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PaccMoTpeHbl NpuyrHbl BO3HMKHOBEHUS aHM30TPONMN CBOMCTB B U3AENUSAX, N3rOTAaBINBAEMBbIX MO TEXHONOMMN CENEKTUBHOIO
Nla3epHOro njaBneHus MeTaIM4eckmnx NOpPoLLKOBLIX MaTepmanoB. MpeacTaBneHbl pe3dynbTaTbl OLEHKN MeXaHU4YeCKMX CBOMCTB
06pasuoB n3 cnnaBoB OCHoBe TuTaHa Ti—6Al-4V, BT6 u xaponpoyHoro HukeneBoro crniaea Inconel 718 B pa3nunyHbix Hanpas-
neHusix. MiccnepoBaHa MUKPOCTPYKTYpa KOMMNAKTHbIX 06pa3L0oB, NOJlyYeHHbIX CeNekTUBHLIM fla3epHbiM nnaeneHneMm. Mpueene-
Ha 3aBUCUMOCTb MX MEXaHMYEeCKNUX CBOMNCTB OT OPUEHTALMN 3aroTOBOK OTHOCUTENbLHO paboyein nnatdopMbl yCTAHOBKW. AHANM3
MukpoLnmdos 13 cnnasa Ti—-6Al-4V nokasan, 4To y o6pasua NpsMoyrosibHON ¢hOpPMbl HanpaB/ieHNEe 3ePEHHON CTPYKTYpPbl CO-
OTBETCTBYET HaNpaB/IEHWNIO BbipaALLMBAHUS, TOrAa Kak NPpU M3roTOBEHUN TOHKMX 3/IEMEHTOB CETHATOM KOHCTPYKLMKM 32 CHET UX
MEHbLLEro Ce4YeHNs NPOTEKAIOT MHbIE TEMJIOBbLIE MPOLECCHI, HTO CKa3blBAETCH Ha YCNOBUSAX KpUCTanansauum n popmumpytoLlerics
MWKPOCTPYKTYpPE: B 3aBUCUMOCTHM OT yra HaK/I0HA 3/1IEMEHTa CEeTHATON KOHCTPYKLIMN U3MEHSIOTCS HanpasneHne u dopma 3epeH.
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Popovich A.A., Sufiiarov V.Sh., Borisov E.V., Polozov I.A., Masaylo D.V., Grigoriev A.V.
Anisotropy of mechanical properties of products manufactured using selective laser melting
of powdered materials

The paper examines factors leading to anisotropy of properties in products manufactured using lasercusing, a technology con-
sisting in selective laser melting of metal powdered materials. The results obtained when evaluating mechanical properties
of specimens made of titanium alloys Ti-6Al-4V, VT6 and heat-resistant nickel alloy Inconel 718 in different directions are presen-
ted. The study covers the microstructure of compact specimens obtained using selective laser melting, and describes depen-
dence of their mechanical properties on workpiece orientation with relation to the unit working platform. The study of Ti-6AlI-4V
microsections showed that the direction of the rectangular specimen grain structure matched the growth direction, whereas thin
elements with a lattice structure were made with other thermal processes due to their smaller cross section. This affected crys-
tallization conditions and microstructure being formed: grain directions and shapes changed depending on the lattice structure
element inclination.

Keywords: additive manufacturing, selective laser melting, powder metallurgy, titanium alloys, nickel alloys, layer-by-layer manu-
facturing, anisotropy, mechanical properties.
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BeeneHue

TexHonorns ceJIEKTUBHOTO Ja3€pHOTrO MaBACHU S
(CJIIT) yxe ceiiyac aKTUBHO MpUMEHSIETCS IJIST W3-
TOTOBJICHUSI METAJJIMYECKUX W3ISANiA, 9TO CBSI3aHO
C BO3MOXHOCTBIO MTPOM3BOACTBA 3arOTOBOK, MaKCH-
MaJIbHO OJIM3KMX IO CBOEi KOHGUTYpallMM K KOHEY-
HOMY W3IeINIO, HAIPSIMYIO0 M3 KOMIIBIOTEPHON MO-
nenu, 6e3 UCOJIb30BAaHUST OCHACTKU. DTO MO3BOJISIET
9KOHOMMTb MaTepuaibl U 3aTpaThl HAa MOCJIEAYIOIIYIO
00paboTKy, a Takxe obecrneymBaeT CBOOOAY BbIOO-
pa GopMbl U3IENUIA, KOTOpasi MOXET CYIIeCTBEHHO
MOBBICUTH BKCIJIyaTallMOHHbIE XapaKTePUCTUKU Je-
tanei [1]. [locnegHee ocoOEHHO aKTyaJbHO B TaKMX
o0JlacTax, Kak aBdalvs 1 MeaMuuHa. B aBuauuu, raoe
TUTAHOBBIE U HUKEJEBbIE CIJIaBbl MOAYYUIU IIUPO-
KO€ pacnpoCTpaHEHUE, NPEABABISIOTCS OCOOCHHBIC
TpeboBaHUS K Macce uzaeiauii. IlpuMeHeHue agau-
TUBHBIX TEXHOJIOTUI MO3BOJISIET CO3IaBaTh AETalu C
T€OMETpUEN, 00eCeunBaOLIEN JIErKOCTh KOHCTPYK-
IIUM C COXpaHEHHUEM BBICOKUX ITPOYHOCTHBIX XapaKTe-
puctuk [1].

