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UCCNEAOBAHMUE BJIUAHUA NMAPAMETPOB CJ1Nn
HA MUKPOCTPYKTYPY XAPOIPOYHOIO HUKEJIEBOTIO CIJ1IABA

Annomayus. TIpoBeneHo rccienoBaHUE BIUSHUS MTapaMeTPOB CEJIEKTUBHOTO JIa3¢PHOTO TIIaBjie-
Hus (CJIIT) ¢ BbicokoTemmepaTypHbIM nogorpeBoM miatdopmbl 1o 1000 °C Ha dopmupoBaHue
MUMKPOCTPYKTYPHI XXaponpoyHoro Hukesnesoro cruiaBa GTD-111. YcraHoBieHO, 4TO BapbuUpo-
BaHUE MapaMeTPOB CKaHWPOBAaHUS (JIMHEWHOW M OOBEMHON TJIOTHOCTU DHEPIUM) HE OKa3blBa-
€T CYLIECTBEHHOIO BJIMSIHUSI Ha pa3Mep BblaeseHuii y'-¢a3bl. OnHaKO BbIsIBJieHA 3aKOHOMEpHas
MIPOCTPAHCTBEHHASI HEOTHOPOTHOCTh MUKPOCTPYKTYPHI: B HMKHUX CJIOSIX BCeX 00pa3lloB, MO~
BEPTaBIINUXCS JIMTEILHOMY BBHICOKOTEMIIEPATypHOMY BO3ACHCTBUIO, HAaOMIOMaeTCs HavyalbHas
cranust popMupoBaHUsT padT-CTPYKTYPHI (YIUIMHEHHBIE yacTUlbl y'-da3bl). [TokazaHo, uTo gaH-
HBII Mpoliecc SIBISIETCS CASNCTBUEM KOAryJsilMy YacTUIL MOJ BAUSHUEM TeMIlepaTyphl TOAOrpe-
Ba T1aTOPMBI M BHYTPEHHUX HAIPSDKEHW, YTO aHAJOTMYHO HAYaJIbHOM CTaluM Jerpanaliiu
CIUTaBOB B YCJIOBUSX ITOJI3ydeCTH. Pe3ynbTaTsl paOOTHI BaxkKHBI IJIsT pa3paboTku pexumon CJITT
MOHOKPHMCTAINTMYECKNX M3IENINil, TAKMX KaK JIOMATKN Ta30BbIX TYPOMH, C IIEIbIO YIIPABICHMS MX
CTPYKTYPOM 1 KCILIyaTallMUOHHBIMU CBOVCTBAMU.

Karouessie crosa: xaponpodHbIil HUKEJIEBBIN CIUIaB, CEJIEKTUBHOE JIa3epHOE TUIABJIEHUE, MUKPO-
CTPYKTYpa, TapaMeTpHI.
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INVESTIGATION OF THE EFFECT OF SLM PARAMETERS
ON THE MICROSTRUCTURE OF A HEAT-RESISTANT NICKEL ALLOY

Abstract. The influence of the parameters of selective laser melting (SLP) with high-temperature
heating of the platform to 1000 °C on the formation of the microstructure of heat-resistant nickel
alloy GTD-111 has been studied. It was found that varying the scanning parameters (linear and
volumetric energy density) has not significantly affect the size of the y'-phase secretions. However,
a regular spatial heterogeneity of the microstructure was revealed: in the lower layers of all samples
exposed to prolonged high-temperature exposure, the initial stage of formation of the raft structu-
re (elongated particles of the y'-phase) was observed. It was shown that this process was a consequ-
ence of particle coagulation under the influence of platform heating temperature and internal
stresses, which was similar to the initial stage of alloy degradation under creep conditions. The
results of the work are important for the development of SLP modes for monocrystalline products,
such as gas turbine blades, in order to control their structure and operational properties.
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Benenne. CoBpeMeHHbIE MCCIIEAOBAaHUS B 00JACTU TEXHOJOTUIl CEIeKTUBHOIO JIa3epHOTO IIaB-
nenus (CJIIT) KoHIeHTpUPYIOTCS BOKPYT ABYX OCHOBHBIX BeKTOpoB. OOMH M3 HUX HalleJIeH Ha pa3pa-
0OTKY M M3yuyeHHEe HOBBIX CIUIABOB, CIELMAIbHO aJalTUPOBAHHBIX [JIsI aJIMTUBHOIO MPOU3BOACTBA
[1—6]. Ipyroii BekTOp IMoapa3yMeBaeT BCECTOPOHHEE U3YYEHME BO3AEUCTBUS TEXHOJOIMYECKUX T1a-
pameTpoB u pexkxumoB CJIIT Ha Takue KiTfoUueBbIe XapaKTePUCTUKN U3IETNA, KaK TNIOTHOCTb, MUKPO-
CTPYKTypa U MexaHudyeckue cBoiicta [7—10].

