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Project overview
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PREdictive simulation of finishing 
operations in steel Additive Manufacturing 
for optimal SUrface integrity

• Coordinator: Eurecat Technology Centre

• Call: ​ RFCS-2022

• Start date: ​ 1st July 2023

• End date: ​ 31st December 2026

• Total costs: 2 608 967.35 € (budget), 

1 565 380.41 € (grant)
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• Challenge 1: Limited surface quality and dimensional accuracy

of AMed steel components.

• Solution 1: SuPreAM develops a predictive model to quantify

surface roughness and residual stresses, enabling targeted

finishing strategies that enhance surface integrity and meet tight

tolerance requirements.

• Challenge 2: Poor machinability of AMed steels due to

inhomogeneities such as porosity and anisotropic

microstructures.

• Solution 2: The project investigates tool wear mechanisms and

cutting dynamics specific to AMed steels, optimizing machining

parameters and tool selection to improve process reliability and

part quality.

Challenge identification
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• Challenge 3: High scrap rates and repeated reprocessing during

finishing operations, increasing manufacturing costs.

• Solution 3: By identifying critical parameters affecting surface

integrity and linking them to functional performance, SuPreAM

enables first-time-right manufacturing, reducing scrap by up to

35% and defective parts below 2%.

• Challenge 4: Limited industrial knowledge on suitable finishing

strategies (machining and polishing) for AMed components.

• Solution 4: SuPreAM will generate in-depth knowledge on how

printing parameters, machining strategies, and polishing

processes affect surface integrity—providing industry with clear

guidelines for post-processing AMed steels.

Challenge identification
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SuPreAM objectives
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To optimize the surface integrity of Additive Manufactured and Machined 

steel components and to reduce manufacturing expenditures at the steel 

industrial sector through the minimization of the material scrap up to 35%

and reducing the number of re-processing loops during finishing 

operations keeping defective parts below 2% of additive manufactured 

components. 

The main objectives to be tackled to this purpose can be summarised as 

follows:

• #OB1: To develop and improve the performance and capabilities of a 

predictive simulation model of finishing operations in steel Additive 

Manufacturing (AM).

• #OB2: To optimize the surface integrity of steel additive manufactured 

(AMed) components. 

Our objectives
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• #SO1: To develop an in-house software module for the simulation of milling/turning and finishing processes based on particle finite

element method (PFEM).

• #SO2: To develop an in-house software module for the simulation of the electrical discharge machining (EDM) process.

• #SO3: To evaluate steel grades for surface integrity optimization of AMed and machined parts and to implement novel lean

maraging steel in AM.

• #SO4: To determine the influence of steel AM technology, machining strategies, machining process parameters and cutting tool

materials on machinability and surface properties of AMed components.

• #SO5: To identify and describe the most significant AMed and machined component characteristics concerning surface topography,

microstructure, metallurgical and mechanical properties through advanced characterization techniques.

• #SO6: To establish surface integrity and functionality relationship: identification of main parameters affecting surface integrity.

Our objectives
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Activities
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Activities: PERT CHART
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WP5 - Surface integrity characterization
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Project Work Package (WP5)

WP5 Surface integrity characterization: AMed Machined samples will be characterized under the topics:

surface topography, microstructural and metallurgical changes and mechanical changes. Specific tests will be

designed to establish surface roughness and component functionality relationship. Cutting tools wear and failure

mechanisms will be identified and characterized.

Title: Tribological Study on Burnished Surface of Additive Manufactured Metal | Adrián Travieso
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KEY FEATURES OF THE PFEM
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PFEM SOLUTION ALGORITHM

GOOD MESH GOOD MESHΔ𝑡

4
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Mesh at 𝑡𝑛

1

5

PFEM SOLUTION ALGORITHM
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Mesh at 𝑡𝑛+1

after FEM computation

2

6

BAD MESH

PFEM SOLUTION ALGORITHM
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1𝑠𝑡 remeshing step:

Erase all elements, 

maintain the nodes

3

7

PFEM SOLUTION ALGORITHM
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2𝑠𝑡 remeshing step:

Delaunay triangulation

4

8

PFEM SOLUTION ALGORITHM
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3𝑠𝑡 remeshing step:

Alpha Shape Method

Erase element if:

𝑟 ≥ 𝛼 ∙ ℎ𝑚𝑒𝑎𝑛

𝑟

ℎ

5

9

GOOD MESH

PFEM SOLUTION ALGORITHM
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PFEM SOLVER

❑ Advantages:

✓ Allows to model severe changes of 
topology

✓ Uses standard FEM theory which 
means robustness and reliability in the 
solution

✓ Easy coupling with another techniques 
(e.g. FEM and DEM)

10
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WATER LANDSLIDE GENERATING TSUNAMI WAVE

11
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PROBE 3

(x=6m)

PROBE 3 PROBE 6 PROBE 9

PROBE 6

(x=17m)

PROBE 9

(x=33m)

Mulligan, Franci, Celigueta, Take, JGR, Oceans, 2020

12

WATER LANDSLIDE GENERATING TSUNAMI WAVE
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Navier Stokes equations for incompressible fluids (via FEM) 

FLUID SOLVER

❑ Fractional step predictor-multicorrector

13
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o Monolithic approach IMPLICIT                 

(Lagrangean framework)

o Linear interpolation for displacement and 

pressure/jacobian

o Stabilization (PPP, FPL, FIC…)

o Hyper-elastoplasticity for solids

o Thermo-mechanical coupling:

• Governing equations for solids (via FEM): 

PFEM SOLID SOLVER

14
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e p=F F F

✓ Advanced constitutive models used 
in the classical FEM. 

✓ It allows the material modelling of 
any kind. 

✓ It can include continuous damage 
and fracture

• Linear Elastic

• Hypo-Elastic

• Hyper-Elastic ….

+

• Plasticity Models

Allows the usage of:

PLASTICITY IN FINITE STRAINS

15
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CONSTITUTIVE MODEL

Johnson-Cook (JC) constitutive model [1] as the base model:

❑ The most used model in machining literature: The data is 

widely available

❑ Strain, strain rate and temperature dependent: Appropriate 

for machining

❑ Few number of parameters: easy to calibrate

[1] Johnson, Gordon R. "A constitutive model and data for materials subjected to large strains, high 

strain rates, and high temperatures." Proc. 7th Inf. Sympo. Ballistics (1983): 541-547.

