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m Problems related to Laser Powder Bed Fusion (LPBF) of precious metals

m High reflectivity and high thermal conductivity - difficult to consolidate
m Residual porosity

m Residual stresses in complex parts = distortion, cracking

m Optimization of LPBF process and materials and for the additive manufacture of mm

to cm sized precious metal parts with high accuracy and improved properties in
comparison to conventionally manufactured alloys

> Improvements on :
= Materials aspects
= Processing aspects

Panerai ultra-lightweight
titanium case, 3D printed

jewelry



Optimization of materials for improved AM processing, L) Sovoctecmae
and advanced characterization

m Novel precious metal alloys (Au, Pt based) with improved corrosion, wear resistance
and strength.

o Standard alloys : 316L steel, Cu and Cu-bronze, red gold (5N)

o High entropy alloy (HEA) : Pt-Pd-Rh-Ir-Cu-Ni
o Bulk metallic glasses (BMGs) : Zr-based AMZ4, Pd-based

m Development of sacrifical coatings on powder particles for improved absorptivity



Optimization of AM processing for precious metal alloys £ ) Strategic Focus Area

‘™ Advanced Manufacturing

m Optimization of conventional Laser Powder Bed Fusion (LPBF)
process

300 W

300 mm/s

m Integration of lasers with different wavelengths (green and near-
IR)

m Better regulation of heating
m Improvement of porosity content

m |ntegration of monitoring techniques

m Residual stress measurement by Reflective Anisotropy Spectroscopy
(RAS)

m Combination LPBF + Laser Shock Peening (LSP)
m Control of residual stresses and cracking
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Advanced In situ and ex situ characterization =~ Advanced Manufacturing

m 2D /3D characterization (X-Rays & neutrons)
m Porosity
m Residual stresses

m Phases in red gold or HEA, crystallites in BMGs Porosity

m Operando LPBF (Synchrotron high energy X-Rays) at PSI

Probing material phases
and local temperature
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48 months global objectives o) Rivenced Mamutacturing

Laboratory samples + parts representative of the challenges faced by the watch
industry, with the following features :

A Hardness > reported previously for standard PM alloys
A Hardness > 300 HV for BMGs and HEAs.

A Minimum porosity content, final target < 0.5%

A Absence of cracks

Watch industry
benchmark

A Strain to failure > 1to 2 %

Cracks

Simple geometries
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Achievements



Standard alloys understandingpore formation in Cuymodel material) and
development of defect mitigatiorstrategies(PhD thesis/. Lindstrom Empa)
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= Reflectivity and thermal conductivity are very high

= This leads to balling defects, due to too low energy input < 1 e et *cs
= Thermal conductivity needs to be kept high for most gUBE‘ e °
applications Coee % Coo
?;; 04} ]
1. Coating powders for lower reflectivity and o ”'z' ’
lower thermal conductivity 0 100 200 300 400 500

Thermal conductivity (Wim K)

Coated powders

- less porosity
compared to powder
mixtures of similar
composition

3.4% 6.7% 3.0%
(mix) (mix) (coated)
Sn content (by mass)

V. Lindstrom, C. Leinenbach (Empa-LAMP)
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1. Coating powders for lower reflectivity and 600 W . oo

lower thermal conductivity 300 ity = |
" s = o
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Reflectivity, %

A Melt pool CFD simulations (OpenFoam)

o High power : laser mainly on melt pool
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V. Lindstrém, C. Leinenbach (Empa-LAMP) 10
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development of defect mitigatiorstrategies(PhD thesis/. Lindstrom Empa)

2. Green laser - another path for balling
reduction

A Lower reflectivity

A Lasers and optics more expensive

A Benefit of green laser is determined by if —
laser shines on liquid or on powder Green has some benefi Green has high benefit

IR 100 W: Incomplete melting | IR 200 W: Balling IR 300 W: Balling/conduction IR 600 W: Transition
, ~ .
< ) C W
IR A L &

~40% lower power
needed with green
laser at high power

100m l

G 62.5 W: Balling G 125 W: Balling/conduction

green %@( A > B

100 ym

V. Lindstrém, C. Leinenbach (Empa-LAMP) 1
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LPBF of Zr-based Bulk Metallic Glass (Zr-BMG)
ETH:zurich o ] 1

PhD N. Sohrabhi, EPFLP&stdocG. Kurtuldu, ETHZ
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https://www.sciencedirect.com/science/article/pii/S0264127520309369

LPBF of precious Pd-BMG ETHzurich ®Empa =PrL

PhD N. Sohrabi, EPFL & Postdoc G. Kurtuldu, ETHZ
X-ray tomography XRD FDSC
X ] @ powder %5 - mean
:6°W 500 - B bomvier ao% - mean o
’ —EY w] T &
Q460 &—G;_:
2 o 1 G+ o—
2 5 440 §s Po @ o
£ s €0 3 G. Kurtuldy
qé 207 Pfczo 5 J. Loffler
G 400 R N (ETHAMPT)
380 =@ D
S e B - = w1 ETHzUrich e~
99 6% denSIty : Scan anﬁg(:e 28 (%) = 3401 ‘ o ”‘I|I0 C 160 T ”11600
Time (s)

Annapaola Parrilli (Empa-CXA)

Hardness (HV1)$98 > 300
— Compressive strength= 118MPa
Strain to failured.17% > 1%

