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PaccmoTpeHbl 0co6eHHOCTU popMUpOBaHUS
HepaBHOBECHbIX CTPYKTYP B XoAe Ce/IeKTUBHOro
lasepHOro cnnaB/ieHUsa U NocneayoLwen
TepMoo6paboTKM XXaponpo4YHOro HUKeIeBoOro cnsasa
cucrembl Ni-Al-W-Co-Cr-Ti-Mo, npumeHsiemoro gns
M3roToB/SIEHUS 1IONATOK ra3oTyp6uHHOro aBuraTtens.
OnucaHo BAUSIHUE TPAaeKTOPUU CKaHUpOBaHUA
Nla3zepHOro siy4ya Ha KayecTBo nojy4yaemoro
MaTtepuana.

3AMEHA TPAANUNOHHbIM

TEXHOJTIOIT'MAM OBPABOTKHA

TexHONOrKUsl '"TpPeXMEepPHOM IleyaTH' IIOSBUIAChH
B KOHIle 80-X rofioB XX BeKa. [IMOHEPOM B 3TOM oba-
CTU sABJseTCsd KoMIaHus 3D Systems, KOTOpas pas-
paboTana repBy0 KOMMePUECKYO CTePeoTUuTOrpadu-
YyecKkylo MamuHy Stereolithography Apparatus (1986
ron). llupokoe pacrmpocTpaHeHUe IITUQPOBBIX TeX-
HOJIOTUH B 06JIACTH MPOEKTUPOBAHUS, MOLEIHPO-
BaHHUS U MeXaHo0OpaboTKU CTHUMYIHPOBAJIO B3PBIB-
HOM XapaKTep Pa3BHUTHS TeXHONOrWH 3D-medartw,
M BHACTOsIIIee BpeMsi KparHe CJIOKHO yKa3aTb061acTh
MaTepHaJIBHOTO IIPOU3BOJICTBA, IZe B TOM HMJIM MHOH
CTEIleHU He HCII0Nb30BAIUCh 6bI 3D-mpuHTEpH [1].
ANIUTUBHBIE TeXHOJIOTUM (3D-TledyaTh) IIpexIio-
JaraloT M3TOoTOBJeHHUe (mocTpoeHHe) PU3UUECKOIO
obbeKTa (meTaid) MeTOLOM IIOC/IOMHOIO0 HaHeCeHMUs
(mobaBnenus, anria.- "add") marepuaina, B oTIHYUe
OT TPAJHULIMOHHBIX METOZOB GOPMHUPOBAHUS [IeTaJH,
3a cyeT yAajleHUs MaTepHasia U3 MaCcCHBA 3aTOTOBKH.
B ctanpmapte ASTM F2792.1549323-1 anguTUBHBIE TeX-
HOJIOTHUH OIpefesieHbl KaK IpoliecC o6befHMHEHUS
MaTepHalia C [eJIbl0 CO3MaHUs 0bbeKkTa M3 ITaHHBIX
3D-Momeny, Kak IIPaBHJIO, CJIOH 3a CJI0EM, B OTIH-
Yye OT 'BBIUMTAIOMIUX IIPOM3BOACTBEHHBIX TEXHO-
norui (2]. 17 MOPOLIKOBBIX MAaTepPHA/IOB, a TaKxKe
METaJIJIOIIOPOUIKOBBIX KOMIIO3UILIUM IIPUMEHSIOT
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SELECTIVE SYNTHESIS
OF HEAT-RESISTANT
NICKEL ALLOY:
STRUCTURAL ASPECTS

E.A.Lukina, Cand. of Sc.(Eng.), D.V.Zaitsev,
S.V.Sbitneva, A.V.Zavodov,
VIAM, Moscow, Russia

The peculiarities of formation of non-equilibrium
structures in the course of selective laser sintering
and subsequent heat treatment using Ni-Al-W-Co-Cr-
Ti-Mo high-temperature nickel alloy are considered
in this article. This nickel alloy is used in the industry
to manufacture gas turbine engine blades. The laser
beam scanning path influence on the resulting
material quality is described.

REPLACEMENT OF CONVENTIONAL
PROCESSING TECHNOLOGIES

The "three-dimensional printing" technology appeared
in the late 80’s of XX century. The pioneer company in
this field was 3D Systems, which developed its first
commercial stereolithography apparatus (1986). Wide
distribution of digital technologies in the field of design,
modeling and machining has stimulated the explosive
nature of 3D-printing technologies development, and
now it is extremely difficult to indicate the area of
material production where 3D printers would not have
been used to some extent [1]. Additive technologies (3D
printing) presuppose the fabrication (construction) of
a physical object (a part) by layer-by-layer application
method, in contracts to conventional methods of
forming a part, by removing material from the work-
piece array. In ASTM F2792.1549323-1 standard, additive
technologies are defined as a process of combining
a material to create an object from 3D model data,
usually layer by layer, in contrast to "subtractive”
production technologies [2]. For powder materials, as
well as for metallopowder compositions, the techniques
related to the layer formation method for layer-by-layer
deposition technology are used, "bed deposition”, and
assume the presence of a certain surface ("bed") on
which a layer is firstly formed, and then the building
material is selectively cured (fixed) in this layer. The
term "selective synthesis" or "selective laser sintering"
(SLS), if the "curing" tool is a laser, corresponds quite
precisely to this technology.
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TeXHOJIOTHH, OTHOCSAIMecs I0 MeTony GopMu-
POBAHMS C/I0SI K TeXHOJIOTHMH IIOCJIOMHOrO HaHece-
Hus - "Bed Deposition" - u mpenmnonaraer Halu4ue
Hekol moBepxHocTH ('bed”), Ha KoTopoil cHavaa
GOpPMUPYIOT CJI0H, a 3aTeM B 3TOM CJIOe BRIOOPOUHO
OTBEPXKAAIOT (PUKCUPYIOT) CTPOUTE/IBHBIN MaTepHall.
YKa3aHHOM TeXHOJIOTHH JOCTATOYHO TOYHO COOTBET-
CTBYeT TepMHUH 'CeJleKTUBHBIN CHHTe3" HJIH 'celek-
TUBHOe ya3epHoe crekaHue" (CJIC) (SLS - Selective
Laser Sintering), ecau "OoTBepKAANIIUM' HHCTPY-
MEeHTOM SIBJISIeTCSI J1a3ep.

