DOI:10.22184/1993-7296.FR0s.2022.16.6.436.452

OnbIT NpUMeHeHuUus
Nna3epHbiX

M aAAUTUBHDbIX
T@XHOJIOrMM

ANA U3roToBJieHUS
3/1eMeHTOB
COBpeMEeHHbIX
NPOMbILLJIEHHbIX
rasoTypbuHHbLbIX
YCTAaHOBOK

E.B.3emaskos!, H.P. Aabimos’, A. M. Buasbdaros',

K. [J.Babkun!, C.10. HgaHos', H.T. Kucaos', 1. C. Tapacos?,

A.C.Mamaes?, A. A. HsaHoscKuii?

! UHCcmumym Ad3epHblX U CBAPOUHBLX MeXHOA02UL
Cankm-Ilemepbypacko20 20cydapcmeeHHO20 MOPCKO20
mexHu4ecko20 yrugepcumema (MJIMCT CII6TMTY),
Cankm-Tlemepbype, Poccus

2 AO «Cunosble mawuHb», Cankm-Ilemepbype, Poccus

[nsa o6ecnevyeHUss KOHKYPEHTOCNOCO6HOCTU
BbICOKOTEXHOJIOrMYHbIX MPOU3BOACTB
TpebyeTcs BHefpeHMe HOBbIX TEXHOJIOrUM
06paboTku maTepuanos. Ha npumepe
M3roToBJIEHUS ra30C60pHUKA KaMepbl CropaHus
rasoTyp6uMHHOM yCcTaHOBKU TD-65.1 nokasaHbl
TexHonorm4yeckue BO3MOXKHOCTU COBPEMEHHbIX
NasepHbIX U aAAUTUBHBIX TEXHONOrMMA. ONucaHbl
OCHOBHbIe CTaAUW NOAFOTOBKU K U3rOTOBJIEHUIO
BbICOKOTOYHbIX 3aroTOBOK MeTO4,0M NPSMOro
lazepHOro BblpalLMBAHUS U3 XXapONpoO4YHOro
HUKeNeBOro cnjaBa U HepXaBelowen cTanum

M ux nocnegytouien o6pabotku. NpusepeHnl
pesynbTaTbl MeTassiorpapuyeckmx
ucciefoBaHUM, MeXaHUYeCKMX UCMbITAaHUN

M KOHTPO/A reoMeTpuu, NoATBepXaatoLme
BbICOKU YPOBEHb KayecTBa nosly4yaemMbix
usgenui. MpoaeMOHCTPMpOBaHa BO3MOXHOCTb
KOM6MHALUM aaaAUTUBHbBIX TEXHOI0TUN,
TEeXHO/I0r M J1a3epHOM CBApKU U pe3Ku

M TEXHOJIOTUM TEPMUYECKOMN, MeXaHN4eckomn

M 3/1eKTPO3PO3MOHHOM 06paboTKu Npu
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To ensure the competitiveness of high-

tech industries, the introduction of new
technologies of materials processing is
required. The technological capabilities of
advanced laser and additive technologies are
shown by the example of manufacturing the
gas collector of the combustion chamber of
the GTE-65.1 gas turbine unit. The main stages
of preparation for the production of high-
precision blanks by direct laser deposition
from heat-resistant nickel alloy and stainless
steel, and their subsequent processing are
described. The results of metallographic
studies, mechanical tests and geometry control
are presented, confirming the high level of
quality of the products obtained. The article
demonstrates possibility of combining additive
technologies, laser welding and cutting
technologies, and technologies of thermal,
mechanical and electroerosion processing

in the manufacture of technically complex
assemblies and parts.
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M3roTOBJIEHUU TEXHMUYECKMN C/IOXHbIX Y3/10B
n peTtanen.
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1. BBEAEHWUE

Cpeny Ja3epHBIX TeXHOJIOTHM 060paboTku Marte-
pUIOB 0C000 BBIIESIOTCS TEXHOJNOTHHU J1a3epPHOM
CBapKU U POACTBEHHBIE TEXHOJIOTHH - TeXHOJIOTUU
Ja3epHOM pe3KH, HAIUIaBKU U TepMOYIIPOUHEHHS.
BbICOKas IUIOTHOCTb 3HEPTUU B 30HE JIa3epPHOr0 BO3-
IericTBHUS obecriedMBaeT BBICOKHE CKOPOCTH CBAapKHU
M HH3KOe TeIUIOBJIOKeHHe B MaTepHalIbl CBapHBa-
eMBIX JleTaJIeH II0 CPaBHEHUIO C TPALULIMOHHBIMHU
CBAPOYHBIMU TEXHOJIOTHSIMU. BO3MOXHOCTH MUHHU-
MU3HUPOBATh TEIUIOBIOKeHHEe 0COOEHHO BaskHA IIPHU
CBapKe CJIOKHOJIETHPOBAHHBIX CYIIepPCILIABOB, CKJIOH-
HBIX K 00pa30BaHUIO TPeLIHUH IIpU CBapKe [1].

B obnactu TexHOMOrui 06paboTKH MaTepHUaIoOB
OTHe/JIbHBIM K/IACCOM BBIIEAAIOTCS aJJUTHBHEBIE Tex-
Hosnoruu (AT). Mx HNpHMeHeHHe B BBICOKOTEXHOJIO-
TUYHBIX OTPACISIX IIPOMBIIUIEHHOCTH PAaCcTeT BMeCTe
C pacliMpeHHeM TeXHOJIOTHYeCKHX BO3MOSKHOCTEH
AAIUTHBHBIX TeXHOJIOTUH. HallMOHaJMbHBIM CTaH-
napt Poccurickon ®emepanuu (TOCT P 57558-2017) (2]
TaK >Ke, KaK U CTAaHAAPTH MeXIYHapOOHOI opra-
HHU3aLUKU 110 CTAHAAPTHU3ALMU M aMepPUKAHCKOI0
obiecTBa HCIOBITAHHUN U MarepuanoB (ISO/ASTM
52900:2015) [2], onpenesnsieT ceMb TUIIOB aAIUTUBHBIX
TeXHOJIOTHYeCcKHUX IIpolleccoB. Hambonee pacmpo-
CTpPaHEeHHBIMH aAJUTHBHBIMH IIPOLleCCaMH IIOIydUe-
HUS MeTa/UIMYeCKHX 3ar0TOBOK SIBJISIIOTCS IIPOLIECCHI,
OCHOBaHHBIe Ha IIPSIMOM I1O/IBOJIe SHEPTUHU U II0JAUH
Matepuasna (directed energy deposition) u cuHTe3e
n3nenus Ha nomgnoxke (powder bed fusion).

PanyoHa/sipHOe McIoib3oBaHue AT obecreuu-
BaeT IOJy4eHHEe YHUKAIbHBIX SKCIUIYATAIIHMOHHBIX
M MaccorabapHUTHBIX XapaKTepHUCTHUK AeTajeH 3a cYeT
BHeJPeHUs HOBBIX MaTePHAIOB, TOIOJIOIUYeCKHU
ONTHUMHU3HPOBAHHBIX KOHCTPYKIHK, BO3MOXKHO-
CTU IIOJNy4YeHHUs] PaCUeTHBIX BHYTPEHHHUX CTPYKTYP
M KaHalnoB, obbeqUHEHHUS K YKpPYIHeHHs cbopod-
HBIX eJMHUI] KU yMEeHbIIeHUs YHC/Ia II0CTeIyINIHNX
CBapOYHBIX U COOPOUHBIX omepanuil [3]. TexHOIOrH-
YyeCcKHe BO3MOXKHOCTH AT II03BOJISIOT 3HAYUTEIbHO
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1. INTRODUCTION

Among the laser technologies of material process-
ing, the most prominent are laser welding tech-
nologies and related technologies, which include
laser cutting, cladding and thermal hardening
technologies. The high energy density in the
laser exposure zone ensures high welding speeds
and low heat input into the materials of the
parts being welded compared to traditional weld-
ing technologies. The ability to minimize heat
input is especially important when welding com-
plex alloyed superalloys prone to cracking during
welding [1].

In the field of materials processing technolo-
gies, additive technologies (AT) are distinguished
as a separate class. Their application in high-tech
industries is deposition along with the expan-
sion of technological capabilities of additive tech-
nologies. The National Standard of the Russian
Federation (GOST R 57558-2017) [2], as well as
the standards of the International Organization
for Standardization and the American Society for
Testing and Materials (ISO/ASTM 52900:2015) (2],
defines seven types of additive manufacturing pro-
cesses. The most common additive processes for
producing metal workpieces are processes based on
direct energy deposition and powder bed fusion.

Rational use of the AT ensures obtaining unique
operational and mass-dimensional characteristics
of parts due to the introduction of new materi-
als, topologically optimized structures, the pos-
sibility of obtaining calculated internal structures
and channels, combining and enlarging assembly
units and reducing the number of subsequent
welding and assembly operations [3]. The tech-
nological capabilities of the AT can significantly
reduce the material consumption of production, as
well as time costs, which is especially important
in the production of test samples and pilot runs.
At the same time, it should be noted that with the
help of additive methods, as a rule, high-precision
workpiece blanks are obtained that require a cer-
tain amount of subsequent processing. The most
effective technological processes for manufactur-
ing of technically complex and critical assemblies
and parts are based on a combination of additive
and traditional technological operations [4].

The main consumers of the AT, both in Russia
and around the world, are aviation and rocket
engine building, thermal and nuclear power
industries [5].

