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C NpMmMeHeHUeM BOJIOKOHHOr 0 s1asepa J1C-3.
MeTogamu CTpYKTYPHbIX UCCNef0BaHUN
YCTaHOBJIEHO, YTO OCHOBHOW YNPOYHSIOLLLEN
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Phase composition of the laser additively
manufactured Inconel 718 alloy was investigated.
The main strengthening phase of heat-treated
materials conditions is gamma’ phase. 6 phase
deposited near Laves phase particles. Charpy
impact tests show increasing of toughness in 1.5
times with the changing of building direction from
parallel to transverse in as-deposited and heat-
treated materials conditions. Crack propagation
in the as-deposited samples is accompanied by
the destruction of particles of the Laves phase and
bypass them in the heat-treated material.
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INTRODUCTION

The mechanical properties of additively formed materials
depend on the complex ratio of a number of process param-
eters. Therefore, the evaluation of strength characteristics
under conditions of external loading is an important
applied task. A number of previously published works
describe static tests, more recent studies are devoted to
the evaluation of mechanical properties under dynamic
and cyclic loading. A direct comparison of the mechanical
properties of additively formed materials with each other
is difficult, due to the high sensitivity of materials to vary-
ing technological parameters and conditions of deposition.
Literature data indicate the dependence of strength char-
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BBEAEHWE

MexaHHYecKye CBOMCTBA aifUTHBHO COOPMHPOBAHHBIX
MaTEePHAJIOB 3aBUCAT OT KOMIUIEKCHOI'O COOTHOIIEHHS
pAda TeXHOJOIMYeCKMX I1apaMeTPOB, II03TOMY OLIEHKA
[IPOYHOCTHBIX XaPaKTEPUCTUK B YCIOBHUSAX BHEIIHEIOo
Harpy>KeHHs SIBJISeTCS BKHOM MPUKUIAJAHOMN 3ajaded.
Psip omy6/IHMKOBAaHHBIX paHee paboT OIKChIBAeT CTaTHYe-
CKHe UCIBITaHHUS, 6oree Mo3AHMe HCC/IeS0BAaHUS II0CBSI-
IIeHEI OLleHKe MeXaHHMYeCKHUX CBOMCTB IIPU JUHAMHYe-
CKOM Y LIUKJIMYeCKOM Harpys>keHUH. [IpsiMoe cpaBHeHMe
Me3KIy CoB0F MeXaHHUYeCKHUX XapaKTePHUCTHK aTUTHBHO
CHOpMHPOBAHHBIX MaTepHUaIOB 3aTPYAHUTE/IBHO, YTO
00yC/IOB/IEHO BBICOKOM UyBCTBUTEIBHOCTBIO MaTepHa-
JIOB K BapbHPOBAaHMIO TEXHOJIOIMYECKHX I[IapaMeTpoB
Y yCJIOBUM BBIpAlllMBaHUA H3fenuH. OnybarKoBaH-
Hble B HAay9HOM JIUTepaType JaHHbIE CBUIETEIbCTBYIOT
0 3aBHCHMMOCTH IIPOYHOCTHBIX XapaKTepHUCTHUK B OTHO-
IIeHUH OpPHeHTALUH CJI0eB U HaIlpaB/ieHHs BHeLIHeH
Harpyskd [1-3]. OmHako He MeHee BaKHBIM PaKTOPOM
sIB/1sIeTCs1 Pa30BBIM COCTaB MaTepHasIoB. FICX0Ms U3 3TOro
0co6eHHO BaXKHO 3HATh MeXaHHYeCKHe XapaKTePUCTHUKHU
MaTepHaja 1 TO, KaKue GpaKTOpbl MOT'YT OKa3aTh BIMSAHHE
Ha pPa3BUTHE Pa3pyIIeHM.

