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Ti-6Al-4Zr-2Sn-6Mo is one of the most recent Powder Bed Fusion – Laser Beam (PBF-LB) processed 
titanium alloys. It could replace the Ti-6Al-4V in automotive and aerospace applications thanks to the 
higher mechanical properties (about 10% on UTS and YS). In the as-built (AB) condition, the material is 
characterized by the presence of the soft orthorhombic α’’ martensite. A post-process heat treatment 
for its decomposition is therefore needed to increase the mechanical properties of the AB alloy. 
Usually, PBF-LB Ti6246 components undergo an annealing process that transforms the α’’ martensite 
into an α−β lamellar microstructure [1]. 
The main goal of the present research was to obtain an ultra-fine bi-lamellar microstructure reinforced 
by precipitation hardening, developing a Solution Treating and Aging heat treatment (STA) tailored to  
 

 
Figure 1. Effect of solution temperature (825°C in green and 875°C in blue) of an STA heat treatment on microstructure (a) 
and tensile properties (b) 

 
the peculiar microstructure induced by the additive process. The effect of solution temperature in the 
α+β field (between 800-900 °C), cooling media (air and water), and aging temperatures were 
investigated to identify the heat treatment parameters to obtain a suitable bilamellar microstructure. 
The microstructural characterization was done through optical (OM) and electron microscopy (SEM) 
analyses, as well as by XRD analyses to evaluate and identify the crystalline phase transformations. 
Preliminary microhardness tests were performed to assess the effect of different heat treatment 
parameters on mechanical performance. Tensile tests were performed on samples heat-treated 
according to the most promising parameters. The comparison of the results of mechanical 
characterization and literature data highlighted that the optimized STA heat treatment increased the 
hardness and strength of 35% and 23%, respectively, compared to the annealed alloy, with a reduction 
of the elongation to failure of 53%. Fracture surface analyses of tensile tests were carried out to study 
the fracture mechanisms. In Figure 1 is possible to notice the bilamellar microstructure obtained after 

the STA heat treatment and the effect of solution temperature on  lamellae width and tensile 
properties. 
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Spot melting is quickly gaining ground with line-based scanning strategies (hatching) typically used in 
electron beam powder bed fusion (PBF-EB), offering a greater degree of freedom, suitability for complex 
geometries and the ability to control the local microstructure [1]. By capitalizing on the fast deflection 
capabilities of the electron beam (km/s), spot melting strategies have introduced a broad and complex 
parameter space which must be considered from two separate perspectives: the underlying geometric 
information, namely the lattice structure, and the spot sequence that governs the order in which 
locations are visited by the electron beam. This contribution explains why hexagonal lattices are 
preferable to commonly used square lattices [2, 3] and showcases the effects of different lattice 
stackings to produce unique, crystallographic, cell-like structures (hexagonal primitive, hexagonal close-
packed, and cubic close-packed) on grain morphology and defect formation. A numerical study of the 
thermal effects induced by the applied strategies, complemented by experiments on the novel freely 
programmable 150 kV PBF-EB system AMELI (PB-EBM 30S) by pro-beam, dispels the common 
misconception regarding the high energy input required for spot melting compared to conventional 
hatching of the Ni-base superalloy IN718. Furthermore, an investigation using conventional 
metallography, SEM and high-resolution electron optical (ELO) imaging [4] reveals the typical defect 
structure present in spot melting and consequently advocates the use of CCP stacking to reduce the 
required energy input and eliminate the aforementioned defects. 
 

 
 
Figure 1. Visualization of 3D hexagonal point lattice stackings and associated methodology for analyzing the effects of the 
stacking on the microstructure and solidification characteristics of spot-melted IN718. 
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Cold Metal Fusion (CMF), developed by the start-up company Headmade Materials, is an innovative 
technology that enables the additive manufacturing (AM) of metal parts with high precision and 
significantly reduced manufacturing costs. The key component in the CMF chain is the material 
feedstock, which consists of a highly metal-filled polymer matrix supplied as a powder. The feedstock 
can hereby be processed into green parts using standard machines for the selective laser sintering (SLS) 
of polymer materials. This leads to a significant reduction in investment and overall production costs 
compared to metal powder production, without compromising on geometric accuracy or design 
freedom. Figure 1 shows the schematics of the cold metal fusion process. [1] 
 

 
 
Figure 1. Schematic overview over the workflow of the Autosmooth Project 
 
After printing in the SLS process, the green parts must be removed from the powder cake. In addition, 
thorough cleaning of all powder residues is required. The possibility of subjecting "green parts" to a 
surface treatment leads, among other things, to a reduction in costs, as the need for expensive and 
time-consuming surface treatment of metal parts no longer exists. Additionally, compared with metal 
powder based AM, no direct support structures on the parts are required which need to be removed. 
The post processed green parts are debinded with a solvant to produce brown parts with minimal left 
binder residue. The brown parts are sintered under high temperature to produce a metal part. 
While the automation of depowdering processes and the surface treatment of metal parts has been the 
focus of interest for many companies and researchers in recent years, an automated process for CMF is 
currently lacking. The green parts have limited mechanical stability, which is an advantage for surface 
treatment, but at the same time represents a major hurdle for depowdering and automated handling 
processes. AM Solutions, a Brand of the Rösler Group, and the research institute Neue Materialien 
Bayreuth GmbH have teamed up with Headmade Materials as part of the publicly funded “Autosmooth” 
project to overcome this challenge. The aim of the project is therefore to develop an automated 
prototype for the depowdering, cleaning and surface finishing of CMF parts with maximum feedstock 
recovery. Automation paves the way for series production of CMF due to improved reproducibility and 
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the avoidance of labor costs. The “Autosmooth” project and its initial results are presented in this 
presentation. 
 
 
References 
[1] Skz-Kfe Ggmbh,2020. Method for additively manufacturing a component, and an additively manufactured 
component. Christian Fischer, Christian Staudigel.25.06.2020. Filed: 02.03.2018. US20200198006A1 



6

Development of an environmentally friendly production route for carbide 
milling tools printed using Fused Filament Fabrication 
Y. Zheng1*, N. Agarkov1, U. Glatzel1,2, W. Hofmann3, K. Trott4, R. Simon4, H. Daoud1 
 
1 Neue Materialien Bayreuth, 2 University Bayreuth, 3Peter Würtele, 4Klaus Trott 
* ying.zheng@nmbgmbh.de 
 

 
Tungsten carbide is the most used carbide for milling tools due to its high fracture toughness and flexural 
strength [1,2]. However, conventional carbide tools are expensive to manufacture due to the lengthy 
grinding processes and long retooling times. Recently, additive printed tools have attracted a lot of 
attention. Microcracks, high residual stresses and brittle phases are still major obstacles [3,4]. In this 
study, the FFF (Fused Filament Fabrication) process is developed to print crack-free and low-stress 
milling tools made of hard metal (Tungsten carbide). 
 

 
Figure 1. Development of a production route for carbide milling tools by FFF process. 

 
 
The production of highly filled filaments with 94 wt% tungsten carbide is described. The effects of the 
process parameters, debinding and sintering on the porosity at the surface of the cutting edges will be 
discussed. The microstructure of the sintered samples was examined by electron microscopy. The 
hardness and residual stresses will be illustrated. 
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EN AW-7075 (AlZn5,5MgCu) is an aluminium alloy with a high strength. However, very poor weldability 
due to hot cracking susceptibility makes additive manufacturing of EN AW-7075 not feasible without 
additional measures.  
In this study laser metal deposition (LMD) of EN AW-7075 is enhanced by addition of TiC-nanoparticles 
(35-55 nm) up to a content of 1 %vol. 
It was found that without TiC addition the most significant problems are hot cracking and growth of 
coarse strongly oriented grains. These issues can be overcome by feeding TiC nanoparticles into the 
process. In particular, the grain size could be reduced by almost two orders of magnitude by adding 1% 
vol. of TiC-nanoparticles. This documents that TiC-nanoparticles that are simply stirred into the powder 
feedstock can be transferred into the melt pool and serve as grain refiners. The grain size decreases 
with increasing content of nanoparticles.  
 

 
 
Figure 1. On the left a sample without the addition of TiC is shown. On the right a sample with the addition of 1 % vol. TiC 
nanoparticles is shown (different scale). 
 

Also with increasing content of nanoparticles, the fraction of globular grains increases. A homogeneous 
microstructure was reached at 1% vol. of TiC. Furthermore, with this proportion the number of hot 
cracks can be minimized, and hot cracks are reduced in length when the microstructure shows small 
globular grains. Moreover, even at low concentration of nanoparticles, the surface quality of the 
produced samples increases. 
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Nickel based superalloys are widely used due to their excellent mechanical properties and corrosion 
resistance. Therefore they are especially of interest for high performance and demanding applications. 
Examples are here components used in industries such as space, aviation, energy generation or petro-
chemistry.  
The processing of this material class is costly due to the involvement of expensive raw materials and 
typically a high “build to use” or “buy to fly” ratio is typically required. Traditional processing 
techniques are casting in combination with forging operations followed by milling processes. 
Depending on the complexity of the geometry of a component this is directly related to a high raw 
material consumption.  
Within this study the goal is to reduce the raw material consumption by using the Plasma Metal 
Deposition (PMD®) in order to fabricate near net shape components which only require minor milling 
operations and thereby help to save raw materials. In this case powders are injected into a melt pool, 
which is created by a plasma arc process followed by a layer by layer growth of a 3D structure. 
 
 

 
 

 
Figure 1. Microstructure of INCONEL with Al2O3 reinforcement fabricated by PMD process. 
 
Especially of interest are the high temperature performance of Nickel based alloys such as INCONEL 
718. Here the PMD process was used and materials have been tested at temperature of up to 1.000°C. 
In addition to that the commercial alloys fabricated from powder based feedstocks different modified 
alloys were investigated as well as a study of the introduction of ceramic reinforcements was assessed. 
It could be shown that the high temperature properties at 800°C and 1.000°C are linked to the raw 
materials used, the deposition parameters and the applied heat treatments. Improvement compared 
to commercial reference materials could be demonstrated. 
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Impact of thermoplastic polyurethane as a single backbone binder on 
material extrusion additive manufacturing of Mg Alloy  
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1 University College Dublin, 
*Hyeonseok.kim@ucdconnect.ie 

 
 
Material Extrusion Additive Manufacturing (MEAM) of magnesium (Mg) alloy implants is emerging as a 
promising technique for biomedical applications, attributed to its inherent biocompatibility and 
capability for patient-specific design [1]. A critical aspect in producing these Mg alloy parts is selecting 
an appropriate binder for the Mg powder feedstock. Conventional binder systems, such as paraffin wax 
and polyolefins, are limited by a restricted volume fraction of Mg alloy powder in the feedstock [2]. 
Additionally, oxidation of Mg parts and the lengthy duration of the debinding process are significant 
challenges [3, 4]. This study investigated the effects of thermoplastic polyurethane (TPU) as a single 
backbone binder throughout the additive manufacturing process, including debinding and sintering, and 
compares its effectiveness with conventional binders.  
 

 
 
Figure 1. Schematic diagram of material extrusion additive manufacturing of metallic components. 

 
A mixture of TPU and Mg alloy was employed as feedstock to produce a 3D printed part, termed the 
green part. This green part then underwent a debinding process, resulting in a brown part, which was 
subsequently sintered to create the final sintered part as shown Fig. 1. The dimensional and geometric 
accuracy of the green part was assessed using image analysis techniques. Furthermore, the impact on 
mechanical properties and oxidation levels of the brown and sintered parts was evaluated through 
energy-dispersive X-ray spectroscopy and electrochemical impedance spectroscopy. These outcomes 
were compared to the results from the parts produced using conventional binders.  
 
The findings revealed that the high interaction between TPU and Mg alloy powder resulted in enhanced 
layer adhesion and increased Mg alloy powder loading in the feedstock. This improvement was crucial 
for maintaining shape retention during the debinding and sintering processes. Moreover, the use of TPU 
as a single backbone binder significantly improved the time and energy efficiency of the debinding 
process, while maintaining low oxidation levels in brown and sintered parts. In conclusion, the study 
highlights the potential of TPU as a single binder in material extrusion additive manufacturing of Mg 
alloy. 
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Figure 1. a. Ponticon pE3D system; b. Nidec special nozzle (courtesy: Nidec). 

 
Additive Manufacturing (AM) has revolutionized production processes, offering unparalleled flexibility 
and efficiency. Titanium alloys, renowned for their high strength-to-weight ratio and corrosion 
resistance, are particularly significant in Aerospace and Oil & Gas applications. However, their high 
reactivity with oxygen and nitrogen at elevated temperatures poses challenges in processing, including 
the risk of contamination and the formation of undesirable phases. While Titanium alloys have been 
extensively applied in AM processes like Laser Metal Deposition (LMD), the emergence of 3D Extreme 
High-Speed Laser Metal Deposition (3D-EHLA) presents a new frontier. [1] 
 
This study, conducted using the Ponticon's pE3D system (Figure 1.a), delves into the behavior of 
Titanium alloys within the 3D-EHLA process, aiming to investigate the tailored microstructure of 
components. The application of specialized nozzles from Nidec (Figure 1.b), designed to deliver 
exceptionally high shielding gas flow rates of up to 100 L/min, addresses the challenge of minimizing 
contamination during deposition of Titanium alloys. Despite the proven effectiveness of such nozzles in 
standard LMD processes, where they have proved to be a viable alternative to working in inert chamber 
environments, their performance in the extreme high-speed requirements of 3D-EHLA remains 
unexplored territory. [2,3] 
 
Through comparative analyses between specialized Nidec nozzles and standard nozzles in the 3D-EHLA 
process, microstructural features including grain size, phase distribution, and the presence of 
contaminants and defects will be addressed. 
 
In conclusion, this study contributes to advancing the understanding of Titanium alloys behavior in the 
3D-EHLA process and provides insights into optimizing microstructural control and minimizing 
contamination. By addressing these challenges, the quality and reliability of additively manufactured 
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components, particularly in critical industries like Aerospace and Oil & Gas, can be significantly 
enhanced. 
 
References 
[1] J. Schaible, Journal of Laser Applications, 2021, 33, 012021. 
[2] M. Müller, Journal of Laser Applications, 2022, 35, 012006. 
[3] J. Kaspar, High Entropy Alloys & Materials, 2023, 1, 361-378. 
 



12

Laser Powder Bed Fusion of Copper-Tungsten Powders 
S. Rauh1,2*, S. D. Prabhu1, G. Wolf1, L. Fischer1,3, P. Mayr2 
 
1 Fraunhofer Institute for Environmental, Safety and Energy Technology (UMSICHT), Germany 
2 Technical University of Munich (TUM) - Chair of Materials Engineering of Additive Manufacturing, Germany 
3 University of Applied Sciences Ingolstadt - Faculty of Mechanical Engineering; Germany 
*simon.rauh@umsicht.fraunhofer.de 

 
 
Abstract 
 
The processing of pure copper (Cu) in the powder bed fusion laser beam (PBF-LB) process has been a 
focus of research in recent years in the field of laser based additive manufacturing. Cu reflects 97% of 
the radiation at a commonly used redlight laser wavelength of 1064 nm [1]. There are various solutions 
such as reducing the wavelength, increasing the energy density and increasing the absorption by 
alloying and coating the powders. In this study, the Cu powder surface was covered with sub-
micrometer tungsten (W) particles to increase the absorptivity of the powder. The advantage of W is its 
insolubility in Cu [2]. Alloying Cu with additives decrease its thermal and electrical properties 
enormously. Two routes were developed to manufacture the powders. The first route of manufacturing 
Cu/W-powder was by means of a milling process using mechanical connection. The second 
manufacturing method was a co-injection atomization where a separate W particle jet is sprayed into 
the primary liquid Cu particle jet. This allows the Cu/W-composite to be manufactured in a single 
production step. The powders were produced and sieved in an inert atmosphere of nitrogen and 
analyzed with a combination of laser diffraction and scanning electron microscopy. 
 

  
Figure 1. Scanning electron microscope images of a) Cu/W-powder made by the milling process b) Cu/W-powder made by co-
injection atomization. 

