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WAAM
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Aﬂ'ﬂ'MTMBHoe npOM3BOﬂCTBO eﬁ ‘ Additive Manufacturing  @\{{
MyrnbsTMacwTabHbIN N MyNETUNINYECKNN NMPOLLECC
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Erasteel - https://youtu.be/GjbkxVku39Y

Size: 1075 — 10™*m Size: 10™*m Size: 10*3m Size: 10™'m Size: 107%m

Physics: Physics: Physics: Physics: Physics:
-Material supply - Heat transfer - Residual stresses - Thermo-mechanical - Fusion and solification
-Distribution - Diffraction distribution analysis phenomena
-Melting - Evaporation - Distortions distributions - Residual stresses - Metallurgical and
-Porosity Prediction phases transformations
-Weld pool flows & - Distortions Prediction
shape - Elasto-visco-plastic

behavior laws
- Heat transfer

Modeling: Micro scale Modeling: Micro scale Modeling: Macro scale Modeling: Macro scale Modeling: Meso scale
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MopenupoBaHue aganTUBHOIO NPOU3BOACTBA Q1 | Acditive Manutacturing (‘\\B
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MopenupoBaHue aganTUBHOIO NPOU3BOACTBA Q1 | Adaitve Manufacturing (‘\\B
Hpﬂmoe HaHECEHNE MaTepnaria
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e..n ‘ Additive Manufacturing @

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

Pre-scan process window Powder spreading Thermal Model  Distortion & Residual Stresses

: ' Process Powder Layer :art Drie .::ai ion -
; R e & SN ey -
~  Parameters o - Characteristic Scan strategy

" $ 4

Packing Density

Powder Layer

Manufacturable?

Material & Process

Acceptable?
Data Base

Defect
Library

Machine & Powder
Qualified?

Stress relief

Defect
Analysis

Parosity

Roughness
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e\/‘l ‘ Additive Manufacturing @

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

Data Base:
- ApxuB CBOMUCTB MaTepManos,

- Tepmo-PpuU3nyecKkmne n TepMmo-mexaHn4ecKkme cBomCcTBa
MeTa/IIMYECKNX MaTeprasios,

- (316L, Ti6Al4V, Inco 718 u T.4.),
ﬁ - Jlerko pefakTMpoBaTb U PacLUUPUTD.

st ot i [

Defect =

Library ==~ =

Gt (] 17w
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eﬁ ‘ Additive Manufacturing @

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

PreScan:
- BxogHble gaHHble ANnA aHanM3a — NapameTpbl Npouecca,

- OnpeaeneHne HanayyLero TEXHOOMMYECKOro OKHa ANS
obecnevyeHNAa MMHMMA/IBHOM NOPUCTOCTU MaTepuana u
MaKCMMa/IbHOM CKOPOCTU POCTa,

ﬁ - Cos3paHue auarpammel MapeTo Ana Bu3yanunsauum.

Optimization Trends

———Scan Speed [M/s]  =——Dispiacement [micron]  emmmmDensity  emmmmDep Rate [m3/s]
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e\/‘l ‘ Additive Manufacturing @

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

Powder Spreading:

- BxogHble gaHHble ANs aHa/IM3a — NapamMeTpbl NpoLiecca,
CBOWCTBa NOPOLLKA U pacnpeaeneHmne 4acTul, No pasmepam,

- lMpepocTtaBnAaeT AaHHbIe NO XapaKTEPUCTUKE npouecca
pacnpeaeneHusn 4actul, Ha paboyem ctone (MNOTHOCTb
pacnpeaeneHuna, pacnpeaesieHne No pasmepHomy pakTopy u
T.4.),

- lo3BonaeT oueHMBaTb BO3MOKHOCTb MOBTOPHOTO

ﬁ MCNO/Ib30BaHMA NOPOLLKA, MNOTHOCTb pacnpeaeneHus 4actul,
B C/10€, a TaK)Ke UCMNO0/Ib30BaTb Pe3y/ibTaTbl pacyeTa KakK
BXOAHblE AaHHble ANA cneaylowero wara (pacyera

& pacnnasnenuna cnoa Melting module).