The article demonstrates the possibilities of
domestic laser technologies by the example of
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CHH3HUTh MaTePHAIOEMKOCTh IIPOM3BOJCTB, a TaKKe
BpeMeHHBbIe 3aTpaThl, YTO 0COOeHHO BasKHO IIPH IIPO-
M3BOJICTBE IIEPBBIX OOPA3I0OB M OIBITHBIX IAPTHH.
[Ipy 5TOM Heob6XOAMMO OTMETHUTh, UYTO C IIOMOIIBIO
AOJUTUBHBIX METONOB, KaK IIPaBHUJIO, II0JIy4YaloT
BBICOKOTOUHBIE 3arOTOBKH, TpebyloInue oIIpefeneH-
Horo obmeMa Iocienymomen obpaborku. Hambonee
3¢pdeKTHBHBIe TEeXHOJIOTMYeCKHe IIPOLIeCChl H3Iro-
TOBJIEHMSI TeXHUYECKH CJI0KHBIX M OTBETCTBEH-
HBIX Y37I0B K AeTaJIel CTPOSITCS Ha KOMOHHAIIMU
ANIUTHUBHBIX U TPAaJULMOHHBIX TeXHOJIOTHYEeCKHX
orepanui [4].

OcHoBHBIMU mnoTpebuTtensimu AT Kak B Poc-
CHH, TaK U BO BCeM MHpe SBJIAIOTCI aBHALIMOHHOE
U pakeTHOe JBHUraTe/leCTpoeHHe, TeIlJIoBas M aTOM-
Hasl SHepreTHkKa [5].

B craTtee IIpOAEMOHCTPHPOBAHBL BO3MOKHOCTH
OTedeCTBeHHBIX JIa3epPHBIX TeXHOJIOTUK Ha IIpHMepe
M3TOTOBJIEHUS Ta30c60pHUKA KaMephl CTOPAaHUS ra3o-
Typ6uHHON ycTaHOBKHU ['T3-65.1, pa3pabaTeiBaeMoM
B HacTtosInee BpemMs AO «CHJIOBBIe MALIMHEBEI» B KOO~
IepaLyy C BeAyIINMH HayYHO-UCCIe[0BaATeIbCKUMU
MHCTUTYTAMU U [IPeJIPUATUSIMU CTPAaHBI.

IIpx CO3MAHHM COBPEeMEHHBIX IIPOMBILIJIEHHBIX
rasoTypbuHHBIX ycTaHOBOK (I'TY) pa3paboTka manos-
MMCCHOHHOH KaMepbl CTOPaHMUS SIB/IsieTCsl HeobXomu-
MBIM YCJIOBHEM J/I51 BBIIIOJIHEHH A KaK HAllMOHAIbHBIX
TpebOBaHHI, TaK U TPeGOBAaHUN MeKIYHAPOAHBIX
CTAHJAPTOB [0 JOCTHM>X@HHIO 3KOJIOTMYECKHX XapaK-
Tepuctuk I'TY NO,<25 ppm. OOBIT BeAyIIUX MHPO-
BBIX KOMIIaHHUH-TIPOM3BOJMTe/lell 3HepPreTH4eckoro
obopynoBanus (CE, Siemens, Alstom, Mitsubishi
Y [p.) IOKa3ajJ, 4YTO MCIIOJb30BaHKeE TeXHOJIOTHH
CKUTaHUS 6eJHBIX, 3apaHee IlepeMeIlaHHbIX TOIIH-
BOBO3AYIIHBIX CMeCeH II03BOJIsleT CHU3HUTb yPOBHHU
smuccuu NO, 6osee ueM B fecsiTh pas. JKecTkue Tpe-
60BaHUS 10 YPOBHIO SMHCCHU NO, IIpUBeNIU K Heob-
XOOMMOCTH I1epexoja Ha Ma/IOSMHCCHOHHYIO TeXHO-
JIOTHUIO0 CKUTAHHS TOIUIMB.

Iinga xkameprl cropaHusg I['TY-65.1 mpuHSTa Tpa-
JULMOHHAA IS KaMep CropaHus CTallMOHaPHBIX
[TY cxeMa: Tpyb4yaTo-Ko/blleBasi KaMepa CTOpaHMUSs
C UIEeHTHYHBIMH, [IPOTUBOTOYHBIMHU KapPOBLIMHU TPY-
6aMH, TOpeloOUHBIMH YCTPOMCTBAMHM, KOpIycaMH
U ra3ocbopHHKaMH. KolH4ecTBO MHIHBH/IYaTBHBIX
ropenovYHbIX 6JI0KOB — 6 IIT. B KaMepe CropaHHs
peasn30BaH criocob obecrieyeHUsT HU3KOM 3MHUCCUHU
OKM(JIOB a30Ta 3a CYeT CKUTAHUS IIPeJBapUTEIbHO
IIOJTOTOBJIeHHON 6elHON TOIJIMBHO-BO3MYLIHOM
CMecCH.

PaccMaTpUBaeMBblil B CTaThe ra30COOPHUK KaMephl
CropaHusl IpeJHa3sHauveH [/ IIOoJAa4YM ITPOJYKTOB
CTOpPaHHUS M3 SKapoBO TPYOBI M OPraHU3ALMU ILIAB-
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manufacturing the gas collector of the combustion
chamber of the GTE-65.1 gas turbine unit, cur-
rently being developed by Power Machines JSC in
cooperation with leading research institutes and
enterprises of the country.

When creating advanced industrial gas turbine
units (GTU), the development of a low-emission
combustion chamber is a prerequisite for meeting
both national requirements and the requirements
of the international standards to achieve the envi-
ronmental characteristics of GTU NO,<25 ppm.
The experience of the world’s leading manufac-
turers of power equipment (CGE, Siemens, Alstom,
Mitsubishi, etc.) has shown that the use of tech-
nology for burning poor pre-mixed fuel-air mix-
tures can reduce NO, emission levels by more than
ten times. Strict requirements on the level of NO,
emissions led to the need to switch to low-emis-
sion fuel combustion technology.

For the combustion chamber of GTU-65.1, the
traditional scheme for the combustion chambers
of stationary GTU is adopted: a cannular combus-
tion chamber with identical, reverse-flow heat
pipes, burner devices, housings and gas collectors.
The number of individual burner units is 6 pcs.
In the combustion chamber, a method has been
implemented to ensure low emission of nitrogen
oxides by burning a previously prepared poor fuel-
air mixture.

The combustion chamber gas collector consid-
ered in the article is designed to supply combus-
tion products from the heat pipe and organize
a smooth transition from six individual burner
assemblies to the common annulus of the nozzle
diaphragm of the turbine first stage. The gas col-
lector also generates a height-specified tempera-
ture profile at the inlet to the nozzle diaphragm
blades.

The use of additive technology of direct laser
deposition along with laser welding and cut-
ting technologies and advanced 3D laser scan-
ning methods for geometry control makes it pos-
sible to significantly reduce the production time,
labor intensity and material costs compared to the
traditional manufacturing method by stamping,
machining and subsequent arc welding.

1. THEORY AND CALCULATIONS

The gas collector of the combustion chamber
GTE-65.1 has a two-wall construction (Fig.1). The
outer shell is made of austenitic stainless steel, the
remaining elements of the gas collector are made of
nickel heat-resistant alloy Haynes-230. The gas col-
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HOTO Ilepexojia OT MIeCTH MHANUBUAYAIbHBIX TOpPeIoy-
HBIX 6JI0KOB B 00I1yI0 KOJIBLIEBYIO IIOJIOCTh COILJIOBOTO
ammapara IepBOoHM CTymeHHU TypbuHEI. B rasocbop-
HHMKe TaKKe IIPOMCXOAUT GOpMHPOBaHHE 3aJaH-
HOTO IIO BBICOTe IIpoQHU/IS TeMIIepaTypsl Ha BXofe
B JIOTIATKH COIUIOBOIO aIlllapaTa.

[IprMeHeHHe afAJUTUBHON TeXHOJIOTUHU IIPSIMOTO
JIa3epPHOrO BBIPALIMBAHUS Hapsily C TEXHOJOTHSIMHU
Ja3epHOM CBapKH M Pe3KH U COBPeMeHHBIMH MeTO-
OaMH J1a3epHOro 3D-CKaHHPOBAHHUS [l KOHTPOJS
reoMeTpHMH II103BOJISIeT 3HAUMTEJIbHO COKPATHUTh
CPOKH H3LOTOBJIE€HUS, TPYyLOeMKOCTb M MaTepHallb-
Hble 3aTpaThl 10 CPAaBHEHHUIO C TPAAUIMOHHBIM CIIO-
coboM H3roTOB/IIEHHS METOJAaMH LITaMIIOBKH, Mexa-
HHUYeCKOH 06paboTKH U Moc/eyolell CBapKH.

1. TEOPWUA N PACYHET

FaszocbopHUK KaMephl cropaHus IT3-65.1 mmeer
IBYXCTEHOUYHYI0 KOHCTPYKIMIO (puc. 1). HapyskHas
060JI09Ka M3TOTAB/INBAETCS U3 AyCTEHUTHOH HepsKa-
BEIOLIEeH CTAJIM, OCTATbHBIE 37IeMeHTHI ra30cO0pHUKa
HM3TOTABIMBAIOTCS. W3 HHUKEIEeBOIO0 >KapOIIPOYHOIO
cmaBa Tuna Haynes-230. Ta30c60pHUK HMeeT ciie-
ayolre rabaputel: 670 x389x 634 Mmm. Obmast Macca
razocbopHUKa 66 Kr.

[TocenoBaTeIbHOCTD U3TOTOBIEHHUS ra30cb0pHUKA
BKJIIOUaeT B cebs CylefyIoIIyie STaIlbl:

* U3TOTOBJIEHME 3arOTOBOK 3JI€MEHTOB rasocbop-
HHKa MeTOJOM IIPSMOrO JIa3€pHOT0 BBIPAIIH-
BaHHUS;

¢ TepMHYecKas 06paboTKa 3aroToBOK;

e MexaHHYecKas obpaboTKa 3aroToBOK;

* 3/eKTPOSPPO3HMOHHBIM  IPOXHUT  OTBEPCTHH
B PaMKe;

e Ja3epHas CBapKa KOJIbLA BXOLHOIO, 000/10YKH
BHYTPeHHEeH U PaMKU;

¢ Ja3epHas pe3Ka 000JI0YKK HAPYsKHOM: BbIpe3Ka
OTBepPCTHH U pa3feneHre 000I04YKH Ha «JIeByI0»
U «IIPaBYIO”.

