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Additive Manufacturing (AM) Terminology

Known by many names:

» 3D Printing » Advanced Manufacturing
» Rapid Prototyping » Additive Fabrication
* Rapid Tooling « Additive Layer Manufacturing

* Rapid Technologies
* Rapid Manufacturing

Direct Digital Manufacturing
Direct Manufacturing
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Additive Manufacturing (AM) / 3D Printing

« A process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed
to subtractive manufacturing methodologies

— 3DZ2IEl: C|X|EC|X}Ol OO|E{2 0|8, AXE M =3l 3k}
=N E M=ot ZEME

— M=KX|Z=(Additive Manufacturing, AM): M| 2 & X2 7{L} 2t
O MAtSI= A A& (subtractive manufacturing) 0} CHH| & =

NEL2E 54 &0
« Group of technologies that create products through
the addition of materials (typically layer by layer)
rather than by subtraction (through machining or
other types of processing)

ASTM International, Standard terminology for additive manufacturing technologies, designation

F2792 - 12a, 2013, p. 2.
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Additive Manufacturing (AM) Process Flow
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FINAL PRODUCT
Material used

« 3D scanning _
- Imaging tools Complexity of the product
» stylus-based and other

design technologies Secondary processing

Sanding
Filing
Polishing
Curing
Material fill
Painting
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3D ZEIH FAf(2)

— 2008 : Of| A & Self-Replicating = 2lE 2 2|=, Shapeways2|
DIY A{H|A

— 2009 : MakerBot 3D Z2IE{ DIY Kit A|ZH0|| Z A

— 2010 : Southampton CHEE 7| =XFS0| M Al %X 3D Z2IE 2 X|ZHSH A
& H[AKN HA HS

— 2011 : M[A %2 3D Z2IH 2 X|&St X=X} A7)
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speed of processing
complexity of design
variety of materials used

Evolution of AM Technology

Low-cost AM systems developed
around the world (Japan, United

First AM system: Printers based SIALES afic aean

Stereolithography (SLA) on new
system developed by 3D technoloiges
Systems in 1987 introduced

Technology advances led to
increasing adoption in automotive,
aerospace, and medical industries

'93 ‘94 1995 ‘96 ‘97 ‘98 ‘99 2000

First-generation acrylate
resins commercialized by
3D Systems and

New resins developed and Materials developed to
commercialized foruse ina withstand tougher
Ciba-Geigy wide range of 3D printers conditions

Focus on developing
capabilities to process
newer materials (e.g.,
composites and metals)

M Printer/technology advances M Material developments
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1ISO TC261, ASTM F42
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ASTM International (American Society for Testing Materials)

[ Categories of AM Technologies (1)

* Material Extrusion
— material is selectively dispensed through a nozzle or orifice
— , Contour Crafting

* Photo Polymerization

— liquid photopolymer in a vat is selectively cured by light-activated
polymerization

« Material jetting
— droplets of build material are selective deposited

* Binder jetting
— liquid bonding agent is selectively deposited to join powder materials
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ASTM International (American Society for Testing Materials)

[ Categories of AM Technologies (2)

* Powder bed fusion
— thermal energy selectively fuses regions of a powder bed

J

« Sheet lamination
— sheets of material are bonded to form an object

* Direct Energy deposition

— focused thermal energy is used to fuse materials by
melting as the material is being deposited

— , EBW (Electron
Beam Welding)
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CAD

Classification of Additive Manufacturing
Processes by ASTM International

CATEGORIES

TECHNOLOGIES

PRINTED “INK”