Fitting parameter in JC model by conventional tensile tests

Johnson-Cook model

JOHNSON-COOK

16
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Meshing the outside domain

• Detection of contact and active set

• An ancillary interface mesh is created by the Delaunay tessellation  using alpha-shapes

17

CONTACT MECHANICS
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• Based on the interface mesh generated between the shrunken contacting domains.

18

 Condensed Lagrange Multipliers or Penalty approach

CONTACT DOMAIN METHOD

(Hartmann et al.)
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PROBLEM OF INTEREST : MACHINING
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MACHINING PROCESS

23

• MACHININIG / CUTTING METAL

Material is cut by means of a cutting tool detaching the material and producing different types of chips
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MACHINING PROCESS
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TEMPERATURE RIGID TOOL

DEFORMABLE

TOOL

SIMULATION OF MACHINING

• Continuous chip: Johnson-Cook plasticity model

25
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 Adaptive insertion of particles

• Segmented chip: Modified Johnson-Cook plasticity model (TANH)

26

SIMULATION OF MACHINING
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Force prediction

MODELLING SEGMENTAL CHIPS

27
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H. Bakhshan

Vibration-assisted 

machining

Conventional machining

SIMULATION OF VIBRATION ASSISTED 
MACHINING
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SIMULATION OF MACHINING
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Computationally very expensive

30

3D MODELLING OF MACHINING



31
31

3D MODELLING
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MACHINING PROCESS

• Machining test: 2D model vs 3D model

32
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• 2D Modeling

34

3hr simulation
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• 3D Modeling

35

20 h simulation
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• 2D PFEM

36

+

• 3D surface topography model

HYBRID MODELLING PROCESS

[1] Wang, Jianing, et al. "A high efficiency 3D surface topography model for face 

milling processes." Journal of Manufacturing Processes 107 (2023): 74-87.
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Surface topography: 
A1

MODELLING SURFACE TOPOGRAPHY
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Surface topography:  A1

Modeling Experiment [1]

Wang, Jianing, et al. "A high efficiency 3D surface topography model for face 

milling processes." Journal of Manufacturing Processes 107 (2023): 74-87.

MODELLING SURFACE TOPOGRAPHY
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2D surface roundness contour line:  A1

Modeling Experiment [1]

Wang, Jianing, et al. "A high efficiency 3D surface topography model for face 

milling processes." Journal of Manufacturing Processes 107 (2023): 74-87.

MODELLING SURFACE TOPOGRAPHY
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✓ PFEM allows for the study of machining by direct simulation: 

✓ The modelling material deformations and contact

✓ Determining cutting forces and temperatures, including:

• The thermo-mechanical material behaviour.

• The frictional heat generation, effects of lubrication and refrigeration.

• The effects of coating and wear on the cutting tool.

✓ Current research is focused in:

• Robust and efficient 3D PFEM modelling 

• Hybrid model :  2D/3D PFEM model + 3D surface topography model

CONCLUSIONS

40
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Thank you for your attention

Josep Maria Carbonell Puigbó
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• EDM (Electro Discharge Machining) is essential for machining hard, conductive materials

in aerospace, automotive, and medical industries.

• Surface finishing operations require high precision, but traditional simulation methods are

computationally expensive.

• Standard FEM needs body-fitted meshes and frequent remeshing to capture evolving

material geometries.

• There is a need for robust, scalable simulations that can accurately handle multi-spark,

transient effects in EDM.

Motivation
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Motivation
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• Develop a numerical framework for simulating EDM surface finishing based on:

▪ Embedded Finite Element Method (FEM) to avoid remeshing.

▪ Adaptive Mesh Refinement (AMR) to concentrate computational effort where needed.

▪ Ghost stabilization for numerical robustness near cut elements.

• Validate the approach through comparison with experimental data.

• Demonstrate applicability to large-scale simulations with multi-spark interactions.

Objectives
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• Transient Heat Equation

• Nonlinear due to temperature-dependent properties.

• Purely thermal model: no fluid or plasma dynamics.

• Material removal triggered by boiling point Tb .

Thermal model for EDM
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• On boundaries not affected by the spark heat input, convective and radiative heat flux:

• On the spark boundary, a Gaussian heat flux:

• Once the material reaches the boling point, it is removed from the computational domain

EDM Governing equations - Boundary conditions
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• Energy distribution ratio:

EDM Governing equations - Boundary conditions
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• Time discretization using a backward differences scheme:

• BDF2:   

• Galerkin variational form of the problem:

Numerical approximation – Embedded finite element method
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• Ghost stabilization terms for small cuts instabilities:

Numerical approximation – Embedded finite element method
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Numerical approximation – Final stabilized formulation 
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• A level set function is used to define the active domain of the problem:

Numerical approximation – Level set function and element subintegration
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• We use our in-house adaptive refinement library Refficientlib

• Geometrical refinement criteria:

Numerical approximation – Adaptive mesh refinement strategy and refinement criteria
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• MPI based parallelization, domain 
decomposition with adaptivity, load 
rebalancing

• Electrode is represented by means of a 
CAD file, and from there a distance function 
to the electrode for each node is built 
(OCCT library)

• Position of the next spark is based on a 
minimum distance of the active nodes to the 
electrode (easy to parallelize through gather 
and scatter operations).

• To accelerate simulation time, multiple 
sparks if they are sufficiently separated and 
do not affect each other, can be simulated 
(more involved to parallelize)

Numerical approximation – Parallelization and simultaneous sparks simulation
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EDM Governing equations

Numerical approximation

Numerical examples

Introduction01
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03

04

Conclusions05
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Numerical examples – Single spark simulation
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Numerical examples – Multiple spark simulation (single spark at a time)
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• Part-scale simulation run on the LUMI 
supercomputer

• 22 time steps per TOn / TOff, 3000 time steps in 

total  

• 500 simultaneous sparks 

• 30+ million element mesh (6 levels of adaptive 

refinement close to the surface). 

