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P Evolution of Manufacturing Technology

oy

Analog subtractive

Analog formative

Digital additive —

Manufacturing technology has evolved over time

New technology doesn‘t always replace old one

Rather:

* |mproves existing ones
* Increases tool sets for manufacturing K.-Y. Law
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P Classification Additive Manufacturing
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A. Gebhardt, 3D-Drucken

4 MCO7 Techn Polym & Komp — C. Becker-Willinger — Saarbricken — WS 2019/2020 www.leibniz-inm.de



P A snapshot at 3D printing technologies

3D-Printing

K.-Y. Law

=
=

Stereolithography

Selective sintering

Energy beam

paq Japmod

Selective melting

Direct ink printing
Direct printing

Hot melt printing

Ink printing

Binder printing

UV/Polymer ink
printing
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P 3D Additive Manufacturing landscape I N M‘

e Concept drawing, not in scale

[
=
=,
*
Direct 3D Fabrication '
Ink
Printing

* Additive manufacturing is the growing trend

* Ink-jet printing is projected to play a significant role in the future (both
2D and 3D)

K.-Y. Law
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P Brief history of 3D printing technologies

2011-
Car, plane, jewelry
2009 W T,
DIY kit 1?7'-: E,!f p
.‘.(-I|> .- ;J . ‘3 :L 4
d-Gade
2002 2006 2008 2
3D SLS parts Prosthetics

3D printed organs

1990s
3D printed parts

SLM
X 6.215,093 (2001)
i

“'/v"{,, N 7 A R 3 W T
T g o

e
1980 1990 2000 2010

FDM

Micro-molding
4.247.580 (1981)

A SLS A
Stereolithography 20 __ 7~
~4,247.580 (1986) 863538 (1989)

* While 3D printing technology took more than a decade to incubate, it
took off rapidly at the turn of this century and 3D objects have been

built from a variety of technologies.
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P Additive manufacturing process chain I N M‘

Rechnerinternes Rechnerinterne
CAD-Modell Schnittdarstellung

Virtuelle Ebene

_> %2 Erzeugung der
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+
Einzelschichten zum Bauteil I

A. Gebhardt, 3D-Drucken
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Generative Fertigung
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P Stereolithography — Creation of CAD-STL file

() n}:‘\n}\!\\

A. Gebhardt, 3D-Drucken

\:‘)\u‘i\\

S

(a) Three dimensional
description of the part (CAD
file), (b) divide parts into
slices, (c) add support
material, and (d) determine
tool direction of each slice

A

K.-Y. Law
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P Stereolithography — schematic and basic steps

(1)

UV curable
liquid

Liquid surface

Formed part

o—— Vat

Platform

(1) 3D printer, (2) platform at t=0, (3) printed products, and (4) UV curing.
K.-Y. Law
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P Process for fabricating 3D ceramic part IN M‘
Mirror ’//—<— UV-light

A Elevator y
//‘||!|H\ UV-curable
/8RR \ —_— solution
| m,
! v§!| |!"" (,)
CAD file 2D slice Stereolithographic process
H,C =CH-C-0—{—CH5-0—C—CH=CH,
o o
{ 990 % ALO;(~0.2 pm,
LTS 50% volume
fraction)
F‘ o0 debinding ® sintering
e @ 120 °C /500 °C 1550 °C
green body with binder green body w/o binder 3D ceramic part

C. Provin, et al. Adv. Mater. 2003, 15, 994-997
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P Multi-materials stereolithography

Resinvat

Vat carousel
frame

Shaft
for carousel

Shaft holding
plate

Vatrotary
stage

Rectangular
confinement section
(openat bottom)

Floating target

J.W. Choi, et al. J. Mater. Process. Technol. 2011, 211, 318-328
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P Multi-materials stereolithography

13

A AP AP

Complete Sub-model 1-2  Sub-model 1-1  Sub-model 1-3

‘Rook’ model 1 (Material 2: 12120) (Material 1: 11120)  (Material 3: 14120)
b % I

Complete Sub-model2-2  Sub-model2-1  Sub-model 2-3

‘Rook’ model 2 (Material 2:11120) (Material 1: 12120) (Material 3: 14120)