WHTepec K aAAUTHUBHBIM TeXHOJOTHUSIM, T.e.
K "HeIloCpefCTBEHHOMY BBIPAIIMBAHHUIO' MeTaJlJIH-
YeCKUX H3Je/NHI, BO3HHUK, IIPeKIe BCero, B aBHa-
IJMOHHON IPOMBIIIIEHHOCTH, KOCMHUYECKON HHY-
CTPHUH, 3HepreTHYeCKOM MAIIMHOCTPOEHUHU H psife
OpPYyTUX OTpacjel, TPeOYIOIMX H3TOTOBJIEHHE AeTa-
JIell CJIOKHOM reoMeTpuH. MIMEHHO TaM 3Ta TeXHO-
norusi Haubosee aKTyaJbHA U Y>Ke IIMPOKO IIPHMe-
HSIeTCSl B Ka4deCcTBe aJIbTEPHATHBBl TPAJUIIHOHHBIM
TeXHOJIOTUYeCKUM MeTofaM [Jjs IIPOHU3BOJCTBA
He IIPOTOTHIIOB HMJ/IM OIIBITHBIX 0OPaslioB, a BIIOJIHE
TOBApHOM NpPOAYKUHH. [IppdeM MOTHBAaLlUeH 34eCh
SIBJISIeTCS He BO3MOKHOCTB CO3aTh YTO-TO YHUKAJIb-
Hoe, C HeOOBIYHBIMHU CBOMCTBAMH, a 3KOHOMHUYECKAs
11es1ecO006pa3HOCTB.

JlIsST OTBETCTBEHHHIX [eTaJledl aBHAI[MOHHOTO
Ha3HA4YeHHUs, M3TOTOBJIEHHBIX C IPHMeHeHHeM
AIIUTUBHBIX TEeXHOJOTHHM 0CODeHHO Ba’KHO IIOJNY-
4uTh Oe3nedekTHHIM MaTepuas, HMEIOII UK BEICOKHE
5KCIUIyaTallMOHHBIe XapaKTepUCTUKH. HecMoTps
Ha BBICOKYIO TeXHOJOTMYeCKyI KU 3KOHOMHYECKYIO
IIPUB/IEKATeNbHOCTh AAJUTHBHBIX TEXHOJOTHH,
Ianeko He KO BCeM MeTa/UIMYeCKHM MaTepHhaiaM
HJlea/bHO IIOAXOAUT AAaHHAsS TeXHoJorus. Huskas
CBapUBaeMOCTb U CIOKHOCTb XMMHUYECKOI'0 COCTaBa
CIIaBOB IIPUBOAUT K 06pa30BaHUIO FOPSUYUX TPEIHH
M BBICOKOHM IIOPHCTOCTH MaTepHasa, I10Jy4YeHHOro
IIyTeM CeJIeKTUBHOTO CIUIaBIeHHUS. B Xome cemex-
THBHOI'O CHHTe3a ITPOMCXOAUT OBICTpast KPUCTAJIIH-
3alMs MaTepHasa, KOTopas COIIPOBOXKAAETCS! BBICO-
KOM CKOPOCTBIO OXJa’KJIEHHS, B pe3ylbTaTe 3TOrO
B MaTepuase GOopMHUPYeTcs crenupUIecKasi CTPYK-
Typa, KOTOpasi MMeeT HepPaBHOBECHBIH XapaKTep.
CTPYKTYPHO-$a30BBIM COCTOSIHHEM TaKOTO0 MaTepH-
ajsia BO3MOSKHO YIIPaB/SATh IIPH [TOMOIIH Pa3THUHBIX
TeXHOJIOTUYeCKUX ¢aKTopoB. OOHHUM H3 Haubojee
350 dEeKTUBHBIX PBIUATOB BO3[EHCTBUS HA CTPYKTYPY
MaTepuaa SBISIOTCS SHepreTH4YecKHe I1apaMeTpsl
nasepa [3-5]. IlpuBedeHBI pe3yJbTaTHl PacCMOTpe-
HUS 0ocobeHHOCTeN GOPMHUPOBAHHUS HEePaBHOBECHBIX
CTPYKTYp B XOfie CeJIeKTHBHOIO JIa3€pPHOTO CILIaB-
JTeHUS U TOC/Iefyolner TepMooOpaboTKM Ha IIpH-
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The interest in additive technologies, i.e., to the
"direct growing" of metal items has arisen primarily
in the aviation industry, space industry, power
engineering and a number of other industries that
require the production of parts of complex geometry. It
is there where this technology is most relevant and is
already widely used as an alternative to conventional
technological methods for the production of rather
commercial products than prototypes or test specimens.
Furthermore, the motivation here is not the possibility
to create something unique, with unusual properties,
but economic expediency.

For critical aviation components manufactured
using additive technologies, it is especially
important to obtain a defect-free material with
high performance characteristics. Despite the
high technological and economic attractiveness
of additive technologies, this technology is not
ideal for all metal materials. Low weldability
and complexity of the chemical composition of
alloys lead to the formation of hot cracks and
high porosity of the material obtained by selective
fusion. In the course of selective synthesis, rapid
crystallization of the material occurs, which is
accompanied by a high cooling rate, as a result
of which a specific structure is formed in the
material, which has a non-equilibrium nature.
The structural-phase state of such a material may
be controlled by various technological factors.
One of the most effective levers of influence on
the structure of the material is the laser energy
parameters [3-5].

The peculiarities of formation of non-equilibrium
structures in the course of selective laser sintering
and subsequent heat treatment using Ni-Al-W-Co-Cr-
Ti-Mo high-temperature nickel alloy as an example are
considered in this article.

THE ESSENCE OF THE PROCESS

ZhS6K-VI high-temperature nickel alloy selected for
research is used in the industry to manufacture gas
turbine engine blades using equiaxed crystallization
technology, i.e., the finished product, GTE blade,
has a molded structure. It is known that ZhS6K-VI
alloy is practically not welded, but in the heat-treated
state it is strengthened by the y’ (Ni;Al) phase. In
view of this, when the granules of the alloy ZhS6K-VI
are sintered, the resulting piece may contain cracks
formed during the cooling of the material from the
molten state. In order to establish the relationship
between the quality of the resulting material and
the features of its structure at all levels, from macro
to nano, the samples of ZhS6K-VI alloy, synthesized
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Mepe >KapoIIpOYHOI0 HHKEJIEBOro CIlJIaBa CHUCTEMBI
Ni-Al-W-Co-Cr-Ti-Mo.