B mporiecce ceaeKTMBHOIO J1a3epHOTO TLIABICHUS
B KaueCTBE UCTOYHUKA HarpeBa UCIOJb3yeTCs Jla3ep-
HBII JIyd Majioro nuaMeTpa, o0beM pacIaBasieMOro
MeTaJlIa TakKxe MaJ, a CKOPOCTH HarpeBa M OXJIaX-
JeHUs MpU KpUCTaaau3alluM ovyeHb BbICOKM. Kak
pe3yabTaT — 00pa3oBaHUE HEPABHOBECHON MUKPO-
CTPYKTYPBI, HE TUTTMYHOM IJIsI TPaTUIITUOHHBIX TEXHO-
JIOTUA.

HccrnenoBaHusi MUKPOCTPYKTYPBI ITOJYYEHHBIX
no texHosiornu CJIIT o6Gpa3uoB, MpeacTaBleHHbIE B
paborax [2—11], mokazaau, 4TO TMPU CEJEKTUBHOM
JIa3epHOM IUJIaBJIEHUU 3€pHA OPMEHTUPOBAHBI Mpeu-
MYIIECTBEHHO MapaJijieIbHO HaIlPaBJICHUIO BhIpAIIH-
BaHUs. HanmpaBiaeHHOCTh KpUcTaJuIorpadprueckou Tek-
CTYpHbI BAOJIb OCY BbIpalllMBaHUSI OTMeUYeHa IJIs1 MHO-
TUX MaTepuajoB, HampuMep criaBoB Inconel 718 [11],

Inconel 738LC [3], AlSilOMg [4], TaHTana [5], cTanu
316L [6], CM247LC [7], NiCr [8], NiTi [10] u op.

OngHako 5TO CIIPaBEeIJIMBO JJIs 00Opa3lioB, MMe-
IOIIUX TPOCTYI0 TEOMETpHIo (IapauieielTuIenon,
LIMJIMHIPOB), KOTJa HallpaBJieHWE TeIlJIoOTBOAa Cy-
IIEeCTBEHHO HE 3aBUCHUT OT 00pabaThIBacMOi 00JIaCTH
n3genus. TelaoBble MPOLECCH B CIOXHOIIPODUIIb-
HBIX U3JIEAUSIX OTJAMYAIOTCS: B HUX HAIlpaBJIeHUE Te-
IIJI00TBOJA OT BaHHBI pacIjiaBa, a CJeIOBaTEIbHO, U
HallpaBJieHUe POCTa KPUCTAJIJIOB, 3aBUCSIT OT TTOJIOXKE -
HUS 3JIEMEHTOB KOHCTPYKIIUU.

ABTopamu [12] uccienoBaHo MOJyYeHUE CETIATHIX
KOHCTPYKLU# B pa3INMYHBIX opHeHTaIusAX. Kak ObI-
JIO TI0Ka3aHO, OPUEHTALIUU 3€pPeH B 3JeMEHTaX KOH-
CTPYKIIMM HAITpaBJICHBI IIO-Pa3HOMY B 3aBUCHUMOCTH
OT TIOJIOKEHUSI 3JIeMEeHTa, OT KOTOPOTO, B CBOIO OYe-
penb, 3aBUCUT MOPUCTOCTh MaTepuaja: B TOPU30H-
TaJbHBIX 3JIEMEHTAaX OHA CYIISCTBEHHO BHIIIE, YeM B
BEPTUKATBHEIX.

B uzpenusx, mojlydeHHBIX MO TEXHOJIOTMU CeJleK-
THUBHOTO JIa3¢pHOIO ILIABJCHUS, IOMUMO CIIe(Ud-
HOM CTPYKTYpBhI MOTYT IPUCYTCTBOBAThb Me(EeKThI —
IIaBHBIM 00pa3oM 3TO MUKPOTPELIMHBI U TOpHI [2,
13—18]. [locaenHue pa3aeasoT Ha 1Ba OCHOBHBIX BUA.

1. Ta3oBBIe TTOPHI, BEI3BAHHBIE HEITOJTHOTOM BEIXO-
Jla ra30B M3 pacljiaBa Ipu Ja3epHoii oopadoTke. Ily-
3BIPbKHU Ta3a B XKUJIKOCTH UMEIOT chpepruuecKkyo gop-
MY, KOTOPYIO OHU COXPaHSIOT 1 ITOCJIe 3aTBepPACBaHUSI
meTasia [2, 13].