• Run on 256 processors

Numerical examples – Part-scale simulation
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• Comparison against experimental results from DRT

Numerical examples – Part-scale simulation



23

23

Numerical examples – Part-scale simulation

• Comparison against experimental results from DRT
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An efficient algorithm for EDM process simulation has been presented

✓ Thermal simulation 
✓ Level set based on eliminating boiled volume
✓ Embedded finite element method
✓ Ghost stabilization
✓ Adaptive mesh refinement
✓ Coupling with geometrical representation of the electrode by means of CAD
✓ Simulataneous simulation of multiple sparks (sufficiently separated)

Numerical results have been presented

✓ Single spark validation
✓ Part-scale simulation

The presented strategy is capable of properly representing the EDM process

Next steps will include further calibration, residual stress evaluation

Conclusions - overview
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• J. Baiges, H. Venghaus, M. Dias. Adaptive Numerical Simulation of Electro
Discharge Machining finishing operations using an Embedded Approach. In
preparation, 2025

• J. Baiges and C. Bayona. RefficientLib: An efficient load-rebalanced adaptive
mesh refinement algorithm for high performance computational physics
meshes. SIAM Journal of Scientific Computing 2017

Conclusions - references



TECHNICAL WORKSHOP

Optimising steels 
microstructure and surface 
integrity to face new challenges 
in Additive Manufacturing

SuPreAM project has received funding from the European Union’s 

Research Fund for Coal and Steel (RFCS): project num. 101112346



Predictive simulation of finishing 

operations in steel Additive Manufacturing 

for optimal Surface integrity

Material characterisation and 
surface roughness prediction
Simon Larsson

Associate Professor at the Division of Solid Mechanics, Luleå University of Technology

simon.larsson@ltu.se



2

Material characterisation
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Introduction

• Characterisation of Additively manufactured materials at elevated strain-rates and temperatures.

• Calibration of constitutive model.



4

Constitutive model – Johnson-Cook

𝜎 = 𝐴 + 𝐵 ∙ 𝜀𝑛 ∙ 1 + 𝐶 ∙ ln
ሶ𝜀

ሶ𝜀0
∙ 1 −

𝑇 − 𝑇0
𝑇𝑚 − 𝑇0

𝑚

Material constants

A Initial yield strength

B Flow stress effect

n Flow stress effect

C Strain-rate effect

m Thermal softening effect

Variables

𝜺 Equivalent plastic strain

ሶ𝜺 Plastic strain-rate

ሶ𝜺𝟎 Reference plastic strain-rate

𝑻 Temperature

𝑻𝟎 Reference temperature

𝑻m Melt temperature

Plastic deformation Strain-rate dependency Thermal softening
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• Compressive testing of cylindrical samples

• Low strain-rate: Gleeble 3800 GTC

• High strain-rate: split-Hopkinson pressure bar (SHPB)

• 3 Temperatures: 20°C, 200°C and 400°C

• 4 Strain-rates: quasi-static, 1000 s-1, 3000 s-1 and 6000 s-1

Experimental setups
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Experimental results – quasi-static compression
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Experimental results – elevated strain-rates



8

Model calibration – combined SHPB and Gleeble fitting
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Model calibration – SHPB fitting
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• Fitting based on both SHPB and Gleeble did not yield satisfactory accuracy across entire dataset.

• Fitting based on SHPB provide significantly improved accuracy.

Conclusions



11

Surface roughness prediction
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Introduction

Predicting Surface Roughness in Milling

• Surface roughness is critical for product quality, tool life, and process efficiency

• Predictive models can help optimize parameters without excessive experiments.

• Goal: Predict Sa (arithmetic mean height) and Sq (RMS height) from simple machining parameters.



13

• Machining of 2 sample parts, each tested under:

• End milling (smooth & aggressive conditions)

• Face milling (smooth & aggressive conditions)

• Parameters recorded:

• Depth of cut (axial or radial)

• Feed rate 

• Spindle speed (fixed ~995 rpm)

• Mean spindle load (Nm)

• Surface roughness measured: Sa, Sq (μm)

• Dataset: 8 experimental cases total

Experiments & Data Collection

Face milling End milling

Milling case Depth of cut 

(mm)

Feed rate 

(mm/min)

Spindle 

load 

(Nm)

Sa 

(µm)

Sq 

(µm)

End milling – aggressive 2.0 500 4.06 0.61 0.83

End milling – smooth 1.0 500 0.70 0.69 0.82

Face milling –

aggressive

2.5 125 5.26 1.18 1.42

Face milling – smooth 0.5 (×4 passes) 1990 6.47 0.30 0.38
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• Predictors:

• log(depth of cut)

• log(feed rate)

• Spindle load

• Responses:

• log(Sa), log(Sq)

• Linear regression structure:

log 𝑆𝑎 = 𝛽0 + 𝛽1 log 𝑑 + 𝛽2 log 𝑓 + 𝛽3𝐿𝑠

log 𝑆𝑞 = 𝛾0 + 𝛾1 log 𝑑 + 𝛾2 log 𝑓 + 𝛾3𝐿𝑠

• Predictions are exponentiated back to μm scale.

• Implemented in Python (scikit-learn).

• Missing spindle load → replaced by mean spindle load.

Model development

Inputs

Log-
transform

Regression

Exponentiate

Predicted Sa, 
Sq
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• Performance (training data):

• Sa model: 
R2 = 0.994, RMSE = 0.025 μm

• Sq model:
R2 = 0.998, RMSE = 0.015 μm

• Model captures main trends well 

despite very small dataset (8 samples)

Results and model performance

Predicted vs Actual values for Sa and Sq. 
Dashed line = perfect agreement.
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• A simple linear regression model can predict surface roughness from basic milling parameters.

• Good fit on limited dataset.

• Handles missing inputs (spindle load).

• Limitations: only 8 samples → risk of overfitting.

• Possible next steps:

• Collect more data (different tools, materials, conditions).

• Try ridge regression or leave-one-out validation.

• Extend model to include spindle speed, tool wear, and material effects.

Conclusions & next steps
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Introduction
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Opening Question

Image 1 and 2: https://www.shutterstock.com/es/search/3d-printed-metal-parts

Image 3: https://3dwithus.com/3d-printing-in-medicine

Intrincate structuresJet engine Medical implants
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What is Additive Manufacturing? 