 
Test specimens were manufactured by a PBF-LB machine with a volume energy density of 171 J/mm3. 
The relative density was measured both optically and using the Archimedes principle. The optical 
method yielding values in the range of 95% to 99%. The thermal diffusivity was analyzed by laser flash 
analysis and thermal-optical measurement. By eddy current measurement, the electrical conductivities 
of the specimens were determined. Also, the Vickers hardness was measured. It could be shown that 
87% of thermal conductivity and 86% of electrical conductivity could be achieved compared to the pure 
copper. 
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3D Plasma Metal Deposition (3DPMD), a specialized DED technique, represents a significant leap 
forward in additive manufacturing, allows for less stringent powder requirements and higher 
deposition rates. Yet, achieving accurate process simulations, a critical component for developing 
digital twins, due to the small process window of Aluminium. Aluminium’s unique properties and the 
complex thermal dynamics in plasma-based MAM complicate both the manufacturing process and the 
acquisition of accurate data in research. In addition, plasma-based MAM itself presents challenges in 
modeling the thermal behavior due to the inherent different gas elements when compared to laser-
based processes. [1–3] 
 
Addressing this gap, our research plans to integrate diverse sensors to enrich the dataset available for 
process simulation as well as presenting a pathway forward for production quality monitoring (as seen 
in Figure 1). Quotient pyrometers are used for continuous temperature measurement of the melt pool, 
heat elements are mounted on the built plate as well as IR camera for reference of the cooling behavior. 
In addition, a spectroscopy sensor tracks emitted wavelengths which is used for the monitoring of 
material impurities as well as for continuous calibration of the quotient pyrometers. The integration of 
these data sources into process simulations enables more accurate modeling that accounts for the 
nuanced behaviors of aluminium under varying manufacturing conditions including the use of recycled 
aluminium. [4, 5] 
 

 
Figure 1. Model of the simulation on the left, comparison of process simulation with thermal simulation with preliminary 
sensor data in the middle, and a multilayer build-up with Al6061 powder with sensor setup  

 
To test our developed simulation approach, empirical tests on two geometries of 20 layers would be 
performed, comparing the simulation's predictions with experimental results. This approach aims to 
verify the simulations' enhanced reliability with multi-source sensor data and highlight its potential to 
boost predictive modelling for digital twins. Our research emphasizes the need for diverse, high-
quality data in process simulations, especially for aluminium additive manufacturing. These insights 
pave the way for advancements in digital twin technology for 3DPMD, promising greater efficiency, 
material use, and product quality, and encouraging wider use and optimization of 3DPMD for different 
aluminium alloys in both virgin and recycled state. 
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Laser Powder Bed Fusion (LPBF) enables the production of complex component geometries with 
increased functionality, such as components with integrated cooling channels or topology-optimised 
lightweight structures. In addition to the realisation of the geometry, the material structure is also 
created during the build-up process. This results in a further degree of freedom for component design, 
namely the local, application-oriented adjustment of the material structure and thus the mechanical 
properties within a component, which further expands the potential for function-optimised component 
design. The microstructure of an LPBF component is formed by melting a powder material track by track 
using a focused laser beam, which is guided continuously (continuous wave - cw) over the powder layer 
to be exposed. This generally results in directional, epitaxial grain growth, as the heat dissipation is 
mainly directed against the build-up direction into the underlying component volume. Studies at 
Fraunhofer ILT have shown that processing using a pulsed-modulated laser beam (pulsed wave - pw) 
can produce a fine-grained, isotropic microstructure and significantly suppress epitaxy in the material 
structure. Complementary use of cw and pw exposure allows the integration of complex spatial 
microstructures distributions with locally different properties within additively manufactured 
components. The implemented microstructure distribution is not affected by phase transformations 
during post-process heat treatments such as Hot Isostatic Pressing. Hence, the approach demonstrated 
allows tailoring of local mechanical properties, e.g., according to locally inhomogeneous load cases 
within additively manufactured components as well as the integration of microstructural watermarks 
for forgery-proof components  
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Figure 1. a) pw- vs cw-microstructure (as built) along build direction z, b) Interruption of epitaxial grain growth within cw-
layers by following pw-layers along build direction, c) Volume integration of gyroid lattice structure (pw) into base body (cw), 
d) Microstructure distribution after Standard-HIP-treatment. Material: TiAl6V4 
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Laser powder bed fusion (LPBF) is dominating Additive Manufacturing of metals in equipment 
manufacturing, research, and applications. Since LPBF has still limitations in terms of geometries and 
materials as well as in terms of productivity, such sinter-based additive manufacturing (SBAM) processes 
are becoming increasingly important [1].  
In addition to the established technologies Metal Binder Jetting or Fused Filament Fabrication, there 
are several new emerging technologies with good property profiles. From these technologies, this 
paper will focus on MoldJet and 3D Gel Casting. These processes address different application profiles. 
While 3D Gel Casting is currently limited to small quantities, MoldJet is targeting medium and large 
series production. In a technology comparison, the properties of the materials IN713C and Ti Grade 5 
in regard to the powders used, microstructure, surface qualities, mechanical properties and surface 
qualities are determined also in comparison to established processes like LPBF and Metal Injection 
Moulding (MIM). In this work samples for material characterization as well as demonstrator 
geometries were printed and sintered.  
It is shown that the typical values for MIM can be reached and exceeded with 3D Gel Casting and 
MoldJet using MIM powder. The values achieved for 713C are 1166 MPa for tensile strength with a 
fracture strain of 12.5 %, while the values for Ti grade 5 were 867 MPa (tensile strength) and 10 % 
(fracture strain). The residual porosity was < 3 % for both technologies and the surface values (Ra) 
without mechanical post-processing were below 3.5 µm. The sintering shrinkage was essentially 
identical in all three dimensions, the microstructure was also homogeneous, and the printed layer 
structure was no longer recognisable in the sintered specimen. Furthermore, initial conclusions are 
drawn regarding the economic advantages of these processes. MoldJet especially can reach high 
productivity at low costs while 3D Gel Casting shows superior surface qualities without postprocessing. 
 
 

                   
Figure 1. Printed injection nozzle made of 713c using MoldJet (left), excellent surface quality without post processing using 
3D Gel Casting (right) 
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Non-weldable materials such as various Ni-based superalloys have high thermomechanical properties 
and good corrosion resistance at high temperatures [1]. However, standard additive manufacturing 
processes, such as PBF, are not yet suitable for difficult and non-weldable alloys due to their poor 
weldability [2-4]. Therefore, fused filament fabrication (FFF) is used in this article to produce complex 
components from a non-weldable Ni-based superalloy. For this purpose, the alloy MAR-m247 is 
investigated. The elimination of the high cracking susceptibility of MAR-m247 during filament 
fabrication and the sinter-based FFF process is emphasised. 
 

 
Figure 1. Additive manufacturing of non-weldable Ni-based alloy MAR-m247 by fused filament fabrication  

 
 

The fabrication of highly filled filaments with 94 wt.% of metal is described. The effects of process 
parameters, debinding and sintering on the tensile strength and fatigue behavior at room and high 
temperatures are discussed. The microstructure of the sintered specimens after post-heat treatment 
was investigated by electron microscopy. The porosity in the sintered specimens is less than 2%, while 
the total shrinkage is about 14 %.   
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While extensive attention has been given to evaluating the additive manufacturing (AM) of Inconel 
alloys 718 and 625 [1], the energy and transport segments' interest in AM-superalloys restricts itself not 
only to these materials, since e.g. more than one polycrystalline alloy composes a turbine engine. There 
is also scientific value in researching the behaviour of alloys with different reinforcement phases, thus, 
with the intention of expanding our understanding of additively manufacturing superalloys, the 
influence of laser-AM in the processing of a polycrystalline γ'-reinforced nickel superalloy, Inconel X-
750, is described. We report the effect of laser power and scan speed in the crystallography and 
microstructure of samples produced by Powder Bed Fusion of Metals using a Laser Beam (PBF-LB/M). A 
description of this material parameterization is novel. 
 

 
Figure 1. a) Microstructure overview of Inconel X-750 b) Effect of build direction and heat treatment in compressive creep 
behaviour (800°C, 280 MPa). 

 
Findings were made regarding the phases precipitated during heat treatment, while the relation of the 
process parameters to the amount of geometric necessary dislocations, grain size, and crystal 
anisotropy is also described. Extensive electron backscatter diffraction (EBSD) and X-ray diffractometry 
analysis were performed for such. Information about the heat-treated material's texture is also provided 
by Synchrotron crystallography. As the presence of an unexpected intermetallic phase, the η-Phase, was 
detected after standard AMS 5668 heat treatment, in a likely manner to a previous publication [2], a 
new heat treatment which hinders this phase's precipitation was devised. Lastly, initial compressive 
creep results will be presented by comparing the effects of samples in two build orientations and under 
two heat treatment conditions. 
 
With this, the project currently being performed around this alloy will be presented, hopefully granting 
insight into γ'-reinforced polycrystalline AM-alloys and resulting in fruitful exchange among the 
Symposium's attendees. 
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In times of fluctuating supply security and climate protection, materials are increasingly gaining a second 
life. This requires energy and wear-intensive recycling processes. Resource-efficient and high-quality 
processing of waste demands materials that are durable despite extreme conditions. In most cases, this 
is accompanied by more challenging machinability, hence the more wear-intensive variant is commonly 
chosen. In addition to the high material waste, this also leads to increased labor costs for the 
replacement of wear parts and thus to system downtimes.  
Additive manufacturing makes it possible to design such components close to their final contour and 
adapted to their function. Powder Bed Fusion by Electron Beam (PBF-EB) also allows materials to be 
used that were previously difficult to process. These include steels containing hard particles. As such 
powders can only be atomized to a limited or even no extent, this makes it difficult to establish a suitable 
process window. 
The study was conducted to produce powder mixtures of the material FeCr10V and the hard material 
TiC and to investigate the effects on processability in the PBF-EB process in more detail. For this purpose, 
parameters such as the power, the beam speed, the line spacing or the scanning strategy were varied 
and evaluated on metallographic sections. In addition to the investigation of porosity, microstructure 
and composition using light and scanning electron microscopy, final measurements of hardness and 
wear resistance were carried out. 
 

 
Figure 1. PBF-EB of powder mixtures of prealloyed FeCr10V and TiC powders (left) leading to a homogeneously distributed 

hard phase strengthened composite (right) 
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Modern additive manufacturing (AM) processes, in particular selective laser melting (SLM), are used to 
manufacture 3-dimensional, lightweight metallic components. The ability of SLM has been successfully 
exhibited in the manufacturing of topology optimized complex components made from various 
materials, utilizing an infrared laser with a wavelength of approximately 1070 nm. Nevertheless, the 
manufacturing of components using highly reflective materials, such as pure copper and copper alloys, 
presents challenges due to their significant reflectivity at this wavelength [1][2]. 

 
Figure 1. (a) Solid cubes and gyroid structures of Cu-ETP in SLM process chamber (b) Microscopic image from the cross section 
(c) Heat exchanger for high-performance electronics, designed with a gyroid structure, made of Cu-ETP and built on substrate 
of copper alloy 

 

The main objective of this study is to address the difficulties related to the production of highly dense 
parts utilizing pure Cu-ETP powder. In order to achieve this goal, the SLM machine was modified by 
replacing the regular infrared laser with a laser operating in the range of 530 to 534 nm. Following this 
modification, a detailed experiment was conducted to determine the most effective procedural 
parameters for producing solid components and gyroid structures of Cu-ETP. The study determined that 
in order to produce a part density of 99.6 ± 0.2%, the following parameters are required: a laser power 
of 130 ± 10 W, a scanning speed of 350 mm/s, and a layer thickness of 25 µm. The microscopic anlaysis 
on the SLM-manufactured components showed a consistent grain structure across the build parts. 
Furthermore, it was discovered that exceeding the predetermined laser power and scanning speed 
parameters led to lower density of the parts. Conversely, decreasing the laser power and scanning speed 
below these thresholds was determined to be economically disadvantageous.  
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In space applications, low density materials and high stiffness are required to reduce the vehicle weight 
and therefore increase the payload. For this reason, magnesium alloys are of interest, their low density 
would be beneficial to substitute aluminium in many aerospace structure applications, depending on 
the exact stiffness and load-bearing requirements. However, only few magnesium alloys are certified, 
hardly available as wrought alloys, and they are more challenging in processing than aluminium alloys. 
 
Plasma Metal Deposition (PMD) is an advanced emerging additive manufacturing technique that 
belongs to the Direct Energy Deposition manufacturing group, using a plasma arc as energy source for 
melting powder or wire feedstock materials with high deposition rates [1,2]. The application of PMD 
manufactured Mg-alloys components in space hardware is beneficial as it allows implementing integral, 
complex and large designed structures.  
 
In this study, the manufacturing and processing of AZ91 wires into a near net shape component using 
PMD is presented with the aim of producing a large scale, complex technological demonstrator. 
 
Thin-wall structures were fabricated with small-batch wire feedstock AZ91, tensile test samples and test 
coupons were extracted to evaluate mechanical properties and microstructure of the as deposited and 
heat-treated material. Furthermore, to be qualified for space applications, stress corrosion cracking 
experiments are done on test coupons and thermal cycling behaviour of the AZ91 manufactured 
component is studied. 
 

 
 
Figure 1. Magnesium alloy AZ91 demonstrator deposited via Plasma Metal Deposition (PMD).  
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With the need to save energy and minimize carbon emissions, additive manufacturing (AM) [1], 
especially selective laser melting (SLM) [2,3], is becoming increasingly important in manufacturing. 
Advances in AM over the last decade have seen it evolve from a prototyping technology to the point 
where it is transforming the way products are designed, developed and manufactured, and with 
improved properties and performance [4]. In this work the varied parameters were laser scanning speed 
(500–1700 mm/s) and the laser power (250–370 W). We analyze and discuss how these two parameters 
affect the surface topography, roughness, porosity, microstructure and hardness, as well as their 
anisotropy for the top and side surfaces in during selective laser melting (SLM) using a single AM 
machine and printing strategy. 
 

 
 
Figure 1. Surface porosity of top printed polished specimens with AM processing parameters. 

 
With a high laser power and a slow scanning speed, top surfaces become flatter. An increase in the 
scanning speed, scanned paths become more distinguished with increased height and with less power, 
the balling effect becomes predominant, causing waviness and larger gaps in between scanning lines. 
Side surfaces are mostly comprise made up of adhered powder particles, caused by thermal conductivity 
or laser dispersion and are more predominant at lower energy densities. The surface porosity of the 
printed specimens show circular gas pores formed in the region at higher energy densities, which have 
circular shape. On the other hand, a lack of fusion pores, with irregular shapes, filled with powder 
particles, are present at lower energy density. The heat-affected zones in microstructure at the 
boundaries are comprised of three regions, where the area is increasing with energy density. With a 
decrease in the energy density the cellular dendritic microstructure is becoming smaller. On side 
surfaces the dendrites have columnar geometries instead of cellular. 
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Nitinol, a binary alloy of Ni and Ti, is the most widely used shape memory alloy (SMA). It is used in 
medical technology as well as engineering applications such as thermally triggered micro-actuators. The 
shape memory effect relies on a reversible, stress- or thermally induced transformation from austenite 
to martensite. SMAs are typically produced as sheets or wires with a pronounced texture resulting from 
the manufacturing process. The texture strongly influences the deformation behavior, the mechanical 
properties, and the extent of the shape memory effect [1,2]. 
Electron beam powder bed fusion (PBF-EB) is a promising alternative to the established thermo-
mechanical processing methods as it allows near-net-shape production with minimal impurity pick-up. 
However, the build process induces directional solidification, evaporation, and internal stresses, all of 
which may affect the functional properties [3,4]. In this study, we investigate the effects of the beam 
power on the microstructure and the mechanical properties, as well as the influence of the build 
orientation on superelasticity and the shape memory effect of Ti-rich Nitinol. The material is processed 
on a freely programmable Freemelt One PBF-EB machine. 
First, a processing window is rapidly established using only in situ electron optical imaging (ELO [5]) of 
the build surfaces. The effect of the heat input is examined by systematically varying the area energy. 
Increasing energy input causes the formation of Ti2Ni precipitates due to the evaporation of Ni. These 
precipitates increase the stiffness and reduce the ductility. 
Samples built standing (0°, cf. Fig. 1), flat (90°), and at 45° orientation were tested under tension and 
cyclic compression using a Gleeble 3500. The load direction relative to the build direction markedly 
influenced the mechanical strength. Furthermore, the percentage of recoverable strain under cyclic 
load was similarly affected, ranging from about 50 % for 45° relative orientation to 95 % for loading 
parallel to the build direction. Therefore, the strength of the shape memory effect shows a pronounced 
dependence on the texture. In the future, controlling the texture may enable the design of components 
with locally tailored shape memory properties. 
 

