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Digital Photonic Production -
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The Vision of Digital Photonic Production
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Digital Photonic Production -
“Bits to Photons to Atoms”

Using light as a tool means ...

B highest intensity

highest speed

shortest interaction (precision)

mass-less, force-less, no tools
best controllability (CAD to product)

90 um
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Digital Photonic Production — A new Industrial Revolution?!

laser based manufacturing

Digital
Photonic

Production

Conventional

Production
>

Cost Cost
A A
\.\ laser based manufacturing
Digital
Photonic
A Production
Conventional
Production
>
Lot size
Laserstrahl - ,

Bewegungsrichtung
des Laserstrahls

Strahldurchmesser d

Schmelzbad

umgeschmolzene
Schicht

Pulverschicht

Schichtdicke D —/ f
/'/‘
1 E Spurabstand Ay,

LMD 10-30 cm3/ min

SLM 1-3 cm3/ min

Product complexity

Ablation 0,2-0,5 cm3 / min
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Digital Photonic Production

[TFiretox | —  — — R =&
OIVIOUd > @ @ P E Datei| Bearbeiten Ansicht Chronik Lesezeichen Extras Hilfe - ——
Qlt-.. | - Lufthans.. | # crossDIf.. | & Seiten-La.. % Abwesen...|  Lufthans.. | & LAM - La.. [ | shape... x [oush 2

Cost

T @A -

Create — Statement Vase

Integrativ
Production
Technologies

more creators —

Check out our Holiday Gift Guide with ideas for every wishlist! Be sure to keep these shipping dates in mind..

Tweet

Untitled

We'll save your creation to

11

your Shapeways account

You can then select
materials and order your

Digital
Photonic
Production

design!

Conventional

Production
> :

Lot size

| —

Make & Share
Your Products
With 3D Printing.

Join over 150,000 people turning ideas
into reality.

Innovative Business models
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Digital Photonic Production
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Product complexity
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Digital Photonic Production — Lightweight Construction
|

Kosten
A

Digital
Photonic

Production

[—

Conventional
Production
>

Weight reduction

Coherent objectives
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Simulation and Modelling
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Simulation QuCut compared to experimental evidence

-

Temperature
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Sim
QucCut
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Fresnel Absorption for Steel at 2500 K
(Circular / Random Polarisation)* + Complex refracive index

calculated by modified
Drude approach
(Petring 1994)

B Impact of Wavelength

0 60 70 75 80 85 a 60 FLV R - 20 BE
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0.z
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o / degree o / degree

m A stroke of luck for CO, lasers at grazing incidence = Higher sensitivity for

m High aspect ratios and grazing incidence perturbations at 1y.

are counterproductive at 1p.
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Simulation based design

Intensitat
1

Eo.75

0.5
EO.25

0
spatial
beam design

nozzle design

temporal
beam design

R, @ t1

distance
nozzle-sheet

...... RZ @ t2

focal L7 | \ .'_"':'\-‘Rz@t3
tolerance N[N
Gas _ X W 'j""'"':«"Homogeneity
consumption &

Appearente ' Appearence
bottom ~_top

criteria
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“Laser-Metrology 4.0"
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Laser analysis of liquid slags — a new first

B Motivation

B use of slag from metallurgical g
process route for
- road construction
- cement industry
instead of waste disposal

H® Solution

B inline chemical analysis
of slag composition with
laser spectroscopy

B measurement and assessment
in slag bucket of truck
(600 — 1300°C)

® measuring system for
automated 24/7-operation

K. Pilz, Berg- und HUttenmannische Monatshefte, vol. 157 (6-7), 250-257, 2012.
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Laser analysis of liquid slags — in operation since 11/2013

slag transporter underneath
measuring cabinet

view inside slag ladle with
hot BOF slag

plasma on the slag surface
during measurement

5 LT -
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Inline analysis of polymerization processes with

laser light scattering

® dynamic light scattering (DLS) measures
particle size distributions from Brownian
particle movement, range: nm to ym

