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55 wiversitdt _
e Wien Overview

A3d PrintingkOverview and Highlights

AMagnetic hard magnetic materialBolymer bonded magnets

A3D printed polymer bondedFeBmagnets usindused depositiormodeling
AOptimization methods to realize tailored magnetic fields (Inverse field pr
AFabrication of denskard magnets witlselectivdasermelting/sintering

AFabricationof dense soft magnets witielective laser meltinigr shimming
applications

AHighest accuracy witBtereolithography

A(Locally) aligning magnetic particles using fields and fused deposition
modeling

AConclusion & Outlook
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Additive Manufacturing

Alt is an affordable, rapid technigue to manufacture models,
tools, prototypes, or customized end products

AObiject is carried out from formless or feneutral material
ANo specific tools are required for a specific object

AWell established methods:
Fused Deposition Modelling (FDM)
Selective Laser Melting/Sintering (SLM/SLS)
Stereolithographic
Binder Jetting
Electron Beam Melting (EBM)
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Market 3D printing

Overview

A57% of all 3D Printing work done is in the first phases of new product
development

Aa 4 B? 3DFPrinting Markes valued at USD 7.9 billion in 2016 and is
expected to reach a value of USD 33.58 bhillion by the end of 2022,

[1] https://www.reuters.com/brandfeatures/ventucapital/article?id=10871
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{5 iversitat Highlights 3D printing

Align Technologies §tereolithography )

AMarket: 300.000 Aligner per day
ALargest and most successful use of AMT
ASource: Align Technologies, revenue 1.08 billion US
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¢i2s wniversitat

GEAviations - jet engines

Advantages

A20 components integrated in one part

A5 times more wear resistant

A33% lighter

AReduction fuel consumption through
optimized design

Production

A2014: Start of production
A2017: 30 000 nozzles per year
A2020: 100 000 nozzles per year

Highlights 3D printing

GE Aviation: 3D printed fuel
nozzles for Leap Al jet engine
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{5 iversitat Highlights 3D printing

SiemensykGas Turbines

AA HP? MNG?HN | @dtf I GCFFCIH CH MN
the-art 3Dprinting factory

A'"This latest breakthrough is a game
changer as it significantly reduces tht
lead time needed to produce these s
parts, enabling us to meet our
customers' needs even more quitkly g

ThorbjoernFors CEO of Siemens Power

Generation Services, Distributed Generatte
and Oil & Gas.

i

26/01/2020 3D Additive Manufacturing dieter.suess@univie.ac.at Seite8



: Wi‘éﬁmitét Overview

Additive Manufacturing Technologies
I

| | I |
(polymerization] [bonding agent] melting (sheet laminationJ

Stereolitography Photopolyrlner Jetting Binder Jetting Laminated Object Manufacturing
(SLA) (PJ) (BJ) (LOM)
|

I I I
plastic, plastic all binder paper,

colloids compatible materials composite

Fused Deposition Modelling | Selective Laser Sintering Selective Laser Melting Electon Beam Melting Material Jetting
(FDM) (SLS) (SLM) (EBM) (MJ)
I I I I I
plastic, plastic metal, metal plastic,
composite ceramic wax
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i \ersitat Overview

TOP 3D PRINTING TECHNOLOGIES

Fused Deposition Modeling

/FDM

r
-
Polyjet/Multijet n

B 2016 B 2017

Stereolithography/SLA
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d \Digersitat Laser Melting / Sintering

Selective Laser Sintering Selective Laser Melting
ACarbon dioxide laser AHigh-power ytterbium > 100 Watt
AFuses and sinters polymer particles ACompletely melts metal/ceramic
or (coated)metal/ceramic powder powder
(b) Xy-scanning
mirror (C) printer
leveling roll éla%mm 74- head build
eve Hgg\I'O er . g / 111 part
_(_.___ build part = ) .
powder — A

build platform

Ibuild platform
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Wit Laser Melting / Sintering
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{0 Diyersitdt Using Polymerization

Stereolithographic Photopolymer jetting

Alayers iscanned by aisibleor ultraviolet Alnkjet print heads jet liquid
(UV) light to curehe photosensitive resin  photopolymers onto a build
(selectivelyor eachcrosssection) platform.

