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Mpsmoe nasepHoe BbipalwuBaHMe HaxXoAuT
WMpoKoe NpuMeHeHue B HAyKOeMKUX
oTpacnsax NpomMbliWIeHHOCTU 6bnaropaps
BO3MOXHOCTU CO3aHUSA COXHOMPOPUNBHbIX
M3penni, NU3roToBJieHNe KOTOPbIX HEBO3MOXHO
TPaAULMOHHBIMN MeTOoAaMuM NPOM3BOACTBA.
OAHaKo NPOU3BOACTBEHHbIN NpoLlecc
0CNoXHeH GopMUPOBAHUEM OCTATOUYHbIX
Hanps)keHUn u gepopmauni B nsgenumn
HeraTUBHO B/INSAIIOLLMX HA €ro KayecTso.

Mone pacnpeneneHns HanpsXXeHUM

v aedopmaumii B Usgennm cBsI3aHo C ero
reomeTpuei. B paHHOM cTaTbe NpeacTaBieHbl
OCHOBHble crocobbl peleHus gaHHON
npo6aembl, onucaHbl TuNoebie gas MNJIB Buabl
AedopmMaunim n MeTofbl UX KOMNEHcaLUN.
MpepcTaBneHbl pe3yabTaTbl KOMNEHCALUN
AedopmMaunin Ha NnpumMmepe YeTbipex usgenun
pasnnyHom popMmbl, U3 HepXKaBeKLWen cTanu
mMapku 12X18H10T u xxaponpoyHoro cnaasa
BXK159.

KntoueBble cnoBa: AIANTUBHbLIE TEXHOOT MU,
npAMOe na3epHoe BbipallMBaHMe, OCTAaTOYHbIe
HanpsaxeHWsa U gepopmannm, ra3oTypbuHHas
yCTaHOBKa, KoMneHcauma gedopmaumim
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Direct laser deposition is widely used in high-

tech industries due to the possibility of creating
complex parts, which manufacturing is impossible
using traditional production methods. However,
the production process is complicating by the
formation of residual stresses and deformations
in the part, which negatively affect its quality. The
field of distribution of stresses and deformations
in the part is associated with its geometry.

This article presents the main compensation
methods of part distortion and describes the
types of typical part deformations for DLD. The
deformation compensation results are presented
on example of four different parts made of
stainless steel grade 12Ch18Ni10Ti (analogue AlSI
304) and heat-resistant alloy VZh159.
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INTRODUCTION

Direct laser deposition is an additive technology method
based on layer-by-layer deposition of metal powder onto
a substrate using of highly concentrated laser radiation.
Each deposited layer becomes the basis for the next one,
thus the material using is aiming directly at forming
the part. The technology allows utilize wide range of
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BBEAEHWE

IIpsaMmoe j1a3epHOe BhIpallkBaHUe (I1JIB) - MeTom, afggu-
TUBHBIX TeXHOJIOTHM, OCHOBAHHBIM Ha IMOCIOHHOH
HaIlJIaBKe MeTAJJIMYeCKOro ITOPOIIKa Ha IIOAJIOKKY
IOJ, BO3JEHCTBHEM BBICOKOKOHLIEHTPHUPOBAHHOTO
7Ia3epPHOro U3/1ydeHus. KakIblk HallJlaBIeHHBIM CI0MH
MaTepHa/ia CTAaHOBUTCS OCHOBaHHEM [ IOC/Ieny-
IOIlero, TakKUM obpa3oM HCIIOb30BaHHE MaTepHala
HaIlpaB/JIeHO HCKIKYUTeIbHO Ha (QOpPMHPOBAaHMeE
u3nenus. TeXHOIOrUs M03BoJIsieT paboTaTh C LIUPOKOH
HOMEHK/IATypOHX MAaTepHa/IOB, TAKHUX KaK TUTaHOBEIE,
AIIOMHHHEBble, KapOIIPOYHBble HUKeJeBble CIIIABEI,
a TaloKe HepskaBemoliye cTaau [1]. JJaHHBIN MeTo[, IIpo-
M3BOZCTBA I103BOJIM/I U3MEHUTD II0AXOJ, K IIPOeKTHUPO-
BAaHUIO U3JeNHU, CTaJ0 BO3MOXKHBIM ITPOHM3BOJCTBO
0b/IerYeHHbIX I€TANEH, CO CJIOKHOM PaCueTHOH reoMe-
TpueH 3a 6oee KOPOTKHE CPOKU, B CPABHEHHHU C Tpa-
JULIMOHHBIMH MeTOAAMH IPOM3BOACTBA. biaromaps
3TOMY IIpSMOe Jia3epHoe BhIpalllMBaHHeE HAXOLUT BCe
fonpllee IprMeHeHHEe B TAaKHUX HAYKOEMKHX OTpac-
JIIX IIPOMBIIUIEHHOCTH KaK HaIllpUMep: aBUALIMOHHOe
U paKeTHOe ABUTATeleCTpoeHH e, TeIlJIOBast U aTOMHas
3HepreTuka. [2].

JlaHHbBIe chepsl MPOMBIIUIEHHOCTH TPebyIOT H3ro-
TOBJIEHHSI KaUeCTBeHHBIX U3/Ie/IKH, COOTBETCTBYIOLIX
BCeM IpeIbsB/IsieMbIM K HUM TPeDOBaHHUSM, C MUHHU-
Ma/IbBHBIMU H3[epKKaMHU. [Ipsimoe JiasepHOe BBIpa-
IMMBaHHe TI060r0 H3[eNusi COIIPOBOXKAAETCS obpaso-
BaHHEM OCTAaTOYHBIX HANpPSDKEHHM M IIACTHUYeCKHX
JebopMalivil HeIlOCPe[ICTBEHHO B XOJle BBIIIOTHEHUS
HaIlaBky. ITpou3BOACTBeHHBIN LMK I1JIB mpencraB-
7sieT cobor IoCel0BaTeNbHOCTD 3TAIIOB (pHC.1).

[Tnactuyeckue gedpopmaniid GOpPMHUPYIOTCS B HU37e-
JIMY BO BpeMsI TePMHY€eCKOI0 pacIlliMpeHHts MaTepHhaa
BCJIEACTBUE JIOKAJIBHOTO BO3JEMCTBUS BBICOKOKOHIIEH-
TPUPOBAHHOTO Ja3epHOro H3n1ydeHUs [3]. OcraTou-
Hble HAIPsDKeHHsT 06pasyloTcst Iocje ILIACTHYeCKUX
OebopMallMl NPU KPUCTA/UIM3ALMM U OCThIBAHUU
MaTeprana. OHHU He MCUYe3alT C TeueHHUeM BpeMeHU
II0C/Ie 3aBeplleHMs BhIPAIIMBAHUS U CHUYKAIOT I1POY-
HOCTHBIE XapaKTepUCTUKHU MaTepHaa, II09TOMY H37e-
nue ToABepraercsi TepmoobpaboTke. HampsikeHHUS
IIPeICTaBISIOT COOOK BHYTPeHHME YCH/IHS, HepaBHO-
MEePHO pacIipefie/IeHHbIe B U3/e/IUH, OHH COIIPOBOXKAA-
I0TCSI 06pa3oBaHUEM YIIPYTHUX AedopMaIlvi, U IIPHU UX
peakcalliy IIPOMCXOOUT HM3MeHeHHe TeoMeTpHuHU [4].
YCTpaHUTh IacTH4YeckHhe gedopMalikyd BO3MOKHO
IIyTeM M3MEeHEeHHUs TPaeKTOPUH HAIUIABKHU TaK YTOOBI
npu gebopMalidy H3fe/lHe I[IPHUHSAIO >KeJlaeMYyIo
dopmy. CIOKHOCTD 3aK/II0YAeTCsI B TOM, YTO 15 10Ty~
YeHUsl AOCTOBEPHBIX HAHHBIX O AepopMalLlHsIX H3fe-
7HsT HeobXOIMMO ITPOM3BECTH ero IIpobHoe BHIPAIIU-
BaHHe. Kpome Toro, Iocjie H3MeHEHHS TPaeKTOpHHU

materials, such as titanium, aluminum, heat-resistant
nickel alloys, and stainless steels [1].