2. ITopkl, ob6pasyioniuecs n3-3a HeIOCTaTOYHOTO PO~
TUTaBJICHUS TIOPOIIIKOBOTO cJosi. B pe3ynbrare B Mec-
TaX, TJe YaCTUIIbl paclIaBUJIMUCh HE MOJHOCThIO MO0
HE TNPOU3OILIO «CIMAHUS» PaCIUIaBIEHHBIX YaCTHIL
MopoIlKa ¢ paHee 00pabOTaHHBIM CJI0eM, 00pa3yIOTCs
MJIOCKWE TOpbI, PACIOJOXEHHbIe MePHeHIUKYISIPHO
HampaBJieHUIO BeIpaliuBanus [2, 15—17].
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ITopsl BTOpOro THUIAa OKa3bIBalOT 3HAYUTEJIbHO
OoJibllice BAMSHUE Ha MEXaHMUECKME CBOMCTBA MaTe-
pHraJia BCJIeACTBHE UX OOIBIIEro pa3Mepa, a TaKXKe I1JI0-
ckoil ¢popmbl [13—18]. g yMeHblLIEHUsI TOPUCTOCTU
B KOHEUYHBIX M3IEIMUSIX OTBETCTBEHHOIO Ha3HAUCHUS
MIPUMEHSIETCS ropsiyee N30CTaTUIeCKOe IIPECCOBAaHHUE,
BO MHOTHMX CJy4YasiX MO3BOJISIIONIEE CYIIECTBEHHO IO~
BBICUTBH KadyecTBo usaenuit mocae CJIIT [19].

OnwncaHHbIe BBHIIIEC 3aKOHOMEPHOCTH U Ae(PEKTH
BJAMUSIIOT HA MEXaHMYECKUEe XapaKTepUCTUKU obOpa3-
LIOB TIPU HArpyXXEHUU B Pa3IMUHBIX HallpaBJICHUSX.
CTOHUT OTMETHUTD, UTO CpaBHECHUE TaHHBIX, ITOJTYUCH-
HBIX pa3HBIMU UCCIEI0BATENSIMU, 3aTPYAHEHO BCIIEI-
CTBME HCIIOJIb30BaHUSI UMHU Pa3IMIHOTO 000pPYHO-
BaHMS M MCXOOHBIX MAaTEePHAJIOB IJISI U3TOTOBJICHUS
obpa31os [2].

HecmoTps Ha 00JbIIOE KOJMYECTBO pabOT MO U3Y-
YEeHUIO0 aHU3O0TPONUU CBOMCTB B M3ACIUSIX, ITOTyda-
eMBbIX ¢ ucrnojb3oBaHueM TexHojoruu CJIII, npuuu-
HBI €€ TMOSBJICHUS U CIIOCOOBI YCTPAaHEHUS 10 KOHIIa
He BbIsIBJIEHBI. [T03TOMY LIE/bl0 JAaHHOW pabOThl ObLI
aHalu3 (HaKTOPOB, BIUSIONIUX Ha aHU3OTPOIUIO
CBOICTB B U3JEIUSX, U3TOTOBJICHHBIX CEJIEKTUBHBIM
JIa3¢pHBIM TIABIICHUEM METAJIINISCKUX ITOPOIITKOB.

MeTtoauka uccneaoBaHum
n obopyaoBaHue

HcxomHpIMU MaTepuajaMu SBJISUIMCh MOPOIIKH
TUTAaHOBOTO cruaBa Ti—6Al—4V u HUKeneBoOro cy-
nepcryiaBa Inconel 718, moctaBieHHbIE KOMITaHUEH
«SLM Solutions GmbH» — npousBoauTeaeM ycTaHOB-
ku CJIII (ta6m. 1).

Hccnenoanue npouecca CJIIT mpoBoauyiocs Ha
yctaHoBke SLM 280HL, o6opynoBaHHOI IByMSsI UT-
TepOMEBBIMM BOJOKOHHBIMU J1a3epaMM MOIITHOCTBIO
400 1 1000 BT, co cKOpOCThIO CKAHUPOBAHU S TOBEPX-
HocTH a0 15 m/c. [1pu noayyeHur oOpa31ioB MCHOJIb-
30BaHbl PEXMMBI, OOecIieurMBalolIe HaWOOJIBIIYIO
IUIOTHOCTD, KaK ObIJIO IMTOKa3aHO B MPEABbIAYIINX Ha-

Tabnuua 1. CBoiicTBa McXoaHbIX MaTepuanos ang CJIN

Pacnpenenenue
TTopomok XuMm. cBoiictBa | Pa3MEpOB HaCTHLl, MKM
dyo | dsy | dgo
. CraHgapt
Ti—6Al-4V ASTM F2924 [20] 27 47 76
CraHpgapt

Inconel 718 21 37 62

ASTM F3055 [21]

BT6 I'OCT 19807-91 14 34 70

mux paborax [11, 22]. [IlpyHIMNIHadbHAsA CXeMa MpPo-
necca CJII npencrasieHa Ha puc. 1.