 
 
Figure 1. a) PBF-EB build setup. b) Superelastic compression cycling of a specimen loaded parallel (0°) to the build direction. 
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Direct energy deposition additive manufacturing technologies that utilize an electric arc have great 
potential for generating large volume metal components. However, selecting process parameters that 
yield the desired near net shape design and requested mechanical component behavior is not a trivial 
task due to the complex relationship between all process parameters and material characteristics (Fig. 
1). This presentation exemplifies the application of a newly developed solid welding wire doped with 
TiB to enhance grain refinement in the deposited metal for additive manufacturing based on DED-Arc 
of high-strength precipitation hardening AlMgSi-aluminum alloys. It is worth noting that the solid wire 
is the result of our preliminary metallurgical studies on grain refinement in aluminum weld metal [1].  
Consequently,  research focuses on the correlation between process parameters and component quality 
to understand the underlying mechanisms. This is crucial for evaluating a robust process parameter 
space that yields component quality in line with corresponding standards which are mainly taken from 
welding technology. 
Specifically, we examine component quality by analyzing pore size and distribution, as well as grain 
morphology. To enhance the mechanical properties of the deposited metal, a post-weld heat treatment 
was conducted, comprising of solution treatment, quenching, and artificial aging. The study also 
evaluates the effects of various heat treatment strategies on the final mechanical properties of the 
material.   
To demonstrate the applicability of 3D metal printing of high-strength aluminium alloys, a more complex 
demonstrator was created. It has been shown that DED-Arc can produce high-volume aluminium parts 
with the same quality as the corresponding subtractive processing strategy. 
Additionally, the entire additive manufacturing chain has been digitally integrated, enabling traceability 
of all relevant process steps, which is essential for reliable subsequent quality assessment. 
 

 
 
Figure 1. Additive manufacturing chain at BAM to print large volume metals parts utilizing DED-Arc processes. 
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Additive manufacturing processes such as direct energy deposition-arc (DED-Arc) or Wire Arc Additive 
Manufacturing (WAAM) enable the efficient production of weight-optimized near-net-shape 
components in modern steel constructions [1,2]. Further increased efficiency can be achieved by using 
high-strength steels, which leads to significant cost, time, and resource savings. While commercial filler 
metals for arc welding processes are available, their industrial application is hindered by a lack of 
guidelines and quantitative knowledge of the welding stresses during production and operation limit 
their industrial application. In a joint project of BAM and Chemnitz University of Technology, the main 
influences and complex interactions of material, production process, design and processing steps on 
the residual stress level are investigated. The aim is to develop processing recommendations and a cold 
cracking test for economical processing and stress-related design of high-strength steels with DED-arc.  

 
Figure 1. Residual stress analysis using neutron diffraction, a) residual stress map in x-direction (welding direction), b) residual 
stress map in z-direction (build-up direction) 

The project focused on hardness and microstructure analysis as well as residual stress analysis using X-
ray diffraction on the surface and neutron diffraction in the bulk. Reference specimens (open hollow 
cuboids) were fully automatic manufactured using a robot welding system. Systematic variation of the 
heat control and design was used to analyze the influences on heat input and interpass temperature, as 
well as geometric influences such as component length, height, and wall thickness. Figure 1 shows that 
the residual stresses in the WAAM specimens within the project are predominantly one-dimensional in 
welding direction (cf. [3]). Furthermore, the results reveal that the residual stresses are significantly 
influenced by the heat input. Low heat input and high cooling rates lead to high average residual 
stresses. The analysis of the variation of the component design indicates that the component height, in 
contrast to component length and wall thickness, significantly influences the level of residual stresses. 
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The use of components manufactured by laser powder bed fusion (PBF-LB/M) and subjected to fatigue 
loading is still hampered by the uncertainty about the homogeneity of the process results [1, 2]. 
Numerous influencing factors including the component’s geometry contribute to the risk of process 
instability and resulting inhomogeneity of properties. This drastically limits the comparability of different 
built parts and requires expensive full component testing [3, 4]. The thermal history as the 
spatiotemporal temperature distribution has been identified as a major cause for flaw formation [5]. 
Therefore, it can be hypothesized that a similar thermal history between components and test 
specimens enhances their comparability. Following this assumption, a strategy is developed to transfer 
the intrinsic preheating temperature as a measure of comparability of thermal histories from a region 
of interest of a complex component to a simple test specimen. This transfer concept has been 
successfully proved by the use of FEM-based macroscale thermal simulations, validated by calibrated 
infrared thermography. An adoption of the specimen manufacturing process by the adjustment of the 
inter layer times was established to manufacture specimens which are representatives of a specific 
region of a large-scale component in terms of the thermal history similarity criterion. The concept is 
schematically illustrated in Figure 1 and was demonstrated using a pressure vessel geometry from the 
chemical industry. 
  
 

 
 
Figure 1. Schematic illustration of the concept of thermal history transfer from a demonstrator to a representative specimen. 
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Abstract 
 
Thermo-optical measurement devices have been developed at the Fraunhofer ISC during the last 20 years - recently also with atmospheric control 
(TOM-AC). This technique will be used to test and inspect additive manufactured PM-parts during the whole temperature cycle inside the furnace to 
evaluate full functionality. This method allows to follow changes of sample shape (up to 50mm in diameter) with an accuracy of nearly 0.3 micron by 
contact-less measurement.  Due to the purely optical detection samples of any shape can be monitored inside the furnace. A sophisticated algorithm 
detects the contour of samples - and thus dimensional changes. Possible applications include simply measuring the shrinkage or shape distortions. By a 
computer-controlled program we realized full atmospheric control, i.e. changing the gas atmosphere inside the furnace (inert gas at different pressures, 
forming gas or vacuum) during the sintering process. 
Main focus according additive manufactured PM-parts lies on quality and quality control during production process, and on characterization of behavior 
under thermal or other stress application. Thermo-Optical Measurement technique offers a wide range of contactless, optical detection of complex 
shaped PM-parts with very high resolution. Additional modules as load-, balance- or gas-analysis - module are appliable to the TOM system to detect 
in-situ creep, crack or degasing character of the parts during heat treatment. This data is highly needed for the optimization of production process and 
only available with innovative TOM-Technique. 
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Producing near-net-shape components with Wire Arc Additive Manufacturing (WAAM) is a challenging 
task. Compared to laser-based additive manufacturing technologies, WAAM is characterized by a lower 
contour accuracy with higher surface roughness and more uneven surface profiles.  Therefore, the 
WAAM requires a high degree of post-processing (machining) which reduces economic efficiency and 
increases material consumption. Therefore, topics such as process optimization with regard to the 
component contour are increasingly in the focus of research. This study presents the application of an 
extended shielding gas coverage in the WAAM process of steel to improve part contour accuracy.  
 

 
 
Figure 1. Measured surface profile (25x25 mm, digital microscope,100x magnification): (left) with standard and (right) with 
extended shielding gas coverage 

 
A specially adapted shielding gas coverage was manufactured with laser powder bed fusion and 
following used to study the influence on the resulting component contour and properties in comparison 
to standard shielding gas nozzles. The investigations include the analysis of temperature profiles, shape 
deviations, hardness and porosity in the component. In addition, process parameters such as gas flow 
rate and nozzle geometry were varied in order to evaluate their influence on the accuracy of the 
component contour. The extended shielding gas coverage reduces the average deviation from the 
target contour significantly by a degree of 49,44%. In addition, the maximum of the occurring deviation 
height could be decreased by 42,39%. The results show an improvement in the dimensional accuracy of 
the contour and the surface quality, resulting in higher reproducibility and less post-processing effort. 
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Many studies have been conducted to evaluate the mechanical properties of laminations by wire arc 
additive manufacturing (WAAM), However, these studies do not guarantee that the moldability of 
laminations during industrial applications is taken into account. Especially when fabricating complex 
shapes such as turbomachinery impeller blades, heat input from arc welding can cause defects in the 
lamination process, so it would be industrially useful to clarify the mechanical properties under 
conditions where formability is guaranteed. Therefore, in this study, the mechanical properties of 
WAAM laminations were evaluated under conditions in which axial-flow impellers can be fabricated by 
WAAM and machining. In particular, since WAAM can improve the fabrication process of difficult-to-
machine materials, Inconel 718, a typical difficult-to-machine material, was targeted. 
 
First, an axial-flow impeller was fabricated using WAAM and machining. The shape of the axial-flow 
impeller was based on the fan type inducer developed in a previous study [1], and the blade shape was 
designed as a DAE airfoil shape to study complex shapes. In addition, for the purpose of upgrading the 
manufacturing of the impeller, a multi-material impeller was designed with Inconel 718 for the blade 
and SUS304 for the hub. The blade shape was fabricated using WAAM with Inconel 718 equivalent 
welding wire, on a JIS SUS304 round bar as the base material. WAAM conditions are, current: 196 A, 
voltage: 17 V, wire feed: 9 m/min, torch feed: 600 mm/min. Then, the blades were finished to their final 
shape by machining. Next, the axial-flow impeller fabricated on an industrial centrifugal pump was 
installed as an inducer to measure pump performance and confirmed to function soundly. 
 
To evaluate mechanical propertiy, a wall was fabricated using WAAM under the same conditions as 
those used in the fabrication of the blades. After cutting the specimen shape from the wall, the 
specimen was finished to ISO6892-2 Annex B1. The direction of cutout from the wall is perpendicular to 
the lamination direction. The stress-strain diagrams obtained from the tensile tests are shown in Fig. 1. 
Tensile strength: 786 MPa, 0.2% proof strength: 541 MPa and elongation: 35% were obtained as the 
average values from 3 tests. Compared to the results of butt-welded joints of Inconel 718 without heat 
treatment performed by Sonar et al. under room temperature conditions [2], the tensile strength was 
approx. 80 MPa lower, the 0.2% proof stress was similar and the elongation was approx. 7 points 
higher.This difference can be attributed to the different welding / WAAM conditions. 
 

 
 
Figure 1. Tensile test results of Inconel 718 specimen fabricated by WAAM  
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Quenched and tempered (Q&T) steels are known for relatively high strength, hardness and wear 
resistance combined with a comparatively good toughness. One of the most used Q&T steels is the low-
alloyed structural steel grade 42CrMo4 (AISI 4140), as it offers a wide range of applications, representing 
one of the most universal grades for the Q&T heat treatment. In this context, near-net shape additive 
manufacturing (AM) processes represent promising candidates to overcome prevailing limitations, e.g. 
for small series, as these processes enable a considerable reduction in costs, as subsequent machining 
steps can be significantly reduced. For processing of metallic materials, the focus is particularly on 
powder bed-based AM processes such as laser-based powder bed fusion of metals (PBF-LB/M) and 
electron beam-based powder bed fusion of metals (PBF-EB/M). However, with respect to manufacturing 
of the low-alloyed Q&T steel 42CrMo4 by powder bed-based AM techniques, studies employing the 
PBF-EB/M process are still limited. The present study, thus, focuses on assessing the structural integrity 
of Q&T steels manufactured via PBF-EB/M technique. 
 

 
Figure 1: Inverse pole figure maps of PBF-EB/M Q&T steel 42CrMo4 (AISI 4140) manufactured with different parameter sets: 
a) v = 4000 mm/s, h = 0.05 mm, E = 60 J/mm³, b) v = 5000 mm/s, h = 0.05 mm, E = 48 J/mm³, c) v = 1000 mm/s, h = 0.20 mm, 
E = 60 J/mm³ and d) v = 2000 mm/s, h = 0.20 mm, E = 30 J/mm³. All specimens were manufactured with a beam current of 
10 mA. 

Near-fully dense components were fabricated by optimizing key process parameters, such as beam 
current, scanning speed (v) and hatch distance (h), aiming on an enhanced microstructure and 
mechanical properties. For mechanical characterization, hardness and quasi-static mechanical 
properties in both, as-built and heat-treated conditions, were assessed in order to examine the effects 
of post-processing routes. In direct comparisons with conventionally manufactured 42CrMo4 steel, the 
PBF-EB/M material revealed that tailored properties can be achieved. This work demonstrates the 
potential of PBF-EB/M to produce high-strength, wear-resistant steel components with the added 
benefits of design flexibility and reduced efforts in post-processing, making 42CrMo4 suitable for 
demanding engineering applications. 
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Enhancing the fatigue strength of AM materials via mechanical surface treatment 

Additive manufacturing (AM) processes, such as powder-based or sintering methods, offer a 

high degree of flexibility to produce parts with complex geometries, even for structural 

applications that typically require a high strength of the components. However, the poor 

surface quality of as-built parts results in a low fatigue strength compared to conventionally 

manufactured components. Thus, the use cases for metallic AM components in safety 

relevant applications such as aviation and transport are currently limited. Reasons for the 

poor fatigue strength are the high surface roughness and defects such as pores and lack-of-

fusion (LOF) near the surface layer. These notch-like features act as crack initiators. To 

improve the fatigue strength of the surface layer, mechanical surface treatment (MST) 

methods offer great potential, e.g. shot peening or deep rolling are widely used for post-

treatment of conventionally manufactured components. However, relatively few studies exist 

for AM materials. In the ongoing IGF project 22833N “AM Oberfläche”, MST methods such 

as shot peening and deep rolling are investigated to improve the properties of additively 

manufactured AlSi10Mg and 316L parts. In addition to experimental investigations to 

characterize the surface layer and the fatigue strength of different material states, the MST 

process is modelled via finite-element-based process simulation. A strain-rate dependent 

cyclic plasticity model with kinematic hardening is applied to account for the material 

behavior during the shot peening and deep rolling processes. As a perspective within the 

project, the developed methodology will also be applied to demonstrator components, 

considering the MST in a dimensioning scheme similar to the FKM guidelines widely used in 

the industry. 

 

 

 

 

 

Fig. 1: Reduction of the near-surface porosity by deep rolling of additively manufactured 

AlSi10Mg samples 
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Fig. 2: Simulation of the shot peening process and plasticity model with kinematic hardening 

for AlSi10Mg material 
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The increasing demands placed on components in the industrial environment, such as tool and mould 
making, require the use of high-strength steels. Maraging steels have very good machinability in the 
solution-annealed condition and achieve maximum strength combined with high toughness through 
suitable heat treatment. The combination with a good weldability makes these steels suitable for 
additive manufacturing and the maraging steel 1.2709 is widely used in laser powder-bed fabrication 
(LPBF). Laser metal deposition (LMD) is another laser-based process with increasing importance for 
tools and moulds. This process can be used for manufacturing of large-volume components and 
moulds repair.  
The aim of the present study is the investigation of the mechanical properties of LMD-built samples 
made of the powder material PLASWeld Ferro702 (Ferro702) [1] and the comparison to the properties 
of commercially available material 1.2709. The chemical compositions of both materials are very 
similar. The mechanical properties are characterised by means of tensile and hardness tests in 
combination with the microstructure analysis. The shape of the micro tensile specimens used in this 
study [2] is more suitable for additive processes as it requires much smaller build-up volume. The 
influence of the specimen size on the measured values is initially evaluated by comparing the testing 
results obtained for the conventionally produced material 1.2709 with the standard specimen shape 
C6 [3] and the corresponding micro tensile specimens [2]. (Figure 1a) The final mechanical 
characterisation for different heat treatments is then carried out using micro tensile tests of 1.2709 
and the additively manufactured Ferro702. (Figure 1b) 
 

 
Figure 1. Comparison of the mechanical properties during the heat treatments carried out between a) the two sample forms 
from 1.2709 and b) the build-up direction from Ferro702 
 
For the "as built" and heat-treated conditions (6 hours at 490 °C) the influence of the build-up 
orientation (0° and 90°) is also analysed. For the conventional material the heat treatment conditions 
(solution annealing at 850 °C with quenching; 6 hours at 490 °C) have been applied. The results show 
that the respective tendencies of the measured mechanical properties after heat treatment of 1.2709 
and Ferro702 are similar. However, the achievable mechanical properties of the Ferro702 with the 
same heat treatment conditions are lower, so that further optimisation of the post treatment 
parameters for the LMD processed material is required. 
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Our study aimed to describe microstructural changes associated with the processing of AISI316L 
powdered austenitic steel by direct energy deposition (DED) in combination with annealing (A), and hot 
isostatic pressing (HIP).   A thick wall plate was prepared by direct energy deposition technology in 
dimensions of 250x250x35 mm. Annealing of the plate was done at 1090 °C with a holding time of 1 
hour in vacuum furnace. HIP was done at 1100 °C, holding time 2 hours, and pressure 100 MPa. 
Metallography analysis was done by light optical microscopy and scanning electron microscopy in 
different locations of the plate and extracted samples.  Metallography analysis aimed to determine 
changes in the presence of porosity, inclusions, grain morphologies, chemical homogeneity, and 
hardness associated with sample heat treatment.  Our results show that during the printing of thick wall 
parts porosity could arise in some regions of the part. A lack of fusion and keyholing [1] type of pores 
was found in the high of 1/3 of the plate in the Z direction. The Pore's surface was covered with oxide 
envelopes, see Fig. 1. Annealing of the samples did not affect the presence of porosity. HIP treatment 
led to the closing of porosity. Their complete closure was then prevented by oxide films on the surface 
of the pores. The porosity of the plate was about 0.3±0.2 % in the annealed state and about 0.06±0.03 
% for HIP-treated samples. The grain shape after the annealing and HIP treatment consisted of polygonal 
austenitic grains with a random orientation spread in almost all cases and with similar grain sizes in 
different parts of the evaluated thick plate. The difference in grain size for annealed and HIP-treated 
samples was not observed. Hardness was about 167±8HV1 for annealed samples and 157±5HV1 for HIP-
treated samples.  Our results then show that HIP technology is necessary in the case of the application 
of additively manufactured parts for thick parts used in the energy sector. Its application led to the 
closing of internal pores and increasing the homogeneity of printed parts. That could lead to an increase 
in fatigue life, stress corrosion cracking resistance, and creep resistance of thick parts. Our next research 
will focus on  experiments with additively prepared ferrous and nonferrous materials that are in use or 
are in development for new types of power plants. 
 