This production method has changed the approach
to product design, it is able to produce parts with strict
design geometry in a shorter time in opposite of tra-
ditional production technologies. Thereby, direct laser
deposition is increasingly using in such knowledge-
intensive industries as, for example: aircraft and rocket
engine industries, thermal and nuclear power engi-
neering [2].

These industries require the production of high-qual-
ity products corresponding all the requirements, with
minimal costs. Direct laser deposition of any product
is accompanying by the formation of residual stresses
and plastic deformations directly during the deposition
process. Thus, the DLD production cycle is a sequence
of stages shown in Fig. 1.

Plastic deformations forms in the part during ther-
mal expansion of the material in consequence of local
influence of highly concentrated laser radiation [3].
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HaIlJIaBKH pacipesiesieHue JebopMallii TakKKe MOKeT
M3MEHUTBCS, UTO AeJIaeT IIPOoLecC UTePAllMOHHBIM.
TpaeKkTopusl BbIpallUBaHUS OIIpefiesisieTCs TeoMe-
TpHen H3JeNHus, 4YTO Je/laeT IIoJle paclpefesleHHs
OCTaTOYHBIX HANpPSDKeHUH M JedopMallkil YHHKAJIb-
HBIM. M TeM He MeHee HECKOJIbKO H3IeJIHM CXOXKeH
bopMBI U pa3MepoB MOTYT MMeTb CXOKHI XapaKkTep
Jedopmaliyii, a 3HAUMUT pellleHHe 10 KOMIIeHCAIIUU
nedopMaIMK Takoke MOXKeT ObITh 06IIMM. YCTaHOBUB
CBSI3b MeXKZly TeOMETPHeEl H3MeHsl U XapaKTepPOM ero
OedopMalliH, MOMYYUTCS CHHU3UTh YHCIO UTepalluu
mmpoiecca ITVIB U ITOBBICUTD €ro 3¢ GeKTHBHOCTE.

BUAbl AE®OPMALIUA N METO/bl

NMX KOMMNEHCALUNA

[lepen omucaHWeM MeTOIOB KOMIIEHCAlMU medopma-
LM, cenyeT cGOPpMUPOBATh MIpeliCTaB/IeHHe O XapaK-
TEPHBIX BUJAX Jedopmanuu. C TOUKU 3peHUs TeOpUH
CBapoYHBbIX JebopMallUil M HampsbkeHUH [5], medop-
MallMU [e/lsTcs Ha JiBe TPYIIIBl: «obire», KOTOpbIe
BBI3BIBAIOT MCKaKeHHUSI QOPMBI K pa3MepoB BCero 3y1e-
MEHTa, U “MeCTHBIe», KOTOpPble PACITPOCTPAHSIOTCS Ha
OT[e/IbHbIe 3/IeMeHThI KOHCTPYKUMH ., B kKoHTekcTe ITJIB
K 06myM mebopMalusM MOKHO OTHECTH SIBJI€HHE
TePMUYECKOH YCafK{ K3fenus. IIpyU OCTBIBAHHUU IIPO-
HUCXOIUT H3MeHeHHe o0beMa HaIlIaBIeHHOIO0 MaTe-
pHaa NPOIOPLIKOHAIBHO U3MEHEHHUIO TeMIIePaTypHI,
B pe3yJ/ibTaTe JIMHEMHbIe Pa3Mephl U3/e/lHs YMeHblIa-
10TCs. Cpeny MeCTHBIX JedopMaIiHE MOSKHO BBIIEIHUTD
HeCKOJIBKO BHJIOB: celjioobpasHble, pacIipenesieHHbIe
nedopmanyiu, kopobieHuUe.

BenuunHa TepMHYeCKOM yCaAKU H3[eNus oIpefe-
7I51eTCs XapaKTepUCTHKAMHU MaTepHana. KomIeHcanus
OAHHOTO SIBJIEHHS OCYIIeCTBJISeTCS MacCIITabupoBa-
HHeM reoOMeTPHUHU Ha TaK Ha3blBaeMbIH K03QULIHEHT
yCaJIku, KOTOPBIM OIlpefie/sieTcsl OTHOIIeHUeM JIMHek-
HBIX Pa3MepoB BBIPAIlleHHOI'O U3/e/Hsl OTHOCUTEIBHO
Pa3MepoB IiejleBOro M3fenusi. MeToAuKa oOIIpefene-
HHUS KO3QPHUIIMeHTa yCaAKd IIpefcTaBlIeHa B HCTOY-
HUKe [6]. KoMIleHcallus yCaAK{ IIPOM3BOAMUTCS ISl
H3Ienui 110601 GOpMBI U pa3MepoB 6e3 HCKIIOUeHUS.
OmHako B Cay4ae C U3AeIHSIMHU, NpedcTaBIsSIOIUMU
coboll Tenma BpallleHHs: KOJbLA, LMJIMHAPHL U T..
MacmTabupoBaHUE TeOMETPHUH, 3a4acTyIo, SIBISETCS
eIUHCTBeHHON HeoOXOOMMOM MepOH /s KOMIIeHca-
LU gepopMalium.

MeTasuTdecKasi IIOAJIOKKA — 3TO OCHOBA C KOTOPOH
HauMHaeT CBOM POCT KaKJoe H3lenue, CefyeT oTMe-
THUTb HEKOTOpble XapaKTepHble ocobeHHOCTH. CI1ocob
3aKpeIvIeHUs IOJJIOKKH MOXKeT UMeTh KpHUTHUecKoe
3HayeHHe B 3aBUCHMOCTH OT CBOIMCTB MaTepHaaa
U TeOMeTpHUM H3[enusd. PacCMOTpHM [ABa BapHaHTa
3aKpeIvIeHUs : IIePBhIM — IIO/JIOKKA SKeCTKO 3apUKCH-
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Residual stresses are forming after plastic deformations
during crystallization and cooling of the material. They
reduce the strength characteristics of the material and
staying after completion of deposition, therefore the
part is subjecting to heat treatment. Residual stresses
are the main forces unevenly distributed in the part,
they are accompanying by the elastic deformations,
and when they relax, a part geometry is change [4].
Plastic deformation can be eliminating by changing
the trajectory of the deposition so as to the product
takes the desired shape during deformation. The diffi-
culty is that to obtain reliable data of the part deforma-
tions, it is necessary to make a tested part deposition.
In addition, after changing the deposing trajectory, the
distribution of deformations may also change, which
makes the process iterative.

The deposition trajectory is determining by the part
geometry, so the distribution of residual stresses and
deformations becomes unique. However, several parts,
which have similar shape and size, may have similar
deformation patterns, which means that the solution
for deformations compensating may also be common.
Have determined a connection between the part geom-
etry and the deformations patterns, it will be possible
to solve the problem of iterations numbers in DLD pro-
cess and increase its efficiency.

