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Dunancuposanue

VccnenoBanue — BBIOJIHEHO — TIPH
(unancoBoit mnoxnepxkke POOU B
pamKax Hay4qHOro mpoekra Ne 19-38-
90130. Merautorpaduyeckue uccie-
JIOBAaHMS BBIIIOJIHEHBI B pamkax IIpo-
rpaMMbl (DyHZaMEHTAIBHBIX HAYYHBIX
HCCIIEIOBAHUN TOCYJAPCTBEHHBIX aKa-
nemuii Hayk Ha 2013-2020 rompl, Ha-
npasnenne 111.23.2. HccnenoBanus
MOBEPXHOCTEH pa3pyllieHHs MPOBee-
HBI C MCIIOJIE30BaHHEM 00OPYIOBaHUS
LIEHTPA KOJUICKTUBHOIO I10JIb30BAHUS
«AHATUTUYECKUH LEHTP TICOXHUMHUH
MIPUPOAHBIX cHcTeM» HanmoHaabHOTO
HCCIen0BaTeIbCKOro TOMCKOTO TOCY-
JIapCTBEHHOT'O YHUBEPCUTETA.

Bgenenue. Pazutue TeXHONOTHI alIMTUBHOTO IIPOM3BOCTBA PACIIUPSET BO3MOKHOCTH H3TOTOBIIEHUS
(meuarn) uznenuii U3 pasHooOpasHbIX MarepualsioB. [Ipolecc medary OCyLIECTBIACTCS IyTeM JIOKaIbHOTO
BBICOKORHEPIeTHYECKOr0 HarpeBa (MIaMEHTa M HOIIOXKKH, 3a C4eT 4ero (HopMHUpyeTcs BaHHA PacILIaBa.
B raxux ycnoBusix ¢popMoBaHUe CTPYKTYpPbl MaTepuaia HPOMCXOIUT B YCIOBHSAX OBICTPOI KpUCTAIIN3ALUH
U MOBTOPHOTO IMKIIMYECKOTO HarpeBa. BaxkHoil mpoOneMoil medatd 0ObeMHBIX H3IENUi U3 OONBIINHCTBA
KOHCTPYKIMOHHBIX CIUIABOB SIBIISIETCS (DOPMHUPOBAHKE JICHAPUTHON CTPYKTYpbl. PopMa 1 pasMepsl JeHIpH-
TOB, a TAK)XKE CBS3aHHOE C HIMH 00pa30BaHHE BTOPHYHBIX (pa3 MOTYT OKa3bIBaTh BIMSHHE HAa IPOYHOCTH U
9KCIUTyaTallMOHHBIE cBOMCTBA n3senuil. Ilesib padoThbl: Hccie0BaHUE CTPYKTYPBl U MEXaHUYECKHX CBOWCTB
QIIFOMHHHEBOI OPOH3EL, TIOTYyYEeHHOH METOIOM 3NIEKTPOHHO-Ty4eBOro aIINTUBHOTO Ipou3BoacTBa. B padore
HCCJIeI0BAHBI 0COOCHHOCTH (POPMHUPOBAHUS CTPYKTYPbI AIFOMUHUEBOH OPOH3BI B 3aBUCHMOCTHU OT y4acT-
ka obpasna. [IpoBeneHbl MEXaHHYECKHE HCIBITAHUA IIPU CTATHYCCKOM PACTSHKCHHH M CKaTHH 00pasIoB,
BBIPE3aHHBIX B IPOJIOJILHOM U IMONEPEYHOM CEUCHHUHM OTHOCHTENILHO HANpaBleHUs nedatd. Merogamu mc-
CJIeJOBAHUS SBISIOTCS MEXaHMYECKHE HCIIBITAHUS HA CXKATHE U PACTSDKEHUE, ONTHYeCKas MeTauiorpadus,
pacTpoBasi JIeKTpOHHass MUKpockonusi. Pedyabrarbl n o0cy:kaenne. Ha ocHoBe ananmza Meraiorpadu-
YEeCKHX M300pa)KCHHIl OBUIN BBIIEICHBI YETHIPE XapPaKTEPHBIX THIIA MHKPOCTPYKTYD, (hOPMHUPYIOIIUXCSA Ha
pa3HO# BBICOTE OT IOJUIOKKU B HareyaTaHHOM Marepuaie. IlepBblil THI — HEOOJbIINE ICHAPUTHBIC 3epHA
C HHTEPMETAUTUIHBIMU YaCTHIIAMH; BTOPOH — HeOOIbIINE JCHIPUTHBIC 3¢pHA; TPETHII — KPYIHBIE CTOI09a-
ThIC JICHJPHUTHbIE 3€PHA; YSTBEPTHII — LIMPOKUE JACHJPUTHBIE 3€pHA C MEJIKUMHU BKIIOUCHUSIMH BTOPUYHOM
(a3, PopMHpPOBaHKE 3THX TUIIOB MHKPOCTPYKTYp OOYCIOBICHO, BO-IIEPBBIX, HCIIONB30BAHUEM CTaIbHOH
OJUI0KKH, BO-BTOPBIX, H3MEHEHHEM YCIIOBHH TEIIOOTBOJA MO Mepe YBEIMYEHMs! BBICOTHI 0Opasla B Mpo-
necce neyatd. Ha ocHOBe NPOBEEHHBIX UCTIBITAHUI BBISABIECHA 3HAYUTENbHAS AaHU30TPONHUS MEXaHHYECKUX
CBOICTB, KOTOpast 00yCIIOB/ICHA HAIIPABJICHHBIM XapaKTEePOM POCTA CTOJIOUATBIX ICHAPUTHBIX 3€PEH, a TAKKE
U3MEHEHHEM Pa3MepOB 3€pHa 0 BBICOTE HaNeyaTaHHOTo Marepuana. IlomydyeHHble pe3ynbTraThl pACHIUPSIOT
(yHIaMeHTaIbHBIE PECTaBICHHS O NPOoLeccax CTPYKTYPooOpa30BaHUsl CIUIABOB B YCIOBHUSIX IEKTPOHHO-
Jy4eBOTO aIAUTUBHOTO NPOU3BOACTBA M MOTYT OBITH HCIIONB30BAHBI NIPH Pa3pabOTKe TEXHOIOTHH IeYaTH
U3JIeNTUH U3 MEIHBIX CIIaBOB.

