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BBEAEHWE

[llpoKoe pacIIpocTpaHeHHe IONydH/Ia TeXHOJIOTHS
IIOCJIOMHOTO H3TOTOBJIEHHU S TpexXMepHBIX (I)I/IBI/I‘-IE'
CKUX 00beKTOB. TeXHOIOTHsI, KOTOPAasl IPeLCTABISIET
cobo¥1 CIUIaBIeHHe MHUKPOYACTHL], METLIMYECKOro
IIOPOIIKA C UCII0Jb30BaHUEM B Ka4eCTBe HCTOYHHKA
TeIl/la MOIIHOTO JIa3ePHOTO U3/y4YeHHsI, UMeHYeTCs
TeXHOJIOTHEeH CeJIeKTHBHOTO JIa3epHOTO CIIIABIeHUS
(CJIC) [1]. OHa mo3BossieT CO3IAaBaTh IIPAKTHUECKU
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Selective laser melting (SLM) is a promising
area in additive processes. The problem of
controlling the microstructure and quality of
the final product obtained by the SLS method

is solved by selecting the melting modes using
the experimental search or numerical modeling.
As of today, a multilevel simulation method
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considered in this paper.
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INTRODUCTION

The layer-by-layer production technology of three-
dimensional physical objects has become widespread.
The method that is the fusion of metal powder micro-
particles using the high-power laser radiation as
a heat source, is called the selective laser melting
technology (SLM) [1]. It allows to make almost fin-
ished products with extremely comprehensive geom-
etry, including those with the internal channels and
cavities. Figure 1 shows the examples of products
made using the SLM-machine M250 [2].

One of the SLM technology problems is that the
layers of satisfactory quality for each specific metal
or alloy are generated only in a narrow range of
laser processing modes. An experimental search for
such modes is extremely labor-consuming, while
the numerical simulation reduces the labor costs
for their selection [3]. An analysis of publications
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Puc. 1. Mpumepsi usdeauti, bipauieHHble Ha C/IC-mawuHe M250 [2]: crega — cmecumenb, cnpasga — 2upoudHble CMpykmypbl
Fig. 1. Examples of products grown using the SLM-machine M250 [2]: on the left - a mixer, on the right - gyroid structures

TOTOBBIE M3/le/IUsl CBePXCI0KHOM TeOMeTPHUH, B TOM
4ucae C BHYTPeHHHMMM KaHa/laMU, IIOJIOCTSIMH.
Prc. 1 HMIIIOCTPUPYeT IPHMepPBl H3[eNHI, BbIpa-
meHHbIX Ha CJIC-MamuHe M250 [2].

Opua u3 mpobnem CJIC-TeXHOJOTHHM COCTOUT
B TOM, YTO YJOBJIETBOPUTE/IbHBIE [10 KAYeCTBY CI0U
IS KaKOOTO KOHKPETHOTO MeTajl/la MM CIlIaBa
GOPMHUPYIOTCA TOJIBKO B Y3KOM JHAIla30He PeKKMMOB
na3epHOI 06paboTKU. DKCIIEPUMEHTATbHBIN ITOKCK
TaKHUX Pe>KHMOB KpaliHe TPyJoeMOK, B TO BpeMsI KaK
YHCJIEHHOe MOJe/IMPOBaHUe CHUKAeT TPYA03aTPaThI
Ha ux mozabop [3]. AHanu3 NybMUKAILM 110 YHC/IeH-
HOMY MOJEIHPOBAHHUIO II03BOJISIET CHe/aTh BBIBO[
0 Heo6XOOMMOCTH MHOIOYPOBHETO MOZeIHPOBAHHS.
MO>KHO BBIJEIUTL TPH yPOBHSI YHC/IEHHOIO MOZe-
nupoBaHUs mnpouecca CJIC: MHKPOMAacCIITaOHBIM,
Me30MacIITabHBIA U MaKpoMacIITabHBIN (pHC. 2).
MaxkpoypoBeHb IIpeJHa3Ha4YeH MO OIIKMCaHHUSI
TeIIJIOBOIO0 M HaIPSIKeHHO-AePOPMUPYEMOT0 COCTO-
SHUS B MaciuTabe M3enus, Me30ypoBeHb - [JIs
06obmenHoro omucanus CJIC-TIpoLieccOB B Mac-
mTabe pasMepa XapaKTepHOIO 371eMeHTa KOHCTPYK-
LIMKM H3[0e/IHsi, MHUKPOYPOBeHb - /IS JeTaJIbHOIO
OIMCAHUA THUAPOAUHAMHYECKHX H TeIIopu3uve-
ckux npoueccoB CJIC B macmTabe BaHHBI pacIlyIaBa.
PazpaboTka LUPPOBOro [BOMHHKA, BKIHOYAIO-
mero B cebsi KaK aBTOHOMHOe IIpellBapHUTeIbHOe,
TaKk M OIlepaTHBHOE MOJeNHPOBaHME IIPOLIeCCOB
Ha pa3JIMYHBIX YPOBHSX, II03BOJHUT CYLIECTBEHHO
COKPaTHUTh JJTUTEIBHOCTD IIOAIOTOBKU AU TUBHOIO
IIPOU3BOACTBA M 06eCIeYUTh BBICOKOE Ka4ueCTBO
U3JeIHN,

