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Additive Technologies (Fabrication by layers)

Mise en place du modéle | ycTarHoBKa MOJeH B ATATHUBHBIE TEXHOJIOTHH
dans l'espace virtuel BHUPTYaJbLHOM IIPOCTPAHCTBE (M3TOTOBJIEHHE II0 CJIOSIM)
de la machine MAaIITHHEI '

Direction
de fabrication

HallpaBJIEHHE IIPOXU3BOACTBA

=
IIPOM3BOCTBO MOJETH JIJIS | Fabrication du modéle par création successives de couches l
CO3aHUd I10C/IeJOBaTeIbHBIX /
CJIOEB

dusuyeckasg Moaesib

Modéle physique sorti de machine [ Piace obtenue
(KOHEHOE Ka41eCTBO OU€HD | (120 aité finale dépend beaucoup apres finitions

CHJIbHO 3aBUCHUT OT de I'épaisseur des couches)
TOJIITHMHEI CJIOEB II0JIy4eHHasd MO eJIb

.\ -
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AM vs 3D Printing

Main objectives of 3D printing: Obtain a physical model of a part from a
CAD model without any shape limitation
— Rapidely
— Cheap
— With no specific tooling

8& OBHEIE Llsle%m 3D-mmeyaTH: MOJYYUTH PHU3INUECKYI0O MOJeJIb JeTa/Iu U3
-MOJieJIH 0e3 orpaHuYeHus1 GopMbI

— brIcTpO
— [lermieBo
— bes crieriaibHOM 0CHACTKHU

Main objective of additive manufacturing: produce parts that cannot be
manufactured with another technology

— Reduce waste
— Better performance
— New materials

OCHOBHas 11eJIb aiIUTHBHOr0 MPOU3BO/ICTBA: MPOU3BOAUTH JIeTaJIH,
KOTOpPHbIE HEJIb351 H3TOTOBUTH C HCI0Ib30BaHHUEM /IPYTroi TeXHOJIOTHH

— CoKkpaTUTh 0TXO/bI
— Jly4itag IpoOU3BOAUTE/ILHOCTD

.\— HoBble MaTepuasbl -,
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Classifications (Kinaccuduxkaiius)

Raw Phase —
Hcxoonas gaza

Liquid

= KUJIKOCTb
Poudre \
= IOpPOLIOK

Filament -

BOJIOKHO

Solid board

= KapToH

Gell

= INIMHa

Bio / edibale —

Material - Mamepuan

Polymer resin —

IIOJIMMEPHAas CMOJia

Thermoplastic
TEPMOILIACTUK

Ceramic —

CPaMHUKA

Sand —
IICCOK

0Ho/cHe00HO

Living mater

— JKHBaig MaTtcpuia

Physical Principal —
Du3zuyecKkuil NpUHYUn

Fusion

- pacriaB

Bounding

~ CBapka

Extrusion

= JKCTPY3Hs

Polymerisation

= MOJHUMEDU3ANHN

cutting+bounding

— 00paboTka pe3aHuem

Culture

~ KyJIbTypa

Energy - Ouepeus Layer generation

— l'enepayus
UV ciloes
Hatching
Laser - LITpHXOBKa
= Jasep
Thermal Contours
= TEepMO Sy
Chemical
‘Surface \
= XUMHYECKas IOBEDXHOCTH
Mecanical .
Jetting
= MEXaHHu4YeCKast
= CTpyiiHOE

Electron beam

~— DJIEKTPOHHBIN JIy4
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Materials Technologies ~Texrororni
Marepuainsl YacTty, pon3BOAUMbBIE
¢MEILVBaHKE
Parts built through polymerization Partebuiltth rough Parts built through melting
. YacTu, npon3BouMbIe
YacTy, Npou3BOAUMBIE bonding agent o
N IIaBKOM
NOJIMMEpHU3aLen
Ceramic [ _ LM
Kepamuka =
Metal EBM
Merann
Sand
Ilecox
Plastic SL FDM LS
[Tnactux
Wax MJ *
Bock
Lower Huxe Durability /lonroBedHocTs Boue Higher
Smoother Msirue Surface finishPHHAIbHAS TOBEPXHOTh [pybdee Rou gher
Higher Belue Detail  JlerasbHOCTH Hwmxe | ower
Prototypes | Indirect processes Application Functional parts
[TpoTOTHITEI/KOCBEHHBIE TTPOIIECCHI [TpuMeHeHue @OYHKINOHAJIBHBIE YAaCTH

