aMaJbraMOBaHi KOMIIOSUTHI HOPOIIKU CTUCKAJIU IS
YTBOPEHHSA KiJTbKOX KOMIIOBUTHUX 3€JIEHUX I'DaHYJ, KOKHA po3MipoM 8 MM y
miamerpi. MiKpoCTpyKTYpy Ta BJIACTHUBOCTI riopuauHmx xommosutiB Al-BN-—
SiC—RHA npoanasizoBano 3 BukopuctanaaM FE—-SEM (mosboBoi emiciiiHoi
CKaHYBaJbHOI elleKTpoHHOI Mikpockotmii), EDS (emeprogucmepciiiHoi crexT-
pockomii) Ta XRD (peHTreHiBCchbKOI audpaxiiii). Busasaeno, mo MiKpoTBep-
giceTh i MminHicTh Ha cTHuCK riopugHux KoMmos3uTis Al1-5BN—-5SiC—5RHA mok-
paimyoThes Ha 6 Ta 13,6% BigmoBigHO, MOPiBHSAHO 3 MiKPOTBEPAiCTIO ribOpUI-
Hux KommosutiB Al-5BN-5Si. I'iopugui xommosutu, sminaeni RHA, Takox
MaIlOTh 3HHKEHY I'YCTHHY Ta IiJBUINEHY 3HOCOCTiMKiCTh IIOPIiBHAHO 3 ixXHiMM
aHajoraMu 0e3 3MiIlHEHHS 30JI0I0 PHUCOBOTO JYIMINUHHA. EJIeKTpoxeMiuHMHA
aHaiz Koposii riopmaumx xommosutiB Al-5BN—-5SiC—5RHA migrsepmxye,
IIT0 BOHX MAalOTh KpAally KOposiiiny crifikicTs. Takok oueBUIHO, 1110 KOPO3iiiHA
CcTiliKicTh 36inbIIyeThCA 3i 30iJIbIIEHHAM 3MiIlHEHHSA 30JI0I0 PHCOBOTO JIYIII-
nuHHA. [Januit komnosut Ha ocHoBi RHA mae moxkpaineHni mexaHiuHi xapakTe-
PHUCTUKHY i MOKe OyTH 3aCTOCOBAHUI Y BiIMOBIAHMX Taly3aX IPOMUCIOBOCTI.

KuarouoBi ciaoBa: 30j1a prCOBOro JYIINNHHA, 3HOCOCTiNKiCTh, KOPO3is, IMOJILO-
Ba eMicifiHa CKaHyBaJIbHA €JIEKTPOHHA MiKPOCKOMIisd, peHTreHiBchKa audpak-
Imis.
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1.INTRODUCTION

Owing to the increase in demand for materials with low density, high
strength, better thermal properties with enhanced toughness in the
recent past, aluminium (Al) and its alloys are becoming more widely
utilized materials [1-6]. The Al based alloys also possess noteworthy
tribological and corrosion resistance properties. These alloys are most
widely used in automotive, marine and aerospace industries due to the
afore mentioned properties. Despite their wide spread use the high cost
incurred due to the addition of expensive metal reinforcements such as
Cu, W, Ti, Ni and Zr etc. keeps their potential undermined [7—11]. The
addition of bio-degradable and eco-friendly reinforcements either par-
tially or fully not only reduces the incorporation of hazardous metals
but also reduces the production cost of the composite materials. Re-
search has reported considerable works based on eco-friendly materials
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such as fly ash, Ground Nut Shell Ash (GNSA) and Rice Husk Ash
(RHA) and had also reported the addition of these bio degradable mate-
rials leading to positive impact on mechanical, wear and corrosion re-
sistance properties of the composite materials [12, 13].Since a substan-
tial amount of RHA is emerges as an agricultural bi-product wastes, its
incorporation not only reduces the cost of production of Al composites
but also plays a major role in mitigating environmental contamination.
RHA is naturally rich in SiO, and TiO, which makes it suitable for con-
sideration for potential reinforcements in ceramics due to its good me-
chanical and also chemical resistant properties [14, 15]. The ceramic
particles such as Al,O;, ZnO, SiC, B,C, BN and TiC are the materials
which are explored earlier owing to their exceptional mechanical, elec-
trical properties and also because of their availability [16—18]. Further
it has also been reported that BN and SiC ceramic particles possesses
excellent mechanical and corrosion resistant properties compared to
other ceramic particles[8, 19—-25].

Few methods such as Powder Metallurgy (PM) [5], stir casting
method [8], thermal spraying and physical vapour deposition [9—11]
have been developed to fabricate Metal Matrix Composites (MMCs)
among which the most widely used method in producing nanocompo-
sites is the PM method. The method entails mixing and compressing
powders into a pellet based on the die shape and then sintering process
is carried out to further strengthen the composite pellets [13]. Manu-
facturing nanocomposites through PM route has many advantages
over other methods. The main advantage of the PM process is the abil-
ity to uniformly amalgamate the materials without any agglomeration.
The porosity of the composites can be also controlled by using the PM
process. Hence, this method has received much attention compared to
other methods[13].

Even though there are few studies based on RHA reinforcements in
Al matrix, the effect of RHA reinforcements in A1-BN—-SiC hybrid
composites is uncharted. Hence, in this study, Al-56BN-5SiC—RHA
hybrid nanocomposites with different volumes (5, 10 and 15%) of
RHA reinforcing nanoparticles are produced using the PM method at
pressure of 500 MPa. The green compacts are sintered in the presence
of argon gas at 450°C for 2 hours.

The aim of this work is to study the effect of RHA reinforcement on
Al-5BN-5SiC—RHA hybrid nanocomposites and also the effects of dif-
ferent compressive pressure on the mechanical, tribological, and cor-
rosion resistant properties of AI-BN-SiC—RHA hybrid nanocompo-
sites. The hybrid composites are characterized using Scanning Elec-
tron Microscopy (SEM), Energy Dispersive Spectrum (EDS) and X-ray
Diffraction (XRD) analyses so as to validate microstructure and ele-
ments present in the hybrid composites.
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2. MATERIALS AND METHODS
2.1. Materials

The materials (Al, BN, SiC) used in the experimental part of this re-
search work are procured from Sigma Aldrich, India. All the powders
used in this study are micron in size with research grade quality of
99.5% purity.

2.2. Preparation of RHA

Preparation of RHA marks the beginning of this study. The rice husk
is desiccated using sunlight for about two weeks and then placed in a
ceramic crucible and subjected to a heat treatment at 700°C in a muffle
furnace converting rice husk into ash.

2.3. Preparation of Composite Materials

The Al-5BN-5SiC—RHA hybrid nanocomposites are blended using
high energy ball milling process. The base metal (Al) and the reinforce-
ments (5BN, 5SiC) and RHA added in different proportions 1.5, 3, and
5% are measured and fed into the high energy ball mill (Fritsch
pulverisette, Germany) and the milling process has been carried out for
three hours. To avoid unwanted reaction and overheating of composite
powders a dwell period of 15 min/hour is maintained. The blended com-
posite powder is compacted into cylindrical pellets of 8 mm diameter
and 40 mm height at a pressure of 500 MPa using a hydraulic press. The
hardened composite pellets have thus been obtained after sintering the
green compacts at 450°C for about 2 hours in the presence of argon gas.

2.4. Characterization of Composite Materials

FE-SEM, EDS and XRD analyses have been carried out for the charac-
terization of AI-56BN—-5SiC—RHA hybrid nanocomposites for studying
the morphological arrangements as well as the composition of the com-
posite.

2.5. Density and Microhardness

The densities of the AI-5BN—-5SiC—RHA hybrid nanocomposites hy-
brid composites have been studied using Archimedes’ principle as per
the ASTM: B962-13 standard. The microhardness test has been per-
formed as per the ASTM E384 standards at five different locations of
the composite pellets maintaining a uniform loading condition (1 kgf)
and dwell time (10 s).
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2.6. Compressive Strength

The determination of compressive strength of the AI-5BN—-5SiC-RHA
hybrid nanocomposites has been performed using a Universal Testing
Machine (UTM) operated at a rate of 5 mm/min at room temperature.
The compressive strength and also the percentage deformation of the
composite materials have been estimated.

2.7. Wear Analysis

The DUCOM (Bangalore, India) pin on disc wear testing machine has
been employed here to research the tribological performance of Al-
5BN-5SiC—RHA hybrid nanocomposites as per the ASTM G99-05
standard. A steel rotating circular disc of hardness 65 HRC and grade
EN32 has been used to mate the surfaces over which the composite pel-
lets are made to slide. An acetone based cleaning of AI-56BN-5SiC—RHA
hybrid nanocomposites pellets and the EN32 rotating disc has been en-
sured prior to the experiment. The weight loss of the composites in-
curred during sliding wear test has been recorded using a digital weigh-
ing machine with a resolution of 0.001 mg. The wear test has been
reapeated for a few applied loads (10, 20, and 30 N). The sliding distanc-
es have been varied in the range1000—2000 m and sliding speeds 1, 1.5,
and 2 m/s, respectively [26—28].

2.8. Electrochemical Corrosion Analysis

In the outset of the corrosion analysis, the RHA based composite sam-
ples under consideration have been surface prepared by polishing using
abrasive paper of grid sizes 800 and 600 micron and then rinsed with
double distilled water. The three electrode electrochemical workstation
(Bio-Logic) is made use of hereto study the corrosion performance of the
Al-5BN-5SiC—RHA hybrid nanocomposites. A thin platinum wire
Ag/AgCl and the AI-5BN-5SiC—-RHA hybrid nanocomposites have been
considered as counter, reference and working electrodes, respectively.
The experiments have been carried out in 5% NaCl electrolyte under
room temperature. A scan rate of 1 mV/s is maintained throughout the
experiment. The Electrochemical Impedance Spectroscopy (EIS) test for
the A1-5BN—-5SiC—-RHA hybrid nanocomposites are accomplished at the
range of 100 kHz to 100 MHz and at the voltage of 5 mV [25, 29, 30].

3. RESULTS AND DISCUSSION
3.1. Characterization of AI-5BN—5SiC—RHA Hybrid Composites

The FE-SEM morphological analysis of the Al matrix and other rein-
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forcements such as BN, SiC, RHA and Al-5BN-5SiC-RHA hybrid
composites after ball milling are shown in Fig. 1, a through f).

The FE-SEM micrograph of Al powder is presented in Fig. 1, a. The
average particle size is approximately 10—20 um and they exhibit a
spherical morphology. Figure 1, b represents the FE-SEM micrograph
of BN with an average particle size of 2 um and the particles exhibit
flake like structures and are found to be agglomerated. From Figure 1,
¢ it can be stated that the average particle size of SiC is approximately
10—30 um and has crystal like structure. Figure 1, d corresponds to the
FE-SEM image of RHA which has an average particle size of 50 um.
The FE-SEM image of Al1-5BN—-5SiC-RHA hybrid composites after
ball milling process is shown in Fig. 1, e. It is evident that there is uni-
form amalgamation of Al matrix with BN, SiC and RHA reinforce-
ments. The high magnification FE-SEM images of Al-56BN-5SiC—
5RHA hybrid composite is shown in Fig. 1, f. It can be seen that there
are few pores in the surface of composite pellet. It is also evident that
the RHA particles are homogenously mixed and this helped in reducing
the porosity of the composites. Figure 2, a reveals the EDS spectra of
RHA particles which confirm the presence of oxides such as Al,O; and
Si0, and also the presence of Ca, Cl, Na and K in considerable amount.
Figure 2, b characterizes the EDS spectra of A1-56BN—-5SiC-RHA hy-
brid composites.

The XRD spectra of RHA particles are shown in Fig. 3. It can be not-

Fig. 1. FE-SEM characterization of Al (a), BN (b), SiC (¢), RHA (d), A1-5BN—
5SiC—5RHA hybrid composites after ball milling (e), high magnification FE-
SEM image of AI-5BN—-5SiC—5 RHA hybrid composite pellet (f).
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Fig. 2. EDS images of RHA (a), A1-5BN—-5SiC—RHA hybrid composites (b).

ed that the RHA particles has characterized peaks at 20 = 27° and 46°
which correspond to SiO,.