devoted to the numerical modeling allows to con-
clude that the multiscale modeling method is neces-
sary. There are three scales of numerical modeling for
SLM process: microscale, mesoscale, and macroscale
(Fig. 2). The macroscale is designed for describing the
thermal and stress-strain behavior in the product
scale, the mesoscale is designed for a generalized
description of the SLM processes in the scale of the
typical structural element of the product, the micro-
scale is designed for a detailed description of the SLM
hydrodynamic and thermophysical processes in the
scale of the melt pool. The development of a digital
twin that includes both autonomous preliminary and
operational modeling of processes at various levels,
shall significantly reduce the preparation time for
additive manufacturing and ensure the high quality
of the products.

MICROSCALE
It describes interaction of the laser radiation with
metal powders near the melt pool. It is a combination
of influences and phenomena of various nature:

« gravity force and buoyancy;

» surface tension force;

« Marangoni effect;

« reaction force of metal vapors;

+ thermodynamics of phase changes;

« conductive heat transfer;

» convection heat transfer;

 radiation.

Descriptions of the mechanisms of these phe-
nomena are used as the basis for the microscale
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MaKpoypoBeHs 2. MogenrupoBaHUe POCTa MUKPOCTPYKTYPHL U3Le/IHsI > MakpoypoBeHs
3. MozenrpoBaHMe IIOIJIOIEeHM JIa3ePHOT0 U3/IYYeHU s
4, MopenupoBaHUe TeIVIOPHU3UUECKUX [IPOLIECCOB B MacIITa6e IPAHYIIBI + :

Me30ypoBeHs IJIaBJIeHUe, KUIIeHUe, KPUCTAJUIHM3ALIUS. . . Me30ypoBeHs

5. MopenupoBaHUe AedeKTOB: IIOPHl HeCIJIaB/lIeH s, [I0Phl KUIIeHHUS
6. MopenrpoBaHIe TeIIOBOIO IO/ M HAIIPSIKEHHO-A,eOPMHUPOBAHHOTO

MuKpoypoREHE COCTOSIHUS B MaclITabe BCEro U3genus MHKpOYpOBEHS

7. MopenupoBaHHe pas3spyIllIeHUs B TBePLOM COCTOSHHUU

KanubposBka

Puc. 2. Mpednazaemas mHo20yposHesast modenb CJZIC-npouecca
Fig. 2. Proposed multiscale model of SLM-process

MWMUKPOYPOBEHb mathematical model that is the coupledcontinuum

OmnuChIBaeT B3aHMOMEHCTBHE JIa3ePHOIO0 H3/Iy4eHHUs
C MeTA/UIMYeCKHMMH IIOPOIIKAMH BOTH3M BaHHBI pac-
m1aBa. IIpescTaBisieT coboil coueTaHHe BO3IEHCTBUM
Y SIBJIEHHUI PAa3HOU IIPHPOIBI:

* CHJIBI TSDKECTH H IIIaBYYeCTH

*  CHUJIBI [IOBEPXHOCTHOIO HaTSDKEHUS;

* 5bdexTa MapaHIOHH;

* CHJIBI peaKIL{H I1apoB MeTa/lla;

* TepMOAMHAMHKH Ppa30BhIX I€PEX0f0B;

* KOHJYKTHBHOM TeIlIONlepeJavH;

* KOHBEKTHBHOH Teruviorepenavu;

*  U3Iy4YeHHUS.

OmnucaHHUS MeXaHH3MOB 3THUX SBJIEHHH JIeXaT
B OCHOBe MaTeMaTH4YeCKOH MoOJelHd MHKPOYPOBHS,
KOoTopasi IpeACTaBIsieT Cobon

mechanics equations with variable properties. It
consists of the constitutive equation, the continu-
ity equation, the motion equation, and the energy
equation [4].

The microscale mathematical model can be
implemented as a part of packages designed for
the hydrodynamics modeling, with additions that
describe the variable medium properties. Figure 3
shows the modeling results for a double laser radia-
tion pass over a layer of metal powder. It can be
seen that the melt pool is thickened at the begin-
ning of each pass, the recess is formed at the end
of the pass, and lack of fusion is obtained between
the passes. By adjusting the laser processing mode

CHCTeMy YpaBHeHHM MeXaHHKH
CIVIOIIHOHM Cpelbl C IIepeMeH-
HBIMH CBOMCTBAaMH U COCTOMUT
13 ypaBHEHHUs COCTOSIHUS, YpaB-
HeHHUSI Hepas3spbIBHOCTH, YpaB-
HeHMsl OBMJKeHUS U ypaBHeHHS
3HepruH [4].

MUKpOypoBHeBasi MaTeMaTHue-
CKasi MOZIe/Ib MOKET OBITh peasin3o-
BaHa B PaMKax IIaKeTOB, IpeJHa-
3HAUeHHBIX ISl MOJeIHPOBAHUS
TUAPOJUHAMUKHU, C [OMONHEHH-
SIMH, OINMCHIBAIONIMMU IIepeMeH-
HBle CBOMCTBa cpefbl. Ha puc. 3

Puc. 3. YucneHHoe modenuposaHue 0800iH020 Npoxo0d AA3epHO20 U3Ay4YeHUs!
Fig. 3. Numerical modeling of the double laser radiation passes
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[IpPUBEeZIeHbl pe3y/IbTaThl MOJETHUPOBAHUS IBOKHOIO

IIPOXO/Ia JIa3€PHOT0 M3Ay4eHHUs II0 C/I00 MeTasUIH-

YecKoro IOpoIlKa. BHMAHO, 4TO B Hayaje KaxKIOTO

mpoxoja obpasyeTcs yTO/IIeHHe BaHHBI pacIlaBa,

a B KOHIle IPOXoAa - YraybleHHe, MeXAY IPOXO-

OaMHU - HefomsaB. KoppeKTUPYys MapaMeTphl peskuMa

7a3epHOM 06paboTKHU, MOSKHO LOOUTECS IIOTTHOTO IIPO-

IIIaB/IeHUS YaCTHLI.

B HacTosiliee BpeMs TaKkKe yJeseTcs BHHUMaHHe
BK/IIOYEHHIO B MaTeMaTHYeCKyI0 MOJeIb ONMCaHHUS
TaKHUX CJIOKHBIX THAPOJUHAMUYECKUX SBJIEHHUH,
KaK:

* KaBUTALHUS,

» oOpasoBaHHe KyMY/ISTHBHBIX CTPYH,

* OTPBIB pparmMeHTOB KUAKOM Pasbl,

* II0SIBJIeHHe MeJIKOAHUCIIEPCHBIX YaCTHIl MeTa/lIa.