CYTb NMPOLIECCA

Bel6paHHBIN [ HCCIeJOBAHHUS >KAPOIIPOUHBIH
HHKesleBbI cIIaB JKCO6K-BH mpumeHsieTcs B IPoO-
MBIIJIEHHOCTH [JIsi M3TOTOBJIEHHS JIOIATOK TIas3o-
TYpOMHHOIO ABUTATES [10 TEXHOJIOTHH PaBHOOCHOM
KPHUCTA/I/IM3aLIUY, T.e. TOTOBOe H3[e/IiHe — JIOIaTKa
['TH - umeeT THUTYIO CTPYKTYpy. I3BeCTHO, UTO CI1/IaB
JKCO6K-BH mpakTHYeCKU He CBApUBAETCS, a B TePMO-
obpaboTaHHOM cocTOSHUHU ympouHsertcs Y'(NiAl-
dasor. [Io3ToMy NPHU CIIJIaBJIeHUH [PaHYJI U3 CIIJIaBa
JKC6K-BH mosy4yHBIIIeecs U3/eiue MOKeT COLepsKaTh
TpeIuHbl, 06pasyoliurecss BO BpeMs OXJIaXKAeHHS
MaTepHrasia M3 PacIIaBJIeHHOro COCTOAHU . C Lebo
YCTAHOBJIEHH I B3aHMOCBSI3el Ka4deCTBa I10/1y4YHBIIe-
rocsi MaTepHasia ¢ 0COOeHHOCTSIMU ero CTPYKTYPhl
Ha BCeX YPOBHSAX: OT MaKpoO- 0 HaHO- - IIPOBeJeHEI
HCCJIeIOBaHU SI 06pa3u013 crnaBa JKC6K-BH, cuHTe3HU-
POBaHHBIX IIPH Pa3TMYHBIX TeXHOJIOIMYECKHX I1apa-
MeTpax jasepa, TaKMX KaK MOLIHOCTb M CKOPOCTh
CKaHHUPOBaHHSA. KOHTPOJIb 32 BU3yaJIbHO OOHAPY>KH-
BaeMBIMHU JedeKTaMHU (TpelIMHAMHU), APYTHMU CJ10-
BaMH 3a KauyeCcTBOM MaTepuana, AejaeT Harsaf-
HBIMHU II0/Iy4Yaloliyecss CTPYKTypHBbIe 3aBHMCHMOCTH.
Ka4yecTBO, a 3HAYMT M BBICOKHE 3KCIUIyaTallHOHHbIE
XapaKTepUCTHKHU CHHTE3HPOBAHHOIO MaTepHana,
3aBHMCHUT, B TOM YHMCJIe U OT Ka4yecTBa nopomka. CHa-
4asia Heo6X0AMMO IIONTYYUTh TPaHY/Ibl, MUHHMAJIBHO
nedpeKkTHble W HY>KHOro pasmepa (puc.l). Ilopomok
II0/Iy4aloT paclblIeHHeM CTPYH SKHIKOIO pacIijiaBa
B atomarizepe HERMIGA10/100VI (rasoBasi aToMH3a-
1us). Pasmep rpaHyi, NPUMeHsieMbIX B IIpoliecce
CJIC, ne>kuT B Auama3oHe ot 10 10 40 MKM.

O6pasLsl A1 HUCC/IeJOBAHUM I10JIyYeHbl METOAOM
CeIeKTUBHOro yasepHoro civiaBieHus CJIC Ha ycTa-
HoBKe Concept Laser M2 Cusing. B MHepTHOM aTMOC-
¢depe a3oTa IMPOUCXOAMIIO IIOCTIEAOBATE/IPHOE CIIIaB-
JIeHHMeE CJI0eB IIOPOLIMHOK JIYYOM J1a3epa, JHaMeTpPOM
50 MxMm. KpomMe HMCXOQHOTO IIOPOIIKa Ha KadecTBO
II0/Iy4aeMOro MaTepHaja OKa3blBaeT BJIHSHHE Tpa-
eKTOpHS CKAaHHPOBaHHUA Jja3epa. B 3aBUCHUMOCTHU
OT reoOMeTPHU KOHEYHOTIO H3/e/I1s K CBOUCTB HCXOJ-
HOrO0 MaTepHasja IIPHUMEHSIOTCS THUIIBl IITPUXOBKHU
HeCKOJIPKMX BH/IOB: IIPOCTas JHMHeH4arTas (CI/IOMI-
Hasl OJHOHAIIPaB/IeHHAasl MITPHUXOBKA), AHUCKPeTHas
ouaroHaabHasi (LITPUXOBKA OTHENbHBIMU 0651a-
CTSIMM, HaIlpaBjleHHe TPeKOB OJHHAaKOBOe) U pas-
rpy3ouHasi (IlaxMaTHas) MITPUXOBKA - 'MeaHIPHI'.
CnaB/ieHHe IIOPOLIKOBOrO MaTepHasia IIPOMUCXOAUT
B BHJe JOPOXKH (Tpeka), MMeKIler B IIOCKOCTH,
[IepIeHJUKY/ISPHOM IIJIOCKOCTH, IOCTPOHHUS BHJ,
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Puc.1. ['panyabl: a) ppakuuoHHoe pacnpedeneHue; b) cmpoe-
HUe 2paHyAbl
Fig. 1. Granules: a) fractional distribution; b) granule structure

at different laser processing parameters, such as
power and scanning speed, were examined. Control
over visible defects (cracks), in other words, the
quality of the material, makes evident the resulting
structural dependencies. Quality, and therefore
high performance characteristics of the synthesized
material, depends on the quality of the powder as
well. First of all, it is necessary to obtain granules that
are minimally defective and of the correct size (Fig. 1).
The powder is produced by spraying a liquid melt jet
in HERMICA10/100VI atomizer (gas atomization). The
size of the granules used in the SLS process is from 10
to 40 pm.

The samples for the research were obtained by the
method of selective laser sintering (SLS) on Concept
Laser M2 Cusing unit. Inaninert nitrogen atmosphere,
successive sintering of the powder layers with a laser
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IIOJIyKPYTa, KOTOPBIM SIBJISIETCS QPOHTOM KPHCTAJI-
NH3aIUH WIK BAaHHOM pacIuiaBa (puc.2).