Traditional manufacturing 3D Additive manufacturing
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AM Technologies Overview

https://www.sciaky.com/metal-additive-manufacturing-methods https://doi.org/10.1016/j.amf.2024.200177

DOI:10.1016/j.matdes.2022.111351

https://doi.org/10.1016/j.amf.2024.200177
https://doi.org/10.1016/j.matdes.2022.111351
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The Challenges of AM 

Dian-Zheng Wang, Kai-Lun Li, Chen-Fan Yu, Jing Ma, Wei Liu, Zhi-Jian Shen. Cracking 

Behavior in Additively Manufactured Pure Tungsten[J]. Acta Metallurgica Sinica(English 

Letters), 2019, 32(1): 127-135 https://doi.org/10.1007/s40195-018-0752-2

Nesma T. Aboulkhair⁎ , Marco Simonelli, Luke Parry, Ian Ashcroft, Christopher 

Tuck, Richard Hague. 3D printing of Aluminium alloys: Additive Manufacturing of 

Aluminium alloys using selective laser melting. Progress in Materials Science, 

Volume 106, December 2019, 100578
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NEWAIMS PROJECT
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Additive Manufacturing & NEWAIMS Project

3D Printing advantages:

• Enables design optimization and limited-series production.

• Particularly suitable for hot forming tools.

• Industrial benefits:Hot stamping, die casting, plastic injection molding.

• Allows free-form cooling channels not possible with conventional (subtractive) methods.

Current limitations:

• Limited selection of printable materials.

• Hot work tool steels often require expensive superalloys or high-alloy steels (e.g., Maraging grades).

• Even premium materials may be inferior in durability to conventional tool steels.

NEWAIMS objective:

• Develop cost-effective, high-performance steels for metal 3D printing
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NEWAIMS Pillars and Partners
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Project structure

 

Figure 1: Project Methodology conceptualized in three Research Pillars contributing to an overarching goal 
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NewAIMS in Practice
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Microstructural Analysis via Dilatometry
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L-PBF Additive manufactured samples 

Aconity MINI 
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L-PBF Additive manufactured samples 

Additive Manufacturing Observations

Room-temperature builds:

• Caused cracking and delamination 

due to high thermal gradients

Preheating (350 °C):

• Optimized laser power and scan 

speed

• Eliminated major defects

Material-specific observations:

• HTCS® : keyhole-induced porosity

Outcome:

• Crack-free builds achieved

• Highlights importance of thermal 

control and process tuning
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E-PBF Additive manufactured samples 

Modified Arcam S12 EB-PBF system (3 kW electron gun, 60 kV, partial He 

pressure 2×10⁻³ mbar)

⌀90 mm build tank with gravity-fed hopper and integrated

rake

Samples built on 60×60×10 mm 304 stainless steel plates

Temperature monitored via K-type thermocouple
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Expected Outcomes
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Outcomes and Impact

• Development of two new high-performance steels specifically designed for 

Additive Manufacturing (AM).

• Production of demonstrator tooling parts to validate performance.

• Establishment of a clear link between process, microstructure, and 

performance, which is essential for industrial adoption.

• Expected Impact

• Enables stronger, more reliable, and cost-effective steel components for AM.

• Boosts Europe’s manufacturing competitiveness and supports sustainability by 

reducing material waste.

• Accelerates the industrial use of AM, particularly in tooling and automotive 

sectors.
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Phase Transformations in Additively 
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L-section

T-section

Melt pool width

Solidified material

Preceding layers

Melt 
pool 

depth

Layer thickness

Powder bed

Laser beamLaser Powder Bed Fusion of Maraging Steel

RENISHAW cubes
Under Ar atmosphere

Laser power: 250 W

Laser speed: 1000 mm/s

Continuous & Pulsed Wave Emission

Layer thickness: 50 and 100 µm

Hatch spacing: 80 µm

Hatch angle: 67º  

EOS cylinders (Ref. Material)

Under N2 atmosphere

Volume rate of 3 mm³/s

Continuous Wave Emission

Layer thickness: 40 µm

Hatch spacing: 100 µm

Hatch angle: 67º  
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Transverse section Longitudinal section

 

 

 

 

 

 

(a) (b) (c) (d)

Renishaw - 100 µm - PW laser
Element Wt. %

Fe 66.38
Ni 18.35
Co 8.64
Mo 5.45
Ti 0.87
Cr 0.15
Si 0.11
Mn 0.05



Scheel et al., Additive Manufacturing Letters 6 (2023) 100150

Thermal history experienced by the material during the build process

Temperature profiles for layers 1 and 11 based on measurements 
using operando X-ray diffraction
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Thermal history experienced by the material during the build process

Track 1
X Track 2

Track 3
Track 4
Track 5

Last printed layer

T = 350 °C, t = 0.1 s

T2 = 1250 °C, t = 0.2 s

Te
m

pe
ra

tu
re

 [°
C]

Time [s]

T = 300 °C, t = 0.1 s

T3 = 1059 °C, t = 0.2 s

T4 = 800 °C, t = 0.2 s

T5 = 700 °C, t = 0.2 
T1 = 650 °C

t = 0.2 s 

Track1 Track2 Track3 Track4 Track5

HR = 1500 °C/s
CR = 1012 °C/s Scheel et al., Additive Manufacturing Letters 6 (2023) 100150

Ji et al., Journal of Materials Processing Tech. 301 (2022) 117452
Ashby et al., Additive Manufacturing 53 (2022) 102669
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Thermal history experienced by the 
material during the build process

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

0 1 2 3 4 5 6 7 8

Te
m

pe
ra

tu
re

[°
C]

Time [s]

T1 = 714 °C

T2 = 1276 °C

T = 286 °C
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T5 = 767 °C

T = 380 °C

V304-1275 °C = 1478 °C/s

V1201-381 °C = 1001 °C/s

V25-714 °C = 1583 °C/s

V680-286 °C = 914 °C/s

V409-1120 °C = 1169 °C/s

V701-23 °C = 290 °C/s

V1110-377 °C = 1030 °C/s

V407-865 °C = 1058 °C/s

V810-380 °C = 1032 °C/s

V412-767 °C = 839 °C/s

T = 377 °C

T = 381 °C

BAHR DIL 805A Quenching Dilatomer. Hollow cylindrical samples. Maraging Steel. As-cast material
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Sample
Volume percentage 

(%) HV5
BCT FCC

As-cast 75 25 574
Track 1 99 1 476
Track 2 96 4 315
Track 3 99 1 320
Track 4 99 1 310
Track 5 99 1 310
As-built 96 4 372*

*value from the intermediate T section of the sample
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Low magnification SE image in SEM BF image in TEMHigh magnification SE image in SEM

  

  

  

 
 

 
 

 
 

Transverse section  

 

 

 

 

 

 

Cellular Structure of Maraging Steel

Layer thickness is a key parameter to modify the solidification cell size of the as-built 
samples.



