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- Properties: Young modulus, yield stress, fracture toughness…

- Decrease of residual stress: thermal expansion coefficient

- Lower surface tension : better wetting of the melting pool, less Marangoni

convection

- Lower solidification range to reduce hot cracking

- Decrease costs, toxicity, use of strategic metals…
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Introduction

• Three domains for the occurrence of defects: (1) lack of fusion, (2) 

balling, (3) key-hole

• Key-hole is especially an issue because it occurs at high speed

→ Limitation for the building speed

J.P. Kruth et al., Journal of Materials Processing Technology 149 (2004) 616–622
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• Recent X-ray in-situ observation of the melt pool (Zhao 2017, Martin 2019)

• Vaporization of the metal creates a key-hole

• The molten metal is ejected by Marangoni convection

• Bubbles are entrapped due to the key-hole instabilities and form porosities in the 

bulk material.

A.A. Martin et al., Materials Today Advances 1 (2019), p.100002

Introduction
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316L HEA

• Melting tests on a single layer of powder: the wetting seems to depend on 

the composition of the alloy

• The seam is not continuous due to a lack of wetting on the building plate

• Convection movements can be seen on the cross-section

Laser melting tests Copper seam on 316L plate

Introduction
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• Thermal gradients → strain gradients → residual stress →  distortions

• Distortions can be reproduced at a small scale in laboratory by melting a 

layer of powder: thermal conductivity seems to have a significant impact 

on the final distortion

Introduction
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• Example: 17-4PH martensitic steel

→ We expect martensite, or austenite

→ But δ ferrite forms first, and remains after cooling

• 316L forms γ austenite during solidification

→ Can we use and trust phase diagrams and Scheil

Gulliver calculations?

M. Alnajjar et al., Additive Manufacturing 25 (2019) 187–195

17-4PH by SLM: δ ferrite

Wrough 17-4PH : martensitic

Introduction
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• Post-processing annealing to remove the columnar structure

→ Phases at the equilibrium must be considered

As-built

800°C 24 h (T<Tβ) 1100°C 30 min (T>Tβ)

1100°C 30min

S. Kurosu, 
Tohoku Univ.
S.H. Sun et al. 
2014

Co-Cr-Mo

Introduction
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• Physical and mechanical properties are extracted from Granta Design 

databases

• Use of neural network metamodels to fit the dataset

• Cross-validation of the result

Statistical learning
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• Scale data
• Divide into training 

and testing sets
• Design the network
• Train and test
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• ANN predicts properly the physical parameters depending on the 

chemical composition (ex. thermal conductivity, expansion coefficient)

Statistical learning
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Statistical learning

•The prediction interpolates the observations.

•The prediction is probabilistic (Gaussian) so that one 

can compute empirical confidence intervals.

•We limit the domain of search by normalizing inputs 

and outputs between certain values, say between -0.5 

and 0.5

•We try to define a smooth function by setting a 

covariance function to a known kernel function such as 

the squared exponential:
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Where l is a set lengthscale



Coefficient of thermal expansion Melting Temperature

Statistical learning



Tensile Strength Yield Strength

Statistical learning



• Refecernce material : 316L powder
• Addition of an additive powder
• The additive is selected to have very different physical

properties : Al-Si10-Mg :
• Lower melting point, higher thermal conductivity
• Lower surface tension
• Stabilizes BCC phase instead of FCC

Effect of alloying elements on the processibility of the alloy?

Experimental setup

316L powder 316L+1% AlSi10Mg 316L+5% AlSi10Mg



Thermographic investigations 

 Addition of Al and the change in 
composition did not affect the number of 
spatters

 Addition of Al decreased the cooling rate of 
the powder
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Scheil-Gulliver solidification model by ThermoCalcEquilibrium diagram – TCFE5

• The phases after solidification should be FCC+BCC, with an increasing fraction 
of BCC with the addition of aluminum

• But the rapid cooling speed may result in very different results…?



Inverse Pole Figure (IPF) and phase maps

 A higher amount of AlSi10Mg increases the formation of the BCC phase. 

Phase map

FCC

BCC

IPF map

Inverse Pole Figure (IPF) maps for a) 316L alloy, b) 316L – 1 % AlSi10Mg, c) 316L – 5 % AlSi10Mg; below:

phase maps with FCC in blue and BCC in red.

a) 316L – no additive c) 316L – 5 % AlSi10Mgb) 316L – 1 % AlSi10Mg
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Microstructure investigations 



XRD diffractogram for 316L – no additive (red), 316L – 1 % AlSi10Mg (blue) and

316L – 5 % AlSi10Mg (green).
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 A higher amount of AlSi10Mg increases the formation of the BCC phase. 
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Ti-26Nb M. Fischer 2017 – LEM3 

β-Ti

Nb

BSE image of 316L – 5 % AlSi10Mg; and EDX mapping of aluminum

+ 1% AlSi10Mg

Chemical variation

Al segregation

• Some chemical heterogeneities are observed: higher concentration of 

aluminium at the bottom of the melt pool

• Correlated to the BCC domains for 1% addition of Al

• For comparison: the addition of Nb in Ti results in niobium inclusions 

(Fischer 2017)

Microstructure investigations 



 Specimens with 5 % additives exhibited a larger fraction of cracks

316L+5% 
AlSi10Mg

316L

SEM BSE image

SEM BSE imagePhoto

Photo Profilometry

Profilometry
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• Optimisation of physical parameters to decrease the fraction of porosities

• Difficulties to predict the phases after solidification, because of the very

rapid cooling speed

• The addition of Al in steel reveals an effect on the thermal field, and on 

the formation of FCC/BCC phases

• However no effect on the formation of spatters

• Powder mixes are an interesting technique to test rapidly new 

compositions to determine the relevant optimization parameters

• Future work: external atomization and monitored laser scanning:

- Laser scanning of a single powder bed in EMSE

- Collaboration with TUM : monitored SLM process