AUsing digital lighprocessing (DLP) enginéThe material is immediately
projects anccure thewhole imagerhen  cured by UV lamps
the resin sweeps across thesssection AMultiple materials can be realiz

(b)

DLP engine 7z
UV curing - ink-jet printer
/blllld part ]'a'mp & hea’d bu1].d part

feedstock

build platform

|

build platform

|
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Single-photon
excitation
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Sun, HB.;Kawata S.Journabf LightwaveTlechnology21; 624633; (2003)
LaFratta C. NFourkas J. T.Baldacchinj T.; Farrer, R. A.
AngewandteChemig International Editior46,62386258; (2007) (width ~ 100 nm)

Using Polymerization

Two-photon
excitation

|(intensity)
—

v

Voxel
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niversitéit Multiphotonlithography

APrint on a pencil tip
AResolution < 100 nm

Prof.JurgenStampf Peter Gruber, TU Wien, Austria
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) \iyersitat Multiphotonlithography

A Individual spheroids formed withinicroscaffoldsising antiadhesive wells
A facilitating formation of functional 3D de novo tissue.
A Complete fusion of cetlontainingmicroscaffoldgpossible within hours

Rapidfusion {2
oftissue —
modules

Prof.JurgenStamp
TU Wien, Austria

Dr.A.Ovsianikov
http://amt.tuwien.ac.at/
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o iverit Lithography-Based
= Wien Ceramic Manufacturing (LCM)

AProperties similar dso-Pressed

LIGHT EXPOSURE

The structuring of the slurry is
done by mask exposure.

SLURRY GREEN BODY

CERAMIC PARTICLE MONOMER LI I H Z
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7 et Stereolithography

Lithography-Based Ceramic Manufacturing (LCM)

AFTER SINTERING

(V9]
c / n
E i | (>99.4%T.D)
: '." J
(77 ] \
m s ‘\
= 9 e
w y it
= AFTER DEBINDING

{/ ‘ (up to 60 vol %)

\ /

AFTER FABRICATION CERAMIC PARTICLE PHOTOPOLYMER

UTH 2
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Z75 wiversitat _ thhograph_y-Based
o Ceramic Manufacturing (LCM)

A lot different materials (even metals) can be produced

Alumina Porcelain

Hydroxy-
apatite

zirconia e

e,
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FDM- Technology

print head

3D Printed Part
Support Material

AWireshaped thermoplastic
filaments

AMolten plastic is pressed through
printer nozzle and builds up
the layer by layer

Y Voxel cross-sectional area

https://en.wikipedia.org/wiki/Fused_deposition_modeling
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o) \igrsitat FDM- Technology

FDM MATERIALS

ULTEM* 9085

e 78
Do ABSplus

O

ABS-M30 ’Z' ¥
% ,
PPS A

F
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7 njyerstit High Performance MagnetsNdFeB
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niversitat Polymer Bonded Magnets

ALowerBH, .. compared with 14
sintered magnets g 12

AA lot application due not require
maximum field but accurate field

remanence B
o
>

0.4 bonded
AHighprecision dimensions 0.2 | omodl - NAREB. ki
ferrite J‘ i | i
AMany types of shapes and 00 05 10 15 20 25 30

specifications coercivity pioHes (T)

ASuitable for mass production

AMaximum temperature is limited
regarding the polymer matrix

A~10% market share of AlHFeB
( 750 Mio USD)

[1] J.Ormerodet al., Journal of Applied Physics 81, 4816 (199 http://www.goudsmitmagnets.com
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wien Wheel Speed Sensors

ACD Laboratory infineon
41 >P: H=?> -: AH? NC= 3?HM(L/ >

Speed
Sensor
Wiper, winder, sunroof, v | Seat comfort

seatbelt buckle switch, ... ' - -
_— Manifold air
| e pressure

Throttle position Side Airbag .
Jll pressue Market: 45%
Pedal position -
Barometric

Camshaft,

Crankshaft

BrushlessDC

commutation
ABS speed

Radar
for ACC @

*

Pressure sensors

&~ Magneticsensors

Fuel vapor |

air pressure

Pedestrian
protection

Pressure sensing and
RF transmission for

Tire Pressure Monitoring
- Remote Keyless Entry systems (TPMS)

(RKE)
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Wheel Speed Sensors

AMeasurement of change of magnetic field
AApplication fobackbiasand active encoder wheels

-

—

Magnet Wheel

#0Y)

Hall Sensor 1 Hall Sensor 2

Hall Sensor 1 Hall Sensor 2

Signal Signal
Processing Processing
Circuitry Permanent Magnet Circuitry

Back Bias Magnet /. l' Encoder Wheels
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) Wiversitat Polymer Bonded MagnetskManufacturing