J.W. Choi, et al. J. Mater. Process. Technol. 2011, 211, 318-328
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P Multi-materials stereolithography: Process planning

Build 1: Build 2: Build 3: Build 4:

Sub-model 1-1 Sub-model 1-2 Sub-model 1-3 Sub-model 1-1
(Material 1: 11120) (Material 2: 12120) (Material 3: 14120) (Material 1: 11120)

Build 1: Build 2: Build 3: Build 4:
Sub-model 2-1 Sub-model 2-2 Sub-model 2-3 Sub-model 2-1
(Material 1: 12120) (Material 2: 11120) (Material 3: 14120) (Material 1: 12120)

J.W. Choi, et al. J. Mater. Process. Technol. 2011, 211, 318-328
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P Multi-materials stereolithography: Process I N M‘

JW. Choi, et al. J. Mater. Process. Technol. 2011, 211, 318-328
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P Multi-materials stereolithography: Process I N M‘
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P Results and issues specific to multi-materials build

* In addition to cleaning and drying,
major technical issues associated with
multi materials build include |

 a) laser light path blocking c

* b) trapped volume

* ¢), d) surface tension of dissimilar
materials B : first material

: second material

JW. Choi, et al. J. Mater. Process. Technol. 2011, 211, 318-328
17 MCO07 Techn Polym & Komp — C. Becker-Willinger — Saarbrticken — WS 2019/2020

- laser beam path

d

— - — :centerline

. : shadow region

s resin

www.leibniz-inm.de



P Major limitations of stereolithography

Laser ,:\
|
/

J Laser beam

Layers of soldified resin

Platform and piston

* process speed low (each layer 25-50um)
* only 1Imaterial set per vat

* limited materials choice

e surface roughness
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United States Patent (9
Crump

P Fused Deposition Modelling (FDM): ™Stratasys (1992)

[

{111 Patent Number: 5,121,329
451 Date of Patent: Jun, 9, 1992

[54] APPARATUS AND METHOD FOR
CREATING THREE-DIMENSIONAL
OBJECTS

[75] Inventor: S. Scott Crump, Minnctonka, Minn,
[73] Assignee:  Stratasys, Inc.,, Minneapolis, Minn.
[21) Appl. No.: 429,012

[22] Filed: Oct. 30, 1989

[51) Im. CL
[52]
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(57 ABSTRACT

Apparatus incorporating a movable dispensing head
provided with a supply of material which solidifies at a
predetermined temperature, and a base member, which
are moved relative to each other along “X." “Y." and
“Z" axes in a predetermined pattern to create three-di-
mensional objects by building up material discharged
from the dispensing head onto the base member at 2
rate. The is P

driven in a process utilizing computer sided design
(CAD) and computer-aided (CAM) software 10 gener-
ate drive signals for controlled movement of the dis-
pensing head and base member as material is being dis-
pensed.

Three-dimensional objects may be produced by deposits
ing repeated layers of soldifying material until the
shape is formed. Any material, such ss self-hardening
waxes, thermoplastic resins, molten merals, two-part
epoxies, fosming plastics, and glass, which adheres to
the previous layer with an adequate bond upon solidifi-
cation, may be utilized. Each layer base is defined by
the previous layer, and each layer thickness is defined
and closely controlled by the height at which the tip of

} “Bonch A " May

the di head is p above the p r's

layer.

44 Claims, 3 Drawing Sheets
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Filament spool

source: Goethe — lab, FH-Aachen
temperature controlled extruder
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P Compounding techniques B EAS Gl Rl LE INM

Brabender DSE 20

Tupto420°C
3 kg/h - 10 kg/h

filament drawing unit with
y-/z-online thickness measurement
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Yiis 3D-printing at INW IN M‘

available space 30cm x30cm x 60 cm

number of extruders 2
heat bed temperature  up to 110 °C
hot end temperature up to 300 °C
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P FFF 3D-printing of high performance polymers

23

suitable for
* PEEK
PVDF
PEI
PA

available space 15cm x 15cm x 15 cm
number of extruders 1

heat bed temperature  up to 180 °C

hot end temperature up to 520 °C tribometer directly
printed from PEEK
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P Orientation effects on mechanical properties of ABS