ITo mepe dopMmupoBaHMs obpasuma MeromoMm 3D
IIeYaTH ITPOUCXOAUT CBePXOBICTPHIN HarpeB JTOKaJIb-
HBIX 0671aCTeH, a 3aTeM HepaBHOMEepHOe OXJIaskIeHHe
CILIaBJ/ISIEMBIX CJIOEB. DTO IPUBOSHUT K 06pa30BaHUIO
HePaBHOBECHBIX JUCIEPCHBIX CTPYKTYp. CTabuansa-
LU 3THX CTPYKTYP, a TAKKe ONTHMH3ALUSI TeXHOTIO-
THYecKOro Ipolecca, B TOM YHC/Ie aleKBaTHBIN II0/-
60p 3HepreTH4YeCcKHX IApaMeTPOB Jia3epa, SBISIEeTCS
OCHOBOH /s TIONyueHHU s be3medeKTHOro MaTepraia
C BBICOKUMHU MeXaHHYeCKHMH XapaKTepUCTHKAMHU.
Jlist Toro 4Tobsl ompenenuTh Haubonee 3dpdeKTHB-
Hble CII0COOBI ONTHMM3AIUH, HEOOXOOUMO HMeTh
SICHOe Ipe/ICTaB/IeHHe O IIPOIieccax, IIPOUCXOASIIHUX
"BHYTpPH" MaTepHaJa KaK B Xo[e CHHTe3a, TaK U IpHU
[IOC/IeAYIOMUX TepMooOpaboTKax.

BHYTPEHHAA APXUTEKTYPA MATEPUAJIA
M EE KOHTPO/JIb
DBOMIOLMS CTPYKTYPHBIX 3/IeMEeHTOB KaK Ha MHUKPO-,
TaK M Ha HAHO- yPOBHe MMeeT P/l 3aKOHOMePHOCTek.
Hampumep, cTpykrypa s Bcex CJIC-maTepuasios
MMeeT oOIpefleleHHYI0 MacmTabHyo Kilaccudu-
Kaluio. BaHHa pacmnaBa (pOHT KpHUCTaIH3a-
LIMK) — BBISIBJSETCS MeTasllorpaduyecku, ee KpH-
BHM3Ha M I71ybMHA 3aBHCAT OT TeIIOOTBOAA, T.e.
HaIpsIMYyIO CBSI3aHBI C KOJIMYECTBOM 3aKauHBaeMOK
SHepruu. Ha rpaHmuue GpoHTa PacTyT cToab4aTele
KPHCTAJIIBl, KOTOpBle TPYIIIUPYIOTCSI B TaK Ha3blBa-
eMble pparMeHTHl. BHYTpU dparmMeHTa BCe CTOOLIBL
OfHOHAIlpaBjeHbl. B MacmTabe ofHOro dparmMeHTa
B IIOIIePeYHOM CeYeHHH CTPYKTYypPa UMeeT SUeHCThIk
BUJ, (puc.3). PasMep M PaBHOOCHOCTDb sideeK TaKyke
3aBHUCHUT OT JHEPreTH4YeCcKOro BO3JEeHCTBHS Jasepa
B xoge CJIC.

DHepreTHdeckHe IapaMeTpsl ja3epa Hapsay
C TUIIOM LITPHUXOBKM OKa3bIBAIOT BIMSHHeE Ha pac-
npefiesieHHe HallpsiKeHHUH, BOSHUKAIOIUX BO BPeMs
CIleKaHHS MaTepHaja, KOTOpPoe MOKHO OLIeHMThb
[0 TeKCType, T.e. B3aMMHON OpPHeHTHPOBKe dpar-
MeHTOB [/, 8]. IIpuMeHeHHe IIOC/IeAyIOIIeH TepMoO-
06paboTku Takke H3MeHSeT TeKCTYPHOe COCTOSI-
HHe MaTepuana. Creljda/lbHble METOABI H3y4deHHSs
KPUCTA/UIMUYeCKUX MaTepHayioB, K KOTOPBIM TaKyke
OTHOCSITCSI MeTaJjlIbl, IO3BOJISIIOT OINHKCAaTh HM3MeHe-
HUS COCTOSIHUS MaTepHasa IIPYU Pa3TUYHBIX BO3JeH-
CTBHUSIX J1a3epHOro jy4a. IIIMpoKo U3BeCTHBIK MeTO[,
PeHTTeHOCTPYKTypHOro aHanusa (PCA) mosBoisieT
OLleHUTh Ipeobsafalollylo OpHeHTalHIo 6JI0KOB,
13 KOTOPBIX COCTOMT MaTepHas Iocje CIIaBAeHHSs
IyTeM IIOCTPOeHHS pacIipefie/leHHsI OpHeHTalUi
B o6beMe KpHUCTasta (moatocHele QUTYPE). MeTon
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@POHT KpUCTaNAM3aLnm
Crystallization front

NasepHbili nyy
Laser beam

TpaeKTopuns ABMXEHNS
nasepHoro nyya
Laser beam trajectory

OcHoBHOe
HanpasneHue
Tenno00TBoAA
Main direction
of heat
dissipation

Puc.2. Cxema npouecca C/1C [6] u u3o6paxkeHue 8aHH
pacnaasa
Fig. 2. Scheme of the SLS process [6] and molten pools

beam 50 pm in diameter occurred. In addition to the
original powder, the quality of the resulting material
is influenced by the laser beam scanning path.
Depending on the geometry of the final product and
the properties of the source material, several types
of ruling are used: simple lined (solid unidirectional
ruling), discrete diagonal (ruling by separate areas,
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oIubpakurK OOpaTHOOTPaskKeHHBIX 3IEKTPOHOB
(EBSD - "electron back scattered diffraction) mosso-
JsieT BM3YaJIM3HUPOBATh OTHOCHUTE/IBHOE PaCIIOIONKe-
HHe 3JIeMEeHTOB CTPYKTYPhl IIPH IIOMOIIH IIBETOKO-
oUpoBKHU. [Ipubar>keHHe K ONHOMY M3 TPeX YHCTHIX
LIBETOB (KpPacHOMY, CHHeMY MJH 3e/leHOMY) Ha H30-
bpaskeHHM COOTBETCTBYET Pa3BOPOTaM K OCHOBHBIM
HaIlpaBJeHUSIM KPHUCTAIMYECKON PelleTKU OTAe/Nb
HBIX 6710K0B MaTepuaia (puc.4). CoueTas 5STU METOABI,
MOSKHO ITOJIYyYMTh IIOJIHYIO UHPOPMALIHIO O KPUCTA-
norpaduUeckrux Pa3soOpUeHTHUPOBKAaX B MaTepHalle
U OLIeHUTb COBEPIIEHCTBO CTPYKTYPHL (HO/IsI OLHOHA-
IIpaB/IeHHBIX parMeHTOB, KOJIMYECTBO BHOBb 3apo-
IOUBIIKXCS 3€PeH, A0/l TPAHULL MeKIy 6I0KRaMHu).