BBIIM M3TOTOBJIEHBI 3arOTOBKH IJIA OOpPa3IoB
B LIEJASIX NPOBEIEHUS MEXaHWUYECKUX HCIBITAHUI
Ha pactaxenue o 'OCT 1497-84 u Ha ymap 1o
TI'OCT 9454-78. OHu pacroarajmuch Ha paboJeii 1miaT-
(opme Kak B TOPU30OHTATBHOM, TaK ¥ B BEPTUKAJIBHOI
opueHTaMgX. Takke ObLI ITOJIydeH o0Opa3ell ceT4aToi
KOHCTPYKINH (pHUC. 2, a), 3JIeMEeHTapHas sTIeiika KOTO-
poii moka3aHa Ha puc. 2, 6. [lonepeyHoe ceyeHue pac-
MopoK TpeacTaBasieT coboir kBaapaT 400x400 MKM,
JUIMHA PacIOpOK COCTaBIIsIeT 6 MM, HaKJIOH 3J€MEH-
TOB KOHCTPYKIIMU OTHOCUTEJIbHO TOPU3OHTAIU — 45°.

I[InoTHOCTL 00pa3loB OMNpeaesiAvn MeTajjlorpa-
brIecKMM METOZOM M THAPOCTATUUECCKUM B3BEIIM-
BaHUWeM. B mepBoM ciyyae NMpOBOAMIIM CheMKY IIJIU-
¢oB Ha CBETOBOM OINTHMYECKOM MUKpocKkore Leica
DMI 5000 B nuanasoHe yBeaudeHuii ot 50° mo 1000*
1 MOCJIeAYyIoNIy0 00paboTKYy, BKIIOUYAIOIIYIO OLIEHKY
JIOJIM TIOp Ha MOJYy4YeHHBIX (poTorpadusax ¢ UCrojb-
30BaHMEM IPOrpaMMBbI KOJIMYECTBEHHON 00pabOTKH
Thixomet PRO. Tuapoctatuyeckoe B3BELIMBaHUE
ocyuiectBastau B coorBeTcTBUU ¢ TOCT 25281-82: 06-

|
|
p— ! JlazepHbiit Jlasep
Cucrema ! Iyd
Moauu i
HOPOIIKA ' —
~+— JleTab
Pakenb .
[~ Pabouas
[opmiens rardopma
—— Ay

Puc. 1. [IpunuunuanbsHas cxema npouecca CJITI

6

a

Puc. 2. N300pazkeHne ceTIaTO KOHCTPYKIUY (@)
U ee 3JIeMEeHTapHOM siueliku ()
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pasibl B3BEIIMBAIM Ha BO3AYyXe U Ha MOIBECE B IHC-
TUJIJIMPOBAHHON BOJE, a 3aTeM 1o (hopMyJie C yueToM
TJIOTHOCTH BOIBI TIPU JAHHOW TeMTiepaType paccuu-
THIBaJIM MJIOTHOCTHh 00pa3iia 1 MOJYUYEHHBIN pe3yJib-
TaT CPAaBHUBAJIU C TEOPETUUYECKUM €€ 3HAYCHUEM.
Tepmmueckyio 00padoTKy (TO) 06pa31oB U3 cIia-
Ba BT6 mpoBoauau B MPOMBILIJICHHOW BaKyyMHOI
neyn MonoTherm mpou3sBoacTBa KommnaHuu «ALD
Vacuum Technologies» B Bakyyme 103—10~* mGap mo
clienywoliemMy pexumy: TeMmreparypa ¢ = 950 °C, npo-
JOJIXKUTENIBHOCTh T = 1,5 4, oxJlaXAeHue ¢ Meyblo.

Pe3ynbTaThl CCNepoBaHUM
n ux obcyxaeHue

MexaHuuyeckue CBOMCTBA 0Opa3lioB Ha pacTsike-
HHE, W3TOTOBJECHHBIX IapaJuleibHO (TOPU30HTAJIb-
HBIE) W MEePICHINKYISIPHO (BEpTHUKAIbHEBIE) OTHOCH-
TeJIbHO paboyeil miaaThopMbl YCTAHOBKY U3 CIJIaBOB
Inconel 718 u Ti—6Al—4V (6e3 TepMHuUecKoil obpa-
60TKHM), a Takxe BT6 (1mocje TakoBoii) MpeacTaBiaeHbl
B TabJI. 2.

CorylacHO pe3yjbTaTaM UCIBITAHUM Ha pacTske-
HHE MOXHO CIIeJIaTh BBIBOM, YTO B OOJIBITMHCTBE CIIY-
YyaeB BepTUKaJbHbIe 00pa3ibl UMEIOT MPOYHOCTHBIE
CBOIICTBA HUXE, YeM TOPU3OHTAJIbHBIE, UYTO IIOM-
TBEPXKJAaeTcsd MCCIeNOBaHUSAMU B paborax [2, 15, 17,
23—24]. 3HaueHUsI OTHOCUTEJIbHOTO yIJIMHEHUST 00-
pa3loB IEMOHCTPUPYIOT OOPaTHYIO 3aBUCUMOCTD; Be-
JIM4MHA & 0OJIblle Y BEpTUKAIbHBIX 00pa3ioB. JaHHas
3aKOHOMEPHOCTb MOXET ObITh OOBSICHEHA KaK HaJIU-
YyyeM Iop, TaK U HaIlpaBJIeHHOCTbIO MUKPOCTPYKTY-
pul. B 1IepBoM ciiyuae BIusIHUE OKa3bIBaeT (popma Imop,
nMeronias 00JbIIyIo oAb B TJIOCKOCTH, TIEPIIEH-
TUKYJISIPHOU HallpaBJIEHUIO BbIpaliuBaHus (puc. 3, a
u 6), 9TO IPUBOAMUT K YMEHBIICHNIO TUIOIIAAN ITOTIC-
PEYHOr0 CEYeHU S 3arOTOBOK U MOSIBJIEHUIO JOTIOJTHU-
TeJIbHBIX KOHLIEHTPATOPOB HAIIPSIXKEH U .