Source: https://www.additively.com
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Binder Jetting (Pas6prisruBanue CBA3YIOIETO BEIECTBA)

1IOPOIHOK THIIC  cMelTMBAHUE XMMMYECKAs [10BEPXHOCTB — ox
Process sequences: [1oc/ie[0BaTeILHOCTH IIPOIIECCOB j = _ ’)
—_— — X
— Deposition of plaster and polymer layers —ex T
OT/IOKeHHe IIITYKaTYPHBIX U II0JIMMEPHBIX < = SN
C_ L &

CJIOEB

— Cleaning Ouuienue

— Post processing (reinforcment with additional
impregnation) I[TocT-06paboTka (ycuieHue ¢
IOIIOJTHUTEJILHOM IIPOITUTKOM)

Quality: KauecTBO
— Precision (0,1mm) Tounocts (0,1 M)
— Details (0,2mm) /leTaibHOCTB (0,2 MM)
— No support bes mmoagepxKu

— Good resistance depending on thickness
Xopor1itasi yCTOMYUBOCTh B 3aBUCUMOCTH OT
TOJIIITUHBI

— Full Color ITostHOIIBETHBIM
— Surface finish YnucroTa moBepxHocTu

. — Pas de parois tres minces (2 a 3mm) HeT TOHKUX
\TGHOK (2 3 MM)

7 ‘ Moscow - Vladimir Workshop, 14-19 November 2016
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Binder Jetting (Pas6prisruBanue cBA3yIOIEro BelecTBa)




Binder Jetting (Pa36prisruBaHye CBA3YIOIEr0 BellecTBa)




Fused deposition model: FDM (mozeb, BbinoiHeHHas
MEeTO/0M HallJIaBJIeHUs)

Process sequences:Ilocie1oBaTeIbHOCTHU

Filament Thremoplastic
- BOJIOKHO TEPMOILJIIaACTUK

Fusion -
pacnnaB

Thermal - | Hatching -
TCPMO IITPUXOBKa

Foam base

Build platform ~

Support material spool

H

Build material spool ..._‘_‘*o

Support material filament =
Build matenial filament =————g.
Extrusion he:—:d-..____‘h‘!.L
Drive wheels
Liguifiers
Extrusion nozzles

\N

Part supports

=

Part

Copyright @ 2008 CustomPartMet

o N

IIPOIIECCOB

Contour building KoutypHoe
CTPOUTEJILCTBO

Surface filling IToBepxHOCTHOE
HaIlOJIHEHUe

Support manufacturing [Togmep>xka
IIPOU3BOJICTBA

Support removal VianeHue
IIO/IIEPIKKU

Quality: KauecTBO

Precision (0,2mm) TouHocTB (0,2 MM)

Detauls f(filament) (0,3mm) /leTanu f
(guTh) (0,3 MM)

Good mecanical resistance Xopoimas
MeXaHHWYecKasi IPOYHOCTh

Filling strategies Ctpateruu
HaIlOJTHEHUS

Costless Huuero He CTOSIIHI

Poor surface finish ITstoxas
II0OBEPXHOCTh

-
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FDM open architecture: RepRap (OTkpriTas apxutektypa FDM)

7 v
. - g
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FDM : supports (FDM: onopsi)
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Stereolithography (Ctepeosntorpadus)
Liquide Resin polimerisation Laser

KUIKOCTh cMOJ1a nojmMepu3anus Ja3ep MTPpHUXOBKa

Process Sequences: IocremoraTeTLHOCTH IMpoOIECcca

— Contour KoHTYyp

— Surfaces hatchlng . N Systime de Foralisation [http://www.grostracteurspassion.com]
HOBerHOCTI/I IIITPHUXOBKHX Mitoirs galwanometrigue s dymamigue

— Support manufcturing

Howree laser

(0,1 mm)

— Small details (0,6mm)
He6osbiue geraau (0,6 Mm)

— Thin walls ToHKHe CTeHEI

— Vieillissement a la lumiere
CTapeHUte Ha CBeTYy

= - —
ITozepsKKa IIPOM3BOJCTBA ' ol (0%
— Post curing /lomiosTHUTEILHOE E Support  EiE
OTBepIK/IeHUe i e
Quality: KaquTBO E Résine solide 0 '
- ! i e
— Precision (0,1mm) ToyHOCTH aat e ymr ?