DEFORMATIONS TYPES AND THEIR
COMPENSATION METHODS.
Before describing the deformations compensation
methods, it is necessary to classify the deforma-
tions types. In point of the welding deformations
and stresses theory [5], deformations are dividing on
two groups: “General”, which cause distortions of
the shape and size of the entire element; and “local”,
which spread to individual elements of the part design.
Such effects like thermal shrinkage can be attributing
to general deformations. Meaning of thermal shrink-
age is the volume changing of the deposited material
during its cooling is proportional to the temperature
changing, as a result the linear dimensions of the part
decrease. Local deformations includes several types:
saddle-shaped, distributed deformations, warping.
The degree of part thermal shrinkage is determin-
ing by material characteristics. Compensation for this
effect achieved by scaling on shrinkage coefficient,
which can be determinate by the ratio of the lin-
ear dimensions depositing part to the dimensions of
etalon part. The determining method of the shrinkage
coefficient presented in the source [6]. Shrinkage com-
pensation uses to every part. However, for axis-sym-
metrical part for example: rings, cylinders, etc., the
scaling is only necessary compensation method.
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poBaHa Ha cToJje (pHC. 2a), IIOT0KeHKe OIPAaHHUYEHO CO
BCEX CTOPOH, BTOPOM - IIOJJIOKKA 3aKpeIUIeHa B LieH-
Tpe (puc. 2b), Kpas IOIIOKKH 0CBObOKIEHBI. Ilep-
BBIN CII0COD HICIIONB3YeTCsI, eCTH IOAJIOKKA SBIISETCS
YaCcThI0O eOMeTPHH H3MeNHs, WIH H3felHe MaCCHB-
Hoe, T.e. IUIOMIAJb HAIlJIABKU CJI0Sl BelHKa. JKecTKoe
3aKpeIUIeHHe COIIPOBOKIAETCSI BBICOKOM KOHIIEHTpA-
L[Mel HAIpsDKeHHI B MaTepuase WU3JeIHs, [103TOMY
IIPUMEHSIeTCS. IIPU BBIPAIMBAHUU W3 IUIACTHYHBIX
MaTepHaJIOB C BBICOKUM I10Ka3aTesleM OTHOCHTEIBHOI0
YAJIUHEeHHs, OfHAKO HeobXOMHMO TaKKe yUUTHIBATH
0CO6eHHOCTH reOMeTPUH U3IeNnusl. [l MaloIUIacTHd-
HBIX MaTepHaloB WM H3JeTHHN C HU3KOH KeCTKO-
CTBIO KOHCTPYKLIMH, KaK, HallpHMep, TOHKOCTeHHbIe
000JI0UKH, 3TO MOXKET CTaTh IPUYHUHOM pa3pylIeHHUs
(puc. 2a). Ilpu BTOpoM criocobe 3aKpeIlIeHHSI OCTa-
TOYHBIE HAIIPSDKEHHUS YaCTUYHO KOMIIEHCHPYIOTCS 32
cueT 06pa3oBaHUS CeAOBUAHOM AedopMaLlUU IIOA-
JOKKU. He3apUKCHPOBaHHBIE Kpas IIOJAHHUMAIOTCS
B HAIIpaBJIeHHUU POCTA, 3TO II03BOJISIET COXPAHUTH
LIeJIOCTHOCTb H3fenusi. OfHaKO, YIpaB/sioIas IIpo-
rpaMMa He yUYUTHIBaeT M3MeHeHHe GOPMBI ITOAIOKKH,
HaIlJIaBKa ITPOZIO/DKAETCS II0 33[aHHOM TPaeKTOPHH.
CBOobOHBIe KOHIIBI ITOJJIOKKH ITOJHUMAIOTCS OBICTpee
yeM IIPOMCXOAUT HaIUIaBKa, TaKUM ob6pa3oM dYacThb
reoMeTpuu uszenus tepsiercs (puc. 2b). [loaTomy npu
BBIPALMBAHUU C HCIIONB30BaHUEM [edOopMHUPYyeMOK
IIO/IJIOKKH B Te€OMETPHUIO U3[eNHs T00aBIsSeTCs YBeIu-
YeHHBIH KOMIIEHCAIIHOHHBIM C/I0M, HHUBEIHPYIOIINHN
BiIusiHUe fedopmanmit (puc. 2c). KoMeHcallMoOHHBIN
C7I0M - CerMeHT, IIpe[NIeCTBYIOIIUHI BbIPAIHBAHUIO
OCHOBHOTO H3[eNUsI, KOTOPHIM [106aBseTcs B Kaxk-
Ioe u3fenuie 4YToOBl YIIPOCTUTDH IIPOLIECC OTPE3KH OT
IIO/I/IOKKH.

PacripemeneHHble OepopMaLlUM IPeACTABISIOT
cobo¥1 KpyIHbIe 06/1aCTH C HU3KHUM IPafiIieHTOM OTKIIO-
HEHUM OT TpebyeMon reomeTpuu usgmenus [7]. IJaH-
HBIM BUZ, nepopManiuil Haubonee 4acTo BCTPeUAETCS
B H3[eMUSIX, UCKIIOUEHUSIMH SIBJISIIOTCS MacCCHBHBIE
KOHCTPYKLIMH C BBICOKOHM SKeCTKOCTBIO. KoMITeHcaIus
OCYIIeCTB/ISIETCS IIPe/IBAPUTEIBHBIM H3MeHeHHeM Ieo-
MeTpPHUH B HAIIPAaBIeHUU ITPOTHUBOIIOIIOKHOM Hedop-
MallMsIM BBIpallleHHOro u3fienus (puc 3). IIpu moBTop-
HOM BBIPAIIMBAHUU HU3IEJIUSI CO CKOMIIEHCHPOBAHHOM
reoMeTpHer [OCTUTaeTcs >kernaeMas ¢dopma. Yamie
BCEro MMeHHO JIAHHBIN BUJ AedOpMaIIHUi CTAHOBUTCS
IIPUYMHON MOIIOTHUTEIBHBIX HTEPAaLlMH IIpoliecca.
Haubonee octpo mpobinema IpOSBISETCS MIPU IIPO-
M3BOACTBE KPYIHOTAbapUTHBIX TOHKOCTEHHBHIX 060-
JIo4eK, AJis KOTOPBIX HEe3HAUMUTeJIbHbBIe H3MeHEeHHUS
reOMeTPUH IIPUBOAST K CYLIeCTBEHHBIM U3MeHEHUSIM
XapakTepa gepopMalMil B BHAY HH3KOH >KeCTKOCTU
KOHCTPYKUME. [103TOMy KOMIIeHCAIus AepopMaliril

i g

Puc. 2. CezmeHm mMoHKOCMEHHOLU 060A04KU MOALLUHOLU 3 MM
U3 cnaasa BT6: a) Ha XKecmKo 3a@UKCUPOBAHHOL N0dN0XKKe;
b) 3akpenaeHHoli no ueHmpy; ) ¢ yeeAuyeHHbIM KoMneHca-
ULOHHBIM CAOem

Fig. 2. A segment of a thin-walled shell 3 mm thick made of
VT6 (analogue TiGAI4VELI) alloy a) on a rigidly fixed sub-
strate; b) fixed in the center; ¢) with an increased compensa-
tion layer

The substrate is the base where each part begins its
deposition, so some characteristic features should be
noted. Cconsider two options for fixing the substrate:
the first is when the substrate is rigidly fixed to the
table (Fig. 2a), the position is limited on all sides, the
second one is when the substrate is fixed in the cen-
ter (Fig. 2b), the edges of the substrate are free. The
first method should be used if the substrate consider
some elements of part geometry, or the depositing
part is massive, i.e. the area of the layer deposition
is large. Full fixation is accompanying a high stress
concentration in the part material. Therefore this
fixation method using for plastic metals deposition
with a high relative elongation index. However is also
necessary to take into account the part geometry. For
low-plasticity materials or products with low con-

PHoTONICcs vOL. 18 NO.5 2024 409



i g

AOOUTUBHDBIE TEXHOJIOTU Im——
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

IUIS JAaHHBIX H30eIHH OOIIOJ-
HSIeTCSI KOMIIBIOTEPHBIM MoOJe-
JIHpOBaHHUEM HAIPSI>KeHHO-
IebOpMHUPOBAHHOIO COCTOSTHUS .

KopobreHre WK TIOTeps yCTOM-
YUBOCTU IIPEICTABISIOT COBOM BOMI-
Hoobpa3Hble TebopMaLIK CTeHKU
U3Je/IHsl C BBICOKUM IPaJlUeHTOM
OTKJIOHEHHH OT IeJIeBOM TreoMe-
TpuM. O6pasyeTcs JaHHBIM JepeKT
B pe3yibTaTe HeAOCTAaTOUYHOH
SKeCTKOCTH H37eNHsi, BCTpedaeTcs
TOJIBKO IIPH BBIPALIMBAHHUU TOHKO-
CTeHHBIX 0boJIoUeK [8].