)

Puc. 3. Cxema pacrojioxXeHus mop B 00pasuax
IUJIS ICTTBITAHUSI MEXaHUYECKUX CBOMCTB

a — TIpYU BePTUKAIbHOM BbIPAILLIMBAHWU; 6 — TIPY TOPU30HTAIILHOM;
6 — (hoTorpadus 3aroTOBKM TOPU30HTAIBHOTO 00pasiia,
OTOpBAaBILIEIiCS OT OCHOBHOM M1aThOpMBbI B IIpoliecce
M3TOTOBJIEHUS U3-3a KOPOOJIEHUS

T'opuzoHTa1bHO BBIpallleHHBIE 00pa31bl ITPU UCITbI-
TaHWUU Ha pPaCTSKEHHE ITOKa3bIBalOT 0oJiee BBHICOKHE
MIPOYHOCTHBIE CBOMCTBA M MEHBINYIO IJIACTUYHOCTB,
yeM IOJIyYeHHbIe BepTUKaJIbHO. AHAJOIM4YHas 3aBU-
CHUMOCTh MEXaHMYECKUX XapaKTCPUCTUK OT ITOJIOXKE-
HUSI 00pa3loB, M3TOTOBJICHHBIX METOIOM CEIEKTUB-
HOTrO JIa3epHOro mnJjaBjieHus, ns crjaBa Inconel 718
otMmedeHa B ctaHgapte ASTM F3055, Torma xak mas
craBa Ti—6Al—4V B COOTBETCTBYIOIIEM €My CTaH-
napte ASTM F2924 ynnoMuHaeTcsi BO3MOXHOCTb BJIU-
SIHUST HaIlpaBJICHWS BBIpAIIMBAHUS Ha MEXaHMICCKHE
CBOICTBa, OMHAKO KOHKPETHHIE JaHHBIE OTCYTCTBYIOT.

CpenHee 3HaueHUE YIapHON BS3KOCTH y BEpTU-
KaJIbHBIX 00Pa3I0OB BHIIIE, YeM Y TOPU3O0HTATBHBIX
(cM. Tabu. 2). IlockoabKy UCObITAHWE HaA yAApHbBIN
U3rubd MpoOBOAMJIMCH Ha oOpasiax 0e3 TepMuyec-
Kot 0o0paboTku, HabJlogaeMasi pa3Hulia 3HAaYeHU U
KCV moxeT ObITh CBSI3aHA KaK C HAJMYHUEM OCTATOU-
HBIX Hampsi>keHUi B oOpasiax mocjie U3roToBJICHUS,

Tabnuua 2. PeaynbTaTbl UCNbITaHUI HAa pacTaxeHne 00pa3LoB U3 UccneayeMbiX CNiaaBoB

Oo0pa3elr ?ﬁg;?;gm gt aup: T;;I(I;fzﬂezgn n[iziﬁcin OT;ILOHCI,IIA:::;?% KCv, )
pallMBaHu 69,2, MTTa o,, MIla 8, % Hox/em

Inconel 718 TopuzonTansHO 80715 105118 22+4 83,8£3,5
(6e3 TO) BepTHKATBEHO 675+12 957+15 28+3 91,3+4,0
Ti—6Al—4V Topu3oHTaIBHO 120019 128017 2,5+1,0 9,9+2,5
(6e3 TO) BepTHKaIbHO 108020 1160£16 4,0£1,0 11,7+2,0
BT6 TopuzoHTaIbHO 1012+6 1088+6 10,4+1,8 11,9+1,7
(mocne TO) BepTuKambsHO 945+15 1087+17 10,7+1,5 15,242.0
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TaK ¢ BJIUSIHHEM UX (Ha30BOTo cocTaBa U MUKPO-
CTPYKTYDBHI.

OCOOEHHOCTBI0O TEXHOJIOTUU CEJIEKTUBHOTO Jia-
3€pPHOTO TUIABJEHUS SIBJsSIETCS 0Opa3oBaHME B IIPO-
llecCe H3rOTOBJICHUSI OCTAaTOYHBIX TEPMUYECKUX U
yCaJOYHBIX HAIPSIKEHU, KOTOPbIE MOTYT BBI3BIBATh
KopoOJjieHre 3aroTOBOK (CM. puC. 3, 6), a TaKXe BO3-
JIleiicTBOBAaTh Ha MexaHUYecKue cBoiicTBa [25]. s
YCTaHOBJICHUSI BIIMSIOIICTO Ha 3TO (haKTopa OBLIN IIPO-
BElleHBbI UCITBITAHUS 00pa3IoB U3 TUTAHOBOTO CILIa-
Ba BT6 (poccuiickoro aHasora ciuiaBa Ti—6A1—4V),
HOABEPrHYTOTO TEpMUYECKO 00padoTke. Mx pe3yiib-
TaThl TOKa3aJiv, 4To nocjie TO U CHATUS OCTaTOYHBIX
HAaIIpSI)XEHU 1 TOPU30HTAIbHbIE 00pa3Ilbl JEMOHCTPU-
pYyIOT 0oJiee BEICOKHE 3HAYCHUS YOApHOI BSI3KOCTU B
CpaBHEHUHM C BepTUKAJTbHBIMU. TakKe OTMEYEHO, YTO
o6pa3sunl U3 criaBa BT6 nmocie TO umeror 6oJiee BbI-
COKYIO TUIAaCTUYHOCTH 1 00JIee HU3KHE ITPOYHOCTHEIC
XapaKTEPUCTUKHU 10 CPABHEHUIO C pe3yIbTaTaMU MC-

