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Å3d Printing ӝOverview and Highlights

ÅMagnetic hard magnetic materials - Polymer bonded magnets

Å3D printed polymer bonded NdFeBmagnets using fused deposition modeling

ÅOptimization methods to realize tailored magnetic fields (Inverse field prob.)

ÅFabrication of dense hard magnets with selective laser melting/sintering

ÅFabrication of dense soft magnets with selective laser melting for shimming
applications

ÅHighest accuracy with Stereolithography

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

ÅConclusion & Outlook 

Overview
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ÅIt is an affordable, rapid technique to manufacture models, 
tools, prototypes, or customized end products 

ÅObject is carried out from formless or form-neutral material

ÅNo specific tools are required for a specific object

ÅWell established methods:

Fused Deposition Modelling (FDM)

Selective Laser Melting/Sintering (SLM/SLS)

Stereolithographic

Binder Jetting

Electron Beam Melting (EBM)

Additive Manufacturing
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Å57% of all 3D Printing work done is in the first phases of new product 
development

Åӓ4B? 'FI<;F3D Printing Marketis valued at USD 7.9 billion in 2016 and is 
expected to reach a value of USD 33.58 billion by the end of 2022,"

Overview

Market 3D printing

[1] https://www.reuters.com/brandfeatures/venture-capital/article?id=10871
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ÅMarket: 300.000 Aligner per day

ÅLargest and most successful use of AMT

ÅSource: Align Technologies, revenue 1.08 billion USD 

Align Technologies (Stereolithography )

Highlights 3D printing
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Å20 components integrated in one part

Å5 times more wear resistant

Å33% lighter

ÅReduction fuel consumption through 
optimized design

Production
Å2014: Start of production

Å2017: 30 000 nozzles per year

Å2020: 100 000 nozzles per year

GE Aviations - jet engines

Advantages

Highlights 3D printing
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Å)HP?MNG?HN I@ ỂғҐ GCFFCIH CH MN;N?-of-
the-art 3D-printing factory

Å"This latest breakthrough is a game 
changer as it significantly reduces the 
lead time needed to produce these spare 
parts, enabling us to meet our 
customers' needs even more quickly," 

Siemens ӝGas Turbines

Highlights 3D printing

ThorbjoernFors, CEO of Siemens Power 
Generation Services, Distributed Generation 
and Oil & Gas.
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Overview
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Overview
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Laser Melting / Sintering

ÅCarbon dioxide laser

ÅFuses and sinters polymer particles
or (coated) metal/ceramic powder

Selective Laser Sintering

ÅHigh-power ytterbium > 100 Watt

ÅCompletely melts metal/ceramic 
powder

Selective Laser Melting
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Laser Melting / Sintering
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Using Polymerization

ÅLayers is scanned by a visible or ultraviolet 
(UV) light to cure the photosensitive resin 
(selectively for each cross-section) 

ÅUsing digital light processing (DLP) engine 
projects and cure the whole image Then, 
the resin sweeps across the crosssection

Stereolithographic

ÅInkjet print heads jet liquid 
photopolymers onto a build 
platform. 

ÅThe material is immediately 
cured by UV lamps

ÅMultiple materials can be realized

Photopolymer jetting
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Using Polymerization

Sun, H.-B.; Kawata, S.Journalof LightwaveTechnology; 21;624-633; (2003)
LaFratta, C. N.; Fourkas, J. T.; Baldacchini, T.; Farrer, R. A. 
AngewandteChemie, International Edition; 46;6238-6258; (2007)

Voxel
(Width ~ 100 nm)
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Multiphotonlithography

250mm

Prof.Jürgen Stampf, Peter Gruber, TU Wien, Austria

ÅPrint on a pencil tip

ÅResolution < 100 nm
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Multiphotonlithography

ÅIndividual spheroids formed within microscaffoldsusing antiadhesive wells

Åfacilitating formation of functional 3D de novo tissue.