TexHO/JIOrHsl MPSIMOTO JIa3epHOr0 BBIPANMBAHUS
(IIJIB) 1m03BOJIZeT H3rOTABAMBATh BBICOKOTOYHBIE
3aTOTOBKU CJIOKHONPOQUIBHBIX KpyIHOrabapur-
HBIX M3[eNUH M3 IIHPOKOro CIIeKTpa MaTepHaJIoB,
B TOM YMCIe K3 HHKeJEeBbIX, THTAHOBBIX, K0ba/b-
TOBBIX CIIJIABOB, CTaJIeH, OpOH3, a TaKke UX KOMOHU-
HalMi [6, 7]. OCHOBHBIMH KPHUTEPHUSMHU KauecTBa
[10Jly4aeMbIX 3arOTOBOK SIB/ISIIOTCSI YPOBEHb MeXaHHU-
YeCKHX CBOMCTB H BeJIMUYMHA MAaKCHUMAaJIbHBIX OTKJIO-
HeHUN OT 33a/laHHOM TreoMeTpHUH (reoMeTpHuecKas
TOYHOCTB).

Tpebyemble MexaHHUYeCKHe CBOHCTBA s 00Jb-
IIMHCTBA MAaTepHaJoB 00eCclieynBaIOTCS 3a CYET
be3medeKTHON BHYTPeHHEH CTPYKTypHl, IIONydae-

lector has the following dimensions: 670 x 389 x 634
mm. The total mass of the gas collector is 66 kg.

The production sequence of the gas collector
includes the following steps:

« production of workpiece blanks of gas collec-

tor elements by direct laser deposition;

+ heat treatment of workpiece blanks;

« machining of workpiece blanks;

 electroerrosive burning of holes in the frame;

+ laser welding of the inlet ring, the inner shell
and the frame;

« laser cutting of the outer shell: cutting holes
and dividing of the shell into the “left” one
and the “right” one.

The technology of direct laser deposition (DLD)
makes it possible to produce high-precision work-
piece blanks of figurine-shaped large-sized prod-
ucts from a wide range of materials, including
nickel, titanium, cobalt alloys, steels, bronzes, as
well as their combinations [6, 7]. The main criteria
for the quality of the obtained workpiece blanks
are the level of mechanical properties and the mag-
nitude of maximum deviations from a given geom-
etry (geometric accuracy).

The required mechanical properties for the most
materials are ensured by the defect-free inter-
nal structure obtained in the DLD process with
correctly selected process parameters and strate-

1. Pamka

3. KoAblo 8X00H0E

2. 060A04KA BHYMPEHHAS

Puc. 1. [azocb6opHUK Kamepbl c2o0parus [M3-65.1:

1= pamka; 2 - 060A04Ka BHYMPpeHHSIS,; 3 = KOAbLO BXOOHOE;
4 - 060104KA HAPYXKHASI

Fig. 1. GTE-65.1 combustion chamber gas collector:
1-frame; 2 — inner shell; 3 - inlet ring; 4 — outer shell
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Mo B mpotuecce IIJIB ¢ IpaBUIBHO MOL0OPaHHBIMU
PeKMMaMU U CTPAaTeTrHsIMH BbIpalllBaHUS, a TakoKe
33 C4eT MoC/leAyIler ONTHMHU3HPOBAHHON TEPMHU-
yecKkoi 06paboTKH.

B mporecce ITJIB cpaBHUTeIBHO He6OIBIION 06beM
HM3rOTaBIMBAaeMOIO M3[e/Hd IIpeTeplieBaeT JIOKalIb-
HBIF M KPAaTKOBPeMEeHHBIN HarpeB [0 BBICOKHX
TeMIepaTyp. Ilo Mepe IMepeMelleHHSI HCTOYHHKA
TeIUIOTHl HarpeBy IIO[BEPraloTcsl BCe HOBble 06beMBI
MeTa/l/Ia, 3 B paHee HarpeThIX MeCcTax TeMIlepaTypa
BBIPAaBHHMBAETCSI. B BBIpallliBaeMOM H3LelHHd $op-
MHpYyeTCsl HepaBHOMepHoOe 110 06beMy TeMIlepaTyp-
Hoe IIoje C OOJBIIMM TeMIlepaTypHBIM TIpajHeH-
TOM B 00JIaCTH JIOKQJIBHOTO HarpeBa. JTO BBI3bIBAET
B COCeJHHMX ydacTKax H3TOTaBIHMBaeMBIX H3Je/lHH
pasHble II0 BeIHUYHHe 06beMHBle M3MeHeHHs, KOTO-
pble BefyT K IIOSIBJIHHI0 B MeTa/l/le BHYTPeHHHX
YCHIHN B 06pa30BaHUIO I10JISI HAITPSKEHUH U iedop-
Manuu. Ilo Mepe pacmpocTpaHeHHS TeIlJIOThL
1 BBIPaBHUBAaHHUS TeMIIepPaTyphl IIPOUCXOIUT Hellpe-
PBIBHOe H3MeHeHHe I0/IeH fedpopMallui U HallpsiKe-
HHUH. B OT/IM4YHe OT TeMIIepaTypHOIo II0Jsl, KOTOpoe
Hc4ye3aeT IIOC/Ie IIOJIHOTO OCTHIBAHHUS KOHCTPYKLHH,
Iojle HAaNPSDKeHHH He Hc4e3aeT, TaK KaK IIporecc
ero o6pa3oBaHUs SIBAsSETCS HeobpaTUMBIM. [1o3ToMy
Iocje II0JIHOTO OCTBIBAHHUSI B M3[e/lHH HMeEITCs
OCTaTO4YHbIe fedOpMallM U HallPSOKeHHUS.

TOoYHOCTb M3TrOTOBJIEHHUS U3OeIUN MeTomoM IIJIB
BO MHOIOM OIlpefie/isieTCsI BO3MOSKHOCTBIO IIPOrHO-
3UPOBAHUSI OCTATOUHBIX AebopMalidil, HX ydeTa
M KOMIIeHCALIMU IIPU IOATOTOBKE TeXHOJIOTUYeCKUX
3D-Mogpesner BhIpallliBaeMBbIX 3aTOTOBOK, FeHepalluU
TPAaeKTOPUI IepeMellleHHUsl pabodero MHCTPyMeHTa
1 [IOITOTOBKE YIIPaB/IAIOIUX IIPOIPAMM.

XapakTep mepopMallMH 3aBHUCHUT OT pa3MepoOB
1 TeOMEeTPUH BBIPALIMBAEMOI0 H3fenus. B ciydae
MaCCHBHBIX, JKeCTKHUX H/IH OCeCHMMeTPHYHBIX H37e-
JHUH, KaK KOJIBLIO BXOAHOe M paMka (puc. 1. mos. 1,
3), mebopmalluu IPOSIBJISIOTCS B BHE PaBHOMEP-
HOM YCaIK{ B HaIlpaB/lIeHHUsX, IIepIeHIHKYISIPHBIX
HaIlpaBJeHHI0 PocTa. BelnW4YHHa ycaJkU B II€PBYIO
odepenb 3aBUCHUT OT MaTepHasa U COXpaHseTCs IpHU
M3MeHeHUU rabapuToB H3menus. ITO II03BOJSET
KOMIIEHCUPOBaTh JepopMallMK 3a CYeT MacHITabu-
POBaHUS TPaeKTODUM Ha 3apaHee oOIlpefe/leHHBIN
KO3pOULIHMEHT.

Ecnu >KeCTKOCTh BBIPAIllMBAEMOTO M3[eIHs HeJo-
CTaTOYHAad /MJs PaBHOMEPHOIO paclpefeneHUs
HaIpsDKeHUH, KaK y BHYTPeHHeH W HapysKHOH 060-
nmouek (puc. 1. 1103. 2, 4), TO OHU IIPOSIBJISIIOTCS B BHle
KpyITHOMAacIITabHBIX JebopMaruii. XapaKkTep TaKHUX
OepopMallMH COXPaHsSeTCsl IPU MaJoM H3MeHeHHH
reoMeTpHUM BbIpallliBaeMoro usjenusi (oOpaTHBIM
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gies, as well as due to subsequent optimized heat
treatment.

During the DLD process, a relatively small vol-
ume of the manufactured product undergoes local
and short-term heating to high temperatures. As
the heat source moves, more and more volumes of
metal are heated, and in previously heated places
the temperature is equalized. An uneven tempera-
ture field with a large temperature gradient in the
area of local heating is formed in the build part. This
causes nonuniform volume changes in the adjacent
sections of the manufactured parts, which lead to
the appearance of the internal forces in the metal
and the formation of a stress and deformation field.
As the heat spreads and the temperature equalizes,
there is a continuous change in the fields of defor-
mations and stresses. Unlike the temperature field,
which disappears after the complete cooling of the
structure, the stress field does not disappear, since
the process of its formation is irreversible. Therefore,
after complete cooling, there are residual deforma-
tions and stresses in the product.

The accuracy of DLD manufactured parts is largely
determined by the possibility of predicting residual
deformations, their accounting and compensation
in the preparation of technological 3D CAD models,
generation of tool trajectories and preparation of
control programs.

The nature of the deformations depends on the
size and geometry of the build part. In the case
of massive, rigid or axisymmetric products, such
as the inlet ring and the frame (Fig. 1. pos. 1, 3),
deformations manifest themselves in the form of
uniform shrinkage in plane perpendicular to the
build-up direction. The amount of shrinkage pri-
marily depends on the material and persists when
the dimensions of the product change. This makes it
possible to compensate the deformations with scal-
ing the trajectory by a predetermined factor.