HecMoTpst Ha BBICOKYIO MCCIIE0BATENBCKYIO AKTUBHOCTD, BHEIPEHUE aJIMTUBHBIX MOIXOJ0B B Ce-
PUITHBIE TIPOMBITIUIEHHBIE TIPOIIECCHI TTOKA HEe JOCTUTIIO IITMPOKOTo MaciTaba. OCHOBHBIMU CIEPXKIBA -
OIMMU (DaKTOpaMu SIBJISIIOTCSI OTCYTCTBUE YHU(DULIMPOBAHHBIX CTAaHAAPTOB, a TAaKXKe HeJI0CTaTouHast
M3YYEHHOCTb KaK TEOPETUUYECKMX OCHOB, TaK M MPAKTUYECKUX HIOAHCOB MPUMEHEHUS TeXHOJOTUHU.
B 1o ke Bpemsa CJIII npemiaraer psa NpUHIUIIMAIBHBIX IPEUMYILIECTB, HEAOCTYIIHBIX MPU UCIIOIb-
30BaHUM TPATULIMOHHBIX CITOCO00B 00padboTku. KiltoueBoe U3 HUX — MpakTUYEeCKU HeorpaHUUYeHHast
CcBO0OJIa B CO3MAHUU AeTajeil CJI0XKHOM reOMeTpUU, MO3BOJISIONIAsT PeaTu30BbIBATh KOHCTPYKIIUU, KO-
TOpBIE HEBO3MOXKHO TOJNYYUTh KIACCMICCKUMU MeTomaMU. Takue WHXEHEpHBbIC PeIleHUs OTKPhIBa-
10T MyTh K ONTUMHU3ALIMKA KOMIIOHEHTOB TEXHUUECKMX CUCTEM, K OOJIETYEHUIO Beca KOHCTPYKIIUI 6e3
MOTEPU UX HANAEXKHOCTU U, KaK pe3yjabTaT, K MOBBIIIEHUIO 3(D(hEKTUBHOCTU TOTOBBIX M3AEAUi. ApKum
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MPUMEPOM CJIYKaT TOMOJIOTMYECKH ONTUMU3UPOBAHHBIC, WJIM OMOHMUYECKUE, CTPYKTYPHI, CO3/aBac-
MbI€ Ha OCHOBE PacuyeTOB METOAOM KOHEUHBIX 3JIEMEHTOB. JJaHHBIN IMOAXOd, IIPU KOTOPOM U3 MOIETU
yaajisieTcs MaTepya U3 HeHarpy>KeHHbIX o0y1acTeil, mo3BosisieT (hOpMUPOBATh CJIOKHBIE KOH(PUTYpa-
LIMU, OCYIIIECTBUMbIE UCKIIOUUTEIBHO OJaronapst aiAuTUBHBIM TexHomoTusiM [11, 12].

Hanpueiimmii mporpecc B ooiactu CJIIT B 3HauMTeIbHOI cTerneHu OymeT 3aBUCeTh OT pa3padoT-
KW HOBBIX MaTepuajoB U YCOBEPIIEHCTBOBAHUS METOMOB UX 00paboTku. OcoOyo pojib 31eCh UIpaeT
LieJIeHaIpaBJIeHHOE yIIpaBJIeHUe CTPYKTYPOI U CBOMCTBAMU U3JEUSI, KOTOPOE CTAHOBUTCSI BO3MOXK-

>

HBIM GJ1aromapsi 0COOEHHOCTSIM KPHUCTAJIM3aK, TTPOTEKAIOIIE HETTOCPEACTBEHHO B LIMKJIE MeYaTu
[13—16].

Llenpbio HACTOSIIETO UCCIIENOBAHMUS SBISJIOCH U3YYUTh, KaKMM obpa3om napamerpbl CJIIT B yciio-
BUSIX TIOBBIIIIEHHOM TeMIIepaTyphl IMOJ0rpeBa paboueii miaThopMbl BO3AEHCTBYIOT Ha Ipoiecc Gop-
MUPOBaHMS CTPYKTYPHI U HA KCILIyaTallMOHHBIC XapaKTepUCTUKI MaTepuraia.