SEM b
View flale

Puc. 4. Pesynbrarsl ppakTorpacdun nsaoma oopasios
u3 criaBoB Inconel 718 (a, 6) u Ti—6A1—4V (s, 2)
1ocJje UCTIBITAHW T Ha yIapHbIiA U3rub

MBITAaHUI 00pa3uoB U3 criaBa Ti—6Al—4V 6e3 TO,
YTO CBSI3aHO C M3MEHEHHUEM CTPYKTYPHO-(ha30BOTO
cocTaBa B BUJZIE YACTUYHOTO pacrajga MapTeHCUTHOMN
o/-da3sl Ha O- 1 B-dassr [22].

®pakrTorpaduyeckoe McclenoBaHUE OOpaslioB U3
crutaBa Inconel 718 mociie ncnsiTaHUit HA yOApHBIT W3-
rub mokasajo, YTO U3JIOM BEPTUKAJIbHO U3TrOTOBJIEH-
Horo obpasia umeeT Oosiee MIOCKYI0 MOBEPXHOCTD,
YeM BBIPAIIEHHBIN B TOPU30HTAIHHOM HATIPABICHUU.
IToBepXxHOCTh M3JIOMOB XapaKTepU3yeTCsl HaJudueM
HEeTJyOOKMX SIMOK MaJIbIX pa3MepoB, KaK IpaBUJIO
XapaKTEePHBIX JJIsI BSI3KOTO pa3pylleHUs] MaTepuana.
B To ke BpeMs B U3J10Me TaKKe 0OHapyKMBalOTCS 00-
JIACTH, MOXOXHME Ha TPEIIMHBI U UMEIOIIMe TIaaKyIo
TOBEPXHOCTH (puc. 4, a), KOTOpble TaKXKe MOTYT SIB-
JISITBCSL CJIENCTBUEM HETOJHOTO IMPOIUIaBJIEHUS T0-
POILIKOBOTO CJIOSI.

®paxkTorpamMma u3jaoma obpasna u3 cruiasa Inco-
nel 718 xapakTtepusdyeTcs HaJUYUEM  MeEX-
3epeHHBIX  (aceTok U  KBa3uckoinaa  (cM.
T ' puc. 4, 6). bonee netanbHOE UC-
cliemoBaHWe TIOKa3bIBaeT, YTO
BCS MOBEPXHOCTh I'paHEl co-
CTOWT U3 IMOK, II0 pa3MepaM U
MOPQOJIOTUM CXOXKUX C STIYEUCTO-
IEHAPUTHBIM CTPOCHUEM MMK-
POCTPYKTYpHI criaBa [11, 26].

®pakTorpaMmma obpasiia U3
craBa Ti—6Al—4V  moka3sbi-
BaeT HaJW4YHWe TIOP pa3MepoOM
10—100 MKM, BHYTPU KOTOPBIX
colepxkarcsl HepacIlJIaBJIeHHbIe
YaCTHUIIBI TTOpoliKa (CM. puc. 4,
8, 2). XapaKTepHOI 4epToii 3TUX
Mop SBJSIOTCS KOHIIEHTpHUYE-
CKHe OKPYXHOCTH, KOTOpHIC,
MO-BUIMMOMY, C(POPMUPOBATHUCH
MU3-3a 0COOEHHOCTE KpuCTas-
nu3auuu craBa Ti—6Al1—4V B
xone CJIII. Takue nedeKTh MO-
I'yT OKa3blBaTh 3HAYUTEJbHOE
BIUSIHHUE Ha MEXaHUYECKHE
CBOWCTBA.