If the rigidity of the build part is insufficient for
the balanced distribution of stresses, both in the
inner and the outer shells (Fig. 1. pos. 2, 4), then
they manifest themselves in the form of large-scale
deformations. The nature of such deformations is
preserved with a small change in the geometry of
the build part (reverse bending), which allows an
iterative approach to increase the manufacturing
accuracy. The approach is to change the geometry
based on the results of the trial deposition in order
to balance the detected deformations. This makes
it possible to increase the accuracy of the build part
up to the required values with each iteration [8].
It should be noted that due to the high cost of the
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BBITHO), UTO I103BOJISIET IIPUMEHSITh UTePAL[MOHHBIN
MOAXO[, [JISl yBelIHYeHHUs] TOYHOCTH H3TOTOBIEHHUS.
IMogxon 3aKk/JO4YaeTcss B H3MeHEHUU TIeoMeTPHH
II0 pe3y/JbTaTaM IIPOOHOrO BBIPAIIMBAHMS C ILIEJIBIO
KOMIIEHCHPOBATh obHapy>KeHHBbIe AedopMaIiu. ITO
[103BO/IsIeT C KOKOOH HTepallkel yBeJIH4YHBaTbh TOY-
HOCTb BBIPALIMBAeMOI0 H3[eNHUs BIIIOTH 0 Tpeby-
eMBbIX 3HadyeHuM [8]. Hajgo 3ameTHUTh, 4YTO, BBHUAY
O0JIBIION 3aTPAaTHOCTH HTEPALIMOHHOIO MeToza,
Ha IIPaKTHKe ero KOMOMHHUPYIOT C MaTeMaTHYeCKUM
MO eTHPOBAHNEM HaIlPsSsKeHHO-ebOpMUPOBAHHOTO
COCTOSIHUSI BBIpPAIIMBAaeMBbIX H3Ze/NIHH U C OIllperese-
HHeM Pa3yMHBIX IIPHUIIYCKOB C 11e/1bI0 MUHUMHU3AI MU
KOJIMYeCcTBa IIOIBITOK JJIsl IONy4eHHs] TOJHOM 3aro-
TOBKH [9, 10].

Taxke Ha H3OENHIX C MaJIOH KeCTKOCTbIO, TaKHUX
Kak obono4yka HapyxkHas (puc. 1. mos. 4), medop-
MaLluK IPOSBISIOTCS B BHJe KOPOOIeHMS, TO eCTbh
IIOTepU YCTOMUYHBOCTHU [IOBEPXHOCTHU € 06pa3oBaHHEM
BOJIH Pa3JIWYHON JIMHBI KU aMIUIUTyApl. Ha KpyIm-
HOrabapUTHBIX H3[eNHsIX BelH4YHHA JebopMalluu
MOKET JOCTHUIaTh 3-5 CM. B JaHHOM c/y4ae OJis yBe-
JIMYeHU s TOYHOCTH BBIPAIIKBAEMOT0 H3/Ie/IUs MeTO
obpaTHOro BBIrH6a He IOAXOAUT, OH TOJIBKO Ilepepac-
npenensieT gebpopmauuu. Takue H3fenus TpedyioT
H3MeHeHUs] KOHCTPYKLMHU C LlefIbl0 YBeIMYeHUs ee
SKeCTKOCTH, HAIIPpUMep 3a cdeT mobaBieHHUs pebep
SKECTKOCTU (CTPHUHIEPOB), KOTOpPble IIPefoTBPATSAT
KopobJieHHe U IM03BOJISIT UCIIONb30BATh MeTOl 06paT-
HOTrO BBITM6a. DTHU 3J€MEHTHl SBISIOTCS TEXHOJIO-
THYeCKUMH M, KaK MPaBHJIO, IOAJIEKAT I10CIeAYIo-
meMy yIaJIeHHIO.

ITpoliecCc pacueTHOro OIlpefie/leHUs HaIlpsSsKeHHO-
nebOpMHUPOBAaHHOIO COCTOSIHUS M3MeNHs B IIpolecce
ITJIB COCTOUT B I10C/IeA0BATE/IbHOM pellleHHuH CBA3aH-
HBIX 3ala4 TeIlJIOIPOBOJHOCTH K TepMOYIIpYyToIlla-
CTHYHOCTH [11]. Bce BpeMeHHBIe IIPOMEXYTKH MeXIY
IIpoXoJaMH pPa3bUBAIOTCSI Ha BpeMeHHble IIaru.
TakuM 00pa3oM IIPOC/IeSKMBAETCS BCS KHUHeTHKA
H3MeHEeHUM TeMIlepaTyphbl, HaIpsDKeHUH U Aedop-
Mmanui. IIpoliecc IIOCIemOBAaTEIbHOIO BHIPAIIHBA-
HUS U3JeNHs YIUTBIBAJICS C IOMOIIBIO CIeAYIOIIero
HCKYCCTBEHHOI'O IIpHeMa: B TeX KOHEeUHBIX 37eMeH-
TaX, B KOTOPHIX B TEeKYIIUH MOMEHT OTCyTCTBYeT
HaIlJIaBJeHHBIM MeTa/l/I, 3aZaBaMCh 3aHMKeHHBIe
B 10* pa3 TeIJIOIIPOBOLHOCTb, SHTAIBIUS K MOAYJb
yIOpyrocTy. IIpu pellleHUH YYUTBIBAIKU TeMIIEPaTyp-
Hble 3aBUCHMOCTH TellJToPU3HUEeCKUX U MexaHHue-
CKUX CBOMCTB MaTepHaJa.

IIpuMep pacueTHOro oIpefiesieHUs Ioiast Aedop-
MallM{ 3arOTOBKH 000JIOYKH HApYKHOHU C 1obaB-
JeHHBIMHU CTPUHIepaMHU II0Ka3aH Ha pHUC. 2.
[IpuMeHeHHe YUCJIeHHOI'O0 MOMEIHPOBAHUS HAIPS-

iterative method, in practice it is combined with
mathematical modeling of the stress and strain
state of the build parts and with the determination
of reasonable allowances in order to minimize the
number of attempts to obtain a suitable workpiece
blank [9, 10].

Also on products with low rigidity, such as the
outer shell (Fig. 1. pos. 4), deformations manifest
themselves in the form of warping, that is, loss of
stability of the surface with the formation of waves
of various lengths and amplitudes. On large-sized
products, the amount of deformation can reach 3
to 5 cm. In this case, to increase the accuracy of
the build part, the reverse bending method is not
suitable, it only redistributes deformations. Such
products require modification of the structure in
order to increase its rigidity, for example, by adding
stiffeners (stringers), which will prevent warping
and allow the use of the reverse bending method.
These elements are technological and, as a rule, are
subject to subsequent removal.

The process of computational determination
of the stress and strain state of the product in
the DLD process consists in the sequential solu-
tion of related problems of thermal conductivity
and thermo-elastoplasticity [11]. All time intervals
between passes are divided into time steps. Thus,
the whole kinetics of temperature changes, stresses
and deformations is traced. The process of sequen-
tial deposition of the product was taken into account
using the following artificial technique: in those
finite elements in which there is currently no depos-
ited metal, the thermal conductivity, enthalpy and
elastic modulus were set 10* times lower. The solu-
tion took into account the temperature dependences
of the thermophysical and mechanical properties of
the material.

An example of the simulated deformation field
of the outer shell workpiece blank with stringers is
shown in Fig. 2. The use of numerical modeling of
the stress and strain state of the workpiece blank
allowed optimizing the geometry and location of
U-shaped stringers, as well as compensating for pos-
sible deformations in order to obtain the smallest
deviations from the specified geometry.

The solid-state model obtained in this way was
used to develop a technological model, generate tra-
jectories and create control programs.

When preparing technological models of fabri-
cated workpiece blanks, it is necessary to take into
account possible deformations of the workpiece
blanks in subsequent processes of their thermal and
mechanical processing.
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)KEHHO‘,ZLECI)OPMI/IPOBaHHOI'O

COCTOSIHHUSL 3aTOTOBKH I103BOJIKJIO U, Magnitude
ONTHMMU3UPOBATE TEeOMETPHIO 2,862
M pacroysoxkeHHe II-06pa3sHBIX [;:gii
CTPUHIEPOB, a TaKKe KOMIIEHCH- 1,635
POBaTh BO3MOXKHBIe HedopMallUH é’gi;

C 1Llelbl0 IIOyYeHHUS] HaHMeHb- 0,409
IIUX OTKJIOHEHHH OT 3aJaHHOH 0
reoMeTpHH.

[TonydyeHHasT TaKUM ob6pa3om
TBEpAOTe/NbHAsl MOJe/Nb HMCIIONb-
30Bajzach /151 pa3spaboTKHU TexHO- 2
JIOTUYeCKOM MOJIeNH, TeHepaluu
TPaeKTOPHUM U CO3AaHHUS YIPaBIs- 5,505
IOLIMX IIPOTPaMM. 8,833

IIpy IOATOTOBKE TeXHOJOTHYe- i ;;g;
CKHX MO[eIer BhIPAIIHBAEMBIX 4417
3arOTOBOK HeOOXOZMMO YYHThI- 2,944
BaTh BO3MOXHBEIe AedopMaluu 5'472
3aroTOBOK B IIOC/eAYIOMIHX IIPO-
1eccax MX TePMHUUYECKOM M Mexa-
HUYeCKoM 06paboTKH.

U, Magnitude

2. OBOPYOOBAHMUE 0 )

N MATEPUAIJIbI
O6on04YKka Hapy>KHAsl HM3TOTABIIH- Puc. 2. PacdemHble nons 0mKAOHeHUSs 2e0MempuU U320M0B8AEHHO20 U3deaust
BaJlaCh U3 MeTaJJIOIIOPOLIKOBOH 0m 3a0aHHOU Npu UCNOAB308dHUU HA6OPA CMPUH2eP08 C MOALULUHOL CMeHKU
kommo3unuu (MIIK) cramu 316L. 4mm (a, b)u2mm (c, d)
PaMKka, o6os0uKa BHYTPeHHSS, Fig. 2. Simulated deviation of the geometry of the manufactured part from
KOJIBLIO BXOLHOE WU3rOTaB/IHBaA- the required one when using a set of stringers with a wall thickness of
JINCh K3 >XApOIIPOYHOrO CIIJIaBa 4 mm (a, b)and 2 mm (c, d)

H23X-A (Haynes-230). Xumwu-
YeCKHUH COCTAaB MCIIO/Nb3yeMBIX
B paboTe MaTepHaJIOB IIPUBe/eH B Tab. 1. 2. EQUIPMENT AND MATERIALS

BxogHOM KOHTpOlb HcmonabdyeMbix MIIK mpo- || The outer shell was made of a metal-powder com-
BOAU/ICS B cooTBeTcTBHe ¢ [OCT P 59035-2020 [14], || position (MPC) of 316L steel. The frame, the inner
otbop mpob aist BxogHOro KoHTposst ocymecTsisercss || shell, and the inlet ring were made of heat-resis-
B cooTBeTCTBUU C [OCT 23148-98 [15]. tant alloy H23X-A (Haynes-230). The chemical com-

Xumudeckun coctaB MIIK u mopdosorus yactul, || position of the materials used in the work is given
IIOPOIIKA MCCIeI0BATHCH C IIOMOIIBI0 CKaHUpYIomero | in Table 1.

