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Metal 3D printing, i.e. Additive Manufacturing (AM)
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Scientific challenges

Inspection
&
validation

Powder : Post
management Production processing

(a) Keyhole porosity (b) Open pores (c) Residual gas porosity (d) Gas por05|ty

Melt
tracks

(f) Lack of fusion

(e) Powder entrapment

The platform moves
down; previous steps
are repeated until the

@) 100 pm part is complete

Leung et al. 2018 http://bit.ly/PhD_AL _thesis 6
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Key research tools to tackle these challenges
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Courtesy to Chinnapat et al. (2016) Rodgers et al. (2017) Mukherjee et al. (2017)
EDEM Acta Materialia Computational material science Computational material science

SA McDonald et al. (2015) An et al. (2017)
Scientific report Materials & design




XCT - 3D characterisation / metrology of AM parts

S. Yue et al. J. Mat. Sci.: Mat. in Med, 2010 0
TB. Kim et al., J. Mat. Proc. Tech. 2014
C. Qiu et al., Mat. Sci. Eng. A, 2015
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http://www.sciencedirect.com/science/journal/09215093

XCT - 3D metrology + evaluate in service performance of AM parts
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Random structure

local shear distribution

250 ym

Sheng Yue et al. 2010
Z. Zhang et al., Mat. Sci. Eng. C, 2013 m E

(d) (e) T. Sercombe et al., Materials and Design, 2015 o 4 &8 12 16%mPa)



Imaging of AM processes

Leung et al. Mat & Des (2019)
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Powders for additive manufacturing Preheating effects on powder bed
Leung et al. Nat. Comms. (2018)
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Preheating effects on EBM

Before

* Prevents powder spreading

* 1 mechanical strength between particles

« 1 Effective thermal conductivity of the powder

Powder spreading effect during EBM bed (A eff, bed)

(after M. Kahnert et al. 2007) . :
« | energy required to melt materials
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Preheating and melting in EBM AM
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Case study 1: sintered characteristics in electron beam melting

Image based metrology Image based model
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CAD L 2.0 ® Smith et al. (Local sinter)
geawing o —-=2nd order fit (R2 =0.98)
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Leung et al. Material and Design, 174, 107792 (2019)



Laser powder bed fusion (LPBF)
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[1] Erasteel (2012, July 12), Additive manufacturing of Near Net Shape or Net Shape components [Video
file]. Retrieved from https://www.youtube.com/watch?v=GjbkxVku39Y
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What physical phenomena does LPBF involve?

Laser beam
Metal vapour —_—
N3 é, | Eeconormaterls
Melt jet y ) .' - Particle entrainment due to
Surface deformation TP ka gas expansion

Melt pool

Surface finish

Heat-affected-zone

Schematic illustration of major phenomena in LPBF with metallic powder.

Reproduced from Panwisawas et al. Nat Commun 11, 2327 (2020).
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How do we capturé
these phenomena?




In situ and Operando Process Replicator (ISOPR)

Additive manufacturing (AM) P, P =200W
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A typical radiograph

Sample holder
(low X-ray absorption)

Invar36 powder

Spot size: @50 um

Argon gas

<4

Scan direction

Molten pool

Boundary of
the molten pool
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Typical results from different beamlines

— K gavanometer Invar 36 (Fe-Ni alloy)
_—_ o diamond 112 @ ms
Gas Inlet-E-b Inert atmosphere / ’
e, el :‘-b Gas outlet

Overhang structure
Powder
reservoir

Loose powder
Solid structure

Metal substrate

Powder platform

Leung et al. 2018 Nat. comms vol 9, 1355

Build platform
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diamond 113 ke
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dlamond I13

SiO, + nano-C & SIO,+rGO &

Leung et al. 2018 Add. Man. vol. 24, pg 647-657 Leung and Elizarova et al. 2021, Applied Materials Today, vol. 3
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Typical results from different beamlines
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Study the impact of powder oxidation on AM

0 ms

- War36-200W 100.mm/s
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Oxidised powder

Leung et al., Acta Materialia, 2018 23



Advanced image quantification applied in AM

Spatter trajectories
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How well do these models match with experiments?

Chinnapat et al. Scripta Materialia

Model [imitations:
* No laser-induced plasma * Metal vaporisation
 Does not predict multi-phase flow * Porosity motion/dissolution
* Powder denudation * Wetting, etc.
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Summary

Application of 2D, 3D, and 4D imaging in
probing the heart of AM processes and in
service performance of AM parts.

To provide ground truth data for:
1. Revealing complex melt pool and defect !
dynamics across a wide range of materials,
not limited to alloys.

2. Calibration low-cost sensing technologies.
3. Development of image-based process

simulation or ‘Digital Twins’ that enable
predictions of AM process.
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