MaTepna.m,l N MeTOAbl UCCJICAOBAHUA

B naHHOI1 paboTe MCmoab30BaJICS MOPOIIOK XKapOMPOUYHOTO HUKEJEBOro CIUiaBa, MPUMEHSIEMOTO
JUIST TIOJTy4eHHUsI MPOJAYKTOB METOJOM HalpaBJeHHO KpucTaaauzauuu. st ucciaenoBaHuii ObLT Bbl-
OpaH pacIpOCTpaHEHHBIN KaponpouyHblii HUKeaeBbii cruiaB GTD-111, KoTopblii mpuUMeHSIETCS IS
MPOU3BOJCTBA TYPOMHHBIX JIOMATOK (XMMUUECKUI cOCTaB MpuBeaAeH B Tab. 1).

Tab6nauma 1
XMMHYECKHIi COCTaB HUKEJIEBOro cmiasa (Mac. %)
Table 1
Chemical composition of nickel alloy (% by weight)
Dj1eMeHT Ni Co Cr w Mo Al Ti Ta C
%‘mep"‘a“"e’ OcH. | 9,0-10,0 | 13,5-14,3 | 3,5-4,1 | 1,7-2,3 | 2,7-3,2 | 2,7-3,2 | 2,5-3,1 | 0,07—-0,12

B uccrnenoBaHuu nmpuMeHsIJICS MOPOLIKOBBIN MaTepual, MOJYyYEHHbIM METOIOM MJIa3MEHHOTO pac-
MbLUICHUST Bpallatoiierocs siekrpoga. OcobeHHOCTU ($a30BOTO COCTaBa — HaJMuue 3HAYUTEIbHOTO
KOJIMYECTBA MHTEPMETAJUIUIHBIX COCAUHEHUI — B COYETAHUM C DKCTPEMAJIbHBIMU CKOPOCTSIMU JIO-
KaJibHOTO Harpesa u oxjuaxaeHus rnpu CJITT mpuBoaaT K BOSBHUKHOBEHUIO TpelluH. s yMeHbIIeHUs
aToro 3¢ deKTa UCIoIb3yeTcsl OA0rpPeB paboueii 30HbI, KOTOPBIM CHUXKAET TeMIlepaTypHble TpaareH-
THI 1 YMEHBIIAET BEPOSITHOCTH pa3pylueHus. CIjiaB OTHOCUTCS K TpeX(a3HbIM CUCTEMaM U BKIIIOYACT:
y-TBepabiii pacTBop Ha ocHoBe Ni ¢ T'LIK-peiietkoii; aucrnepcuoHHble BbieneHust y'-da3bl Ha Oase
unTepmeTaniuaa Ni Al; kapouast Tuna MC.

OO6pa3sibl I UCCAeAOBAHWI M3TOTOBJIEHBI HAa YCTAHOBKE BBICOKOTEMIIEPATYPHOTO ITOCIONMHO-
ro nasepHoro cuHrte3a «BITJIC Mepkypuii» meromom CJIII. JanHast ycraHoBKa ObL1a pa3paboTaHa B
CIIGITY Bmecte ¢ 3A0 «buorpan» (3DLam). laHHasg ycTaHOBKAa UMeeT MYJIBTUIAa3epHYIO CUCTEMY C
oguuM nazepoM 500 Bt u aymsa mo 1000 Bt, rabaputsl padoueit 30Hb1 210 MM mo BeicoTe U 120 MM B
IvaMeTpe, a Takke Imogorpes miatdopmser 1o 1300 °C.

H3zrotoBieHne 00pas3LoB AJIsl SKCIEPUMEHTOB MPOBOIMIOCH B MHEPTHOM cpelie aproHa Mpu coaep-
KaHuu kuciaopona He Bbiie 20 ppm. YToObl CHU3UTH BEPOSITHOCTh BO3HMKHOBEHMSI TeMIIEPaTypHOTO
rpaaveHTa Py IUIaBJIeHUM HOBBIX CJIOEB, ITOAIOXKKA IIpeaBapuTesibHO Obl1a HarpeTa g0 1000 °C. Ipo-
yne napameTpsbl npouecca CJIIT npuBeneHs! B Ta0d. 2.