Meros, KOMIIeHCALlMH, IIpHU-
MEHHUMBIH [/ PpaclpeferleHHBIX
OebopMalliHt, B OJaHHOM Clydae
He 3pdeKrTHBeH. PelleHre JaHHOU

Puc. 3. CpasHeHue paccuumanHol modenu ¢ ModeAblo u3deaus: a) 9o 06pamHoli
depopmavyuu, b) nocae o6pamuoli depopmavuu

Fig. 3. Comparison of the calculated model with the product model: a) before
geometry changing; b) after geometry changing

IpobieMsl 3aKIIOYAETCSI B IIOBBI-
IIeHUH SKeCTKOCTH OOO0IOUKH.
JOCTUTHYTb 3TOTO MOXKHO HeCKOJIb-
KUMH CII0COOaMH: yBeTHMYeHHeM TONIIUHBI CTeHKU
0600uKM WUIU 0baBIeHHEM 371eMeHTOB >KeCTKOCTH
(CTpUHTepOB) Ha ITOBePXHOCTH H3zenusi. CTPUHIEepPH
[I03BOJISIOT IIpeobpa3oBaTh KopobiieHHe B pacIpere-
JeHHYI0 JepopMallMIo, KOTOpasi, KaK ObUIO OIMKCaHO
paHee, KOMIIEHCHUPYeTCsl IIpefBapUTe/IbHBIM H3MeHe-
HHEeM IeoMeTpHH H3fie/insi. CTPHHIEePHI SB/ISIOTCS TeX-
HOJIOTUYeCKUMH 3IeMeHTaMH, 110 3aBepILIeHHI0 HU3Tro-
TOBJIEHHSI UX YIAJISIOT C [IOBEPXHOCTH H3/e/NHs.

[IpuMeHeHHe KOMIIEHCALIMOHHBIX Mep II03BOJISIeT
pelInTh IpobreMy AedopMmallvii, OGHAKO He IpH-
BOOUT K HX PeJIaKCalluKd OCTATOYHBIX HAIIpPSDKeHMH,
[I03TOMY IIOC/Ie 3aBepIleHMs] TeXHOJOIHYecKoro IIpo-
Ijecca H3Jenre HeobXOOHMMO IIOIBEPrHYTb TepMHUUe-
cKko¥ obpaboTke.

B KauecTBe mpHMepa NpHUMEHeHUS MeTOLOB KOM-
NeHCallMKd [JdedopMallUil SB/SIIOTCS H3MeNUsl, BXO-
Osue B COCTaB ra3ocbopHMKA KaMephbl CrOpaHMS
ra3oTypbHHHOM ycTaHOBKM [T-65.1. IIoMHBIN IIpO-
M3BOACTBEHHBII IPOLIeCC KOMIUIEKTa HM3ZLeIHUM IIpef-
CTaBlieH B UCTOYHHKe [9]. [a30CO0pPHUK BKIIOYAET
B cebst 4 meTanu C pa3sUYHBIMU THUIIAMU TeOMETpPHUH,
a TaKKe JIByX Pa3sHOPOAHBIX MaTepHasioB (pUc. 4). BHy-
TpeHHsIst 060/10uKa ra30cO0PHMKA, paMKa M KOJIBLO
M3rOTOBJIEHBl M3 >KapOIIPOYHOIO CIUIaBa Ha OCHOBE
HuKesns B)K159, BHemmHss 060/104Ka ra30c60pHUKA ~ U3
HepKaBelolller CTaad Mapku 12X18H10T. BHyTpeH-
HSISL U BHeIIHsist 060mouku (1, 4) IIpeACTaBsAoT coboi
TOHKOCTeHHBIe KPYIHOrabapUTHBle H3IeNUsl U Ipef-
MOJIOKUTE/IBHO SIBJISIOTCS JIerKofgepopMUpPyeMbIMH
33 C4eT HeBBICOKOM >KeCTKOCTH KOHCTPYKLHUH. Ilpen-
CKa3aTh XapaKTep M CTelleHb AeGopMallMH KOTOPBIX
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struction rigidity, such as thin-walled shells, this can
cause destruction (Fig. 2a). Using by the second fixing
method, the formation of a saddle-shaped deforma-
tion of the substrate compensate residual stresses
partially. Unfixed edges rise in the direction of deposi-
tion, which allows maintaining part integrity. How-
ever, the main program does not take into account the
substrate changing, the surfacing continues along the
specified trajectory. The free ends of the substrate rise
faster than the dispositioning occurs, so a fragment
of part geometry is lost (Fig. 2b). Therefore, it use
increased compensation layer in deformable substrate
case, leveling out the influence of substrate deforma-
tions (Fig. 2c).

Compensation layer - a segment preceding the
growth of the main product, which adds in each
part to simplify the process of cutting from the
substrate.

Distributed deformations are large areas with a low
gradient of deviations from the required geometry of
the product [7]. This type of deformation encounters
in parts, with the exception of massive design with
high rigidity. Compensation carry out by preliminary
changing the part geometry in the direction oppo-
site to the part deformations (Fig. 3). When deposi-
tion process repeats the part takes desire shape. This
type of deformation becomes the cause of additional
iterations. The problem is especially relevant in the
production of large-sized thin-walled shells. For these
parts minor changes in geometry lead to significant
changes in the deformations patterns due to the
low construction rigidity Therefore, compensation of
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3aTpPyAHHUTENbHO 6e3 NMpHMeHeHHs pacdeTHBIX MeTO-
IOB MOZIeNIMPOBaHUs Ipoliecca IJIB uau mpobHOro
BBIpAIMBAaHMS. PaMKa (2) mpencTaBisieT cobo TOICTO-
CTeHHOe H3Jle/lHe C 3epPKaJIbHOM CHMMETpPHel, KOTO-
poe IIpeIIoNOoKUTEIBHO He ITPeTepPIIUT MACIITAOHBIX
medbopmariuri. Konbio (3) - skecTKoe M3[enre, COCTO-
sllee U3 ABYX OCECHMMETPHUYHBIX 000JI0UEeK, COeIH-
HeHHBIX (pepMeHHBIMHU 371eMeHTaMH, B JOIIOTHeHHe
MMeeT YCHJIeHMsI Ha BHeNIHel CTeHKe, HW3MeHeHHe
reOMeTpPUH KOJbIia IIPeJIIoNaraloTcsi IJIaBHBIM obpa-
30M BC/IeICTBHE TePMHYECKOH YCaAKH.