 
 
Figure 1. (a) Pore interface covered with oxide film; (b) Comparison of maximum pore sizes; (c) Comparison of pores fraction; 
(d) Comparison of hardness value 
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Scalmalloy and Scancromal are among new alloys which have been specifically designed for additive 
manufacturing processes such as Powder Bed Fusion using Laser Beam (PBF-LB). The precipitation of 
nanoscale Sc-rich particles plays a significant role in the microstructure and mechanical properties of 
these alloys. Precipitation hardening can potentially contribute to the final material strength during the 
built-up process, which is referred to as intrinsic heat treatment (IHT), as well during the post-heat 
treatment (PHT).  
 
In this work, we develop a precipitation model based on classical nucleation and growth theories 
(CNGTs) [1] and adapt it to both alloys. For Scalmalloy, homogeneous precipitation of small and 
coherent Al3Sc phases is modeled. For Scancromal, a multi-component multi-phase approach is 
employed to account for mutual precipitates of types Al3Sc and Al7Cr. The model is coupled with 
arbitrary temperature-time data corresponding to either IHT or PHT. Temperature history during the 
PBF-LB process is predicted using a multi-scale thermal simulation.  Different temperature profiles for 
various PBF-LB conditions are analysed to evaluate the impact of IHT to the precipitates number density, 
volume fraction and average size, as well as the resulting strength of the as-built parts. Experimental 
data from our own work as well as literature sources such [2–4] are used for validation of the model. 
The results including particle size distribution and strength are compared with common PHT conditions 
for the two alloys. Accordingly, IHT can be as effective as PHT, given that the inter-layer temperature 
sufficiently supports the nucleation and growth of particles. This can be attained primarily through 
active platform heating, short inter-layer times, and high energy density.  
 

 
Figure 1. (a) Examples of Al3Sc precipitate size distribution for Scalmalloy, and (b) volume fraction and number density of 
Al7Cr precipitates by heat treatment of Scancromal. 
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Extended abstract. The analysed samples made of high-alloy, austenitic X2CrMnNi16-7-4.5 [1,2] steel 
were produced using electron beam powder bed technology (PBF-EB/M). The surface quality of all 
additively manufactured parts is very poor by nature. Therefore, a post-processing step is required to 
improve their surface integrity. Although a variety of post-processing technologies exist, not all are 
suitable for additively manufactured parts as they are geometrically limited or too labour- and/or time-
intensive. For this reason, this study focuses on two polishing techniques that are particularly suitable 
and efficient for treating such parts. These are particle blasting (PB) and plasma electrolytic polishing 
(PEP) [3,4]. The analysed samples were treated either with the two-step PEP process or with the 
combination of PB and PEP. The surface roughness of the samples was measured before and after the 
treatment using the MahrSurf confocal microscope. The material removal rate, MRR, was also 
determined. The final surface quality depends very strongly on the initial surface roughness, therefore 
the PBF-EB/M parameters were also optimised to improve the surface quality of the samples in as-build 
condition. The surface roughness of the investigated non-optimised and optimised samples in the as-
built condition varied between Sq = 50.8 μm and Sv = 243.0 μm and Sq = 40.0 μm and Sv = 167.3 μm. 
While the PBF-E/M parameter optimisation effect on the surface roughness parameter Sq is not 
significant, it resulted in smaller and fewer defects in subsurface region of the samples was well as lower 
absolute height of the highest pit Sv. In addition, a lower final surface roughness was achieved in the 
samples with optimised PBF-EB/M parameters compared to the non-optimised samples. The analysed 
samples were treated with PB for a total of 15 min and finally with PEP for 30 min. The process 
parameters were 9000 RPM, 7000 RPM and 4000 RPM for 5 min each for PB and DC voltage at U = 330 V 
and/or U = 300 V and an electrolyte temperature of 75 °C for PEP. The resulting surface roughness was 
Sq = 15.7 μm and Sv = 188.8 μm and Sq = 37.8 μm and Sv = 137.8 μm for the samples with non-
optimised and optimised PBF-EB/M parameters, respectively. The greatest reduction in surface 
roughness was achieved for the sample with non-optimised PBF-EB/M parameters, which was polished 
using the two-step PEP process. However, the total duration of the treatment was 60 min, while the 
sample with the optimised PBF-E/M parameters was PEP-treated for only 30 min. The final surface 
roughness of the sample with non-optimised PBF-E/M parameters that was polished using a 
combination of PB and PEP was Sq = 21.0 μm and Sv = 248.5 μm. 
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Electron beam melted (EBM) 718 superalloys have earned significant attention from the industrial and 
academic domains. The attention is primarily owing to the high performance of AM-built critical parts 
suitable for advanced industrial systems exposed to high thermal or chemical load in combination with 
mechanical demands by virtue of the design freedom, and with reduced material wastage. However, 
the very nature of EBM processing can potentially result in surface flaws that can ultimately affect the 
fatigue life of EBM-built parts [1] and their subsequent functionalization. As a result, the imperfections 
and extreme roughness on the surface of such parts demand the investigation of potential approaches 
that can be applied to enhance surface attributes and, thereby, functional performance [2].  
The present work entails a comprehensive assessment of the near-surface characteristics of EBM Alloy 
718 in its original state by using various microscopic techniques and porosity evaluation methods. 
Further, the as-built surfaces are subjected to three different surface pre-treatment methods, which 
are grit blasting (GB), electrochemical pickling (PCK), and laser surface texturing (LST). All surfaces were 
evaluated for their topographical features (2D and 3D) and morphology. In addition, the effect of 
different surface pre-treatments on the variation of structural defects, pores and surface roughness is 
contrasted and evaluated in comparison with the as-built state.      
 

   
 

 

Figure 1. 3D digital surface topography of EBM Alloy 718 (a) surface as built (SAB), (b) grit blasted (GB), (c) electrochemical 
pickled (PCK), (d) laser surface textured (LST) 

  
Results show variations in the surface characteristics of the as-built condition obtained from various 
regions of an EBM-built rod structure, particularly with regard to lack of fusion, open and closed porosity 
in the near-surface region, as well as topographical surface features. Further, it is observed that LST and 
GB pre-treatments improved the surface quality of the as-built condition by eliminating near-surface 
imperfections. In contrast, the PCK state does not significantly reduce the average roughness, Ra of the 
as-built specimens. PCK process etched only a minimal amount of material from the surface of the EBM 
built substrate. This information provided a comprehensive insight into the effectiveness of various pre-
treatments for enhancing the surface functionalities in EBM Alloy 718 and laid a foundation for deciding 
on pre-coating surface treatments for EBM-built parts. 
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Laser Powder Bed Fusion (PBF-LB/M) of AISI 316L stainless steel has gained popularity due to its 
exceptional capacity to produce complex geometries and hierarchical microstructures, which can 
increase the yield strength while maintaining good ductility [1].  Nevertheless, owing to high thermal 
gradients encountered during the process, the as printed 316L stainless steel often exhibit 
microstructural heterogeneities and residual stresses, which can limit its performance in demanding 
environments [2]. Hence, employing heat treatments which balance the reduction of residual stresses 
while retaining improved static strength may be beneficial in various scenarios and applications [3,4]. 
This study investigates the impact of post-processing heat treatments on the microstructure of 316L 
stainless steel manufactured via PBF-LB/M, along with its correlation with micro-hardness properties. 
To this end, 6 different heat treatments, i.e., 450 °C for 4h, 700 °C for 1h, 700 °C for 3h, 800 °C for 1h, 
800 °C for 3h, and 900 °C for 1h, were applied to different specimens and Vickers hardness 
measurements (HV1) were performed in all states.  
 

 
Figure 1. SEM micrographs after etching of the heat treated 316L stainless steel manufactured by Laser Powder Bed Fusion 
(PBF-LB/M/316L) at (a) 450 °C for 4 h, (b) 700 °C for 1 h, (c) 700 °C for 3 h (d) 800 °C for 1 h, (e) 800 °C for 3 h, and (f) 900 °C 
for 1 h, showing the evolution of the cellular structure at different heat treatments.  
 

Figure 1 shows representative SEM micrographs of the heat-treated samples, highlighting the primary 
impact of the applied heat treatments, particularly on the cellular subgrain structure visible due to local 
chemical segregation. At 800 °C, although the cellular structure appears to be retained, there is an 
observable increase in cellular size. However, while treatments exceeding 900 °C indicate no significant 
grain growth compared to other conditions, the cellular structure is entirely dissolved (Figure 1f), which 
leads to a reduced Vickers hardness. The effect of the heat treatments on other microstructural features 
such as grain size and morphology, melt pool boundaries (MPB), crystallographic texture, chemical 
segregation, dispersoids and phase stability are also discussed in the present work. 
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Laser powder bed fusion (PBF-LB/M) tends to produce unique microstructures arising from rapid, 
directional cooling. These microstructures impact the damage mechanisms of PBF-LB/M-components 
differently compared to conventionally manufactured variants of the same alloy. In particular, we 
present results of a study of the evolution of creep damage in stainless steel 316L specimens produced 
by PBF-LB/M. We used X-ray computed tomography to unravel the influence of the process-specific 
microstructure from the contribution of the initial void distribution on creep damage mechanisms. 
Therefore the void distribution of specimens tested at 600 °C and 650 °C was analyzed before the creep 
test, after an interruption, and after rupture. We conclude that the formation of damage is not 
connected to the initial void distribution. Instead, an accumulation of damage at grain boundaries 
resulting from extensive intergranular cracking is observed. We compared this creep induced 
intergranular damage of PBF-LB/M/316L to hot rolled 316L. [1,2] 

 
Figure 1. Segmented XCT reconstruction of a broken creep specimen. Magnified damage is combined with microscopy 
images. [2] 
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The mechanical properties and the corrosion resistance of additively manufactured stainless steels are 
influenced by their alloy composition, processing and heat treatment. In the case of components that 
are manufactured using powder bed fusion, the initial state after 3D-printing is crucial in order to adjust 
the mechanical properties and corrosion resistance through the subsequent heat treatment. This ap-
plies in particular to the high-alloy, high-strength and corrosion-resistant maraging steel 1.4542 
(X5CrNiCuNb16-4), which is used in the aerospace industry. The alloy concept of this steel will be pre-
sented in the lecture, followed by the properties of 3D-printed components and the effect of further 
heat treatments. It is shown that a subsequent heat treatment can achieve tensile strengths of up to 
1.500 MPa and notch impact values of up to 50 J.  
 

 
Figure 1. SEM of the fracture surfaces of 1.4542 manufactured by powder bed fusion and examined with charpy impact tests  
a) in the as-printed state with 50 J and ductile fracture b) after aging at 480 °C for 1 h with 3 J and brittle fracture 

 
To analyse the structure-property-relationship, the fracture surfaces of the notched bar impact test and 
the corresponding microstructure are analysed by light and scanning electron microscopy. The pitting 
corrosion resistance is also determined using potentiodynamic polarization tests. All results are 
compared to classic austenitic stainless steels 1.4404 (316L) in order to fully reflect the property profile. 
The extensive results show that the maraging steel 1.4542 (X5CrNiCuNb16-4) is an excellent material 
for 3D printing by powder bed fusion and achieves outstanding properties by suitable heat treatment. 
The heat treatment allows to adept the material properties of the maraging steel 1.4542 
(X5CrNiCuNb16-4) to the specific requirements of different applications. 
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Additive manufacturing (AM) is an innovative technology that has revolutionised the manufacturing 
industry. It has opened up new possibilities for producing parts with unprecedented customisation, 
intricate designs, and advanced functionalities. One of the most notable techniques in AM is Laser 
Powder Bed Fusion (LPBF), which can manufacture metallic parts with complex geometries and refined 
microstructures. However, AM produces materials with unique microstructural characteristics and 
surface finishes, which are significantly different from those produced through conventional 
manufacturing methods. These variations, such as finer grain structures, porosity, and residual stresses, 
can significantly affect the material properties [1]. 
 
Applying surface plasma nitriding [2] can markedly enhance the wear and corrosion resistance of AM-
produced parts, in some cases making them superior to conventionally manufactured equivalents. This 
presentation will explore the corrosion characteristics and other mechanical and tribological properties 
of various metallic materials produced through AM, such as stainless steel, maraging steel, tool steel 
and nickel alloy, compared to their traditionally manufactured counterparts [3]. Additionally, the 
presentation will examine the effects of various heat treatments on nitride layer formation and present 
corrosion and wear testing results to underscore the significance of our findings. All the results will be 
linked to the microstructure itself and microstructure evolution during heat treatments and plasma 
nitriding in relation to specific AM microstructure features.  
 

 
 
Figure 1. ECCI images of AM stainless steel: a) LPBF produced, b) LPBF and solution-treated, and c) conventionally produced. 

 
The presentation will illustrate the connection between additive manufactured (AM) metals' unique 
microstructures and their properties, highlighting how surface plasma nitriding significantly boosts their 
corrosion and wear resistance. This discussion highlights the significance of AM-specific microstructures 
in enhancing material performance and demonstrates the effectiveness of surface treatments in 
improving the durability of AM metals. 
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Due to the advantages of Laser Powder Bed Fusion (PBF-LB), i.e., design freedom and the possibility to 
manufacture parts with filigree structures, and the considerable amount of knowledge available for 
316L in its conventional variant, the mechanical behavior, and related microstructure-property 
relationships of PBF-LB/316L are increasingly subject of research [1]. However, many aspects regarding 
the - application-relevant - mechanical behavior at high temperatures are not yet fully understood. 
Here, we present the results of an experimental study on the LCF behavior of PBF-LB/316L featuring a 
low defect population, which makes this study more microstructure-focused than most of the studies 
in the literature. The LCF tests were performed between room temperature (RT) and 600 °C. The 
mechanical response is characterized by strain-life curves, and hysteresis and cyclic deformation curves. 
The damage and deformation mechanisms are studied with X-ray computed tomography, and optical 
and electron microscopy. The PBF-LB/M/316L was heat treated at 450 °C for 4 h, and a hot‑rolled (HR) 
316L variant with a fully recrystallized equiaxed microstructure was tested as a reference. Besides, 
selected investigations were performed after a subsequent heat treatment at 900 °C for 1 h. 
 

a) 

 

 

b) 

 

d) 

 
c) 

 

e) 

 
Figure 1. Selected results. a) Cyclic deformation behavior of PBF-LB/M/316L, b)-d) representative fracture characteristics at 
selected test parameters, e) cut section showing secondary cracking (SC). TZ: Transition Zone, RF: Residual fracture, IR: 
Intercolumnar Region, MPB: Melt Pool Boundary, GB: Grain Boundary, SB: Slip Band. Images taken from [2]. 

 
The PBF-LB/316L exhibits higher cyclic stresses than HR/316L for most of the fatigue life, especially at 
room temperature. At the smallest strain amplitudes, the fatigue lives of PBF-LB/M/316L are markedly 
shorter than in HR/316L. The main damage mechanisms are multiple cracking at slip bands (RT) and 
intergranular cracking (600 °C). Neither the melt pool boundaries nor the gas porosity have a significant 
influence on the LCF damage mechanism. The cyclic stress-strain deformation behavior of PBF-
LB/M/316L features an initial hardening followed by a continuous softening. Depending on testing 
parameters and microstructure, crack initiation, and propagation can be inter- or transgranular. The 
additional heat treatment at 900 °C for 1 h led to decreased cyclic stresses, and a longer fatigue life. 
Overall, the solidification cellular structure seems to be the most relevant underlying microstructural 
feature determining the cyclic deformation behavior. 
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Process-inherent high cooling rates and intrinsic heat treatments of additive manufacturing 

techniques lead to unique microstructures with concomitantly tempting mechanical properties. 

However, these process-inherent properties also possess drawbacks such as the formation of pores 

being crucial for the applications of components under fatigue loading. In the present studies, non-

optimal feedstock material, i.e., spattered commercially pure iron powder particles, were employed in 

the laser-based powder bed fusion of metals. After production, the microstructure and defect 

distribution were analyzed via electron-backscattered diffraction and micro-computed tomography. 