ITocne oxonvaHnus mpouecca 3D meyatn o0pa3ibl ObLUIM yaaleHbl ¢ IIaT(GOPMbI C IIPUMEHEHUEM
SPO3UMOHHOI Pe3KW W OTIIOJMPOBaHbI BAOJb HallpaBlieHUs pocTa obOpasuoB. [lociae 3Toro odpasiibl
OBLIM TTOJABEPKEHbBI TPABJICHUIO B PACTBOPE, COAepXKAIeM CyIb(paT MeAu, a TAKXKe CEPHYIO U COJISTHYIO
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Tab6nauua 2
ITapameTtps npouecca CJIII
Table 2
SLM process parameters
IInoTHOCTD SHEPTUH Oopaszen 1 Oopaszen 2 Oo6pa3sen 3
Juneiinas (JIX/Mm) 0,1 0,3 0,5
O6wbemHast (JIx/mMm?) 60 100 150

KUCTOTHI. [anbHeliie ucciiefoBaHus CTPYKTYPbI, BbISIBJICHUE U KOJIMYECTBEHHas OlieHKa JeheKTOB
MIPOBOAMJINCH C MCHOJIb30BaHUEM CKAaHUPYIOIIETO 3JIeKTPOHHOTO MuKpockora Carl Zeiss Supra 55VP.
OnTuueckass MUKpOCTpyKTypa obpasioB nocie CJITT uccienoBanach Ha CBETOBOM ONTUYECKOM MU-
kpockorne Leica DMI 5000.

Pesynbrathl u 00CyKIeHHE

Pacrnipesnenenye yactuil mopoiika Imo pasmepaM HaxomuTcsl B auamnazoHe: d10 = 26,3 mkm; d60 =
= 92,7 MKM, co cpenHuM 3HaueHueMm d50 = 52,1 mxm. [Toporiok umeer opmMy yactull, OJU3KYIO K
uiealbHbIM cpepaM, ¢ HeOObIIUM KOJUUYECTBOM MOBEPXHOCTHBIX Ae(EKTOB.

MUKpOCTPYKTYpHBIE HMCCJIEOBAaHUS MOKA3aIM HaJudue OKPYIJIbIX vacTuil Y -dasbl (Ni,Al),
pacnpeleseHHBIX B Y-Matpulie Ha ocHoBe Ni(Al). CpenHue pa3mepbl TaKMX YaCTHUL, COCTABJISIOT
0,16—0,21 MxMm. I1pu aHanM3e 30H, paCIOJOXKEHHBIX Ha OJMHAKOBOM PACCTOSIHUM OT OCHOBaHUS 00-
pasiioB, 3aBUCHMMOCTH Pa3MepOB BbIIEICHHI Y’ OT MapaMeTpoB J1a3epHOTro IIaBIeHus 3aUKCUPOBAHO
He O6bU10. OMHAKO B HAIIPaBJICHUM POCTa OTMEYEHO IMOCTEIIEHHOE YMEHbIIIEHNE UX pa3MepoB (puc. 2).

B HUKHEi yacTi 00pa3oB HAOIIOAAI0TCS YIJTMHEHHbBIC YacTUIIbI Y -(ha3bl ¢ HEMOTHBIMU TPAHU-
LIaMM pasjena TBepAoro pactBopa. Takass Mopdosiorusi MOXeT ObITh CBSI3aHA C KOATYJISILUMEN YacTHIL
u TpaHchopManeit ux dhbopMbl. [TOoCKOIbKY HUXHME CJIOW NOJIbIIE TOABEPTAINCh BO3AEHCTBUIO TEM-
rneparypbl HarpeBa TaT®OpMbl, UMEHHO TaM BO3MOXHO Haudajio (hopMUpOBaHUSI padT-CTPYKTYPHI.
OOBIYHO TIOO0OHAsST CTPYKTYpa BO3ZHUKAET B JKapOMPOUHbIX HUKEJIEBBIX CIUIaBaX B YCIOBUSIX IJUTE/b-
HOM MOJI3yYeCTH MPU BBICOKUX TeMITepaTypax.

IMpu non3ydecty miacTuyeckast aecbopmaiius B Y/y'-cucteMax MOKET MPOMCXOANTD 3a CUET CKOJb-
KEHUsT TUCIIOKAIIMIA B KaHAJIaX MaTPUIIbl ¢ U3rMOOM YacTull Y’ 100 yepe3 MX pacceueHue AUCIOKa-
LIUSIMM, YTO COIPOBOXIAeTCS HaKoruieHueM nedekroB. @opmupoBaHne padT-CTPYKTYPhI UCKITIOYAET

a)

Puc. 1. YacTuibl mopoiika kaporpoyHoro HukesaeBoro cruiaa GTD-111.
Tun nerekropa, Mcrnosb3oBaHHOTO Npu oocienoBanuu: a) SE; 6) BSE

Fig. 1. Particles of heat-resistant nickel alloy GTD-111 powder. Type of detector used in the examination: a) SE; b) BSE
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a)

Puc. 2. I306paxeHust MUKPOCTPYKTYpbI ¥/y' ocie CIITT B BepxHeii (a) u HXHei (6) yacTsix obpasua 1;
B BEpXHeii (B) M HUXKHE () yacTsix oOpasiia 2; B BepXHei (J1) U HUXKHel (e) yacTsix obpasia 3