Defect
Library

CJi
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eﬁ ‘ Additive Manufacturing @

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

Melting:
- AHanus BO3,£I,el7ICTBVIH UCTOYHWMKaA TerJia Ha NOPOLLUOK
(npoueccbl N1aBNeHUsA, UCNAPEHUA U 3aTBEPAEBAHMS),

- AHanus pe3ynbTaToB pacyeTa Aaa onpeaeneHmnsa NopmucTocTu
M KayecTBa NOBEPXHOCTH,

- Ucnonb3yeTca Ana pacwmpeHmna bubnmotekm gepeKTos.

Defect
Library

CJi
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eJi ‘ Additive Manufacturing @

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

Metallurgical structure:

- PeweHne TepMUYECKOM 33241 Ha YpPOBHe pa3mepa NATHa
nasepa

- Mopgenb pocTa 3epHa A4/1° NPOrHo3MpPOBaHUA
MUWKPOCTPYKTYPbI U3aenus.

i - OueHKa CBOWCTB BblpaLlLEHHOro U3aenus.

Defect
Library

CJi
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e\n ‘ Additive Manufacturing @\{{

MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

Thermal model:

- MNepexogHas moaenb mexay Melting Model (Micro
Scale) u Distortion Model (Macro Scale)

-  MoaennpoBaHue cTpaTerMm cCKaHMPoOBaHUA ANA
N3BNEeYEHUNA AaHHbIX NO Tens00bmeHy (ckopocTm
HarpeBa U OXNaXAeHuaA, TEpMUYECKNE UMKAbI U T.4,.)

Defect Melting Micro Automatic Extraction of a Thermal
Library Model Cycle or a Mobile Heat Source
N

cro-
odel
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0

e !
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MynbTmMmacwTabHbIN 1 MyNbTUOUINYECKUIA NHCTPYMEHT

CJi

get it right®

Defect
Library

eJi ‘ Additive Manufacturing @

Distortion & Residual Stress:

MopaenmpoBaHue NOAHOPa3MEpPHOro U3aenus,

ABTOMATUYECKOE CO34aHMNE CETKM ANA PACcUYeTa, FPAHUYHbIX
YC/I0BUN N NOAAEPHKEK,

npOM3BO,£I,MTCﬂ pacyeT POCTa 3arOTOBKU, BbIKATKN U3 KaMepPbl
N otaeneHmAa ot NoA4/10KKHu,

OueHKa TEXHOIOTMYHOCTM KOMMOHEHTA, a TaKXe ero
dUHANbHbIX KOpobaeHUn.
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MopaenupoBaHue ctagmm noctobpadboTku
Tepmunyeckasa obpaboTka nocre BbipallnBaHUSA

* PenakcauVoHHbIN OTXUr

> lepyronnaCTquCKaﬂ MoJerb Nnpun Harpese n oxXnaxgeHumu

» YnpyroBsskonsiactuyeckasd Moaenb BO BPEMS BbIOAEPKKN MPpU
NOCTOAHHOM TemMmnepaType

» TpebyoTca 4ONONHUTENBbHbIE N3MEPEHNS CBOWCTB MaTepuarnos

oy In(Z=)
*n= Ja—k
—RB
ln(JA—k)

—k
T K= if, 1
(Foayn

Penakcauus HanpsxXeHui (aKcnepmumeHT) Mogenb nonsy4yectu

CJi

get it right®

TIE (sec) (E#03) =

N3meHeHMe HanpaxkeHu Bo Bpems TO

(a) Without Heat Treatment

056
0852
048
044
040
038 L.

(b) With Heat Treatment

Distortion field with & without HT
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OnTumMnsauunsa n3genusa mn npotiecca

CHu)KeHue Beca KOHCTPYKLUU U 3aTpaT Ha

npPou3BoACTBO:

" Bblibop oNnTMManbHOM OPUEHTALUNMU
" CHU)KeHMe NOBEPXHOCTHbIX AedeKTOoB
" YMmeHblueHne obbema nogaeprkek

= Tononorunyeckaa onTMMMU3aALIMA AeTanu

CJi

get it right®
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eJi ‘ Additive Manufacturing @
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CenekTnBHoe NnTa3epHOoe CliiaBlieHne