Jns nurupoBanusi: VccnenoBaHue CTPyKTypbl U MEXaHHMUYECKMX CBOWCTB QJIFOMHHUEBON OpPOH3BI, HAIICYaTAHHOW METOJIOM DJICKTPOHHO-
nmy4eBoro aamutueHoOro npoussozactia / E.C. Xopomiko, A.B. ®wmnmos, C.10. Tapacos, H.H. llamapusn, E.A. Kony6aes, E.H. MockBuues,
J1.B. JIpraarus // O6paboTka MeTaiioB (TeXHOIOTHsI, 000pynoBaHue, THCTPYMEHThI). —2020. — T. 22, Ne 2. — C. 118-129.-DOI: 10.17212/1994-
6309-2020-22.2-118-129.
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BBenenne

AmomMuHHEBasE OpoH3a SIBJISIETCS PacIpocTpa-
HEHHBIM KOHCTPYKIIMOHHBIM CIIJIABOM, KOTOPBIN
Yalle BCEro UCIOJIb3YIOT B KAYECTBE KOPPO3ZUOHHO-
CTOMKOTO W/WJIM M3HOCOCTOMKOrO Marepuana Jyis
W3TOTOBJICHUS M3JICNHMA, pa0OTAIONUX B MOPCKOM
BOJIe, BooCcHaOeHNH u Hedrexumuu. st momy-
YeHUs CIuiaBoB cucteMbl Cu-Al TpauInoHHO TIpH-
MEHSIOTCSl TEXHOJIOTHH TTOPOIIKOBON METAJLTypruu
[1] u myroBo# miaaBku [2]. DTH TEXHOJIOTHH UMEIOT
CYIIECTBEHHBIE OTPAHUYCHHS IO T€OMETPUUECKON
dopme momydaembix m3nenwid. s obecrieueHus
pecypcodPEeKTUBHOCTH TIPH U3TOTOBICHUH J€Ta-
neil TpeOyercsi pa3pabOTKa HOBBIX METOJOB IPO-
u3BojCcTBA. K TakuM OTHOCSTCS COBpPEMEHHBIC
QJITUTHBHBIC TEXHOJIOTWH, COBMEIIAIONINEe B cebe
MPUHIUIIBL  JIOKAJTLHOM HECTAallMOHAPHOW MeTall-
JYprudl ¥ BBICOKOTIPOM3BOAMUTEIBHOE 000pYyI0Ba-
HUE C YUCJIOBBIM MPOTPAMMHBIM 00CCIICUCHUEM.

N3BecTHO, 4TO /1715 MOTYyYEHUSI MEAHBIX CILJIABOB
MOTYT MPUMEHSTHCS TEXHOJIOTHH, HCIOJIb3YIOIINE
HHEPIHIO JIyTOBOI0, JA3€PHOI0 U 3JIEKTPOHHO-TyYe-
BOro UCTOYHUKOB [3]. OmHaKo BCe OHM HaKJIaIbIBa-
I0T Ha NPOU3BOJCTBEHHBIN IPOLIECC CBOU OIpaHU-
YEHUSI.

TexHONIOruM CEeNeKTUBHOIO Ja3epHOro IIaB-
JICHUSI WIN CIEKaHMS Yalle MCIONb3YIoT st (hop-
MHUPOBAHUSl TOKPHITUN W3 HUKEIb-aJTIOMUHHUEBBIX
OpOH3, YeM JJIs TOTy4eHUsI 00BEMHBIX TPEXMEPHBIX
u3nenuit [4-9]. OgHoit u3 Hambosee CyIIecTBEH-
HBIX MPOOJIEM TMPHU KCIOIB30BAHUU ITUX TEXHOJO-
TUW SIBIIIETCS MEXKCIOMHOE OKHMCIIEHUE MaTrepuania
B IPOLECCE ME€YaTH M3-3a BBICOKOM PEaKIMOHHON
CHOCOOHOCTH MOPOIIKOB, B CBS3H C YEM CHIKACTCS
KaueCTBO HaleyaTaHHOTO U3/1EIIHsL.

Jnis momydeHust 0OObEMHBIX W3ACTHA M3 aJfo-
MUHUEBOM OpOH3bI, cOozeprKallel Kene30, HUKEIb
Y MapraHel] B KaueCTBE JOMOJTHUTEIIbHBIX JIETUPY-
IOLIUX AJIEMEHTOB Yallle BCEro NPUMEHSIOT IIPOBO-
JIOYHYIO 3JIEKTPOAYTOBYIO TEXHOJIOTHIO aJJIUTUB-
Horo nipousBozcTea [ 10—15]. K mpobiemam gaHHOM
TEXHOJIOTUM MOXXHO OTHECTU CTPYKTYpPHYIO HEOJ-
HOPOJHOCTb U MEXCIOWHOE OKHUCIECHHUE, YTO 3HAYU-
TEJIbHO BJIMSET HA MEXAaHUYECKHE CBOMCTBA M JKC-
TTyaTallMOHHBIE XapaKTePUCTUKHU HaredyaTaHHBIX
153 (SN15 158

B HacTosiiee Bpemsi n3BECTHA TOJIBKO OHA pa-
60oTa MO (HOPMHUPOBAHUIO ATIOMHUHHUEBOW OPOH3BI
METO/IOM JIEKTPOHHO-JIy4Y€BOI0 aJIUTUBHOIO IPO-
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u3BozacTBa [16]. B 310l paboTe aBTOpPHI UCIONIB30-
BaJlM MMKPOIIOPOIIKM MEIW U AJIIOMHUHHS B COOT-
HoweHun 3,65:1 coorBeTcTBEeHHO. B pesynbrare
ObUTM MOJyYEHbI PAa3IMYHbIE CTPYKTYpPHBIE COCTOS-
HUS B Halle4aTaHHOM Marepuajie: KpyIHble KpUCTall-
abl o-TBepaoro pacrsopa memu (Cu ¢ 19 ar.% Al),
metactabuinpHas B-daza (Cu ¢ 25 ar.% Al), o6-
JIACTH 3BTEKTOMJIOB, cocrosiue u3 v,-hasnl (Cu ¢
30 at.% Al) u nameneir (Cu c 19 at.% Al). Ilo-
JyYEHHBI CIUIaB MMEET XOpOLIyK IPOYHOCTh
(o, =486,5 Mlla), HO OYEHb HU3KYIO IIIACTUIHOCTh
(otHOCHTenBHOE ymiuHeHue 3,2 %). Kpome toro,
aBTOPHl OTMEYAIOT HEOOJBIIYIO AHU3O0TPOIHIO B
IIPOYHOCTH U IUIACTUYHOCTH, BBISIBIIEHHYIO IIPU UC-
IIBITAHUU MaTepuaia B IPOJOJIbHOM U NONEPEYHOM
HaIpaBJIE€HUU OTHOCUTEIBHO HAIPABJICHUS I1€YaTH.
BaxxHoit nmpo6iemoil noinydeHuss 00beMHbIX U3-
nenuii 13 60IbIIMHCTBA KOHCTPYKIIMOHHBIX CIJIABOB
ABJsieTcs (POPMUPOBAHUE JEHAPUTHON CTPYKTYPBHI.
®dopma u pazMepsl IEHAPUTOB, a TAK)KE CBSI3aHHOE
C HUMH 00pa30BaHKHe BTOPUYHBIX (a3 MOTYT OKa3bl-
BaTh BIIMSHUE HA IIPOYHOCTb U IKCIUTyaTallMOHHbIE
CBOWCTBA M3/€JMi, YTO paHee ObLIO YCTAaHOBIICHO
B pse paboT Ha mpuMepe ayCTEeHUTHON KOppO3u-
OHHO-cTOMKOM cTanu [17-19]. CnenoBarenbHO, 115
pa3pabOTKU COBPEMEHHOM TEXHOJOIMM aJJIUTHB-
HOTO IPOU3BOJICTBA TpeOyeTcsi BCECTOPOHHEe H3-
yueHue ocobeHHocTel (hopMUpOBaHUS CTPYKTYp-
HO-()a30BOr0 COCTaBa B HaleYaTaHHOM HU3JCITUH U
YCTaHOBJIEHHE B3aUMOCBSI3U CTPYKTypa—CBOMCTBA.
Lesabro 1aHHON pabOTHI SABISIETCS HCCIENI0Ba-
HUE CTPYKTYpbl U MEXaHUYECKUX CBOMICTB aJIFOMHU-
HUEBON OpPOH3bI, MOJIYYEHHOH METOIOM 3JIEKTPOH-
HO-JIy4€BOT'0 aJANTUBHOIO IIPOU3BOJICTBA.