Tabnuua 1. Xumumyeckmmn coctaB MIMK ctanu 316 L v >kaponpoyHoro cnnasa H23X-A
Table 1. Chemical composition of the MPC of 316L steel and H23X-A heat-resistant alloy.

MaTepuan CopepykaHue 31eMeHToB. Macc. (%)

Mn Fe Co Ni

Haynes-230 # 0,2-0,5 0,25-0,75 <0,1 20,0-24,0 0,3-1,0 =3 <5 OcH. 1,0-3,0 13,0-150 - - -
(DiN 17744-
2020) [12]

316L - <1,0 <0,5 16-18 <2,0 OcH. - 10-14 2-3 - <0,03 <0,045 <0,03
(ASTM
A240) [13]
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Ta6numua 2. TexHNU4eckme XapakTepucTMKM yCTaHOBKM
«NINCT-L»
Table 2. Technical characteristics of ILIST-L unit

[MapameTtp 3HayeHune

MOLLHOCTb IAa3epHOro N3ay4YeHns (Makc.) — 3 kBT

Pa3smep paboyer 30HbI #1300x800 MM

KO/IMYeCTBO CUHXPOHHO-YMPaBSeMbIX

o 8 WT.
ocen

Mpy30M0AbLEMHOCTbL HAKJIOHHO-
NMOBOPOTHOrO NO3ULMOHEPA N3aenuns

500 kr

FMOpOLUKOBBLIN MUTATENb 2 Konbbino5n

Opakumna MNK 20-200 MKM
AproH BY
Pabouvas cpesa (koHTpoAMpye-

Mmas aTMocdepa)

[Tpon3BOANTENIbHOCTL 0o 2Kr/y

BO3MOXHOCTb 1a3epHOM CBApKM Ja

371eKTPOHHOT0 MHKpocKora Tescan Mira3 ¢ cucTeMort
3HeprofiMCIIepCHOHHOT0 MHMKpOaHanu3a Aztec Live
Advanced Ultim Max 65 ¢ HCIIOTB30BaHHEM IIpO-
rpaMMHoro obecrieuenus Image]J u OriginPro8.

i g

The incoming inspection of the MPCs used was car-
ried out in accordance with GOST R 59035-2020 [14],
sampling for incoming inspection is carried out in
accordance with GOST 23148-98 [15].

The chemical composition of the MPC and the mor-
phology of the powder particles were studied using
a Tescan Mira3 scanning electron microscope with the
Aztec Live Advanced Ultim Max 65 energy dispersive
microanalysis system using Image] and OriginPro8
software. Metallographic studies were carried out
using an inverted metallographic microscope Leica
DMis8.

Mechanical tests were carried out on a univer-
sal electromechanical testing machine SHIMADZU
AGS-100Knx. The geometry of the workpieces was
monitored using a measuring pair consisting of an
optical 3D scanner and a Metroscan Elite 750 tracker.
The production of workpiece blanks of gas collector
elements was carried out on the direct laser deposition
unit ILIST-L (Fig. 3). The technical characteristics of
the ILIST-L unit are given in Table 2.

3D laser cutting (cutting workpiece blanks from
substrates, cutting holes and cutting the outer shell)
was performed on a universal robotic technologi-
cal complex for laser processing of large-sized parts
(Fig. 4), created as part of the implementation of the
event to equip the laboratory of laser and ATs of the
world-class scientific center “The Advanced Digital
Technologies” with the financial support of Russian

Puc. 3. YcmaHoeKka npsimozo nasepHozo ebipawusarnus «MJINCT-L»
Fig. 3. ILIST-L direct laser deposition unit
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Mertannorpadpuyeckre HCCIeNOBAHUS IIPOBOJH-
JIUCh C KCIIOJIb30BaHUEM MHBEPTHPOBAHHOILO MeTaJl-
norpaduyeckoro MUKpockoma Leica DMi8.

MexaHHYecKHe HUCIIBITAHUS IIPOBOAMIIMCh Ha YHU-
BepCalbHOM 3JIeKTPOMEXaHUYeCKOHN HCIBITATelIbHOM
mamrHe SHIMADZU AGS-100Knx.

KOoHTpO/Nb reoMeTpPHH 3ar0TOBOK IIPOM3BOLHUIICS
C IIOMOIIBIO H3MEPUTENbHOM IIapbl, COCTOAIIleHN
M3 onThdeckoro 3D-ckaHepa M Tpekepa Metroscan
Elite 750.

HM3roToBieHHe 3aroTOBOK 3J1eMeHTOB Tra3ocbop-
HHKA [IPOBOAKJIOCH HA yCTAHOBKE IIPSIMOIO JIa3ePHOTO
BeIpamuBaHusa «HMJIMCT-L» (pHc. 3). TexHHUYecCKUe
XapaKTePUCTHUKHU YCTaHOBKU «HMJIMCT-L» nmpHuBeIeHEI
B Tabi. 2.

JlazepHas 3D-pe3ka (oTpe3Kka 3aroTOBOK OT IIOA-
JIOKeK, BBIPe3Ka OTBEPCTHH U PaCKpor 060JI04KU
HapY>KHOM) BBIIIOJIHSIACh Ha YHHBEpPCAaTbHOM pobo-
TU3HMPOBAHHOM TEeXHOJIOTHMYeCKOM KOMILIeKce MJIS
nazepHON 00paboTKU KPYyNMHOrabapUTHBIX HeTaner
(puc. 4), co3maBaeMOM B PaMKax peajHl3allud Mepo-
NpUATHS 10 OCHAIleHHI0 1abopaTOpHHU Ja3epHBIX Puc. 4. YHusepcanbHbili pob0mu3uposaHHbill mexHonozuye-
1 AT HaydyHOro LleHTpa MHPOBOro ypoBHs «Ilepe- | cKuil Komnaekc 0as aazepHol 0bpabomku KpynHozabapum-
noBble LMQPOBEIe TEXHOJOTMH» NPHU (GHHAHCOBOU HblX demanell
noanepskke MuHobpHayku Poccum (CornameHue Fig. 4. Universal robotic technological complex for laser
Ne 075-15-2020-903 o1 16.11.2020 r.). YHUBepCaabHBIN processing of large-sized parts
TeXHOJIOTHYeCKHI KOMIIIEKC CTPOUTCSI Ha 6ase BBICO-
KoTouHOro pobora Fanuc M-800iA/60, mByXoceBOro
HaKJIOHHO-TIOBOPOTHOTO ITO3HLIMOHepa M BOJIOKOH- || Ministry of Education and Science (Agreement No.

HOTO JIa3epOM C MOITHOCTBIO 3 KBT. 075-15-2020-903 dated November 16, 2020). The univer-
sal technological complex is being built on the basis of
Tabnnua 3. TexHn4eckme xapakTepucTMKmM yCTaHOBKM a high-precision robot Fanuc M-800iA/60, a two-axis
«UNNNCT-2XL» tilt-rotary positioner and a fiber laser with a power of
Table 3. Technical characteristics of ILIST-2XL unit 3 kw.
I | et s i ot on the MISTo1
[MapameTtp 3HayeHune .
collector elements was carried out on the ILIST-2XL
MOLLIHOCTb /1a3epHOrO M3/Iy4eHNs 2 BOJIOKOHHbIX 1a3epa unit. The technical characteristics of the ILIST-2XL
— no 4 kBT unit are shown in Table. 3. Trajectories and control
Pasmep pabouei 30Hbl 2100 MM x 1000 MM programs for robotic laser processing of workpiece
blanks of gas collector elements were created in the
Konn4ectBo CMHXPOHHO- 13 wT. (2 poboTa + Autodesk P Mill sof )
VBB BT TSR utodesk PowerMill software package.
Ipy30noAbEMHOCTb HAK/IOHHO- 8000 kr 3. PROCESS DESIGN

MlOBOPOTHOTO MOSNLUMOHEPA The first stage of the DLD process design is the produc-

mnipgennsa . . 3
tion of technological samples to determine the ranges
MopowkoBbIn NuTaTeL 4 Konbeino 5 n of the DLD process parameters, ensuring a defect-free
dpakuns MIMK 20-200 MKM deposited material [16]. The production of technologi-
cal samples is also an additional operation of the MPC
Pa6oyas cpeaa AproH BY (koHTponu-

incoming inspection.

During the production of technological samples,
Mpou3BOANTENLHOCTL A0 4 KT /Y the following DLD process parameters vary: laser
power, the working tool movement speed, the offset
between the passes (dx), the step between the lay-

pyemas atmocoepa)

BO3MOXHOCTb 1a3epHOM CBAPKM Aa
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Tabnuua 4. lnanasoHbl U3MEHEHUSI PEXMMHbIX Napa-
MeTpoB IMJ1B Npy U3roTOBAEHNM TEXHOSIOrNYECKMX NPo6
n3 MIMK ctanm 316L

Table 4. Ranges of changes in the DLD operating
parameters in manufacture of technological samples of
the 316L steel MPC.

May3a mexay Bannkamm 40 ¢, CKOpOCTb 25 MM/ ¢, lUMpUHA
BaAnka2,5vm, dz=0,6 MM, dx=1,67 MM

Homep 06pasua

MoLWHOCTb, BT 1600 1800 @ 2000 @ 2200

JlazepHasi cBapKa 3aroTOBOK 3JIEMeHTOB ra3ocbop-
HHKa IIPOBOAMIIACE Ha ycTaHOBKe «MJIMCT-2XL». Tex-
HHUYeCKHe XapaKTepPUCTHUKU yCTaHOBKU «HMJIMCT-2XL»
IIpHBefeHBl B TabI. 3.