Rézine guide
[monomeére]

13 ‘ Moscow - Vladimir Workshop, 14-19 November 2016 O | I E C




Stereolithography (CtepeosunTorpadus)

Copyright © GAGGIONE

-
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Digital Light Processing (DLP) (LindpoBas o6pa6oTka cBeta (DLP))
[ ]

<— Beamer
Liquid polymer polymerisation uv u NIeperoHHas MalIlHa

JKUIAKOCTD IIOJIUMED MOJIMMEpHU3avAa

IMMOBCPXHOCTDH
4 : : . TBeproTenbHbIit
Operations requises : Heo6xoaumsie varepia
omepanuHu glass T Solidified material
— Préparation des supports (logiciel) [TogroroBka CTEKIIO ' Supports
HOCUTeJI (IIporpaMMHOe 0becIieyeHue) KpoHurreiin
— Flashage couche par couche Cio1i 3a ciioem
—  Extraction des supports 3BieueHue o1op Liquid resin
photosensible
— Nettoyage V6opka WU IKOCTHAS
CBCTOYYBCTBUTC
Qualiteés : Kauecrro fIbHA CMona

15

Tres bonne finition OueHb XopoITas OTIeIKa

Précision (0,2mm) TouHocTb (0,2 MM)

Détails tres fins (0,05mm) OueHb Meakue netaau (0,05 mm)
Parois minces (1Imm) Toakue cTeHsbI (1 MM)

Bonne résilience Xopoias yCTOMYHUBOCTD
Durcissement progressif a la lumiere IIporpeccuBHOe
YIIPOYHEHUE CBETa

Moins bon c6té supports MeHee X0opoIire 60KOBBIE OIIOPBI

b

CTION

-

(Source :"ehvisionTEC)" " ™

Sy
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DLP

Plate

naHesNb

Supports ——]

oropa

Resin

cMoJia
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Polyjet (Texnosiorus Polyjet)

*KUOKOCTb NO/IMMEpHaa cmona NoMmepusauma CprﬁHoe nepd)opmpogaHme

Process sequence: Ilocie1oBaTe/ IbHOCTE IIpollecca

Quality: KauecTBO

17

Polymer Resin polymerisation uv jetting Jetting Head

Preparation of supports (software)

[ToxroToBKa HoCcUTeJIeH (IPOrpaMMHOI0 Fullcure M

obecrieyeHus1) (o sl

Photopolymer jetting ®oTorosnmnmMmepHas ;

CTpy¥Ka |

. Fullcure S ‘

Supports Extraction Ilogrep>xuBaeT (Support Material) 1)

U3BJIeUEeHUE . ‘ .
Build Tray Z axis

Cleaning OuuieHue

Very good surface finish Ouenn xopornras
OT/IeJIKa II0BEPXHOCTH ’\

Precision (0,1mm) TounHocTs (0,1 MM) ~

-
Very thin details (0,05mm) OueHb TOHKHE ' b
netasu (0,05 MmMm)

Thin walls (Imm) Toukue creHs! (1 MM) P §

. . . s 4
Multi material multi-color Pasimunbie http://www.stratasys.com
MaTepHasIbl U I1BeTa

Variable flexibility/color Bosmosxmas

TMOKOCTh/IIBET —
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Selective Laser Sintering: SLS L

NNaCTUK, NECOK, MeTas/l, CMecb, ec/iv Tpeb. -
Plastic LITPUXOBKA / ] X-Y scanning mirror
Laser

e
Laser beam
fusion | Laser | Hatching / Sintered part
NopoLLOK ’ pacnnaB nasep Leveling roller

Powder feed Powder bed
I Bounding if req I supply

Process sequence:Iloce/0BaTeJIbHOCTh
rporiecca
— Layer manufacturing IIpon3BoicTBO
CJI0€eB
— Cleaning OuucTKa
— Surface finish YucroTa moBepxHOCTHA