The mechanical properties were tested under quasi-static loading and fatigued in the low cycle regime 

and compared to material manufactured utilizing optimal powder conditions. With respect to defect 

distribution and grain morphology, it was shown that the between the optimal and non-optimal 

process conditions only slight differences are prevailing, however, under quasi-static loading a 

different behavior was found. Most characteristically, the specimens built using the spherical powder 

exhibit a pronounced yield point and a higher strength as compared to the material built from the 

spattered powder. These differences can be rationalized by microstructural differences with respect to 

the chemical composition of the initial powders. Based on the analysis of fatigue life, it could be 

revealed that the specimens built using spattered powder are competitive to the ideal counterparts 

with respect to stress response and number of cycles to failure. Taking all results obtained into 

account, the utilization of spattered powders in additive manufacturing is thought to be robustly 

feasible such that spattered powders can be considered to be qualified for processing. [1] 

 

 
Figure 1. Secondary electron images of the spherical (a) and the spattered powder (b) considered in the study as well as the 
corresponding particle size distributions (c). Hollow dots correspond to the volume fraction, filled dots depict the cumulative 
fraction. [2] 
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The incorporation of nanoscaled particles into a ductile alloy matrix is commonly referred to as 
dispersion strengthening (DS). During laser powder bed fusion (LPBF), the accumulation of these 
nanoparticles along the interdendritic cell walls takes place and may result in superior mechanical 
performance in comparison to unmodified material. The reason for this is a suppression or obstruction 
of the dislocation movement, which significantly increases both, the ultimate tensile strength and the 
creep resistance. Feasibility of DS in the present NiCu-based Alloy 400 during LPBF was demonstrated 
for various modification routes already, e.g. based on (i) gas atomization reaction synthesis (GARS, 
Figure 1 left, [1]) and (ii) the addition of nanoparticles to the base alloy during the powder feedstock 
preparation process (Figure 1 right), respectively. The present work gives a broad overview of multiple 
DS modification processes for Alloy 400, not only highlighting promising ones, but also presenting the 
reason for drawbacks of unsuccessful processes. Nanoparticle incorporation into both powders and 
parts is characterized and evaluated. Ultimately, a determination of mechanical properties is carried 
out, leading to a decision on whether or not the particular modification route can be considered a 
potential candidate for DS enhancement of Alloy 400. 
 

 
Figure 1. DS modified LPBF parts, enriched with TiN (left) and Y2O3 (right) nanoparticles throughout the base alloy matrices. 
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Additive manufacturing of Al alloys is considered a promising manufacturing method for the critical 
automotive, aerospace, military components. Recently, many efforts have been made to manufacture 
Al-Si alloys using Laser Powder-Bed Fusion, due to benefits such as fabricating lightweight parts with 
complex geometries [1].  

To understand structure formation and mechanical properties, comprehensive micro- and 

nanoanalytical characterization of those material states is crucial due to the complex, highly 

inhomogeneous microstructure. Here, we aim at preparing quality specimens for microscopic 

investigation from a rod-shaped standardized specimens of Laser Powder-Bed fused AlSi3.5Mg2.5 (Fig. 

1a). In this study systematic parameter optimization was carried out to obtain high quality specimens 

by mechanical polishing (Fig. 1b,c), after etching (Fig. 1d), and after electropolishing (Fig. 1e) for 

microscopical analysis. This comprehensive approach allows for addressing the correlation between 

microstructure and hardness variations along the build direction (Fig.1f) and provides valuable insights 

to tailor the microstructure and mechanical properties of additively manufactured Al alloys. 

 

Figure 1. a) as-built rod-shaped specimen, b) pores present in the specimen, c) SEM image of specimen before etching d) SEM 
image of specimen after etching e) SEM image after electropolishing f) hardness map by nano-indentation along the build 
direction. 
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Additive Manufacturing (AM) holds great promise for producing complex components with tailored 
properties in the aerospace, automotive, and medical industries. However, the successful 
implementation of AM relies heavily on the availability of suitable materials with tailored properties to 
meet the demanding requirements of specific applications. In 2016 voestalpine BÖHLER Edelstahl GmbH 
& Co KG started its journey in the world of AM by installing its first AMPO powder production unit. Since 
then, intensive research focuses on the development and characterization of steels and superalloys for 
AM processes. Through a systematic approach combining alloy design, powder metallurgy, and 
advanced characterization techniques, the microstructure and mechanical properties of AM-produced 
parts will be optimized to enhance performance and reliability. Special emphasis will be placed on 
understanding the effects of alloy composition, process parameters, and post-processing treatments on 
the resulting microstructure and properties. The findings of this study will contribute to the 
advancement of materials science for AM, enabling the fabrication of high-performance components 
with enhanced structural integrity and mechanical properties. 
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Minimizing the buy-to-fly ratio of aircraft structural parts made from milled Ti-6Al-4V is an important 
step in reducing the environmental impact of the aerospace industry. One possible way to achieve this 
goal is through wire and arc additive manufacturing (WAAM), an additive manufacturing technique 
based on arc welding. It is a cost-effective process with a minimal lead-time and significantly reduces 
material waste through near-net-shape manufacturing. In previous investigations, we determined the 
most relevant WAAM-process parameters and developed an in-depth understanding on the process-
parameter-microstructure-properties correlation [1-3] with a focus on understanding the thermal 
management and its influence on the intrinsic heat treatment.  
 
Due to titanium’s low heat conduction, heat accumulates and further reduces the cooling rate. This 
leads to elongated β-grain growth and thus anisotropic properties. Additionally, titanium’s affinity to 
oxygen has to be taken into account during the manufacturing process to avoid α-case formation. In 
this work, samples with two different cooling rates achieved by using air curtains as well as three further 
samples produced with different residual oxygen content (see Figure 1) are investigated. The aim is to 
establish a correlation between process parameters, microstructure and mechanical properties. The 
samples were analyzed in terms of their microstructure and mechanical properties using Scanning 
Electron Microscopy, tensile and compression tests as well as nanoindentation. 

 
 
Figure 1. Variations in color of samples fabricated with different residual oxygen contents during the manufacturing process. 

 
Effects of the varying cooling rates as well as the impact of higher residual oxygen contents on the 
microstructure and mechanical properties were evaluated. These results highlight the importance of 
comprehensively understanding the impact of both thermal management and atmosphere on the 
production of Ti‑6Al‑4V components. 
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The precipitation of Al3(Sc,Zr) primary phase in aluminum alloys fabricated with Selective Laser Melting 
(SLM) can be influenced by various factors, including the alloy composition, processing parameters, and 
post-processing treatments. The Al3(Sc,Zr) phase is often desirable for its grain refinement (primary 
phase) and precipitation strengthening (secondary phase) effects. Primary Al3(Sc,Zr) in the melt act as 
potent nucleation sites for aluminium grains with warious morphology characteristics wich is dependent 
of cooling rate. However, the Al3(Sc,Zr) particles at the grain boundaries have similar sub-structures 
also.  [1,2] 
 

 
Figure 1. SEM and STEM microstructure details of CG, FG zones and precipitation 

 
The secondary Al3(Sc,Zr) is an ordered intermetallic compound that can provide precipitation hardening 
and contribute to the improvement of mechanical properties in the alloy. The size, distribution, and 
density of these precipitates significantly impact the alloy's final mechanical properties. Understanding 
the characteristics of secondary Al3(Sc,Zr) precipitates is crucial for optimizing heat treatment processes 
and designing aluminum alloys with enhanced mechanical performance for various applications. [3] 
 

This study investigates the microstructure of an Al-Mg-Sc-Zr-Mn alloy using SEM and STEM. The general 
microstructure consists of an equiaxial ultrafine-grained (FG) band at the melt pool boundary and a 
relatively columnar and coarse-grain (CG) region at the melt pool core. Primary precipitation is evident 
in the grains and grain boundaries with other phases according to alloying elements (Mg, Mn) and 
impurities (Fe). The secondary spherical Al3(Sc,Zr) with the L12 phase, after heat treatment, can be 
observed and identified. 
 
 
References 
[1] K.B. HYDE Acta mater., 2001, 49, 1327-1337. 
[2] Y. SUN Materials Characterization, 2020, 169. 
[3] KUN V. YANG Scripta Materialia, 2018, 145, 113-117. 

 



53

Notch Embrittlement in different build orientations of IN718 manufactured 
with Laser Powder Bed Fusion 
S. Megahed1,2*, K.M. Krämer1,2, C. Kontermann1, R. Herzog3, A. Udoh4, S. Weihe4, M. Oechsner1,2 
 
1 Technical University of Darmstadt, Institute for Materials Technology, Grafenstr. 2, 64283  
  Darmstadt, Germany 
2 Technical University of Darmstadt, Additive Manufacturing Center, Ottilie-Bock-Straße 1, 64287  
  Darmstadt, Germany 
3 MAN Energy Solutions, ETM - Material Technology, Steinbrinkstr. 1, 46145 Oberhausen,  
  Germany  
4 University Stuttgart, Materials Testing Institute, Pfaffenwaldring 32, 70569 Stuttgart,  
  Germany 
 
*sandra.megahed@tu-darmstadt.de 
 
Abstract 
Metal Laser Powder Bed Fusion (PBF-LB/M) allows for high degrees of freedom and the manufacture of 
high temperature materials. The PBF-LB/M microstructure is dependent on process parameters, 
component geometry and build orientation among others. The large number of process parameters and 
the constantly changing thermal conditions during the build cause challenges regarding reliability and 
repeatability of the achieved component quality. 
 
IN718 is one of the most frequently used nickel-based superalloys and is applied, for example, in the 
aerospace industry as a turbine disk material due to its good high-temperature strength and corrosion 
and oxidation resistance [1]. IN718 is characterized by very good weldability and is thus ideally suited 
for processing with PBF-LB/M [2]. The elimination or minimization of Nb segregations poses a major 
challenge in the manufacturing process of this alloy. In addition to macro-segregations, the 
microstructure after the casting, forging or the PBF-LB process can show an unfavorable degree of 
precipitation. By heat treating IN718 fabricated components, a reduction of residual stresses, 
segregations as well as phase formation and distribution can be modified. The proportion of hardening 
phases is reduced and the proportion of brittle phases (𝛿- and Laves phase) is increased [3]. 

It is generally accepted in literature that these brittle phases (𝛿- and Laves phase) are the root cause for 
the IN718 notch embrittlement. Figure 1 shows results of notched IN718 PBF-LB/M creep samples from 
this study. As can be seen in Figure 1, IN718 notch embrittlement is not affected by the scan strategy 
(P1-P4). Even different heat treatments (HTA, HTB) have a limiting effect in prolonging the creep life. 
Only an adjustment in creep testing parameters (reduction in applied normal stress) allowed for an 
increased notched creep life.  
In this study, different build orientations (0°, 45° and 90°), print parameter settings, heat treatments 
and notch factors were considered and their effect on notched creep life was investigated in short term 
creep experiments. Since the manufacturing and thermal conditions between different build 
orientations differ, the microstructure is also expected to differ. Differences in oxygen content, grain 
size and phase distribution were found, which significantly affect notched creep life.  
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Figure 1. Notched creep life at 650 °C of PBF-LB/M IN718 samples in current study. Reference taken from Sanchez et al. [4] 
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Additive manufacturing (AM) of Aluminum (Al) alloys represents a revolutionary approach in metal 
fabrication, offering unparalleled design flexibility and material efficiency. However, achieving optimal 
performance relies heavily on understanding and controlling the microstructures. Microstructure 
analysis is crucial for assessing properties like grain morphology, size distribution, and phase constitute, 
which directly impact mechanical properties. By tailoring AM parameters and post-processing 
techniques based on microstructural insights, engineers can enhance the integrity and performance of 
Al alloy components. Careful microstructure analysis ensures that AM-produced parts meet stringent 
quality standards and reliability required by  diverse industries, from aerospace to automotive and 
beyond. 

Nevertheless, the rapid solidification and complex thermal histories inherent in AM-produced Al alloys 
result in microstructures that are far different from the conventional process routes (e.g. casting) and 
poses significant challenges in accounting for microstructural elements across differnt length scale [1]. 
In this study, a scale-bridging approach [2] combining multiple techniques in scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) was employed for microscopical analysis 
of an Al-Si-Mg alloy [3] produced by Laser Power-Bed Fusion (LPBF). Preliminary phase analysis was 
performed by combining energy dispersive x-ray spectrometry (EDS) and electron diffraction techniques 
(Figure 1). This comprehensive approach will provide valuable insights into the microstructural evolution 
of AM-produced Al alloys, facilitating further advancements in material design and process optimization. 

 

Figure 1. Scale bridging microstructure analysis of a AlSiMg alloy produced by LPBF. Top: microstructural details at different 
length scale in SEM and TEM; Bottom: Phase analysis by EDS and electron diffraction in TEM. 

The authors acknowledge Dr. Daniel Knoop from Leibniz-IWT in Bremen for providing the specimens and extend the gratitude 
to the support and resources provided by ZGH at Ruhr-University Bochum. Part of this work was performed at the DFG-funded 
Micro- and Nanoanalytics Facility (MNaF) of the University of Siegen (INST 221/131-1). 

References 
[1] Z. Chaghazardi and R. Wüthrich Journal of The Electrochemical Society, 2022, 169, 043510.  
[2] H. Wang, C. Somsen, G. Eggeler, E. Detemple Materwissenschaft und Werksttechnik, 2018, 49, 726–740.  
[3] D. Knoop, A. Lutz, B. Mais, and A. von Hehl Metals 2020, 10, 514.  



56

Short-range ordering and its influence on mechanical properties in highly 
alloyed, additively manufactured, metallic materials 
F. Oppermann1* F. Kies2, J. Bernsmann3, B. Hallstedt4, C. Haase 1 
 
1 Steel Institute, RWTH Aachen 2 Enrichment Technology Company, Jülich 3 Chair for Digital Additive Production, 
RWTH Aachen 4 Institute for Materials Applications in Mechanical Engineering, RWTH Aachen  
  
*felix.oppermann@iehk.rwth-aachen.de 

 
Additive manufacturing (AM) distinguishes itself in materials engineering by its exceptional capacity 
for processing metals under diverse conditions. This transformative technology allows for precise 
layer-by-layer fabrication of intricate metal structures directly from digital models. This uniqueness 
not only facilitates the creation of complex geometries but also enables tailored mechanical 
properties. To harness AM's ability to optimize metal structures under varying processing conditions 
enhances material efficiency and reduces waste, contributing to cost-effectiveness, is vital to reduce 
post processing steps such as heat treatments. Therefore, in this work we investigated the short-range 
ordering (SRO) phenomena in additively manufactured highly alloyed steels and multi-principal 
element alloys (MPEAs), with the objective of reducing the amount of post processing required, by 
optimizing as-built microstructure.  
Using the DED-LB process, augmented by controlled substrate preheating, X110MnAl30-8 HMnS 
samples were manufactured. The additional layer of control over the process temperature, allowed 
for formation of κ-carbides, and thereby SRO, directly during deposition. This strategy eliminates the 
need for separate heat treatment steps and enables tailored control over the distribution and 
morphology of κ-carbides, thereby improving the mechanical properties. Furthermore, the occurrence 
of the strain-age-cracking mechanism, commonly seen in Ni-based alloys, was observed during 
manufacturing, posing challenges but also opportunities for increased robustness in AM processes.  
In similar fashion, SRO phenomena in the CoFeMnNiAlC MPEA were investigated during the PBF-LB 
process. MPEAs present a unique combination of elements that can exhibit complex ordering 
phenomena at the atomic scale. Our work sheds light on the intricate atomic arrangements within the 
alloy matrix and their correlation with the mechanical properties. The findings provide valuable 
insights into tailoring the SRO in CoFeMnNiAlC alloys through additive manufacturing, offering a 
pathway for optimizing material performance for applications in advanced structural components. In 
this case high solid solution strengthening, high dislocation density and SRO resulted in an as-built 
single phase fcc material, boasting 1.1 GPa in tensile strength, while retaining 13% total elongation. 
Both results display interesting and promising avenues for furthering the potential of additively 
manufactured alloy systems by incorporating microstructure design down to atomic scale. 
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Additively Manufactured (AM) metals exhibit unique microstructure in its melt pools, crystallographic 
characterization, and specifically in AlSi10Mg components, Si distribution, which affect its mechanical 
properties.[1] This microstructure is heavily influenced by the process parameters during AM. [2] Two 
crucial process parameters, laser power (LP) [W] and layer thickness (LT) [µm] were investigated in this 
study. Components of AlSi10Mg were built under four different parameter conditions, LP200/LT30, 
LP370/LT10, LP370/LT30, and LP370/LT200. Three-point bending tests, Surface Roughness 
Measurements, Scanning Electron Microscope (SEM) observation, and Electron Back Scattered 
Diffraction Pattern (EBSD) analysis were conducted to understand how the two parameters affect the 
mechanical properties (Young’s modulus, Yield stress, and ductility), void characterization, and 
hierarchical microstructure of the manufactured material. 
  