TpaeKTopuK U YIpaBISOIIHE IIPOTPAaMMBL /I
POOOTH3KPOBAHHOM JIa3epHOI 06pabOTKH 3arO0TOBOK
37IeMeHTOB ra30cO0pHHKA CO3/IaBa/IMCh B IIPOrpaMM-
HoM mnakeTre Autodesk PowerMill.

3. TEXHOJIOTMYECKASA NOANOTOBKA

[IepBBIM 93TallOM TeXHOJIOTHUYeCKOH IOATOTOBKH
npouecca I1JIB AB/iAeTCS M3TOTOB/IeHHE TeXHOJIOIH-
YecKUX Mpob s ompeneneHHs paboduux gUAIa30-
HOB PeXXMMHBIX IIapaMeTpoB Irpoiiecca I1JIB, obecrie-
YUBAOIUX IonydeHHe Oe3nedeKTHOM CTPYKTYPBI
HamjaBiasieMoro Martepuana [16]. M3roroBieHue
TeXHOJIOTUYeCKHUX NPob Takke SIBISETCS HOIOJIHH-
TeJIbHOM oIlepaliiel BXOAHOro KoHTpons MIIK.

[Ipy H3rOTOBJIEHHU TEeXHOJOTHUYEeCKUX IIpob
BapbUPYIOTCA CAeAYIOIHe PeKMMHBIe ITapaMeTphl
II/IB: MOIIHOCTH JIa3e€pHOI0 M3/Iy4eHHs, CKOPOCTh
nepeMelleHUsI pabouero MHCTPyMeHTa, CMelleHHe
Mexxay BanuKaMmu (dx), mar mexny ciaosmu (dz),
maysa MexJay BaJlHMKaMHU. B Tabn. 4 u 5 npuBeseHsl
AUAaMa30HbEl M3MeHEHHMs PeXMMHBIX IIapaMeTpOB
[IJ/IB OpH H3rOTOBJIEHUM TEeXHOJIOTHUYEeCKHUX IIPob
u3 MIIK ctanu 316L M >KapoOIIpOYHOIO0 HHKEJIeBOIO
crtaBa H23X-A cOOTBETCTBEHHO.

Bri6op ONTHMa/lIbHBIX PeXKHMOB BbIpAllKMBaHUSI
OCYILIeCTBJIANICA Ha OCHOBe aHalH3a pPe3y/lbTaToB
MeTajnorpaduyuecKuX HCCIeJOBAaHHUKM H3TOTOBJIEH-
HBIX TeXHOJOTH4YeCKHUX 1Ipod (puc. 5, 6).

[Ipu MmomHOCTAX 1600 Bt u 1800 BT B 0bpas-
Iax M3 cTaau 316L HabmaomalTCsS HeCIIaBIeHMS.
HecrnaBneHust ob6pasyioTcs B 30He IIepeKpPbITHI
COCeJHHX Ba/IMKOB H3-32 HeJOCTaTKa IIOJBOAMMOL
3Hepruu. JIaHHBIN BHJ [JedeKTOB HMeeT Helpa-
BHJIbHYI0 GOPMY B OTJIMYHeE OT ra30BOM IIOPHUCTOCTH
M XapaKTepu3yeTcs IepPUOSHUYECKHM PACIIOIOKe-
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Tabn. 5. lnanasoHbl U3MEHEeHNS PeXNUMHbLIX NapaMeTpoB
MJ1B Npy N3roTOBAEHUM TEXHONOrMYeCKMX Npob 13 MIMK
>Kaponpo4yHOro HMKenesoro cnsiasa H23X-A

Table 5. Ranges of changes in the DLD operating
parameters in the manufacture of technological samples
of H23X-A heat-resistant nickel alloy MPC

[MapameTtp ‘ Jnana3oH
MoLwHocTb, BT 700-1800
CKOpOCTb, MM/ C 15-25
May3a mexay Basimkamu, c 0-40
dx, Mm 1,1-1,47
dz, Mm 0,4-0,6

ers (dz), the pause between the passes. The Tables 4
and 5 show the ranges of changes in the DLD operat-
ing parameters in the manufacture of technological
samples from the MPCs of the 316L steel and the H23X-
A heat-resistant nickel alloy, respectively.

The choice of optimal process parameters was car-
ried out on the basis of the analysis of the results of
metallographic studies of the manufactured techno-
logical samples (Fig. 5, 6).

At powers of 1600 and 1800 W, lacks of fusion
are observed in samples made of 316L steel. Lacks
of fusion are formed in the overlap zone of adjacent
passes due to a lack of supplied energy. This type of
defects has an irregular shape in contrast to gas poros-
ity and is characterized by a periodic arrangement in
the volume of the material. At capacities over 2000 W,
no defects were detected.

A similar pattern was observed on samples from the
MPC of the heat-resistant nickel alloy H23X-A.

At capacities of 1200 and 1400 watts and a linear
velocity of the working tool relative to the sample of
25 mm/s, lacks of fusion are observed in the samples.
Increasing of the power also makes in possible to
get rid of lacks of fusion, but, unlike stainless steel,
hot cracks were observed in samples made of heat-
resistant H23X-A nickel alloy already at a power of
1800 watts [17]. In order to expand the working ranges
of the process parameters that ensure a defect-free
internal structure, an additional series of experiments
on the production of samples with lower productiv-
ity was carried out. At the same time, the power,
the pause between passes, the step between layers,
the deposition speed, the step between the passes
varied.

The results of additional studies have shown that
a decrease in the productivity of the DLD process favor-
ably affects the quality of deposited samples (Fig. 7).
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- 1600B1f - 1800 BT AIE 5000BT 2200 BT

Puc. 5. Makpowaugbl mexHonozu4eckux npob u3 MIK cmanau 316L

1200 Bt AR 1400 BT m 1600 BT 1800 BT

Puc. 6. Makpouwaugbl mexHonozuyeckux npob u3 MIK >xaponpo4yH020 HuKenegoz2o cnaaga H23X-A

HHeM B obbeMe MaTepHasa. [Ipy MOIHOCTSIX CBBIILIe
2000 BT nedeKkToB He 06HAPYKeHO.

AHajlorM4YHas KapTHHA Habmioganace U Ha o6pas-
max u3 MIIK >KapoIpoYHOro HHKEJIEeBOro CIlIaBa
H23X-A.

ITpu momHoCTsX 1200 BT u 1400 BT U nIMHeH-
HOI CKOPOCTH IlepeMelleHHs pabouero HHCTPY-
MeHTa OTHOCHUTeIbHO 0bpasiia B 25 MM/ ¢ B obpasiax
HabTI0JAl0TCsl HecIlJIaBeH!sl. [T0BBIIIeHHe MOIHO-
CTH TaKKe I103BOJIsIeT M36aBUTHCS OT HeCIUIaBIeHHH,
HO B OTJIMYHe OT HepskaBeIoIleHr CTaaHu B obpasmax
M3 >KapOIIPOYHOI0 HMKeIeBOro criaBa H23X-A yke
Ipy MoIIHOCTH 1800 BT Habniomanuce ropsiaue Tpe-
WHHL [17]. 14 pacuMpeHus pabodux AHUaIa30HOB
PEKMMHBIX IapaMeTpoB, obecreuunBaromux besse-
$eKTHYIO BHYTPEHHIOIO CTPYKTYPY, OblsIa mpoBeseHa

1100 BT 1300 BT
- AL

o B

OOIIOJIHUTE/IbHAs CEpUsT 3KCIIEePHMEHTOB II0 H3IO- Puc. 7. Makpouwaugbl mexHonoz2u4yeckux npob u3 MK xxapo-
TOBJIEHHIO 06pa3noB ¢ 6ojee HU3KOM IIPOU3BOLU- NPOYHO20 HUKeAe8020 cnaasa H23X-A npu ymeHbleHHOU
TeJIbHOCTBIO. IIpH 3TOM BapbHUPOBAIHCh MOILIHOCTS, npouseodumenpHocmu npouecca /1B

I1ay3a MeXXAy IIpoxodaMH, Har MeXXay CJI0sIMH, CKO-

POCTb HAIlJlaBKH, IIal MEXAY BAJIHKAMH.
Pe3y}'IbTaTbI OOIIOJTHUTEJIBbHBIX I/ICCJ'[eJIOBaHI/II;I

I[IOKa3ajlHu, 4YTO CHHJKeHHe IIPOHU3BOOHUTEJIBHOCTHU
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npouiecca I1JIB 61aronpUsiTHO BIMsIeT Ha KauecTBO
BBIpallleHHBbIX 06pa3ioB (puc. 7). IIpU MOIIHOCTH
1100 BT 1 cKOpoCTH 15 MM/C BUOHUMBIX IedeKTOB
He HabmiomaeTcs, IpPHU 3TOM CYIIeCTBYeT 3aIac
10 MOIHOCTH, T. K. IIpH 1300 BT TakKe I10/1y4nIach
IpakTHU4YecKu b6e3medeKkTHAS CTPYKTypa.

B pesynbTaTe MPOBeNEHHBIX 3KCIIEPHMEHTOB
ObLIM  ompeneneHbl pabodre TeXHOJIOTHYeCKHUe
peskumbl IUIB u3 MIIK ctanu 316L M >KapOIIpOYHOrO
HUKeeBoro crasa H23X-A (1abi. 6).

Jns ompeneleHHUs MexaHUYeCKUX CBOMCTB
HaIlIaB/IsSieMOr0 MaTepHasja Ha BBIOPAHHBIX PeXKH-
Max OBIIM M3TOTOBJIeHBl o6pasubl-cBUAeTeny [18],
13 KOTOPBIX BBIPe3aJIMCh CTaHAAPTHbIe 06pas3LIbl /151
HCIIBITAaHUM Ha pacTsikeHue (tum IV TOCT 1497-84
(MCO 6892-84) [19]). MexaHHYeCKHe HCIBITAHHUS
IIPOBOJMJIMCH KaK Ha obpasmax 6e3 mociaenyromiei
TepM006paboTKY, TaKk U € TepMOOb6PabOTKOM.