Fig. 2. Images of the y/y' microstructure after SLM in the upper (a) and lower (b) parts of sample 1;
in the upper (c) and lower (d) parts of sample 2; in the upper (¢) and lower (f) parts of sample 3

00a 3TMX MexXxaHM3Ma, BBIHYXXIas MaTepual 1edOpMHUPOBATHCS 3a CUET TepeMeIeHS] BAUHTOBBIX JUC-
JIOKalMii — mpoliecca SHepPro3arpaTHOT0, OCOOEHHO MPU OTHOILIEHUM JUTMHbBI TJIACTUH K MX TOJIIMHE
OosblIe eaMHUIBI. B 9TOM citydae Gojiee BepOSITHBIM CTAaHOBUTCSI pacceueHUe TMIaCTUH Mapoil AUCIo-
Kalliii, 9TO IPUBOAMT K OXPYITUMBAHMIO HIDKHUX clioeB. Jlaske HecMOTpsT Ha HauadbHYIO0 CTaanio 00be-
JAMHEHMsI YacTull Y'-a3bl B MIACTUHBI, TIPU U3TOTOBJICHUH, HATIPUMED, TYPOMHHOI JIOMATKH MPOLECC
3aiiMeT 3HAYMTEJIbHO OOJbIlIe BpeMEHU. DTO O3HAYAeT, YTO HMKHUE CJIOU AOJbIIe OYIyT HAXOAUThb-
Cs B YCIIOBMSIX BBICOKOTEMITEPATYPHOM MOJ3YUECTH, YTO MOXET MIPUBECTH K Pa3BUTHUIO TTOJTHOIICHHOMN
padT-CTPYKTYpHI.

[Tocnoitnoe hopmupoBaHue uzaeaunii B rexuogoruu CJIIT HakmaapiBaeT orpaHUYEeHUs Ha BEJIUYK-
HY TeMIIepaTyphl TOAOTPEeBa M OOIIIYIO TTPOIOIKMTEILHOCTD TIpollecca TPU TTPOM3BOACTBE AeTajeit ¢
MOHOKPUCTAJIJIMUECKON UM HaIpaBJIeHHOW CTPYKTypaMU, TaKUX KakK, HallpuMep, JOIMaTKU Ta30BbIX
TypOouH. Bo BpeMsi cubHOTO momorpesa paboueii maaTdopMbl 3HAYSHUST TEMIEPaTyphl TOKHBI OBbITh
3a()MKCHUPOBaHbI B paO0OYUX IIpeieiax BBIOpaHHOIO CILIaBa.

3akiouenune

B naHHOI1 cTtaThe 0Opa3libl ObLIM M3TOTOBJEHBI C MCIOJb30BaHMEM Tpex HAOOPOB MapaMeTpPOB
(Tabn. 2) s usydeHust BausiHUs mapameTpoB npotiecca CJITT Ha MukpoctpykTypy Y/y'. st cpaBHU-
TEJIbHON OLICHKM MUKPOCTPYKTYPBI MOJYYEHHBIX 00pa3loB OMpPEe/sUINCh pa3Mep U (opMa yacTuil
Y'-da3bl. Ha ocHOBe MoTy4eHHBIX JTaHHBIX Mbl MOXEM 3aKJTIOUUTb, YTO MapaMeTpbl CKAHUPOBAHUS He
BJIMSIIOT HA MUKPOCTPYKTYpy. OTHAKO B X0Jie UCCIeI0BaHUsI ObLIO BBISIBJIEHO 3aKOHOMEPHOE M3MEHe-
HUE MUKPOCTPYKTYPhI B HUKHUX CJIOSIX BCeX 00pa3lioB. B HUXKHUX CIOSIX TPOUCXOAUT HavalbHasl cTa-
IMsI TIepexoia OT OKPYIJIOi CTPYKTYphI yacTull Y'-(asbl K padT-cTpyKType. DTOT mepexon MPOUCXOIUT
o[, BO3ACMCTBMEM BBICOKOI TeMmepaTyphbl HarpeBa padoueii miaatdopmsl (>1000 °C), a Takke mon
BO3ACHCTBUEM BHYTPEHHUX HAMPSIKEHWI, BOZHUKAIONIMX B 00pa3lax B Mpolecce KpucTayanu3auuu
npu CJIII.