OHU MOTYT OKa3hlBaTh BIHSHHe Ha 6anaHC Belle-
CTBA M 3HEPrHH B oOdYare IUIABJI€HHS U Ha H3Me-
HeHHe HallpaBJeHHs JIa3epHOIo Iyuka B obyiacTu
II7IaB/IeHUSI.

BBEIUKC/IUTeIbHBIN 3KCIIEPUMEHT Ha OCHOBE MHKPO-
ypOBHeBOM Mopenu (puc. 4), mo3ponsieT cGopMyIHPO-
BaTb TUIIOTe3y O MeXaHH3Me ob6pa3oBaHHUS MeTKOAH-
CIIepCHBIX TBEPABIX YACTHIL:

1. B BaHHe pacIl/laBa BO3HUKAeT KOHBEKIIUS, HHIY-
LIMpOBaHHAsl CHJIaMH MapaHroHu: B6IH3HU
[IOBEPXHOCTH BaHHBI >KUAKOCTb BbITeKaeT
M3 BBICOKOTEMIIEPATypHOIo od4ara (M3 30HBI
C MajbIM IIOBEPXHOCTHBIM HAaTSDKeHHEM)
Ha Iepudepuio.

BBITeKaIOIKUI M3 ouyara MOTOK >KUJIKOCTH HaTe-

KaeT Ha TBepjble IPAaHULBI U BBIIIIECKUBAETCS,

0bpasyst KyMy/ISITUBHBIE CTPYH 3a CUeT HMHepIU-

OHHBIX 3¢ PeKTOB.

3. KymynsTHBHBIE CTPYH PaCHafaloTCs IOJ, JeH-
CTBHEM KaIlMJUISPHOU HEYCTOMYMBOCTH. Tem-
IIepaTypHoe I10jle KYMY/ISITUBHBIX CTPYH HMeeT
XapaKTepHBIH BH/JI: BepIIMHA OCThIBaeT OpICTpee,
yeM IepeMbluKa. Ilof mer-

N

i g

parameters, it is possible to achieve complete parti-
cle penetration.

At present, special attention is also paid to inclu-
sion of the description of the following comprehen-
sive hydrodynamic phenomena in the mathematical
model:

e cavitation;

+ generation of cumulative jets;

+ detachment of the liquid phase fragments;

« occurrence of finely dispersed metal particles

They can affect the matter and energy balance
on the melting site and changes in the laser beam
direction in the melting area.

A simulation experiment based on a microscale
model (Fig. 4) allows to formulate a hypothesis
relating to the formation mechanism of finely dis-
persed solid particles:

1. A convection induced by the Marangoni forces
occurs in the melt pool: the liquid flows out
from the high-temperature center (from the
area with low surface tension) to the periph-
ery near the pool surface.

2. The fluid flowing from the centerapproaches
the solid boundaries and splashes out while
generating the cumulative jets due to the
inertial effects.

3. The cumulative jets disintegrate under the
influence of capillary instability. The tem-
perature field of cumulative jets has a typical
form: the top area becomes cool faster than
the bridge. The Marangoni forces lead to the
material movement from the bridge to the
top area. This accelerates the bridge disrup-
tion.

4. Further, the isolated liquid fragment that is
gradually cooling and solidifying, is moved
under its own inertia, moving away from the
base material and forming a solid particle.