[TopucTocCTb

CJi
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Mindt et al., Powder Bed
Models — Assessment of as
built Quality, AIAA 2016-1657

Simulation

~32%

e\n ‘ Additive Manufacturing @\{{

Power=370W, Speed in jnm/sec
" \V) V VI VI

Powder | GED=3 GED=1.2 GED=1.6 GED=3 GED=2 GED=0.7 GED=1.2

layer | Hatch=140p | Hatch=140p | Hatch=100p | Hatch=100p | Hatch=140u \| Hatch=140p | Hatch=100p
Thickness| Speed = 880 Speed=2200 Speed=2250 | Speed=1230 Speed=1320 \ Speed=3780 Speed=3080

1 ’ PR SR = Ve B - -
2 ....4 3 ‘- '\ b 3 ' 3
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Hm 3 » ™ '.y ¢
» .‘ b g -

30 - £ ‘

pm > L 4 e

20 { R T

m ! B i %
H ' B N .’i\t { i
SRt X8 AR Tl B
Porosity Level

40 um | 0.001-0.006% | 3.03-4.83% 0.03-0.42% | 0.002-0.018% | 0.13-0.45% | 30.13-30.86% | 7.20-12.28%
30um | 0.002-0.013% | 2.65-3.48% 0.04-0.43% 0.01-0.02% 0.12-0.31% 20.2-23.9% 2.59-4.79%
20 um | 0.002-0.008% | 0.95-1.19% 0.10-0.21% | 0.003-0.012% | 0.05-0.56% 11.1-11.6% 0.68-8.99%
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Pe3yanaTb| paCL‘leTOB e I Additive Manufacturing @\{{
O: 30um, H: 100 pum, v: 2250 mm/s (13.3.3)

(c Vg

YpoBeHb NOPUCTOCTH
0.04-4.3%

22" International Symposium on Air
Breathing Engines — ISABE 2015

CJi
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AHann3 gedeKkToB, Nony4YeHHbIX Ha cTagum Q@1 | Additive Manufacturing (\\\B

nnaBneHusi, Ha ganbHenLne npoLEecehl
BavaHue pa3bpbi3rMBaHMA Ha pacnpeneneHue 4yactul,

Foster et al., Optical, layerwise monitoring
powder bed fusion, SFF, 2015

e J Effects of splatters on spreading.

get it right®
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BaJ'II/I,EI,aLI,I/IFI MaKpO_MOﬂeneﬁ eJi ‘ Additive Manufacturing @

CTeHKa [MhacTnHa
1 mm o , 1mm D O / \\\\\\ >
. 75 mm | /\/ ‘ =~ /\>

JKcnepumeHTaibHble KopobneHua: 1.56 mm

Bending Distortion vs. Length
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TMS 2015, 144% Annual Meeting &
eﬁ Exhibition, March 15-19, 2015
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MoaenupoBaHue KopobrneHui Q@1 | Additive Manufacturing (\\\B

BannpauuoHHas mogenb. CpaBHEHME 9KCNepUMEHTa C pacyYeToM.

Validation of blade
distortion
predictions

10 20

® ESI Simulation
® Measurement
efl _2[? i
X Position (mm)

get it right® Blade distortion and residual stresses

-10

Y Position (mm)
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[locTpoeHne mogenu
Ctparerumn cosganusi cetkn KO

« CTyneHyarasi — OCHOBHOM Nnoaxon
* Body fitted - ycoBepLleHCTBOBaHHbIWN NOAX0A

Classic mesh / body fitted mesh

Validation Comparison

Model 1 Model 2 Uypelmm] Simulation Results
Viscart mesh New mesh 15 Siikionn
Fine: | Fine: 14 -0.446 mm 0507 mm
0.5x 0.5 x0.25 mm 0.5x 0.5 x0.25 mm 3 :
1 2 -0.248 mm 1.058 mm
Resolution time: Resolution time: [ ' f— 1.293mm
5h15 - sh12 (= '° — ‘ ‘
— 09 '
— 08 =) 0.770 mm
Model 3 Model 4 z; R f— 0.335mm
Viscart mesh New mesh '
1 ovm 05 [
Coarse: Coarse: o4 it t 0.009 mm
1.0x 1.0x 0.5 mm 1.0x1.0x 0.5 mm 0’3 s %
. ) o 02
Resolution time: e Resolution time: 01
28 minutes 33 minutes [} ,, 2. ‘