Hence it can be confirmed that RHA is composed of SiO,. From the
XRD of RHA it can be confirmed that the RHA particles are irregular
in size ranging from micro to nanoscale due to the broadening of peak
at 25° and thin peaks elsewhere. Figure 4 shows the XRD spectra of
Al-5BN-5SiC—5 RHA hybrid composites after ball milling. From the
XRD analysis it is evident that there is a presence of all constituents
and are clearly visible in XRD spectra. Further, there is no formation
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Fig. 3. XRD pattern of RHA particles.
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Fig. 4. XRD pattern of AI-5BN-5SiC—5RHA hybrid composites.

of intermetallic compounds which confirms the absence of any chemi-
cal reaction between Al matrix and BN, SiC and RHA reinforcements.
The characteristic peaks at the 20 =39.25°, 45° and 65° confirms the
presence of Al particles. The presence of BN can be confirmed based on
the peak at 20 = 78°. The presence of SiC and RHA can be confirmed
from the peaks at 36°, 60°, and 27°, respectively.

3.2. Characterization of Mechanical Properties

The relation between compressive strength and percentage of
deformation is shown in Fig. 5. The compressive strength of the Al-

< 220' ompressive Stren =
A tgercgncsge Df%efﬂ%’ﬂnticn 8.0 El
g 215 3
- - +3
= <
0 7.5 g
g 2104 3
@ e
= o
o 205 7.0 A
o) Sy
= 200 "
7] E 5]
g £6.5 O
5 195 E
3]
<)
O 190+ [6-0 E

T T T T
ALSBN-3SiC  AL5BN-5SiC-1.5 RHA Al-5BN-5S5iC-3 RHA Al-5BN-3SiC-3 RHA

Composition

Fig. 5. Graphical representation of percentage of deformation and compres-
sive strength of A1-5BN—-5SiC—RHA hybrid composites.
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Fig. 6. Graphical representations of density and microhardness of A1-5BN—
5SiC—RHA hybrid composites.

5BN-5SiC hybrid composite is found to be190 MPa. The results show
that the RHA reinforcements has positive effect on improvingthe
compressive strength of Al-5BN-5SiC hybrid composites. The
compressive strength of AI-5BN—-5SiC—1.5RHA hybrid compositehas
improved slightly to 202 MPa which further increased to 220 MPa for
Al-5BN-5SiC—5 RHA hybrid composite. The percentage deformation
of the Al-5BN-5SiC hybrid composite is around 8% whereas the
percentage of deformation of AI-5BN—-5SiC—5RHA hybrid composites
are reduced to 6%, which is attributed due to the unifrom dispersion of
RHA reinforcement which has the presence of SiO, particles. The
effect of RHA particles on the density and microhardness of the Al—
5BN-5SiC hybrid composites is shown in Fig. 6. From the graph it is
observed that the density of the composite materials decreases with
reinforcement of less denser RHA particles.

The Al-5BN—-5SiC hybrid composites has achieved a density of 2.95
g/cm?® compared to that of Al1-5BN—5SiC—5 RHA hybrid composites
which is found to be around 2.77 g/cm?. The microhardness of the Al—-
5BN-5SiC—5 RHA hybrid composites is found to be superior at 155 HV
compared to that of AI-5BN—5SiC hybrid composites which is 147 HV.
The increase in microhardness is due to the presence of SiO, particles
which is the prominent element in the RHA.

3.3. Wear Analysis

Figure 7 displays the average wear rate of AI-5BN-5SiC—RHA hybrid
composites under diverse sliding conditions such as sliding speed, slid-
ing distance and load. The wear rate at different applied loads and con-
stant sliding speed and sliding distance of 1.5 m/s and 1500 m respec-
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tively displayed in the Fig. 7, a. From the experimental results it can
be understood that the increase in load has increased the wear rate of
the composites and further Al-56BN—-5SiC—5RHA hybrid composites
has lesser wear rate compared to AI-5BN—-5SiC hybrid composites.

The presence of RHA particles has resulted in reduction of wear of
the composites due to the relatively hard nature of the SiO, which is
the prominent element in the RHA. The increase in wear rate with re-
spective to load is also due to the increase in contact area between the
specimen and the EN32 rotating disc. From Fig. 7, b it is evident that
with the raise in sliding speed, the specimens have been subjected to
more wear rate owing to the high pressure between the mating surfaces
which increases the temperature at contact surfaces which leads to the
deformation of the composite specimens. Figure 7, ¢ represents the
wear rate of composite specimens at varying sliding distance. The wear
rate of the A1-5BN—-5SiC hybrid composites has decreased considera-
bly with the RHA reinforcement. However the wear of the composite
specimens increases with the sliding distance which is due the increase
in contact period of the mating EN32 and composite pellets.

The coefficient of friction of the AI-5BN-5SiC-RHA hybrid
composites at diverse operating conditions such as applied load, slid-
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ing speed and sliding distance is shown in Fig. 8. From Figure 8 it is
obvious that the coefficient of friction of the AI-5BN—-5SiC—RHA hy-
brid composites has improved with addition of RHA particle rein-
forcement. The coefficient of friction of AlI-56BN-5SiC—5RHA hybrid
composites has improved 20% compared to Al-5BN—-5SiC hybrid
composites under all sliding conditions. This improvement in the coef-
ficient of friction is due to the presence of RHA (SiO,) particles in the
composite materials.

Figure 9, a represents the surface micrograph of Al-56BN—-5SiC—
5RHA hybrid composite pellet after the wear testat the magnifiaction
of 350 times.

It can be noted that the specimens sufer a absrasive wear initially
and followed by adhesive wear which is due to the sofening of the
composite materials as a result of high temperature caused due to
mating of contacting surfaces.

Figure 10, b shows the high magnifigation (x1.5) SEM image of the
Al-5BN-5SiC—5RHA hybrid composite pellet after the wear test.
From the image it is clear that there is adhesive wear followed by
abrasive wear and there is evidence of material removal due to plastic
deformation. Figures 10, ¢, d represent the high resolution (x10) FE-
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SEM images of AI-56BN—-5SiC—5RHA hybrid composite pellet after the
wear test.

It can be observed that there is ploughing like effect such as
formation of scraches and grooves confirms the hard and ductile
nature of thehybrid composites and also confirms that the major wear
mechanism is abrasive wear and scaling like material removal which
leads to adhesive wear followed by plastic deformation.
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Fig. 10. Tafel plot of AI-5BN—-5SiC-RHA hybrid composites.
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3.4. Corrosion Analysis

The Al-56BN—-5SiC—RHA hybrid composites are immersed in NaCl so-
lution for 2 hours for stabilizing the open circuit potential. The poten-
tiodynamic polarization curves of the tested AI-56BN-5SiC—RHA hy-
brid composites are shown in Fig. 10. The Tafel extrapolation method
(Table 1) has been utilized to calculate corrosion current (I..,,) and cor-
rosion potential (E,,,.), respectively. The corrosion current densities of
the various tested samples range from 1 mA/cm? to 0.7 mA/cm?. The
corrosion current density of AI-56BN—-5SiC—5RHA hybrid composite is
0.7 mA/cm® which is lower compared to that of other combinations.
The Al1-5BN—-58Si hybrid composites yielded a corrosion current densi-
ty of 1 mA/cm?®. Hence based on the corrosion current density we can
conclude that Al-5BN-5SiC—5RHA hybrid composites have better
corrosion resistance attributed to the presence of RHA (SiO,) which
resists the corrosion.

The corrosion potential (E,,,) of the AI-5BN-5SiC-5RHA hybrid
composites is found to be around —0.4299 V which is far better than
other combinations such as AI-56BN—-5SiC—-1.5RHA (—0.447 V) and Al-
5BN-5SiC (—0.468 V) hybrid composites which confirms the improve-
ment in the corrosion resistance. EIS spectroscopic analysis is also
used to study the corrosion resistance nature of Al1-56BN—-5SiC—RHA
hybrid composites. The two dissimilar semicircles are characterized as
an outcome of electron transfer which takes place within the AI-5BN—
5SiC—RHA hybrid composites and diffusion between the AI-5BN-—
5SiC—RHA hybrid composites and NaCl solution which corresponds to
larger and smaller arc respectively as shown in Fig. 11 [30—32]. In this
study it is observed that there is no occurrence of perfect capacitance
behaviour, hence a constant phase element (CPE) is introduced in the
equivalent circuit [33, 34].

The Table 2 represents the various EIS parameters such as re-
sistance and CPE values of the Al1-5BN—-5SiC—RHA hybrid compo-
sites. It is indeed noticeable that the charge transfer resistance R, of
the A1-5BN-5SiC—5RHA hybrid composites (R,;; = 22.50 Q-cm?) has
improved slightly than that of pure Al1-5BN-5Si hybrid composites
(R.; = 14 Q-cm®) which point out that there is improvement in corro-

TABLE 1. Tafel extrapolation results of AI-5BN—5SiC—RHA hybrid composites.

Number Specimen E eV I, mA/cm?
1 Al-5BN-58iC -0.468 +£0.101 1+0.023
2 Al-5BN-5SiC-1.5RHA -0.447+0.087 0.9£0.012
3 Al-5BN-5SiC-3RHA -0.431+£0.053 0.72+0.011
4 Al-5BN-5SiC-5RHA -0.429+0.021 0.7+£0.006
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Fig. 11. EIS plot of AI-5BN-5SiC—RHA hybrid composites.

TABLE 2. EIS data obtained by fitting equivalent circuit model (standard de-
viation o).

Rs’ QZ’ Cdll’ Rctl’ Q3’ Cd12’ Rct2’
Q-cm? Fem? | Fem?2 | Qem? | Fiem? | Frem™2 | Qcem?

1 Al-5BN-5S8iC -0.154+ 0.0952 0.0984 14+ 0.1221 0.0784 170.32+

No.| Specimen

+0.220 +0.15 +6.32

2 AlI-5BN-58iC- 3.245+ 0.0531 0.0723 22.21+ 0.1200 0.0634 175.20+
1.5RHA +£0.125 +0.22 +5.22

3 Al-5BN-58iC— 3.254+ 0.0522 0.0701 22.34+ 0.1185 0.0612 191.17+
3RHA +0.153 +0.21 +4.34

4 Al-5BN-5S8iC- 3.352+ 0.0508 0.0689 22.50+ 0.1178 0.0584 201.14=*
5RHA +0.212 +0.23 +4.50

sion resistance of AI-56BN—-5SiC—5RHA hybrid composites.

The addition of RHA particles has resulted in reduction of charge
transfer capacitance of the AlI-5BN—-5SiC—RHA hybrid composites.
The true capacitance also shows that the AI-5BN—-5SiC—5RHA hybrid
composites (C=0.0689 F-cm ?) have lesser capacitance value compared
to A1-5BN—58Si hybrid composites (C =0.0984 F-cm?).

4. CONCLUSIONS

The powder metallurgy methods and processes have been employed
here to synthesize the AlI-5BN—-5SiC—RHA hybrid composites. The
mechanical, wear and corrosion resistance of the A1-56BN-5SiC—-RHA
hybrid composites are here with examined and reported.

The addition of RHA particles has improved the microhardnessof



INVESTIGATION OF MECHANICAL, WEAR, AND CORROSION PROPERTIES 125

the AI-5BN—-5SiC-5RHA hybrid composites (155 HV) notably com-
pared to that of AlI-56BN—-5SiC hybrid composites (147 HV).

The RHA particle reinforcement has improved the compression
strength of the AI-56BN—-5SiC—5RHA hybrid composites (220 MPa) by
13.6% when compared to A1-56BN-5SiC hybrid composites (190 MPa).

In contrast the density of the AlI-5BN—-5SiC—-RHA-5RHA hybrid
composites (2.77 g/cm?®) has decreased nearly 6% due to the RHA rein-
forcement.

The wear rate and COF values shows that AI-5BN-5SiC-5RHA hy-
brid composites have enhanced wear resistance properties.

The Tafel plot analysis shows that the AI-5BN-5SiC—5RHA hybrid
composites have higher corrosion resistance.

The EIS corrosion analysis also indicates that the AI-5BN-5SiC—
5RHA hybrid composite has enhanced corrosion resistance.