 
 
 
 
 
 
 
 
 
 
Figure 1. Results 
of EBSD analysis   
(a) LP200/LT30,  
(b) LP370/LT10,  
(c) LP370/LT30,  
(d) LP370/LT200 
 

When laser power was increased from 200 [W] to 370 [W], surface voids decreased, the crystallographic 
grain size and micro 𝛼-Al cell size increased, and the nano-size Si precipitates decreased. Higher Young’s 
modulus and yield strength were observed at 370 [W] most likely due to the increased density of the 
component. When layer thickness was increased from 10 [µm] to 30 [µm], there was a slight increase 
in voids, the crystallographic grain and micro 𝛼 -Al cell size increased, the Si-rich eutectic network 
showed thinner walls, and the nano-size Si precipitates decreased. Young’s Modulus and yield strength 
remained the same, whereas fracture strength and ductility were higher at 10 [µm]. This may have been 
due to a stronger Orowan strengthening mechanism of the nano-sized Si precipitates impeding 
dislocation motion.[3] When layer thickness was increased to 200 [µm], the fine microstructure typical 
to AM materials was lost. The crystallographic grain size and micro 𝛼-Al cell size were significantly larger, 
the Si-rich eutectic network was degraded, and nano-size Si precipitates could not be observed. The 
mechanical properties deteriorated significantly, likely as a result of a notable increase in porosity. 
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Powder-bed based processing of austenitic stainless steels often results in a columnar microstructure 
with strong texture caused by a directed solidification of the melt, because of the strong temperature 
gradient from the heat source perpendicular to the build platform. The resulting anisotropic mechanical 
properties are undesirable for the majority of applications. In order to avoid columnar grain growth, it 
is usually attempted to adjust the beam parameters to limit the direction of heat flow parallel to the 
build direction. Another approach to interrupt epitaxial grain growth is to specifically adapt the alloy to 
the process conditions.  
Günther et al. [1] and Seleznev et al. [2] already observed on EB-PBF manufactured high-alloy austenitic 
CrMnNi steels with a similar chemical composition, but a slightly different nickel content contrary 
microstructures and attributed this to the different solidification behaviour of the steels. While the 
microstructure of CrMnNi steel with lower nickel content was fine-grained and texture-free, the CrMnNi 
steel with higher nickel content showed a columnar microstructure with a strong texture in build 
direction. Based on these findings new modified steel variants of steel AISI 304L were developed with 
the aim to suppress columnar grain growth during the EB-PBF process and produce a fine-grained and 
texture-free microstructure by changing the chromium and nickel equivalent (Creq/Nieq) of this steel (see 
Fig. 1). The resulting material properties are discussed on the base of the solidification behaviour by 
means of thermodynamic calculations as well as microstructural investigations and are compared with 
steel AISI 304L in its standard composition as well as the properties of the CrMnNi-steel mentioned 
before. Finally, this work presents requirements for the alloy design of austenitic steels to suppress 
epitaxial grain growth during the EB-PBF process.    
 
 

 
 
Figure 1. Transition from a columnar to a fine-grained microstructure of steel 304L through special alloy design. 
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Developing efficient water splitting at high current density (>500 mA cm-2) is essential for its scalability. [1] 

Electrochemical water splitting is one of the most promising technological approaches for producing green 

hydrogen, and it plays a crucial role in achieving carbon neutrality. [2] In the meantime, additive manufacturing 

as a simple and facile method has attracted researchers’ interest for the past decades, and a couple of outstanding 

works about using 3D printing to fabricate electrodes for water-splitting have been done. [3]–[5] Here, we 

reported a series of monolithic 3D-printed Ni-Mo alloy electrodes for highly efficient water splitting at high 

current density (1500 mA cm-2) with excellent stability and bubble removal behavior, which provides a 

solution to scale up Ni-Mo catalysts for HER to industry use. All possible Ni-Mo metal/alloy phases were 

achieved by tuning the atomic composition and heat treatment procedure, and they were investigated through 

both experiment and simulation, and the optimal NiMo phase shows the best performance. Density 

functional theory (DFT) calculations elucidate that the NiMo phase has the lowest H2O dissociation energy, 

which further explains the exceptional performance of NiMo. In addition, the microporosity was modulated 

via controlled thermal treatment, indicating that the 1100 °C sintered sample has excellent catalytic 

performance, which is attributed to the high electrochemical surface area (ECSA). Finally, the 4 different 

macrostructures were achieved by 3D printing, and they further improved the catalytic performance. The 

gyroid structure exhibits the best catalytic performance of driving 500 mA cm-2 at a low overpotential of 228 

mV and 1500 mA cm-2 at 325 mV as it maximizes the efficient bubble removal from the electrode surface, 

which offers the great potential for high current density water splitting (shown in Figure 1). 
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Figure 1. (a) 3D models created from Blender. (i) woodpile structure. (ii) octet truss structure. (iii) honeycomb 
structure. (iv) gyroid structure. (b) SEM images of Ni-Mo electrodes with different 3D architectures. (i) 
woodpile structure. (ii) octet truss structure. (iii) honeycomb structure. (iv) gyroid structure. (c) HER 
polarization curves of different 3D architecture electrodes (53 at. % Mo) in 1M KOH solution at 1 mV s−1 with 
85% iR-compensations: gyroid, octet truss, woodpile, honeycomb, and plate. (Inset: overpotential at 1500 mA 
cm-2) (d) Time-dependent potential curves with 85% iR-compensations for the 3D-printed Ni-Mo electrode at 
10 and 50 mA cm−2. (e) Chronoamperometric measurements with 85% iR-compensation of the HER at high 
current densities of 1500 mA cm−2 for the 3D-printed Ni-Mo electrode.  
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An antibacterial effect is essential for medical applications, but around 40,000 endoprostheses are 
replaced in Germany every year, with bacterial infection being the cause in around 20 % of cases [1,2]. 
Titanium alloys, for example Ti-6Al-4V, are used to manufacture artificial joints and surgical devices [3-
6] but has poor antibacterial properties [7]. This can be achieved by adding copper (Cu), which has an 
antibacterial effect [8-11] and is also a trace element that is well tolerated by human cells and 
contributes to the formation of new bone [12,13]. Ti6Al4V-xCu powder is not commercially available, 
so its clinical suitability is unknown. The literature describes that processability problems arise with Ti-
Cu alloys with > 6 wt.% Cu [14-16], but that an antibacterial effect only occurs with at least 5 wt.% Cu 
[8-10,17]. 
 
Alloy development and production for the laser powder bed fusion process (PBF-LB/M) is complex, 
costly, time-consuming and, above all, energy-intensive. In order to make the alloy development steps 
more sustainable, the approach of mixing pre-alloyed and/or pure elemental powders is used in 
presented work. This allows the exact amount required for this application or property-oriented alloy 
development to be mixed in order to perform first tests, initial characterizations and investigations of 
the mixed alloy. Due to the flexible variance of the mass % of Cu in the mixture, the Cu content can be 
increased step by step and the processability in the process can be ensured and the antibacterial effect 
in the sample can be investigated afterwards. 
 
With this approach it can already be shown that a mixture of Ti6Al4V with 10 mass.% Cu can be 
processed in the PBF-LB/M process and dense samples (> 99.99 %) with fully melted Cu microstructures 
can be produced (Figure 1). 
 
 

 
Figure 1. Overview image for density determination (left) and microstructure (right) of a Ti6Al4V mixture with 10 Ma.% Cu 
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AlSi10Mg is a widely recognized standard alloy in additive manufacturing, offering several advantages 
such as excellent printability, affordability, and ease of transferring printing parameters between 
systems. These characteristics make it a suitable choice, particularly for prototyping purposes. However, 
it does have certain drawbacks, such as inferior mechanical properties compared to cast parts [1]. 
Consequently, it is not suitable for most automotive applications beyond prototype manufacturing. To 
address this issue, various approaches have been proposed, including optimization of the printing 
process and exploring different alloy systems. For instance, APPWORX has promoted Scandium-
modified options that exhibit superior mechanical properties [2,3,4,5]. The drawback is that these 
concepts often come with increased costs, making them economically unfeasible for high volume  

 
 
Figure 1. EBSD analysis of a) AlSi10Mg and b) AlSi10Mg with addition of Zirconium, showing significant grain refinement. 
 
applications. Finding a way to improve additive manufacturing through the addition of an economically 
viable element would pave the way to greatly expand its industrial usage. The main objective of this 
study was to enhance fatigue resistance properties by modifying the alloy system with varying amounts 
of Zirconium, without the need for additional heat treatments or extensive optimization of printing 
parameters. In order to understand the changes occurring in the mechanical properties, the 
microstructure of both the new and standard alloys was examined. Additionally, comprehensive 
mechanical testing, including tensile and cyclic fatigue testing, was conducted. The addition of 
Zirconium has been demonstrated to enable the creation of a more isotropic microstructure, addressing 
one of the problematic aspects arising from the LBPF process. Moreover, only minor adjustments to the 
standard printing parameters are required, if any. In room temperature cyclic fatigue tests, alloys with 
Zirconium exhibit significantly higher cycle numbers. However, the beneficial effect cannot be 
indefinitely enhanced by increasing the Zirconium content, as it reaches its maximum at a specific 
weight proportion. Beyond this point, embrittlement occurs, rendering the material more susceptible 
to defects induced by the additive manufacturing process. 
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In the realm of injection molding the quality and performance of mold inserts are of paramount 
importance to ensure durability and longevity of molds and for high end parts production. The creation 
of tailored materials with optimal mechanical properties, wear resistance, and corrosion resistance for 
adoption on metal AM system open doors for innovation of complex parts by exploiting the design 
freedom of AM, which is not possible by conventional manufacturing approaches. 
 
Tool steels with high hardness (>52HRC), crack & wear resistance and corrosion resistance are fixed 
specifications for injection molding applications. Printdur HCT, has been developed based on 
conventional std. tool steel 1.2083/AISI420 by Swiss Steel Group in partnership with AddUp which has 

  
Figure 1. 60mm*30mm*60mm (L*W*H) sample after polishing showing mirror finish, printed in Printdur HCT on FormUp350. 

 
exactly these features and can be built up excellently on the FormUp350 with part density of over 
99.95%.  
A hurdle for tool makers while adopting additive manufacturing is the crack issue in the parts and many 
tool steels are challenging to print due to the massive spatters and in-process pollution caused upon 
laser interaction with the powder. This can create additional porosity in molds which will lower the 
quality of the end part. Results using Printdur HCT have shown to build crack-free and denser parts with 
low porosity and smaller pores. The AddUp GmbH team has been able to print using this material with 
pores under 100 µm. Printdur HCT was used to print a benchmark part (figure 1) to test when extreme 
polishing would be required. Many tooling applications require machining and/or polishing after printed 
and pore size and porosity are magnified through this process. The benchmark in firgure1 shows a 
60mm by 60mm L-shaped part after being polished to a mirror finish to further demonstrate the 
capabilities of Printdur HCT. Additionally, Printdur HCT does not consist of nickel and cobalt, preventing 
from significant damage to operators and the environment.  
 
AddUp would like to deliver a short presentation with DEW (Swiss Steel Group) where they show 
together the current status of the development and adapation of the new material on FormUp 350. In 
the presentation, light would be shed on the technical aspects of the material and its asoption phases 
on FormUp based on the requirements from a consortium of industry partners in the tooling industry. 
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New, application-specific materials are becoming increasingly important in Additive Manufacturing 
(AM) of highly stressed components. The number of customized materials that are manufacturable 
(crack-free) with laser-based AM and/or make targeted use of AM-typical process conditions, such as 
high cooling rates (up to 10^7 K/s), to achieve specific microstructures and properties is still very limited 
[1]. To accelerate alloy development, which takes years traditionally, both simulative and experimental 
approaches have been pursued. Simulations usually cannot predict microstructures of laser-AM 
fabricated samples accurately because of the high cooling rates. Experimental methods of powder-bed 
based processes are usually limited to one alloy composition per build job, demanding a high amount 
of metal powder with the alloy composition and considerable time. 
High-speed Laser Directed Energy Deposition (HS DED-LB) has the potential to investigate new material 
systems quickly and resource-efficiently. In contrast to powder-bed based processes, the alloy 
composition can be changed within a few seconds and less metal powder is needed for sample 
production due to the local powder supply. Cooling conditions can be varied over a wide range by 
adjusting the process parameters, reaching those of the laser-based powder bed fusion (PBF-LB/M). 
[2,3] 
 
As of today, the exact relationships between the process parameters in HS DED-LB (e.g. laser power, 
process speed, powder mass flow, and gas flows) and solidification conditions, microstructural 
parameters, and mechanical properties are not known. To use the HS DED-LB process for the alloy 
development of a range of melt-based manufacturing processes (such as PBF-LB/M), these correlations 
must be determined. 
 
In this work, the first findings on the main factors influencing the HS DED-LB process on solidification 
cell size (as an indirect means for solidification conditions), hardness, and change in chemical 
composition due to processing of 316L are presented. The parameters with the greatest influence on 
the investigated material properties are then explored in more detail.  
With the established correlations of process parameters and material properties, HS DED-LB processes 
can be easily adapted to emulate solidification conditions of other melt-based processes such as PBF-
LB/M to accelerate alloy development. Additionally, existing HS DED-LB/M processes can be fine-tuned 
with regards to desired microstructure, hardness and change in chemical composition more quickly  
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High-entropy alloys (HEAs) represent a modern category of materials formed through a multi-

component approach, wherein alloying elements are combined to create a supersaturated solid 
solution. HEAs typically consist of equal proportions of these elemts. Notably, these materials exhibit 
outstanding mechanical characteristics, including high strength, ductility, corrosion resistance, and wear 
resistance.  

Integrating Wire Arc Additive Manufacturing (WAAM) with High-Entropy Alloys (HEAs) presents 
numerous benefits. Foremost among these advantages is the ability to efficiently and cost-effectively 
produce large-scale components. To successfully implement WAAM for HEAs manufacturing, a crucial 
component is the presence of a filament with a specific chemical composition, such as a welding wire. 
While for softer HEAs like Cantor alloys, solid wire or multi-component wire cords can be utilized, the 
challenge arises with high-hardness alloys where fabricating a solid wire with the required composition 
becomes impractical. Addressing this intricate technological challenge forms the focal point of the 
current study [1]. 

The proposed method revolves around Gas Metal Arc Welding (GMAW) employing Metal 
Powder-Cored Wires (MPCW). These wires are filled with powder components in equal proportions to 
each other. This approach offers several advantages compared to alternative methods such as vacuum 
or argon-plasma melting, primarily due to its dominance in the molten volume of the workpiece. The 
evolution of this method is elaborated upon using a high-hardness eutectic high-entropy FeCoNiAl 
alloying system doped with Ta as a case study. The resulting WAAMed alloy exhibits nearly zero 
plasticity, a characteristic that becomes pronounced following a specialized heat treatment procedure. 
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NiAl-based alloys are emerging as promising high-temperature materials, owing to their excellent 
properties such as a high melting point, exceptional oxidation behavior, and low density. However, low 
fracture toughness and low ductility at room temperature limit the application area. A eutectic 
microstructure consisting of fine cellular-lamellar phases can improve these properties [1]. Our newly 
developed alloy Ni30.6Al36Cr31.4Mo2 (at.%) in combination with electron beam powder bed fusion (PBF-
EB) exhibits this favorable microstructure due to the eutectic composition and the high cooling rates 
present in additive manufacturing [2]. The elevated process temperature achievable by PBF-EB can be 
used for an in-situ heat treatment. Consequently, spinodal decomposition and discontinuous 
precipitation occur and therefore change the microstructural composition (see Figure 1). In addition, 
modifying material characteristics such as material density, phase volume fraction, phase thickness, and 
grain size is achievable by controlling the process parameters and thus the thermal conditions. In this 
contribution, we present dense, crack-free specimens of the eutectic Ni30.6Al36Cr31.4Mo2 alloy processed 
by PBF-EB and a detailed microstructural study including chemical composition analysis. Moreover, the 
experimental results are validated by CALPHAD calculations and literature data [3]. Considering these 
findings, we offer a deeper understanding of the relationship between energy input and microstructure 
and therefore, the possibility of tailoring the microstructure.  
 