Quality : KauecTBa
—  Precision (0,2mm)
ToYHOCTB (0’2 MM) Powder feed piston
— Details (0,1mm) /leTasu (0,1 Mmm) Build chamber
—  Thin walls ToHKHE cTeHBI

Powder feed piston

Build piston
— Surface granularity 3epHUCTOCTE IIOBEPXHOCTU

— Varied material (metal, plastic, ceramic, ...) PasHooOpasHbIit
MaTepuaJl (MeTasll, IVTaCTUK, KePaMHKa, ...)

— Poudre métal : imprégnation bronze possible [TopoIikoBsie
. MeTaJLIbl: BO3MOKHO U3TOTOBJIEHHE GPOH3BI

-
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http://www.axisproto.com :
DMLS acier inox

aluminum

Titanium TiAI6V4 |

http://directmetallasersintering.blogspot.fr

(Source CLFA Fraunofer ILT) | I ’ E C
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http://www.axisproto.com/

Fusion of metallic powder (CnyaB MeTa/lin4yecKkyx NOPOLIKOB)

Electron beam - Electron Beam: 5JiIeKTPOHHBIN JIyY
b - Electron Beam Melting (EBM)

MOPOWOK  Metann  Pacrnias Laser LLiTpmxoBKa

3 - PacruiaBiieHHe JJIEKTPOHHBIM
NEKTPOHHbIN NyY, fasep

- JIy4OM
- Laser Beam: JlasepHbIN JIy4
- Direct Metal Laser Sintering (DMLS) Filament
[IpaMoe MeTa/LIMYECKOe JiasepHoe Grid cup

CIIEKaHUe Asils
- Selective Laser Melting (SLM)
CeJIEKTUBHOE JIa3epHOe IJIaBJIeHUe

Laser \

Mirror scanner .

Q‘Jﬂ_a I.
£-6 lens Focus coil

Deflection coil

Electron beam
Y

Powder container

\.-/ Vacuum chamber —— ——

Feed container

. Build cylinder —— —
20 ‘ Moscow - Vladimir Workshop, 14-19 November 2016 O | I
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Selective Laser Melting: SLM (CesitekTrBHOE J1a3epHOe IJIaBJIEHHE)

L TR

Mopowok Metann Pacnnas JlazepHbiit yy

Process sequence:
IIocsrezoBaTe/IbHOCTH
Ipoiecca
— Idem SLS Tak ke Kak
SLS

— Travail pabora
—  Supports oropa http://www.poly-shape.com/

—

Qualités : KauecTBO
— Matieres acier, titane, aluminium

MaTepmanbl CTtalibHble, TUTAHOBbLIE,
arnromMmnHmneBbIE

— Grande
résistance
Bricokas
YCTOUUYUBOCTh




Electron Beam Melting : EBM (I1;1aBka 3/1eKTPOHHBIM JIY4OM)

Metal fusion Electron beam hatching
OPOLLIOK

Metann Pacnnas INEeKTPOHHbIN Iy4  LUTPUXOBKA
Process definition: Xapakrepucruka
Ipoiecca
— Idem SLS Taxk »xe kak SLS
— Vaccum BaxkyyMm

—No-suppertneeded > thermal

evacuation repmMuyeckoe

BaKyyMHUpPOBaHHE
Quality: KauecTBO

— TA6V
— cohesion, resistance
CIleIlJIeHHe, COITPOTUBJIEHHE

nnnnnnnnnn
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Laser Cladding (/lazepnag HanJiaBka)
Poudre fusion laser

Mopowok Metann Pacnnas Jflasep  cTpyiHOe nepdopupoBaHme
Process definition:
OmpenesieHHte IIpoIiecca
— Layer deposition
HaHeceHUte ci104d

— Support
Omopa

— Surface finish
IToBepxHOCTHAA
o6paboTKa

Quality: KauecTso ' | LASER BEAM

— Multi material
MHOTOKOMIIOHE : -
HTHEIE LS. DEPOSIT

— Recharging 3 :
ITepe3apsykaeMbl

.\e T
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Laser Cladding (/Iazepuas HansiaBka)