CTBHeM CHJI MapaHIOHH
MaTepuaJ IlepeMeIlaeTcs
M3 IepeMbIYKH K BeplIHHe.
9TO yCKOpsIeT pa3phIB Iiepe-

MBIYKH,

4. Nanee 060COOUBIIHECS
dparmeHT SKUJIKOCTH,
IIOCTEIIEHHO  OXJIAXKAASCh
U 3aTBepheBasi, IBHKETCS
10 HHEePIUH, OTAAIIACH

OT OCHOBHOIO MaTepHasia
1 06pasyst TBepAYyI0 YaCTUILLY.
YucneHHas peajd3aliusg MarTe-

Puc. 4. ModenuposaHue 06pa3osaHus meakoducnepcHol Yacmuubl
Fig. 4. Modeling of a fine-dispersed particle generation
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MAaTHYECKOHM MOJeIN OOIOJIHS-
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€TCSI MOJIeJIbI0 Pa3OpBI3TUBAHMUS, BKIIOUAIONIEH BBIIET
YaCTHUI[ HMCXOSHOTO MaTepHajaa M pacCIlIaBJIeHHOIO
MeTa/mna. JKugkas ¢asa 3ameHseTcs chepUUecKOH
YacTULeH 5KBHBaJeHTHOM MacChl, COXPaHsisi CKOPOCTb,
HallpaB/JeHHe OBMIKeHMs, TeMIIepaTypy U Ap. mapa-
MeTphsl. [l 3TOr0 MCIIONB3yeTcsi Ipeobpa3oBaHHUe
u3 «Volume of fluid» B «Discrete Particle Modeling»
(VOF-to-DPM).

ME3OYPOBEHb

0606111eHHO OIIMCBIBAETCH TUApPOAUHAMHUKA
u Ternodusuka CJIC-mpolecca B Macuitabe, mpo-
MEXYTOYHOM MeXOy MaciiTabamMu BaHHBL ILJIABIIe-
HUS U H3[e/Hsl B LleJIoM. B ocHOBe Me30-ypoBHe-
BOM MOJeJH jeKaT YpaBHeHHe TeIlJIONIPOBOAHOCTH
C BKJIIOYEHHEeM TeIlJIOBBIX HCTOYHHKOB H IIOTepb
M YypaBHeHHe [IHHAMHKH IIOPUCTOCTH. Marisble
BBIUKC/IUTE/IbHBIE 3aTPAThl 10 CPABHEHHUIO C Moje-
JIBIO MHUKPOYPOBHSI CBSI3aHBl C IPHUHSATBIMHU
OOIYILeHHSIMH :

* Cpela pacCMaTPHBAETCS KaK CIUIOLIHAS C IIepe-
MeHHBIMH CBOMCTBAMH - $U3HUeCKHe Iapa-
MeTphbl, BXOIsIMe B ypaBHEHHE TeIlIOIIPOo-
BOJAHOCTH, 3aBHUCAT OT TeMIIepaTyphl H/HIH
nopuctoctu. HcmonbszyemMblli Ko3QPHUIIHEHT
TeIJIOIPOBOJHOCTH BKJIIOYAaeT TeIlJIOIIPOBO-
OHOCTb CILJIOIIHOIO MaTepHajad, KapKacHYIO
U JIyYUCTYIO TeIUIOIIPOBOJHOCTU IIOPUCTOIO
martepuaia [5];

* IIepeHOC SHepruH 3a CUeT KOHBEeKIIUH PacIljiaB-
JIEHHOIO MeTajljla YYUTBIBAETCS C IIOMOILIBIO
BbI6Opa 3QGEKTHBHOM TEIIOIIPOBOLHOCTH
SKUIKOM Ga3Hbl.

Jsi OmHMCaHHS B3aHMOAEMNCTBHUS Ja3epHOIO
HM3JIy4eHHUs C MeTaJ/IM4YeCKUM IIOPOIIKOM B paM-
KaX Me30ypOBHEBOM MoJelH HeobXoAHMO oIIpele-
MUTh 3QGeKTHBHBIe ITapaMeTpPbl U YCTAaHOBUTb HX
3aBUCHMOCTH OT TeMIIepaTyphl U/ UIU IIOPUCTOCTH,
T.e. Mogenb HeobxomnuMo oTKanubpoBaTh. Kanm-
OpoBKa MO’KET OCYLIeCTBI/ISITHCS Ha OCHOBe KaK 3KC-
MIepUMEHTAIBHBIX HCCIeI0BAaHHI, TaK U Ha OCHOBE
MHKPOYyPOBHEBOTO MOZe/IHPOBAHHUS.