 
Figure 1. Microstructure of the eutectic NiAl-(Cr,Mo) in-situ composite with a low area of discontinuous precipitated (DP) 
regions (left) and a high amount of DP regions (right). 
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The alloy Mo-9Si-8B (at.%) exhibits an acceptable balance between creep and oxidation resistance at 
high temperatures as well as fracture toughness at ambient temperatures. Since it has a melting point 
of about 2000 °C, it is a promising ultra-high temperature material for turbine engines. [1] Mo-9Si-
8B (at.%) is difficult to process by traditional manufacturing methods due to its brittleness at low 
temperatures.  Additive manufacturing (AM), however, enables the production of complex near-net-
shape bulk materials (e.g., turbine blades) in a single step. Electron Beam Powder Bed Fusion (PBF-EB), 
which is characterized by extremely high local processing temperatures and associated high powder 
bed temperatures (i.e.., above the brittle to ductile transition temperature of the material), is well-
suited for producing refractory materials with complex geometries. [2] 
In this work, the processing window of Mo-9Si-8B (at.%) was rapidly developed using novel strategies 
that combine high-throughput thermal modelling to predict the melt pool dimensions with in-situ 
Electron-optical imaging (ELO) for the first time (see Figure 1). High-density bulk Mo-9Si-8B (at.%) 
samples were successfully fabricated according to the established processing window, and the typical 
microstructure of the as-built samples was analyzed. This novel approach significantly reduced the effort 
required to generate processing windows, making it highly viable for developing stable processing 
conditions for new materials in PBF-EB. 
 
 

 
 
Figure 1. Generation of a PBF-EB Mo-9Si-8B (at.%) process map using calculated predictions with electron-optical imaging 
(ELO). a) processing window, b) ELO images of samples generated during processing, c) typical microstructure. 
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Closed-loop control of temperature and cooling rates during layer-upon-layer metal deposition of laser 
additive manufacturing (LAM) was implemented to design a solidification strategy and engineer the 
subsequent phase transformations and grain structure of stainless steels. Directed energy deposition 
(DED) of two grades of stainless steels, austenitic (316L) and martensitic (410L), without and with solid-
state eutectoid austenite to ferrite phase transformation, were investigated to this end. In order to 
characterize the columnar grain formation and crystallographic texture generation along the building 
direction (BD) of deposited layers, large-scale electron backscatter diffraction (EBSD) mapping and 
focused ion beam/scanning transmission electron microscopy (FIB/STEM) analyses were employed. As 
a critical aspect, the impact of cooling rate on epitaxial growth or alignment of solidified grains during 
multi-layer deposition and its possible martensitic reversion assisted with micro-twining attributing to 
the subsequent solid-state phase transformation was explored. 
 
In this research, the well-established algorithm and method for real-time monitoring and control of laser 
cladding was implemented for laser additive manufacturing in order to engineer the microstructural 
development and crystallographic orientation directionality during layer-upon-layer metal deposition 
[1, 2]. The successful accomplishment of the developed closed-loop route regarding the LAM 
construction by applying a constant cooling rate in deposition of each molten layer for two cases of 316L 
austenitic stainless steel and 410L martensitic stainless steel with and without solid-state eutectoid 
phase transformation, was studied in a previous studied by Farshidianfar et al. [3, 4]. In those Journal 
publications, the LAM deposition behaviour of these materials under two states of open- and closed-
loop manufacturing was studied, followed by the examination of mechanical properties in correlation 
with the induced thermal history profiles. This project's leading innovation is comprised of the 
characterization of LAM deposited walls using electron backscatter diffraction (EBSD) mapping to 
possibly discuss the trends for solidification-induced grain evolution and the resulting main textural 
orientation development during multi-layer metal deposition and consolidation.   
 
In Fig. 1, the ESBD microstructural maps in the case of 316L austenitic stainless steel show the inverse 
pole figure (IPF) of grains along the Y-direction and across the wall deposits for both states of open- and 
closed-loop laser additive deposition under varying processing parameters. As revealed, this alloy's 
solidification microstructure was preserved down to room temperature without a solid-state eutectoid 
transformation. In the case of open-loop laser additive manufactured walls, by applying a constant laser 
power of 800 W and changing the scanning speed in the three levels of 100 (316L_OL1), 200 (316L_OL2), 
and 300 mm/min (316L_OL3), as shown in Figs. 1a-c, microstructures seem heterogeneous with a 
random alignment of the solidified grains. Under such a processing state, although the operative 
processing parameters are conserved and fixed among all layers, the cooling rate can continuously 
change upon multi-layer deposition due to the role of pre-heating. By controlling and keeping this 
critical factor constant using an adaptive variation of laser traveling speed under a constant power, as 
accomplished under closed-loop LAM deposition, more aligned and identical solidification grains with 
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building directionality were achieved, as characterized by EBSD mapping in Figs. 1d-f, for the three 
cooling rate magnitudes of 550 (316L_CL1), 1100 (316L_CL2), and 1750°C/sec (316L_CL3), respectively. 
 

 
Figure 1. The EBSD IPF grain structural maps along the Y-direction for the LAM deposited 316L stainless steel walls under two 
different states of (a-c) open- and (d-f) closed-loop conditions. Variation in the laser scanning speed in the field of (a) 100, (b) 
200, and (c) 300 mm/min under a constant power of 800 W and changing the cooling rate in the range of (d) 550, (e) 1100, 
and (f) 1750°C/sec. 
 
 
In contrast, a martensitic transformation altered the above scenario regarding the other alloy (410L) 
involving the operative solid-state phase change by rapid cooling of LAM. Accordingly, the solidification 
microstructures disappeared, while the corresponding EBSD IPF-Y grain maps are illustrated in Fig. 2. 
The occurrence of the martensitic phase transformation assisted by micro-twinning along the 
boundaries had strong impact on controlling the built walls microstructures and was strongly dependent 
on LAM processing parameters. For the open-loop deposits of 410L_OL1, 410L_OL2, and 410L_OL3 
from this steel alloy, as shown in Figs. 2a-c, with the same parameters as before for the 316L LAM 
consolidated walls, the progression of the martensitic phase transformation and micro-twinning across 
the borders from the bottom to the top layers seems different at the altered laser traverse speeds by 
changing the solidification cooling rate between the layers. The micro-twinning determined that the 
dominant transformation mechanism resulted in a very fine martensitic microstructure formation in the 
first layers with higher applied cooling rates. However, following the deposition of the following layers 
with lower cooling rates due to the pre-heating effect of previously solidified layers, the domains for 
martensitic shear transformation and micro-twinning were extended, resulting in the formation of 
coarser martensite laths surrounded with twins in the top part of the LAM deposits. Meanwhile, the 
closed-loop LAM strategy is applied through the persisting control of constant cooling rate among all 
layers (in this work, in the range of 550 to 1750°C/sec), as indicated in Figs. 2d-f for the constructed 
410L walls of CL1, CL2, and CL3. This strategy produced a more homogenous microstructures from the 
martensitic laths and micro-twins in terms of population and size distribution. For a specific 
composition, such as 410L alloy in the present case, the cooling rate is the most critical parameter that 
can control and affect the above-mentioned non-diffusive phase transformations. Also, in comparison 
between 410L_CL1 to 410L_CL3 by increasing the cooling rate, the microstructure of the LAM built wall 
became more uniform with less gradients from bottom to top, which indicates the beneficial impact of 
closed-loop LAM, particularly at higher cooling rates.    
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Figure 2. The identical EBSD IPF-Y microstructures for the laser additively manufactured 410L martensitic stainless steel walls 
for both states of (a-c) open-loop and (d-f) closed-loop LAM deposition: Structures of OL1 to OL3 with a constant power of 800 
W and varying travel speed of (a) 100, (b) 200, and (c) 300 mm/min, and closed loop deposits of CL1 to CL3 with constant 
cooling rates of (d) 550, (e) 1100, and (f) 1750°C/sec.   
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Shape memory alloys (SMAs) exhibit unique properties that make them ideal for functionally integrated 
components, such as actuators. While commonly used Ni-Ti alloys are well-established, especially in 
biomedicine and aerospace, their high cost limits wider applications. Fe-based SMAs present an 
affordable alternative, suitable for diverse applications, with a larger thermal hysteresis but lower 
recovery strain [1,2]. Nonetheless, their functional properties can be enhanced through optimized 
processing methods like laser powder bed fusion and adjustments to their alloy composition [3,4]. 
However, attributing the functional improvements to individual factors is complex due to 
interdependency and inseparability of some factors. 
 
In order to address this ambiguous state of literature, a novel approach for modifying the chemical 
composition of a FeMnSiCr-alloy will be presented. The technique allows in-situ re-alloying during 
laser powder bed fusion by locally applying a nanofluid containing the desired alloying element. This 
method offers a cost- and material-efficient high-throughput solution for alloy modification and 
functional grading (see Figure 1). 
 

Suspension-based in-situ alloying Functional gradingFe-SMAs for PBF-LB/M

 
 
Figure 1. Schematic overview of the research outline. 

 
Our current research focuses on utilizing this method to analyze the influence of interstitial atoms and 
carbide precipitates. For this purpose, specialized nanofluids for the flexible addition of necessary 
elements, such as carbon and niobium, were developed. Subsequently, the impact of the resulting 
compositional changes on the microstructure and the materials functional properties are analyzed. 
 
The poster showcases the use of this novel re-alloying approach for the improvement of SMA 
composition and its possible application for functional grading.  
 
 
 
References 
[1] S. Miyazaki, H. Y. Kim in Shape Memory and Superelastic Alloys, 2011, 15-42. 
[2] T. Maruyama, H. Kubo in Shape Memory and Superelastic Alloys, 2011, 141-159.  
[3] I. Ferretto, D. Kim, N.M. Della Ventura, M. Shahverdi, W. Lee, C. Leinenbach, Additive Manufacturing, 2021, 
46, 102071. 
[4] H. Otsuka, H. Yamada, M. Tadakatsu, H. Tanahashi, S. Matsuda, M. Murakami, ISIJ International, 1990, 30, 
674-679. 



75

Evaluation of SLA-Based Additively Manufactured Oxide Ceramics for 
Biomedical Applications: A Comparative Study of Printability and Mechanical 
Properties 
M.Vozárová1*, F. Jelínek2, M. Bordeus2, L. Vály1, M. Fedel1, L. Sajti1, M. Kitzmantel1 
 
1 RHP-Technology GmbH, Forschungs- und Technologiezentrum, A-2444 Seibersdorf, Austria 
 2ACMIT Gmbh, Viktor Kaplan-Straße 2, A-2700 Wiener Neustadt, Austria 
*m.vo@rhp.at 

 
 
This study delves into the advancement of oxide ceramics through stereolithography (SLA)-based 
additive manufacturing, with a primary focus on their suitability for biomedical applications. The 
objective is to comprehensively compare the printability and mechanical properties of diverse oxide 
ceramic materials, shedding light on their potential in fabricating intricate structures for biomedical 
purposes. The example of a demonstrator for an orthopaedic application prepared by SLA-based 
additive manufacturing using oxide ceramics is shown in Figure 1. 
The research methodology involves the utilization of SLA technology to fabricate oxide ceramic samples 
using a variety of materials. The printability of each material is systematically assessed, considering 
factors such as layer adhesion, surface finish, and dimensional accuracy. Subsequently, a comprehensive 
investigation of mechanical properties, such as, hardness, and fracture toughness, is conducted to 
evaluate the structural integrity and overall performance of the printed ceramics. 
The findings of this study aim to contribute valuable insights into the selection and optimization of oxide 
ceramic materials for biomedical additive manufacturing applications [1]. 
 

  
Figure 1. A knee implant demonstrator for orthopaedic application prepared by SLA-based additive manufacturing using oxide 
ceramics 
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Inspired by biological structures like bones, wood and teeth, the production of artificial materials with 
site-specific and graded properties are under investigation [1]. Additive manufacturing technologies are 
especially promising for the fabrication of these materials since they allow the combination of complex 
geometries with locally adjusted properties [2]. Examples where precise geometry and tailored 
mechanical properties are required can be found in biomedical applications, for example, in airway 
stents [3].  
 

 
Figure 1. Graphical abstract: The work investigates the possibility of tailoring the mechanical properties of magneto-active 
composites locally [4]. 

 
Here we present a single-step laser powder bed fusion (LPBF) process that enables precise local 
adjustments of the mechanical stiffness within magneto-active composites [4]. By utilizing distinct laser 
parameters in specific regions of a composite containing thermoplastic polyurethane and atomized 
magnetic powder derived from hard magnetic Nd-Fe-B, the stiffness of the composite can be modified 
within the range of 2–22 MPa. The fabrication of graded mechanical properties is verified with 
nanoindentation of parts printed with different orientations toward the building direction. As an 
example of a biomedical application, a magnetically responsive airway stent with localized stiffness 
adjustment is presented. The position and diameter of the stent can be controlled remotely by an 
external magnetic field. Since the airway stent is fabricated with increased stiffness at the center, the 

structure is well adapted to the function of expanding force on a tumor. The proposed method using 

LPBF presents an approach for creating functionally graded materials, not only for magneto-active 
materials but also for various other structural and functional materials. 
 
Acknowledgements 
This work was financially supported by the Deutsche Forschungsgemeinschaft (DFG, German Research 
Foundation), Project ID No. 405553726, TRR 270 and the RTG 2761 LokoAssist (Grant no. 450821862). 
 
References 
[1] Z. Liu, M. A. Meyers, Z. Zhang, and R. O. Ritchie. Progress in Materials Science, 2017, 88, 467–498.  
[2] G. H. Loh, E. Pei, D. Harrison, and M. D. Monzón.  Additive Manufacturing, 2018, 23, 34–44. 
[3] L. Freitag, M. Gördes, P. Zarogoulidis, K. Darwiche, D. Franzen, et al. Respiration, 2017, 94 no. 5, 442–456.  
[4] K. Schäfer, M. Lutzi, M. B. Khan, L. Schäfer, I. Dirba, S. Bruns, et al. Additive Manufacturing, 2024, 79, 103905, 

mailto:kilian.schaefer@tu-darmstadt.de


77

Impact of Build Envelope and Ultrasonic Excitation on the Microstructure of 
316L Stainless Steel Fabricated by DED-LB/P  
F. Stredak1*, N. Sommer1, C. Wolf1, P. Mäckel2, S. Böhm1  
 
1University of Kassel, Institute of Production Technology and Logistics, Department for Cutting and Joining 
Manufacturing Processes, Kassel, Germany 
2isi.sys GmbH, Kassel, Germany 
*f.stredak@uni-kassel.de 

 
The layer-wise deposition of materials by means of Additive Manufacturing (AM) enables the 
development and production of components with unparalleled complexity. Laser-based powder-bed 
fusion (PBF-LB) and direct energy deposition (DED-LB) are prominent examples of fabrication 
technologies in the field of metallic materials. Due to the repeated remelting of previously applied 
layers, these processes promote epitaxial grain growth, which can lead to the formation of long grains 
with a pronounced <001> texture. Particularly for the DED-LB, the insulating effect of the surrounding 
atmosphere only allows heat dissipation through the generated structure. The resulting temperature 
gradient further enhances the formation of a textured and columnar-grained microstructure with 
respect to the building direction. However, recent studies have shown that coupling ultrasonic 
excitation with the DED-LB processes is one of the most promising methods to counteract epitaxial 
grain growth during AM. In addition, this technology can also be used to systematically manipulate the 
microstructure of individual layers by triggering the ultrasonic excitation at specific points in time 
within the process. This represents a novel approach for AM of metallic materials and geometries with 
graded properties.   

 
Figure 1: EBSD measurements of the grain size distribution of a cuboid with an edge length of 10 mm, which was produced 
on a 5 mm thick substrate using DED-LB, were carried out both with and without ultrasonic excitation. 

 
The presented study seeks to expand the understanding of potential process limitations by analyzing 
the influence of ultrasonic excitation parameters and build envelope sizes on the microstructural 
evolution of stainless steels fabricated by powder-fed DED-LB using a force-fit excitation source 
attached to the build platform. The results of the electron backscatter diffraction analyses reveal a 
pronounced influence of build envelope size and ultrasonic excitation parameters, thus providing new 
possibilities for the potential use of ultrasonic excitation in future AM applications. 
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Design for Disassembly (DfD) is a novel paradigm where parts can disassemble autonomously by being 
exposed to an external trigger. Using this approach, the production of parts that are more 
environmentally friendly and easier to recycle becomes possible. The DfD process is started with a short 
heat pulse, this heat pulse triggers a substantial volume expansion of the utilized material, leading to 
cracking and final separation of defined sub-assemblies. To design such DfD-objects, a software that is 
capable of handling at least two materials is required. The current predominant vector-based approach 
is not suitable for modelling structural interactions at the level of individual voxels, which is a 
requirement for designing parts for DfD. Therefore, the voxel-based approach is chosen for this 
application. One of the main challenges with this approach is the compression of data, since the 
uncompressed voxel-based data would require too much memory.  
 