Source : https://www.3dnatives.com/beam-open-
innovation-impression-3d-17062015/

Source : http://www.irepa-laser.com/
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Bio-printing (buonporoTunupoBaHue)

[1] Auteur inconnu. Disponible sur http://blog.econocom.com/wp-content/uploads/2013/10/bio-printing3-500x261.jpg (consulté le 05/10/2014)

[2]0rganovo compagny. Disponible sur http://www.organovo.com/company/about-organovo (consulté le 05/10/2014)

[3] H, Jaliniéres. Disponible sur http://www.sciencesetavenir.fr/galeries-photos/sante/20140708.0BS3058/la-bio-impression-3d.html (consulté le 05/10/2014)
[4] D.Sergent. Disponible sur http://www.la-croix.com/Actualite/France/Comment-fabriquer-de-la-peau-avec-une-imprimante-3D-2014-07-06-1175172
(consulté le 05/10/2014)

T
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e LOM (feuilles « papier », découpe laser)
JIncTHI «6yMara», JlasepHasi peska

Micro-gear

° CandyFab (http://wiki.candyfab.org)

* Bio-impression buomneuars
http://etsinnovation.wordpress.com/2012/03/05/3d-bio-printing-imprimer-
des-muscles-et-des-organes/
http://www.youtube.com/watch?v=vAi3fUlIMdHk&feature=endscr

een&NR=1
http://www.wakehealth.edu/WFIRM/

http://www.organovo.com/science-technology/bioprinted-human-
tissue

s

) \ i x
-
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http://www.youtube.com/watch?v=vAi3fUlMdHk&feature=endscreen&NR=1

Complex Shapes (CioxHbie popMBbI)
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Complex Shapes (CioxHbie popMBbI)

Loughborough University, UK




Complex Shapes (CioxHbie popMBbI)

3D Printshow London 2014
Urormia

http://www.3ders.org/articles/20140915-futurist-christopher-barnatt-report-london-2014-3d-printshow.html

.\ -
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Texnomornu

Materials Technologies
Marepuansl YacTh, npon3BOAUMBIE
¢MelBaHNEM
Parts built through polymerization Parts built through Parts built through melting
YacTH, IPOM3BOHMBIE bonding agent YacTu, Npou3BOAUMBIE
HoJIMMepU3aLueil IJIABKOH
Ceramic LM
Kepamuka
Metal EBM
Meramn
Sand
Ilecox
Plastic SL FDM LS
ITnactux
Wax MJ *
Bock
Lower HIKE Durability JlonroBedHoCTh Bee Higher
Smoother MsAr4e Surface finishPHHAIbHAS TOBEPXHOTbpyGee Rougher
Higher Bsie Detail JlerampHOCTH Hwxe | oyer
Prototypes | Indirect processes Application Functional parts
@DyHKIMOHATIBHBIE YaCTH

[TpOTOTHUIIBI/KOCBEHHBIE TIPOIIECCHI TIpuMeHeHHe
Source: https://www.additively.com

T
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Additive
Manufacturing and
3D printing
technologies

O630p aganTnBHOro npounssoacTtesa u 3D-
TeXHONOrMm nevyaTtu

-
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History

* 1980 : Professor Jean-Claude André from ENSIC Nancy invents Stereolithograpy
1984 : Charles Hull creates 3D-System to industrialise Stereolithography (SLA)

« 1985 : DTM Corporation (USA) puts a patent on Selective Laser Sintering (SLS)

e 1988 : 1t SLA machine commercialised by 3D-System : SLA-2502

1988 :S. Scott Crump creates Stratasys in the USA and develops the Fused Deposition
Molding process (FDM)

1993 : Developpement of binder jetting technology at MIT (USA)
« 1995 :Z Corporation (USA) buys a licence of the process
* 1996 : First mention of the term 3D Printing

« 1997 : Creation of ARCAM AB (Sweden) for commercialising Electron Beam Melting
technology (EBM)

* 1999 : Objet Ltd (USA) patents the Poly]Jet process

* 2000 : Developpement of Direct Metal Laser Sintering (DMLS) et du Selective Laser Melting
(SLM)