JKaporipouHble HUKeJIEBbIe CIUIABBI LIMPOKO IIPUMe-
HAIOTCS B aBHUa- M PaKeTOCTPOEHHM IIPU IIPOM3BOZ-
CTBe CIOKHOIIPOQUIBHBIX 37IeMEHTOB ra30TypOHHHBIX
OBUTaTesler. YIpOYHeHHe MaTepHasIoB IIPOMCXOLUT
B XOJle TEPMHUECKOHN 06paboTKH, KOTOpas 3aK/II0YaAeTCs
He TOJBKO B GOPMHUPOBAHUH OCHOBHBIX MHTEpMeTas-
NMUOHBIX Y- U Y’-$a3, HO U B PAaCTBOPEHUH CHIDKAIOLINX
MeXaHHU4ecKue CBOHCTBA da3 JlaBeca, O-dasbl M Kap-
6umos (4, 5]. Ilupokue TeMIlepaTypHble HHTEpPBaJIbI,
a Taroke BpeMeHHbIe BhIIEPKKH, KOTOPhIe MOTYT JOCTH-
rate 32 4yacoB [6] mpu TepMmuYeckor o6paboTke sKapo-
[IPOYHBIX HUKeJIEBBIX CIIIABOB, [TIOATBEPKIAOT, YTO YHU-
BePCaJIbHOIO peKMMa, HeCMOTPsS. Ha MHOTOYHC/IeHHEIE
HCC/Ief0BaHuS, 10 CUX I10p He Hak/IeHO. A yIHUTBIBas 0CO-
OeHHOCTU CTPYKTYPHO-$a30BOr0 COCTOSIHUS aIUTHBHO
chOpMHPOBaHHBIX MaTepHaJIOB, BIHUSHIE TEPMHUYECKOM
06paboTKM, Ha3HaYaeMOH P KJIACCHYECKUX TEXHONO-
IYsX, He OMHO3HAYHO.

B Hacrosmer pabore IpeACTaBleHA OLieHKA
CTPYKTYpPHO-$a30BOI0 COCTOSHUS U IIPOYHOCTHBIX XapaK-
TePUCTHK aJJUTHUBHO CHOPMHPOBAHHOIO HHKEIEBOIO
crutaBa Inconel 718 B cxoqHOM U TepMoobpaboTaHHOM
COCTOSIHMIH.

MATEPUAN1 U METOAbI

HcxXonHBIM MaTepHaoM HCCIefOBaHUM SIBISUICA cde-
PUUECKHH IOPOIIOK HHKeIeBoro cIiaBa Inconel 718 co
CTIeAyOIKUM XUMHYeCKUM cocTaBoM: Ni (63.4%), Cr (21%),
Mo (10%), Fe (0,8%), AL (0,4%), Ti(0,4%), Nb (3%), Si(0,5%),
Mn (0,4%), C(0,1%).
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acteristics in relation to the orientation of the layers and
the direction of loading [1-3]. However, phase composition
of materials is no less important factor. Based on this, itis
especially important to know the mechanical properties
of additively formed material and factors that affect the
fracture.

Heat-resistant nickel-base alloys are widely used in
aircraft and rocketry in the production of complex ele-
ments of gas turbine engines. Strengthening of materials
occurs during heat treatment, which consists not only
in the formation of the main intermetallic gamma’ and
gamma’” phases, but also in the dissolution of Laves phases,
&-phases and carbides that reduce the mechanical proper-
ties [4, 5]. There are industrial standard heat treatment
modes, but also numerous studies show a wide range of
temperature range and time holding during heat treatment,
which can reach 32 hours [6]. All this confirms that a uni-
versal mode has not yet been found. Moreover, given the
differences of the structure and phase composition of addi-
tively formed materials with the conventional manufactur-
ing, the effect of standard heat treatment is ambiguous.

This paper presents the evaluation of structure, phase
composition and mechanical properties of as-deposited and
heat-treated samples.

MATERIAL AND METHODS

The initial material of the research was spherical powder of
nickel-base alloy Inconel 718 with the following chemical
composition: Ni (63.4%), Cr (21%), Mo (10%), Fe (0.8%), Al
(0.4%), Ti (0.4%, Nb (3%), Si (0.5%), Mn (0.4%), C (0.1%).

Direct laser deposition unit consisted of a LRM-200iD 7L
Fanuc robotic complex, an LS-3 IPC Photonics laser source,
a FLW D30 IPG Photonics laser head with a removable SO12
Fraunhofer IWS surfacing nozzle and a Sulzer Metco Twin
10C powder feed device to the working area. The radiation
beam had a Gaussian distribution, a wavelength of 1070
nm, a collimating lens focus of 200 mm, and a collimator
focus of 100 mm. Beam Parameter Product (BPP) 3.5mm x
mrad. The working surface was located 36 mm behind the
focus of the beam, and the spot diameter was 2.6 mm. The
additive process was carried out in a protective Ar environ-
ment without preheating with the following parameters:
laser power 1300 W, powder feed rate 0.8 g/s, scanning
speed 25 mm/s, layer step 0.6 mm.