Cellular Structure of Maraging Steel

[-210]

  

  

  

 
 

 
 

 
 

Transverse section  

 

 

 

 

 

 



Retained Austenite in As-Built Structure

Rwp: weighted summation of residual of the least squares fit,
Rexp: statistically expected least squares fit, 
GoF: goodness of fit (sometimes referred as chi-squared); 
GoF=Rwp/Rexp; a GoF=1.0 means a perfect fitting.



Retained Austenite in As-Built Structure
BCC FCC

Step size = 0.08 µm

EBSD phase map



Retained Austenite in As-Built Structure

EBSD phase distribution map 
with retained austenite, BCT 

and high angle grain 
boundaries

BCC FCC

Step size = 0.2 µm

FCC phase distribution SE image with the FCC 
phase overlaid

BSE micrograph with FCC 
phase overlaid
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Transverse section  

 

 

 

 

 

 

Retained Austenite in As-Built Structure

Austenite at celular boundaries



Solute Distribution in As-Built Structure
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Precipitation of intermetallic phases and austenite growth/reversion during 

ageing of LPBF Maraging steels.

Revealing the complexity of non-equilibrium, and non-uniform 

microstructures formed during LPBF process of Maraging steels.
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Microstructure Evolution during Aging



Precipitation Processes during
Aging – Tag = 480 ºC

112002

110

Bright field image

Dark field image (002) Dark field image precipitates

Ni, Ti enriched rod-like particles



Precipitation Processes during
Aging – Tag = 540 ºC

#1

#2

112
002

110

Bright field image

Dark field image (002) Dark field image precipitates

#1: Ni, Ti enriched rod-like phases
#2: Mo enriched spherical phases

#2 #1



Precipitation Processes during
Aging – Tag = 540 ºC

Ni, Ti enriched rod-like and Mo 
enriched spherical phases

Ni, Ti enriched rod-like 
and Mo enriched 
spherical phases



Austenite Reversion during Aging
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Hardness of LPBF Maraging Steel
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Remarks

 Refined cellular microstructure is a unique feature in alloys fabricated by laser powder bed fusion.

Results evidenced the importance of layer thickness as a key parameter to modify the

solidification cell size of the as-built samples.

 Additive manufacturing of Maraging steels results in complex microstructures formed by a

tetragonal martensitic matrix and a heterogeneous distribution of retained austenite.

 The high dislocation density in combination with solute segregation in the as-fabricated material

can promote the precipitation of intermetallic phases that are responsible for the high strength.

 It is not clear if the austenite growth/reversion and the precipitation of the intermetallic phases

during ageing occur as competitive or collaborative phase transformations.
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Thanks for your attention



Retained Austenite in As-Built Structure

Journal of Materials Research and Technology, 2023; 25: 6898-6912

Rwp: weighted summation of residual of the least squares fit,
Rexp: statistically expected least squares fit, 
GoF: goodness of fit (sometimes referred as chi-squared); GoF=Rwp/Rexp; a GoF=1.0 means a perfect fitting.



Tetragonality of Martensite in As-Built Structure



Low magnification High magnification 

Solute Distribution in As-Built Structure

Area: 1000 µm x 1000 µm; Step size: 1 µm Area: 100 µm x100 µm; Step size: 0.1 µm 

EOS - 40 µm - CW laser mode
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Additive Manufacturing 94 (2024) 104494



Texture in As-Built Structure

Scientific Reports, 2022; 12: 16168

Multiples of 
Random 
Distribution 
(MRD)



Texture in As-Built Structure

Multiples of 
Random 
Distribution 
(MRD)



Microtexture in As-Built Structure

EOS - 40 µm - CW laser mode
BCC IPF maps Reconstructed FCC mapsSEM images

SD

BD

  

  

  

 
 

 
 

 
 

 Longitudinal section

 

 

 

 

 

 

  

  

  

 
 

 
 

 
 

Transverse section  

 

 

 

 

 

 



Solute Distribution in As-Built Structure

200 nm

#1

#2

#3

#4

#5

Chemical composition (at. %) 

 Al Ti Cr Fe Ni Mo 

Matrix #1 0.18 0.88 0.25 76.79 18.16 3.74 

Intercellular #2 0.15 0.84 0.21 75.46 19.03 4.31 

Intercellular #3 0.07 0.75 0.21 76.48 18.71 3.78 

Intercellular #4 0.21 0.78 0.23 76.00 18.54 4.24 

Matrix #5 0.11 0.61 0.20 76.98 18.23 3.87 

 



Microstructure Evolution during Aging

LOM

SEM

As-built Tag = 540 ºCTag = 480 ºC

(a) (b) (c)

(d) (e) (f)

EOS - 40 µm - CW laser mode

  

  

  

 
 

 
 

 
 

Transverse section  

 

 

 

 

 

 



Solute Segregation during Aging

Area: 500 mm x 500 mm; Step size: 0.5 mm 

As-built = Longitudinal section; Tag 480 and 540 ºC = Transverse section



Precipitation Processes during Aging – As-built

Randomly distributed Ti and 
Al enriched particles 

Ti and Al enriched particles 

EOS - 40 µm - CW laser mode



Precipitation Processes during Aging – As-built

O > 7 at. %

70 nm

200 nm

Spherical Ti oxides (TiO and TiO2) 

0
5

10
15
20
25
30
35
40
45
50

-4 -2 0 2 4

At
om

ic
 %

Distance (nm)

O
Ni Co TiMo

AlCr Mn

Ti

O

O Proxigram

Matrix

Precipitate

EOS - 40 µm - CW laser mode



Precipitation Processes during Aging – Tag = 480 ºC

Clusters enriched in Ni, Ti and Mo 
EOS - 40 µm - CW laser mode

Ni, Ti enriched rod-like 
particles
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Manufacturing Technologies
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01 Intro

▪ The global tool steel market is valued at approximately EUR6.0-7.0 billion in 2030, with steady growth fueled by

automotive, aerospace, and energy sectors.

▪ Service life of tooling has decreased by 15–20% over the last decade due to more demanding process conditions,

underscoring the importance of both efficient fabrication and effective re-manufacturing strategies.

▪ Conventional machining routes

▪ Difficult to produce complex shapes and internal cooling channels (casting, forging, and machining).

▪ Subtractive processes cause high material waste and lengthen production cycles.

▪ Repair is challenging due to metallurgical bonding issues, leading to frequent need for full part replacement.

