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1. List of abbreviations

Al Artificial Intelligence

AM Additive Manufacturing

ANN Artificial Neural Network

CAD Computer Assisted Design
CCD Charge-Coupled Device

CFD Computational Fluid Dynamics
Ccw Continuous Wave

DBSCAN | Density-Based Spatial Clustering of Applications with Noise

DED Direct Energy Deposition

DOE Duffractive Optical Elements

DT Decision Trees

EBSD Electron Backscatter Diffraction
EDS Energy Dispersive Spectroscopy
FEA Final Element Analysis

FEM Final Element Method

GAN Generative Adversarial Network
GP Gaussian Process

HAZ Heat Affected Zone

IN Inconel

IR Infrared (camera)

KNN K-Nearest Neighbours

LMD Laser Metal Deposition

LIPSS Laser-Induced Surface Structures
LPBF Laser Powder Bed Fusion

LST Laser Surface Texturing

MD Molecular Dynamics

ML Machine Learning

MSDAE | Multiscale Convolutional Denoising Auto-Encoder
oM Optical Microscopy

PCA Principal Component Analysis
PDE Partial Differential Equation

RF Random Forest

RSM Response Surface Modelling
SEM Scanning Electron Microscopy
SS Stainless Steel

SVM Support Vector Machines
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TEM Transmission Electron Microscopy
TT™M Two-Temperature Models

WAAM | Wire Arc Additive Manufacturing
WP Work Package

2. Executive Summary

This deliverable consists of two parts. The first part presents a manual for the physical simulation
of the additive manufacturing process developed within the framework of Task 2.1 under Work
Package 2: Optimization and modeling of laser technologies. It explains the importance of
physically simulating additive manufacturing and highlights the benefits of its application. The
document provides a detailed description of the required sample geometry, sample preparation,
and experimental setup. Additionally, it outlines the experimental procedure and the subsequent
analysis of the samples after the physical simulation. The developed tool enables experimental
analysis of the evolution of microstructure and properties at various stages of the additive
manufacturing process (e.g., rapid solidification and thermal cycling due to subsequent layers).

Initially, the DILAPRO project planned to develop a physical simulation tool also for laser — surface
interaction during Laser Surface Texturing (LST) as well. However, it was later realized that this is
currently not feasible due to two factors: (1) the lack of experimental capabilities to measure
thermal profiles in the subsurface during LST, and (2) the formation of highly graded
microstructures in the subsurface area following laser surface texturing. The data that would
otherwise be collected from the physical simulation experiments had to be collected otherwise.
Therefore, a thorough literature review of existing simulation tools and modelling approaches
was conducted, which can be found in the second half of the present deliverable. It is a review of
LST process using ultrafast lasers and outlines a pathway to understanding the simulation tools
and modelling approaches employed in this field. The objective of the review report is to focus
on Task 2.3 under WP2: Simulations of the laser material Interactions. With an emphasis on
surface modifications, this review attempts to compile the modelling tools and techniques
currently employed to characterize femtosecond laser-material interactions. The report will form
the basis for future modelling development work within DILAPRO and will feed into WP7 focusing
on integrating the modelling tools into the DILAFACT and DILACERT solutions.

This document is a re-submission, previously approved by the project officer, following a partial
change in scope. It replaces the originally planned physical simulation of laser—surface interaction
with a detailed review of LST modelling, reflecting the updated and agreed project direction.

Copyright © by DILAPRO All Rights Reserved | D2.3 - Manual guide for methodologies for physically simulating AM process




3.Part 1: Manual guide for methodology for
physically simulating AM process

3.1 Introduction

Physical simulation of materials processing involves the exact reproduction of the thermal and
mechanical processes in the laboratory that the material undergoes during actual fabrication or
end-use [1]. A small sample of the actual material is used in the simulation, following the same
thermal and mechanical profile that it would experience in full-scale fabrication or end-use
scenarios. This is achieved using specially designed thermo-mechanical simulators that can
precisely control parameters of metallurgical processes. For example, instead of forging a meter-
scale steel ingot, a small cylinder with the same geometry undergoes compression testing,
following the same forging parameters (temperature, heating and cooling rates, deformation
mode, strain, strain rate, etc.) (Figure 1). The microstructure and properties of the tested small
samples are then analyzed, and the optimum processing parameters needed to achieve the
desired microstructure and properties are determined.

Figure 1. Reproducing forging by high strain rate compression testing in GLEEBLE 3800 thermo-
mechanical simulator.