The industrial standard heat treatment for Inconel 718
castings and forgings, performed in a universal laboratory
muffle electric furnace SNOL in an air atmosphere, was
as follows: solution treatments (980°C /1 h / air cooling) +
double aging (720°C /8 h / furnace cooling at 55°C/h to 620°C
/8h/air cooling).

To analyze the microstructure of the deposited material,
a Carl Zeiss EVO50 XVP scanning electron microscope was
used. Charpy impact tests were carried out using an Instron
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ALSUMTUBHAS YCTAaHOBKA IIPAMOTO  JIa3epHOro
BBIPAllUBAaHMUSI  COCTOsIAa M3 POOOTHM3MPOBAH-
HOro KoMIIekca LRM-200iD 7L Fanuc, Ja3epHOro
uctouHuka LS-3 IPG Photonics, 1a3epHON TOI0BKHU
FLW D30 IPG Photonics co cbeMHBIM COIUIOM M1
HarvtaBku SO12 Fraunhofer IWS u ycTporicTBoM mofauu
IoponIka B pabouyto 30Hy Sulzer Metco Twin 10C. ITy4ox
U3/IyYeHM s MKMeJI TayCOoBO pacIipesie/ieHue, IJIMHY BOJTHEI
1070 HM, POKyC KOJUIMMHUPYIOIIEek TUH3bI 200 MM, POKyC
KomrMaropa 100 Mm. KadectBo nmyuka (Beam Parameter
Product - BPP) 3,5 MM-Mpap. Pabouast IOBEpXHOCTb HaX0-
JMJI1ach Ha 36 MM 3a OKYCOM IIy4Ka, [IPH 3TOM JHAMETP
ITHA CO CTaBUI 2,6 MM. AAJUTHBHBIN IIPOLIECC IIPO-
BOJMJICS B 3aIIUTHOM cpefle Ar 6e3 IpeBapHTeIbHOIO
IIOOrpeBa Co CJIEAYIOIIMMU [IapaMeTpPaMM: MOIIHOCTb
nasepa 1300 BT, ckopocTs opayvu nopoika 0,8 r/c, cko-
POCTb CKAHUPOBAHUS 25 MM/ C, War cost 0,6 MM.

TeXHOMOTMYeCKUI MAapLIPyT TEpMHYECKOk 06paboTKH,
BBITIO/THEHHOH B yHHBEPCA/IbHOM 1ab0paTOpHOI Mydesb-
HOM 31eKTporiedy SNOL B Bo3myIIHOM atMocdepe, 6611
CTIefy O : OT>KUT Ha TBEPABIM PAacTBOP IIPU TeMIIepa-
Type 980 °C B TeueHHe 1 yaca C IOC/IeyIOIKM ObICTPEIM
OXJIaKAeHHeM Ha BO3[yXe U JABYXCTYIIeHYaThIH OTIIYCK
rpu Temrepatype 720 °C ¢ BBLOEPSKKOM 8 4aCoB U OX/IaK-
JleHHeM B I1e4YH €O CKOpPOcThio 55 °C/4ac 1o 620 °C ¢ ganb-
HeHIIIel 8-4acoBOK BBIAEPSKKOM K BO3AYIIHBIM OX/IKIe"
HHeM JI0 KOMHaTHOL TeMIIepPaTypEL.

U1 aHa/M3a MUKPOCTPYKTYPEI BRIPALEHHOIO MaTe-
pHaa OPUMEHSUICS PacTPOBBIM 37IeKTPOHHBIM MHUKPO-
ckon Carl Zeiss EVO50 XVP. UCIIBITaHHUS MaTepHaJIOB
Ha yZapHBIA u3rub o Ilaprnu 6bUTH ITpoBeleHbl TP
IIOMOIIY MasiTHHUKOBOIO Kompa Instron CEAST 9050 Impa
ct Pendulum o cxemam, rpesicTaBlIeHHBIM Ha PHC. 1.