Injection molding
Movable board Stationary board

Hopper

s R

7/
Screw

atomization or

Rapid-quenching Formed magnet

g

‘ Compression molding Coating
‘ )/ ‘ Upper

" Nd-FeCoB punch

flakes
Die “p

Lower punch

Nd-Fe-Co-B
molten alloy

www.daideectronics.co.jp
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niversitat Printing of magnets Is a hot topic

wien

Trumponomics: back to the 1980s

Th e Who are the Chinese?
Economist . mumoiattta

w to print your own magnet

{2016 JOURNAL
{ IMPACT FACTOR" |

AlIP| (e % S

APL’s Most Read Papers in 2017

NOVEMBER 19TH-25TH 2016

Acoustic levitation, wireless power transfer, efficient solar cells: the most read papers in Applied Physics
Letters this year covered a lot of ground. What they all had in common was the quality and insight that
makes APL the leading home for applied physic research. The next paper that catches the community’s

Realization of compact tractor beams using acoustic delay-lines
A. Marzo, A. Ghobrial, L. Cox, M. Caleap, et al

Read More

attention could be yours.

T

3D print of polymer bonded rare-earth magnets, and 3D magnetic field scanning

]
with an end-user 3D printer [
C. Huber, C. Abert, F. Bruckner, M. Groenefeld, et al. []
g - Read More [ ]
cTeoecososesseeesoeesoseeeeeseoeeonseoeoeee e d
r Evidence for oxygen vacancies movement during wake-up in ferroelectric hafnium
oxide
S. Starschich, 5. Menzel, U. Bottger
Read More
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5 iersitat Printing Magnets

AUse EnelUser 3D printer

AReplace Wirshaped thermoplastic
filaments with Magnetic Filament
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{5 iversitat Used Polymer Bonded Material

ANeofer25/60 NdFeB produced by
atomization and heat treatment

Spheres with diameter ~ 5020
mm

Each sphere consists of random
NdFeB

Better rheologicabehavior

Neofer25/60 particle

ANdFeBpowder produced by melt
spinning
Flakes with size ~2afn

Nozzle easilwearedout and
blocked

[1] C. Huber et al., Applied Physics Le1i88516 (2016)
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{5 iversitat Fabrication of Magnetic Filaments

AFilament is produced out dfeofer
25/60 granules with d ~ 5 mm

A90wt% NdFeBn PA11 matrix

ATwinscrew extruder
(LeistritzZSE 18 HP48D)

AWireshaped magnetic L
thermoplastic filaments

AFilamentd ~ 1.75 40.1 mm

AlLaser diameter measuring
system controtl

é Leictrits
€ ZSE 18 MAXX
) o
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{5 iversitat Fabrication of Magnetic Filaments

ALook inside the filament
AScanning Electron Microscope
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3D>|<Pr|nt|ng of Magnets

MV{,}

EE

Aheight resolution:
0.05%0.3 nm

ANozzle diameter:
0.4 mm

APosition Resolution:
0.1 x0.1x0.05mm

magnetic
compound

nozzle
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Liversitat 3D Printed Magnets!

26/01/2020 3D Additive Manufacturing dieter.suess@univie.ac.at Seite33



niversitat Hysteresis Loop oNeofer25/60©

0.6 .

ARemanencesmaller by 20%

AAgrees well with 18 % reduced ™|
volumetric mass density 0.2

Athermogravimetri@nalysis & 0.0

[1] C. Huber et al., Applied Physics Leti@8516 (2016)
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7 wiversitit | l_Jse 3D Printer for
Magnetic Field Measurement

Alnfineon 3d Hall sensor
ADetectivity {= OHz ):

d = 40ml/sqrt(Hz)
ACalibration technique to

compensate for displacement
errors [1] :

APosition Resolution:
0.1 x0.1x0.05mm

-

[1] C. Huber et al., Applied Physics Leti@8816 (2016)
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niversitat 3d Printed Magnet with tailored field

'y
‘‘‘‘‘
vy i

b

-----------

A Printed polymer bonded isotropic
NdFeBmagnet
2.5 mm over

A Predefined external field pyramid tip (T)

o 100 . . T T T 1 T
£
Q50
e
i
g
= 0
>< -
= -
55 ',' . - B.,, oo Ba,
-_‘5 *50 pan® . . Byﬁmp o By“m |
= B.. — B.
E _100 | | L | | 1 1
-4 -3 =2 -1 0 1 2 3 4

x-axis r, (mm)