MeTtoauka uccjaeaoBaHuil

[Tewarp ocymiecTBisinack Ha J1abOpaTOpHOU
yctaHoBke (puc. 1, a, 0), pazpaboTaHHOW W W3rO-
toBieHHoi B UGIIM CO PAH [6]. lnsa nonyyenus
00pa3loB HCIOIB30BATACh MPOBOJIOKA AIIOMUHH-
eBOl OpoH3BI, copepxarias 7,5 Bec.% altOMUHUS.
B xauecTBe MOAJIOXKEK MCIIOIB30BAIACh CTaJlb
12X18HIO0T. Jlna mpoBeAaeHUs CTPYKTYPHBIX HC-
ClleZIOBaHMI OBLIM Halle4aTaHbl IUIOCKHE CTEHKU
(puc. 1, 6, 2) nmHOU ~90 MM, BBICOTOM ~38 MM U
TOJIIIMHOMN ~5 MM. PeXMMBI eyaT NMpeacTaBIeHbI
B Tabmuiie. Cxema BBIPE3KH 00pa3IioB /s POBEJIe-
HUS SKCIIEPUMEHTAJIBHBIX MCCIIEJOBAHUN TIOKa3aHa
Ha puc. 2.
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Puc. 1. Dororpadun 1adopaTtopHOI yCTAaHOBKH (2, 6) ¥ HariedaTaHHOTO oOpasua (6, 2):

1 — myneT ynpasieHus; 2 — BaKyyMHasi kKaMepa; 3 — HalpaBJIioNas MoJarduka NpoBOJIOKHU;
4 — HarieyataHHBIA 00pasell; 5 — BOIOOXJIAKIAEMbIH CTOJI; 6 — KaTyIlKa ¢ IPOBOJIOKOA;
7 — IIOJIaTYMK MPOBOJIOKH; § — CTaJbHAas NOAJIOXKKA; 9 — HalpaBJICHUE Ne4aTH

Fig. 1. Photos of the laboratory setup (a, 6) and the printed sample (s, 2):

1 — control panel; 2 — vacuum chamber; 3 — guide of the wire feeder; 4 — printed sample;
5 — water-cooled table; 6 — coil with wire; 7 — wire feeder; &8 — steel substrate; 9 — printing
direction

Pe:xumbl aiINTUBHOIO NPOU3BOACTBA
Additive Production Modes

Yckopsttoree CKOpOCTh MomavH CKopoCTh Yacrota
Tok myuka Huamerp
HaTpsDKCHHE [MA] TIPOBOJIOKH TepeMeIeHHS I pa3BepTKH
[xB] [Mm/MuH] CTOJTUKA [MM/MUH | M mydka [1'1q]
30 30 1500 360 4,5 1000

Mertannorpadguueckie HUCCIEIOBAHUS BBIMOJ-
HEHBI C MOMOIIBI0 KOH(OKATIHHOTO JIa3epHOTO CKa-
Hupyromero mMukpockona LEXT 4100 (Olympus,
Snonus). TecThl Ha C)KaTHE U PACTSKEHUE OCYIIIECT-
BJSUIMCh HAa HMCTBITATeNbHOM MammnHe Testsystems
110M-10 (Testsystems, Poccusi) mpu KOMHATHO#M
TeMreparype. MUKpOTBEpJIOCTh OMpE/IeNieHa ¢ To-
MOIIbI0 MHKpoOTBepAoMepa «Duramin-5» (Stuers
A/S, Jlanust). AHaIM3 MOBEPXHOCTEH pa3pyIIeHUs
BBITIOJTHEH Ha PacTPOBOM JJIEKTPOHHOM MHUKPOCKO-
e Microtrac SemTrac mini (Microtrac Inc., CIIIA)
u Tescan MIRA 3 LMU (Tescan, bpao, Yexus).
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Pe3ysbTaThl M MX 00CY:KI€HUE

MUKpPOCTPYKTypa HaleyaTaHHBIX 00pa3IoB
QIIOMUHUEBON OpOH3bI MpEJCTaBICHA CTOJIOYa-
TBIMU JICHAPUTHBIMU 3epHaMu (puc. 3, a, 6). Ilpu
9TOM HaOIONAEeTCs Pa3HO3EPHHUCTOCTh Ha Pa3HBIX
ydacTkax obOpasna u (GopMUpOBaHHE HHTEpMETal-
JUI0B BOJMHM3U CTANBLHOUW MOUIOKKH (pHC. 3, 6-ic).
Ha ocHoBe ananmza mertauiorpaguyeckux H30-
OpakeHUI MOKHO BBIJICJIUTH YEThIPE XapaKTEPHBIX
TUIA MUKPOCTPYKTYD, POPMUPYIOIIMXCS HAa PA3HOM
BBICOTE OT IOJUIOKKU B HAIle4YaTaHHOM MarepHale.
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Puc. 2. Cxema BBIpE3KH 00pa3IoOB IS TPOBEICHUS
OKCIICPUMCHTAJIBHBIX HCCHC}IOBaHI/Iﬁi
I — HareuaTaHHBIN oOpasel; 2 — cTajbHas MOAJIOXKKA;
00pa3ibl )i UCHBITAHUM HA CXKATHUE B CCUCHHUHM IOIIC-
PEYHOM 3 U TIPOAOIHHOM 4 OTHOCHUTEILHO HAPABICHUS
revaTy; 00pasiibl JAJIsl UCIIBITAHUI Ha PaCTsDKEHUE B Ce-

YEHHUH MOTIEPEYHOM 5 U IPONOIBHOM 6./, 6.2, 6.3 OTHO-
CHUTEJIBHO HAIpaBICHHS TIEYaTH

Fig. 2. Scheme for cutting samples for experimental

studies:

1 — printed sample; 2 — steel substrate; samples for com-

pression tests in the cross section of the transverse 3 and

longitudinal 4 relative to the print direction; samples

for tensile tests in the cross section transverse 5 and

longitudinal 6.1, 6.2, 6.3 relative to the direction of
printing

[TepBbIit THIT IpEACTABISAET COOOM CIIOW TONIIUHON
250...350 mMKkM, pacnojararoimiicss B HUKHEH 4Ya-
CTH 00pasia BOJIM3H MOJIOKKH, 1€ GOPMUPYIOTCS
JEHAPUTHBIC 3€pHA U UHTEPMETAJUIUIHBIC YACTUIIbI
(puc. 3, 0, a1c). B aToM ciioe aenapuTHbIe 3epHa (op-
MUPYIOTCS pa3HOHANPABICHHO U MUMEIOT TOJIIIUHY
nopsiaka 20...50 MKM, a MX JJIMHA MOXKET JIOCTUTaTh
350 MxM. BTOopo#i T MUKPOCTPYKTYpPbI IIPEACTaB-
JIEH CJIOEM TOJIIIMHOM 10 2 MM, COCTOSIIEM TOIBKO
U3 JICHAPUTHBIX 3€PEH CPABHUTEIHLHO HEOOJIBIIOTO
pasmepa (tommuuoi 50...100 MKM U BBICOTOH 0
1 MM). OTH AEHIPUTHI UMEIOT UCKPUBIECHHYIO (op-
My. MUKpPOCTpPYKTYpPbI TPETHETO THUIIAa PACTIONI0KEHbI
B CpeIHEH 4acTh oOpaslia M 3aHUMAaIOT OOJIBITYIO
4yacTh HaleyaTaHHOTO MaTepuaia. 3lech pacrolna-
raroTcs CToja04areie IeHIPUTHBIC 3epHa (puc. 3, 2),
Ybsl TOJILMHA HEPABHOMEPHA U yBeJIMYUBaeTcs (10-
cTUras ~2 MM) 1o BbicoTe oOpa3ua. JmmHa otaens-
HBIX 3epeH MoxeT pocturarb 30 mm. Takue 3epHa
UMEIOT MPSAMOJUHEIHYI0 (OpMYy U PaCHOI0KEHbI
noa yrioM ~30° Kk BepTUKaJIM, YTO yKa3bIBACT HA Ha-
IpaBJIEHHBIA XapakTep KpucTtamuimzauud. Yersep-
THIM THUI MUKPOCTPYKTYPbl HaXOJUTCSl B BEpXHEH
yacTu o0pasia, T.e. B HECKOJbKUX MOCIEIHUX Ha-

OBRABOTKA METALLOV %

MEYaTaHHBIX CJOSIX, Ybsl 00I1Asl TOJIMHA JOCTUTAET
~5 MM (puc. 3, ). DTOT TUII NPEJICTaBIIEH ILIUPOKHU-
MU JE€HAPUTHBIMU 3€PHAMHU C MEJIKMMH BKJIIOUYECHHU-
SIMH, KOTOpBIE SIBJISIOTCS BTOPHYHOM (ha3oii (puc. 3, e).
PazMepsl 3TuUX BKIIIOYEHHH COCTaBISAIOT ~3 MKM B
UIMPUHY U ~15 MKM B JUIMHY.

@opMHpOBaHUE PA3IUYHBIX THUIIOB MHKpPO-
CTPYKTYp OOYCIIOBJIEHO DPSIOM SIBICHUH M TEXHO-
JIOTHYECKUX 0COOEHHOCTEH mpolecca 3IeKTPOHHO-
JIy4€BOTO aJINTUBHOIO NTPOU3BOACTBA. Bo-nepBbIX,
U3-32 HUCIOJIb30BaHMUS CTaJbHOW IOIUIOKKH IIPO-
UCXOAUT pa30aBlIeHHE U YACTUYHOE PacTBOPEHUE
JIETUPYIOIUX AJIEMEHTOB, BXOJAIINX B €€ COCTaB B
NIEPBOM CJIO€ HareuyaTaHHOW OpoH3bl. PacTBopenue
B [IEPBYIO OUYEPE/b KACACTCs )KEJIE3a U HUKEJIS, KOTO-
pbIie 00pa3yIOT COCAMHEHUS THIIA Fex—Aly, Nix—Aly,
Cux—Niy IpU CIUIABJICHUHU C aJOMHHHUEBOM OpOH-
30i1. Bo-BTOpBIX, IO Mepe yBEJIMYEHUS BBICOTHI 00-
pasua B IIpolecce MevaTy MPOUCXOAUT U3MEHEHUE
YCIIOBUI TEIJIOOTBOAA. B BbIIENEXKAUX CIOAX
IIPOrpeB MarepHralla 3HaYUTENIbHO BBIILIE U3-3a aKKY-
MYJISLMY TeIUla B 00beMe CTeHKH, CIIE0BaTENIbHO,
neperuiaBisiercs OonbLIIMi 00beM HIDKEIekKallero
cllos. DTO CIOCOOCTBYET YBEIHUYEHHUIO DPa3MEpOB
CTOJIOYATBIX JCHIPUTHBIX 3epeH. B To xe Bpems mo-
CIICIHUN CIIOM KPUCTAJUIM3YETCS C OYEHb BBICOKOMN
CKOPOCTBIO, TaK KaK OH HE IIOJBEPKEH IIEpEIlIaBy.
N3-3a 3TOro0 CTaHOBUTCS BO3MOYKHBIM IIOSIBIIEHUE
MEJIKMX YaCTHULl BTOPUYHOH (a3bl.

Ha ocHoBe aHain3a 3KCIIEpUMEHTAJIbHBIX J1aH-
HBIX, IMOJyYEHHBIX B XOJ€ HCIBITAHMHM HA CTaTH-
YECKOE PAaCTSKEHUE M CIKaTHE, YCTaHOBJIEHO, 4TO
CYLIECTBYET 3HAUMTEJIbHAs aHU30TPONMSI MEXaHU-
YEeCKUX CBOMCTB B 00bEME HaleyaTaHHOTO MaTepu-
ana. OOpa3iipl, BEIPE3aHHBIE B CEYCHUH, IOTNEpE-
HOM OTHOCHUTENIbHO HampaBlieHus rnedatu (puc. 4,
KpuBast 17151 oOpasua 5), JeMOHCTPUPYIOT OUYEHbB BbI-
COKYI0 IUIACTUYHOCTh (OTHOCHUTENIBHOE Y/UIMHEHHE
nocruraet 133%), HO HU3KKE 3HAYEHUS YCIOBHO-
ro mpejeia TeKy4ecTH ((SO’2 ~79 Mlla) u npenena
po4yHOCTH (G, ~251 MIla). O6pa3upl, BhIpe3aHHbIE
B CEYEHUU ITPOJIOJIbHOM OTHOCHUTEJIBHO HAIIPABJICHUS
neyatu (puc. 4, kpusble a7 00pa3ioB 6.1-6.3), ume-
10T OoJiee BBICOKYIO MPOYHOCTh U MEHBIIYIO IUIa-
cTu4HOCTh. [l oOpasua 6.3 3HaueHHe YCIOBHOIO
npenena tekydectu cocrasiser 87 Mlla, npenena
npouHoctu 245 Mlla, oTHOCUTENBbHOE YAJIMHEHUE
75 %. dns obpasia 6.2 3HaueHHE YCIOBHOTO Tpeie-
na Tekydectu cocrasisier 82 Mlla, npenena npou-
HocTH 269 MIla, otHOCUTENnBHOE yasuHeHHe 86 %.
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3. Meramnorpadpuyeckne M300pak€HUS CTPYKTYPHI
rmepedyHoM (@) W TPOAONBHOM (0) CEYEeHWH HaleyaTaHHOTO o0pasla aloMu-
HUEBOW OpOH3BI; YBeNMYEHHBbIE W300pakeHUs1 BepxHero (8, e), cpemHero (2)
W HIDKHETO (0, 2#) yI9aCTKOB 00pasiia