From the conclusions drawn above, it can be accomplished that the
addition of RHA reinforcements has reduced the density of the compo-
site materials on the other hand has also enhanced the other mechani-
cal properties such as wear and corrosion resistance of the Al1-5BN—
5SiC—5RHA hybrid composites. On the whole study provides very use-
ful information on the characterization and material properties of a
potential novel composite material.
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«IIm1aTo» Ha TeMIepaTypHi 3aJ1€KHOCTI KPUTUYHOTO
HaANpy:KeHHA 3CyBY B OiHAPHUX i MOJTIKOMIIOHEHTHUX TBEPIUX
PO3YMHAX TAa B YHCTUX MeTaJax

C. O. ®dipcros, T. I'. Poryis

Tncmumym npobaem mamepianosnascmeaim. I. M. Ppanuyesuva HAH Yrpainu,
sya. Kpacusicanoscvrozo, 3,
03142 Ruis, Ykpaina

OpuuM i3 HAHUIIKABIIINX Pe3yJabTaTiB, OJepPKaHuX y IIPOIleci BUBUEHHA MeXa-
HiYHUX BJIACTUBOCTEI OiHapHUX i MOJIKOMIOHEHTHUX TBEPAUX PO3UMHIB (BHU-
cokoeutpormifinux crouiB (BEC)), € HadgBHiICTh IPOTAKHOTO aTePMiUHOTO 3Mi-
IIHEHHS, 1[0 3YMOBJIIOE IIOABY XapPaKTEPHOTO «IIJIaTO» Ha KPUBiHA TeMIlepaTyp-
HOI 3aJIe;KHOCTI KDUTHYHOTO HAIPYsKeHHA 3CYBY T,,(T) (abo BinnmosinHoi mexi
ILIMHHOCT Gy 5(T')) 3a Temneparypu Buine (0,2—0,35)T,. 3 TOUKH 30py CTBO-
PEHHSA HOBUX MaTepiaJiB, 3JaTHNX BUTPUMYBATH MeXaHiuHi HaBaHTaKeHHS 3a
BHCOKUX TeMIIepaTyp, BCTAHOBJEHHSA MeXaHi3MiB HOSBU TaKOTO «ILJIATO» €
BKpall akTyaJdbHUM. ¥ IIPeACTaBJIeHill poOOTi PO3TIAHYTO iCHYIOUi yABICHHSA
I[0I0 OCOOJIMBOCTEIl TeMIIepPATyPHOI 3aJeKHOCTI KPUTHUYHOIO HANPYIKEeHHS
3CYBY B OiHApHMUX i MOJIKOMIIOHEHTHUX TBEPAUX PO3UMHAX MOPiBHAHO 3 UHC-
TUMH MeTajlaMi. 3allPOIOHOBAHO HOBUU IiAXim IJIsT BCTAHOBJIEHHS IIPUPOLU
aTePMiYHOTO «ILJIATO» Ha KPUBUX TEMIIEPATYPHUX 3aJEKHOCTEN KPUTUYHOTO
HanpyKeHHsA 3CyBY T,,(T). IlokasaHo, 1110 iCHYBaHHA «ILIATO» Ha 3aJIEXKHOCTI
T.,(T) y TBepAuX PO3UMHAX i B YMCTUX MeTajJaxX 3a BKA3aHUX TeMIIepaTyp € Io
CYyTi aHOMAaJbHUM, OCKiZILKY 3a IMiABUIIEeHHA TeMIIepaTypyu Ma€e Miclie moMiTHe
3MEeHINeHHA IXHboro MoayJiss FOHra, 110 BiimmoBifHO TOBUHHO IIPU3BOAUTH i 10
3MEHIIeHHA KPUTUIHOTO HAIPYXKEeHHA 3CYBY T,,. IIpoBefieHn# aBTopamMu aHa-
JIi3 CBiAUUTBD, 1110 (DAKTOPOM, IKUII KOMIIEHCYE 0B’ A3aHe 3i 3MEeHIIIeHHAM MO-
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IyJIs IPYKHOCTI OUiKyBaHe 3HUMKEHHH T,,, Y YACTUX MeTajlaX € 3pOCTaHHA Ce-
pemHix KBaApaTUUYHUX 3MiIlleHb aTOMiB 3 ilealbHUX I0JIOKEeHb B KPUCTATIU-
Hill I'paTHUII B pe3yabTaTi JiHiNTHOTO 36iJbINTeHHA TUHAMIUYHUX CIIOTBOPEHD 3
OiABUIIIEHHAM TeMIIEpaTypu. ¥ IMOJiKOMIOHEHTHUX TBEPAUX PO3UYMHAX, OKPIM
30LIBITEHHA CepelHIX KBaAPAaTUYHUX 3MIiIlleHb aTOMIB, Ha 3aJIeXHICTh T,,(T) B
obJylacTi TemMmeparyp, € CIOCTEePiraeThbCs <«ILJIaTO», TaKOK MOKYTh MaTH
BILIUB edeKTHu, MoAioHi 1o auHamiuHOTO medopMalliiiHOrO CTapiHHSA, IO CY-
TIPOBOIKYIOThCA HEOAHAKOBOIO PYXJUBiCTIO aToOMiB pisHmx enemenTtiB. Omep-
JKaHi pesysbTaTH MOKYTH OYyTU BUKOPUCTAHI 1A BUGOPY €I€eMEeHTHOTO CKJIALY
6araTOKOMIIOHEHTHUX JKAapPOMIITHUX CTOIIiB, AKi OYAYTb KOHKYPEHTOCIPOMO-
KHUMHU Y ITOPiBHAHHI 3 BifoMUMU TPagUIiMHUMU CTOIIAMH.

Karouori croBa: TeMiepaTypHa 3aeKHICTh KPUTUYHOTO HANIPYKEHHS 3CYBY,
OiHapHi Ta MOJiKOMIIOHEHTHi TBepAi posumHu, moayb FOHra, arepmiuHe 3mi-
ITHEeHHS.

One of the most interesting results obtained in the study of mechanical prop-
erties of binary and multicomponent solid solutions (high-entropy alloys,
HEAS) is the presence of long athermic hardening, which causes the appear-
ance of a characteristic ‘plateau’ on the curve of temperature dependence of
critical shear stress t1.(T) (or yield strength o, ,(T")) at temperatures above
0.2-0.35T,,. From the point of view of creation of the new materials, that are
able to withstand mechanical loads at high temperatures, determining mech-
anisms for the appearance of such a ‘plateau’ is extremely actual. In the pre-
sented work the existing representation about the features of the tempera-
ture dependence of the critical shear stress in binary and multicomponent
solid solutions are considered in comparison with pure metals. A new ap-
proach for determining the nature of athermal ‘plateaus’ on the curves of
temperature dependences of the critical shear stress 1.(7T) is proposed. As
shown, the existence of a ‘plateau’ in the t,(T) dependence in solid solutions
and in pure metals at the indicated temperatures is, in fact, anomalous, since
with an increase in temperature there is a noticeable decrease in their
Young’s modulus, which, respectively, should also lead to a decrease in the
critical shear stress 1.. The authors’ analysis indicates that the factor that
compensates for the expected decrease in t,, associated with a decrease in the
elastic modulus in pure metals is an increase in the mean square displace-
ments of atoms from ideal positions in the crystal lattice as a result of a linear
increase in dynamic distortions of the crystal lattice with increasing temper-
ature. In multicomponent solid solutions, in addition to an increase in the
mean square displacements of atoms, the dependence t.(T) in the tempera-
ture range where a ‘plateau’ is observed, effects similar to dynamic defor-
mation aging, which are accompanied by unequal mobility of atoms of differ-
ent elements, can also affect. The results obtained can be used to select the
elemental composition of multicomponent heat-resistant alloys, which will be
competitive in comparison with the known traditional alloys.

Key words: temperature dependence of critical shear stress, binary and mul-
ticomponent solid solutions, Young’s modulus, athermic hardening.

(Ompumarno 30 cepnusa 2021 p.; ocmamour. 6apianm — 22 ncoemus 2021 p.)
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1. BCTY1II

Huwni y pani po6it [1-6] 3a3HaueHa MOMKJINBICTH CTBOPEHHA HA OCHOBI
0araTOKOMOOHEHTHUX TBEePANX PO3UNHIB, TaK 3BAaHUX BUCOKOEHTPO-
mifitaux cromiB (BEC), cromiB 3 yHiKambHUM KOMILIEKCOM Qi3mMKO-
MeXaHIYHUX Ta (PyHKIIOHAJIBHUX BJIACTHUBOCTEN, 30KpeMa KapOMiITHIUX
CTOIiB, AKi OYyAYyTh KOHKYPEHTOCIPOMOXHUMI V IMOPiBHAHHI 3 BigoMu-
MU Tpaguiiinumu cronamu. Ines creopennda BEC sukaagena J. W. Yeh
y 2004 pori [7]. BEC micTaTh He MeHIIIe 5 OCHOBHUX €JIEMEHTiB, aTOMHAa
KOHIIEHTPAI[1 KOXXHOI'0O 3 SKMX Y CTOII 3HAXOAUThCA Misk i 35% i, Bi-
OIIOBiTHO, MaIOTh BUCOKY €HTPOIIiI0 3MimryBauHsa. Mimimisarisa mo mboro
JK BinbHOI eHeprii I'i66ca (G) (G=H - TS, ne H — euranbnis, S — eHT-
pormisa, T — abcoJiroTHA TeMIlepaTypa) COPUAE YTBOPEHHIO OTHOMAZHUX
b0araToeJleMEeHTHUX TBEPAUX PO3UNHIB 3aMillleHHSA 3 IIPOCTOI0 KPUCTAJi-
yuoio rpatrutieio (OLLK, I'TIY, I'IIK).

BEC MamoTh BHCOKY 3HOCO- i KOpO3ifiHy CTiliKicTb, KapOMIiIlHiCTB,
skapocritikicTs [8—11]. ¥V poborax [5, 12] 3BepHyTO yBary Ha aHoMaJbHO
BUCOKe TBepaoposunHue aminaenusa BEC.

Bogrouac 114 cTBOPEHHA HOBUX MaTepiasiB, 3JaTHUX BUTPUMYBATHU
MeXaHiuHi HaBaHTa'KeHHS 3a BUCOKUX TeMIIepaTyp IIPOTATOM BU3HAUe-
HOT'O 4yacy, ocOOJMMBHUI iHTepec BUKJINKAE aHAJNI3 TeMIepaTypHOl 3aje-
JKHOCTI KPUTHUYHOTO HAIIPYKeHH 3cyBY (a00 BimmoBimHOl Me:Ki mumH-
HOCTi) Y TBEPAUX PO3UMHAX, 30KPEeMa IIPUPOAYN TPOTIIKHOTO aTEPMiUHO-
ro 3MillHEHH, dKe BUDakeHe XapaKTEePHUM «ILJIaTO» Ha KPUBUX TEM-
IepaTypPHUX 3AJIeKHOCTeH KPUTUYHOTO HAIIPYKeHHA 3CYBY T,,(T) (Mexi
IUINHHOCTI G (7)) 3a Temnepatyp Buire (0,2—-0,35)T,,. Y npexacrasiie-
Hilf poOOTi PO3TIIAHYTO iCHYIOUi YABJIEHHS IIOAO OCOOJIUBOCTEH TeMIe-
paTypHOI 3aJIeXHOCTI KPUTUYHOTO HATIPY KEeHHA 3CyBY B OiHapHUX i mo-
JIKOMIOHEHTHUX TBEPANX PO3UMHAX Ta IIpoaHaJidoBaHi IMOBipHiI Me-
XaHiBMU MOABU «ILJaTO» Ha KPUBUX TeMIIEPATYyPHOI 3aJeXKHOCTI KpH-
TUYHOTO HATIPYKEHHA 3CYyBY (MeKi MIMHHOCTI) B TBepPAUX PO3UMHAX Ta
B UMCTUX MeTajlax.