70



4 Metallurgy. Material Science >

CINMUCOK UCTOYHUKOB

[1] Chauvet E., Tassin C., Blandin J.-J., Dendievel R., Martin G. Producing Ni-base superalloys single
crystal by selective electron beam melting, Scripta Materialia, 152 (2018) 15—19. DOI: 10.1016/j.scripta-
mat.2018.03.041

[2] Battaglia F., Zhang X., Arie M.A., Shooshtari A., Sarmiento A.P., Ohadi M. Additive manufacturing
of a high temperature, Ni-based superalloy compact heat exchanger: A study on the role of select key printing
parameters, ASME Journal of Heat and Mass Transfer, 145 (4) (2023) 041901. DOI: 10.1115/1.4056484

[3] Ramsperger M., Korner C. Selective electron beam melting of the single crystalline nickel-base su-
peralloy CMSX-4®: From columnar grains to a single crystal, Superalloys 2016: Proceedings of the 13"
International Symposium of Superalloys, (2016) 341—349.

[4] Mazzer E.M., da Silva M.R., Gargarella P. Revisiting Cu-based shape memory alloys: Recent devel-
opments and new perspectives, Journal of Materials Research, 37 (2022) 162—182. DOI: 10.1557/s43578-
021-00444-7

[5] Hao Liu, Xinbao Zhao, Yong Yuan, Yingying Dang, Weiqi Li, Jiachen Xu, Yuan Cheng, Quanzhao Yue,
Yuefeng Gu, Ze Zhang. Influence of thermal exposure on microstructural stability and tensile properties
of a new Ni-base superalloy, Journal of Materials Research and Technology, 21 (2022) 4462—4472. DOI:
10.1016/j.jmrt.2022.11.050

[6] Zifu Li, Hongyao Yu, Zhongnan Bi, Xingmao Wang, Guohao Liu, Guangbao Sun, Rui Wang, Shang-
zhou Zhang. Oxygen-rich combustion behaviors and mechanisms of a new Ni-Cr-based superalloy fabri-
cated by selective laser melting, Materials Science and Engineering: A, 914 (2024) 147133. DOI: 10.1016/j.
msea.2024.147133

[7] Wei Xiong, Liang Hao, Yan Li, Danna Tang, Qian Cui, Zuying Feng, Chunze Yan. Effect of selective
laser melting parameters on morphology, microstructure, densification and mechanical properties of super-
saturated silver alloy, Materials & Design, 170 (2019) 107697. DOI: 10.1016/j.matdes.2019.107697

[8] Popovich V.A., Borisov E.V., Sufiyarov V.Sh., Popovich A.A. Tailoringthe properties in functionally gra-
ded alloy Inconel 718 using additive technologies, Metal Science and Heat Treatment, 60 (2019) 701—709.
DOI: 10.1007/s11041-019-00343-z

[9] Nandhakumar R., Venkatesan K. A process parameters review on selective laser melting-based additive
manufacturing of single and multi-material: Microstructure, physical properties, tribological, and surface
roughness, Materials Today Communications, 35 (2023) 105538. DOI: 10.1016/j.mtcomm.2023.105538

[10] Jalali M., Mohammadi K., Movahhedy M.R., Karimi F., Khatiboleslam Sadrnezhaad S., Chernyshi-
khin S.V., Shishkovsky I.V. SLM additive manufacturing of NiTi porous implants: a review of constitutive
models, finite element simulations, manufacturing, heat treatment, mechanical, and biomedical studies,
Metals and Materials International, 29 (2023) 2458—2491. DOI: 10.1007/s12540-023-01401-1

[11] Gasser A., Backes G., Kelbassa 1., Weisheit A., Wissenbach K. Laser additive manufacturing: Laser
metal deposition (LMD) and selective laser melting (SLM) in turbo-engine applications, Laser Technik Jour-
nal, (2010) 58—63. DOI: 10.1002/1atj.201090029

[12] Kushwaha A.K., Rahman M.H., Slater E., Patel R., Evangelista C., Austin E., Tompkins E., McCa-
rroll A., Rajak D.K., Menezes P.L. Powder bed fusion-based additive manufacturing: SLS, SLM, SHS, and
DMLS, Tribology of Additively Manufactured Materials, (2022) 1-37. DOI: 10.1016/B978-0-12-821328-
5.00001-9

[13] Razumov N.G., Popovich A.A., Grigor’ev A.V., Silin A.O., Goncharov I.S. Morphology of high-
strength heat-resistant steel powder for machines for additive production from shavings, Metal Science and
Heat Treatment, 60 (2019) 710—714. DOI: 10.1007/s11041-019-00344-y

[14] Jianjun Xu, Xin Lin, Pengfei Guo, Hongbiao Dong, Xiaoli Wen, Qiuge Li, Lei Xue, Weidong Huang.
The initiation and propagation mechanism of the overlapping zone cracking during laser solid forming