ÅComplete fusion of cell-containing microscaffoldspossible within hours

Rapid fusion
of tissue
modules

Prof.Jürgen Stampf
TU Wien, Austria

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

ÅProperties similar as Iso-Pressed
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Stereolithography

Lithography-Based Ceramic Manufacturing (LCM)
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A lot different materials (even metals) can be produced

Lithography-Based 
Ceramic Manufacturing (LCM)
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ÅWire-shaped thermoplastic 
filaments

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

FDM - Technology

https://en.wikipedia.org/wiki/Fused_deposition_modeling
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FDM - Technology
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High Performance Magnets (NdFeB)
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ÅLower BHmaxcompared with 
sintered magnets

ÅA lot application due not require 
maximum field but accurate field

ÅHigh-precision dimensions

ÅMany types of shapes and 
specifications

ÅSuitable for mass production

ÅMaximum temperature is limited 
regarding the polymer matrix

Å~10% market share of all NdFeB
( 750 Mio USD)

Polymer Bonded Magnets

[1] J. Ormerodet al., Journal of Applied Physics 81, 4816 (1997)http://www.goudsmitmagnets.com
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Wheel Speed Sensors

Speed

Sensor

#1
Market: 45%

ÅCD Laboratory 
ӓ!>P;H=?> -;AH?NC= 3?HMCHA ;H> -;N?LC;FMӔ
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Wheel Speed Sensors

ÅMeasurement of change of magnetic field

ÅApplication for backbiasand active encoder wheels
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Polymer Bonded Magnets ӝManufacturing

www.daido-ectronics.co.jp

atomization or 
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Printing of magnets is a hot topic

26/01/2020 3D Additive Manufacturing Page 27
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ÅUse End-User 3D printer

ÅReplace Wire-shaped thermoplastic 
filaments with Magnetic Filament

Printing Magnets
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Used Polymer Bonded Material

ÅNeofer25/60 (NdFeB) produced by 
atomization and heat treatment

Spheres with diameter ~ 50 +- 20 
mm

Each sphere consists of random 
NdFeB

Better rheological behavior

ÅNdFeBpowder produced by melt 
spinning 

Flakes with size ~200 mm

Nozzle easily wearedout and 
blocked

[1] C. Huber et al., Applied Physics Letters 109, 16 (2016)

NdFeB

PA11

Neofer25/60 particle
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Fabrication of Magnetic Filaments

ÅFilament is produced out of Neofer
25/60 granules with d ~ 5 mm

Å90 wt% NdFeBin PA11 matrix

ÅTwin-screw extruder 
(LeistritzZSE 18 HPe-48D)

ÅWire-shaped magnetic 
thermoplastic filaments

ÅFilament d ~ 1.75 +- 0.1 mm

ÅLaser diameter measuring 
system control d
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Fabrication of Magnetic Filaments

ÅLook inside the filament

ÅScanning Electron Microscope
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3D ӝPrinting of Magnets

Åheight resolution:
0.05 ӝ0.3 nm

ÅNozzle diameter:
0.4 mm

ÅPosition Resolution:
0.1 x 0.1 x 0.05 mm
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3D Printed Magnets!
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Hysteresis Loop of Neofer25/60©

[1] C. Huber et al., Applied Physics Letters 109, 16 (2016)

ÅRemanencesmaller  by 20%

ÅAgrees well with 18 % reduced  
volumetric mass density 

Åthermogravimetricanalysis
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Use 3D Printer for 
Magnetic Field Measurement

ÅInfineon 3d Hall sensor

ÅDetectivity (f = 0Hz ):
d = 40 mT/sqrt(Hz)

ÅCalibration technique to 
compensate for displacement
errors [1]

ÅPosition Resolution:
0.1 x 0.1 x 0.05 mm

[1] C. Huber et al., Applied Physics Letters 109, 16 (2016)
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ÅPrinted polymer bonded isotropic 
NdFeBmagnet

ÅPredefined external field

3d Printed Magnet with tailored field

[1] C. Huber et al.,, Applied Physics Letters 109, 16 (2016)
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ÅMagnetize each printed layer locally along +z or -z axis.

ÅSintered NdFeBcylinder magnet with optimized soft magnetic conical

Å%;=B F;S?L I@ ; ғ$ JLCHN?> MNLO=NOL? CM ӓJLCHN;<F?Ӑ QCNB >C@@?L?HN J;NN?LHMӆ

-;AH?NC= JCR?F ӨӓMaxelӔө 0LCHN?L
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Big Area Additive Manufacturing (BAAM)

[1] Li, Ling, et al. Scientific reports 6 (2016): 36212.