2. 0OCOBJIUBOCTI TEMIIEPATYPHOI 3AJIEZKHOCTI
KEPUTHUYHOI'O HAITIPYREHHA 3CYBY (MEKI IIJIMHHOCTT)
Y TBEPAUX POSYNHAX

3rigHo aHaiidy, BUKOHAHOMY B poborax [13, 14], KpuTuuHe HATIPY KEH-
HS 3CYBY T, B YUCTUX MeTajlaxX Moxxe OyTH OHcaHe IK

Tep=Ta + (T, €). (1)
Ilepmma ckiamoBa 1, v Bupasi (1) xapakTepusye aTepMiuHe 3MiITHEH-

Hs, 3yMOBJIEHe icHyBaHHAM Oap’epiB pPyXoBi mmciokariiii, sKi me Mmo-
JKYTH OyTH ITOJOJAaHUMHU 3a TOIIOMOIOI0 TepMiuHMX (aykTryariii. o Ta-
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Kux 6ap’epiB BiIHOCATEL MeXKi 3epeH, YacTKu Apyroi ¢asu, gJaJeKoainui
Hampy:keuua. Ipyra ckmamosa t(7T, ¢) (e T — Temmeparypa, & —
IMIBUIKiCTE medopmalrii) ommcye 3aMiliHeHHS, 110 BHOCUTLCA Oap’epamu,
moJoJaHHA AKX MOXKJIMBE 3a TOIIOMOT'0I0 TepMiuyHUX (ayKTyariii. Ta-
KuMmu Oap’epamu € 6ap’epu Ilatiepaca—Habappo, aucaorarii «jicy»,
IOpPOru Ha TI'BUHTOBUX AUCJOKAIlisIX, BaKaHCii, aToMu Jier'yBaJIbHUX
eJIEMEeHTiB.

3rigao pobit [13—-19] Ha puc. 1 moxasaHo cxeMaTHUHi 3aJI€KHOCTI
KPUTUYHOIO HAIIPYKEHHS 3CYBY T, JAJIA METAJIB i TBepAUX PO3UMHIB Ta
moxnyasa Oura E Bixg Temueparypu T. [IJjia MeTasiB TUIIOBY KPUBY TE€M-
IIepaTypHOI 3aJIeXKHOCTI KPUTHUYHOIO HANPYMXKEHHS 3CYBY T,, YMOBHO
mpeacTaBiieHo KpuBoio I [13—16]. 3a remneparyp, Hu:Kunx T'; (T1pub.In-
suo 0,17,,), 3anexHicTs 1,,(T) MoKe OyTH ONKMCaHA PIBHAHHAM IPAMOL
ainii, a B inrepBaJyi remneparyp T; < T < T, (mpubausso (0,1-0,2)T,,)
HOCHUTB eKCIIOHEHTHHUH xapakTep. 3a remneparypu 0 K 1, =U,/V, ne U,
— eHepria akTtusarnii, V — axtuBamiiauii 06’em [13—15, 20]. Butre Te-
mneparypu T, (0,27 ) i mo remnepatrypu T'5 ((0,33-0,4)T,,) cmocTepira-
€ThbCA cabKa 3a1eXHIiCTb T,,(7T), 00yMOBIeHa TeMIIepaTyPHOIO 3aJIeKHi-
CTI0O MonyJia mpy:KkHOCTi E (KpuBa 3 3rigzuo pobotu [19]). Buire Temme-

Puc. 1. CxemaTnyHa 3a7€XHICTh KDUTUYHOTO HAIIPYKEHHSA 3CYBY T,, Bill TeM-
nepatypu T: 1 — pia merauis [13, 14], 2 — gnda TBepAuX PO3UMHIB (3 ypaxy-
BaHHAM pesyabrariB [17, 18]) ra 3 — moxynsa IOura E Big remneparypu T (3
ypaxyBaHHAM pes3yabTaTiB [19]).

Fig. 1. Schematic dependence of the critical shear stress t,, on temperature T
1—for metals [13, 14] 2—for solid solutions (taking into account the results
[17, 18]), 3—schematic dependence of Young’s modulus E on temperature T
(taking into account the results [19]).
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parypu T BKJIIOUaioThcA Au(pysiliHO-AMCIOKAIlIHI MexaHi3sMu aedop-
Marnii i cmocrepiraerbcsa mojaniblie OcaableHHA 3aaexHOCTL T,,(T)
(ouB., HApPUKJIaz, [21]).

KpuBa 2 Ha pucyHKY 1 IeMOHCTpPYe cXeMaTHUUHY TeMIIepaTypHY 3a-
JIeKHICTB T,,(T) A1 IOJiKOMIIOHEHTHUX TBEPAUX PO3YMHIiB, MOOyHOBa-
HY 3 ypaXyBaHHAM pesyabTaTiB [17, 18]. ¥ poborax [17, 18] mokazano,
1o mopiBHaAHO 3 uunctTuMu ['T[K-MmeTamamu B 6iHapHUX i IOJTiKOMIIOHEH-
taux 'IK-TBepaux po3unmHax CIOCTEPiraeTbesa K OiIbINT piska 3ajerx-
HIiCTh TEPMiUHOI KOMIOHEHTHN TeMIIePaATyPHOI 3aJIeXKHOCTI KPUTUUHOTO
HAIIpy KeHHA 3CYBY, TaK i cyTTeBe 301IbIITeHHA i1 aTepMiuHOI KOMITOHe-
HTHu (puc. 2, a). Takuit 'xe epeKT CIIoCTEPiracThes i B MOJTiKOMIIOHEHT-
Hux OILK-tBepamx posumHax mopiBuaHo 3 OLlK-umcTmMmMu meranamu.
Bognouac y 6imapaux OIIK-TBepaux po3uMHAX MOPiBHAHO 3 UUCTUMU
OIIK-meTanaMu mOpyY 3 icTOTHUM 30iJbIIIeHHAM aTePMiuyHOI KOMIIOHE-
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Puc. 2. ExkcnepuMeHTaJIbHI TeMOepaTypHi 3aJeXHOCTI KPUTHUUYHOrO HAIPY-
JKeHHs 3CyBY mJa TBepaux O0iHapHux I'IIK-posumuis Ag—In [34] (a) i Cu—Zn
[35] (6) Ta moikOMIIOHEHTHUX TBePAUX po3uuHiB (8) [17], (2) [12].

Fig. 2. Experimental temperature dependences of the critical shear stress for
solid binary fcc solutions Ag—In [34] (a) and Cu—Zn [35] (6) and multicompo-
nent solid solutions (8) [17], (2) [12].
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HTH KPUTHUYHOTO HANIPY/KEHHS 3CYBY CIIOCTepiraeThcA ocJabjieHHS ii
TEPMiUHOI KOMIIOHEHTU — TaK 3BaHe PO33MIiIITHEHHA y BUIIAAKY JIery-
pamHs (solid-solution softening) [22].

3rigHo pes3yJbTATiB TepMOaKTHBaIliliHoro ananisy [17, 18] y pasi me-
pexony Bix unctux 'IIK-MeTrariB 1o TBepAuX PO3UMHIB €HEPris aKTHUBa-
il pyxy aumciokariit U, 3MiHIOETHCA BiTHOCHO cJIa0KO, a TOJIOBHUM YI-
HOM 3MeHITyeTheA akTuBariauii 06’em V. Tak, no npukaany, U, nasa Cu
cranosuth 0,11 eB, x1a Cu—30Zn — 0,18 eB, CrMnFeCoNi — 0,21 eB,
OZHOYACHO aKTHBAILiftHWil 06’eM V 3MeHITyeThca Bixm 2450-10%* cv® mia
Cu mo 520-10* em® ma Cu—30Zn i 1o114-10** cm® gna CrMnFeCoNi. ¥
Bunaaky Ol K-kpucramiumoi rparautti U, AK ¥ ITOJiKOMIIOHEHTHUX, TaK i
B OiHApHUX TBEpPAMX PO3UMHAX IIOPiBHAHA 3i 3HAUEHHAMMU OJIA UNCTHUX
MeTaJIiB: Ao npukiaany, 0,22 eB gnsa Fe, 0,20 eB gisa Fe—4,03Moi 0,22 eB
misa AlTiVCrNbMo. Pasom 3 Tum, axtuBariiinuii o6’em V B OIIK-
MOJIIKOMIIOHEHTHUX TBEePANX PO3UMHAX 3HAUHO HIMKUMNI, HijK y OGiHap-
HUX, Je CIIOCTEePiraeThcs ocaa0IeHHs TePMiuHOl KOMIIOHEHTH IIOPiBHAHO
3 YNCTHMM METAaJIaMM, i MOro MOKHA IIOPIiBHATH 3i 3HAYEHHIMM IJId
OITK-merauiB (a To i HuKUe): n0 mpukaany, 84-10%* ecm® gina Fe, 38-10*
cv® s AITiVCrNbMoi 176-102%* cm?® noia Fe—4,03Mo.

3 oiep;KaHUX Pe3yJbTAaTiB TEPMOAKTHUBAIIMHOIO aHAJII3Y CJIigye, 110
0 TIOCUJIEHHS TeMIepPaTypHOI 3aJIeKHOCTI KPUTUYHOTO HAIPY:KeHHS
3CYBY B IOJIKOMIIOHEHTHUX TBEPANX PO3UMHAX IMOPIBHAHO 3 UMCTHUMU
MeTaJlaMH1 IIPU3BOAUTDL 30iJIBINIEHHSI CUJI «TEPTa» 3 O0OKY KPHCTAJIiuHOI
I'PATHUIIIL IIi g Yac pyxy AUCJIOKAITilA.

Craix BigMiTHTH, 10 PiSHUIA V 3HAUEHHAX aKTUBAIlillHOTO 00’eMy B
OIIK- i I'IK-meranax moB’sizaHa 3 PisHOI0 HmpUpomol0 Oap’epiB, AKi
JHCJOKAIIi] 10Jal0Th y IIMX MeTajaX 3a JOIIOMOI0I0 TePMiUHUX PIYKTY-
amiit 3i 3HMIKeHHAM Temneparypu, HrKde (0,15-0,2)T . Tak B OLIK-
MeTajJax AUCJOKAaIlii mosaroTs 6ap’epu Ilaliepica IMLISX0M 3apOAKeHH
i mepemintenua napuux neperuHis, a B 'IIK-meramax 6ap’epu Ilafiep-
ca HUBbKIi 1 TeMIIepaTypHO-IIBUAKICHA 3aJI€KHICTh HAIIPY/KEeHHA ILIMH-
HOCTi KOHTPOJIOEThCA Oap’epamu immol mpupomm: y umctux I['1IK-
MeTaJiax Ie IIePeTHH OUCJIOKAIill «Jicy», a y pasi Jier'yBaHHSA OUEBUIHO
MiABUINEHHA CUJ TEePTA 00yMOBJICHO B3a€EMOJI€I0 AUCIOKAIIINA 3 JOMAIIII-
KOBUMU aTOMaMMU.

3 IIPOBEIEHOT0 aHAJIi3Yy BUHO, IO 3aBAAKIM CKOPOUEHHIO BiIcTaHi MiK
TOUKAMM 3aKPiIlJIEHHs AWCJOKAIill aToMaMHu Jier'yBaJbHUX €JIeMEeHTIB
TeMIlepaTypHa B3ajJe)KHIiCTh KPUTUYHOTO HAIpy:KeHHs 3cyBy B ['IIK-
TBEPAUX PO3UMHAX 3i 301JILINTEHHAM KOHIIEHTPAIIil Jer'yBaJIbHIX eJIeMeH-
TiB MouMHa€e HaragyBaTu Taky mjd metaniB 3 OLIK-rparaumero, y aKux
BoHA 06yMoBJieHa 6ap’epamu Ilaitepaca—HabGappo (b.c.c.-like behaviour).

IIToxo arepmiuHOrO 3MIiITHEHHA TBEPAMX PO3UUHIB, TO CJiJl 3a3HAUN-
TH, 110 B iCHYIOUMX MOJeJIAX 3MIilTHEHHs OiHapHUX TBEePAUX PO3UUHIB,
HaBigomimumu 3 axux € mozesi Morra i Habappo [23], Ppixensa [24],
Daeitmmiepa [16], JIabyma [25], Cysyki [26], posrianyTo came aTepMiy-
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He (TeMIlepaTypHO-He3aJIesKHe) 3SMIITHeHHA i IPUIyCKAaeThCA, IO IUC-
JIOKAIlifd € IMPYKHOIO JiHi€I0, a TBepJOPO3UNHHE 3MiIlHEeHHSI 00yYMOBJIE-
HO, 3arajioM, PO3MipHOIO HEBiJIIOBiIHIiCTIO aTOMiB JIeI'yBaJbLHOI'O eJie-
MeHTAa 1 MaTpuIli, TAaKOXK BiAIMiHHICTIO iIXHIX MPYKHUX IOCTiHHUX, TOOTO
POBTIIANAETHCA TiMTLKU B3a€MOMiA IIPY:KHOTO THUIY MiK aToMaMu PO3-
YUHEHOI PEUOBMHU i PO3UMHHUKA.