71



4 MeTtannyprus. MaTepuanosegeHue >
I

of IN-738LC superalloy, Journal of Alloys and Compounds, 749 (2018) 859—870. DOI: 10.1016/j.jall-
com.2018.03.366

[15] Cheng Ai, Qing Li, Jun Zhang, Haijun Su, Wenchao Yang, Lin Liu, Yi Ru, Heng Zhang, Yuanyuan
Song, Yongnan Chen, Shusuo Li, Shengkai Gong. Effect of substituting Mo for W on y/y" partitioning behav-
iors of alloying elements in heat-treated second generation Ni based single crystal superalloys: An atom probe
tomography study, Intermetallics, 134 (2021) 107198. DOI: 10.1016/j.intermet.2021.107198

[16] Fengyun Ding, Linsen Zhou, Liang Zhao, Xilong Dou, Kela Xiao, Jiangfeng Song, Jiguang Du, Gang
Jiang. Theoretical study on the influence of Cr, Mo, and W alloying additions on the helium behavior in
nickel, Journal of Nuclear Materials, 565 (2022) 153720. DOI: 10.1016/j.jnucmat.2022.153720

CBEAEHUA Ob ABTOPAX

BOEBO/JIEHKO Jlannun BurtanseBuy — uwuocenep, Cankm-IlemepOypeckuil noaumexrHuveckui
yHugepcumem Ilempa Beaukoeo, 6e3 cmeneru.

E-mail: voevodenko.daniil@mail.ru

ORCID: https://orcid.org/0009-0009-3045-5923

CTAPUKOB Kupuun Aunpeesud — maaduiuii Hayunotii compyonux, Cankm-IlemepOypeckuii noau-
mexHuueckuii ynugeepcumem Ilempa Beaukoeo, 6e3 cmenenu.

E-mail: starikovkirillandreevich@yandex.ru

ORCID: https://orcid.org/0009-0001-8466-3340

MOITOBUY Aunaroamii AnaronbeBud — dupexmop UMMuT, Cankm-Ilemepoypeckuii norumextu-
ueckuil ynusepcumem Ilempa Beaukoeo, 0-p mexH. HAyK.

E-mail: popovicha@mail.ru

ORCID: https://orcid.org/0000-0002-5974-6654

REFERENCES

[1] E. Chauvet, C. Tassin, J.-J. Blandin, R. Dendievel, G. Martin, Producing Ni-base superalloys single
crystal by selective electron beam melting, Scripta Materialia, 152 (2018) 15—19. DOI: 10.1016/j.scripta-
mat.2018.03.041

[2] F. Battaglia, X. Zhang, M.A. Arie, A. Shooshtari, A.P. Sarmiento, M. Ohadi, Additive manufacturing
of a high temperature, Ni-based superalloy compact heat exchanger: A study on the role of select key prin-
ting parameters, ASME Journal of Heat and Mass Transfer, 145 (4) (2023) 041901. DOI: 10.1115/1.4056484

[3] M. Ramsperger, C. Korner, Selective electron beam melting of the single crystalline nickel-base su-
peralloy CMSX-4®: From columnar grains to a single crystal, Superalloys 2016: Proceedings of the 13"
International Symposium of Superalloys, (2016) 341—349.

[4] E.M. Mazzer, M.R. da Silva, P. Gargarella, Revisiting Cu-based shape memory alloys: Recent devel-
opments and new perspectives, Journal of Materials Research, 37 (2022) 162—182. DOI: 10.1557/s43578-
021-00444-7

[5] Hao Liu, Xinbao Zhao, Yong Yuan, Yingying Dang, Weiqi Li, Jiachen Xu, Yuan Cheng, Quanzhao Yue,
Yuefeng Gu, Ze Zhang, Influence of thermal exposure on microstructural stability and tensile properties
of a new Ni-base superalloy, Journal of Materials Research and Technology, 21 (2022) 4462—4472. DOI:
10.1016/j.jmrt.2022.11.050

72



4 Metallurgy. Material Science >

[6] Zifu Li, Hongyao Yu, Zhongnan Bi, Xingmao Wang, Guohao Liu, Guangbao Sun, Rui Wang, Shang-
zhou Zhang, Oxygen-rich combustion behaviors and mechanisms of a new Ni-Cr-based superalloy fabri-
cated by selective laser melting, Materials Science and Engineering: A, 914 (2024) 147133. DOI: 10.1016/j.
msea.2024.147133

[7] Wei Xiong, Liang Hao, Yan Li, Danna Tang, Qian Cui, Zuying Feng, Chunze Yan, Effect of selective
laser melting parameters on morphology, microstructure, densification and mechanical properties of super-
saturated silver alloy, Materials & Design, 170 (2019) 107697. DOI: 10.1016/j.matdes.2019.107697