B probe developed by ILT/LLT enables inline

measurements in turbulent reaction vessels ggger:r‘: inline DL,
M particle growth measured during e —
polymerization of microgels 20| e et ]
100F T e i
.E 80 | . §
17} L 1 ¥
g 60 !
5 i
S a0} E
S
20 | MeSSUﬂg . g
= Ausreil’er i
ol —— gleit. Durchschnitt 6Pkt. i §
start of reaction: end of reaction: T I S v
no particles; monomers strong scattering due to Zeit [min]
in solution microgel particles measured particle growth during polymerization
of a microgel 16
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Single cell recognition in a microfluidic channel

B specific marking of cells in
a purified blood sample with fluorescent
marker molecules fluorescence events

B processing of the sample in
a microfluidic device

B detection of single cells with
a sensitive fluorescence sensor based on
tailored light

video

fiberoptic sensor

17
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Tailored light for multi-species recognition in microfluidic
devices - multichannel fluorescence sensor

multichannel PMT assembly A 4 x 4 VIS-laser
16 spectral channels '»',' 405 nm, 473 nm, 514 nm, 639 nm

o /_ mirror array

‘;_ 515 00 video-

, monitoring
Ul iyt g
T T . A

'['-

dichroic beamsplitter L4 lens array

microfluidic chip 1cm



SLE, Ablation and Polishing (glass)
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Digital Photonic Production with ISLE

fs laser radiation ISLE: In-volume Selective Laser-induced Etching

mm

3D-CAD Model Selective Modification Removal of Modified Material
in Layers by Laser Radiation by Wet Chemical Etching
Wet etching
HF or KOH

4
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Digital Photonic Production: Resulting Microfluidics

Diffraction at modified lines
before etching

3D microfluidic device after etching before separation

Transparency is increased when filled with water (immersion)

Light |: ab ~ Fraunhofer

ILT

\



Micro Holes Cut in Fused Silica

Holes cut in 1 mm fused silica e.g. for
Optical Fiber placement
Filtering applications
Openings in casings

Inlets for gases or fluids

Electrical vias

Min. hole diameter ~ 30 pm
Max. hole diameter ~ 1 mm
Max. hole length ~ 2 mm

Max. hole taper ~ 20 ym

Precision ~ 2 ym

500 |J.m -
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Laser polishing with CO, laser radiation

-

@ 87,5 mm

Laser polished fused silicaand  Initial condition (grinded)
initial condition (grinded) and laser polished BK7 optics

® Smoothing of the roughness B Process speed up to 1 cm?/s

through material flow without B Rg = 4nm*, Wq = 10nm*, PV = 4um

material removal
i — *%
B Reducing the surface roughness ® Micro roughness Rq = 0,32 nm

B No change of the surface geometry Comparable results for optics

*DIN Standard 10110-8: Band width 2,5 - 800 um for Rg, Band width 500 — 2500 ym for Wq,
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Additive Manufacturing

LAM = SLM + LMD
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3D-Printed Parts Market Size

$9,000 -
$8,000 -
$7,000
$6,000
$5,000
$4,000
$3,000 -

$2,000 -

$1,000

$0
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

MW Aerospace M Medical M Automotive I Electronics Consumer

Source Lux Research ©2013
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Additive Manufacturing Systems Worldwide

Over 24 years (1988- 2012) total industrial AM systems installed

United States 38.0%, Japan 9.7%, Germany 9.4%, China 8.7%, United Kingdom
4.2%, France 3.2%

Additive Manufacturing System Manufacturers:
A Shifting Global Landscape

us EU Japan  China
2003 10 7 7 3
2013 4 16 2 7

Two main suppliers of polymer 3D-Printing Systems in US (Stratasys. 3D-Systems),

All of the companies that manufacture metal powder-bed fusion AM systems are
currently located outside the US: 7 in Europe and 2 in China.