B Tabn. 7 u 8 mpencTaBleHbl Pe3y/lbTAaThl Mexa-
HUYeCKUX HCIBITAHUN Ha OJHOOCHOE PaCTSKeHHe
06pa3u03 n3 coigaBa H23X-A u ctaau 316L, coort-
BeTCTBeHHO0.06pasmpl u3 crmaaBa H23X-A 6e3 Tep-
M006paboTKM IOCTe HCHOBITAHHUN HMEIT BSI3KHUH
H3/I0OM B IIPOJOJIbHOM HampaBaeHUU (X) U cio-
HCTBIM M3JI0OM B IIOIIEpeYHOM HaIlpaBleHUU (Z),
YTO TOBOPUT O AHH3OTPOIMH CBOKCTB MaTepHasa.
XapakTep paspylIeHHs] TepMHUYeCcKH 06paboTaHHBIX
06pasIoB BSI3KUH U B IIPOJOTBPHOM H IOIIEPeYHOM
HaIlpaBJeHUH, YTO TOBOPUT 06 yCTpaHEHHH aHHU-
30TPOIKMU MeXaHHYeCKUX CBOMCTB C IOMOILIBIO IIpa-
BUJIBHO II0JJ0OOpAaHHON TepMH4YeCKOH 06paboTKu.
[Tocsie KCOBITAHUE 06pa3roB 6e3 TepmMoobpaboTKu
13 cTanu 316L XxapakTep pa3pyllleHHUI IIpe/CcTaB-
nsieT BSI3KMH M3/I0M KaK B IpofonbHOM (X), Tak
U B Ionepe4yHoM (Z) HampaBaeHHUH. Ilocie TepMH-
yecKon 06paboTku craBa 316L xapakTep paspylue-
HUS He U3MeHseTCs, IIPOUCXOAUT POCT OTHOCHUTEIIb-
HOTO YIJIMHEHMS U YacTUYHOe CHIDKeHHe Ipefena
TeKy4eCTH U IIpefie/ia IPOYHOCTH 3a CYeT HeIl0JHOMH
PeKpHUCTa/VIM3alUU CIJIaBa U CHATHS BHYTPeHHHX
HaIPSOKeHHH.

4. TMNPAMOE NA3EPHOE BbIPALLMBAHUE
3AroToOBOK
Ha ocHoBe pe3y/nbTaToB MpeABapUTEIbHBEIX PaCYeTOB
M TeXHOJIOTMYEeCKOM IOATOTOBKU OBUIM CreHepHpo-
BaHBI YIIPABJ/ISIOLIHE [IPOrPAMMEBI )11 yCTAHOBKHU IIPsi-
MOTO0 J1a3epHoro BeipamuBaHus «UJIMCT-L» os u3ro-
TOBJIEHHS 3aTOTOBOK 3JIeMEHTOB Ia30cO0pHHUKA.
ITpouecc MmpsMOro Jia3epHOr0 BhIpPAllMBAHUSA
3arOTOBOK paMKH, KOJbIA BXOJHOIO, BHYTpPEH-
Hell W HapyXKHOH 0607049eK ra3ocOOpHHKA I10Ka3aH
Ha puc. 8.

i g

Tabnunua 6. ONTUMasbHbIE TEXHOIOTNYECKME PEXUMDI
MJB n3 MIMK ctanu 316L 1 >xaponpo4YHOro HUKeneBoro
cnnasa H23X-A

Table 6.
316L Haynes 230

MouWHOCTb, BT 2200 1100
CKOpOCTb, MM/ C 25 15
LLnpwnHa Banmka, Mm 2,5 2,2
CmelteHme no wupuHe (dx), mm 1,67 1,47
CmeLleHure no BbicoTe (dz), MM 0,6 0,6
MexnpoxogHasa Temnepatypa, °C He 6onee 220

Ta6bnuua 7. YcpeiHeHHble MexaHU4eckne CBOMCTBa
06pasLos n3 cnaasa H23X-A

Table 7. Average mechanical properties of samples made
of H23X-A alloy

O603Ha4vYeHne lMpenen MMpepen OTH.
TeKy4yecTu NPOYHOCTH VOVHEHWe,
0y, MMMa a,, MMMa %

MNAB_X+Z 577.8 889,3 28,11

MNB+TO_X+Z 421,3 901,95 35

Mpokar [21] 417 837 473

Tabnuua 8. YcpeaHeHHbIe MeXaHMYeCcKe CBONCTBA
06pasyo. 13 ctanm 316L

Table 8. Average mechanical properties of samples made
of 316L steel

Obo3Ha4veHue [Mpenen lMpepen OTH.
TeKy4ecTu NPOYHOCTH VO/VHEHWe,
0y, MIMa a,, MMMa %

MNB_X+Z 327 553 51,6

MNB+TO_X+Z 346 663 58,7

Mpokart [20] 205 515 60

At a power of 1100 W and a speed of 15 mm/s, no visi-
ble defects are observed, while there is a power reserve,
because at 1300 W, an almost defect-free structure was
also achieved.

As a result of the experiments carried out, the oper-
ating process parameters of the DLD from the MPCs of
316L steel and heat-resistant nickel alloy H23X-A were
determined (Table 6).

To determine the mechanical properties of the
deposited material, witness samples were made in
the selected parameters [18], from which standard
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Puc. 8.
[Mpouecc /1B
3020mMo80oK
JNemeHmo8
2030CO0PHUKA:
a) pamxa;

b) o6onouka
BHYMPEHHSS;
¢) 06onouka
HApYXHAs;

d) konbyo
8X00HOe

Fig. 8. DLD
process of gas
collector
elements work-
piece blanks:
a) the frame;
b) the inner
shell;

c) the outer
shell;

d) theinlet
ring

[Tocne BbIpallMBaHHS ObI MpoBeleH KOHTPOJIb
reOMeTPUHU IIOJyYeHHBIX 3arOTOBOK, TepMHUYecKas
0bpaboTka Ha CHATHE BHYTPEHHHUX HAIPSKEeHHUH
IUIsL 3aTOTOBKM M3 CTalau 316L M 11 HOCTHKeHHS
TpebyeMBbIX IIPOYHOCTHBIX CBOMCTB [JISI 3arOTOBOK
n3 craBa H23X-A. Ilocie TepmMoob6paboTKu IIpoOBO-
IUJICSI IOBTOPHBIM KOHTPOJIb FeOMETPHH.

5. OBCYXAEHWE PE3YJ/IbTATOB
Pe3ynbTaTel KOHTPOJIS TEOMETPHHU BBIpallleHHBIX
3aTOTOBOK IIPe[CTaBIeHbl Ha puc. 9. KoHTpoib
reOMETPUH I10KA3aJI, YTO OTKIOHEHUSI TeOMETPUH
3aroTOBOK KOJIbI]A BXOJHOTO U PAMKH JIEXAT B LOIY-
CTHUMBIX IIpefie/iaX U [03BOJISIOT IIOYIUTh U3 BEIpa-
IeHHBIX 3aTOTOBOK TFOAHBIE JeTaTH IIPHU IMOCIENYI0-
e obpaboTke.

Ha 3aroToBKax BHYTpeHHeH U HapyKHOU 0605104~
Kax ObUIM BBISIBIEHBI HEIOIMYCTUMBIE OTKIOHEHHS
reoMeTpuH - [0 1,5 MM Ha BHYTpeHHeH 06010uKe
Y 10 3,5 MM Ha Hapy>KHOH 060I04Ke.

JUist ycTpaHeHHUs OOHAapY>KeHHBIX OTKJIOHEHHUH
reomMeTpuu 6LIT[I/I H3MeHeHbl TeXHOJIOTHYeCKHe

448 ®OTOHUKA TOM 16 N2 G 2022

tensile test samples were cut (Type IV GOST 1497-84
(ISO 6892-84) [19]). Mechanical tests were carried out
both on samples without subsequent heat treatment
and with the heat treatment.

The Tables 7 and 8 present the results of mechani-
cal tests for uniaxial tension of samples made
of H23X-A ally and 316L steel, respectively. The
samples made of H23X-A alloy without heat treat-
ment after testing have a ductile fracture in the
longitudinal direction (X) and a layered fracture in
the transverse direction (Z), which indicates anisot-
ropy of the properties. The fracture pattern of heat-
treated samples is ductile both in the longitudi-
nal and transverse directions, which indicates the
elimination of anisotropy of mechanical properties
with the help of properly selected heat treatment.
After testing of the samples without heat treatment
made of 316L steel, the fracture pattern is ductile
fracture in both the longitudinal (X) and transverse
(Z) directions. After heat treatment of the 316L
alloy, the fracture pattern does not change, there
is an increase in percentage elongation and a par-
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Puc. 9. Pe3yabmambl KOHMPOAS 2e0MempuU 8bipALeHHbIX 320M0B0K: d) KoAbUO 8X00HOe; b) pamka; ¢) 060A04Ka BHYMPEHHSS;
d) 060/04Ka Hapy>KHAs

Fig. 9. The results of geometry control of the deposited workpiece blanks: a) the inlet ring; b) the frame; c) the inner shell; d) the
outer shell

Puc. 10. Pe3yabmambl KOHMpOAs 2e0MempuU 8blpALLLEHHbIX 3020MO8OK: a) 060104Ka 8HYmMpeHHSIs; b) 060n04Ka HapyXHas
Fig. 10. Results of geometry control of deposited blanks: a) the inner shell; b) the outer shell
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MoJiesIk 3aroToBoK. C IToMoIbio 0bpaTHOro BhIruba
y4aCTKOB C MAaKCHMAJIbBHBIMH OTKIOHEHHUSIMH OBITH
CKOMITIeHCHPOBaHBl Ob6HapyskeHHBIe JeDOpMAIIHU.
Pe3ynbTaThl KOHTPOJISI TEOMETPHH 3ar0TOBOK, ITOJIY-
YeHHBIX B XOJ€e IIOBTOPHOIO IIPSIMOIO Ja3epHOI0
BBIpALIMBAHUS I10 K3MeHeHHBIM TeXHOJOTUUeCKUM
MoJensiM, IIpencTaBieHbl Ha puc. 10. BHeceHHBbIe
H3MeHeHHs II03BOJIMJIM IOAY4YUTh TOLHBIE [/
nocnenyomei 06paboTKH 3ar0TOBKH.