Mmarepuaiga B IIO-

Fig. 3. Metallographic images of the structure of the material in the trans-

verse (a) and longitudinal (6) section of a printed sample of aluminum bronze;

enlarged images of the upper (s, ¢), middle (¢) and lower (0, oxc) sections
of the sample
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Puc. 4. Kpusble HampspkeHue—aedopManus, MOdydeH-
HbIE B YCJIOBHUSIX CTaTHYECKOIO PacTsLKEHHs 00pas3LoB
HaleyaTaHHOW aJTFOMIHHEBOI OpOH3BI

Fig. 4. The stress—strain curves obtained under condi-
tions of static tension of printed aluminum bronze

122 Tom 22 Ne 2 2020

Jns obpasua 6.1 3HaueHHe YCIOBHOTO INpejaesa
TekydyecTn paBHO 112 MIlla, npenena npodHocTr
359 Mlla, otHOCcUTENnbHOE yanuHeHue 92 %.

W3 momydeHHBIX JaHHBIX CJeayeT, 4To Ooiee
BBICOKAasi TMPOYHOCTh HaOMIofaercs y o0paslos,
BBIPE3aHHBIX B HWKHEW 4acTW HaredyaTaHHOTO Ma-
tepuana. Kak 6bu10 yxe nokaszano (puc. 3), B 3Toi
YacTH pa3Mep JICHAPUTHBIX 3€pPeH MUHUMAIbHBINA U
POCT 3epeH MPOUCXOUT MOIEPEK 00IaCTH BHIPE3KU
paboueil yacTu oOpasia, BEIPE3aHHOTO JUIsSl pacTs-
xeHust. Crenys M3BECTHOMY 3akoHy Xouna-Iler-
Ya, MPOYHOCTh Marepuasa B 3TOH 00IacTH AOJKHA
ObITH OOJlee BBICOKOM 3a CUET MEHBIIETro pa3Mepa
3epHa. DTO 00YCIOBICHO TOPMOXKEHHEM JMCIOKA-
LIUH Ha TpaHMUIAX 3E€PEH, KOTOPHIE PAaCIOI0KEHBI
OpPTOrOHAJIBHO ACHMCTBYIOLIEW Harpyske IpH pac-
TSDKEHUHM. BBICOKas IIacTUYHOCTH OOYyCIIOBIIECHA
BHYTPHU3EPEHHBIM IHUCIOKAL[MOHHBIM CKOJIbKECHHU-
eM, KoTopoe 3(p(HEeKTUBHO peasn3yeTcsl B KPyIHBIX
CTOJIOYATBIX JEHJIPUTHBIX 3€pHAX MPH PACTHKEHUH
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00pa31oB, BEIPE3aHHBIX BJIOJIb HAIIPABJICHUS UX PO-
cta (puc. 4, xpusas 111 oOpasua 5). OTCyTCTBHE
OO0JIBLIIOTO YMCia TPAHHUL 3epeH CIOCOOCTBYET aK-
TUBHOMY JIUCJIOKAIIMOHHOMY CKOJIbkeHHIo [20] 6e3
TOPMOKEHHSI IUCIIOKAIMi ¢ 00pa30BaHUEM HX CKO-
IUIEHUH U, ciefoBaresbHo, 0e3 popMupoBaHus 00-
JacTel ToKamu3auu aepopMarum.

Kpome Toro, Ha cBoiicTBa 00pa3LOB MPH UCIIbI-
TAHUSX Ha PACTSHKEHHUE OKa3blBaeT BIMSHUE pas-
MEpHBIN (akTop. ITO BBIPAXKAETCS] B TOM, UYTO Me-
XaHUUYECKHE CBOMCTBA IIPU MaJIbIX TEOMETPUUYECKUX
pasmepax oOpasna M OONbIIMX pa3Mepax 3epHa
OyayT B OOJbLIEH CTENEHH 3aBUCETh OT KpHCTaj-
aorpaduuecKkoil OpUEHTALUU 3€PEH OTHOCHUTENIBHO
IIPWIOKEHHONW HAarpy3ku. OTO CIpPaBENJIUBO JUISA
CllydaeB, KOIrJja COOTHOLLIEHHE TOJIIMHBI 00pasla K
pa3mepaM 3epHa (CpeqHeEMY pa3Mepy 3€peH, pacIo-
JararoIuxcs B rpeaesax padodel 4acTH JIOMATKN)
cocrasisier MmeHee 20. B paccmarpuBaeMbix o0pas-
11aX 3TO COOTHOIIEHUE HAaXOIUTCS B JUAIAa30HE OT
1 mo 7 nna paccmarpuBaeMbix 00pasuoB 5, 6.1-6.3
(puc. 5). OTo TakKe BHOCUT CBOW BKJIAaJ B aHU30-
TPOIHIO MEXaHWYECKUX CBOMICTB MaTepuala, Hare-
YaTaHHOT'O B BUJIE TOHKOM CTEHKH.

VY 00pa31oB, BEIPE3aHHbBIX B Pa3HbIX HAIlpaBiie-
HUSIX JUIS UCTIBITAHUHM Ha CXKaTue, Takke Habroaa-
€TCsl aHM30TPONHSI MEXaHUYECKUX CBOMCTB (pHcC. 4).
bonee BpicOKME 3HAUEHUS YCIOBHOIO IpEZea Te-
Ky4YeCTH TOJIy4eHbI JUIs 00pa3lLoB, BHIPE3aHHBIX B
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Puc. 5. KpuBsie HanpspxkeHue—medopmansi, moaydcH-
HBIE B YCJIOBHSIX CTATHYECKOTO CXKAaTWs Hare4aTaHHOU
aIIOMUHNEBON OPOH3BI

Fig. 5. The stress—strain curves obtained under condi-
tions of static compression of printed aluminum bronze
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NPOJOILHOM HANPABICHUHU MEYATH (O, HAXOAUTCS
B auamnasone 77...90 MIIa), uem y oOpa3ios, BeIpe-
3aHHBIX B IIONICPEIHOM HANPABICHUN (G, , HAXOIUT-
cs1 B tuanasoHe 45...52 MIla). [Ipencrasienssie Ha
rpaduke KpuBble HaNpsHKEHUE—IehopMaIus TakKe
YKa3bIBAIOT HA (PAKT CHUKEHUS IPOUYHOCTH y 00pa3-
LIOB, BBIPE3aHHBIX U3 BEPXHUX CJIOEB.