POWER
SOURCE

STRENGTHS / DOWNSIDES

Fused Deposition + Inexpensive extrusion machine
Modeling (FDM Thermoplastics, *Mukti-material printin
Material Extrusion 9 ) Ceramic slurries, | Thermal Energy Y FINKS
Metal pastes + Limited part resolution
Contour Crafting * Poor surface finish
Selective Laser Polyamides
Sintering (SLS) /Polymer « High Accuracy and Details
Direct Metal Laser Atomized metal High-powered | = Fully dense parts
Sintering (DMLS) powder (17-4 PH Laser Beam * High specific strength & stiffness
Powder Bed Fusion lecti Melti stainless steel, - Powder handling & recycling
Se ve(;::‘e)r eling | cobait chromium, + Support and anchor structure
titanl:v):rlsm- * Fully dense parts
Eeclron(:;a;; Melting ceramic powder Electron Beam | ° High specific strength and stiffness
N IR
ereolithography mics . part resolution
Photopolymerization (SLA) (alumina, Ultraviolet Laser | | o ercuring, scanned line shape
zirconia, PZT) * High cost for supplies and materials
* Muhli-material printing
Material Jetting Polyjet / Inkjet Printing | ©ho'gpolymer, | Thormal Eneray | . - igh surface finish
ng * Low-strength material
* Full-color objects printing
Polymer Powder
* Require infiltration during post-
(Binder 3DP) Ceramic powder, . Wide material selectio
Metal powder ma n
* High porosites on finished parts
Plastic Film, + High surface finish
Sheet Lamination ”::um'me: Ot(){egim Metallic Sheet, Laser Beam « Low material, machine, process cost
"9 Ceramic Tape * Decubing issues
Laser Engineered Net .
Directed Energy Shaping (LENS) Molten metal Repalr of damaged / worn parts
De iti Electronic Beam v Laser Beam + Functionally graded material printing
PosEon po * Require post-processing machine

Welding (EBW)
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AM Technologies / Base Materials (1)

Technology — Typical materials Advantages R TET L ET T
process
Stereolithography  Vat Liquid photopolymer, Complex geometries, Post-curing required;
polymerization | composites detailed parts; smooth finish | requires support structures
Digital light Vat Liquid photopolymer Allows concurrent Limited product thickness;
processing polymerization production; complex shapes | limited range of materials
and sizes; high precision
Multi-jet modeling | Material jetting | Photopolymers, wax Good accuracy and surface | Range of wax-like materials
(MJM) finish; may use multiple is limited; relatively slow
materials (also with color); | build process
hands-free removal of
support material
Fused deposition  Material ' Thermoplastics | Strong parts; complex Poorer surface finish and
modeling extrusion geometries slower build times than SLA
Electron beam Powder bed  Titanium powder, cobalt | Speed; less distortion of Needs finishing; difficult to
melting fusion chrome parts; less material wastage | clean the machine; caution
required when dealing with
X-rays
Selective laser Powder bed Paper, plastic, metal, Requires no support Accuracy limited to powder
sintering fusion glass, ceramic, structures; high heat and particle size; rough surface
composites chemical resistant; high finish
- - - . m -
Selective heat Powder bed Thermoplastic powder | Lower cost than SLS; New technology with
sintering fusion complex geometries; no limited track record
support structures required;
quick turnaround
'Direct metal laser  Powderbed  Stainless steel, cobalt  Dense components; intricate | Needs finishing; not suitable
sintering fusion chrome, nickel alloy geometries for large parts
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CAD

AM Technologies / Base Materials (2)

0

Powder bed Binder jetting  Ceramic powders, metal | Full-color models; Limited accuracy; poor
and inkjet head laminates, acrylic, sand, | inexpensive; fast to build surface finish

printing composites

Plaster-based 3D  Binder jetting  Bonded plaster, plaster  Lower price; enables color | Limited choice of materials;
printing composites printing; high speed; excess | fragile parts

powder can be reused
Laminated object  Sheet Paper, plastic, metal Relatively less expensive; Less accurate; non-
manufacturing lamination laminates, ceramics, no toxic materials; quick to | homogenous parts
composites make big parts
Ultrasonic Sheet Metal and metal alloys | Quick to make big parts; Parts with relatively less
consolidation lamination faster build speed of newer | accuracy and inconsistent
ultrasonic consolidation quality compared to other
systems; generally non- AM processes; need for
toxic materials post-processing
Laser metal Directed Metals and metal alloys | Multi-material printing Relatively higher cost of
deposition energy capability; ability to build systems; support structures
deposition large parts; production are required; need for
flexibility post-processing activities 1o
obtain smooth finish
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Technologies and Materials Matrix

Technology Polymers Ceramics Composites
Stereolithography & O
Digital light processing | @

Multi-jet modeling (MJM) 5] o
Fused deposition modeling | ]

Electron beam melting @

Selective laser sintering @ & 3 @
Selective heat sintering &

Direct metal laser sintering | @

::)i:.vt(::; 1t3:ed and inkjet head ® ® © | ®
Plaster-based 3D printing | @ &
Laminated object manufacturing' & s & @
Ultrasonic consolidation | f @