Source: BOS Phototonics 2014
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Worldwide first ILT Industrial Application:
SLM - Dental Restaurations

Application
reconstruction
of single teeth

Process steps:

— preparation

— model

— digitalization

— design (CAD)

— manufacturing (DLF)
— control of model

— ceramic cover

Production start:
Nov. 2002
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Laser Additive Manufacturing — Automotive Examples

® Motor Block Mock up
1/3 original size

W Material: AlSi12
400W Laser, 4 days 19h
Cast: app 3 months
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Process
Micro-SLM

Mag= 53X
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Material
Analysis of mechanical properties

500 4 M Ultimate Strength M Breaking Elongation - 10
Static load M Yield Strength = Min. according to DIN EN 1706
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Light Weight Design

L
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Tests of lattice structures
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Laser Additive Manufacturing — Automotive Examples

Hose holder

Kinematics component
Chassis component a . ‘ &’
Pulley ‘

Blankholder €
side panel

Blankholder

q Blankholder

Holder gas-filled
Y) absorber

Closure clamp

| o
20

¢
wn

Heat protection blank

steering gear Ki ’ HKL hinge
inematics —
cgmptonentt seat | yggage rack Holder a/‘o
ACHSImEn Damper intake Chassis component

Source: N. Skrynecki, Kundenorientierte Optimierung des generativen Strahlschmelzprozesses, 2010
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SLM 2030
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Process Monitoring in Selective Laser Melting (SLM)
Thermal Emission Map and Surface Modification

Detection of deviations in melting behaviour
B Peak emission at start of track 3 and 5
® Surface defects at ,A” and ,,B"

® Tracks with even numbers end prematurely (scan
direction upwards)
12 3 45 6

;..'.4:;':,.“,%~ ) g: P

"\

s :;.’n ' S e
e "’*m&

%‘”**5‘ Q ¢ _3
R R 5
magnified sample surface > f\ B
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surface of the inconel 718 sample
(200\\\._ 400mm/s. 200um)
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Process Monitoring in Selective Laser Melting (SLM)
System — Verification Pyrometric Sensing

M Emission of the filament
measured through glass

B Detector

Pyrometer 1.2p..2um
Tos 10ps
Resolution 12 bit

B Time resolution
Samplerate 100kHz

B Feedrate of scanning system
250 mm/s
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Laser Metal Deposition
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Laser Metal Deposition
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Experimental Setup for Powder Focus Measurement

camera-link cable

camera

CMOS

focusing optic | >

ﬂ linear-axis -
adapter k\ L

nozzle

industrial-PC

[llumination
laser

| ‘ ﬂmw HQ: q] power supply

o laser
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Videos of Powder-Gas-Jet

Powder-Gas-Jet

Coaxial nozzle
Powder: 20 - 60 pm
mp 3%

Nozzle edge

Illumination Laser

\
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Modelling LMD:
Comparison experimental and computed results

Melt pool surface in longitudinal (bottom) and cross (top) section of first track

T

1763

1722 Cross B good agreement of

1682

1600 sectional experimental and

 isio Serial computed details of

1478

the geometry of the
melt pool surface

longitudinal sectional view side view

Page 41
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Under development - epitaxial LMD repair SX on SX
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Wear protection of a forging die
Aim

Improving the wear performance with a nano carbide reinforced layer of typical
forging steels

Result

Increased mechanical propeties due to grain refinement (d,,erage = 6 M) and
fine carbide precipitations

= Tests with a mock-up die show improvement

= Real forging tests are ongoing

Worn forging die |

Laser cladding process | Forging process )

\
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Effect of nano particles

= Small additions of nano particles (< 2.5 wt.-%) cause a wignificant
increase of mechanical properties

Percentage

160

140

120

—
o
o

60

40

20

B Without nano particles

| 2.5 wt.-% nano particles

+48% + 9% + 6%

Hardness Tensile strength  Breaking elongation
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Additive Manufacturing by Lasers: Productivity

Selective Laser MEItlng - SLM laser beam - BUlId Up Rate

E scan direction 1-3 Cm3/min
- > = app- 1kg/h steel
melt oowder layer = app. 300 g/h aluminium
solidified layer ¢ o