[1] C. Huber et al.,, Applied Physics Leli@8s16 (2010)
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- ;7 AH? NC Max@lEdR ? (FL

B, (mT)

N
g

=1.25

-1.25

—_
o

Im"‘IIHHIH‘HIIIIII
N

1 2 3 4 5 6
x-axis (mm)

7T 8 9

AMagnetize each printed layer locally along +z axis.
ASinteredNdFeBcylinder magnet with optimized soft magnetic conical
A%; =B F; S?L 1 @ ; % JLCHN?> MNLO
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{5 iversitat Big Area Additive Manufacturing (BAAM)
ANdFeBembedded by polyamide (NyleiP)
ASingle screw extruder transports pellets to nozzle

AMelted and extruded
AB5vol% isotropicNdFeBBH, ., = 43.49 kJ/fh

Yy Composite pellets (65 vol%
"~ Nd-Fe-B + 35 vol% Nylon-12)

ID:3 inches
OD: 4.5 inches

[1] Li, Ling, eal. Scientificreports 6 (2016): 36212.

26/01/2020 3D Additive Manufacturing dieter.suess@univie.ac.at Seite38



Big Area Additive Manufacturing (BAAM)

A70 vol.%Nd-FeB are fabricated
ABHmax= 58.1 kJ/m3. - -

0 1 1 1
-800 -600 -400 -200 0
H (kA/m)

[1] Li, Ling, eal. Scientificreports 6 (2016): 36212.
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Lniversitat

wien Inverse FieldkTopology Optimization

A Computer aided design of geometry to realize required field profile

©
N

MIIIIIIIH
o
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{5 iversitat Inverse Problem

A Easy to calculate from A Measure on N points thfield

magnetization the field: O
H=BM
A Difficult the other way

-1
M=BH

A Calculate on O points the
magnetizatiorM
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o Liversitit Physical interpretation of
s wien not uniqueness of solution

A Example 1:  Curl magnetization does not produstrayfield
can be added to solution of M.

A Example 2:  Small and large sphere (with same magnetic moment)
produces exactly same dipolar field outside:
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Tikhonov RegularizationyAdjoint Method

A Additional constrain

I_Icalc (M) = BVI

‘KM) = HHmeasured -I_lalc (M)Hz &T(M) mml

A Example:
T(M) = fjm|dv
Vv

A Efficient solution using th&djointMethod
(only requires solution of Poisson like equations, no full matrices)

[1] F. Bruckner et afcientific Repor#&(2017).
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A Goal: Homogeneous
field inside the cylinder

A Solution with inverse
problem

A Result is very close to
analytical solution of a
Halbachcylinder

Example:

Optimal Design of Magnetization

- Halbach Cylinder
\ St~
sNNNA L A2
:kg\\\\\\\ R ht ; ?;///,J‘/ Qm
- N g I o - v
,,,___._:::\Q‘\\ v {7 /'//:::_..W,,*
a——— - e
L i Y t 4t — Gy,
o o |
% % i
/" o
( ‘{ ] tit
piny h
31 Ja i 1
\:‘ **** N f\ it
N SR A it
i i

[1] F. Bruckner et afcientific Repor#&(2017).
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5@@3 un ive I'S i tét

L wien Inverse FieldkTopology Optimization

A Introduce a density factor <1

Ya)=|H BaM| &T(M) min!

A With for example

Hz (a.u.

T(M) = fjazdV
\

[1] C. Huber et alJ. Appl. Phys. 053904 (2017)
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2.5 mm above
pyramid tip (T)

Find Optimal Design of a Magnet

Qn

? 100 T T T T T I 1
g
~
S st -
b AA“".tfluhuwn:‘“—“.“—‘“:‘“_“.“_,,,:-.AA_A_A AAAAAA P \HAA\“A‘A.-
7z s~ e
8 lI.I’.‘6 i
= 0 e _”'2""_'"'_:.;\r,;.'nnnum-_-ﬁ2“'.2"'_w“‘""""“"""'
; - ...}.
_— nuen® 7
= 0 - — - - Ba, « « B,
13} == =
g —9 e B a0 i B
= orig
ED - = Bzinu . Bzor,-g
g _100 1 1 1 I 1 I 1

4 -3 -2 -1 0 1 2 3 4

x-axis 7, (mm)

[1] C. Huber et alJ. Appl. Phys. 053904 (2017
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d \Digersitat Printing Magnets with Locally varying Ms