Laser metal deposition 5] ®
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Review

 Printing Attributes of AM processes
— Build time
— Feature resolution
— Surface quality
— Anchor and support material
— Post-processing
 Building Capabilities of AM
— Multi-material printing
— Printed assemblies
— Embedding foreign components
— Printing circuits, sensors, and batteries

CAD 3D Printing - 31



AM vs. Traditional Manufacturing

 Advantages of AM
— Design complexity
— Speed to market
— Waste reduction

« Advantages of traditional manufacturing
— Mass production
— Choice of materials
— Manufacturing large parts

« Two key areas of benefit
— Workflow streamlining
— Flexible design and product customization

CAD 3D Printing - 32
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File Formats

STL (Standard Tessellation Language)

— 3D Systems Of| A 7}, ASCIIQt BINARYZ B S

— A U 7HX[ D UKX| = 3X5E XU EL gds £

WRL (VRML I} g, & "& E(world)'2t &)

— 3D EC|=o HE AL O X| & &M AZ, HAK UV O[jE,
HIAFSL R 2atSS B#Y

PLY (2 3D A?Hu 2H 3 X3 HO|HE MF)

- WO Cj2iso| 2| AEQH e Thl ZAKof H|mE Zhckel
Mg x|

AMF (Additive Manufacturing File)
— XML 7|Hto| H|O|E| M3t @= AA mpal o3
- 7|82 su= L OXE MEE Zdot S =, Chj

22 M, BIB 1XE BY
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STLu}C| Ho

Surface Tessellation Language
Stereo-Lithography
Standard Transform Language

STL(stereo lithography) I} #A|2 0= 3D SystemsAk?H 1988\ A K& §t CIE{H|O| A H &
GIO|E{ §Al0| ZICHS|0 SE8HCAD A|ARIC| XDt A4St AZ AESHEO| LR X| Q0 0f2] 200 ZHRSHAH S8
M| BE CAD A|AEIO|A HABE 3DRYE STL §@A|CZ HED S,

NV
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STL vs. AMF

STLEAS REt A0 12|E FED AL 0|2 SX| HHE ATSZ 72510, A4 X2 3DL22 HYE
TSI RASHA| 7. A4 BAIE 2HE2 éP—I?éQI = H HE{Q| DALS &3l 30 282 7[5t SAE HA|

STL IS O[T HA|RFASQI ZE 4| STL IIY0| F 5| S8E1 UL Y 42| ZtCZ HO[E7HAS B4,
EZZX|FE §F B2 t0|H & Hl0H ols 52 2HIUS.

STL files inefficient for High Resolutior 3D printers STL files contains only vertex and facet definitions,

STL

STL2.0 AMF

| STL Format AMF Format

riangular mesn for 3 10ecm e
sphese with 1mm 2-ecision [PRECISION Wmioron | 30 micron
506 trangles / 0.13M8 INO. OF MESH TRIANGLES | 49,500 320
nanrgular mesn for a 10cm sanere with L0 micron arecisien FILE SIZE 2400k 10k
50,000 tniangles / 350,000 lnes / 13MB
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3D Printing in Industries

ilndustri

. Y
ﬁhitecturiw
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INDUSTRIES

COMMERCIAL
AEROSPACE
AND
DEFENSE"’

AUTOMOTIVE™

HEALTH
CARE"

~ CONSUMER
- PRODUCTS/RETAIL

AM Applications

CURRENT APPLICATIONS

POTENTIAL FUTURE APPLICATIONS

Concept modeling and prototyping
Structural and non-structural
production parts

Low-volume replacement parts

+ Embedding additively manufactured

electronics directly on parts
Complex engine parts

Aircraft wing components

Other structural aircraft components

Specialized parts for space
exploration

Structures using light-weight,
high-strength matenials

On-demand parts/spares in space
Large structures directly created in
space, thus circumventing launch
vehicle size limitations

Rapid prototyping and
manufacturing of end-use auto parts

Parts and assemblies for antique cars
and racecars

Quick production of parts or entire

Sophisticated auto components

Auto compenents designed through
crowdsourcing

Prostheses and implants
Medical instruments and models
Hearing aids and dental implants