When the simulation is accurate, the results can be readily transferred from the laboratory to the
full-scale production process, thus avoiding the large-scale trial-and-error approach, material
waste, and labor intensity, while significantly reducing costs. It is important to note that physical
simulation is not the same as mechanical testing following certain standards, as is often
perceived. While all physical simulations involve some form of physical testing, the key difference
is that physical simulation seeks to replicate real-world processes on a laboratory scale, ensuring
that the resultant data can be used to solve real-world problems.
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Additive manufacturing is a relatively novel process compared to traditional metallurgical
processes. Physical simulation methodologies were developed for processes such as rolling [2],
forging [3], welding [4], extrusion [5], casting [6], and other conventional methods. Using these
methodologies in a research lab, one can effectively determine optimum processing parameters
and study the evolution of microstructure and properties during the manufacturing process.
However, to date, no tool has been developed for the physical simulation of the additive
manufacturing process. Such tools could offer substantial benefits to the additive manufacturing
community, as outlined below.

Physical simulation could allow us to study the evolution of the microstructure during the
additive manufacturing process. The microstructure developed in an additively manufactured
part results from rapid solidification after melting, followed by numerous thermal cycles as
further material is deposited on top. In traditional additive manufacturing, only the final
microstructure can be studied. However, with physical simulation, we can stop the testing at any
stage (right after rapid solidification, after the first thermal cycle, the second, etc.) and perform
thorough microstructural characterization (e.g., phase composition, phase morphology, chemical
segregation, etc.). This approach would enable a deeper understanding of the metallurgy of the
additive manufacturing process and provide high-quality data to support the development of
digital twins.

Physical simulation could help improve the quality of additively manufactured products. For
example, it could help identify the stage at which (micro)cracking occurs and the underlying
reasons for cracking, such as segregation of alloying elements or the presence of undesired
second phases. This would allow necessary modifications to the chemistry of the printed alloy to
prevent (micro)cracking.

A better understanding of the metallurgy of the additive manufacturing process and its sensitivity
to chemical composition can help avoid wasting expensive feedstock and valuable machine time,
while also reducing overall waste.

Some alloys are prone to cracking and cannot be processed effectively in additive manufacturing.
Physical simulation can provide valuable insights into their compatibility with AM processes.
Furthermore, a physical simulation tool could facilitate the rapid prototyping of post-processing
heat treatment parameters, optimizing the final properties of the additively manufactured parts.
This document provides a manual for the methodology of physical simulation of the additive
manufacturing process being developed within the framework of the DILAPRO project.
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3.2 Manual guide for the methodology for physical simulation of
additive manufacturing process

3.2.1 Preparation of sample for physical simulation

This methodology is developed for GLEEBLE thermo-mechanical simulators. It is one of the
unique advantages the Gleeble system has over any other testing machines that the Gleeble
system is able to conduct melting and solidification studies. Figure 2 illustrates a geometry of
samples recommended for physical simulation, and its appearance is shown in Fig. 3a. A testing
specimen with a diameter of 10 mm and a length of 121.5 mm is used. The non-threaded portion
of the specimen is about 90 mm. For this geometry, a quartz tube with a slot on top is often used
(Fig. 3b). The inside diameter of the quartz tube must be chosen properly to control melting
smoothly. Normally, a 10.2 mm inside diameter quartz tube is suitable for 10 mm diameter
specimen to hold the liquid metal in the mid span. Either two large or too small would induce
difficulties during melting. When the inside diameter is too large, the molten metal sinks, and the
specimen would be out of shape along the specimen axis. During sinking, the thermocouple tends
to be detached which results in a failure of temperature control. If the inside diameter is too
small, the tube will break when the specimen is expanding. With the right size of the quartz tube,
it is easy to control the melting and solidification process. Core to surface thermal gradients can
be substantially reduced during solidification by insulating the quartz tube, for example, using a
graphite foil (Fig. 3c). It will also prevent the quartz tube from failure if it cracks during the
experiment.

121.500 mm
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Figure 2. Geometry of samples for physical simulation.
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A controlling thermocouple is welded onto the midsection of the sample (Fig. 3d). The maximum
allowable temperature must be carefully considered when selecting a suitable thermocouple. For
steels, titanium alloys, and nickel-based superalloys, R-type thermocouples are recommended,
whereas J-type thermocouples are more suitable for aluminum alloys.
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b)

d)

f)

Figure 3. Sample preparation steps for physical simulation using GLEEBLE system.