Eie 6osee meTanabHbIe KCCIeLOBAHUS 3JIEMEHTOB
CTPYKTYPEI, TaKHe KaK JIOKaJbHAsl B3aMMHasl OPH-
eHTauusl GparMeHTOB, COCTOSIIIUX H3 CTONOYATHIX
KPUCTAJIJIOB, IOTPAaHHUYHBIE 30HBI, BHUABL 06pasyo-
muxcda ¢as, a TakXKe pacnpefeeHHe XMMUUYECKUX
3JIeMeHTOB B ob6beMe CTOIOUYATBIX MHUKPOKPHCTAN-
70B (si4eeK), IIPOBOISTCS C IPHMeHeHHeM BBICOKO-
pa3pellaloIUX MeETOAOB IPOCBEYHBAIOMIEN 3JeK-
TPOHHON MuKpockonuu (II9M). MeTop ¢ ycrexom
3apeKOMeH[I0Bal cebs sl pelleHUs 3anad, CBS-
3aHHBIX C HM3y4YeHHeM HAHOPa3MepHBIX 00BeKTOB
Y [103BOJISIeT U3y4aTh CTPYKTY Py MaTepUajIOB BIIJIOTh
I0 aTOMHOro ypoBHS (puc.5b). SIBneHHe AUOPAKIINU
1 MHTepdepeHIMH 3JIeKTPOHOB KaK OCHOBA MeToza
[I9M pmaeT BO3MOKHOCTH IIONy4aTh H3006paskeHHUS
3/IeMEHTOB KPHUCTA/JINYeCKOM CTPYKTYpPhl B CBepXx-
BBICOKOM paspentenud (no 14). Tak Hanpumep, meTo-
gmamu II9M ymanoch YCTAaHOBHTh, YTO T'PaHHUIIBI
CTONOYATHIX KPHCTAJIJIOB BHYTPHU QpParMeHTOB KO-
PUPOBAHBI KapOUAHBIMH IIPOCIOMKAMHU U OTHENb-
HBIMHU BKJIIOUYEHHSMU [IOMNOJHUTENbHBIX 3JIeMeH-
ToB. IlomobHEle 06pa3oBaHUSI Ha TPAaHHULAX sSUYeeK
CAep>KHUBAIOT TedeHHe MaTepHaja IIOf Harpy3KoH,
yBeIHYHBas 3KCIJIyaTallMOHHBIE BO3MOXHOCTH
MaTepuana. [Ipu 3TOM B OTIMYHe OT MaKpoOIOKOB,
HabmomaeMbIX BbIIIe, BUAMMAasi KpHUCTa/Lorpadu-
YecKas Pa3sopUeHTHPOBKA CYOMHKPOHHBIX sdeeK
OTCYTCTBYyeT (pHC.5a).

[IppMeHeHHe PeHTIeHOCIeKTPaJbHOT0 MHUKPO-
aHaJIM3a COBMECTHO C IOJyueHHeM H300paskeHUH
CTPYKTYpel B IIOM II03BOJIHJIO YCTAaHOBHUTH, UTO
B 0b6beMe CTO/6YATOr0 KPUCTAIUTA IIPUCYTCTBYIOT
MUHKPOHEOLHOPOAHOCTH I10 OCHOBHBIM JIETUPYIOIIUM
37IeMeHTaM CIlJIaBa. [paHUIIA siyeek oboramieHa xpo-
MOM, THUTAaHOM, BoJbHpPaMOM U MONHUOIEHOM, KOTO-
PBle BXOISIT B COCTAaB OCHOBHBIX KapOUI0B, a B 06BbeMe
s;ueeK HabIomaeTcs HEOLHOPOLHOE paclipefie/ieHHe
ATIOMUHHMS, KaK Haubosee IIOABUIKHOIO 3JIeMeHTa
Cpeny mepevyrcIeHHbIX (PUC.6).
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b)

Puc.3. Mepapxus cmpykmypbl cnaaed, noAy4eHH020 No MexHo-
nozuu CJ1C: a) pazopueHmupo8aHHble ppazmeHmsl; b) 0dHo-
HanpaeneHHble cmoAbyameole Kpucmanabl (a4eliku) 8Hympu
¢pazmenmos

Fig. 3. Hierarchy of the alloy structure obtained using the

SLS technology: a) disoriented fragments; b) unidirectional
columnar crystals (cells) inside the fragments

the direction of tracks is the same) and unloading
(checkered) ruling, "meanders". The sintering of the
powder material takes place in the form of a track
(tracks) having the form of a semicircle in the plane
perpendicular to the construction plane, which is the
crystallization front or the molten pool (Fig. 2).

As the sample is formed by the 3D printing
method, ultra-rapid heating of local regions occurs,
followed by uneven cooling of the fused layers. This
leads to the formation of non-equilibrium disperse
structures. Stabilization of these structures, as
well as optimization of the technological process,
including an adequate selection of the laser energy
parameters, is the basis for obtaining a defect-free
material with high mechanical characteristics. In
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3BOJIIOUNA CTPYKTVYPbI

B MPOLLECCE CJI1C

N NOC/IEAYIOLWEIO
OTXXUTA

ToBOpst 0 CTPYKTypoobpa3oBaHUU
MaTepHajoB, YIPOUYHSIEMBIX JHC-
[IepCHBIMU  HepPaBHOBECHBIMH
JacTHLlaMKU  y'-a3el  TaKOIo
CraBa, Kak HanmpuMep JKC6K-BH,
Hejb3s He OCTAHOBHUThCS Ha 0CO-
beHHOCTSIX (a30BBHIX IIpeBpalle-
HUU HeNoCpeJCTBEHHO B Xoze
IIOCJIOMHOI'0 CUHTe3a C XapaKTep-
HBIMH HarpeBaMH IIPHJIEKALIHX
K 30He BO3[IeHCTBHS JIa3epa CJI0eB,
a TaKKe I0CjIe MoC/IeyIolleH Tep-
Moobpabortku [9-11]. B xozme uccie-
IIOBAaHMUM, IPOBeIeHHBIX METOZOM
[I9M Ha obpaslax, M0JyYeHHBIX
npu pasnuuHbeiX pexkumax CJIC,
yAanoch OOHAPY>KUTh OYeHb [IHC-
IepCHBIN pacmaj C BblAe/TeHHEeM
y'-¢as3el. Ee pasmep HeCKOJIBKO BaphbUPYyeTCs B 3aBU-

PacyeT
OpPUEHTUPOBOK

PacyeT rpaHuy,

L|BETOKOANPOBKA
OPUEHTMPOBOK

Puc.4. KapmuHbl du@ppakuuu 06pamHoompa)eHHbix 3AeKmMpoHo8
Fig. 4. Diffraction patterns of backscattered electrons

order to determine the most effective optimization

cuMocTd oT pexkuma CJIC, a Takke HepaBHOMe-
PeH 110 06beMy SUEeHKH, YTO [OATBEPKIAeT JaHHbIe
PeHTTeHOCIIeKTPa/IbHOTO MUKPOAaHAIHU3a.

methods, it is necessary to have a clear idea of the
processes that take place "inside" the material, both
during synthesis and subsequent heat treatments.