¥ pobori [27] mokazaHo, 1110 aHOMAJLHO BHUCOKE aTepMiuHe 3MillTHEeH-
HA MOJiIKOMIOHEHTHUX TBEPAUX PO3UMHIB [H] moB’sA3aHe 3i 3MiHOIO BEK-
Topa Broprepca y3moB:k muciokaIiiinoi ginii (AK mo JOBXKUHI, TaK i 1Mo
HAIIPSAMKY) 1 TOSIBOIO CKJIAIOBOI, AKA € MEePIeHIUKYJIAPHOIO OO ILJIOIIIH-
HU KOB3aHH{ i Iponopiiiinoo napamerpy (Aa/a)., = Z[c(a; — Qexe)]/ Cexes
III0 XapaKTepus3ye cepelHe 3HAUEHHA PO3MipHOI HEeBiAIOBiZHOCTI KpucC-
TaJivHOI I'PATHUIII BUCOKOEHTPOIIifiHOTO cTomy (a; Ta ¢; — mapaMeTp
KPHUCTAJIIYHOI I'PATHHUIII Ta KOHIEHTPAIliA eJeMeHTa, AKUI BXOAUTH B
CTOII, BiATIOBimHO; A, — IapaMeTp KPpUCTAJIiIuHOI I'paTHUII cTomy). Ha-
SABHICTh TAKOI KOMIIOHEHTH BeKTopa Broprepca BUKJINKAaE «HEKOHCepBa-
THUBHE» 3MIIIeHHA AUCJIOKAMiAHMX mijgaHoK. Ilig yac pyxy amciaoxarii
BimOyBalOThCSI HOPMAJBLHI 10 MJIOIMMHNA KOB3aHHSA 3MIIleHH i, BiAIOBi-
IHO, BUHHKAE J0JaTKOBA CHUJA «TepTd», nponopuiiina G.(Aa/a)., (G,
— MonmyJab 3cyBy crony). Tomi B ekBiaTOMHMX BUCOKOEHTPOIIIAHUX CTO-
max TBePAOPO3UMHHE 3MIiITHEHHA ACc B aTepMiuHiii o0sgacTi MoxKe OyTU
pospaxoBane AK [27]

Ac = k(Aa/a).,G.,. (2)

3ayBaxK1MO, IO AJIA PO3PAXYHKY 3MiIlHEHHSA TBEPAUX PO3UUHIB MO-
’KHa BUKODPUCTOBYBaTU CepeIHBOKBaJpaTUUYHE 3MIiIl[eHHA aTOMiB \/F ,
AKe BU3HAYAETHCA PEHTI'eHiBCBKHMM METOIOM, MICTHUTHL SIK CTaTHUUHY,
TaK i TMHAMiYHY KOMIIOHEHTY i XapaKTepus3ye peajibHi 3MiIlleHHSa aTo-
miB [28]. Ous TIIK-cronis U? 3pyyHO PO3PAXOBYBATH 34 BiJHOIIEHHAM
imTeHCcMBHOCTelU Audparmianx ginii (111) i (222), a gaa O K-cromis
— 3a BigHOIIEHHAM iHTeHCUMBHOCTel JiHiH (110) i (220). ¥V nromy BunAa-
IKY, OUeBHAJHO, CepeqHbOKBAAPATUUHI 3MileHHA +U? BU3HAUYAIOTH Y
HaOpAMKY, NepIeHANuKYJAPHOMY ILJIOIIMHAM KOB3aHHHA, i, IIO CYTi,
BCTaHOBJIOIOTh BeJINUNHY KOMIIOHEHTH BeKTopa Bioprepca, ska € HOP-
MaJILHOIO [0 IJIOIWHM KOB3aHHA i mosBa Akoi y BEC srimmo [27],
OB’ sA3aHa 3 HaABHICTIO MMCTOPCii Kpucramdiunoi rpataulli. Takum du-
HOM, JIOTi4HO 3aMiHUTHU Bupas (Aa/a),,, 110 XapaKTepU3y€e CepeJHE 3Ha-
YeHHs PO3MipHOI HEeBiAHMOBiZHOCTI KpuHCTaJJiUHOI I'PATHUIII, BUPA3OM
U?/d,, (d,, — MiKIUIOmWHHA BiJCTaHb), AKUI ONNCYE yCepeSHEHe
3HaUYeHHA peabHOI0, MePHeHANKYJIAPHOTO MJIONIMHI KOB3aHHSA AUCJO-
KaIii smimneHHd i BimoOpaskae moaBy cKJIamoBoi BeKTopa Bioprepca, aka
€ HOPMAJBLHOIO 0 IO HYN KoB3auHHA. Toxi Bupas (2) my1a po3paXxyHKY
3MinmHeHHA AC B aTepMiuHiii 00JacTi A MOJiIKOMIIOHEHTHUX TBEPAUX
PO3YUHIB 3aNIUCYIOTh ¥ BUTJIAI:
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Ao =ky(NU? /d,)G. 3)

Y pobori [29] ma wmnpurmaxi sucokoenrpomiiinoro I'TIK-cromy
CrMnFeCoNi morkasano, 1110 004MCIeHi 3 MePITUX IPUHITUIIIB 3HAUEHH ST
U? (25,2 om?) i sravenna U%(23,5 nm?), ofep:KaHi MeTOOM PeHTI'eHiB-
CBLKOI Au(paKIlii, JOCUTEL JOOPEe Y3TOMKYIOThCS.

Came Tozi, ax mokasaHo y pooori [30], mperusiiino o6umcieHi 3a mu-
PUHOIO PEHTT'eHiBChKUX JiHIM MikpoHanpy:xeHH 11 poay TaKoXK MOKHA
PO3TIAIATH SIK Mipy CIIOTBOPEHHS KPUCTAJIYHOI I'DaTHUIIL TBEPAOTO PO-
3UNHY i BUKOPHUCTOBYBATHU JJIA OIiHKYW PiBHA TBEPAOPO3UYMHHOTO 3MiIl-
HenHsa. Mikponanpy:xeuuda II poxy (¢ = Ad/d, ne Ad — MaxcuMabHe
BiIXMJIEHHA MiKIIJOIMWHHOL BiicTaHi AJIsa maHol iHTepdepeHmiiHOL JIi-
Hil Big cepemHboro 3HaueHHsA d) BPiBHOBaJKYIOTHCA B 00’eMi OKpeMux
KpHuCTaJiTiB a00 UacTUH KpUCTaJiTiB (Mo3aiunmx 0J0KiB) i pasoM 3 po3-
Mipom obiacTeii KorepeuTHoOro poscitoBanusa (OKP) mpusBomaTh Ko po-
BITUPEHHS PEeHTIeHiBChbKUX JIiHIM mOpiBHAHO 3 eTayioHoM [28]. ABTOpAa-
mu [30] 3amIpoIIOHOBAHO CITiBBiTHOIIIEHHA MiK piBHEM TBEPAOPO3UNHHO-
ro 3MiITHEHHSA, MOAYyJIeM HPYsKHOCTi i BeJIMYMHOI MiKpoHanpysKeHb 11
pony: AH = agE, go mporo & o ~ 22. 3ayBamumo, 1o y pobori [31] Ha
OpUKJIanl o-dasu crajai, o0pob/ieHOI HU3bKOEHEePTeTUUHIMY IIYUKaAMU
tioniB Ilupkonito a6o HiTporemy, Tako:K HAroJoIIyeThCA IIPO IPOIIOP-
IifHICTh cepeJHBOKBAIPATUUYHNX 3MileHb aToMiB VU? Ta MiKpoHAI-
py:xeus Il poxy e.

TemnepaTypy Ilepexoqy Bif mAucJoKalliiiHoro ao audysiiiHoro mexa-
Hismy medopmarii aasa paxy omHodasHMX BUCOKoeHTpomitinmx OILK-
CTOITiB eKBiaTOMHOT'O CKJIaAy BU3HAUeHO y poborax [32, 33] meromom
TePMOAKTHBAI[ITHOTO aHAJI13y TEMIIEPATYPHOI 3aJIeKHOCTI HAIIPYKEHHS
nanaHocTi. Ilokasano, M0 y JOCHIMMKEeHNX CTOIIaxX TeMIlepaTypa mepe-
XOny Bim mauciokamiiHmx mo audysiiHux MmexaHismiB medopmarrili T's'
(puc. 1) 3pocTae 3i BHMKEHHAM eHTaJbIIi1 3amimryBanHsa. Tak, 1 cTomy
TiZrVNbTa 3 erransmaicio AH = +0,2 g]I[2xk/Mo0Ib 3a3HAUECHA TEeMIIEPaTy-
pa T3 = 675°C, a gns cromy NbTaMoWRe 3 emranbmiero AH = —-8,7
kIl /mons — T3'=1265°C.

3. «IINIATO» HA TEMIIEPATYPHIN 3AJIEZKHOCTI
KEPUTHUYHOI'O HAIIPYREHHA 3CYBY (MEKI IIJIMHHOCTT)
Y TBEPAUX POSYNHAX

fAx BugHO 3 pucyHKY 2 (KpuBa 2), Ha TeMIIepaTypHiil 3aJeXHOCTi KpHU-
TUYHOTO HAIIPYKeHHA 3CYBY T,,(T') (Mexi nauaHOCTI 6 »(T)) y 6iHapHUX
i TOJIiIKOMIIOHEHTHUX TBEPAMX posumHax 3a remueparyp Ty, < T < T cio-
cTepiraeTbcd TeMIlEpaTypPHO-He3aJledKHe «aTepMiuHe» 3MiITHEHH:, TaK
3BaHe «ILJIAaTO».

Ha moaBy Takoro «miaTo» y 6iHApHUX TBEPANX PO3UMHAX 3BEPHEHO
yBary B poborax [34, 35]. Haromomryerbcs, 110 TOMi, IK AJIA YUCTUX Me-
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TajJiB 3a TeMmiepatyp Burile npubausuo 0,27, ,, KpUTUUHE HATIPYKeHHS
3CYBY T,, BUBHAYAETHCA «ATEPMiUYHMM» KOMIIOHEHTOM i Ha 3aJIe3KHOCTI
1.,(T) crmocrepiraerbca ciaabke iforo sHum:KeHHd (puc. 1, Kpusa 1), o0y-
MOBJIEHE TEeMIIEPATYPHOIO 3aJeKHICTIO MOAYJIS MPYKHOCTL K, TO y TBEP-
JUX PO3UMHAX T,, 30BCIM He 3aJIeXKUTH BiJ| TeMIlepaTypu B iHTepBaJi Te-
muepatyp (0,33-0,66)T,, i Ha s3anexsOCTi T,,(T) 3’ABIATHCA «ILIATO»
(puc. 1, xpuBa 2). 30KpeMa 3ayBaykKUMO, IO V PANI BUIAAKIB «IIJIaTO»
Ha 3aJIesKHOCTI T,,(T') crmocTepiraeTbca He TIIBKH y TBEPAUX PO3UMHAX, &
i BumecTHX MeTaJIax, HAIPUKJAI, IJId YucToi Mifmi (puc. 2, 0).