ADual feet extruder

AUse one magnetic filament and
one norrmagnetic one

AAlso other variations possible

magnetic
compound

nozzle —/
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DeRsitat Variation of Magnetic Compound Density

~~
sV
~

(c) y-axis 7, (mm)
—10 0 10

I
DO
=

DO

S

100

DO W=
=

3} printing direction

o0
z-axis 7, (mm)

0 50 100 150 200

layer count ()

polarization J) (T)
mag. density o, (%)
o)
S

(b) magnetic field strength poH;p (T) (d)
=)
= 400 : , : :
of B00F -~ -~ it I
© 200 + T . }: I measurement | |
S 100 | e |
5 0 ] ] ] :IE = i
5 100 80 60 40 20 0

magnetic compound fraction o, (%)

[1] C. Huber et al., Sci. Rep, 9419 (2017)
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gis niversitat

AH-Field measurement shows, extracted magnetization
Avery close to the goal of linear magnetization
APossible applications: actuators:

Extracted Magnetization with
o wien Inverse field problem

200 | | | | | | |

=
— 150 } .
T £
— “
—
3 100
E = = A'fz'.deai
= M,
-5 ro v
§D V 0 _—— A‘[ytni |
<
a A{[zinv

0 I I

—-20 =15 —10 —5 0 5 10 15

y-axis r, (mm)

20



= Lniversitat

wien Variation of Magnetic Compound Density
(a) (@)

field box €2,

/ magnet ),

0 10 20 30 40 50

INN

g 100 F J T o= el
<90 F D -
2 80F P

2 gg L p 7 constant H
() - — — lines
= P inear

] ME — T ] 1 I I I

0

<

g

0 50 100 150 200 250 300
layer count i ()

e
(A/m)?

109 TR B T R 503 B R 2 L. S L L LY,
14 T I I .l 108 r —® constant -
ol constantexp « « linearexp 107 r B—8& linear 1
106 |
10° |
104 |
103 |
02 fo sl gl woandl ¢ el gl e ol ¢ ool g g

10410210210~ 10° 10* 10% 10% 10°

residual norm ||fgm — h;pH% (A/m)?

7112
2

—

constantsim — — linearsim

magnetic flux B, (mT)

O N = O 0 5
\
\
1 ) —
solution norm ||V M ||

z-axis r, (mm)

[1] C. Huber et al., Sci. Rep, 9419 (2017)
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) grsitat Selective Laser Melting

Aspherical powder of the chemical composition
Nd, Pry Zr, Tl :Co, 6,85 s(MQPS byMagnequenciCorporation)

1cm

o =)
o o
L T

_1.0-2600 -1600 0 10b0 20100
H [KA/m]
[1]* : R C GJ., Bi@R, F., Herrmann, et al (20A@dyanced Engineering
Materials]19(8), 1700098.
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Selective Laser Melting
A grain size ~im

A BH, .= 45 kd/m3 (2%)
A(BH)max comparable to injectionoldedreferences
Alnjectionmoldedstructure (709dFeBcontent)

a) b)
111111111111111 30 - —
@ 3D Printed Magnet ° [
0.6} ° Injection Molded Magnet I
+ SPS Magnet 40 -
~ b I
™ ]
= . |
— % 30 - ] I
= X - "
[— —_ * * °
S %20 .
(o] E * I -
:1_ —— + 1 *
L 10 + |
AN @ 3D Printed Magnet : .
= = Injection Molded Magnet |
¢ SPS Sintered
0 N 1 N 1 P | 1 . 1
0 50 100 150 200

H [KA/m] T [°C]

26/01/2020 3D Additive Manufacturing dieter.suess@univie.ac.at  Pageb2



B unjversitit Selective LaselSintering X
& WIEh Permanent magnets [1]

A FarsoorFS121NLPBFmachine

A Continuousvave200WY bfibrelaser
A wavelengthof 1.07 mm

A Spotsizeof 0.1mm.

[1] C Huber, HSepehrAmin, MGoertler M.Groenefeld,[Teliban K.Hono, D.
SuessActa Materialia 172 (2019) 66e71
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g0 universitat : : :
G Wien Selective LaselSintering
SE- SEM image of the initial

MQRSpowder HAADFSTEM image

SEM image of the surface =~ STEMSTEMEDS maps of Fd, Ti, andZr
of a LPBF sample showing the microstructure of the gas
atomized powders.
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