B nporiiecce nazepHOro Bo3-
IEUCTBUS HA IIOPOIIKOBBHIM Ma-
Tepuajq TIPOUCXOASAT €ro pac-
MJaaBjeHUWEe U TMocaeaylomas
kpuctannusauus. O0Opa3yronmii-
Cs TIpU 3aTBEPIEBAHUU TEMIIe-
paTypHBI T'paJueHT HampaBJieH
MePIICHINKYISIPHO OTHOCUTEIIb-

S0 msma
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Puc. 5. CxeMbI TemJIOOTBOIA B BaHHE pacIljiaBa
MPpU CEJIEKTUBHOM JIa3epHOM TLJIaBJEHUU (@)
U TeperiaBa HuxXeexauiero cjost (6) [9]

HO TpaHWUII BaHHBI pacIljlaBa, KOTOpasi MMEET BHI-
nykiayo ¢opmy (puc. 5, a). JlaHHbBIE YCOBUSI KpU-
CcTajJlIu3allui OO0yCIaBJIMBAIOT HaIlpaBJIEHHBIA pPOCT
KPHUCTAJUIMTOB OT Mepudeprn 30HBI pacrjaBa K ee
neHTpy. OgHaKo Mpu Ja3epHoOil 00paboTKe Mmoceny-
IOIIIETO CJI0SI TPOMCXOAUT YACTUUYHBIM MeperiaB HUu-
KeJiexaniero cyiost [27], 4yTo MpUBOAUT K U3MEHEHUIO
OpUEHTAIINM 3epeH (CM. puc. 5, 6) [9], a UMeHHO, K HC-
Ye3HOBEHMIO 3epPeH, KOTOPhIC pacliojiarajuch CBepXy 1
OB OPUEHTHPOBAHBI TOPU3OHTAIBHO (pHC. 6, a). Ya-
CTUYHBIN TIeperiaB HUKEJIeXKAaIIero CJIosi Heo0Xonnum
IUJIS1 00eCIIeYeH U ST BHICOKOI MPOYHOCTH COCTUHEHUS U
IIPUBOIMT K TOMY, UYTO OOJIBIIIast YaCTh 3¢PEH B M3ICIN U
UMEIOT BBITSIHYTYIO BIOJIb OCHU BBIpaIlMBaHUS (DOPMY.

HccnenoBaHue MOATOTOBJAEHHBIX MUKPOILIUGHOB
n3 crutaBa Ti—6Al—4V nokasaso, 4To y IpssMOoyTOJIb-
HOro oOpaslia 3epHa MMEIOT BBITSHYTYIO BIOJb Ha-
MpaBJIeHMs BbIpallluBaHus ¢hopMy (puc. 6, 6). Mu-
KPOCTPYKTYpa KOMITAaKTHBIX 00pa3I0B IIPEACTABIISICT
co0oil MeTKomMCIePCHbIE UTJI000Pa3HbIE BBIACICH U S
MapTEeHCUTHOM ¢'-(a3bl, YTO CBUIAETEIbCTBYET O BbI-
COKOM CKOPOCTH KPUCTAJIJIN3AI NN U 3aKaJIKH.

Ha mandax odbpasnoB u3 cmiasa Inconel 718 B
MJOCKOCTH, TapaJuleIbHOW HalpaBJEHUIO BbIpallu-
BaHMUS, HAOJIOMAIOTCS TIOPEI BTOPOTO BUIA, pacioa-
raloiuecs 1Mo rpaHuIlaM BUAMMBIX BaHH pacIljiaBa u
MMEIOLIKE MIOCKYI0 hopMYy (CM. puc. 6, a). Takue mopsl
BO3HMKAIOT M3-3a OTCYTCTBUS CILJIABJICHUS PacCIIiaB-
JISIEMOTO METaJIJINYeCcKOro TMOpOIIKa C TOAJIOXKOM,
Ha KOTOPYIO OH HaHeceH. [Togo0Hoe siBleHHe MOXEeT
BO3HMKATH BCJICACTBUE PA3JIMIHBIX IIPUUYMH, B Y4aCT-
HOCTU HEPAaBHOMEPHOI TOJIIMHBI HAHOCUMOTO CJIOS,
rnornagaHus HeMeTaJUIMYeCKUX BKIIIOUEHU I B 00J1aCTh
pacnnaBa u ap. Takxke Ha mande oOHapyKeHbI TTOPbI

Han PaBlICHHE U3TOTOBICHHA

Puc. 6. MukpocTpyKTypbl TECTOBBIX 0OPa310B
u3 craBoB Inconel 718 (@) u Ti—6A1—4V (6, 6)

a, 6 — TIPSIMOYTOJIbHBIE 00pa31Ibl

6 — obpasell ceT4yaTo KOHCTPYKIIUU

CrpenKoli yKazaHO HallpaBJIeHUEe N3TOTOBJIEHUST 00pa3lioB —
ob11ee 1T BceX N300 pakKeHU

OoKpyIIIoii (cepuueckoit) HopMbl (CM. puc. 6, @) MEHb-
1ero pazmMepa, pacriojaraloimecs: B mpeaeaax BAHHbBI
pacrJaBa U, 110 BCeii BUIUMOCTH, 00pa3yioliuecs us-
3a BBICOKOM CKOPOCTHU 3aTBepACBAaHUSI U HEIIOJIHOIO
BBIXOJIA Ta3a U3 pacruiaBa.