30 ;
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P Selective Laser Sintering (SLS) of thermoplastics I N M‘
R.D. Goodridge et al., Prog. Mater Sci. 2012, 57, 229

Scanning Mirrors

Power
Delivery Piston

Power
Delivery Piston

Fig. 1. Schematic of the laser sintering process. (Reproduced with kind permission of Hopkinson et al. [1].}
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P Selective Laser Sintering (SLS) of thermoplastics I N M'
R.D. Goodridge et al., Prog. Mater Sci. 2012, 57, 229

Right feed heater Part heater Left feed heater
Left Roller
Overflow cartridge Right
Overflow cartridge
/ s 110 \

T 7

Cylinder heater 150°C
\ Part
Piston heater piston

Fig. 2. Schematic of the 3D Systems Sinterstation® HiQ™ System. (Reproduced with kind permission of Pham et al. [109].)
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P Selective Laser Sintering (SLS): powder characteristics
R.D. Goodridge et al., Prog. Mater Sci. 2012, 57, 229

Production of

Standard commercial process Cryogenic Fracture
Duraform®PA12

SEM of Powder
morphology
(x500)

Powder bed
during
processing

Laser Sintered
Part
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P Selective Laser Sintering (SLS): temperature distribution I N M'
R.D. Goodridge et al., Prog. Mater Sci. 2012, 57, 229

180 -‘/' :
178
m178-180
176 m176-178
0174-176
174 m172-174
2170-172
12 m168-170
0166-168
170 0164-166
m162-164
168 3160-162
166 -
164 . :
/ Series13
162 T /- Series10
160 += / Series7
Series4

‘ Seriesi
° 100912 5448

Fig. 10. Temperature distribution on an EOS P390 machine.
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b Mechanical properties dependent on position in *
chamber INM

R.D. Goodridge et al., Prog. Mater Sci. 2012, 57, 229

| 370 mm |

Fig. 11. 3D Systems powder bed divided into 30 zones (left} with five tensile test pieces built in vertical orientation in each
temperature zone (right}.

Fig. 12. Distribution of modulus and UTS values on a 3D Systems Vanguard Build Platform for Duraform® Polyamide 12.
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P Mechanical properties dependent on printing direction I N M
R.D. Goodridge et al., Prog. Mater Sci. 2012, 57, 229

Table 4
Variation in mechanical propeities with build directiof. {Reproduced with kind permission
of Ajoku et al. [77].)

Mechanical property  X-axis Y-axis Z-axis Maximum difference (%)
Tensile
> Ave. 48.7 4.7 40.9 -16% @ 90° vs 0°

Max. 50.4 47.9 42

7, Axis
m Min. 46.9 38.5 38.9
l Er (MPa)

b~ Ave. 2047.1 19441 1817 11.2
Max. 2070.6 20048 18302
Min. 20143  1803.6 1806.9
| g (%)
Ave. 9.0 8.0 8.4 11.1
Max. 10.8 8.7 8.6
Min. 8.0 73 8.0

axis b -axis
X Axis ¥ ¥

Fig. 18. Build orientation of test parts used by Ajoku et al. [87]. I ' ! [

—— > X-axis » X-axis

Fig. 19. Schematic illustration of sintering in the laser sintered process, with {A) showing necking between particles in a single
vectar, (B) necking between two parallel vectors and (C) necking between different layers.
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P Commercialised FFF systems I N M*

MakerBot Cube (DDD) Ultimaker Delta 3D Printer  Printers with 2 nozzles:
e 1 for build material

e 1 for support material

Support Material Modeling Material (support = water soluble)
Drive Wheels Liquefier Liquefier Drive Wheels
== i
—— A*—ﬂg | guuu' lt—
Filament i & ’ ' Filament
$ 3
Heater Block ; : Heater Block

{

i

3 ol

B ’ X7 N7

W [ [T v

Matenal Cartridge Material Cantndge
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Aoolicati ]
P Applications of FFF-system IN M‘