PE3YJIbTATbl U OBCYXAEHUE

MUKpPOCTPYKTYpa afJUTHUBHO CPOPMUPOBAHHOIO SKapo-
IIPOYHOTO0 HUKEJIeBOro CIviaBa Inconel 718 mo Tepmu-
yecKor 06paboTKH XapaKTepH30BalacCh HAEeHIPUTHBIM
CTPOEHHeM C IIPUCYTCTBHEM 30H CIUIaBJIeHHSI MEXIy
II0C/IeloBaTe/IbHBIMU C/105IM (PHC. 2). MaTpulia CIlIaBa
6pUTa IIpefcTaBIeHAa TBEPABIM PACTBOPOM Ha OCHOBE
HUKeNs, MeXKIeHIPUTHOe IIPOCTPAHCTBO XapaKTepH30-
BaJIOCh Ha/IMYKeM MeJIKOJHCIIEPCHBIX IIepBUYHBIX Kap-
6110B, KapOOHUTPUIOB U Ppa3bl JIaBeca. YIIPOUHSIOMIKX
Y- uy”’- a3 BEIsBIEHO He 6bI7T0.

MUKpOCTPYKTypa CIUIaBa IIOC/Ie IPHUMEHEeHHs Tep-
MUUEeCKOM 00paboTKM IIpefcTaBleHa Ha puc. 3. IIpu
peayM3alu aAJUTHUBHOIO IIpoliecca IIPSMOIO Ja3ep-
HOTO BBIpAIIMBaHHUS OCHOBHOe BJIMSIHHMeE Ha Ilepepac-
Ipefie/ieHHe JIETHPYIOIIUX 371eMeHTOB, II0 BCeM BUIU-
MOCTH,, 0Ka3bIBaJIO HUTHYHE B MAaTPHIle KapOOHUTPUIOB
(NDb, Ti)(N, C), xoTopble, Oyaydu dYpe3BBIUAKHO YCTOM-
YMBBIMH IIPH IIOC/IEAYIONIeM BBICOKOTEMIIEPATypHOM
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CEAST 9050 Impact Pendulum. The schemes of experi-
ments are shown in Figure 1.

RESULTS AND DISCUSSION

The microstructure of the as-deposited and heat-treated
samples of heat-resistant nickel-base alloy Inconel 718 was
characterized by a dendritic structure with the presence of
fusion zones between successive layers (Fig. 2). The matrix
was represented by Ni solid solution, the interdendritic
regions was characterized by the presence of finely dis-
persed primary carbides, carbonitrides, and Laves phase.
The straightening gamma’ and gamma” phases were not
identified.

The microstructure of heat-treated sample is shown
in Figure 3. The main influence on the redistribution of
alloying elements probably was exerted by the presence
in the matrix of carbonitrides (Nb, Ti) (N, C) during direct
laser deposition process. Their being extremely stable upon
subsequent high-temperature heating to 980°C [7] and still
contain a significant amount of Nb. In contrast, Laves
phase was partially dissolved and enriched the surround-
ing regions with Nb, which led to the formation of 6-phase

HamnpasneHue
BbIPAIIITMBAHUA
Layer growth
direction
Ciont
Layer
a)
Croit
Layer
_—
HampapieHue BbIpaIlBAHUS
b) Layer growth direction
Puc. 1. Cxema opueHmauyuu cA0e8 0mHocumeAbHO 0CuU NpuAo-
JKeHUS Hazpy3Ku Npu OUHAMUYECKUX UCNbIMAHUSIX: Npo00Ab-
Has (a); nonepeuras (b)
Fig. 1. Scheme of layer growth direction relative to dynamic
force: longitudinal (a); transverse (b)
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Harpee 10 980 °C [7], mo-mpeskHEMY COIep>KaT 3Ha-
YKTebHOe KOJTUYeCTBO HHOOMS, B TO BpeMs Kak dasa
JIaBeca, 4aCTHYHO PaCTBOPSASChH, HACHIIAET UM OKpYsKa-
IolIHe 06/1acTH, YTO IIPHUBEIO K OPMHUPOBAHUIO 8-Pa3bl
UCKIIIOYUTEIBHO B JAHHBIX 00/1acTax. Tak Kak 60JIbIIUH-
CTBO HHOOMSI OCTAeTCs B CBSI3AHHOM COCTOSIHUH B COCTaBe
xuMuueckux coemuHeHuHn (Nb, Ti)(N, C), a TakKe OH
y4acTByeT B GOPMHPOBAHUH &-a3bl, OCHOBHOH YIIPOU-
HSIIoIIel $pa30¥ B CIUIABe [T0C/Ie TePMUYeCKO 00paboTKu
SIBJISeTCA V' -$a3a Ha OCHOBE XMMHUYECKOTrO COeHEHHs
Niy(Al, Ti) ¢ xapakTepHOM KybHuecKoM MOpPQOIOrHert
M MaKCHMaJIbHBIM pasMepoM IOpsiAKa 1 MKM.
Pe3ynbTaThl OLIEHKH YAAPHOM BSI3KOCTH aAJUTHBHO i SER S0t | T
cHOPMHPOBAHHBIX MAaTePHUAJIOB II0KA3A/IM OKHUIAEMYIO Vot e S i
3aBHCHMOCTh OT OpHEHTAllMM C/I0€B M HallpaBJIeHHs T ' P
IIPUJIOSKEHHSI TUHAMUYECKOM Harpy3KU BBUY TOTO, YTO | Puc. 2. MIcxo0Has mukpocmpykmypa cnaasa Inconel 718