KapbuaHblie
npocnonKku Ti

Puc.5. M306pa>keHue 3nemeHmMo8 Kpucmanau4eckoli Cmpykmypel: a) 2paHuLbl CMoA64amblx KpUCMAnn0s 8 NONepevHoOM ceveHuU
(aueliku); b) npsmoe paspeleHue Kpucmaaaudeckoll pewemku mampuubl, y'-¢asbl u Kap6udHoll npocaoliku

Fig. 5. Image of the crystal structure elements: a) boundaries of columnar crystals in cross section (cells); b) direct resolution of
the crystal lattice of the matrix, y'-phase and carbide interlayer

b)

PHOTONICS N24/64/2017 a1
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JUIst TUTeRHBIX >KapompouHblx HUKeneBblx cruia- || MATERIAL INTERNAL ARCHITECTURE

BOB, BoobOmle roBops, mpuHsito npumeHsits TepMmu- || AND ITS CONTROL

4yecKyo 06paboTKy (OT>KHMTI). ITo ompaBmaHo TeM, uTo || Theevolution of structural elements on both micro-and
CHCTeMa HaXOJUTCSI B HEePaBHOBECHOM COCTOSSHMH || nano-level has a number of regularities. For example,
(T.e. pacman c BeleNeHHUEeM yIpouHsiomen ¢assl mpo- | the structure for all SLS materials has a certain scale
e He 0 KOHIA, U CYLIECTBYeT BepPOSTHOCTb TOTO,
YTO 3TO IIPOM30MJET B IIPOLiecce SKCIUIYaTaLMH). JTO
BeCbMa HeXKeJIaTe/IbHO, IIOCKOJIIBKY MOXKeT IIPHBECTH
K HEeKOHTPOTHPYeMOMY H3MeHEHHIO CBOHCTB Mare-
puasa. [Ipy IpOBeJeHHH CTAaHIAPTHOHM TepMoobpa-
60TKM MaTepHasa, MonydeHHoro 1o TexHonoruu CJIC,
OKa3aJI0Ch, YTO CTPYKTypa, a UMeHHO y'-dasa, HMeeT
HEOIZHOPOIHBIM XapaKTep BbIJe/eHHS U HecOBepIIeH-
HYI0 $opmy. ITO TOBOPHUT O TOM, UTO TeMIIEPATyphl
IoJIHOro pactBopeHus: y-¢assl ang CJIC-MaTepHana
M KJIACCHYeCKOTrO >KapOIIPOYHOrO CIIaBa Pa3/IHUHBI.
Jl71sl yCTAaHOBJIEHUSI TeMIIePaTyp PAaCTBOPEHHUS U BbIfle-
neHus ¢as, APYTMMHU CJI0OBAMH TeMIIepaTryp ¢pa3oBbIX
IIpeBpallleHUH, 6blT IIpoBefeH IUbPepeHIIHNATBHO-
TepMHUYeCKUHM aHa/lIMW3. Bblla yCTaHOBJIEHAa TeMIIe-
paTypa IIOJTHOTO PacTBOpeHHs (a3bl U TeMIIepaTypa
Haya/a IUIaB/lIeHHs CIUIaBa. TemepaTypa TepMHue-
CKOHM 06paboTKU II0 peXHUMy BbIOpaHa M3 HMHTepBala
MeXAy STHMH [BYMsI 3HaueHHSIMHU TeMIIepaTyp.
OHa HeCKOJIBKO OT/IMYaeTCsI OT CTAHAAPTHOM TeMIlepa-
TYPBI KJIACCHYECKOr0 CIIABA, YTO II03BOJISIET MOJIYYUTh
TOMOTeHHYI0 CTPyKTypy CJIC-MaTepHaa, comepsKallyo
KybouIHYIO Y'-da3y 6e3 BUAHMMBIX IIPOIECCOB KOATYIs-
1uu (06beAUHEHHU S YacTUL] MeXXy cobor) (puc.7).

STEM BF

"3AJIEMUBAHUNE" HECOBEPLUEHCTB MNOCJIE
CNHTE3A
B xome TepMo06paboTKHU siueMCTasi CTPYKTypa Ipe-
obpasyeTcsi B OIHOPOAHYIO y/Y'-CTPYKTypy, HO XapaK-
Tep PpaclIpejeneHUsi KapbumoB MoBTOpsieT Gopmy
HCXOIHBIX sueek, 06pa3sys peryaspHyo 'KapKacHyo"
CTPYKTypy. TakuM 06pa3oM, CeTKH H3 TUCIIEPCHBIX
KapbUI0B B OCHOBHOM OKPYIJION GOPMBI COBMECTHO
C YaCTHULIAMH y'-pa3bl 06pa3yl0T YHHUKAIBHYIO CTPYK-
TYpy, KOTOpasi IIpH BBICOKOM ITPOYHOCTH HMeeT Bce
OCHOBAHHSI OCTaBaThCSI BeCbMa IIACTUYHOM.

KoMIleKC HCCIefOBAaHUI, OIKCAHHBIN BBILIE,
IIPUMEHSUICS K 06pasliaM, CHHTe3HPOBAaHHBIM C IIPH-
MeHeHHeM pa3/IUYHBIX [IapaMeTpoB Jla3epa. B urtore
yAanoCch YCTAaHOBHUTB, YTO C YMeHBIIEHHEM KOIH-
YecTBa 3aKaUMBAaeMOM B MaTepHasl SHEPrUH U IpHU b)
IIpUMEeHEeHHUH MaKCHMaJIbHO Pa3rpy30UHBIX THIIOB
MITPUXOBKH yMEHbIIAETCS 06BeMHAs JIONS TPemuH | PUC.6. PeHM2eHOCNeKMpanbHbIl MUKpOaHAAU3: a) u306pa-
B MaTepuaje, OHH CTAaHOBSTCS yxe. Kpome Toro, | “KEHUESHEUCTIOU CMPyKMYpbl; b)VKapma pacnpedenenus
OTMeUeH TOT aKT, YTO B XOE OTKUIA YACTh TPEIUH | oo 08 66AU3U ZpaKUL sueuku

Fig. 6. X-ray spectral microanalysis: a) image of cellular

3aTATUBACTCA, C1eAys AUQOYSHMOHHBIM 3aKOHAM, | cryre: b) distribution map of elements near the cell
a yBe/IM4eHHe BPeMEeHH OTXHIa MHTeHCUQUIUDYET | houndary
3TOT Iporiecc (puc.8).
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classification. The molten pool (crystallization front) is
detected metallographically, its curvature and depth
depend on the heat sink, i.e., directly related to the
amount of energy injected. The columnar crystals grow
on the front border, which are grouped in so-called
fragments. Within the fragment, all columns are
unidirectional. To scale of one fragment in the cross
section, the structure is cellular (Fig. 3). The size and
the equiaxity of the cells also depend on the energy
impact of the laser during the SLS.