OBbOPYAOBAHUE N MATEPUAJIDI
M3roToB/IeHHe 3aroTOBOK 371eMeHTOB Ia30COOpPHHKA
IIPOBOAM/IOCE Ha YCTAHOBKE IIPSIMOTO JIa3epHOTo
BeIpamuBaHusa «MJIMCT-L» mpousBogcTBa CIIGIMTY
(puc. 5). TexHHUYecKHe XapaKTEPUCTHUKU YCTAHOBKH
«HJIMCT-L» npuBeneHb B Tabnuie. TpaeKTOpHUHU
U yIIpaBJIsiole IPOrpaMMBbl AJ1s pOOOTH3HPOBAHHOL
Jla3epHOH 06pabOTKM 3aroTOBOK 3/IeMEHTOB ra3ocbop-
HHUKAa CO3/IaBa/TMCh B IIPOrPaMMHOM I1akeTe Autodesk
PowerMill. KoHTponb reoMeTpHu 3ar0TOBOK ITPOHM3BO-
JUJICS C TIOMOILBIO U3MEPUTeIbHOM I1aphl, COCTOSIIIeN
13 onTu4eckoro 3D ckaHepa U Tpekepa Metroscan Elite
750. ObpatHas medopmalusi Mofesled H3HenruH IIpo-
M3BOAHM/IACH C HCIIO/Nb30BAaHHEM IIaKeTa MPHUK/IaJHBIX
IIPOrpaMM JIsl TeXHHYeCKUX BeIYuCcIeHUH Matlab mo
JAHHBIM I10/1 OTKIOHEHH M TeOMeTPHH, IIOTyYeHHbIM
B rmporpaMme Geomagic ControlX.

g

Puc. 4. lemanu 2030C50[,’JHUKG 6/1513 2a30myp6uHHoU ycma-
HOBKU [T3-65.1[9]: 1- BHympeHHsas 060A04Ka, 2 — PamKka
060104KU, 3 = KOAbLLO 8X00HOE, 4 — BHEWHUU KOXXYX

Fig. 4. Gas collector parts for the GTE-65.1 gas turbine unit
[9]: 1 Inner shell, 2 - Casing frame, 3 - Inlet ring, 4 - Outer
shell

Tabnuua. TexHMYeckme XxapakTepnucTnKkm
yCTaHOBKUN«UTNCT-L»
Table. The technical characteristics of the complex ILIST-L

Puc. 5. YcmaHo8Ka npsimo20 Aa3epHo20 8blpall,usaHus
NINCT-L
Fig.5. Direct laser deposition complex ILIST-L

MapameTp 3HayeHune
Parameter Value
MOLLHOCTb 1A3€PHOr0 U3y4eHns (Makc.) 3 KBT

Laser power (max) 3 kw

[1nHa BO/HbI U3NTyYeHns 1070,4 HMm
Laser wavelength 1070.4nm
Pa3mep paboyer 30Hbl #1300 x 800 MM
Working area size #1300x800 mm
KonmyecTBO CUHXPOHHO-YMpPaBASeMbIX 3w

ocen 3l '

Number of controlled axes ’
IPy30N0ABLEMHOCTb HAK/IOHHO- 500 Kr
MOBOPOTHOrO MO3MLMOHEpPA 500 kg

Positioner payload

MopOLLKOBBLIN NUTATENb

Konb6a, 5n—2wT.

Powder feeder Bunker, 51=2cl.
Opakuymsa MK 20-200 MKM
fractional composition 20-200 mkm
Pabouas atmocdhepa AproH BY
Inertatmosphere Argon
[Mpon3BOANTENLHOCTL MOAAYM MOPOLLKA 2 Kr/4

Powder feed capacity 2kg/h
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TEXHUYECKASA NMOATOTOBKA
[IepBBIM IIOJTOTOBUTEIBHBIM 3TAIlOM SIBJISIETCS IIpe-
obpa3oBaHMe Mofeel H3[eNHI B MOJEIH 3aroTOBOK.
B Momenu usmenui O6bUIM [00aBiIeHbl KOMIIEHCAIIH-
OHHBIE CJIOM, IPUMeHeHBl MaclmTabHbele Ko3GOULTU-
€HTbI, B PAMKy M KOJIBLO H06aBlIeHbl IIPUIYCKU IIOf
MeXaHHYecKyIo 06paboTky. Ha IoBepxXHOCTb BHEIIHEro
KOKyxa ObUIHM mobGaBiIeHBl CTPHUHTEPHl C TONIIMHOMN
CTeHKH 2 MM C LIeJII0 ITOBBIIIeHUS JKeCTKOCTH H3MeIHs,
IIPU 5TOM FeOMETPHs KOKyXa Ha HA4IBHOM 3Talle He
HM3MEeHSJIaCh.

[ KoMIIeHCalluK JeGOpMaLMi BHEIIIHEro KOojKyxa
Y BHYTpPeHHeH 000/04KH Tra3ocbopHHKA IoTpeboBa-
JIOCh IIPOM3BECTH MOJETHPOBAHHE HAIIPSKEeHHO-
nebOpMUPOBAHHOTO COCTOSIHHS ITPOM3BOIUIOCH METO-
IOM KOHEUYHBIX 37IeMeHTOB. [Ipoliecc MofeTHpPOBAHUS
COCTOS/T U3 peIleHHs 33Javyd TeILIOIPOBOLHOCTU
M YIPYroIUIACTUYeCKOM 3aJavH, IIPH 3TOM YYMThIBA-
JIUCh TeMIIepaTypHble 3aBHUCHUMOCTH TeIUIObH3HUe-
CKUX U MEXaHUYeCKHX CBOVCTB, PEKUM BBIPALIHUBAHUS
Y II0C/IeJOBaTe/IbHOCTh HaIlJIaBKHU
cmoeB. [l SKOHOMHH Ppacyer-

|
— ‘% AJLONTUBHbBIE TEXHOJIOTUU

deformations for these products accompanied by com-
puter modeling of the stress-strain state.

Warping or loss of stability are wave-like deforma-
tions of the parts wall with a high gradient of devia-
tions from the desire geometry. This defect forms as
result of insufficient part construction rigidity it is
typical for thin-walled shells [8].

The compensation method applicable to distributed
deformations is not effective in this case. The solution
to this problem is to increase the rigidity of the shell.
This achieved in several ways: by increasing the thick-
ness of the shell wall or by adding stiffening elements
(stringers) to the part surface. Stringers transform
warping into distributed deformation, which com-
pensation was describe earlier. Stringers are techno-
logical elements, after production they are removing
from the part surface.

The use of compensation methods allows solving
the problem of deformations, however, it does not
lead to relaxation of residual stresses, therefore, after

HOIO BpeMeHH MOJe/HpOBaHUe
HaIlJIaBKU (/1051 IIPOM3BOJMIIOCh He
I10C/IeIOBATEIbHBIM J00aBIeHHEeM
MaTepuaga C IepeMelleHHeM
MCTOYHHUKA TeIUIOTBI, a IIyTeM
no6aBIeHHs /1051 MaTepHasIa LIeIH-
KOM. Kak IoKa3bIBaeT IMPAKTHKa,
pe3y/ibTaThl [JaHHOLO PpelleHHs
XOPOILIO COBIIAJAIOT C pe3yjIbTaTaMK
pacdeTa mepeMelleHHs UCTOYHHKA
TEeIlJIOThI, IIPA 3TOM CYIIeCTBEHHO
COKPpAIllaeTcsi KOJIMYeCTBO pacyer-

3aHBI pe3y/IbTaThl MOJETHPOBAHUS
HaIpSKeHHO-1eGOPMUPOBAHHOTO

U, Magnitude

2,862
COCTOSIHUSL M3[eNui. BelndyuHa 2,453
MaKCHMATbHOIO HUTOTOBOIO OTKJIO- i’g;“s‘
HEHUsI TeOMeTPHUU BHELIHEero 1227
KOXyxa IMpeBbIlIaeT 10 MM C yue- 0,818
TOM HKCIIOJIb30BAHHUS CTPHHTE- 0,409

0
poB (puc. 6a). Pe3ynbTaT IOKa3al

OTKIIOHEHHEe B HECKOJIBKO pa3 IIpe-
BBIIIAIOIIee TOIIINHY CTeHKH H3Je-
U, OTCIOfA CJIeAyeT, UTo u3fe/re
He obsafaeT SOCTATOYHOM >KeCTKO-
CTBIO ISl IIPUMEHEeHHsI 0bpaTHOM

b)

U, Magnitude

10,305
8,833
7,361
5,889
4,417
2,944
1,472
0

HBIX mmaroB [10]. Ha puc. 6 1 7 moka- 2

Puc. 6. Pe3yabmam modeauposaHus HanpskeHHo-0epopmuposaHHozo

nedopmanmu. ObecriedueHHsT Heob-
XOIMMOM SKECTKOCTH H3ZeNHUs yaa-
JIOCh IOCTHUTHYTb 3a CYUeT yBeaude-
HUS TOJIIIMHBI CTEHKH CTPUHIE€POB
no 4MM, Takke CTPUHIephI ObUTH
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COCMOSIHUS BHELHE20 KOXKYXd 2a30C60pHUKA ¢ dobasneHuem cmpuHzepos [9]:
a)2 mm; b) 4mm

Fig. 6. Result of modeling the stress-strain state of the outer shell of the gas col-
lector with the addition stringers [9] of: a) 2mm; b) 4mm
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HUS 8HYMpeHHez0 Ko)Kyxa

U, Magnitude
1,069
0,916
0,764
0,611
0,458
0,305
0,153
0

Puc. 7. Peayabmam modeauposaHus HanpsixxeHHo-0eopmMUpPOBAHHO20 COCMOS-

Fig. 7. Result of modeling the stress-strain state of the inner shell

completion of the technological
process, and a part subjected to
heat treatment.