Developing organs for transplants
Large-scale pharmaceutical
production

Developing human tissues for
regenerative therapies

Rapid prototyping

Creating and testing design iterations
Customized jewelry and watches
Limited product customization

Co-designing and creating with
customers

Customized living spaces

Growing mass customization of
consumer products

3D Printing - 41



. Examples of objects that can be printed
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AM in an Automobile
Manufacturing process -
Exhaust/emissions

Applications: Prototyping, customized ot k
Applications: Cooling vents

Fluid handling toolng, investment casting
Applications: Pumps, vaies AM technology: fused deposition AM technology: Selectve laser melting
SR ‘ modeling, inkjet, selective laser sintering, Materials: Aluminum alloys
ANll :etchnolo.gy 514-1;&! -;l ase selective laser melting
neliung, eeclron Deam meiting "
LK R L s “HUM T Materials: Po ymers, wax, hot work steels
Materials: Aluminum alloys

Exterior/exterior trim

Applications: Bumpers, wing
breakers

AM technology: Selective laser
S ".IP'LF‘(_T

Materials. Polymers

FUTURE

Interior & seating

Applications: Dashboaras, seat frames

AM technology: Selective laser sintering,
stereo-lithography

Materials: Poymers

Wheels, tires, & suspension

Applications: Hubcaps, tires, suspansion springs

AM technology: Selective laser sintering, inkjet,
selective laser meliting

Materials. Polymers, aluminum alloys

Powertrain, drivetrain
Applications: Engine companents

AM technology: Selective laser
melting, electron beam melting

Materials: Aluminum, titanium alloys

Electronics
Frame, body, doors SRS . -
S ety Applications: Embedded components such as sensors,
Applications: Body panels ‘ single-part control panels
AM technology: Selective laser melting AM technology: Selective laser sintering
Materials: A'umnum alloys Materials: Polymers

OEM components
Applications: Bocy-in-white
AM technology: Selective laser melting, electron beam melting
CAD Materials: Aluminum, steel aloys 3D Printing - 43
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.

Direct Digital Manufacturing
(Manufacturing)
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HEHEE - 202 §2f

(Popular Science, December 2012)
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« STL:

273
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« AMF(Additive Manufacturing File Format) =3}
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XF= X} Strati (2015.02)

— 3D Printer (BAAM, CincinnatiA}), 5= A A}
AH[0]0f, CHX & =ER)

— XbH| R 2 550kg (LBt KpH|+ 20+ S+ L B E: 400kg)

- E&57r 1/4002 =05 (EV: 2271 >307l, X =F)

— (Z|E)HEE Ty AR Y0 Y S0 X2

- 3D ZEH) S48+ 1V B& UWRE M=

— ZE3E (0= H): ABS 80%, carbon fiber 20%

- 55 /IS ZEHE S R 2, 2 0 nEA, =7
Wrapping film

— A 44 A7k T 24| 7L
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BAAM

— Big Area Additive Manufacturing

— 7l ORNL(Oak Ridge National Laboratory)

— K| Z=A}: O)= CincinnatiAl (2 Z7]A))

— M|A Z|CH 3D Z=ZIE (2015.03 7|=)

— L =: XA 8mm, Xt 0|5 H2| 76mm

~ X% Z7: 4mm

— HZ=EH:6.0x2.3x1.8m
=0 45kg/hr

EtA &8 R 2 SHABS)
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Rally Fighter (Phoenix, Arizona)
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Mass Customization

S
« Mass customization: C{2FAH AL == SE 1A 0 7|7
O M= 7ts (M=2 2F7t7HK|=t)
— Abg|: HeHY (O] &1 Z|ATHO| SHLEA T
— ZYAIZE A ZH (ZEE YO O & HiX[SIH O =¢)
- 22X Z Yo|Xz 85delsots A
— MS 5 2F10mm

x
- BRI AN ZYSTLL

b b b b b e
| RICOH * & E #f
| eonechanee ammme,
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Precision vs. Cost/Time

80

| 3DPrinting

+0.03mm

+0.01lmm
17 Al 2t
129,000Yen

+0.1~0.3mm

oll
KO

25%

3.7Al2t
20,000Yen

3

~J

10 Al
10E JH2(JH21])

70Yen
1~1.5J &

2,000,000Yen

8Al 2t
60,800Yen

JI(

2 87
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