▪ Additive Manufacturing (AM) adoption in tool steels supports efficiency gains and cost reduction in high-demand

industrial applications:

▪ Design freedom

▪ Conformal cooling channels

▪ Enhance tool performance

▪ Materials
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• Cold-work tool steels (<200 ºC)

C, Cr, Mo, V, W, Nb: O-series, A-series, D-series

Cold forging dies, stamping dies, cutting tools, blades and punches

O1, A2, D2, … 

• Hot-work steels

C*, Cr, Mo, W, Co: H-series, W-series

Die casting dies and molds, Al-Mg-Zn injection, hot forging, extrusion dies, hot shearing

H11, H13, … 

• High-speed steels (HSS)

C, Cr, Mo, V, W, Co: M-series, T-series

Cutting, drilling, and machining, saw blades, punches and dies, end mills

T1, M2, …

Widely used tool steels in AM and key features

02 Tool Steels in Additive Manufacturing

Key features:
• High hardness and wear resistance
• Thermal stability at elevated temperatures
• Good toughness and fatigue resistance
• Hardening and tempering, surface

treatments (e.g. nitriding and hard coating)
• Abrasive/adhesive wear

Key handicaps in AM:
• High cracking susceptibility, porosity
• Microstructural issues
• Poor printability and limited grades
• Extensive post-processing requirements

Figure 1. Demo dies (CCC’s+TO)



7

What are High Thermal Conductivity Steels (HTCS)?

02 High Thermal Conductivity Steels

▪ HTCS are tool steels engineered to maximize heat dissipation:

>50-70 W·m-1·K-1 (20-30 W·m-1·K-1 for conventional tool steels)

▪ Thermal conductivity depends on electron and phonon transport in

both metal and hardening phases, influenced by their volume

fractions and microstructure. Scattering effects from impurities,

defects, and lattice distortions reduce thermal conductivity by

disrupting phonon-electron flow and crystal regularity.

▪ Reduced thermal gradients in tooling, lower thermal fatigue,

distortion, and reduce cycle times!

▪ Expanding applications in injection molding, die casting, electronics,

and aerospace tooling.

▪ Emerging research focuses on processing challenges and

microstructure-property control.

Figure 2. Examples of tool steel performance.

Conventional

HTCS®-130

https://rovalma.com/application/hot-stampingpress-hardening/ 
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▪ Gas atomization is the dominant method to produce high-quality

metal powders for AM, ensuring round/spherical particles with

controlled size distribution.

▪ Powder morphology, size, surface texture impacts flowability, packing

density, and final part quality.

▪ Key compositional control (O, N, C): defects (melt&sol).

▪ Advanced powders with tailored microalloying enable functional

properties for specific AM tool steels.

Powder Production for Additive Manufacturing

03 Powder Production for AM

Figure 3. Close-coupled gas atomizer.

Figure 4. Powder morphologies.
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▪ POWDER BED FUSION-LASER (L-PBF)

▪ Selective Laser Melting/Sintering (SLM/S)

▪ Direct Metal Laser Sintering (DMLS)

▪ Electron Beam Melting (EBM)

▪ DIRECT ENERGY DEPOSITION (DED)

▪ Laser Engineered Net Shaping (LENS)

Key technologies

04 Additive Manufacturing technologies

DEDPBF

90 % of tool steels! 

Figure 5. PBF and DED technologies.
Figure 6. Multi-scale-physics phenomena.

https://doi.org/10.1038/s41467-020-16188-7 
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Steel sector: emissions

05 Future, trends and research Short-term:

▪ CCS/CCUS

Long-term:

▪ Direct reduced iron in electric arc furnaces (H2-DRI)

▪ Increased scrap steel use/raw materials

Figure 7. Steel sector’s performance. Figure 8. Decarbonization levers.

https://reports.weforum.org/docs/WEF_Net_Zero_Industry_Tracker_2024.pdf 
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AM plays a well-known role in Industry 5.0:

MAM high performance materials + added functionalities

▪ Virtually freedom of design, complexity for free.

▪ Highly efficient CCC’s features.

▪ DfAM: lightweight design (lattice) + TO + GD.

▪ Consolidation of multiple components.

▪ Raw material usage:

▪ Optimized alloys or grades for example in terms of mechanical properties
(microstructure), thermal conductivity, cost, and energy consumption of production.

▪ Optimized steel production: decreasing consumption of rare alloying elements, including
critical raw materials (Cr, Co, Mo, V, and more).

▪ Minimizing alloying element reliance via waste reduction.

▪ Increased tool lifetime (thermal shock or thermal fatigue).

▪ Reducing frequency’s tool replacement.

How can contribute?

05 Future, trends and research

S u p e r i o r  m a t / p r o c e s s ,  s u p e r i o r  s u s ta i n a b i l i t y o u tc o m e s !

Figure 9. Example of GD and AM.
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Research trends

05 Future, trends and research

https://doi.org/10.1016/j.addma.2020.101360 

▪ Advanced Alloy Design (pre): predict printability/enhance reliability, crack and defect prevention (ML).

▪ Microstructure Control via Process Parameters (in situ): NewAIMS!!!

▪ Microstructural Modification Strategy (post): crystal structure, matrix, lattice, defects, martensite, no-

celular/dendritic −structure, solid solution atoms and dislocations heat carriers, e.g. electrons and phonons,

anisotropy. HIP reducing pores, defects, microcracks.

Figure 10. Algorithm for thermodynamic calculations and criteria evaluation.
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Research trends

05 Future, trends and research

▪ Advanced Alloy Design (pre): predict printability/enhance reliability, crack and defect prevention (ML).

▪ Microstructure Control via Process Parameters (in situ): NewAIMS!!!

▪ Microstructural Modification Strategy (post): crystal structure, matrix, lattice, defects, martensite, no-

celular/dendritic −structure, solid solution atoms and dislocations heat carriers, e.g. electrons and phonons,

anisotropy. HIP reducing pores, defects, microcracks.

Figure 11. Preliminary research (NewAIMS).
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▪ Advanced Alloy Design (pre): predict printability/enhance reliability, crack and defect prevention (ML).

▪ Microstructure Control via Process Parameters (in situ): NewAIMS!!!

▪ Microstructural Modification Strategy (post): crystal structure, matrix, lattice, defects, martensite, no-

celular/dendritic −structure, solid solution atoms and dislocations heat carriers, e.g. electrons and phonons,

anisotropy. HIP reducing pores, defects, microcracks.