VY 00pa31oB, BBIpE3aHHBIX B CEYCHUHU, MTOTIEPEY-
HOM OTHOCUTEJIbHO HanpaBiieHUs iedatu (puc. 6, a),
Ha TOBEPXHOCTU pa3pylIeHHs] HAOMIOJAeTCs] MHO-
KECTBO MEJIKUX SIMOK, Y€l pa3Mep COCTaBISET OT 3
710 5 MKM. DTO YKa3bIBaeT Ha BA3KUN XapakTep paz-
PYILIEHHUS, UTO COINIACYETCsl C pe3ybTaraMHu Mexa-
HUYECKUX UCTIBITAaHUHI. Y 00pa3IoB, BEIPE3aHHBIX B
CEUEHHH, ITPOJOJIbLHOM OTHOCUTEIBHO HAIIPaBICHUS
nedatu (puc. 6, 6—2), TOMUMO SIMOK HaOIIONAI0T-
Csl YCTYyTbI, KOTOPBIE YKa3bIBAIOT Ha «IIU(EPHBIN
tun uznoma [21]. Kak BUIHO U3 NpeacTaBIECHHBIX
M300paXeHMi, Ha MOBEPXHOCTH pPa3pylIeHUs 00-
pas3loB, BBIPE3aHHBIX M3 HIDKHUX CJI0eB (oOpaserr
6.1, puc. 6, 2), chopmMupoBaCs KpPyIHbIH yCTyIl, a
Ha oOpasuax u3 cpennux (odpaser 6.2, puc. 6, 8) u
BepxHUX (00Opazen 6.3, puc. 6, 6) TH yCTYIIbl 3Ha-
YUTENHbHO MEHbIIUX pa3mepoB. [lludepnsiit u3nom
CBSI3aH CO CTPYKTYpOM 0Opa3loB U SIBISETCS MPU-
YUHOM CHUKEHUSI MEXAaHUYECKUX CBOUCTB (ITPOYHO-
CTH TUIACTUYHOCTH) MaTepuaia, 4To TakXKe COrya-
CyeTcsl ¢ pe3yabTaTaMi MEXaHUYECKUX UCIIBITAHUH.

Jlopokka OTIEYaTKOB MUKPOTBEPIOCTU MPOXO-
JUT 10 BCeMy 00pasily, BKJIOUas CTaJIbHYIO IMOJI-
JIO)KKY M Hale4yaTaHHYI0 Ha HEW aJlOMUHUEBYIO
Opon3y. MUKpOTBEpAOCTh B HAlIEYaTAHHOM MaTepH-
ajie CHMXKAeTCsi MOHOTOHHO OT HM)KHEH K BEepXHeEH
gactu (puc. 7). CHUKEHHE MUKPOTBEPAOCTH CO-
[J1acyeTcsl ¢ YBEJIIMUEHUEM Pa3MEpOB JIEHIPUTHBIX
3€pEeH M0 Mepe YBEIUUYECHUS BHICOTHI HAllEYaTaHHOU
cTeHKH. bosbnias HEpaBHOMEPHOCTh B 3HAYEHUSX
MUKpPOTBEPAOCTH Ha YYacCTKE CIUIABICHUS OpPOH3bI
co cranbio oOycioBieHa (OPMUPOBAHUEM HHTEP-
METAJUIUAOB, TBEPAOCTh KOTOPBIX 3HAYUTEIIBHO
BBIIIE TBEPJOCTH MATPHUILbI O-TBEPAOrO pacTBOpa
Cu-Al

BriBoabl

Ha ocHoBe aHanu3a MeTtayuiorpaduueckux u3o-
OpakeHHI1 ObUIM BBIIETICHBI YETHIPE XapaKTEPHBIX
TUTIA MUKPOCTPYKTYD, POPMHUPYIOLINXCS Ha Pa3HON
BBICOTE€ OT MOJJIOKKM B Hale4aTaHHOM Marepua-
ne. IlepBblif THIT — HEOONBIIME ACHIPUTHBIE 3epHA
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Fig. 6. SEM-images of fracture surfaces of samples 5 (a), 6.1 (6), 6.2 (¢) and 6.3 (2) after static tension

C MHTEpMETAJUIUIHBIMUA YaCTHIIAMH, BTOPOH — He-
Oonbllive ACHIPUTHBIE 3€pHA; TPETHH — KPYIIHBIE
cTon0uaThie ACHIPUTHBIE 3epHA; Y€TBEPThI — IIU-
pOKHUE NEHAPUTHBIC 3€pHA C METKUMHU BKIIOUCHUS-
MU BTOpUYHOHU (pa3pl. DopMuUpOBaHUE ITHX THUIIOB
MUKPOCTPYKTYpP 00yCIIOBI€HO, BO-TIEPBBIX, UCIIOJb-
30BaHUEM CTaJIbHOW IMOJJIOKKHU, BO-BTOPBIX, U3MeE-
HEHHEM YCJIOBUH TEIJIOOTBOAA MO Mepe yBeluye-
HUS BBICOTHI 00pasiia B MpoIlecce Mevyary.

Ha ocHoBe npoBeieHHBIX HCTIBITAHU BBISIBIICHA
3HAYUTEIbHAS  AQHU3O0TPOINHUA  MEXaHMYECKUX
CBOMCTB, KOTOpas oOyCIIOBJ€HA HalpaBICHHBIM
XapakTepoM pocCTa CTOJOYATBIX JEHIPHUTHBIX
3epeH, a Takke H3MEHEHHEM pa3MepoB 3epHa
0 BBICOTE HallEYaTaHHOTO Marepuaia. OITo
BBIPA)KAETCS B CHIYKEHUH TPOYHOCTH U MTOBBIIIICHU T
IUTACTUYHOCTH y MaTepHuaia B HampaBJICHHUH, IO-
NEePEYHOM OTHOCHUTENIBHO TPACKTOPUU TEUYaTH.
AHM30TPONUS CBOICTB MPH PACTSHKEHUH 00pa3I0oB
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CKa3bIBACTCS HAa 3HAYEHUM TMpenesia MPOYHOCTH
(m3meHenue B auamazoHe oT 245 mo 359 Mlla),
npezena TeKydecTH (M3MEHEHHWE B JUara3oHe
ot 82 o 112 MIla), OTHOCUTETBHOTO YIJTUHECHUS
(w3meHeHwue B auama3one ot 75 mo 133 %). Aau3o0-
TPOMHUSI CBOWCTB MPHU CHKATHUU 00PA3IOB CKa3bIBa-
€TCsl Ha 3HaYEHUH TIpe/iesia TeKy4ueCcTH (M3MEHEeHUE
B nuama3one ot 45 mo 90 MIla).