B XOfle TepMHYecKok 06paboTKH B MaTepuase He IIPO- | NocAe addumusH020 Npouecca npsmoz0 Aa3epHoz0
M30LIeJT IIPOLIeCC PeKPHUCTA/UIM3aLMU C COXpPaHeHHeM 8bIpalUBaHusl
JIEeHAPUTHOM CTPYKTYPhl U HAJIMUMEM 30H CIIJIaBlIeHUS. Fig. 2. Initial microstructure of Inconel 718 alloy after

C mpuiokeHHeM JUHAMMWYeCKOM Harpy3Kku B IIPOfonb- |  additive process of direct laser deposition
HOM HaIlpaBjJIeHWH OTHOCHUTEIbHO HaIlpaB/IeHUs BbIpa-
I[MBAHHS TPelIHHA PACIIPOCTPaHsIaCh BIOJIb CTON6UA-
TBIX KPHUCTA/IIOB. 3Ha4YeHHe YAAPHOM BA3KOCTH B JAHHBIX
YCIIOBHSIX COCTABHIIO 48,3 [Ik/cM?. dpaKTorpadryecKuil
aHa/Ik3 06pasLOB C IIPOJIOJIBHOM OpHeHTallHel [IOATBep-
JMJ1, 4TO paspylleHue IIPOXOAMIIO 10 MEeXKIAeHIPHUTHOMY
IIPOCTPaHCTBY. Ha IOBepXHOCTH pa3pylleHHus Takke
NIPUCYTCTBYIOT SIMKH, CBHETEJIBCTBYIOIIHE O BSA3KOM
MexaHH3Me paspyuieHus (puc. 4 a, b). IlomepeuHas
opHeHTalus 06pasLioB JUHAMHUYECKOMY yAAPy COIIPOBO-
>KIa/1ach IOBBIIIEHHEM YAAPHOM BA3KOCTH B 1,5 pasa (71,7
Ik/cm?), 9TO 00yCIOBI€HO IOMOMHUTENBPHBIMU 3aTpa-
TaMU 3Hepruy Ha TOPMOXKeHHe TPeLIHMHbI [IPK BCTpeye
C TPaHMLUAMU MeJIKOJYCIIePCHBIX 3€PeH, PaCIIOIOKeH-
HBIX IIepIIeHAUKYIISIPHO ee xomy (puc. 4 b, d). ComocTas-
JIeHHe pe3yIbTaTOB MUKPOCTPYKTYPHOIO HUCCIeJOBAHMS
1 [IOBEPXHOCTEH pa3pyLIeHHs I10C/Ie UCIIBITAaHU I103BO-
JIieT COelaTh BBIBOL O TOM, YTO KMCXOFHBIE MEJIKOLM-
CIIepcHbIe YacTHUIBI $passl JIaBeca, GOpMUPYIOIIHECS IIPH
afJMTUBHOM IIPOLIeCCe IIPSIMOIO JIa3€PHOIO BhIpalliyBa-
HUS B MEKXIEHIPUTHBIX IIPOCTPAHCTBAX, MOIJIH CII0C06-
CTBOBAaTh 3apOSKAEHMIO M PACIPOCTPAHEHUIO TPeIluHbI
B OTHOILIEHHUH 0b6eHX cxeM HarpyskeHus (puc. 3 ¢, d).
ITocte MprMeHeHUSs TepMUYeCcKOok 06paboTKY YpoBeHb
YAAPHOM BSI3KOCTH MaTepHasia BEIpOC B 1,5 pa3a B OTHO-
meHUH oberx CxeM HarpyskeHHs. 3HaueHHs yAapHOU .
BSI3KOCTH COCTaBMIIH 116,7 [Ik/ cM?2 1 75 K/ cM2 [IJIst TTOTIe- -
PeYHOH M IIPOJOJIbHOK OpHEeHTAllUM COOTBETCTBEHHO.
XapakTep U3/10MOB TepMUUeCcKH 06paboTaHHbIX 06pa3LioB Puc. 3. Mukpocmpykmypa addumueHo cpopmuposaHHo2o
aHaJIOTHYeH MaTepHaJlaM I10C/Ie AU THBHOIO IIpoLiecca HUKeAe8020 cnAasa nocae mepmu4eckoti obpabomxu
(puc. 5 a, b). IIppuHMMas 3T0 Bo BHUMaHHe, MOKHO Clie- Fig. 3. Microstructure of an additively formed nickel-base
JIaTh BBIBOJ, O TOM, YTO OCHOBHOM BKJIAJ, B YIIPOYHEHHeE alloy after heat treatment
MaTepHajia, He IIpOLIeJIIero peKpHUCTa//IM3aLMI0 [IPU
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peasn3aluu TepMUYECKOM 06paboTKK, BHOCHUT Bble-
neHue Y'-da3a. YUuThIBasi $pa30BBIN COCTAB IIOCTIE Tep-
MMYEeCKOI 06paboTKy (pHC. 2), MOKHO IIPeAIIONIOKHTD,
YTO PaCIIpoCTpaHeHHe TPeLIUHBI IIPH JOCTHKEHUH MeJl-
KHX 3aKpeIl/IeHHBIX C MaTpHLer §-$pa3oi yacTury gpasst
JIaBechI coBepIIaoch 06xomom (puc. 5¢, d).