Laser Metal Deposition - LMD ¥ Build up Rate

10-30 cm3/min
beam diameter i i

= app. 10 kg/h steel
layer thickness 22
track distance

= app.- 3 kg/h aluminium
1< ~ Fraunhofer
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Biocompatible Photopolymers

" Thiol-Ene Click-Chemistry
" Natural absorbers (beta carotene)
" Printing of high resolution objects

Acrylate, Soft materials (Hydro Gels)

\
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Organ printing cell by cell
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Build up/ Research in a stem cell niche

-

ComPASS
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LIFTSYS — Advanced MachineTool

camera

optical

/ system

collimation

processing laser

dichroitic
_~~ mirror
objective \
illumination
source

support layer

<= absorption layer

\

transfer layer

transfer layer:

biomolecules and proteins

living cells embedded in hydrogel

receiver layer:

slides and wafers coated with hydrogel
image processing

selection of transfer material

placement of transfer materials on receiver

/

AKL

INTERNATIONAL LASER
TECHNOLOGY CONGRESS

© Fraunhofer ILT

1<

~ Fraunhofer

ILT



Laser Induced Forward Transfer (LIFT)

By a laser induced vapor bubble
three regimes of the process can
be identified:

® Sub-threshold regime

.................... Vapor bubble expansion
‘‘‘‘‘ = Jetting regime
I -
a) Sub-threshold regime b) Jetiing regime ¢) Plume regime " Plume regime
| y

F. Guillemot et al., Acta Biomaterialis 6, pp. 2494-2500, 2010
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Cell Transfer

LIFTSYS - Tool LI FTé@@

Technical Data:
Size: 1080 x 850 x 800 mm3

Interfaces:

Embedded PC, CNC kernel for PLC and GUI
interaction, G-Code programming, 5 stages
(X, Y, U, VandZ2)

Laser parameters:

[~
unéoe

Type: microchip laser
Wavelength: 355 nm, 1064 nm
Pulse width: ~1ns
B Transfer materials: Max. Power: 25 pl/pulse
Hydrogels Add-ons:
gglll\jls Motorized beam expander
Metals Attenuation

Coaxial camera system
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Ultrafast
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Ultrashort pulsed Lasers — A new tool for precision
machining

® Flexible tool with no ® High Accuracy ® Tool independent
material dependance processing
B Wide bandgap materials M Sub 100 nm precision in  ® Tool-free, wear-free and
(Glass, Sapphire, Diamond) ablation depth resource-efficient
® Semiconductors ® Material selective ® Almost no lead-time
(Silicon, GaAs, SiC) processing (Digital Photonic
B Metals (WC, Steel, Copper) ™ In volume processing Production)

Polymers
Biological materials

M Universal application
(due to high variety of
parameters)
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Massive parallel processing using beam splitting by
diffractive optical elements (DOE)

USP-Laser source

Ultrafast-Laser with

high pulse
energy

hoéhere Ordnungen
\\

Kollimierte Laserstrahlung

Diffraktiver
Strahlteiler

/ _—
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Massive parallel processing using beam splitting by
diffractive optical elements (DOE)

M Periodic pattern with n x m spots

Movement of spot pattern with the scanner
system

B Typical period of pattern: 0,3-2 mm

M Optical efficiency >70 %

B Spot uniformity > 93 % Multi beam laser processing
B Semi-automated alignment with 16 sub beams

B Exchangeable beam splitter €/% Processing

B Masking of unwanted higher orders costs [€]

u

Masking of main orders to reduce number
of spots (x and y direction)

1 5 10 15 20 25 30
Number of beams
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Video: Parallel laser processing using 196 beams
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Multiscanner.mp4

Photonics production:
Ultrafast Manufacturing using Ultrafast Lasers

Today:

M Typical ablation rates of e.q.
Aluminum ca. 1 mm3/min

M Limited by max. Laser power
and Scanning speed

—~————

Future potential:

B Ablation rates of >5 mm3/sec

m Use of fast deflection systems and
>1 kW average Power

B Direct manufacturing of small components e.g.
with specific surface features

/ _—
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Polymer-Metal Joints
Formability improvement
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Polymer Metal Hybrid for Light Weight Design
Laser based process chain

L_}

Metalic Surfcace
joining partner treatment
Thermal
joining
FRP
Joining partner

Q 4 ‘! Cross section

\
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Perspective: Demonstrator in EU-Project PMJoin
Reinforcement element for car door (PSA)

CL_——: r;—- o © 2500
D) -

a)

Shear strength [MP:

iy gromsr B - oo Determination of process window for
Q material combination and necessary
structure density

Structuring and joining of
demonstrator and subsequent

0 Determination of joining area and simulation 9
mechanical testing

of transferable tensile shear forces

\
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Polymer Metal Hybrid for Light Weight Design
Applications in Automotive

B Laser microstructuring and laser joining
B Double sided connection
Sandwich: Metal-GFRP-Metal
B Joining area ~ 30 x 12 mm?2
M Resulting shear force > 16kN

M Various materials possible

eeeeeeeeeeeeeeeeee ILT



Laser Heat Treatment of Press Hardened Parts

Press hardened B-pillar ) )
(hot formed at ca.p900 °C Laser Heat !_“gh strength .p.art'w[th )
hardened during cooling inside Treatment mcrﬁased ductility in joining and
the tool) (Softening) crash areas

(Clinching, spot
welding)

Deformation
zones

Material 22MnB5 Material 22MnB5
Tensile strength ~ 1500MPa Tensile strength ~600 MPa
Breaking elongation ~5% Breaking elongation ~20%

AKL '14 Z Fraunhofer
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Microstructure Transformation during Laser Softening

Example: ,,Docol 1200"

As-delivered: Martensitic
structure witrh high strength
(1200 MPa), but low
formability

(< 6% breaking elongation

After laser heat treatment
(softening): Microstructure
mainly ferritic with low
strength and increased
formability (up to 27 %
breaking elongation)

Strength [MPa]

1200

1000 1

800

600

400

2007

Tensile test

Laser heat treated at 680°C J

;‘ J Ferrite
"

~

\ ﬂ
Laser heat treated at 820°C

Bainite

Cementite g

5

10

15 20 25

Elongation [%]
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Cutting of Carbon Fibre Reinforced Polymers

Cut edges with
low heat affected zones <100 pm by
B High processing speed

-> Multi-pass ablation cutting

B High brightness lasers
-> multi-kilowatt single mode fiber lasers

M Short pulsed / UKP lasers
-> ps, fs-lasers or ns-CO,-lasers

0 50 100 150 200 250
Scan speed / m/min

Cut edges and cross section of CFRP,
2.6 mm thickness, cut by a SM-fiber :

laser : 3 L S0R
Width of heat affected zone vs scan speed for cutting with a

(4 KW, 100 m/min, 7 passes)
ns-CO,-laser (1.1 kW average power, ~200 kW peak power) leading to 12m/min cutting speed

AKL_

INTERNATIONAL LASER
TECHNOLOGY CONGRESS
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New Lasers
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Solder based Mounting Technology for Laser Optics

High Precision by Active Alignment
Multiple Re-Alignment Capability
Thermo-mechanically Stable

Mechanically Robust

Very Compact

Parameter Result

Max. Misalignment 10 prad

Temperature Range  -30 °C bis 450 °C |m Benefit for Lasers and Laser Optics

Temperature Drift < 0,5 prad/K Larger Temperature Range
Reduced Cooling Requirements

Enhanced Live Time of (UV) Lasers
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Ultrafast Pulses by New Pulse Compression Concept

B Concept
External Unit for Spectral Broadening and Compression

Distributed Kerr Elements

L L L L
I Y g I | g N | P I | Fg N | g
M Results
Pulse Duration 170 fs
Average Power 375W @ 37,5 uJ
Beam Quality M2 =1.3
Conversion efficiency 800 fs to 170 fs 91%