ÅNdFeBembedded by polyamide (Nylon-12)

ÅSingle screw extruder transports pellets to nozzle

ÅMelted and extruded

Å65 vol% isotropic NdFeB, BHmax= 43.49 kJ/m3
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Å70 vol.% Nd-Fe-B are fabricated

ÅBHmax= 58.1 kJ/m3.

Big Area Additive Manufacturing (BAAM)

[1] Li, Ling, et al. Scientific reports 6 (2016): 36212.
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Inverse Field ӝTopology Optimization

ÅComputer aided design of geometry to realize required field profile
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ÅEasy to calculate from 
magnetization the field:

ÅDifficult the other way

Inverse Problem

=BH M

-

=
1

BM H

ÅMeasure on N points the Hfield

ÅCalculate on O points the 
magnetization M
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ÅExample 1: Curl magnetization does not produce strayfield
can be added to solution of M.

ÅExample 2: Small and large sphere (with same magnetic moment) 
produces exactly same dipolar field outside: 

Physical interpretation of 
not uniqueness of solution
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ÅAdditional constrain

ÅExample: 

ÅEfficient solution using the AdjointMethod 
(only requires solution of Poisson like equations, no full matrices)

Tikhonov Regularization ӝAdjoint Method

( )a= - + =
2

( ) ( ) min!
measured calc

J TM H H M M

( )=ñ
V

T dVM M

=( )
calc

BH M M

[1] F. Bruckner et al, Scientific Reports7 (2017).
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ÅGoal: Homogeneous 
field inside the cylinder

ÅSolution with inverse 
problem

ÅResult is very close to 
analytical solution of a 
Halbachcylinder

Example: Optimal Design of Magnetization 
- HalbachCylinder

[1] F. Bruckner et al, Scientific Reports7 (2017).
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Inverse Field ӝTopology Optimization

[1] C. Huber et al., J. Appl. Phys. 053904 (2017)

ÅIntroduce a density factor 0<a<1 

ÅWith for example

( )a= - + =
2

( ) min!J a Ba TH M M

( )=ñ²
V

T a dVM
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Find Optimal Design of a Magnet

[1] C. Huber et al., J. Appl. Phys. 053904 (2017)
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ÅDual feet extruder 

ÅUse one magnetic filament and 
one non-magnetic one

ÅAlso other variations possible

Printing Magnets with Locally varying Ms
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Variation of Magnetic Compound Density

[1] C. Huber et al., Sci. Rep, 9419 (2017)
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Extracted Magnetization with 
inverse field problem

ÅH-Field measurement shows, extracted magnetization

Åvery close to the goal of linear magnetization 

ÅPossible applications: actuators:
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Variation of Magnetic Compound Density

[1] C. Huber et al., Sci. Rep, 9419 (2017)
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Selective Laser Melting
Åspherical powder of the chemical composition 

Nd7.5Pr0.7Zr2.6Ti2.5Co2.5Fe75B8.8(MQP-S by MagnequenchCorporation) 

[1] *;ŔCGIPCŔ, J., Binda, F., Herrmann, et al (2017). Advanced Engineering 
Materials,19(8), 1700098.
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Selective Laser Melting
Ågrain size ~ 1 mm

ÅBHmax= 45 kJ/m³ (25°C) 

Å(BH)max comparable to injection moldedreferences

ÅInjection moldedstructure (70% NdFeBcontent)
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Selective Laser Sintering ӝ
Permanent magnets [1]

ÅFarsoonFS121M LPBFmachine

ÅContinuous wave 200W Yb-fibrelaser 

Åwavelength of 1.07 mm 

ÅSpot size of 0.1 mm.

[1] C. Huber, H. Sepehri-Amin, M. Goertler, M. Groenefeld,I. Teliban, K. Hono, D. 
Suess, Acta Materialia 172 (2019) 66e71
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Selective Laser Sintering
SE - SEM image of the initial 
MQP-S powder

HAADF-STEM image 

STEM-STEM-EDS maps of Fe, Nd, Ti, and Zr
showing the microstructure of the gas
atomized powders. 

SEM image of the surface 
of a LPBF sample