One of the challenges is securing the thermocouple during melting, as it cannot be supported
directly once the specimen is in a molten state. A common solution is to use Omega Bond 400, a
water-soluble cement. The cement is mixed with water and applied at the junction of the
thermocouple to hold the wires against the quartz tube. Then, fixing nuts can be screwed onto
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the threaded section of the ready sample to prepare it for the experiment (Fig. 3e). Finally, the
sample is placed in stainless steel grips (Fig. 3g).

A water gun should be fixed inside the GLEEBLE chamber before the experiment, and the water
guench system should be filled with water. The water pressure should be around 35 psi. A sample
with grips (Fig. 3f) is placed into jaws inside GLEEBLE chamber and secured by special holders
(Fig. 4a).

3.3 Physical simulation experiment

The additive manufacturing process consists of rapid solidification of molten metal followed
by its thermal cycling. Therefore, the first step is to perform physical simulation of rapid
solidification. The sample is heated quickly with the heating rate of 20-40 °C/s to a temperature
of around 100 °C below the melting point of the material (Fig. 4b). The heating rate is then
reduced to 1-2 °C/s until the melting of the midsection is observed (Fig. 4c). After that, the current
is cut, and pressurized water is sprayed onto the molten metal (Fig. 4d).

) Water gun
Special

holder Free span of
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Figure 4. Physical simulation of rapid solidification in the GLEEBLE system.

The cooling rate recorded during such experiments is typically in the range of ~3.000-10.000 °C/s
depending on the tested material, water pressure and quality of the sample preparation. Figure
5 below presents examples of temperature- time plots from the rapid solidification experiments
on SS 316L (Fig. 5a) and IN625 (Fig. 5b). These cooling rates are relevant to those observed during
DED and WAAM processes [7, 8]. For instance, cooling rates between 1000 °C/s and above 5000
°C /s were experimentally measured for IN718 in [8] depending on the AM process parameters.

a) b)
Figure 5. Temperature — time plots from physical simulation of rapid solidification in GLEEBLE
3800 system: a) for SS 316 L; b) for IN625.

Much higher cooling rates of > 15.000 °C/s were measured during LPBF process, although this
cooling rate can drop down to ~ 5.000 °C/s when the base plate is additionally pre-heated [9].

The latter cooling rate during LPBF can also be reproduced in these GLEEBLE experiments.

The second step is to apply thermal cycling seen by the rapidly solidified zone during deposition
of the upper layers. The rapidly solidified zone acts like heat affected zone (HAZ) in multi-pass
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welding processes. These thermal cycles can be either obtained via modelling [10] or
experimentally measured using online monitoring tools (e.g. IR cameras or thermocouples
integrated into additive manufacturing machines). The GLEEBLE system can control heating rates
up to several thousand degrees per second in a solid metal which is relevant to those measured
when the local temperature of rapidly solidified zone is affected by deposition of next layers (Fig.
6b). Any number of thermal cycles can be applied simulating deposition of different numbers of
layers.

b)

Figure 6. Temperature — time plots corresponding to thermal cycles seen by rapidly solidified area
during additive manufacturing process: a) theoretically modelled for SS 316L [10]; b)
experimentally measured by CRM Liege during DED of SS 316L using HYMAX system.
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3.4 Analysis of samples after physical simulation experiment

Figure 7 demonstrates appearance of a sample after physical simulation of rapid solidification
followed by thermal cycling in GLEEBLE 3800 system. This sample can be cross sectioned for
further characterization. It is recommended to focus analysis on the region below the controlling
thermocouple, as the local temperature profiles of other regions may be affected by temperature
gradients unavoidably present in samples during physical simulation experiments.

Figure 7. Appearance of a sample after physical simulation of rapid solidification.

The microstructural characterization can include but is not limited to optical microscopy (OM)
analysis, scanning electron microscopy (SEM) analysis, electron backscatter diffraction (EBSD)
analysis, energy dispersive spectroscopy (EDS) analysis, and transmission electron microscopy
(TEM) analysis. Phase composition, homogeneity of distribution of alloying elements in the
microstructure, dislocation density, spatial distribution of secondary phases, possible presence
of (micro)cracks and the reasons for their formation can be analyzed. A few examples of such
analysis are presented below.