[IpoBemeHa KaauOpoBKAa TEeNJIOMPOBOLHOCTH
SKMIKOM @asbl, IIOCKOJABKY B MOZEIN He IIPOBO-
OUTCS IPSMOM pacdeT KOHBEKIIMH PacIlIaBIeHHOI0
MeTasna. IlapaMeTpsl peskMMa Ja3epHOM obpa-
6OTKM M XapaKTepPUCTHUKH MaTepHana MOPOIIKa
B 06eMxX MoOIensX OLHHAKOBBI. B KauecTBe KpHUTe-
pUSL KOPPEKTHOCTH KajaMOPOBKU HKCIIOIB30BaIach
MM KOBAsl TeMIIepaTypa B LieHTPe BAHHBI [1/IaB/IeHHUS
(puc. 5).

BakHyI0 poib HpPHU BBIPAllMBAaHUH H3IeNIHH
metogoMm CJIC urpaer cTpaTervus CKaHHPOBAHM,
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The numerical implementation of the mathemati-
cal model is supplemented by a spattering model
that includes the particle escape of the base mate-
rial and molten metal. The liquid phase is replaced
by a spherical particle with equivalent mass, while
keeping the speed, direction of movement, tempera-
ture, and other parameters. For this purpose, a con-
version from “Volume of fluid” to “Discrete Particle
Modeling” (VOF-to-DPM) is used.

MESOSCALE

This scale provides a general description of the
SLM process hydrodynamics and thermal physics
in a scale that is intermediate between the scales of
the melt pool and the entire product. The mesoscale
model is based on the heat conduction equation
with inclusion of the heat sources and losses and
the porosity dynamic equation. Low computational
costs compared to the microscale model are related
to the following assumptions made:

« the medium is considered as a continu-
ous medium with variable properties, and
the physical parameters included in the heat
conduction equation depend on temperature
and/or porosity. The thermal conductivity coef-
ficient used includes the thermal conductivity
of a solid material, the frame and radiant ther-
mal conductivity of a porous material [5];

« theenergy transfer due to the molten metal
convection is considered by selecting the effi-
cient thermal conductivity of the liquid phase.

In order to describe the laser radiation interac-
tion with a metal powder as a part of a mesoscale
model, it is necessary to determine the effective
parameters and establish their dependence on tem-
perature and/or porosity, i.e., the model needs to
be calibrated. Calibration can be performed on the
basis of both experimental studies and microscale
modeling.

The thermal conductivity of the liquid phase is
calibrated, since the model does not directly provide
calculation of the molten metal convection. The
laser processing mode parameters and the powder
material specifications are equal in both models.
The peak temperature in the center of the melt pool
is used as a calibration validity criterion (Fig. 5).

An important role in the product growth by
the SLM method is played by the scanning strat-
egy that affects the value of residual porosity and
residual stresses. By using the mesoscale model,
several options of scanning strategies for a prod-
uct in the form of a rectangular trapezoid are
studied (Fig. 6).
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BIUSIOIAS. Ha BEJIUYHUHY OCTa-
TOYHOM IIOPUCTOCTH U OCTATOY-
HBIX HaIpsOoKeHHH. Hcrmonb3ys
MoOJenb Me30YpPOBHSI, HCCIe[o-
BAaHO HECKOJIbKO BApUAHTOB CTPa-
TEeTUH CKAaHHPOBAHHUS H3[eIHs
B BHJle IIPSIMOYTOJIBHOM Tpalle-
uuu (puc. 6).

Pe3ysnbpTaThl MOJEIHPOBAHUS
[I0Ka3BIBAIOT, YTO IIPHU TaKOU
IIOCTAHOBKE 33Ja4yd HaJH4YHe
HJIK OTCYTCTBHE XOJIOCTBIX XOZOB
JIa3epHOTO IMSITHA He OKasbl-
BaeT CYILIECTBEHHOIO BIIHUSHHUS
Ha KOHeYHOe COCTOSHHe H3[e-
nusi. 9To 6bUIO IIOATBEP>KAEHO
3KCIIepUMEHTanbHO (pHUC. 6).
B pacuerax B psfe CaydaeB
HabniofaeTcss OCTaTOYHAs IIOPH-
cTocTh (pHC. 7).