Bigszmaummo, 1110 IMOPiBHAHO 3 TPASUIIMHUMHU BiIOMUMM KAPOMIII-
Humu crouamu tuiry Inconel Ta Heynes, ge «miaTo» IpoOCTATa€ThCA 10
remneparyp ~0,357,,, Vv OeIKUX MOJiKOMIIOHEHTHHMX CTOIIaX, HAIPH-
Kiaax, Nb25Mo25Ta25W25 ta V20Nb20Mo20Ta20W 20, «maaTo» mpo-
cTATaeThcA M0 Oinbin BucoKux Temmeparyp ~0,67,.,, 1o BKasye Ha
MIPUHIINIIOBY MOMKJIUBICTH CTBOPEHHS HOBOTO HMOKOJIiHHS *KapOMIiITHUX
MaTepiaiB Ha OCHOBi MOJIIKOMIOHEHTHUX TBEPAUX PO3UUHIB (puc. 2, 2)
[12]. Pasom 3 TuM, icHyBaHHA peaJbHO He3aJeXKHOTO BiJ TeMIlepaTypu
«ILJIATO» Ha 3aJIEKHOCTI KPUTHUYHOTO HAIPYKEeHHS 3CYyBY BiJl TeMmIIepa-
TYypHU He MOKHA HOSCHUTH iCHYBaHHAM Oap’epiB, aKi mmcaorarii me
MOJKYTBH IIOJOJATH 3a JOIIOMOTOI0 TepMiunHmX Guaykryariii. Kpim Toro,
icHyBaHHSA TaKOT0O «IIJIaTO» € aHOMAaJbHUM, OCKIJIbKY 3HUMKEHHA MOIY-
ag IOHra 3 migBUIEeHHAM TeMIIEpaTypPu IMOBUHHO NPU3BOAUTHU A0 3HU-
JKeHHS KPUTHUYHOTO HAIIPY:KeHHA 3CcyBYy (puc. 1, kpuBa 1), ToMy «Ijia-
TO» MOX{€ CIIOCTepPiraTHCh TLILKM HA TeMIIepaTypPHIil 3aJIeKHOCTL T,
HOPMOBaHOTO Ha BigHomenHusa E,/E, (ge E; i E, — moxyJii npysKHOCTI 3a
remneparypu T i 3a Temmeparypu 0 K, BizmoBizHo), a Ha 3ayIesKHOCTI
T.p(T) BOHO IOBUHHO OyTH BifCyTHIM.

Huni He icHye equHOI TOUKHU 30pY IITOJ0 ITOACHEHHSA MOABU «ILJIATO»
Ha 3ayexxHocTi 1,,(T), xoua Taki cipobu i pobunu. Hanpukiaz, y po6oTi
[34] mpexacTaBiieHO PO3PAXyHOK HANPYKEHHS «ILJIATO» y KpHcTajaax
TBEPJIOTO PO3UUHY B IIPUIIYIIeHHi, 1IT0 JOBiJIBHO Opi€HTOBaHAa JMCJIOKA-
IMiffHA HeTJIs JOBXKUHOIO L pyXaeThesd IIiJ IPUKJIALEHNM HAIIPYKEeHHIM
i 3a BHCOKOI KOHIIEHTpAIlil PO3UMHEHUX aTOMIB AUCJOKAI[IMHUNA cer-
MEHT B3a€MOJi€ He 3 OKPEeMHMHN aTOMaMU PO3UYMHEHOI PEeUOBUHU, a 3
yciMa aToMaMu PO3UYMHEHOI PeUYOBWHU B3IOB:K CerMEHTa B MeiKaX IIeB-
HOrO pajgiyca. ¥ po0OoTi IPUIIyCKAaEThCA, IO AKIIIO CEIMEHT AUCIOKAIlil
BBaKAETHCA BEJIUKHUM IIOPiBHAHO 3 aTOMHUMMY BiJICTaHAMM, TO B3a€MO-
Iisg 3 rpymaMy aTOMiIB IpH3BeJle 10 aTepMiuHOro mpoIlecy i, oTKe, Ha-
IPYKeHHA INIMHHOCTI He 3aJeKUTh BiJl TeMIepaTypu. 3a Ii€io MOLeJLIi0
3a JOIOMOTOI0 CTATHUCTUUYHNX METOIIiB PO3PaxOBaHO 3HAUEHHS HAIPY-
JKeHHS «ILTaTO» JJIS KPUCTAJIIB TBEPAOTO po3unnuy. ¥ pobori [36] moaBy
«ILJIATO» B ayCTeHITHi# Heip:KaBKill cTaJi moB’A3YIOTH 3 DQOPMYBaHHAM
30BHIMIHIX I'PAHNYHUX 3€PEeHHUX AUWCJIOKAIIiN Ta IMBUAKICTIO X IIOMIIN-
penHsa. 3aIIPOIOHOBAHO MAaTEeMATHYHIHA OIMC TaKOl MOJEJIi Ta SUCIO0Ka-
MifiHI yMOBM Ha MeKi 3epeH, 110 BeAYTh A0 MaJiHHA MeKi IJIMHHOCTI 3a
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HiIBHUINEHNX TeMIIEPaTyP.

BoagHouac, BIIJIMB TeMIepaTypPHOI 3aJI€KHOCTI MOAYJIA IIPYKHOCTL Ha
3MiHY KPUTHUYHOTO HANPY:KEHHSA 3CyBY 3 IIiABUINEHHAM TeMIIepaTypu
He BpaxoOBaHO Hi B OIHIN 3 MOjeJieli, SIKi ONUCYIOTh MOABY «IIJaTO» Ha
TeMIlepaTypHill 3a/IeXKHOCTI KPUTUYHOTO HAIPYKEeHHA 3CYBY.

Y poborax [19, 38] Ha ocHOBi JaHUX, HaBemeHUX B [39], moxkaszamo, 1110
sayexkHicTs Moxyas IOura E Bim TemmepaTypu JOCUTH T0OpE OMUCYETh-
cs BUPa3oM

Em = EO[l - (P(T/Tnn) - X(T/Tnn)2]7 (3)

ne E, — snavenua moxnyas IOura 3a remmneparypu 0 K, sHauenna xoe-
dinienTiB ¢ i y gaa yncTux MarepiasiB npubamnsHo KopiBHIOOTH 0,2 i
0,3 Bigmosigmo. 3 migBunienuam remueparypu Big 0 K mo 0,57, srigmo
3aJiexHOCTi (3) MOAyJIb 3MEHIITYyeTheA nNpubausHo Ha 17% . IIpakTuuno
Taka K caMy TeMIIepaTypHY 3ajieskHicTh Monyasa FOura HaBemeHo i y po-
6oTi [40].

Smenmienua moxayasa IOura E; 3 DigBUITeHHAM TeMIIepaTypu IIOBUH-
HO IIPU3BOAUTH 0 AEIKOTO 3HUKEHHSI KPUTUYHOTO HAIIPYKEHHSA 3CYBY
Typ 1, BIAIIOBIHO, «ILJIATO» HA TeMIIePATYPHiN 3aIeXHOCTI KDUTUYHOI'O
HaIPY:KeHHsA 3CYBY IOBMHHO OyTH BimcyTHe. BomHouac 3i 3HMIKEHHAM
E, i nigBuIilleHHAM TeMIIepaTypX IIOBMHHO CIIOCTepiraTuch 3POCTaHHSA
HOpMOBaHOro Ha E;/E, KpUTHYHOIO HAIIPY KeHHs 3CyBY T,, 800 BiAIOBi-
THOI MexXi IIMHHOCTL Gy, — T,/ (Er/E,) 260 64 5/ (Er/Ey).

Ha pucyHKy 3, a HaBeJeHO cxeMy, Ha AKill moKasaHi TeMmepaTypHi
3aJIEKHOCTI MeKi IIMHHOCTI G, », MoayJda IOHra E; Ta MexXi nanHHOCTI
Gy,2, HOPMOBaHOI Ha BifHomeHHa E/E, — o, ,/(E;/E,). IlokasaHo, 10 y
pasi smeHIeHHA E; 3aMiCTh «IJ1aTO» MOMKe CIIOCTepiraTuca miJBUINEH-
HA TeMIIePaTypPHOI BaJIEXKHOCTI Gy 5/ (E/E}), 1110 TAK0X HiATBEPAKYETh-
CcsA eKCIePUMEHTAJbHUMU JAaHUMU, ofepsKanuMu A cromriB Cu—20Zn i
CrFeCoNiMn (puc. 3, 0, 8).

Ha mamt morian, paxkTopu, AKi KOMIEHCYIOTE OB’ A3aHe i3 3MeHIIeH-
HAM MOAYJA NPYsKHOCTI OUiKyBaHe SHUMKEHHSA MeXKi IJIMHHOCTI y TBep-
IUX po3umHax 3a temiepatypu Buire (0,2—0,35)T,, MoXKyTh OyTU Ha-
CTYIHUMMU:

1) mimitiHe 3pocTaHHA TMHAMIUHUX CIOTBOPEHDb KPUCTAJIIUHOI I'PATHUIIL
(cepeIHBOKBAAPATUYHUX 3MiIlIeHb ATOMIB) 31 3pOCTaHHAM TEMIIEPATYPU;
2) MOKJIMBUH ITPOAB e()eKTiB TUHAMIUHOTO JedopMalliifHOTO CTapiHHA,
saKi coocrepiratorbea y BEC i onucani, manmpuraan, y po6orax [41-43].

Mo:KkHaA IPUOYCTUTH, IO BILJINB 3HUKEHHSA MOIYJA MPYKHOCTL y Uu-
CTUX MeTajlaX KOMIIEHCYETHbCSA 3POCTAaHHAM AUHAMIYHUX CIIOTBOPEHD
KpucTagiuHoi rpaTHuIli (cepeIHbOKBAAPATUYHUX 3MiIlleHb aTOMiB ue-
pes TemJyoBi KoJIMBaHHA) 3 HiABUINEHHAM TeMIIEPaTypH, IO CBOEIO Uep-
T'OI0 IIPU3BOIUTE A0 30iIbINIeHHSA KPUTUUHOTO HATIPY KEHHA 3CYBY (MeKi
IIJINHHOCTI) i, BiATOBiAHO, IOSABU «IIJIATO» HAa 3aJIEKHOCTI KPUTHUUHOTO
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HaIIpPy:KeHHA 3CyBY (MeKi IIJTMHHOCTI) BiJl TeMIlepaTypu.

Poiss gpyroro axTopy Moxke OYTH CYTTEBOIO Y HMOJiKOMIOHEHTHUX
cucreMax. Bimomo, 1110 B TeMIepaTypHiii obaacti mposaBy edekTiB mu-
HaMiuHOTO JedopMaIliiiHOro cTapiHHA CIIOCTEPiraeThbcsaA aHOMAaJIbHA Te-
MIIEpaTypHAa 3aJIeKHICTh HAIIPYKEHHSA IMJINHHOCTI: 3 POCTOM IIIBUJIKOCTI
medopMyBaHHA HAMPY:KEeHHA IIJIMHHOCTI He 30iJIbIITYEThCSI, a 3MEHIITY-
€ThCH i 3 MiABUINEHHAM TEeMIIEPATyPU 3aJUIIAEThCA a00 He3aJ e KHIMUI
BiZ 30iMBINIeHHA IIBUIKOCTI JedopMyBaHHA, ab0 migBUIyeThCA. Y pasi
0araTOKOMOOHEHTHUX TBEPAUX PO3UMHIB MOKHA BBaKaTH, IO IJd
aToMa KOXKHOIO eJeMeHTa TaKuil epeKT NPOABIAEThLCA HAa IEBHOMY iH-
TepBaJi TeMIepaTyp, III0 OOYMOBJEHO HECXOKOI0 PYXJMBICTIO aTOMiB
Pi3HUX eJIeMeHTiB, i, BiAIOBiZHO, 3yMOBJIIOE YTBOPEHHSA «IIJIaTO» HAa Te-

to/(E4/B,)
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Puc. 3. Cxema TeMIIepaTypHOI 3a/Ie3XHOCTi MexXi IINHHOCTI G, 5, MoAynd IOHTa
E; i mexi niuHEHOCTI G, ,, HOPMOBaHOI Ha BifHOmeHHA E/E| (a); ekciepuMeH-
TaJbHi TEeMIIePaTyPHi 3aJ€XHOCTI KDUTUYHOTIO HAIDYKEHH:A 3CYBY T, 1 Mexi
IJIMHHOCTL Gy 5 TA Ty, 1 Gg, HOPpMOBaHUX Ha E,/E,, nna cromis Cu—20Zn (0) i
CrFeCoNiMn (8).