[TomydeHHble pe3ynbTaThl pacIUpsIOT (pyHaa-
MEHTAJIbHBIE TIPEJICTABICHUS O TpoIleccax CTPYyK-
TypooOpa3oBaHMsl CIJIABOB B YCIIOBHUSAX JJIEKTPOH-
HO-JIy4€BOTO aJITUTUBHOTO MPOU3BOICTBA U MOTYT
OBITH MCIIOJI30BAaHbI MPHU Pa3pabOTKe TEXHOJIOTHUI
MeYaTH 3NN U3 MEIHBIX CIUIaBOB.

Cnucok JuTeparypbl

1. Gohar G.A., Manzoor T, Shah A.N. Investigation
of thermal and mechanical properties of Cu-Al alloys
with silver addition prepared by powder metallurgy //
Journal of Alloys and Compounds. —2018. — Vol. 735. —
P. 802-812. — DOI: 10.1016/j.jallcom.2017.11.176.

2. Phase equilibria in the Cu-rich portion of the
Cu—Al binary system / X. Liu, [. Ohnuma, R. Kainuma,
K. Ishida // Journal of Alloys and Compounds. —
1998. — Vol. 264. — P. 201-208. DOI: 10.1016/S0925-
8388(97)00235-1.

3. Additive manufacturing of metallic components —
Process, structure and properties / T. DebRoy, H.L. Wei,
J.S. Zuback, T. Mukherjee, J.W. Elmer, J.O. Milewski,
A .M. Beese, A. Wilson-Heid, A. De, W. Zhang // Progress
in Materials Science. — 2018. — Vol. 92. — P. 112-224, —
DOI: 10.1016/j.pmatsci.2017.10.001.

4. Laser-Additive repair of cast Ni—Al-Bronze
components / X. Cao, P. Wanjara, J. Gholipour, Y. Wang //
TMS 2019 148th Annual Meeting & Exhibition
Supplemental Proceedings. — Cham: Springer, 2018. —
P. 205-216. — DOI: 10.1007/978-3-030-05861-6_19.

5. Underwater laser cladding in full wet surroundings
for fabrication of nickel aluminum bronze coatings /
X. Feng, X. Cui, G. Jin, W. Zheng, Z. Cai, X. Wen,
B. Lu, J. Liu // Surface and Coatings Technology. —
2018. — Vol. 333. — P. 104-114. — DOI: 10.1016/j.
surfcoat.2017.10.056.

6. Thermal stability and corrosion resistance in a
novel nickle aluminum bronze coating by laser cladding /
X.P. Tao, S. Zhang, C.L. Wu, C.H. Zhang, J.B. Zhang,
Y. Liu // Materials Research Express. — 2018. — Vol. 5,
N 11. - P. 116527. — DOI: 10.1088/2053-1591/aade7c.

7. Hyatt C.V., Magee K.H., Betancourt T. The effect
of heat input on the microstructure and properties of
nickel aluminum bronze laser clad with a consumable
of  composition  Cu-9.0Al-4.6Ni-3.9Fe-1.2Mn  //
Metallurgical and Materials Transactions A: Physics

OBRABOTKA METALLOV %

of Metals and Materials Science. — 1998. — Vol. 29. —
P. 1677-1690. DOI: 10.1007/s11661-998-0090-5.

8. Effect of the protective materials and water on
the repairing quality of nickel aluminum bronze during
underwater wet laser repairing / X. Feng, X. Cui,
W. Zheng, B. Lu, M. Dong, X. Wen, Y. Zhao, G. Jin //
Optics and Laser Technology. — 2019. — Vol. 114. — P.
140-145. DOI: 10.1016/j.optlastec.2019.01.034.

9. Effect of Fe and Ni contents on microstructure
and wear resistance of aluminum bronze coatings on
316 stainless steel by laser cladding / X.P. Tao, S. Zhang,
C.H. Zhang, C.L. W, J. Chen, A.O. Abdullah // Surface
and Coatings Technology. —2018. — Vol. 342. — P. 76-84.
DOI: 10.1016/j.surfcoat.2018.02.032.

10. Fabrication of copper-rich Cu-Al alloy using
the wire-arc additive manufacturing process / B. Dong,
Z.Pan, C. Shen, Y. Ma, H. Li// Metallurgical and Material
Transactions B: Process Metallurgy and Materials
Processing Science. — 2017. — Vol. 48. — P. 3143-3151.
DOI: 10.1007/s11663-017-1071-0.

11. In-situ wire-feed additive manufacturing of
Cu-Al alloy by addition of silicon / Y. Wang, X. Chen,
S. Konovalov, C. Su, A.N. Siddiquee, N. Gangil //
Applied Surface Science. —2019. — Vol. 487. — P. 1366—
1375. - DOI: 10.1016/j.apsusc.2019.05.068.

12. Microstructural  evolution and mechanical
behavior of nickel aluminum bronze Cu-9Al-4Fe-
4Ni-1Mn  fabricated through wire-arc  additive
manufacturing/ C. Dharmendra, A. Hadadzadeh,
B.S. Amirkhiz, G.D. Janaki Ram, M. Mohammadi // Ad-
ditive Manufacturing. — 2019. — Vol. 30. — P. 100872. —
DOI: 10.1016/j.addma.2019.100872.

13. The influence of post-production heat treatment
on the multi-directional properties of nickel-aluminum
bronze alloy fabricated using wire-arc additive
manufacturing process / C. Shen, Z. Pan, D. Ding,
L. Yuan, N. Nie, Y. Wang, D. Luo, D. Cuiuri, S. van
Duin, H. Li // Additive Manufacturing. — 2018. —
Vol. 23. — P. 411-421. — DOI: 10.1016/j.addma.
2018.08.008.

14. The morphology, crystallography, and chemistry
of phases in wire-arc additively manufactured nickel
aluminum bronze / C. Dharmendra, A. Hadadzadeh,
B.S. Amirkhiz, M. Mohammadi, / TMS 2019
148th Annual Meeting & Exhibition Supplemental
Proceedings. — Cham: Springer, 2019. — P. 443-453. —
DOI: 10.1007/978-3-030-05861-6_41.

15. Fabricating superior NiAl bronze components
through wire arc additive manufacturing / D. Ding,
Z.Pan, S. van Duin, H. Li, C. Shen // Materials (Basel). —
2016.—Vol. 9, N 8. — DOI: 10.3390/ma9080652.

16. Wolf T., Fu Z., Korner C. Selective electron beam
melting of an aluminum bronze: microstructure and
mechanical properties // Materials Letters. —2019. — Vol.
238.—P.241-244.—-DOI: 10.1016/j.matlet.2018.12.015.