The energy parameters of the laser, along with
the type of ruling, affect the distribution of stresses
arising during the sintering of the material, which
can be estimated by texture, i.e., mutual orientation of
fragments [7, 8]. The use of subsequent heat treatment
also changes the material texture condition. Special
methods for studying crystalline materials, which also
include metals, allow us to describe the changes in the
state of a material under various laser beam effects. The
widely known method of X-ray structural analysis (X-ray
diffraction method) makes it possible to evaluate the
prevailing orientation of the blocks, constituting the
material after sintering by constructing the orientation
distribution in the crystal volume (pole figures). The
method of electron back scattered diffraction (EBSD),
allows us to visualize the relative arrangement of
structural elements by means of color coding. Approach
to one of the three pure colors (red, blue or green) in the
image corresponds to the turns to the main directions
of the crystal lattice of individual material blocks (Fig. 4).
By combining these methods, one can obtain complete
information about the crystallographic misorientations
in the material and assess the perfection of the structure
(the fraction of unidirectional fragments, the number
of newly born grains, and the fraction of boundaries
between the blocks).

Even more detailed studies of structural elements,
such as local mutual orientation of fragments
consisting of columnar crystals, boundary zones, types
of phases formed, and the distribution of chemical
elementsin the volume of columnar microcrystals (cells)
are carried out using high-resolution transmission
electron microscopy (TEM). The method has successfully
proved itself for solving problems related to the study of
nanoscale objects, and allows us to study the structure
of materials down to the atomic level (Fig. 5b). The
phenomenon of diffraction and electron interference,
as the basis of the TEM method, makes it possible to
obtain images of the elements of the crystal structure
in ultrahigh resolution (up to 1 A). For example, using
TEM methods, it was possible to establish that the

Puc.7. Mopgonozus y'-¢paswi: a) e cocmosHuu nocae CJ1C; b)
HEONMUMU3UPOBAHHBIL pexxuM mepmu4eckol 06pabomku; c)
oNMUMU3UPOBAHHBIL pexxum

Fig. 7. Morphology of y'-phase: a) after SLS; b) non-optimized
mode of heat treatment; c) optimized mode boundaries of columnar crystals inside the fragments
are decorated with carbide interlayers and separate
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3AKJ/TIOMEHUE

Pe3sloMHpys BCe BbIIIeCKa3aHHOE, MOXKHO CIe/aTh

CJle[ly IOl Ke BEIBOZBL:

* pis CJIC-maTepHraja XapaKTepHa SYerCcTas CTPyK-
Typa, SUeMKaMH SBJISIOTCS IOIlepeYHble CedeHH s
CTOI6YATBIX KPUCTAJI/IOB;

e IIPH OTCYTCTBHH Pa30pHeHTHUPOBOK MeXXIy siuer-
KaMH BHYTpU QparmMeHTOB IpaHHULIAMU CTOn64a-
TBIX KPHUCTAJIJIOB SIBJISIIOTCS 00pa3oBaHMs, Cofiep-
Kalxe KapOupl IIPeHMYIIeCTBEHHO Ha OCHOBe
Ti, UHTepMeTa/IUAHBIe Pa3bl, B COCTAB KOTOPBIX
BxoasT Cr u Al, a Tak>Ke JUC/IOKALMOHHBIE CKO-
IIJIeHU s BOIM3U BKIIIOUeHU;

e MarepHally C HaWMeHbIIeH OO6BeMHOM [oJed
TPelMH COOTBeTCTBYeT CTPYKTypa C PaBHOOC-
HOM A4eMKOM, pa3MepoM MeHee MHUKPOHaA, Ipa-
HHIIa KOTOPO OIpefe/ieHa JUCIePCHBIMU BKJIIO-
YeHUSIMHU KapOUOHBIX U HHTepMeTa lIMAHBIX
da3. B obbeMe TakoM SUEMKH HEOAHOPOIHOCTH

b)

Puc.8. "3aneuusaHue" mpeuuH 8 npouecce 8akyymHol mep-
mMuyeckoll 06pabomku: a) 44; b) 8u

Fig. 8. "Healing" of cracks in the process of vacuum heat
treatment:a)4 h; b) 8 h
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inclusions of additional elements. Such formations on
the boundaries of cells restrain the flow of material
under load, increasing the operational capabilities of
the material. Furthermore, unlike the macroblocks
observed above, there is no visible crystallographic
misorientation of submicron cells (Fig. 5a).

The use of Xray spectral microanalysis together
with obtaining TEM images of the structure allowed
us to establish that microheterogeneity of major
alloying elements of the alloy are found within the
scope of the columnar crystallites. The cell boundary
is enriched in chromium, titanium, tungsten and
molybdenum, which are part of the main carbides,
and the heterogeneous distribution of aluminum is
observed in the cell volume as the most mobile element
among the listed ones (Fig. 6).

EVOLUTION OF THE STRUCTURE

IN THE PROCESS OF SLS AND SUBSEQUENT
ANNEALING

Talking about structure formation of the materials,
hardened by dispersed non-equilibrium particles of
y-phase of such alloy, as ZhS6K-VI, one cannot help
but mention the features of phase transformations
directly in the course of layer-by-layer synthesis with
characteristic heating of the layers adjacent to the
laser impact zone and also after the subsequent heat
treatment [9-11]. In the course of the studies carried
out by TEM method, very dispersed decomposition
with the isolation of y-phase was observed on the
samples obtained under various SLS modes. Its size
varies somewhat depending on the SLS mode, and also
uneven in the volume of the cell, which confirms the
data of X-ray spectral microanalysis.