An application of deformation
compensation methods shown on
example of parts included in the
gas collector of the combustion
chamber CTE-65.1 gas turbine unit.
The complete production process of
the set of products is presenting
in the source [9]. The gas collector
includes four elements with dif-
ferent types of geometry, which
made of different materials (Fig. 4).
The inner shell of the gas collector,

CTPYIIIHPOBAHBI B 0671aCTH HAUOOMBIINX JeGOpMaLIULL.
B Tekymiert KOHQUIypalluK MOAeNIHPOBaHKe IIpoliecca
nokasano (puc. 6b) OoTKIOHeHHs, He ITpeBHILIAONIHE
2,8 MM OT IIOBEPXHOCTH CTPHHTIepa U He boree 2 MM
OT IIOBEPXHOCTH H3[IeNHS, YTO SIBJISIeTCS YIOBIETBOPH-
TeJIbHBIM Pe3y/IbTaTOM.

JlobaBeHMe CTPUHIEPOB Ha BHYTPEHHUN KOXKYX He
noTpeboBanoch, IOCKOJIBKY €ro COOBCTBEHHOM >KeCTKO-
CTH OKa3aJ1ach AOCTATOUHO 3a cYeT OO/IbIIer TONIIHHBIL
CTeHKH, 4TOObI M36exkaTh 06pa3oBaHHUS KOPOOIEeHMS.
CornacHo pesyjbTaTaM MOAEIHUPOBAHHS, MaKCHMAalb-
Hble OTK/IOHEHHS TeOMEeTPHUM BHYTPEHHero KOXyxa
C y4yeToM KOMIIeHCALIMK Ppaclpele/leHHBIX AedopMa-
LIMI He IIpeBbINIaeT 1 MM (puc. 7). Ha ocHOBaHKH IOy~
YeHHBIX JJAaHHBIX TeOMeTpPHUsI Mojle/iel 3aT0TOBOK BHeIII-
Hel 060/104KH 1 BHYTPeHHero Ko>Kyxa Obl1a H3MeHeHa,
I10C/Ie Yero 6bITH CO3JAHBI YIIPAB/ISIOIIME IPOrPaMMBI
BBIPAIIIMBAHUS.

YTobBl CHSTh OCTAaTOUHBIE HAIIPSIKEHHUS H3[eNTHH
6b11K OTPabOTaHBI PESKHMMBI TEPMHYECKOM 00paboTku
st crany 12X18HIOT m BXK159. Tepmuueckast obpa-
60TKa BHeIIHero KoXyxa TpeboBasna 0coboro BHHMa-
Husi. ObpaboTka mpou3BoguiIack, 6e3 OTHeNeHHUs OT
MeTaI/IMYeCKON IOJJIOKKH, B IIPOTHBHOM CJIydae
mpousonuio 6bl IlepepacrpesiesleHHe HAIIPSKeHHUH,
YTO IIPUBeIO 6bl K HeIlpencKasyeMbIM JedopMalUsM
usnenusi. YTobbl coXpaHUTh GOPMY KOJIBLIEBOK YaCTH
KOKyXa HeM3MeHHOH IIocle TepMoobpaboTKH 6bL1
W3rOTOBJIeH CIIel[Ma/IbHBIM CTaIle/ib TakoKe M3 CTAIH
Mapku 12X18HI10T (puc.8a). Cramens 6BUI yCTAaHOB/IEH
B M3[e/He, KaK II0Ka3aHo Ha (puc.8b).

MPOBEAEHUE DKCNEPUMEHTA

[Toce 3aBeplleHHs IIpellBAPUTENBHON IIOATOTOBKHU
MOZeNel U TeXHUYECKOM ITOATOTOBKH ObUIO Mpo-
BeJleHO IIpSMOe Jia3epHOe BBhIPAINMBAHHE M3[IeTUN

the frame, and the ring are made

of heat-resistant nickel-based alloy
VZh159, the outer shell of the gas collector is made
of stainless steel grade 12Ch18Nil0Ti (analogue AISI
304L). The inner and outer shells (1, 4) are thin-walled
large-sized parts and deformed easily due to the low
rigidity of the construction. It is difficult to predict
the pattern and degree of deformation without using
of computational methods for modeling the DLD pro-
cess or trial production. The frame (2) is a thick-walled
product with mirror symmetry, which unexpected
large-scale deformations. The ring (3) is a rigid part
consisting of two axisymmetric shells connected by
truss elements, in addition, it has reinforcements on
the outer wall, and the change in the geometry of the
ring is expecting mainly due to thermal shrinkage.

EQUIPMENT AND MATERIALS
The production of gas collector elements carried out
using the ILIST-L direct laser deposition complex man-
ufactured by SMTU (Fig. 5).

The technical characteristics of the complex ILIST-
L presents in Table 2. The trajectories and control
programs for robotic laser processing of gas collector
element created in the Autodesk PowerMill software
package. The geometry of the workpieces controlled
using a measuring pair included an optical 3D scanner
Metroscan Elite 750 and c-track Black Elite. The reverse
deformation of the part 3D-models carried out using
the Matlab application package for technical calcu-
lations based on the geometry deviation field data
obtained in the Geomagic Control X program.

TECHNICAL PREPARING

The first preparatory stage is the transformation of
product models into blank models. Compensation
layers added to the part models, scale coefficients
applied, allowances for mechanical processing added
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a)

Puc. 8. Cmaneab 0451 mepmoo6pabomku 8HeluHell 060A04KU KOXKyXxa (a) U e2o

nonosxeHue 8 uzdeauu (b)

Fig. 8. Frame for heat treatment of the outer shell (a) and its position in the

part (b)

to the frame and ring. Stringers
with a wall thickness of 2 mm
added on surface of outer shell in
order to increase the part rigid-
ity, while the geometry of the
shell did not change at the first
stage.

To deformations compensation
of the outer shell and the inner
shell of the gas collector, it was
necessary to simulate the stress-
strain state using the finite ele-
ment method. The modeling pro-
cess consisted of solving thermal
conductivity problem and the

B YCTAaHOBKE IIPSIMOIO JIa3ePHOILO BhIpalllMBaHHUS
WJIMCT-L.

PaMKa - eqMHCTBEHHOE M3[e/IHe U3 IIpelCTaBjieH-
HBIX, XapaKTep AedpopMallMil KOTOPOro ObL1 oIpe-
JeleH B3KCIepuMeHTanbHO. IloATroTOBKa M Moje-
nHpoBaHHe Impouecca IIJIB paMKU IIOTeHIIKMAJIbHO
notpeboBaso CymecTBeHHO 6oibllle BpeMeHH, YeM
caM IIpouecc BhIpaliHBaHHA. COrjlacHO [JaHHBIM
KOHTPOJISI TeoMeTpUHU 6Obla Ipou3BedeHa obpaTHas
JepopMaLivs MOMENIN H3Me/Ius, COCTaBjeHa HoBag
yIpaBIsioIas IIporpaMma, I10oc/ie Yero ObII0 BBIIION-
HEHO IIOBTOPHOE BhIpAIllMBaHKe U3Ie/TH.