Fig. 3. Scheme of temperature dependence of yield strength c,,, Young’s
modulus E; and yield strength o, ,, normalized to the ratio E;/E, (a); experi-
mental temperature dependences of the critical shear stress t, and yield
strength o,, and 7., and c,,, normalized to the ratio E;/E,, for alloys Cu—
20Zn (6) and CrFeCoNiMn (8).
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MIEpPaTypHIill 3aJeKHOCTI KPUTUYHOTO HAIPYKEHHSA 3CyBY (Mexi
IIJIMHHOCTI).

VY 3B’A3KY 3 IIUM HPEACTABIAIOTE iHTepec AJaHi pobiT, 3TigHO 3 AKMMU
TeMIlepaTypHUl iHTepBaJ nposaBu edeKTy Tuiry IlopreBena—Jlemiareinbe
POSIIUPIOETHCA ¥ Pasi yCKJIagZHEeHHA cKJany cromry. Hampukiaan, y po-
6oti [41] BigsHaUaeThCA, ITI0 AKINO Y Pe3yJIbTaTi BUTPOOYBaHb B iHTEp-
Basi Temmeparyp 300—700°C 3a mBuakocti medopmarnii 1-10™*/c gusa
crony CoNi BimcyTHsa 3a3y0peHa moBeAiHKa, To s crorry CoFeNi 3y6iri
cmocrepiratorbeda 3a Temmeparyp 400 i 500°C, gasa crony CoCrFeNi —
3a tremuepatyp 300, 400, 500 i 600°C, a gaa crony CoCrFeMnNi — 3a
remnepatryp 300, 325, 350, 375, 400, 500, 600 i 620°C. ¥ podoTi [43]
3a(ikcoBaHO IPoABU e(PeKTiB AMHAMIUHOrO AeopMaIliiiHOTO CTapiHHA
B aycTeHiTHi HeipsxaBkii craxi 18Cr—9INi—W—-Nb—V—N 3za mBugkocTi
nedopmarii y mexax Bizx 6,7-10° 10 1,3-10 2 ¢! B inTepBasi TeMmepatyp
Big 530 mo 680°C. o 11poro K aBTOPHU Bil3HAUAIOTH POSIIUPEHHSA TEM-
IIepaTypPHOro iHTepPBAY iCHYBAHHSA «ILJIATO» HA TEMIEPATYPHUX 3aJIEHK-
HOCTAX MeJKi IIJIMHHOCTI i rpaHmYHOI MiIfHOCTI Ha PO3puB A0 OGiNIbII BU-
cokux Temmepatyp (Bix 350 o 740°C). IlokazaHo, 110 came gobaBxu W,
Nb Ta V cupuATh POSIIMPEHHIO TEMIIEPATYPHOTO iHTEpPBaJy IIPOSABY
e(peKTiB fuHaAMiuHOrO Ae(popMaIlifHOTO CTapiHHA.

4. 3ARJIIOYEHHS

HasBHiCTE IPOTAMKHOIO aTEPMiYHOTO 3MIITHEHHS, AKe 3YMOBJIIOE IIOSABY
«ILJIATO» Ha TeMIIePaTyPHill 3aJ1eKHOCTI KPUTUYHOTO HAIIPYKEHHA 3CY-
By (Mexki mimuHOCTi) 3a Temnepatypu Buitte (0,2—0,35)T,, v 6iHapHUX i
MOJIIKOMIIOHEHTHUX TBEPAUX PO3UMHAX, a TAKOXK Y JeAKUX MeTajlax, 10
CyTi, € aHOMAJBLHNM, OCKiJIbKHM 3MeHIIIeHHsa Moy ia FOHra 3 migBuIeH-
HAM TeMIIepaTypu IIOBUHHO IPU3BOAUTH 0 SBHUMKEHHA KPUTUYHOTO Ha-
Npy>KeHHd 3CYBY.

Y uncTux MeTasax sHUKeHHA Monyad OHra 3 migBUITIEeHHAM TeMIIe-
paTypu KOMIEHCYEThCA 3POCTAHHAM AUHAMIUHUX CIIOTBOPEHb KpUCTa-
JiuHOi r'paTHUI (cepeIHLOKBAAPATUUYHNX 3MiIlleHb aTOMiB), ITIO CBOEIO
Yeproio IPU3BOAUTE A0 AeAKOro 301JIbITTeHHA KPUTUYHOTO HATIPYKeHHS
3CyBY (HAIIPY:KeHHSA IJINHHOCTI) i IIOABM «IIJIaTO» HA TeMIIepaTypHil
3aJIEKHOCTI KPUTUYHOTO HAIPYKEHHS 3CyBY (HAIIPY KEeHHA IIJINHHOCTI).

Y 6iHapHUX i TOIKOMIIOHEHTHUX TBEPAUX PO3UMHAX IO IIOABU «ILja-
TO», OKPIM 3pOCTaHHA AMHAMIUYHUX CIIOTBOPEHb KPUCTAJIIUHOI I'DATHU-
i, MOXXKYTb HNPU3BOAUTUA e(PeKTH AWHAMIUHOrO Ae()OpMAaIlifHOTO CTa-
PiHHA, AKi CyIPOBOMKYIOThCA HEOJHAKOBOIO PYXJMBICTIO aTOMIB pis-
HuX ejgeMeHTiB. Omep:KaHi pes3yabTaTh MOMKYTh OYTH BUKOPUCTAHI IJId
BUOODPY €JIEMEeHTHOTO CKJIaAy 0araTOKOMIIOHEHTHHUX KapPOCTiHKMUX CTO-
miB, AKi OyAyThb KOHKYPEHTOCIPOMOKHMMH! IOPiBHAHO 3 BimomMumu
TPAOUIIHHIMY CTOIIAMM.
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7,853
12,1683

10, 1289
4,455;9, 1247
11,1553
12,1589

9, 1139
3,367

3,367
10,1289

10, 1365
5,673
11,1481
10,1419
3,289
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HementneBa #K. A. 11,1537
Hemuenko JI. 1. 3,367
Hemuenkos C. O. 8,1045
Hexrtapenko B. A. 8,1053
Hurxeue K. 10,1351
Omutpiesa I'. II. 10,1335
Hommaros A. I. 3,319
Homuuk A. C. 6, 725
Oromina K. T. 11,1537
Ovomiues K. E. 1,107
Ecrepep M. 10, 1305
€Bnorimos A. B. 12,1667
€EmenbsaHuenko B. B. 3,399
€dimenxo M. T. 6, 769
HKaproserkuii O. B. 9, 1195
Kurayxina O. C. 5,579; 6,819
3asnoBeeB A. B. 10,1401

3aropyabko 1. B. 5,655;9,1207;10,1417

Bagepiii B. O. 7,939;9,1175; 10, 1401
3amoporkas O. A. 9, 1207
Baiiesa H. B. 3, 305;6, 797; 7,985
3axies B. 1. 11, 1455
Barynbka H. M. 6,819
3asoboBebkuii M. I 2,173
3axapueHko M. @. 4,465
3axapuenko C. M. 4,465
3amapsa O. B. 12,1627
3earinnesal. B. 7,939;9,1175; 10, 1401
Bimiua I'. II. 10,1377
3osorapesko AH. I1. 10,1417
3osorapenko O. II. 10,1417
Bosnoraperko Ou. IT. 10,1417
Isacummu O. M. 4,435
ILnsin JI. B. 2,255
Imamuasapos [I. X. 12,1601
Imukasa T. 2,183
Ka6aumes T.T. 4,489
Kagepuncekuii B. B. 1, 27; 2, 235
Kanenux O. O. 9, 1257
KariGepma JI. M. 6,843
Kamiuina T. B. 9, 1207
Kamuarys O. M. 10,1325
Kawmencerux 1. C. 11,1443
Kamitanayx JI. M. 2,183;9,1175

Kapacescbka O. I1. 7,939; 9, 1175; 12, 1653

Kapacescbrkmit A. 1. 11,1563
Karukcis X. 5,673
Kpou X. C. 2,273
Kenporcbkuii C. M. 3,383;4, 567
KupuxI. B. 8,1121;9,1155;10, 1325
Kim X. C. 2,273
Kip’au I. M. 8,1045
Knagexo B. II. 10,1289
Kosaas M. O. 7,925
Kogsaus O. 0. 7,887
Kosaius 10. M. 3, 383,407;4,567;

6,753; 12,1627
Kopampuyk II. B. 12,1573

Kosanbuyk IT. B. 4,553;8,1079
Kogoys M. O. 4,455;9,1247
Kossenn M. A. 3,407;6, 753
Kosuisies B. B. 10, 1305
Kospos O. C. 2,159
Koszauenxo B. B. 3,329
Komecuux B. M. 4,489
Komau B. I1. 11,1431
Konppares O. 1. 11,1471
Konosan B. I1. 11,1523
Konosernko H.T'. 8,995

6,741;7,909; 11, 1537
8,1121;9, 1155;

KononenkoI'. A.
Kononnauuenko €. B.

10,1325
Kopay6au O. M. 1,47
Kopiues C. . 11,1523
Kopmromenko I'. C. 5,613;6, 725
Kopimak B. @. 3,339
Kocminceska IO. O. 6, 725
Kocrenko O. II. 11,1443
Kocrin B. A. 8, 1089
Kocrina A. A. 2,245
Korko A. B. 7,887
Korosa T. B. 6, 753
Koxau C. B. 11, 1489
Kpemenunpkuii B. B. 11,1443
Kpumyx T. B. 1,47
KpyraosI. O. 2,183
Kysangikos O. K. 12,1601
Kysbmenxo M. M. 7,887
Kysemin A. P. 10, 1289
Kynak JI. II. 7,887
Kymnpienko B. B. 11,1489
Kypuaox A. M. 3,329
Kyrax A. A. 10,1325
Kymera H. O. 2,245
KymosaB. 3. 3,407;6, 753
Kymaepros O. 1. 2,245
Kymescora H. . 2,173
Jlamckep I. 9,1195
Jlaxuuk A. M. 8,1045
JleBuyk K. T'. 1,1
Jlexkmaita @. 10,1351
JlentiorosI. IT. 12,1667
Jlenn €. T. 4,435;8,1005; 9, 1269;
12,1707
Jlens T. C. 8,1005;9, 1269
Jleonos [II. C. 11,1431
Jleneesa 1O. B. 8,1045
JIucenxo O. B. 9, 1207
JIuckanuy M. B. 5,689
Jlisynos B. B. 4,435,575;8,1005;9,1269
10, 1289
Jlixauos O. A. 12,1627
JloGopmaIl. 1. 12,1653
JloGoxmok B. A. 8,1031
JlorsunoB A. M. 2,143
JIrobumenko O. M. 12,1639
Jlamenxo B. A. 8,1105
Mazsauxo B. @. 2, 209; 3, 305; 6, 797
Maiipar M. M. 10,1325
Maxeepal. M. 9,1139



XIII

Mak-Mak H. €.
Maxkorou 0. M.
Maxcumos C. 0.
Maxcumosa C. B.
Maxymko I1. B.
Mautuies B. B.
Mauiuia O. M.
Mautinina A. O.
Mauka O. M.
Mawmuyp . II.
Manesuu B. O.
Maubko H. M.
Mapxroscbkuii I1. €.
Maprenrok I. C.

MapumakoBebKuii B. C.

Macnsauyk O. JI.
Marsienko §1. I.

MepnBencuruii M. M.

Mensuuk B. 1.
Mensuuk O. B.
Mensuuk 10. A.
Merkos IO. 5.
Mukurunk A. B.
Mrponos [1. B.
Muposrioxk [1. B.
Mupomriok JI. A.
Muxaiinosal. IO.
Mikymina M. O.
Moiicuinma B. M.
Momnogkin B. B.
Mopaiok B. M.
Mynpwmii C. I.
Myn U. 1O.
Myparos B. B.

Haropna I. B.
Haxoneuna O. I.
Haoyu M.

Harauiu B. B.
Haymyx A. 1O.
HecinaI. B.
Hizomos 3.
HoBunpknuii B. T'.
Hosomuuuens C. O.

Onemxo B. C.
Oukan K. O.