HccaenoBaHnue IMOATOTOBJICHHBIX MUKPOILIU(OB
00pa3LoB CeTYaTOl KOHCTPYKLIUU ITOKA3aJI0, YTO KO-
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Tabnuua 3. PesynbTatbl UCC/IEAOBAHUS MJIOTHOCTH
o0Opa3uos u3 cnnaea Ti—6AI—4V

OTHOCHTEBHASI TUIOTHOCTD, %
O6pasent TapocraTnyeckoe | Metamtorpadudeckuii
B3BEILIMBAHMEM MeTOL
CrutomrHoi
98,2 99,5
MaTepHa
CetyaTast
98,8 99,2
KOHCTPYKLIMSI

300 mKm

Puc. 7. 300pakeHne 3epeHHOI CTPYKTYPhI CETYATOM
KOHCTPYKLIMHU, TOTyYeHHOE TUPPpaKIIMeil OTpakeHHbIX
3JIEKTPOHOB [28]

JINYECTBO MOP B HUX MEHBIIE, YeM B CIIJIOITHOM Ma-
Tepualie (CM. puc. 6, 6), UYTO TaKxXe MOATBEPKIACTCS
pe3yabTaTaMu U3MEpeHUsl 00BbEMHON MJIOTHOCTU Me-
TOAOM THJIPOCTATUYECKOTO B3BEIIMBAHUS (Tabi. 3).
ITpu U3roTOBIEHNM TOHKNX 3JIEMEHTOB CETKU 32 CUET
MEHbIIIETO0 WX CEYEeHUs TeIlJIOBble TMpoIlecChl B Heil
MPOTEKAIOT MHaye, UYTO CKa3bIBAETCA Ha YCIOBUSX
KpUCTaIInU3aiuu u (GopMupylomieiics MUKPOCTPYK-
Type: B 3aBUCHUMOCTHU OT YIJIa HAKJIOHA BJIEMEHTa CeT-
4aTOl KOHCTPYKLIMU W3MEHSIOTCA HampaBlieHWe W
¢dopma 3epeH (puc. 7).

3akoyeHue

IIpoBeneHHBIE WCCACAOBAaHUS MeEXaHWYECKUX
CBOMCTB KOMITAaKTHBIX 00pa3lioB M3 cIijiaBoB Inconel

718 u Ti—6Al—4V nokasajii, 4To UX CBOMCTBA OTJIHU-
YalOTCsS B 3aBUCUMOCTH OT HaIlpaBJICHMsI BbIpalllBa-
HUs. Y BepTUKAJILHO PACIIONIOKCHHBIX Ha MJIaThopMe
00pa31oB IPOYHOCTHEIE CBOMCTBA IPU UCITHITAHWY Ha
pacTsIKeHUe HUXe, a yaapHasl BI3KOCTb BHIIIE, YEM Y
pa3MeIIeHHBIX TOPU30HTAIBHO.

YcTaHOBJIEHO, YTO IOCJEe MPOBEACHUS TEPMHYE-
CKOIl 00paboTKM 00pa3libl, U3TOTOBJIEHHBIE B TOPU-
30HTAJILHOM TOJIOKCHU U, IEMOHCTPHUPYIOT O0JIee BI-
COKME ITOKAa3aTe ! ITPU UCITBITAH Y Ha YIapHBIN U3r10
BBUIY YCTPAHEHUS BAMSHUS OCTaTOYHBIX HaIpskKe-
Hui. OTINYne TPOYHOCTHBIX CBOMCTB 00pa3moB MO-
KeT OBITh CBSI3aHO C MPUCYTCTBHEM HaIIpaBJICHHBIX
JIedeKTOB U OCOOCHHOCTIMU (hOopMUpYIOLICHCSI MU-
KPOCTPYKTYPHI MaTepuraia B IpoIecce CeIACKTUBHOTO
JIa3epHOrO MaaBJICHUS.

HccnenoBaHue MUKPOCTPYKTYpPHI 00OpasloB U3
crutaBa Ti—6A1—4V nokasajio, 4TO y IPSIMOYTOJbHOTO
CIJIOIITHOTO 00pa3iia 3epHa UMEIOT BBITSHYTYIO BIOJb
HarnpaBJeHUs BeIpaliuBaHus gopmy. Ta ke kKapTuHa
HaOII0HAeTCsI M B CETYATON KOHCTPYKIIMH, HO, KpOMe
TOTO0, 3¢pHA BEITIHYTEHI €Ille ¥ BIOJb OTACIBHOTO 3JI¢-
MEHTa, YTO COOTBETCTBYET TEPMMUYECKUM YCIOBUSIM
3aTBepAeBaHUS MaTepHaa.

Takum ob6pasom, hakTopaMu, BAUSIOLIMMU HA MIPU-
CYTCTBYIOIIIYIO aHM30TPOIIMIO MEXaHMUYECKUX CBOMCTB
WU3IeINH, M3TOTOBJICHHBIX CEJCKTHUBHBIM JIa3€PHBIM
TJIaBJICHUEM TTOPOITKOBBIX MAaTePHAJIOB, IBISIOTCS:

— OCTaTOUHbIE HAMPSIXKEHUS, KOTOpbIE YCTpaHsI-

I0TCS ITyTeM TEPMHUUYECKOM 00pabOTKM;
— IJIOCKHE TIOPHI, pacIoIOXEeHHEIE MePIeHINKY-
JIIPHO HampaBJICHUIO BbIpalllMBaHUS;

— BBITSIHYTAas BIOJb HaIlpaBJICHUS U3TOTOBICHUS

3epeHHass MUKPOCTPYKTYpa.
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