JlIsi  W3roTOB/NeHMs Tra3oc60pHUKA IIOJNydeH-
Hble C IIOMOILIBIO NPSIMOrO Ja3epPHOTO BbIpAIlMBa-
HUS 3aroTOBKHU OBIIM 06pabOTaHB MeXaHHYECKH.
BrIpe3Ka OTBepCTHM B HapyKHOH o6olouke U ee
pasfesleHHe Ha [Be YacTH OCYIIeCTBIISIIUCh C IIOMO-
b0 PoOBOTH3MPOBAHHON Ja3epHON 3D-pe3ku
(puc. 11).

ObpennHeHHe PaMKH, KOJIbLIA BXOAHOTO M 060-
JTOYKK BHYTpPeHHeN B OJHY COOPOUHYI0 eIHHUILY
OCYyILeCTB/ISJIOCh C IIOMOILBIO JIa3epHOI CBapKHU
(puc. 12). IIpenBapUTeNbHO B paMKe OB OCyIIecT-
BJIeH 371eKTPO3PO3HOHHBIM [IPOSKUT OTBEPCTHH.

[Tocne GMHHUIIHBIX OIEePallMM J1a3epPHOM Pe3KHU
M Jla3epHOM CBapKuU C IIOMOIIBIO JIa3epHOIO
3D-CKaHHUPOBAHUS OBLI IPOBefleH OKOHYATEeTbHBIH
KOHTPOJIb TeOMeTPHUH M3TOTOBJIIEHHOIO rasocbop-
HHKa KaMepkrl cropaHus ['T9-65.1, moATBepAHBIIHHI
€ro COOTBeTCTBHEe TpPeGOBaHHUSIM KOHCTPYKTOPCKOK
NOKYyMeHTAIHH.

| m TEXHOJIOTUU U TEXHOJIOTMYECKOE OBOPYOBAHUE |

Puc. 11. JlazepHas pe3ka omaeepcmull 8 HApY>KHOU 060A04Ke
2a30CH0pHUKA

Fig. 1. Laser cutting of holes in the outer shell of the gas
collector

tial decrease in yield stress and tensile strength
due to incomplete recrystallization of the alloy and
removal of internal stresses.

Hol ceapku

Puc. 12. /lasepHas cgapka eHympeHHeli 060A04KU: a) c60pKa nod ceapky (cneuuaausuposaHHas ocHacmka); b) npouecc nasep-

Fig. 12. Laser welding of the inner shell: a) pre-welding assembly (special-purpose tooling); b) laser welding process
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BbIBO/bl

TexHo/MOrM4YecKHMe BO3MOKHOCTH COBpPeMeHHBIX
nasepHeIX U AT IO3BOJSIOT 3HAUWTENIbHO CHH-
3UTh MaTepHasbHBle K BpPeMeHHBble 3aTpaThl IpU
pa3paboTKe U H3rOTOBAEHHUHU CJIOKHOIPOPUID-
HBIX [JleTaled [JIs1 HYX[ BBICOKOTEXHOJOIMYHBIX
[IPOM3BOACTB.

IIpu 3TOM MpoLlecC IOJy4eHHsI BBICOKOTOYHBIX
3arOTOBOK C IOMOIIBIO AANUTHBHBIX METOL0B MHOIO-
CTaIUUHBIN U TpebyeT IIPOBeeHHUs NpefABAPUTETb
HBIX YMCJIEHHBIX U HaTYPHBIX 3KCIIEPUMEHTOB.

Ocoboe BHMMaHHe IPU pa3paboTKe TeXHOIOTHUH
aJAUTHBHOIO IIPOM3BOACTBA KPYIHOrabapUTHBIX
3aTOTOBOK C/IefAyeT yldensaTh BOIIpOCAM IIPOrHO3HPO-
BaHHSI, y4eTa U KOMIIEHCALlUH BO3MOKHBIX TeDMHU-
4ecKuX JepopMalMM, BO3SHHUKAKWIIMX KaK B XOJe
CaMOro afJUTHBHOTO IIpollecca, TaK M IIPH IOCIey-
Iolier obpaboTke.

BbICOKHII ypOBeHb II0Jly4aeMBbIX IPOUHOCTHBIX
XapaKTepHUCTUK U BO3MOXKHOCTb KOMOMHAIIMH afAu-
THUBHBIX M TPafHUIMOHHBIX TeXHOJOTHYeCKHX OIle-
panuil 06ecreYynBaOT BBICOKYI 3PeKTHUBHOCTD
Ipolecca M3TOTOBJICHMS TeXHUYeCKU CJIOKHBIX
1 OTBETCTBEHHBIX Y3/I0B U JeTajlel.
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4. DIRECT LASER DEPOSITION

OF WORKPIECE BLANKS
Based on the results of the preliminary finite ele-
ment simulation and the process design, the control
programs were generated for the direct laser deposi-
tion units ILIST-L for the manufacture of workpiece
blanks of gas collector elements.

The process of direct laser deposition of the work-
piece blanks of the frame, the inlet ring, the inner
and the outer shells of the gas collector is shown in
Fig. 8.

After deposition, the geometry of the obtained
workpiece blanks was monitored, heat treatment
was performed to relieve internal stresses for the 316
L steel workpiece blank and to achieve the required
strength properties for the H23X-A alloy workpiece
blanks. After the heat treatment, the geometry was
re-checked.

5. DISCUSSION OF THE RESULTS

The results of the geometry control of the deposited
blanks are shown in Fig. 9. The geometry control
showed that the deviations of the geometry of the
inlet ring and the frame workpiece blanks lie within
acceptable limits and make it possible to obtain suit-
able parts from the deposited workpiece blanks during
subsequent processing.

Unacceptable geometry deviations were detected on
the workpiece blanks of the inner and outer shells - up
to 1.5 mm on the inner shell and up to 3.5 mm on the
outer shell.

To eliminate the detected geometry deviations, the
technological models of the workpiece blanks were
changed. With the help of reverse bending of the sec-
tions with maximum deviations, the detected defor-
mations were compensated. The results of the geom-
etry control of the workpiece blanks obtained during
repeated direct laser deposition according to the modi-
fied technological models are shown in Fig. 10. The
changes effected made it possible to obtain workpiece
blanks suitable for subsequent processing.

For the manufacture of the gas collector, the work-
piece blanks obtained by the direct laser deposition
were processed mechanically. Cutting holes in the
outer shell and dividing it into two parts was carried
out using robotic 3D laser cutting (Fig. 11).

Combining the frame, the inlet ring and the inner
shell into one assembly unit was carried out using
laser welding (Fig. 12). Previously, an electroerosive
burning of holes was carried out in the frame.

After the finishing operations of laser cutting and
laser welding with the help of 3D laser scanning, the
final control of the geometry of the manufactured
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GTE-65.1 combustion chamber gas collector was car-
ried out, confirming its compliance with the require-
ments of the design documentation.

CONCLUSIONS

The technological capabilities of advanced laser and
additive technologies can significantly reduce mate-
rial and time costs in the development and manufac-
ture of complex-shaped parts for the needs of high-
tech industries.

At the same time, the process of obtaining high-
precision workpiece blanks using additive methods is
multi-stage and requires preliminary numerical and
real experiments.

When developing technologies for the additive
production of large-sized blanks particular attention
should be paid to the issues of forecasting, accounting
and compensation of possible thermal deformations
that occur both during the additive process itself and
during subsequent processing.

The high level of strength characteristics obtained
and the possibility of combining the additive and
traditional technological operations ensure high effi-
ciency of the manufacturing process of technically
complex and critical components and parts.
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CEMENCTBO POBOTU3MPOBAHHbIX YCTAHOBOK
NPAMOIo JIASEPHOIO BbIPALLMBAHUA «UJTACT»

[
Uil \ Vi -l MINCT-M MAKNCT-L WANCT-L+ MIMCT-XL MANCT-2XL
MCTITY AN § DN TTrsanad I

POBOTU3VUPOBAHHAA YCTAHOBKA
NPAMOIO JTIASEPHOI'O BbIPALLUMBAHUA «UJNTNCT-2XL»

& pasMep BeIpAllMEaEMoTo M3fenA Ao — 212200 m, h— 1000 MM
& MAKCHMANEHLIA BaC Manansa — 4000 kr

& 0B84 BONOKOHHBX NA3epa MOWHOCTED 4 KBT

® nsa pofora Fanuc M20iIB/25

& NPOMIBOAMTENEHOCTE — A0 250 cm3iy

# KOHTPONUPYEMER ATMOCCHEPa YMCTOrD aproHa — 20 m*

® [EBATH CHHXPOHHO YNPABNAEMbIX OCeR

& NOPHUKCELIA NMTATENE HA 0B KONGs!

& Hafop conen NoAayK NOPOLWKA ¢ BLICTROA ZAMEHOR

» BAKYYMUPYEMBIA LLNKDS

MCNONE3YEMBIE MATEPIMANBI:

» HERXABSHOLWWE W BRICORONPOMHRIE CTAMN
B HKApONPO4YHBIE HMKENEBERIZ CNNEEGL!

B THTAHOERE CNNAELI

® CMNAELI HA GCHORS KOGANLTA M MEOM

—

MNpoBoAMM TEOPETUHECKYIO M NPaKTUYECKYIO NePenofAroToBKY NepcoHana NpoMbILNeHHbIX
npegnpuATHA ANA paboTel Ha aQAWTHUEHBLIX YCTAHOEKaX NPAMOro Na3epHoro EbIpalyMBaHus.
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