Research trends

05 Future, trends and research

https://doi.org/10.1016/j.matchar.2024.113917 

Figure 12. Relationship between thermal conductivity and hardness.
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How a heat treatment works?
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• Corrosion resistance
• Impact resistance at -50ºC
• High strength
• Complex shape
• Fatigue resistant
• …

• Yield strength over 1000 MPa

• Toughness over 40J at -50ºC

• Elongation over 12%

• Stainless

• ..

• Martensitic

• Precipitation Hardening (PH)

• Chemical composition
• Raw material production (Wire)

• AM technology (L-DED) manufacturing

• Heat treatment
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Stainless Steel PH 17- 4

Fe C Mn Si S P Cr Ni Cu Nb

Chemical composition wt(%) 73.2 0.015 0.6 0.5 0.004 0.01 17.3 4.6 4 0.2

a.k.a  ER 630 / 1.4542 / UNS S17400

Chemical Composition

Plain Carbon Steel Stainless Steel Low Alloys Steel Tool Steel

Steel

Precipitation Hardening
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As-Built

Single Wall (SW)
Massive Wall (MW)

Super Massive Wall (MW)

PH17-4 DED AM Tensile Test without heat treatment

Cod​ Ys (MPa)​ UTS (MPa)​ E(%)​

Ref PH17-4 HT 1000 1070 12

SW V​ 506​ 978​ 15​

MW V​ 969​ 1209​ 9​

MW H​ 824​ 1132​ 17​

SMW V​ 539​ 1149​ 18​

SMW H​ 534​ 1128​ 21​

• [BCT Matrix] Moderately soft martensitic (carbon-free) matrix

• [Cu-Rich] Precipitation of nm size coherent particles that block 

dislocation movement
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Heat Treatment

550ºC for 4 h

Solid solution of all the alloying elements

Cu-rich (nm)

Martensite (α’) Supersaturated solid solution

GOALS

• Fully austenitic solid solution (Ni balance Cr)

• Quench a supersaturated solid solution 

without diffusion transformations (Cr and Mn)

• Strong but ductile martensitic matrix (Low C)

• Well dispersed coherent nano-precipitates to 

increase strength (Cu)
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Heat Treatment

PH17-4 DED AM Without heat treatment PH17-4 DED AM With heat treatment

PH17-4 DED AM Tensile Test with heat treatment (H1025)

Cod​ Ys (MPa)​ UTS (MPa)​ E(%)​

Ref PH17-4 HT 1000 1070 12

SW V HT​ 992​ 1092 12.5​

MW V HT​ 1039 1114 15​

MW H HT​ 1066 1130 15​

SMW V HT​ 1002​ 1088​ 12​

SMW H HT​ 997 1066​ 23​



Thank you!
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PERT chart of SuPreAM 
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OBJECTIVES
VALUE 

PROPOSITION

▪ Machining and Finishing 

processes selection for 

AMed machining

▪ Machining and finishing 

process strategies & tests 

development for surface 

integrity optimization 

▪ Techniques demonstration

through surface integrity 

optimized samples

▪ State-of-the-art review

▪ Sensitive parameters 

identification

▪ AMed machined sample 

parts for injection mould 

application   

▪ Improvement of finishing 

surface of plastic parts 

produced from samples 

optimized in the AMed

machining process

WORKPACKAGE

IMPORTANCE

▪ Processes definition for 

concept validation 

▪ Interconnection with WP4 

& WP5 for continuous 

investigation and results 

achievement

▪ Strategy protocol design 

for AMed steel 

componentes, based on 

sustainable methodologies 

and processes
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GRUPO SEVILLA CONTROL

DRT GROUP

Additive Manufactured

injection mould

Additive Manufactured

structural component

for aerospace application

Use cases domains
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Grupo Sevilla Control (GSC) is a company

specialising in the manufacturing of
machined components and
assemblies for the aerospace
sector. With more than 40 CNC machining
centres and an advanced technological
infrastructure, GSC supplies high-precision,
high-quality parts, ranging from conventional
materials to advanced alloys used in
aeronautical and defence applications.

Within the SuPreAM project, GSC actively

participates in the evaluation and development

of innovative strategies to optimize the

machining of critical components.
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DRT MOLDS (DRT Group) is a

Portuguese company that developed

expertise in different areas related to

the design, fabrication, marketing

and after-sales service of molds

and plastics, working for OEMs,

namely with the VW Group (automotive

sector) as a Supplier Club member.

In the context of the SuPreAM project,

DRT aimed to develop new

approaches to improving the

surfaces of inserts as a constituent

part of the molds it manufactures, with

focus on EDM Erosion and Polishing

hand process.
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EDM, also known as spark erosion, is a

precise manufacturing process that utilizes

electrical discharges to shape

metal components. This technique is

particularly valuable in the production of

injection mold tools, enabling the creation of

intricate and accurate mold components that

are challenging to achieve with traditional

machining methods.

Sinker EDM employs

a specifically shaped

electrode, often made of

graphite or copper, which

is submerged alongside

the workpiece in a

dielectric fluid.

Electrical Discharge Machining (EDM)
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Polishing in injection mold manufacturing is a finishing process used to

refine the mold's surface by removing machining marks,

tool marks, and imperfections. This process involves using

abrasive stones, diamond compounds, and specialized polishing tools to

achieve the desired surface finish.

Polishing hand process
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EDM Sample Characterization
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EDM Sample Characterization
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EDM Sample Characterization



17

EDM Sample Characterization
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RA= 0,05 

« high-gloss»

RA= 0,025 

« mirror-like»

Polishing Sample Characterization
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Source: https://www.engelglobal.com/en/ca/products/injection-molding-automation/cartesian-robot

Surface Defects on Parts

Poor Demolding

Inconsistent Gloss or Texture

Higher Reject Rate 

Weld Line Visibility

Contamination Risk

Accelerated Mold Wear

Dimensional Inaccuracy

Plastic Injection Impact
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Why SuPreAM is strategic for GSC?
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Grupo Sevilla Control - Aerospace use case

A company fully committed to metallic manufacturing

and assembly for the aerospace industry.
What challenges does Sevilla Control face and

how does AM provide solutions?

Aerospace parts need high precision and

reliability.

Many parts have different and some

complex geometries.