Example 1. Microstructure formed immediately after rapid solidification

Figure 8 presents microstructure of SS 316L after physical simulation of rapid solidification in the
GLEEBLE 3800 system. Predominantly cellular structure is observed (Fig. 8a). EDS analysis has
revealed microsegregations of Nb (Fig. 8c) and Cr (Fig. 8d) and depletion of Fe (Fig. 8f) along cell
boundaries.
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Figure 8. Microstructure of SS 316L after physical simulation of rapid solidification: a) SEM
image; b) band contrast map; c-f) corresponding EDS elemental maps.

Table 1. Local chemical compositions (wt. %) in the rapidly solidified SS 316L before and after
thermal cycling experiments (Fig. 8, Fig. 9).

Elements | After rapid solidification in GLEEBLE | After rapid solidification in GLEEBLE (first
(first step) step) followed by thermal cycling
(second step)
Segregated / Non-segregated Segregated / Non-segregated
depleted region region depleted region region
Mo 4.71 1.95 1.44 2.09
Ni 12.08 11.18 11.19 11.89
Cr 20.31 17.79 17.21 16.89
Fe 60.38 67.13 68.76 67.82

Figure 9 presents the outcomes of the EBSD analysis of the IN625 after physical simulation of
rapid solidification. A cellular microstructure is observed which is in good accordance with the
literature [11]. The formation of NisNb d-phase (in blue color) along cell and grain boundaries in
the y-matrix (red color) is observed. Its volume fraction is 1.04 %. EDS analysis revealed
microsegregations of Mo and Nb along grain and cell boundaries and depletion of Fe, Co and Ni.
As is well known, this phase is detrimental for mechanical performance of IN625. Further thermal
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cycling will allow to study the evolution of microsegregations and local phase composition in the
material, as well as provide insights into required thermal treatments after additive
manufacturing process.

Mo Wt% Nb Wt%

Fe Wt% Co Wt% Ni Wt

Figure 9. Microstructure of IN625 after physical simulation of rapid solidification: a) SEM image
illustrating cellular microstructure; b) EBSD band contrast (BC) map; c) EBSD phase map (red — -
matrix, blue - NisNb O-phase); d) SEM image, e-f) corresponding EDS elemental maps.

Example 2. Microstructure evolution during deposition of further layers

The thermal cycling (Fig. 6a) simulating deposition of further layers, which is applied to rapidly
solidified SS 316L sample, shows homogenization of the elemental distribution (e.g. noticeable
dissolution of microsegregations on cell boundaries) (Fig. 10). Quantitative analysis of the EDS
maps (Table 1) revealed that the average concentration of Mo in microsegregations is reduced
from 4.71 wt. % to 1.44 wt. % and Cr from 20.31 wt. % to 17.21 wt. %, whereas the Fe content at
the depleted cell boundaries is increased from 60.38 wt. % to 68.76 wt. %. It should be noted
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that such microsegregations have been widely reported for the additively manufactured SS 316L
[12].

Mo Lal

Ni Kexl Cr Kol Fe Kol

Figure 10. Microstructure of SS 3161 after physical simulation of rapid solidification followed
by thermal cycling (Fig. 5a): a) SEM image; b) band contrast map; c-f) corresponding EDS
elemental maps.

Example 3. Analysis of mechanical properties on micro-scale

The physical simulation tool developed in the project also enables us to investigate the evolution
of local mechanical properties during the AM process, which is crucial for understanding the
performance of AM parts and for further improving it through microstructural (e.g., process)
design. This is done by combining the microstructural characterization (SEM with EBSD and/or
EDS) and mechanical characterization on micro- or nanoscale (nanohardness mapping). Figure 11
below clearly illustrates how the local microsegregations (for example, along cell boundaries) of
Nb and Mo along cell boundaries in the rapidly solidified IN625 result in higher local strength.
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Figure 11. a) EDS maps showing local concentration of Nb, Mo, and Ni for the rapidly solidified
IN625; b) corresponding surface after nanohardness mapping; c) corresponding nanohardness
map.

3.5 Conclusions to Part 1

This part of the deliverable presents a novel and unique methodology for physical simulation of
AM process based on GLEEBLE experiments. The methodology mimics a thermal cycle seen by
metallic material during AM process: rapid solification followed by thermal cycling. The cooling
rates up to 10.000 °C/s are achieved which are relevant to those measured on metallic materials
subjected to DED process and LPBF process with pre-heated plate. The first experiments
demonstrate that the tool is able to predict the phase compositions and microsegregations
present in the AM processed SS 316L and IN625. Also, a partial dissolution of microsegregations
during further thermal cycling is observed.
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