N. Sohrabi et glApplied Materials Today 2021

\ A% h\‘ X ‘\\
W Q A\ ,\
NN : \ A"
SO AN

> Lower than expected, due to the presence of porosities




LPBF of a precious (PEPARRIr-CuNi) High Entropy Alloy
PhD N. Sohrabi, EPFL
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Advancedin situ and ex situ characterization @ Empa

Materials Science and Technology

X-ray diffraction and micro-CT analysis - Empa CXA (A. Neels, AParrilli)

Zr cbasedBMG
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Advancedin situ and ex situ characterization @ Empa

Materials Science and Technology

X-ray micro-CT analysis - Empa CXA (A. Neels, A. Parrilli

GoldAlloys

Image x-ray CT analysis and image processing protocols setup development
for the porosity quantification and localization
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Optimization of processefeflectance Anisotropy Spectroscopy (RAS)
Qresses and phase sensitivityhDM. Volpi, ETHZ
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Reflectance Anisotropy Spectroscopy (RAS) amdt@bsimulations PhD M. VolpETHZ
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Mini-SLM device for operando 3printing (LPBF)

I 5 mm

Matterhorn from STL file

PREAMPA

Samy HocinéPhD EPFL$teven Van PetegenCharlottede Formanoir,
Cynthia Chang, Maimaityili, Helena Van Swygenhoven

Beamline scientists:

MicroXAS DanielGrolimund Dario. Ferreira Sanchez

MSNicola Casati

Detector group

Gemma Tinti o

Van Swygenhoven Helena

www.epfl.ch/NXMM www.psi.ch/PEM



50

Time [ms]

100

150
33

Normalised intensities

Van Swygenhoven Helena

DS = (Ol.l)ﬂ/d [ ] {002}‘51 L] T(m'l)ﬂ

0_.

0.

34 3% 3 37 38 39

2x2 mm-~ sample

Diffraction angle 26 [°]

B phase lasts 7 meor the 6 MmMm scanning vector

Roleof scannmgvector lengthin T|6AI4V

6x6 mm? sample

50

200
3

35

36
Diffraction angle 26 [°]

37

B phase lasts 84 msfor the 2 mmscanning vector

2000
1r ‘-ﬂ‘
ol ‘(2) ‘Jf - o 1150
L] F’L ] ‘ﬂm @
M‘ o s g
- ,.1‘] tay T o
| L ]
i .—. VMV VMJ“{»M ‘I =¥
4+ [ - QE)
=
500
f\lvnl‘ﬂmn“.- -— f .\‘M‘MM,H‘IMW uu“\‘,‘h‘lwf“k\
2 1 N ;
a3 £
0 : - : — 0
228 230 232 234 236 238 240
Time [ms]

www.epfl.ch/NXMM www.psi.ch/PEM

T{on‘z};i L4 LE{nnz};i

. ‘
:

= ~ o
(4]

Lattice expansion|%]

1
[
—_

R
l 100 pm

-
T

o
o

Normalised intensities
o o
£ [e)]

o
[¥)

0
20

DS =+ (01.1)g /o +++ {002} 5 —To1.1)0 —Tt00235 — LE {0025
T 1 T 1 1 T 2000
—
| et st OV
ﬂ| H Eg ailadd =
h‘ \M;ﬁ. Sy ot g
i 4 ‘ “,lf\“wv' |w\‘w' ‘: 1000 E
k ! i ; i\‘ J‘i "t“ N‘ntMﬁ'MWM:' X‘f é
f . q\“\"‘ \In’M‘y{“‘M I‘L 500 Eq‘)
—fY g bt st
#
1 1 1 1 1 0
40 60 80 100 120 140 160

Time [ms]

!
o
(8]

1
o

1
i

o

(6]

1
1
-t

ro7

Lattice expansion]|

20




lﬂlﬂ. (15 Operandoexperimentsfor verification laserheat sourcemodels

Parameters MI [Zhang et al. 2019] M2 [Mirkoohi et al. 2019] M3 [Ali et al. 2018] M4 [Al et al. 2018]
Laser heat flux Ellipsoid Double ellipsoid Cylindrical + Parabolic  Cylindrical + Parabolic
Absorption 55% 55% 60% 60%
Convection losses 20 W/m2.K 20 W/m2.K 20 W/m2.K 20 W/m2.K
Radiation losses Accounted Accounted Ignored Accounted
. . . .. .. [Mills 2002] [Mills 2002]
Mat 1 t Maills 2002 Maills 2002
aterial properties [ s ] [ s ] Enhanced k Enhanced k
M3 and M4 enhanced k
Ao gm <
WO gm <«

to account for Marangoni convection inside melt pool

a) 2x2 mm? sample - Fxperiment vs. Sirulation b} 2x2 mm? gample - Fxperiment vs. Simulation
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Achieved project objectives

Laboratory samples + parts representative of the challenges
faced by the watch industry, with the following features :

A Hardness of PM alloys > 300 HV
A Minimum porosity content, final target < 0.5%

A Absence of cracks

A Strain to failure & > 0.01 to 0.02

Pt-Pd-Rh-Ir-Cu-Ni
High Entropy Alloy
0.1 % porosity

334 HV
UCS 2.28 GPa
€ = 1.271
0.4 % porosity
Cracks : 498 HV
improved by & = 0.012

LSP

, > . Strategic Focus Area
¥ ™ Advanced Manufacturing

si
Stice 177 Zgjice 3

Circle1 Circle 2

5mm
—

Watch industry benchmark
Zr-BMG : 455 HV
Geometrical accuracy at least40>m

Operando LPBF printing at Synchrotron

22
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