CJi
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[MpnHLMNbI MOOENNPOBaHMA
[1Ba nogxona: BbICOKOTOYHAsA TepMoMexaHndeckas Moaerb U Moaenb KopobneHui

e OCHOBHOM NMNoaxod — MoAenb KopobieHun
= [lochoWHOe moaenupoBaHme, pacyeT gedopmaumi KaxKaoro Cnos

e OOHOBNEHHDbIN NOAXOA — TEPMOMEXaHNYECKaA Modenb
= TensnoBOWU pacyeT AnAa noayyvyeHunAa nond rfemnepatyp, 3atem MexXaHNYeCcKum pacyeTt

o

T[°C] Upag [mm]

800 0876
766 0818
732 0760
699 0.701
685 0843
631 0.585
597 0526
563 0.468
530 0410
496 0.351
462 0.293
428 0,235
395 0176
361 o11g

0.060

327

293 0.001

eﬁ Thermal simulation Mechanical simulation

get it right®
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,D,OI'IOJ'IHI/ITGJ'I bHbl€ BO3MOXHOCTU

PacyeT notepn yCTONYNMBOCTN TOHKOCTEHHbLIX N34ENNUN B NMpoLiecce BbipallnBaHUgA

e PacueTt noTepu yCTOMYMBOCTHU:

* K3 mogenb noctpoeHHana metogom body-fitted mesh

*  Onuwua 6onblKMx NnepemeLeHnmn

* KoppeKTnpoBKa napameTpoB MOAENN KOPOBAEHW

Mpumep NPOrHO3MPOBaHUA NOTEPU YCTOMUYMBOCTM BO BPEMSA BbipallMBaAHUA:

CJi

get it right®

Uy[mm]

1.00
087
073
060
047
033
020
0.07

-0.07
-0.20
-033
-047
-0.60
-0.73
-0.87
-1.00

-1.014 mm

1.098 mm

-1.229 mm

1.018 mm

-1.029 mm

0.451 mm

First surface

-1.014 mm

1.098 mm

-1.228 mm

1.017 mm

-1.029 mm

0.452 mm

Opposite surface

+0.0128

Comparison between numerical model and experimental data

WWw.esi-group.com
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KomMmneHcaumsi NnoBOAOK NMpu BblipallMBaHUM aBUaALIMOHHOM AeTanu ang
Zodiac
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ZODIAC @ e ﬁ

e R mscmesin|

[MpoekT Zodiac AEROSPACE

Additive Manufacturing (|

 [leTanb aBnaUMOHHOIO Ha3Ha4YEeHUS
« [1nsa paboTbl B yCrOBUAX BOMNbLUMX HArpy30K

e OCHOBHbIE LEenu: ,’
* [TonyynTb HAUNYYLLY YNCTOTY NOBEPXHOCTH
= [1o0O6UTbCA HanNy4LnX reoMeTpmn4ecKmnx

XapaKkTepucTuk
= |[/cnonb3oBaTb MUHUMAlbHOE KONMNYeCcTBO

nogaepxek

CJi
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OnpeaeneHne Haunyylen opueHTauUumn AeTanm U asosmce ke AﬁJp C/i
PacMoIoXeHUsa nogaepKek PR

et il .NVZ

NICE : Displecemert NI MODE © Dispacamant NORM
¥n = DLCO25E19 at Node 12935 W = 00001 TEEAD of Mok 2TEAT?
W = 13545 ot Node 119763 M = 122751 o Dlocke E2487

NITE : Displecemert NORM
M = DLO10SE15 o Node 2370056¢
M = 0531405 o Node 218056
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zooiac ) @ Py
OI'Ipe,El,eJ'IeHVIe |'|p06J'IeM Nnpon3BoacCcTBa AEROSPACE AddUp e/ A| I
o i Additive Manufacturing @

fives

is

Visual AM Distortion:
Normal Displacement Field
numerically predicted.