[8] V.A. Popovich, E.V. Borisov, V.Sh. Sufiyarov, A.A. Popovich, Tailoringthe properties in function-
ally graded alloy Inconel 718 using additive technologies, Metal Science and Heat Treatment, 60 (2019)
701-709. DOI: 10.1007/s11041-019-00343-z

[9] R. Nandhakumar, K. Venkatesan, A process parameters review on selective laser melting-based additive
manufacturing of single and multi-material: Microstructure, physical properties, tribological, and surface
roughness, Materials Today Communications, 35 (2023) 105538. DOI: 10.1016/j.mtcomm.2023.105538

[10] M. Jalali, K. Mohammadi, M.R. Movahhedy, F. Karimi, S. Khatiboleslam Sadrnezhaad, S.V. Cher-
nyshikhin, I.V. Shishkovsky, SLM additive manufacturing of NiTi porous implants: a review of constitutive
models, finite element simulations, manufacturing, heat treatment, mechanical, and biomedical studies,
Metals and Materials International, 29 (2023) 2458—2491. DOI: 10.1007/s12540-023-01401-1

[11] A. Gasser, G. Backes, I. Kelbassa, A. Weisheit, K. Wissenbach, Laser additive manufacturing: Laser
metal deposition (LMD) and selective laser melting (SLM) in turbo-engine applications, Laser Technik
Journal, (2010) 58—63. DOI: 10.1002/1atj.201090029

[12] A.K. Kushwaha, M.H. Rahman, E. Slater, R. Patel, C. Evangelista, E. Austin, E. Tompkins, A. Mc-
Carroll, D.K. Rajak, P.L. Menezes, Powder bed fusion-based additive manufacturing: SLS, SLM, SHS, and
DMLS, Tribology of Additively Manufactured Materials, (2022) 1-37. DOI: 10.1016/B978-0-12-821328-
5.00001-9

[13] N.G. Razumov, A.A. Popovich, A.V. Grigor’ev, A.O. Silin, I.S. Goncharov, Morphology of high-
strength heat-resistant steel powder for machines for additive production from shavings, Metal Science and
Heat Treatment, 60 (2019) 710—714. DOI: 10.1007/s11041-019-00344-y

[14] Jianjun Xu, Xin Lin, Pengfei Guo, Hongbiao Dong, Xiaoli Wen, Qiuge Li, Lei Xue, Weidong Huang,
The initiation and propagation mechanism of the overlapping zone cracking during laser solid forming
of IN-738LC superalloy, Journal of Alloys and Compounds, 749 (2018) 859—870. DOI: 10.1016/j.jall-
com.2018.03.366

[15] Cheng Ai, Qing Li, Jun Zhang, Haijun Su, Wenchao Yang, Lin Liu, Yi Ru, Heng Zhang, Yuanyuan
Song, Yongnan Chen, Shusuo Li, Shengkai Gong, Effect of substituting Mo for W on /Y’ partitioning be-
haviors of alloying elements in heat-treated second generation Ni based single crystal superalloys: An atom
probe tomography study, Intermetallics, 134 (2021) 107198. DOI: 10.1016/j.intermet.2021.107198

[16] Fengyun Ding, Linsen Zhou, Liang Zhao, Xilong Dou, Kela Xiao, Jiangfeng Song, Jiguang Du, Gang
Jiang, Theoretical study on the influence of Cr, Mo, and W alloying additions on the helium behavior in
nickel, Journal of Nuclear Materials, 565 (2022) 153720. DOI: 10.1016/j.jnucmat.2022.153720

INFORMATION ABOUT AUTHORS

Daniil V. VOEVODENKO — Peter the Great St. Petersburg Polytechnic University.
E-mail: voevodenko.daniil@mail.ru
ORCID: https://orcid.org/0009-0009-3045-5923

Kirill A. STARIKOV — Pefer the Great St. Petersburg Polytechnic University.

E-mail: starikovkirillandreevich@yandex.ru
ORCID: https://orcid.org/0009-0001-8466-3340

73



4 MeTtannyprus. MaTepuanosegeHue

74

Anatoliy A. POPOVICH — Peter the Great St. Petersburg Polytechnic University.
E-mail: popovicha@mail.ru

ORCID: https://orcid.org/0000-0002-5974-6654

MNoctynuna: 20.10.2025; Opo6peHa: 19.11.2025; MpuHaTta: 04.12.2025.
Submitted: 20.10.2025; Approved: 19.11.2025; Accepted: 04.12.2025.