BBIYMCIUTENbHBIE  3aTPaThl
OIS MOZEeNTHPOBAaHUS paboduux
nponeccos CJIC pacTyT C yBe-
TUYeHHEeM pa3Mepa H3IeNnus

i g
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- 1500
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Puc. 5. TemnepamypHoe none: c8epxy — MUKpoypOB8eHb, CHU3Y — Me30-YPOBEHb
nocae Kanubposxu
Fig. 5. Temperature field: top — microscale, bottom — mesoscale after calibration

H 1riepexone oT ABYMEPHOI'0 MoJe-

JIUPOBAaHUSA K TpPeXMepHOMY.

CiiemoBaTeNnbHO, YBeIHYMBAETCA U BpeMs CYeTa.
[TosTOMy TakHe MOJeNH TPeOyIOT Iapasie/bHOTOo
Y pacIpefeeHHOr0 BBIIOJHEHHS Ha KOMIIbIOTEp-
HBIX KJIaCTepaX M/HUIKM HCIOJIb30BAHUS BO3MOKHO-
CTell MHOTosilepHBIX Ipadudeckux Kapt (GPU). Ito
NpUBOAUT K 6ojlee CIOXKHOM 3ajjaue peaaH3aldu
Ha OCHOBE MapaJjieJIbHbIX IIPOrPaMMHBIX IJIATGOPM.

The simulation results show that in the case of such
a problem formulation, the availability or absence of
the laser spot idle motions does not significantly
affect the final product condition. It was confirmed
experimentally (Fig. 6). In some cases, residual poros-
ity is observed in the calculations (Fig. 7).

ITosTOMY HepCIeKTUBHEBIM SB/IS€TCH HCII0/Ib30BaHMe
GPU m1g peanu3salliyl MOZEIM Me30yPOBHS.

B uccnemoBaHuU [6] paccMaTpHUBaeTCsl peanu-
3alMs YMCIeHHOTO pelleHMs YpaBHEHMS TeIlio-
IIPOBOAHOCTH HTEePALIMOHHBIMU MeTogaMu Ha GPU
OBYMSI CII0CO6aMM — HTEpaIJMOHHBIN (METOH, Bepx-
Hell peslaKCallMK) U MeTOJ,, UCII0JIB3YIOIHN B CBOEH
OCHOBe MeTOJ, IIPOTOHKH [JISi TPexJHarOHaJIbHOM
MaTpHULBI. MeTod IPOrOHKH IIO0 CBOEM CYyTH SIBJIA-
eTCS IPUHLMIIMAJIBHO I10CeJ0BaTe/IbHbIM, OOHAKO,
ecJIi ero MCII0/Nb30BaTh IIPHUMEHHUTENIbHO KO BCel
CUCTeMe LeMHKOM. ECIu >ke cHCTeMy paclleduTh
10 IIPOCTPAaHCTBEHHBIM KOOpPJHHAaTaM (MeTo[, Iepe-
MeHHBIX HaIlpaBJIeHHH), TO MOXXHO HCIIO/IIb30BaTh
[IPOTOHKY [JISI OTHEJBbHOTO Jjyda B HallpaBJIeHHU
KakI0K KOOPAHUHATHI, U 3allyCTUTh UYHCIO [I0TOKOB,
PaBHOe 4YMCIy TaKHUX Jydel. B HTore momy4aercs
3QPeKTHUBHBIA aJITOPUTM, IIPeBOCXOMASIINI 10 CKO-
POCTH MPOCTOM HMTepPallMOHHBIN MeTof, HO paboTa-
IOIIMI TOJIBKO JJISI MAaTPHI] CIIeIHaIbHOTO BHJA.