BbIBO/AbI

HcxomHbIM $a30BbIL COCTAB HUKEIEBOIO CII/IaBa CHCTeMBI
Inconel 718 rocie A AU THBHOTO ITpOLIecca IIPSIMOTO JIa3ep-
HOro BbIpalIHMBAHMS CYIIECTBEHHO B/IMAET Ha (1)&3OBI>IIZ
COCTaB IIPOAYKTOB PeaKLMH TepMHYEeCKOH 06paboTKH.
Harpes o 980 °C B TeueHHe 1 Yyaca IIpUBOIUT K BbLIe/Ie-
HUIO §-ha3bl UCKIIOYHTENBHO Ha YYaCTKAX YaCTHYHO pac-
TBOpeHHOH ¢a3bl JIaBeca. B Xofe mocnenyoleH oriepalyiim
JBYXCTYIIEHYATOr0 OTIYCKa IpH Temieparypax 720 °C
1 620 °C ¢ BBIEPSKKAMH I10 8 4acoB 06pa3syeTcst YIIPOUHS-
fomast y'-dasa c XapaKTepHOH HaITpaB/IeHHOM KybH1ecKok
Mopdomnoruerl ¥ MaKCHMaJIbHBIM pasMepoM Iopsika 1
MKM. XapaKTepUCTHKU ITIPOUHOCTH ITOCTIOMHO CPOPMHUPO-
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exclusively in these regions. Since the main volume of Nb
still remains in carbides and carbonitrides and also partici-
pates in the precipitation of §-phase, the main straighten-
ing phase after heat treatment is gamma’ phase. This phase
based on Ni3(Al, Ti) and characterized with a typical cubic
geometry and a maximum size of about 1 pm (Fig. 3).
Charpy test of the as-deposited samples showed the
expected dependence on the layer growth direction and
dynamic force orientation. Crack propagated along the
columnar grains in case of scheme with longitudinal orien-
tation. The impact toughness was 48.3 J/cm2. Fractography
confirmed that the fracture occurred along the interden-
dritic region. Also, dimples present on the fracture surface
indicate ductile fracture mode (Fig. 4 a, c). The results of
impact toughness in case of transverse orientation scheme
increased 1.5 times (71.7 J/cm2). The increase of impact
toughness is due to the additional energy absorption mani-
fested in crack overcomes the grains boundaries located
perpendicular to cracks propagation (Fig. 4 b, d). Moreover,
comparison of the results on microstructural study and
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(b) orientations, and the corresponding schematic images of crack propagation (c, d)
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BaHHOI'O MaTepHaja B 3HAUHUTe/NIbHOM CTelleHU OIIpesiensi-
I0TCS OTHOIIeHHeM HallpaB/ieHMs BHEIITHET0 HaTrpy>keHH s
U OpHeHTallMeH CJI0eB B MacCHBe 3aroTOBKH. PasHHIIA
MeKIy IIPOAO/IBHOM U IOIIepeuyHON OpHeHTalleH CI0eB
coctasisier 23,4 JIk/cm2. TIoBeIIIeHHe YAAPHOM BSI3KOCTH
B 1,5 pasa IIpH yCIOBHUH COXPaHEHUS CTOIOUATON CTPYK-
TYPHI II0C/Ie ITPYMeHeHHsI TEpPMUYecKok 06paboTku agmu-
THUBHO CHOPMHPOBAHHOTIO HUKeIeBOro CIiaBa Inconel 718
00yCITOB/IEHO BBIIeIEHHEM YIIPOYHSIOMIEH Y -pa3sbl.