ITaunax H. JI.
ITepekoc A. O.
ITepexpectos B.1.
ITerpos O. II.
ITiens O. O.
ITickyn H. O.
Ilnromraii I. B.
Ilnromaii O. 1.
IToponnckuii P. B.
IToawiit A. II.
Ilonusauwmii A. 1.
ITomusanwuii C. O.
ITososenpxuii €. B.
ITpununko O. O.
ITpucram M. C.
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5,629

4,505
5,713;9, 1167
4,553;8,1079
4,505

2,173
12,1683
12,1683
11,1471
5,593
9,1195

3, 289
12,1573
11,1443
8,1121;9,1155;
10,1325

10, 1289

11, 1455

1,47
8,1121;9,1155; 10, 1325
2, 255

2, 255

6, 781;8,1031; 10,1377
4,519

6, 797

11,1523

11,1523

12,1707

8,1121;10, 1325
5,689

10, 1289

4, 489; 5,655

10, 1387

2,273

11,1443

2,209
8,1065
10,1351
5,613
11, 1563
9, 1175
11,1553
7,853
2,209

10, 1365
6,819

4,455;9,1247
3,367;4, 465, 489
5,613;6, 725
1,107

7,887

4,489

3,329;9, 1257
3,329;9, 1257
7,909; 11, 1537
11,1523
8,1121;9,1155; 10, 1325
3,319
5,713;9,1167
5,713;9,1167
8,1045

ITpuxonrro C. B.
IIpixua T. A.

Paguenxo T. M.
Posysau C.T.
Pomas 10. T.
Powmanxko I1. M.
Py6au T. I1.
Pynaxosa O. II.
Pyns O. II.
Psab6ikina M. A.
Paduesl. O.
Psabues C. I.
Pscna O. B.

CasBakiu [I.T.
Cantukos [I. I.
Camoryrina 0. C.
Capoxanos O. A.
Cadponosa O. A.
CemosC.T.
Cemenoga 1O. C.
Cemepenxo IO. O.
Cemupaenko 0. I.
Cepenenko B. O.
Cepenenko O. B.
Cemos C. T.
Cugnopuyxk O. M.
Cupopesnko C. 1.
Cupopuenko I. M.
Cuzonenko O. M.
CuposarkaI. I.
Cuporiok C. B.
CuuT.T.
Cuuenko B. T
Ciopa O. B.
Cainuenko B. M.
Cmounsakos O. B.
Couositoa T. O.
Comongkwuii M. C.
Copora K. @.
Crnonpaik O. 1.
Cracrok 3. B.
Cracwok O. O.
Crebmauko I1. O.
Cremnox T. B.
Cropoxkenxo M. C.
Cybxaukyos 1.
Cyxenko 3. I1.
CyxoBa O. B.

Tabapos @. C.
Tabaunikosa O. [I.
Tapacenko IO. O.
Tapensruk B. B.
Tapensuux H. B.
Tarapenko B. A.
TensoBuu P. B.
Tepeutnes O. €.
Tumorrenxo M. B.
Tuxonosuu B. B.
Titenko A. M.
Tiros 0. O.
Trauenko B.T.

12,1573
10,1305

1,1
3,329
10,1289
11,1471
7,887
10, 1417
8,1045;11, 1455
5,629
12,1667
2,245
9,1155

12,1573

1,129
8,1105
8,1121
11,1537

9, 1235

10, 1335

2,273

9,1155
7,971;12,1611
2,219;7,971;12,1611
12,1573
11,1523
2,183
12,1707

8, 1045
11,1431

4, 541
12,1627

3,399
12,1653
10,1289

6, 781
6,843

11, 1431
12,1573
1,107

9, 1225
11,1443
12,1601
1,27;2,235

3,355

11,1553
2,273
10, 1417

8,1121;9,1155; 10, 1325
8,1121;9, 1155; 10, 1325

1,1;4,435,575
9,1235
11,1443
8,1065
1,59;7,853
3,367

8,1065

11, 1471



Tpauescrkuii B. B.

Yanxanosa M.
VBapos B. M.
VYBapos M. B.
Vi A.B.
Vapsaauma H. B.
Ymancekuii O. I1.
VYiakos M. B.

danvuenko 0. B.
denuenxo 0. C.
®inarosa B. C.
®dipcroBT. C.
®dipcror C. O.
Domuyk I. M.
dowmaxkin 0. O.
®posoBa JI. A.

Xapuenko B. O.
Xapuenko [I. O.
Xwmuimenko O. B.

ITanko €. A.

ITaperpazncera T. JI.

Yeitnax O. II.
Yeitnax . O.
Yepemopa T. C.
Yemko I. B.
Yumbait M. B.
Yopuoyc A. M.
ITamaes B. B.
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1,47

10, 1417
6,831

6, 831

2, 255

7,887

11,1443
8,1005;9, 1269

10,1289
8,995
3,383;9,1139
3, 383; 4,435
7,887

10,1289

10, 1401
2,159

3,289; 11, 1489
11, 1489
2,159

12,1707
3,329;9, 1257

5,629
5,629
10, 1335
2,143
10, 1417
2,143
6,819

ITamic M. H.
ITamosasios IO. O.
ITarepHik A. B.
ITarepHik B. €.
Tarwin T. IO,
IIIsex O. B.
IIIBemoBal. JI.
IIsems B. T.
IITeBuenxo M. 1.
ITeBuenxo O. M.
IITeBuenxo C. T.
ITenyasko B. €.
lensaria B. 1.
Ienesok 0. A.
IMusaniox B. M.
Iupmoseska H. A.
Iumisy K.
IIxypnona FO. O.
IImatko O. A.
IMnernwnii I. O.
IIrema O. A.
ITyai6os O. K.
HTyminiu C. E.

IToxorosa O. M.
Iyp O. B.

IOpos B. M.
HOmenkxo K. A.
FOmenko C. M.

SApmonenxo M. B.
SAposunus O. B.

XIV

4,505
2,273
10, 1305
10,1305
8,1005;9, 1269
10,1387
11,1523
8,995
12,1707
7,887
5,613
11,1443
3,383
5,713
5,655
4,465
5,629
1,129
7,985
1,129; 2,143
12,1639
12,1683
2,273

11, 1489
10, 1417

10, 1365
7,939;9,1175; 10, 1401
2,209

8,1021
4,519



3acuoBHuK: HAITIOHAJTIBHA AKATTEMIS HAYK YKPATHW, IHCTUTYT METAJIO®IBUKN IM. I'. B. KyptoMoBA HAH YVKPATHU
Bupmagens: [HCTUTYT METAJIO®IBUKH IM. I'. B. KyP1toMOBA HAH YKPATHUI
ITepennnaTuuii ingexc 74312 ISSN 1024-1809
Indopmania npo nepenmiaTy Ha KypHAJ
«METAJIO®I3HKA TA HOBITHI TEXHOJIOI'Ti»

Penakiisa sxypuaay MHT moBizomise unrauiB npo nepeamniary (I[0 IOUMHAETHCS 3 Oy Ab-AKOT0 MiCAIA
Bunycky). sKypuaax MHT Bxoauts 3a ingexcom 74312 no «Karasmory Buganb YKpainu». PeKOMEHIAYEMO
oOpMUTHU IEPEAILIATY
1) y BifgisieHHAX MOIITOBOrO 3B’ A3KY uepes meHTpanisoBane arenrcTso JIIPTIB «ITPECA» (By:. I'eopris
Kupnwu, 6yzn. 2a, 03999 Kuis, Ykpaiua; Tenedarxcu: +380 44 2890774 / 2480377 / 2480384 / 2487802 /
2480406); e-mail: pod_ukr@presa.ua, rozn@presa.ua, info@presa.ua) a6o
2) uepes Internet:

http://presa.ua/metallofizika-i-novejshie-tehnologii.html?___SID=U
(mepepmnarawuit ingekc MHT: 74312) a6o &
3) GeamocepeHiM mepepaxyBaHHAM
Yy TPUBHSAX:
«OTPUMYBAUYY»: IncTuryT Metanodisuku im. I'. B. KypaiomoBa HAH Vkpainu
Ha po3paxyHKoBuil paxyHok Ne UA058201720313291001201001901 B 6auky I'VIKCY B M. Kuesi
Kopg 6anky: 820172
Kopx equnoro gep:kaBHOTO peecTpy mianpueMcTB i oprauisaniit Ykpainu (EIPIIOY): 05417331
s «IIOCTAYATBHUKA» — IacturyTty mMeranodisuku im. I'. B. Kypaiomoa HAH Ykpainu
CBigo1TBO IJIATHUKA TOKATKY Ha fogany Bapricts (IIIB) Ne 36283185, inauBigyanbHuii mogaTKOBUM
uomep (IITH) 054173326066
Kox npusnauenusa miatexy: 25010100
IIPUBHAYEHHS IJIATEXKY: 3a :KypHaa «Merasodisuka Ta HOBiTHiI TexHoJorii» (ToM(11), HOMep(u),
pik(pokn)) aiss PBBIM® HAHY
MIACTABA: nepegoriata 100%
B iHo3eMHill BamoTi (fonapax CIIIA, eBpo) uepes BigmoBigHi 6anku-kopecnonzenTu AT «[lep:xaBHuii
EeKCITOPTHO-iMIopTHMH GaHK YKpaiHu»
«OIEP3KYBAUY »: Dimian AT «[lep:kaBHUIT eKCIOPTHO-iMIIOpTHU 6aHK YKpainu» B M. Kuesi (Ykpaina,
04053 Kuis, Byn. Bynssapuo-Kyzapasceka, 11°)
Ha po3paxyHKoBuil paxyHox Ne UA603223130000025308000000067
M®O 322313
mist «IIOCTAYATBHUKA» — IHcTuTyTy Meranodisuku im. I'. B. KypaiomoBa HAH Vkpainu
IIPUBHAYEHHSA OILJIATU: 3a KypHaJ « MeranodisuKa Ta HOBiTHI TexHoJorii» ans PBB IM® HAHY
IIJICTABA: nepenomwiata 100%
3a Tperim cmoco6oM mepearuiaTa HeoOXximHO moBimomuTu pegakmiro MHT 3a momToBoi0 agpecoro:
Iacruryr meranodisuku im. I'. B. KypaiomoBa HAH Vkpaiuu, PBB,
6ysbB. Akanemika BepHaacwkoro, 36,
03142 Kuis, Ykpaina
(e-mail: mfint@imp.kiev.ua, paxc: +380 44 4242561, Temedon: +380 44 4249042)
JaTy CILJIATH, Ha3By MiAIpUeEMCcTBa a00 iM’dA mepeAIIaTHUKA, agpecy AJd MOIITOBOI JOCTABKHY, a 3a Heo0-
XigHOCTH — CBOI PEKBI3UTH AJI5 IIOJATKOBOI HAKJIALHOIL.
IlepioguunicTs — TOM 3 12 BUmycKiB y DiK.
3 ypaxyBaHHSM II€PECHJIAHHS IOIITOI0 IJIs ePeJIJIaTHUKIB B YKpaiHy mepeIiaTHa BapTiCTh: OLHOTO
npumipauka sunycky — 170 rpa., Tomy — 2040 rpH.;
IJIA 1HO3eMHUMX IIepeAILIATHUKIB IlepefIliaTHA BapTiCTh: OAHOTO NpUMipHMKa BumycKy — 13 USD
(11 EUR), Tomy — 156 USD (132 EUR).

3pasox das onaamu pivHoL nepednaamu
PaxyHoK-(pakTypa

«IIOCTAYAJIBHUK » : ITncTuTyT Meranodisukun HAH Vkpainu
«OJIEPYKYBAY»: Dimian AT «lep:kaBHUIT eKCIIOPTHO-iMIopTHM 6aHK YKpainu» B M. Kuesi

(Yxpaina, 04053 Kuis, Byn. Byassapuo-Kyzapasceka, 11°)

Ha po3paxyHKoBuii paxyHok Ne UA603223130000025308000000067,

M®O 322313
TIPU3HAYEHHSA IUIATEXY: 3a sKypHaa « Meranodisuka Ta HOBiTHI TexHoOrii» q1st PBB IM® HAHY
«IIJIATHUK » :
MIACTABA: nepegomiata 100%

Ne HaiimeHnyBaHHSA Ox. Bum. Kiaskicts y KoMmiaexTi Iina Cyma
| emomortis (stmodro is wocras.  mpi 12 13USD 156 USD
: (11 EUR) (132 EUR)

KOIO IOIITO0)

Cyma 10 eniatu 156 USD
(132 EUR)
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