In general, it is customary to use heat treatment
(annealing) for foundry heat-resistant nickel alloys.
This is justified by the fact that the system is non-
equilibrium (i.e., the decomposition with the
release of the strengthening phase has not been
completed, and it is likely that this will happen
during operation, which is highly undesirable, since
it can lead to an uncontrolled change in material
properties). By applying the standard heat treatment
to the material obtained using the SLS technology,
it turned out that the structure, namely y'-phase,
has an inhomogeneous character of isolation and
imperfect shape. This indicates that the temperatures
of complete dissolution of y-phase for the SLS material
and classical heatresistant alloy are different. To
determine the temperature of phase dissolution and
isolation, or temperatures of phase transitions in other
words, differential-thermal analysis was conducted.
The temperature of complete dissolution phase and
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o y'-obpasyromum 31emeHTaM Ti u Al - munu- || alloy melting start temperature was established. The
MaJIBHBI, pacipeneneHue 4yacTul y'-dasel B 06b- || heat treatment according to the mode was chosen
eMe OJJHOPOZHO; based on the interval between these two temperatures,

e pans crabunau3anMu CTPYKTYpsl skapompouHblx || and differs somewhat from the standard temperature
HUKeJIeBBIX CIIZIaBoB, monydeHHBIX 1o CJIC- || of the classical alloy and makes it possible to obtain a
TeXHOJIOTUM, HeobxomuMa TepMHuuecKasi obpa- || homogeneous structure of the SLS material containing
6oTka, KoTOpasi NpoU3BOAMTCS B obmactu Tem- || cuboidaly’-phase without visible coagulation processes
ImepaTyp TOMOreHH3alMH cI1aBa (oTKur). || (particle aggregation) (Fig. 7).

OcobenHocTbio CJIC MaTepHaa SBISETCS TO, YTO
Ipu 3TOM coxpaHsiercsi ucxopHas kapbupuas || "HEALING" IMPERFECTIONS AFTER

CTPYKTypa, KoTopasi Xxapakrepusyercs oTHocu- || SYNTHESIS

TeIbHO PaBHOMEPHBIM pacmpefeneHueM Men- || During heat treatment, the cellular structure is
KOIHUCIIEPCHBIX YacTHUL, B obbeme Marepuana. || transformed into a homogeneous y/y™-structure, but
B pesynbraTe 4acTHIBl KapbumoB mpu Tepmoo6- || the nature of the carbide distribution repeats the
paboTke CTaHOBSITCS IOAJIOKKOM s ¢opmupo- || shape of the original cells, forming a regular "skeleton"
BaHMS YaCTHUIL YIIPOUHsIOMmMeH y'-dasel, co3ma- || structure. Thus, meshes of dispersed carbides of

Basi OPUTHMHAJIBHYIO BHYTPeHHIOI apxuUTeKkTypy || basically round shape together with y-phase particles
CII/IaBa, KOTOpasi, B CBOIO o4epenb, OIlpefesnseT form a unique structure, which, while possessing

YVHHKQJIBHBIN KOMIIIEKC CBOMCTB CHHTe3upoBaH- || high strength, has all the grounds to remain highly

HOro MaTepHasa. Kpome Toro, momonHuTenpHBIM || plastic.

3pderToM GUHAIBHOrO OTSKUIA MaTepHaa sBIIs- Complex studies described above, were applied

eTcs nuddysnoHHoe "3anmeumBaHMe’ YacTH Tpe- || to the samples synthesized using different laser

IIVH; parameters. As a result, it was possible to establish that
e ocoboe BHMMaHMe IIPH ONTHMH3aLuM 3Hepre- || with a decrease in the amount of energy pumped into

THUYeCKHX IIapaMeTpoB Ja3epa Heobxomumo || thematerial and when using the mostunloading types
obpaTuTh Ha Koppensinuo Mexay KonudectBoM || of ruling, the volume fraction of cracks in the material
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MoJBeleHHON K MaTepHaly SHEPruH, KPpHUCTAJ-
norpaduyecKor TeKCTYPOH, HOJIer BBICOKOYIJIO-
BBIX [PAaHHUI] U yJelTbHBIM KOJIHUYECTBOM TPelluH
B MaTepuase. YeM 6osbllle MOABeEeHO SHEPTUH,
TeM BbIIIe TepMHUYecKHe HaINpsSKeHHs, KOTO-
phble pelakCHPYIOT IyTeM 06pa3oBaHHUs TPeLIUH,
U ocTpee KpHCTajaorpadpuueckas TeKCTypa.
TakuM obpa3oM, TeKCTypHOe COCTOSIHHE MaTe-
pHasia SBISETCS. CTPYKTYPHO UyBCTBHUTEIbHBIM
[IapaMeTpoOM /JIsl OLleHKH TPeIluHOCTOMKOCTH
MaTepHana.
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decreases, they become narrower. Furthermore, it was
noted that during the annealing, a part of the cracks is
tightened following diffusion laws, and the increase in
the annealing time intensifies this process (Fig. 8).

CONCLUSION
Summarizing all of the above, we can draw the
following conclusions:

SLS material is characterized by the cellular
structure, the cells are the cross sections of
columnar crystals,

in the absence of misorientations between the cells
within the fragments, the boundaries of columnar
crystals are formations containing carbides
predominantly based on Ti, intermetallide phases,
which include Cr and Al, as well as dislocation
clusters in the vicinity of inclusions,

the material with the least volume fraction of
cracks corresponds to a structure with an equiaxial
cell less than a micron in size, the boundary of
which is determined by the dispersed inclusions
of carbide and intermetallic phases. In the volume
of such a cell, the inhomogeneities with respect
to y-forming elements of Ti and Al are minimal,
the distribution of the particles of y'-phase in the
volume is homogeneous,

to stabilize the structure of high-temperature
nickel alloys obtained by the SLS technology,
heat treatment is required which is performed
in the area of alloy homogenization temperatures
(annealing). The peculiarity of the SLS material is
that at the same time the original carbide structure
is kept, which is characterized by a relatively even
distribution of fine particles in the material volume.
As a result, carbide particles, when heat treated,
become a substrate for the formation of particles of
hardening y'-phase, creating an original internal
architecture of the alloy, which in turn determines
the unique complex of properties of the synthesized
material. Furthermore, the additional effect of the
final annealing of the material is the diffusion
"healing" of a part of cracks,

special attention in optimizing the laser energy
parameters should be paid to the correlation
between the amount of the energy supplied into
the material, crystallographic texture, high-angle
boundaries and the specific number of cracks in the
material. The more energy is supplied, the higher
are the thermal stresses, relaxed by the formation
of cracks, and the sharper is the crystallographic
texture. Thus, the texture condition of the material
is a structurally sensitive parameter for assessing
the fracture toughness of the material.