2000 : The Américain standardisation office adopts the term SLM
* 2002 : First EBM machine (model S12) in industry

e 2005 : Dissemination of the RepRap projet by Adrian Bowyer professor at the university of
Bath (UK)

2011 a 2014 : 150 % of market growth in average each year
2014 : DMG MORI presents the first hybrid machine additive/soustractive

32 ‘ Moscow - Vladimir Workshop, 14-19 November 2016 O | I E C




I/ICTOPI/IH

* 1980: IIpodeccop Kan-Kinoxg AHape u3 ENSIC Hancu usooperaet Crepeosiurorpaduro

* 1984: Yapsb3 Xasu1 co3paet 3D-cucremMy AJ11 HHAYyCTpUAIU3anuu crepeoaurorpaduu (SLA)
 1985: DTM Corporation (CIIIA) ny6/IMKyeT IaTEHT Ha CeJIeKTUBHOeE jla3epHoe ciiekaHue (SLS)
* 1988: 1-asg SLA-ManinHa, KoMmMepruaiusupyemas 3D-cucremoit: SLA-2502

« 1988: S. Scott Crump co3snaert Stratasys B CIITA u paspadaTbiBaeT MO/ieJIb, BHIIIOJTHEHHYI0 METO/J0M
HamuiaBieHusa (FDM)

* 1993: PazpaboTKa TeXHOJIOTMH pPa30ophI3ruBaHus CBA3YIOIIEro BelecTBa B MaccauyceTCKOM
TeXHOJIOrn4ecKoM uHcturyTe (CIIIA)

 1995: Z Corporation (CIITA) nmoKymaeT JIMIIeH3UI0 Ha IIPOIiecc
 1996: IlepBoe ynoOMHHaHHE TepMHHA «3D-nieyaThb»

 1997: Co3ganue ARCAM AB (IlIBenyst) /11 KOMMepuuaIusanuu TeXHOJI0TruH 3IeKTPOHHOI0
Jy4deBoro 1wiasjaeHus (EBM)

* 1999: Objet Ltd (CIITA) naTeHTyeT npouecc PolyJet

* 2000: PazpaboTKa IIpsIMOro Jia3epHOro cruekaHusa Metasuia (DMLS) U ceJIeKTUBHOTIO JIa3ePHOI0
w1aBjaeHus (SLM)

* 2000: AMepHMKaHCKOe O0I0pO CTaHAapTHU3allMU YTBEPAUIO TepMUH SLM
* 2002: ITepBasa mamuuHa EBM (Moaesib S12) B IpOMBIIILJIEHHOCTH

* 2005: PacupocTpaHneHue npoekra RepRap npodeccopom AapuanoM boiiepom B YHuUBepcureTe bata
(BestmkoOpuTaHus)

« C2011mo 2014 roa;: 150% pocTa pbIHKa B CpeHEeM Ka Kbl I'oj,
 2014: DMG MORI nnpeacraB/isieT IIepBYI0 THOPHIHYI0 IPUCALOYHYIO /| CyOTPAKTHBHYI0 MallIUHY

N OIPEC




Topological Optimization (Tonosiornyeckas onTUMHU3AIHUSA)

{ — Variables = densité de matiére p au sein de chaque élément
fin1 d’un maillage
HEDEMEHHble = [lnoTHOCTb MaTepunana B KaK4oM KOHEYHOM 3a/1eMEHTE CETKU

onction objectif O6vektnsHan GyHKLMA

» Minimiser la masse = [, p.dV Munumusauns maccoi

ou MwuHMMM3auUmnAa cmnbl aedopmaunm
 Minimiser la compliance = énergie de deformation =
[ o.e.dV
|4 CooTBeTCTBME BblparkaeTca Kak PyHKLUMA NAOTHOCTHU

By \ La compliance est exprimée en fonction de la densité.

Par exemple : E = Ey + p"E; Hanpumep ( ) | P E(
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Topological Optimization (Tomosiornyeckast onTUM

o s

K3auus)

Inspire

Yy
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Patte support d’airbus A380 SN » \
(EOS) .”,i'"n 3 : . R v:‘o::t
OIopHBIM KpoHIITeHH Airbus A380 “
(EOS)
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Jean-Frangois BOUJUT Thank you
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