KoHTpo/b IeOMeTPUU BHeIIHeH MU BHYTpPeHHel
060JI0UKM IIOKa3al OTKJIOHEHHS HeNOIlyCTHMBbIe
B yKa3saHHBIX TpeboBaHMSIX. HX MoOfenH 3aroTOBOK
OBLIM CKOPPEeKTHPOBAaHBEI, IIPUMeHeHHeM OOpaTHO
mebopMaIuu, IIoc/ie 4ero ObUIM COCTABIEHBI HOBBIE
YIIPABIAIOINYME IIPOrpaMMBl M IIPOM3BEJEHO IIOBTOP-
HOe BhIpalliiBaHue,

Jlanee xaxkzgoe M3 HU3[eNUN OBLIO IOABEPIHYTO
TepMo0o6paboTke B COOTBETCTBHUU C OTPAbOTaHHBIMHU
pexuMaMu. Ilocie TO usgenus OBUIM OTHEeIeHBI OT
IIOJIOKEK U ITPOM3BeNEeH KOHTPOJIb FeOMEeTPUU KaxK-
JIOr0 W3 U3Oe/IHH.

PE3YJIbTATbl U OBCYXXAEHUA

Ha puc. 9 u 10 mokasaHbl pe3y/JbTaThl KOHTPOJIS I'eo-
MeTPHH I10C/Ie IIpoBefeHHs TO paMKH U KOJIbLiA COOT-
BeTCTBEHHO, IIpefe/bl IIKAJIbl OTKIOHEHHH *2MM.
Oba u3menus IMPOAeMOHCTPUPOBATIH B LI€JIOM YAOB-
JIeTBOPUTE/IBHBIM pe3y/lbTaT. MaKCHMaJIbHbEIe OTKJIO-
HeHHUS PaMKHU JOCTUIAIOT 1, 8 MM, OLHAKO OHH JIOKA-
JIA30BaHBl B 30HaX IPHUIIYCKa II0f, MeXaHHUYeCKyIo
06paboTKy, OTKIOHEHHS KIIOYeBbIX Pa3MepOB He IIpe-
BBIIAIOT 1 MM. OTKIOHeHHs TeOMeTPUHU KOJblia He
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elastic-plastic problem, taking
into account the temperature
dependences of the thermal and
mechanical properties, the growth mode and the
sequence of layer deposition. To save the estimated
time, the material added in every layer at once. As
practice shows, the results of this solution coincide
well with the results of calculating the movement
of the heat source, while the number of calculation
steps is significantly reduced [10]. On Fig. 6 and Fig.
7 shown results of modeling the stress-strain state
of part. The maximum deviation of the outer shell
geometry exceeds 10 mm, taking into account the
use of stringers (Fig. 6a). The result showed a devia-
tion several times greater than the wall thickness
of the product, hence it follows that the product
does not have sufficient rigidity for the application
of reverse deformation. The necessary rigidity of
the part achieved by increasing the wall thickness
of the stringers to 4 mm, and the stringers also
grouped in the area of the greatest deformations.
In the current configuration, the process modeling
showed (Fig. 6b) deviations not exceeding 2.8 mm
from stringer surface, and not more than 2 mm
from the product surface, which is a satisfactory
result.

Adding stringers to the inner shell was not required
since its own rigidity was sufficient to avoid warping
due to the greater wall thickness. According to the
simulation results, the maximum deviations in the
geometry of the inner casing, taking into account
the compensation of distributed deformations, do not
exceed 1 mm (Fig. 7). Based on the obtained data, the
geometry of the outer shell and inner shell 3d-models
changed, after which control programs for deposition
created.

Heat treatment modes for 12Ch18Nil0Ti and VZh159
steel were developed. The heat treatment of the outer
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IIpeBbIIIAOT 0,6 MM, YTO TaKKe SIBJISIETCS YIOBIEeTBO-
PHUTEIBHBIM Pe3y/IbTaTOM.

KoHTpo/Ib reoMeTpHUH BHYTPEHHEIo KOXKyxa Ia3oc-
OOpHMKA I10CTIe 3aBepIIeHMs BEIPAIIMBAHUS U TEPMO-
06paboTku IpencTaBaeH Ha pUC. 11, ITpemessl MIKaIbl
OTKJIOHEHUH +2 MM. Ilocjie oTheeHUs OT IIOJIOKKH
MaKCHMaJIbHble OTKIOHEeHH s, He IIPeBBIIIAIOT 1,2 MM,
B MecTax COOPKM C OCTIBHBIMU [ETAISIMH OTK/IOHE-
HHUS He IIPeBbIIaoT 0,5 MM.

[locme 3aBepuIeHHUS] BBHIPALUIUBAHUS BHEIIHUHN
KOXyX Tra3ocbopHHKa OB ITOABEPrHYT Tepmoobpa-
60TKe, II0C/Ie Yero C Hero ObLIM Cpe3aHbl CTPHUHIEPHI
Y KOKyX OBLI OTZe/IeH OT IOAJIOKKH . [10 3aBepIIeHUI0
KKIOI0 TeXHOJIOTMYEeCKOro 3Tala, OT OKOHYAHUS
BBIPAIIMBAHMUS [I0 OTHAETIeHHUsI OT IOIJIOKKHU IIPOH3-
BOZIMJICSI KOHTPOJIb TeOMETPHUH HU3JeNnusi. Pe3ybTaThl
KOHTPOJIS IIPeACTaB/IeHbl Ha PUC. 12, IIpeesibl Kbl
OTKIOHEHHH *5 MM. B 0671aCTH yCTAaHOBKH CTaIless
s TO OTKIOHEHHS He IIpeBhIIIAlT 1,2 MM, 4TO
COOTBETCTBYeT TPebOBaHMSIM OIyCKa B +2 MM, HeXe-
JIaTe/bHOe OTKIOHeHMe B 2,8 MM Hab/io1aeTcsi B OCHO-
BAaHHUU HU3JeNUs, B KOMIIEHCAIIJHOHHOM CJI0€, OLHAKO
IOAHHBIN y4acToK byneT oTmeneH OT m3fenus. Ilocie
yAaIeHUs CTPUHTEPOB U OT/Je/IeHUS OT IIOAJIOKKH Ieo-
MeTpHsI H3JeNusl IIpeTepriesnia M3MeHEeHHs B CpaBHe-
HHU C pPe3yJbTaTaMH TepMoobpaboTku, 3T0 03HAUYaeT
HeIIOJIHYI0 PeNaKkCaIliI0 OCTATOYHBIX HaIIpSIKeHHH.
MakcyuManbHble OTKIOHEHHS TeOMeTPHU O0OO0T0UKU
II0C/Ie OTAENeHUSI OT IIOAJIOKKH COCTAaBHIHU 3 MM,
YTO SIBJISIETCSl IIpeBBIIIeHHeM TpebOBaHMUS [OITyCKa
GOpPMBI 2 MM.

Vi3MeHeHHe IeOMeTPHU IIPU OTHEeNeHHH OT IOJ-
JIOKKH M yAJIEeHUHW CTPHUHIepoB 00yCIOB/IeHO
HeIIOJHBIM CHSITHEeM HaIpssKeHHUsl IIPH  TepMo-
obpaborke. TakuMm obpasom, pexxum TO Tpebyer
KOPPEeKTHPOBKH.

CrenyeT OTMETHTb, YTO IIPH MOJETHPOBAHUU
HaIlpsDKeHHO-1eOPMHUPOBAHHOIO COCTOSIHUSL yUH-

i g

casing required special attention. The treatment
made without separation from the metal substrate.
Otherwise, a redistribution of stress would occur,
which would lead to unpredictable deformations of
the part. A special frame made from 12Ch18Nil0Ti
stainless steel to keep the ring shape undeformed
after heat treatment (Fig. 8a). The installation prin-
ciple shown in the figure (Fig. 8b).