Vol. 22 No. 22020 125



Cm

17. Microstructural  evolution and chemical
corrosion of electron beam wire-feed additively
manufactured AISI 304 stainless steel / S.Y. Tarasov,
A.V.Filippov, N.N. Shamarin, S.V. Fortuna, G.G. Maier,
E.A. Kolubaev // Journal of Alloys and Compounds. —
2019. — Vol. 803. — P. 364-370. — DOI: 10.1016/j.
jallcom.2019.06.246.

18. Effect of heat input on phase content, crystalline
lattice parameter, and residual strain in wire-feed
electron beam additive manufactured 304 stainless
steel / S.Y. Tarasov, A.V. Filippov, N.L. Savchenko,
S.V. Fortuna, V.E. Rubtsov, E.A. Kolubaeyv,
S.G. Psakhie // International Journal of Advanced
Manufacturing Technology. — 2018. — Vol. 99,
iss. 9-12. — P. 2353-2363. - DOI: 10.1007/s00170-018-
2643-0.

OBPABOTKA METAJIJIOB

Konguukr nnrepecon

MATEPUAJIOBEJIEHUE

19. Gradient transition zone structure in “steel—
copper” sample produced by double wire-feed electron
beam additive manufacturing / K.S. Osipovich,
E.G. Astafurova, A.V. Chumaevskii, K.N. Kalashnikov,
S.V. Astafurov, G.G. Maier, E.V. Melnikov, V.A. Moskvina,
M.Yu. Panchenko, S.Yu. Tarasov, V.E. Rubtsov,
E.A. Kolubaev // Journal of Materials Science. — 2020. —
25 March. — DOI: 10.1007/s10853-020-04549-y.

20. Multilevel model for the description of plastic and
superplastic deformation of polycrystalline materials /
P.V. Trusov, E.R. Sharifullina, A.I. Shveykin // Physical
Mesomechanics. — 2019. — Vol. 22. — P. 402-419. —
DOI: 10.1134/51029959919050072.

21. @puoman A.b., Topoeesa TA., 3aiiyes A.M.
CrpoeHue u aHanu3 U3JIOMOB MeTayioB. — M.: MAIII-
I'ns, 1960. - 128 c.

ABTOpBI 3asIBJISIOT 00 OTCYTCTBUU KOH(IMKTa UHTEPECOB.

© 2020 Apropsl. M3narensctB0 HOBOCHONPCKOTO TOCYIApCTBEHHOTO TEXHUYECKOTO YHUBEPCHUTETA. JTa CTAThs JOCTYITHA I10
munens3un Creative Commons «Attribution» («Atpubymmsy») 4.0 Bcemupnas (https://creativecommons.org/licenses/by/4.0/)

126  Tom 22 Ne 2 2020



MATERIAL SCIENCE OBRABOTKA METALLOV %

Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science. 2020 vol. 22 no. 2 pp. 118-129
ISSN: 1994-6309 (print) / 2541-819X (online)
DOI: 10.17212/1994-6309-2020-22.2-118-129

Obrabotka metallov -
Metal Working and Material Science

’,_umon
Journal homepage: http://journals.nstu.ru/obrabotka_metallov

TEXOnOTH
OBDPYIOBAN)

Study of the Structure and Mechanical Properties of Aluminum Bronze Printed
by Electron Beam Additive Manufacturing

Nikolay Shamarin L

2,8

s Ic
)

Ekaterina Khoroshko ", Andrey Filippov Lo Sergei Tarasov
Evgeny Kolubaev e Evgeny Moskvichev Ls Dmitry Lychagin

! Institute of Strength Physics and Materials Science of the Siberian Branch of the RAS, 2/4, pr. Akademicheskii, Tomsk, 634055, Russian Federation

2 National Research Tomsk State University, 36 Lenin Avenue, Tomsk, 634050, Russian Federation

a
c

e

14

https://orcid.org/0000-0001-9078-5662, =) eskhoroshko@gmail.com, b
https://orcid.org/0000-0003-0702-7639, © tsy@ispms.ru, a
https://orcid.org/0000-0001-7288-3656, © eak@ispms.ru,f
https://orcid.org/0000-0002-0544-9371, (=) dvl-tomsk@mail.ru

https://orcid.org/0000-0003-0487-8382, © avi@ispms.ru,
https://orcid.org/0000-0002-4649-6465, © shnn@ispms.ru,
https://orcid.org/0000-0002-9139-0846, (=) em_tsu@mail.ru,

ARTICLE INFO

ABSTRACT

Article history:

Received: 23 March 2020
Revised: 21 April 2020
Accepted: 11 May 2020
Available online: 15 June 2020

Keywords:

Additive technology
Aluminum bronze
Structure

Mechanical properties

Funding

The study was carried out with
the financial support of the RFBR
according to the research Project No.
19-38-90130. Metallographic studies
were carried out as part of the Program
of fundamental scientific research of
state academies of sciences for 2013-
2020, direction I11.23.2. The scanning
electron microscope investigations
were performed using the equipment of
the Analytical Center of Geochemistry
of Natural Systems of Tomsk State
University.

Introduction. The development of additive manufacturing technologies expands the possibilities
of manufacturing (printing) products using a variety of materials. The printing process is carried out
by local high-energy heating of the filament and substrate, due to which a molten bath is formed.
Under such conditions, the formation of the structure of the material occurs under conditions of rapid
crystallization and repeated cyclic heating. An important problem in printing bulk products from most
structural alloys is the formation of a dendritic structure. The shape and size of dendrites, as well
as the formation of secondary phases associated with it, can affect the strength and performance of
products. The purpose of the work is to study the structure and mechanical properties of aluminum
bronze obtained by the method of electron beam additive production. In this work, the features of
the formation of the structure of aluminum bronze depending on the area of the sample are studied.
Mechanical tests are carried out under static tension and compression of samples cut in longitudinal
and cross sections relative to the direction of printing. The methods of investigation are mechanical
tests for compression and tension, optical metallography, scanning electron microscopy. Results and
discussion. Based on the analysis of metallographic images, four characteristic types of microstructures
are formed at different heights from the substrate in the printed material. The first type is small dendritic
grains with intermetallic particles. The second is small dendritic grains. The third is large columnar
dendritic grains. Fourth are wide dendritic grains with small inclusions of the secondary phase. The
formation of these types of microstructures is due, firstly, to the use of a steel substrate, and secondly,
to a change in heat removal conditions as the height of the sample increases during printing. Based
on the tests, a significant anisotropy of the mechanical properties was revealed, which is due to the
directed nature of the growth of columnar dendritic grains, as well as a change in grain size along the
height of the printed material. The obtained results expand the fundamental ideas about the processes of
structure formation of alloys in the conditions of electron-beam additive production and can be used in
developing technologies for printing products made of copper alloys.
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structure and mechanical properties of aluminum bronze printed by electron beam additive manufacturing. Obrabotka metallov (tekhnologiya,
oborudovanie, instrumenty) = Metal Working and Material Science, 2020, vol. 22, no. 2, pp. 118-129. DOI: 10.17212/1994-6309-2020-22.2-

118-129. (In Russian).
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