32

Stratasys FDM Maxum™ As built part from a FDM machine

Supporting
structure

Tool Medical Aeronautic Automotive

FDM has been primarily used as a rapid prototyping tool. The inferior
mechanical property has limited its adoption in large scale manufacturing.
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D ,.Cost“-comparison Injection moulding vs SLS

33

Cost per assembly (EUR)

~~J

N

[ D]

e IM
—RNE-P390

- = RM-P730

B

73.000 pes

OO

50,000

1,00.000

Production volume (pes)

1.50.000 2.00.00
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_ . . ? N |
P Technology hype of 3D-printing: I N M‘

100

+V|sm|.mf ® VISIBILITY
Peak of Inflated Expectations 30 - Peak ofnflated Expectations
a)
3 Plateau of Productivit
Plateau of Productivity ol c L
; w
9O
=T §' Slope of Enlightenment
Slope of Enlightenment S
20 | ©
& Trough of Digiftiionment
® ' <
Trough of Dislllusionment ® TechnologyTrigger € TE
o O ] 0 ? ] | ] T T — -
Technology Trigger W8S 2006 2008 2010 2012 2014 2016 2018 2020 2022

.

When there is a lot of hype, expectations are high and stock price
becomes irrational. The fate of 3D printing remains to be determined!!!
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P Nanomer® materials for direct 3D-printing at INM I N M

polymerisable organic-inorganic hybrid nanocomposites
groupings
e.g. -NCO, epoxy,

HgC,0 H:Co0 OH O o

=g ; .
oo T g oS _ nanopa rticles
! s

9
H5CZO—£|/\/\N =0 2. chzo—él/\/\N g g Hms. o¥§./\/\|\| Ly
Hgoié Arrea HsC,0 H ? Q H
HsC20—5i—0—Si-OH !
1. Blocking Ofg;;(:Luf(he art) h OH OH 2. Prebuilding of inorganic network \O_S B! O‘NIW
(State of the art) "‘{)- H d
o o c!’ cl’ ! it
L ‘ —0—5—0—Si— . -
& o-di—o—
7% 7 silica backbone .
1 Modified rticl I I —0—Si—0—Si—0—Si— .
2 @» . AP oS0 polymerisable
JCat. ?\\_\ (_i)
-HB NH 0, N H
bl e e | groupings
] T ., .0

e.g. -C=C, epoxy,

ot
7

wene = Surface modifier w—s‘"\/\oJA
ot

nanoparticles

reactive printing: AT
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P Direct 3D-printer for reactive 2K and UV-systems I N M‘

saar.pri

2 positions for exchangeable printing head

FFF
1K UV
2K thermal

* protective gas: Ar, N,
e T:10°C-70°C
* humidity: 10 rel.% - 90 rel.%
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P Results from Nanomer® reactive direct-3D-printing I N M‘

parts from room-temperature curable silicone-resin
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P Direct 3D-printing of organic-inorganic hybrid materials I N M

1. Prepare SiO, Sol 2. Add TiO, Shell 3. Exchange Solvents

S3%
T e

Ink Preparation

Glass Formation

o=c=o0 : ,.&“‘H
o)l\) L HOsH T gy —

Figure 1. Sol—gel derived DIW SiO;/SiO,-TiQ; glass fabrication scheme. (1) SiO; particle sol preparation. (2) TiQ;-SiO; core-shell particle preparation.
(3) Ink preparation via solvent exchange from particle sol to DIW printable ink. (4) DIW printing of glass preform. (5) Organic removal to low density
inorganic glass preform. (6) Sintering to full density optical quality glass (unpolished).

Joel F. Destino et al., Adv. Mater. Technol. 2018, 3, 1700323, DOI: 10.1002/admt.201700323
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P Summary for (2D) and 3D printing INM‘

39

2D and 3D printing are descriptors for a number of different
fabrication technologies

They are all additive manufacturing technologies, not subtractive or
formative

They are new manufacturing tools for modern society

* their uses depend their merits in the quality, cost and their delivery
schedule, not their newness

2D printing has already made tremendous impact on consumable
electronics

3D printing already paying an important role in healthcare and aviation
(metals). It will be one of the manufacturing tools in the future.
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