® Benefit and Outlook
Scalable to Multi kW Average Power and Multi mJ Pulse Energy
Pulse Compressor Concept allows for Efficiency up 98 %

High Throughput Materials Processing in the Regime of Strongly Nonlinear
Absorption
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Parametric Generation of High Power Infrared Light

® Addressing the “Spectral Fingerprint Region” for
Processing of Organics / Plastics / Compounds

Measurement Applications

1 IBI& .lvx 1 1 I Ll

1 ]
53 dnico, INEAHSO, it e
e R e
B ﬁ Sarin
e ) cos n >
Hzo lgz 1 1"5‘0 ?ﬁiTAIP gluclosél melmy‘ene L 1 gz

3 4 5 6 7 8 9 10 11 12 13 14
Wavelength [pum]

m Benefit for Applications
Ultra High Absorption
Very High Selectivity
B Implementation
OPO/OPG Converter for Commercial Solid State and Fiber Lasers
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Vertical Emitters for High Power Applications

m Power Scaling of VCSEL
Multi kW Arrays available
e/o Efficiency Improvement to 50 % (Lab: 60%)
M But: Brightness orders of Magnitude below Edge Emitters

Datacom

Material-
Illumination Processing

external
mirror

antireflection

GaAs substrate coating

met|

oxide aperture

al contacts : quantum
| wells

l— A

=

B Transfer of Modeling Results to an Improved Chip Design

270% Brightness Improvement in 3 Years

Devices now

e/o Efficiency at max. Brightness about 50% of the Low Brightness
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High-Power Dense Wavelength Division Multiplexing

of Diode-Laser Radiation
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Seite 70

B Application
Brightness Scaling of Diode Lasers

Brightness Scaling of Fiber Lasers and Solid
State Lasers
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Fiberlaser for Ultra Precision Interferometry

B Applications and Benefit

W Precision Interferometry Over Very Large Distances
(multi 100 km)

W Precision Interferometry in Harsh Environment

W Free Space Optical Communications Links

/
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Lasers and Photonics in Aachen

“OUTLOOK" Friday, May 9, 16:00
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Fraunhofer/ILT — University - Guest Companies

Fraunhofer-ILT building

® cooperating partners

in the Fraunhofer-ILT Board: Prof. Poprawe,

building:
- Fraunhofer-ILT — Prof. Lo?sen

- 3 university chairs
- guest companies
® linkage Fraunhofer and
University by common
" linkage Fraunhofer — ILT
companies by cooperation
contracts

TOS

LLT

NLD

University Guest Companies
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1. ,.BMBF-Forschungscampus
Digital Photonic Production

Digital Photonic Production

15 Jahre Laufzeit ¢ W¢ ¢
2 Mio Farderung p'a' Strahlquelle n n

Strahlfihrung

WW Licht Bauteil ] ‘ u

Forderprojekte erste Hauptphase
Direct PP-1 — VCSEL-SLM

Direct PP-2 — Advanced SLM Systems
Direct PP-3 — SLM Turbine

Femto Photonic Production

Nano Photonic Production

Strahlfihrungssysteme — MaGeoOptik

Prozesskette — Digitales Datenmodell flir photonische Prozessketten
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2. Innovation Center ,Digital Photonic Production”
Autumn 2015
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3. Research Center , Digital Photonic Production” 91b
Summer 2018
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4. SFB “Precision Melt Engineering” SFB 1120 (May 2014)

Elektronenstrahl- Spritzgiel3e
Laserauftrag- schweil3en E

schweil3en

Thermisches
Spritzen

Laser-

dm3

schneiden Lasermikro-
hwei MSG-
schweil3en - GieRen
Prozess- und skaleniibergreifendes Verstandnis von Schweiten
m  Schmelzeentstehung
m  Schmelzedynamik
m  Schmelzebeeinflussung
m Erstarrung unter externer
Modulation des Warmeentzugs
/ —
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Thank you very much for
your Attention!
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