Déplacement Z (um)

EEEEE# EEEEEEEEE EEHEEEE EEEEEEEEEEEEEEE

E E EEEEE EEE EEEHEETEE EEEEEEEEEEEEEEE

Flrstproductlon 50w = o AR i . A aRdaph a8 3"5{:?33"3;“322“3
.1 . . A NN~ m W I R N TR eomB o ho885R
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CJi
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AHanuns KOHCTPYKUUN HA TEXHOJTOTMHYHOCTDb
KOHTpOnb OCTaHOBKWN pekoyTepa 1 Banuaauusa nogaepxek

*  AHaNN3 TEXHONOTMYHOCTU

* [o3BonAaeT 06HapyKMTb ONAacHOE B3aMMOAENCTBME peKoyTepa €
BblpalLMBaeMoOn AeTasbio

0.40 Critical peaks of vertical O

displacements do not appear -
any more with the improved
0.35 supports strategy #2

‘\
0.25 O O \ ‘
~=—MODELC 1:1
0.20
Initial Supports

Strategy #1

0.15

—M F 101
0.10 MODEL C-F 1

Maximal vertical z displacement (mm)

Improved Supports

: . Strategy #2
0.05 maximael table displacement

[ RN ™ g et T FTY I T
~d LR VIRRR'IR Y N
0.00 *
0.0 50.0 100.0 150.0 200.0
Z coordinate of the printed layer (mm)
e CpaBHeHMe ABYX CTpaTeruii BbipalUBaHMA N0 KPUTEPUIO TEXHONOTUYHOCTU Support strategy manufacturability validation

l Support 3D modeling with body fitted grid technology
get it right“’ WWW.esi-group.com



YcnelwHas nevyatb n3genus aioie Y Aﬁ, C/i
(ﬁvesév””p Additive Manufacturing  ({{i§d

/i

Measure

T2V

2 pipes + 3 samples (X/Y/Z)

Inconel 718 - thin granulometry (<20um)

Layer thickness : 40um

3200 layers (128mm) Second productin

CJi
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PaclumpeHHas obpaboTka pe3ynsraTtoB (ce)
KomMmneHcauuna n nepeHoc pesynsraTos

- Initial Geometry (1)

l Building

Uiy max

Real Building
Uoya = —“U(S)(I)
Slmulatlon

Simulated Built Part (S)

Initial Built Part (B)
Max distortion= 0.9 mm

Compensated Geometry Built

Max distortion= 0.3

mm

Parts designed by . 220uc [

&

AddUp

Parts built on FormUp
350 by

Parts modeled by

eﬁ ‘ Additive Manufacturing @ s

* Within Project

SOFIA

- Compensated Geometry (C)

30“’\

Max : +0,3022

Uy max
Max : +0,868
Simulatior\ Experimental result (B)
4

- Compensated Simulated Part (D)

b

Experimental result (CB)

WWw.esi-group.com



Baanmogencrame ¢ npon3soamTensamm
obopynoBaHus

|

WSUA

MporpammHoe obGecneveHne Ans
NoAroToBKU K aaanTUuBHoMy

npon3BoaCTBY MeTannmMyecknx NCore - aTo ynpasnsioliee
Ag€Tanev AddUp Manag;r nporpammHoe obecneyeHue Ans
SR e I i R

o 350. Cxoxas ¢ aproHommkon AddUp
Apansepom npuHTepa. ManagerTM, OHa nossonger

3anyckaTtb npoun3BoACcTBO getarnu C,
OTOﬁpa)KaTb COCTOSHUS U COBbITUS
nnn ynpaenAaTb MaLUNHHbIMU
MOAyNnAMN.

OnTyMmM3aumsl napaMmeTpoB NpoLiecca ABNseTCS

b byHOAMEHTanbHbIM LIArom B NpoLecce agauTUBHOIO

e \ NPOV3BOACTBA M MAapPKePOM KOHKYPEHTHOrO MpenMyLLEeCTBa.

S Bbnaropaps Distrortion Simulation AddOn cyLecTBEHHO

, noebilLaeTcs 3HEKTUBHOCTb paboThl M CKOPOCTb

& o S 3arnycka Npou3BOACTBA U3OENUNA.
N\

e\n wih € 250 NN S
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Cnacunbo 3a BHUMaHue!

Bauecnae KoroB vkv@esi-group.com
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