EXPERIMENT
The next stage was direct laser deposition of part in
the DLD complex ILIST-L.

The frame is the only product among those pre-
sented whose deformation nature was determined
experimentally. Modeling of the frame DLD process
potentially required significantly more time than the
deposition process itself. The frame manufactured
and scanned. According to the geometry control data,
the product model was reversely deformed, and a new
control program created, after the entire frame was
re-deposited.

The remaining parts manufactured and subjected
to geometry control. Then each of the products sub-
jected to heat treatment in accordance with the
developed modes. After the heat treatment, the part
separated from the substrates and each of its were
re-scanned.

RESULTS AND DISCUSSIONS

Figures 9 and 10 show the results of geometry control
after heat treatment maintenance of the frame and
ring, respectively, the deviation scale limits are 2
mm. Both products demonstrated a generally satisfac-
tory result. Maximum deviations of the frame reach
1.8 mm, however, they are localized in the areas of

Puc. 9. KoHmMponb zeomempuu KOMNeHCUPOBAHHOLU pamku
Fig. 9. Result of control compensated frame geometry

\ \
i

“".

Puc. 10. KoHmponb 2eomempuu Konbua
Fig. 10. Result of control compensated ring geometry
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Puc. 11. KoHmponb
2eomempuu
8HyMpeHHez0
KOXyxa

Fig. 11. Result of
inner shell
geometry control

TBIBAJIMCh AedopMallMK H3[e/IUH TOIBKO B IIpoliecce
HaIlJIaBKH, I103TOMYy 3HAa4YeHHs OTK/IOHEHUM HTO-
TOBOM TeOMETPUU U3JeIHH K pacueTHBIX JAHHBIX
HMeIOT pacxokaeHus. OfHaAKO MOPSLOK OTKIOHeHHUH
pacyeTHOM TeOMeTpPUM OTHOCHTEIbHO HTOTOBOM He
IIPeBBINIAET +2 MM, YTO TOBOPHT O SKU3HECIIOCOOHOCTH
pacueTHOM MOJeNIH, M IOJIOKUTENIbHO XapaKTepH-
3yeT IIpUMeHeHHe KOMIIBIOTEPHOI0 MOAEIHPOBAHHS
[J1s1 IPOTHO3KPOBAHUS M KOMIIeHCalluK AedopMaliii
H37e/INH IIPU IIPSIMOM JIa3ePHOM BbIPALMBaHUH.

allowance for mechanical processing, deviations of
principal dimensions do not exceed 1 mm. Deviations
of ring geometry do not exceed 0.6 mm, which is also
a satisfactory result.

The geometry control of the gas collector inner shell
after production and heat treatment shown in Fig. 11.
The limits of the deviation scale are +2 mm. After sepa-
ration from the substrate, the maximum deviations
do not exceed 1.2 mm, in the places of assembly with
other parts, the deviations do not exceed 0.5 mm.

Puc. 12.Konmponb
2eonMempuu gHelwH el
060104KU KOXYXA:

a) nocae 3deeplue-
HUS! 8bIPALLUBAHUSI;
b) nocae mepmoo6-
pa6omku, c) nocae
y0aAeHus cmpuHze-
pos; d) nocae omde-
AeHUS oM NOOAOXKKU
Fig.12. The geometry
control of the outer
shell: a) after produc-
tion; b) after heat
treatment; c) after
removal of stringers;
d) after separation
from the substrate
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BbIBO/Abl

B 3aBMCHMOCTHU OT >KeCTKOCTH KOHCTPYKUHH H3[e-
UL MeHsIeTCs Heo6XOAUMBIN M JOCTaTOYHBIN 00BeM
IIpe/IBApUTeIbHOM IIOATOTOBKHA M KOMITeHCAIIHOHHBIX
mep. Kosbilo, KOTOpoe SBISeTCS IIPHMEPOM H3Je-
NHUS C BBICOKOKM >KEeCTKOCTBIO KOHCTPYKLHUHU TpebyeT
TOIBKO KOMIIEHCAllUH TePMHYecKOH ycaaKiu. BHem-
HHUH KOXyX - JlerKoJebopMHpyeMass TOHKOCTeHHasl
obonouKa, TpebyeT KOMIITIEKCHOM IIOATOTOBKH C IIPH-
MeHeHHEeM KOMIIbIOTEDHOTO MOJeIKPOBAHUS.

I[IppMeHeHHE KOMIIBIOTEPHOIO MOJEIMPOBAHMUS
HaIpssKeHHO-IePOPMUPOBAHHOIO COCTOSHHUSA H3/e-
nus 1enecoobpasHo sl nerkofeGopMUpyeMBbIX H3fe-
NN, TaKUX KaK TOHKOCTeHHble 0D0JOYKH, XapaKTep
U CTemeHb OepopMalMid KOTOPHIX 3aTPyAHUTEIbHO
Ipesicka3aTh. B KOMOMHALIMM C METOZAMH KOMIIEH-
cauuy JAepopMalMi KOMIIBIOTEPHOE MOJe/IHpPOBa-
HHe I103BOJIsIeT CHU3UTh KOJHYEeCcTBO UTepaliui IIpo-
Iecca IPsSIMOrO JIa3epHOTO JIerkKoJepopMHUPYyeMBIX
U3LeIUH.

TeXHONOTMYeCKHUI IIpoliecc 00s3aTelbHO IOJIKeH
npexycMmatpuBaTh TO m3genrisa. OOHAKO BasKHO IIpa-
BUJIBHO 110106paTh mapameTpsl 41t TO, B IPOTHBHOM
cy4dae pellaKCallksl OCTATOUHBIX HAIPsDKeHUH IIPo-
M30HeT He B IIOJTHOM obbeMe, UTO IOCTYXKUT IPH-

i g

After production, the gas collector outer shell sub-
jected to heat treatment, next stringers cut off and the
substrate removed. Upon completion of each techno-
logical stage, from the end DLD to substrate separation,
the part scanned. The control results are presented in
Figure 12, the deviation scale limits are + 5 mm. In
the segment of the heat treatment frame installation,
the deviations do not exceed 1.2 mm, which meets
the tolerance requirements of +2 mm, an undesirable
deviation of 2.8 mm observed at the bottom of the part,
but this area is in the compensation layer and sepa-
rated from the product. After removing the stringers
and separating from the substrate, the geometry of
the shell has undergone changes in comparison with
the control results after heat treatment, which means
incomplete relaxation of residual stresses. The maxi-
mum deviations of the shell geometry after separation
from the substrate were 3 mm, which exceeds the form
tolerance requirement of +2 mm.

It should be noted that modeling the stress-strain
state takes into account deformations of products only
during the deposition process, therefore the values of
deviations of the final product geometry and the cal-
culated data is partially different. However, the devia-
tions pattern of the calculated geometry relative to the

- | 22-25 CEHTSIBPS 2024
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final data and does not exceed +2 mm. It indicates the
viability of the calculation model, and positively char-
acterizes the use of computer modeling for predicting
and compensating for deformations of products dur-
ing direct laser deposition.

CONCLUSIONS

Depending on the rigidity of the product structure,
the necessary and sufficient volume of preliminary
preparation and compensation method changes. The
ring, which is an example of a product with high
constructional rigidity, requires only compensation
for thermal shrinkage. The outer shell is an easily
deformable thin-walled part, requiring complex prep-
aration using computer modeling.

Using the computer modeling of the stress-strain
state of a part is advisable for easily deformable prod-
ucts, such as thin-walled shells which deviation pat-
tern and deformation degree is difficult to predict. In
combination with deformation compensation meth-
ods, computer modeling allows reducing the number
of iterations of the direct laser deposition process for
easily deformable products.

The technological process must necessarily provide
for heat treatment of the part. However, it is impor-
tant to select the parameters for maintenance cor-
rectly; otherwise, the relaxation of residual stresses
will not occur fully, which will cause additional defor-
mations after separation of the product from the
substrate.
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