Puc. 6. BoipauieHHbie Ha C/TIC-mawuHe M250 [2] uzdenus
8 popme mpaneuuu

Fig. 6. Trapezium-shaped products grown using the SLM-
machine M250 [2]
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Fig. 7. Numerical modeling results: bottom- temperature field (unit - K),

The computational costs for
the SLM workflow modeling
are increased with the product
size and transition from 2D to
0,3 3D modeling. Consequently,
the computational time is also
increased. Therefore, such mod-

0,4

o els require parallel and distrib-

uted implementation using the

L02 computing clusters and/or capa-

l bilities of the multi-core graphics

0 cards (GPUs). This leads to a more

comprehensive  implementa-

tion task based on the parallel

software platforms. Therefore, it

2400 is rather promising to use the

2000 GPU for the mesoscale model
implementation.

L The paper [6] considers imple-

| 1500 mentation of the numerical solu-

tion for the heat conduction equa-

- 800 tion by iterative methods using

the GPU in two ways, such as an
iterative method (over-relaxation
method) and a strategy based
on the elimination method for
a tridiagonal matrix. The elimi-
nation method is fundamentally
consistent, however, if it is used
in relation to the entire system.
If the system is split into the
spatial coordinates (alternating

400

-—

3AKJTKOYEHUE

YucaeHHOe MoOJelHpOBaHUEe SBIgeTCI 3P eKTUB-
HBIM HHCTPYMEHTOM [JIs1 OIIpefle/IeHHs PeKUMOB
nasepHor obpaborku B CJIC-mpolecce. AHaIMU3
ny6IHKALIME [T03BOJISIET CeaTh BBIBOJ, O Ilepexojie
K METOZ0/IOTMH MHOTOYPOBHEBOI'O MOJ€IUPOBAHHUS,
BK/IIOYAIOIIe MMKpPO-, Me30- M MaKpO-yPOBHH.
JlereHHe ypoBHeMN IIPOBOLUTCS I10 IIPOCTPAaHCTBEH-
HOMY MacmuTaby: OT BaHHBI pacIUIaBa [0 LIeJIOro
usgenusa. Bce ypoOBHHM B3aHMMOCBS3aHBI: Me30-
M MaKpo-3aJauM OOJ/IKHBI pellaThCs Iapajjie/ibHo,
a MHKpO-3a7aya pellaeTcs IIpeaBapUTeIbHO H CIIy-
SKUT AJIs. KalTuOPOBKHM Me30YpOBHEBOHM MOJENH.
Co3zaHHe Takoro UGPOBOTO IBOMHMKA I103BOJIsIET
OIIMCaTh BCe CyllecTBeHHBIe mporecchl CJIC U cTa-
HOBHUTCA Ba’KHBIM 3JIeMeHTOM IIpoliecca IIOAIO-
TOBKHM IIPOM3BOJACTBA [JIs1 TeCTUPOBAaHUS BapHaH-
TOB TEXHOJIOTUYEeCKUX PEeXHMOB BBIpalllUBaeMBbIX
U3OETHM.
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direction implicit method), then
it is possible to use elimination
for a separate beam in the direction of each coordi-
nate, and launch the number of flows equal to the
number of such beams. The result is an efficient
algorithm that outperforms the simple iterative
method in speed, but is applicable only for the spe-
cial-type matrices.

CONCLUSION

Numerical simulation is an efficient tool for deter-
mining the laser processing modes in the SLM pro-
cess. The analysis of publications allows to conclude
that there is a transition to a multiscale modeling
methodology that includes the micro-, meso-, and
macroscales. The scales are classified according to
the spatial scale: from the melt pool to the entire
product. All scales are interconnected: the meso-
and macro-problems must be solved simultaneously,
and the micro-problem is solved in advance and
is used for the mesoscale model calibration. The
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creation of such a digital twin makes it possible to
describe all essential SLM processes and becomes
an important element of the production prepara-
tion process for testing the process modes of grown
products.
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