BJIATOOAPHOCTA
VccrnenoBaHMS BBITIOHEHBI TPH GUHAHCHPOBAHHOK I10[-
Iepsrke POOH B paMKax Hay4yHOro ImpoeKkTa Ne 19-38-90131
«MccnenoBaHKe 3aKOHOMEPHOCTEE yCTaJIOCTHOTO U IUHA~
MMYECKOI'0 pa3spylleHus KapoIpPOYHbIX CIIJIABOB, IIOJY-
YeHHBIX AAJUTUBHBIMHU TeXHOIOrUIMU» (2019-2021rT.).
HccneqoBaHUS BBIIIOJIHEHBI Ha 06OPYJI[0BaHI/II/I TIKIT
«CTPYKTypa, MexaHHYecKHe U (QH3UYeCKHe CBOHCTBA
matepuasio» HI'TY Ne 13.11KII.21.0034.

REFERENCES

1. Lewandowski). )., Seifi M. Metal additive manufacturing: a review of
mechanical properties. Annual review of materials research. 2016; 46: 151-186.
DOI: 10.1146/annurev-matsci-070115-032024.

2. stroPner )., Terock M., Glatzel U. Mechanical and microstructural investigation
of nickel-based superalloy IN718 manufactured by selective laser melting (SLM).
Advanced Engineering Materials. 2015; 17(8): 1099-1105. DOI: 10.1002/adem.201500158.

i g

fracture surfaces after Charpy test allows us to conclude

that the initial fine particles of Laves phase, formed dur-
ing direct laser deposition process in interdendrite regions,
could contribute to crack initiation and propagation in rela-
tion to both loading schemes (Fig. 3 c, d).

The impact toughness of the heat-treated samples
increased 1.5 times in relation to both loading schemes.
The impact toughness was 116.7 J/cm2 and 75 J/cm2 for
transverse and longitudinal orientation, respectively. The
fractography of heat-treated samples has the similar mode
as the as-deposited samples since recrystallization did
not occur during heat treatment (Fig. 5 a, b). With this
context, we can conclude that the main contribution to
the strengthening of the heat-treated samples that did not
undergo recrystallization during the heat treatment cor-
responds to precipitation of gamma’ phase. Also, consider-
ing the phase composition after heat treatment (Fig. 3), it
can be assumed that cracks bypassed small Laves particles
which fixed with matrix by §-phase (Fig. 5¢, d).

CONCLUSIONS

The initial phase composition of nickel-base alloy Inconel
718 after direct laser deposition significantly affects the
phase composition of heat treatment state. Heating up to
980 °C for 1 hour leads to precipitate of §-phase exclusively
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in the areas of the partially dissolved Laves phase. Subse-
quent double aging at temperatures of 720°C and 620°C for
8 hours gives the strengthening gamma’ phase of typical
cubic geometry and maximum size of about 1 pm. The
mechanical properties of the as-deposited and heat-treated
samples largely depend on the layer growth direction and
dynamic force orientation. The difference between the lon-
gitudinal and transverse orientation is 23.4 J/cm?. Provided
that columnar structure saved after the industrial standard
heat treatment of the additively formed nickel-base alloy
Inconel 718, the increase 1.5 times of impact toughness is
due to precipitation of strengthening gamma’ phase.
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