Current machining strategies need

optimization for AM materials
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Aerospace use case

First goal: Evaluation and consolidation of

steel additive technologies for manufacturing

of complex aeronautical components.

Real use case involving a part of the

refueling boom used in air-to-air refueling,

belonging to the Airbus MRTT program.

Why is this component a key focus?

COMPLEX GEOMETRIES

MEDIUM DIMENSION 

(250 x 370 mm)

HIGH COST MATERIAL

LOW RATES

Compare both strategies

Indicator
Current 

Process

Planned 

Process
Advantages AM vs CNC

Final part 

weight (kg)
2,513 2,513 -

Initial 

material 

weight (kg)

141,40 3,00 97,88%

Buy-to-Fly 

ratio
98,22% 16,23% 83,47%

Machining 

time
3120,00 90,00 97,12%

Material 

cost (€)
        4.242,00 €             360,00 € 91,51%
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Second goal: Enhance predictive simulation models for

machining processes.

Aerospace use case
During machining of test specimens, we collect data

using our MTLinki monitoring system from Fanuc,

enabling precise process control and model validation.
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Machining and finishing processes and strategies

Definition of machining condition and strategies and machining of sample parts
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• Analyse machining setup to minimize vibration impact.

• Evaluate adding supports if vibration control via strategy is insufficient.

• GSC will develop internal programming and machining strategies to optimize

the process.

Next steps:

Design, AM and quality control of demonstrator: Redesign of geometry

Machining of test samples allows analysis of tool and material behavior, crucial for

redesigning the elbow.

Vibrations, especially

axial loads, are key

factors affecting

machining quality and

tolerances.

Current manufacturing process
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Who we are What we do

ArcelorMittal Additive Manufacturing Area



5

What we do
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ArcelorMittal contribution to SuPreaM Project

• To develop the optimal process for each steel grade and Additive Manufacturing Technology 

in order to avoid part defects and to achieve the optimal part properties.

• To design and implement new steels for Additive Manufacturing

• To redesign and optimize the additive manufacturing processes (LB-PBF & DED) for use-case 

components.

Injection mold Aerospace structural component

AddM Tech L-PBF

Material M300

Machining Tech EBM

AddM Tech wire-DED

Material 17-4PH

Machining Milling
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Wire Laser Additive Manufacturing
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Wire-DED: ArcelorMittal capabilities 

Meltio M450 Multirobot cell 

Configuration Laser Head assembly with 3 axis cartesian

Build volume 150 x 170 x 425mm
Laser Power 1.2 kW – 6 Diode laser Beams (0,2 kW each one ) – λ= 976 nm

Wire diameter 0.8-1.6 mm Ø wire

Software Open Source (Cura, Simplify) or License (Powermill, Meltio Horizon,..)

Capability to induce Hot-wire preheating to increment productivity and quality 

enhancement.

Configuration Laser Head assembly with Robot arm 

Build volume 1000 x 1000 x 1000 mm

Laser Power 1.2 kW – 6 Diode laser Beam (0.2 kW per laser)

Wire diameter 0.8-1.2 mm Ø wire

Software Open Source (Cura) or Licensed (Powermill, Meltio Space,NX CAM)

Capability to induce Hot-wire preheating to increment productivity and quality 

enhancement.

Several units dedicated to material processing and process

optimization.

Large manufacturing plant with the possibility of using 16 movement axis at the

same time, dedicated to complex parts.

Digital Twin 
• Programming complex sequence

• Non-planar multirobot printing

• Collision check

• Distortion simulation & correction

Process Monitoring
• Thermal Camera SWIR 

• Quality assurance

• Monitoring on-fly
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Process development 17-4PH steel grade: Methodology

Single tracks Hollow parts Massive parts Complex parts

Process parameters wire-

DED​

Recommended values

Laser Power [W]​ 800 - 1200​

Process Speed [mm/s]​ 8 - 12​

Wire feed Speed [mm/s]​ 12 - 20​

Shielding gas Flow [L/min]​ 15 - 20

Geometry and printing strategy 

parameters​

Recommended 

values

Layer Height [mm]​ 0.6 - 1.2​

Hatch distance [mm]​ 0.8 - 1.4​

Toolpath Strategy​ Raster pattern, 

offset pattern..​
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Demonstrator generation

Adaptative Feed speed control 

algorithm 

Objective: near shape part approach 

6+2 axis path strategy

Non constant layer height

Near to shape part 

validation
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New Steel powders for Additive 
Manufacturing 
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Motivation for creating the material / Industry need 

Lean maraging steels were developed to mimic the corrosion resistance of stainless steels. Their corrosion resistance is similar to that of 

maraging stainless alloys and significantly better than that of high-nickel (Ni) maraging steels. These alloys could be suitable for applications in 

mildly corrosive environments such as the food industry, pulp and paper, and oil & gas sectors. The chemical composition of lean maraging 

steels is optimized to achieve high strength compared to the conventional 18Ni300 maraging steel, which contains high amounts of cobalt (Co) 

and nickel (Ni).

Key Characteristics:

- Cobalt-free

- High printability

- Comparable mechanical properties to 18Ni300

- Enhanced corrosion resistance, similar to 17-4PH

Applications:
- Medium-low corrosion environments

- Aerospace

- Conformal-cooled mould tooling and Rubber Tyres mould (sipes)

- Oil and gas

- Thin gauge rolling Rubber Tyres mould (sipes) 

Source: AddUp / Michelin

Conformal cooling insert mould.

Source: Linear AMS

AdamIQ SAM 1. The Cobalt-Free sustainable replacement of M300

https://addupsolutions.com/applications/michelin-tires-sipes/
https://addupsolutions.com/applications/michelin-tires-sipes/
https://www.linearams.com/conformal-cooling/
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Powder morphology

• AdamIQ SAM 1 Steel powder is characterized by a spherical morphology and high 

packing density, which confer good flow properties. 

• AdamIQ SAM 1 Steel powder is free of pores or voids as can be observed by LOM 

analysis. 

Secondary Electron Microscopy (SEM) images of SAM1 powder with particle size between 20 and 63 microns.

Light Optical Microscope (LOM) images of 

powder cross section.

AdamIQ SAM 1. The Cobalt-Free sustainable replacement of M300
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Our Steel Powders

file:///C:/Users/Y0565911/OneDrive - ArcelorMittal/General - RD_SCIENTIST TASKS/CONGRESS&CONFERENCES/Granada/SAM1.pdf
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Thank you
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