We investigated a combination of different compression methods with the goal of finding a data-
structure setup that can hand the required data for DLP-based stereolithography with 2 or more 
materials. For our machine that means a resolution of up to 1920*1080 pixel. When compressing data, 
it must still be possible to define material properties for each smallest printable point (voxel).  
  

 
Figure 1. Memory usage and creation time evaluation for different array sizes (a). The green highlighted area shows the array 
sizes that performed best. 
 
We propose a data structure comprised of c chunks. Each chunk encapsulated o octrees with a 
maximum depth of d. The leaf node of each octree is implemented as an array of size a. The total 
capacity of this data structure can be expressed as: (𝑐𝑐 ⋅ 𝑜𝑜 ⋅ 2𝑑𝑑 ⋅ 𝑎𝑎)3 
Our empirical evaluation was run on a 12-core, 24-thread CPU. The number of chunks (c) that achieved 
optimal performance was in range of 25 to 35. For the number of octrees per chunk (o) the preference 
value as 1. The maximum depth of each octree (d) was dynamically adjusted based on the array size (a) 
to ensure sufficient data storage capacity. Figure 1 presents the results of our evaluation with varying 
array size (a). Based on the observed trends we concluded that the array size should be in the range of 
17 to 27 elements for optimal performance.  
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Atomization of K340 Tool Steel by Vacuum Induction Gas Atomization 
Technique for Using in Directed Energy Deposition Process 
M.S. Kenevisi1*, F.S. Gobber1, D. Ugues1, S. Biamino1 
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Directed energy deposition (DED) is a metal additive manufacturing technique, in which a focused 
energy source is used to precisely deposit material during the process to repair parts or create 
complicated metal components [1]. K340 tool steel, known for its excellent wear resistance, toughness, 
and strength, is widely used as dies and tools that require enhanced durability and performance [2].  
Repairing damaged parts by powder-fed DED process gives such benefits as low and controlled heat 
input, rapid cooling rates, and minimal stress and distortion. As powder of K340 steel is not commercially 
available, in this study the powders were produced by vacuum induction gas atomization (VIGA) process. 
The VIGA process involves melting the alloy in a crucible under vacuum conditions and subsequently 
atomizing it with high-pressure gas. Understanding the atomization process and its impact on the 
resulting powder properties can improve the processability of the alloy by additive manufacturing 
processes and lead to fabricated parts with enhanced properties. The produced powder was sieved and 
characterized by different techniques. The concentration of the alloying elements was studied by 
energy-dispersive X-ray spectroscopy (EDS) and C, O, and S were analyzed by LECO, and the results were 
in great agreement with the material specification. The morphology of the powder particles was 
investigated by electron microscopy. The results showed spherical particles with some satellites 
attached, mainly to bigger particles. It is also well-known that the cooling rate can affect the 
microstructure and the possibility of dendritic to cellular growth. 
 

 
 
Figure 1. Micrographs of the gas atomized powders at different magnifications and the cross-section area of the particles. 
 
Additionally, the relative density of the particles was high, which was measured by gas pycnometer. 
The cross-section investigation confirmed that, regarding the internal defects such as gas porosity, 
high quality powder is produced showing negligible gas pores in the particles, even in those having a 
diameter of more than 100 µm. These pores are inevitable in gas atomization process [3] and 
atomizing parameters, such as melt temperature and gas pressure, have great impact on the fraction 
of internal pores caused by the entrapped gas. Regarding the chemical composition of the powder, it 
was in good agreement with the starting material, and the oxygen content tends to increase by 
increasing particle size, which is related to the increase in the surface to mass ratio. 
 
References 
[1] A. Vafadar, F. Guzzomi, A. Rassau, and K. Hayward, Applied Sciences, 2021, 11, 1–33. 
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[3] M.S. Kenevisi, F. Lin, Journal of Manufacturing Science and Engineering, 2023, 145, 054501-1-7. 
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Development of a Method for Quality Control and Reprocessing of Metal 
Powders in Metal Binder Jetting  
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The metal binder jetting (MBJ) process is a powder bed-based Additive Manufacturing (AM) process, 
which is attracting growing interest. In this process, a liquid binder deposited by a print head bonds the 
powder particles to create so-called green parts. For a reliable metal binder jetting process, the metal 
powder must have a high quality. The morphology and particle size distribution have a major influence 
on the flowability and sinterability of the material. In this work, the aging process is observed particularly 
regarding the slightly disappearing fine fraction during the process. A practical method is presented to 
reliably detect the ageing process of the powder. In addition, a method is developed to stop or curb 
ageing to support constant printing conditions. The experiments are conducted using 17-4PH stainless 
steel. Several properties of powders and parts are analysed such as particle size distribution, green part 
density, powder bed density and dimensional tolerances. 
 
Industrial machines process a high amount of powder. Therefore, the powder transportation and 
refreshment systems have a high level of complexity and consist of many different stations.  
In developing a recycling strategy, the first step is to identify the various locations where powder is 
found after the process. It is then necessary to find out how good the quality of the powder is at each 
location, whether it can be used for the next print and whether or how it needs to be reprocessed. In 
the 25Pro powders can occur in the following locations: 
 

• Storage container of the sieving system 

• Powder transport system (hopper)  

• Powder recoater 

• Powder in the powder bed 

• Powder in the container of the 25Pro 
vacuum system 

• Powder from broken green parts 

• Powder in the container of the 
depowdering station vacuum system 

• Powder in the overflow containers of the 
25Pro 

• Powder in the overflow container of the 
sieving system 

• Loss of powder during handling 

 
An overview of the different parts and how they interact within the powder cycle is visualized in Error! 
Reference source not found..  
 

 
Figure 1. Powder process cycle and the locations where powder is removed. 
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In the last years, the use of powder bed based additive manufacturing has increased enormously in 

industrial applications. In particular, the improvement of machine systems has ensured that highly 

reflective metals, such as copper, can be processed into dense component parts. Hence, the use of 

copper in additive manufacturing like laser powder bed fusion (LPBF) has risen significantly, which also 

has increased the request for copper powders. Therefore, production of copper and copper-alloyed 

powder is of high industrial relevance. In general, metal powders are mostly produced via gas 

atomization (see Figure 1). The key factor for consistency in a component part is to maintain the powder 

properties of particle size distribution, morphology, and chemical composition. In particular, the aging 

behavior of copper powder is a crucial factor. Due to the high surface to volume ratio of the particles, 

copper powder and its alloys have a high affinity to oxygen.  

 

 
Figure 1: Image of atomization process of CuCr1Zr recorded with a high-speed camera and a schematic drawing of the 
atomization process 

This research studied the atomization process and oxidization behavior of the low-alloyed copper 

material CuCr1Zr.  Powder was produced from the raw material and observed with a high-speed camera 

during atomization. The focus of the study with respect to the oxidation behavior is based on the 

comparison of different powder properties before and after a heat treatment. The characterization of 

the copper powders included the measurement of the particle size distribution as well as the powder 

density and the flowability. Furthermore, the powders were metallographically prepared and 

characterized with analytical scanning electron microscopy in combination with EDX, EBSD, and FIB to 

examine pore formation, anisotropy, and precipitation formation. 
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OVERPRINTED, UNDERPRINTED, TOO MANY DEFECTS, OR JUST RIGHT? 
3D-resolved high-throughput material inspection in additive manufacturing using synchrotron-based µCT. 
 
J. Gerber 1*, E. Bortel 1, C. Seim1, J.-P. Suuronen 1, B. Hesse 1,# 
 

1 Xploraytion GmbH  

*gerber@xploraytion.com, # hesse@xploraytion.com 

 
Synchrotron-based X-ray µCT imaging allows the characterization of complex and dense additively 
manufactured (AM) samples [1]. Due to the extremely high X-ray flux produced by synchrotron sources, 
synchrotron µCT offers not only high spatial resolution down to the micrometer length-scale but also a 
high sample throughput, resulting in a unique material quality assessment.  
However, synchrotron µCT can only be fully exploited when both the data collection and the 3D data 
analysis are developed into an AM-specific efficient pipeline.  
The successful implementation of the AM technology, relies on maintaining and guaranteeing highest 
quality of components, and avoiding defects introduced during the 3D printing process. In high 
temperature applications, e.g. heat exchangers, the performance of the final product is largely 
determined by the morphology and quality of internal surfaces.  
Compared with traditional methods, metal AM gives more freedom of design of the interior surfaces, 
and can eliminate any additional welding or joining steps from the process. As a downside, producing 
components as a single AM build also makes inspecting the interior more challenging compared to an 
assembled component.  
In this presentation, we will explore the use of synchrotron-based µCT, focusing on analyzing internal 
surfaces in terms of defects, surface roughness and integrity, and dimensional accuracy. We will outline 
our AM-optimized high-throughput data collection coupled with our 3D data analysis strategy.  
 
 

 
Figure 1.  Using synchrotron µCT we find, in the presented showcase, that the additively manufactured piece has a volume 
that is 20 % higher as compared to the CAD (shown in grey) where the overprinting is more pronounced in overhanging 
regions. Even though the remnant powder particles contribute to only about 2.6 % volume fraction, they increase the surface 
of the piece by more than 20 %. 
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Aluminum - Scandium material concepts for 3D-printing - A review on 20 
years from development to exploitation  
Frank Palm 
 
Airbus Central Research & Technology (CRT)  
frank.palm@airbus.com 
 
3D-printing or more exactly laser powder bed fusion (LPBF) enables very interesting material creation 
scenarios due to its unique rapid solidification üropensities. Melting layerwise a powder feedstock in 
a selective localized manner generates net netshape bodies with unique microstructures. In particular 
the use of Scandium as a major alloying element for Al materials has proven to be extremely efficient 
when strength and ductility become of major concern. Historically, aerospace Al alloys are always 
challenged depending on their product applications with respect to strength and toughness because  
designers and stress specialists have to safeguard their product strength properties to achieve max. 
reliability. As LPBF refers to a classical welding process with powder as a filler material it was obvious 
that the well known “under-matching” of Al weld seams compared to high strength Al aerospace bulk 
would limit material the potential application of 3D-printed parts.  
Due to its special metallurgy of Sc in Al and the idea to combine this peculiarity with the powder bed 
melting process it became possible to directly generate material which can offer the same or even 
better strength-ductility properties than known from incumbent 2xxx or 7xxx alloys. 
The präsentation will give a summary about these developments executed at Airbus Central Research 
& Technology from its early trials around 2000 until now and what this will further mean for current 
and further applications. It will show how tailoring of material research based on lab trials still enables 
breakthrough capabilities in a time where deep & machine learning, big data and artificial intelligence 
seem to be the sole way forward to create something new. 
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In the last decade, PBF-LB/M projects have received large amounts of public funding aimed at the 
maturation of the technology through research and development.  PBF-LB/M is a technology that has 
been in development from the embryonic stage to the cusp of a fully industrialized technology 
completely in the information age. One of the disadvantages of introducing a new highly anticipated 
manufacturing methodology in the modern day is the visibility of the lessons learned and failures in the 
manufacturing technology development process. The immense number of publications on the 
technology has made visible the high complexity of influencing factors and the challenges of process 
control in PBF-LB/M process [1,2]. Publications have made the case that PBF-LB/M, as compared to 
other conventional manufacturing process, has greater challenges to address and solve in the areas of 
reproducibility and repeatability. 
 
The Laser Powder Bed Fusion process has many influencing variables which cause potential users to 
question whether quality assurance including repeatability and reproducibility can be managed and 
maintained in a large-scale production environment. 
 
This paper contends that despite the number of influencing factors on the process, the resulting product 
quality is not only controllable with the correct measures but can be more reproducible and repeatable 
than other commonly used manufacturing process routes. The authors identify the significant 
influencing factors for their processes and how the deviations highlighted in literature can be one by 
one either ruled out, controlled or minimized to reducing process deviations to a manageable level. 
This, however, requires the rigorous adherence to either standards or internal specifications, processes, 
and standard operating procedures from parameter identification down to serial manufacturing as the 
cascade in fig. 1 reveals. 
 

 
Figure 1: Industrialization Approach for AM Components, Siemens Energy  follows the international standards, moreover there 
is an established process landscape within Siemens Energy to ensure process stability and product quality at every level. 

In addition, real production data is displayed analysed and compared from a well-controlled full-scale 
production to demonstrate the capability of the technology. The authors identify areas of 
improvement where further alteration of PBF-LB/M process control and repeatability provide an 
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upside potential when compared to the physical limitation that are limiting the levels of control that 
can be achieved in conventional manufacturing processes. 
  
[1] L. Dowling et al.: A review of critical repeatability and reproducibility issues in powder bed fusion. 
[2] G. Tapia & A. Elwany: A review on process monitoring and control in metal-based additive manufacturing. J. 
Manuf. Sci. Eng. 136 (2014) 
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Development of a Design Digital Twin for Metal Additive Manufacturing 
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Despite tremendous efforts in improving metal 3D printers’ accuracy and reliability, mainstream 
insertion of additive manufacturing (AM) in industrial shopfloors is still limited by uncertainty and 
inconsistency in the AM process. Computer modeling and simulation is the natural answer to address 
such issues before printing, thus reducing the cost of trial-and-error. However, an exhaustive feature-
rich, high-fidelity simulation of AM is extremely challenging, due to the tight coupling between 
different length scales (from part-scale to powder-scale) and time scales (from build time to scan 
vector time). By leveraging our in-house capabilities, we have developed an integrated digital platform 
which combines a thermal simulation at the scale of the part, a discrete element method simulation 
of powder spreading [1], a ray-tracing simulation of laser-matter interaction, a powder-scale 
simulation of powder melting and solidification and microstructure evolution [2][3], two phase-field 
simulations of dendritic and precipitates formation, a crystal plasticity calculation for prediction of 
mechanical properties, and a part-scale simulation of residual stress and distortion, to provide a 
multiscale simulation platform for AM.  Importantly, we also developed a physics-based classification 
capability which, given an overall thermal history of the component, identifies the regions that have 
experiences similarly, or different, thermal histories for microstructure evolution. These capabilities 
were integrated into a single, end-to-end platform tailored to Nickel alloys, the EOS M290 printer, 
robot-guided directed energy deposition, with more materials and printers in pipeline to be added. For 
model validation, test coupons were printed and analysed in terms of porosity, microstructure, and 
mechanical properties, while distortion was validated with an actual industrial component. Here, we 
intend to show that a focus on computational speed and a seamless integration among length scales 
provide the user a holistic view of the manufacturing process and supports informed decisions on 
material choice, part design, and process parameters. 
 
References 
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Development of the Additive Manufacturing market in 2023 
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The worldwide development of Additive Manufacturing has witnessed significant growth in recent 
years, with the market experiencing remarkable double-digit growth rates. This disruptive technology 
has revolutionized traditional manufacturing processes, unlocking new possibilities across a wide range 
of industries. Looking ahead, the growth trajectory of Additive Manufacturing is expected to continue 
at a similar or even faster pace. 
 
Drawing on insights from the upcoming AMPOWER Report scheduled for release in 2024, this 
presentation will delve into the market developments of 2023. It will provide valuable insights into the 
key global developments on a commercial level, shedding light on the progress made in various markets 
worldwide. Additionally, the presentation will feature forecasts for a five-year horizon, offering 
projections for the future trajectories of Additive Manufacturing and its key markets. This 
comprehensive analysis will provide a thorough understanding of the current state and promising future 
of Additive Manufacturing. 
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The final microstructure in additively manufactured (AM) components is determined by a complex 
interplay between the alloy characteristics, powder properties and printing parameters. To fully map 
out fundamental mechanisms behind the materials’ behaviour during AM processes, observations 
beyond post-print ex situ characterization of printed parts are needed. 
 
This work demonstrates how in situ observations using synchrotron X-rays can be used to study AM 
processes in real time. To generate conditions typical for AM meanwhile allowing for in situ X-ray 
studies, a dedicated AM sample environments is needed. Here, the construction of an electron beam-
powder bed fusion (PBF-EB) sample environment is described [1]. Both high-speed X-ray radiography 
and diffraction are then applied to image the meltpool dynamics and to follow the microstructure 
evolution during PBF-EB, respectively. 
 
Furthermore, how these in situ measurements can be used to validate computational thermodynamics 
and kinetics models [2], enabling alloy development for AM, is discussed. 
 

 
Figure 1. Schematic of the PBF-EB simple environment (MiniMelt) for measurements of Wide-Angle X-ray Scattering (WAXS), 
radiography, and Small-Angle X-ray Scattering (SAXS) in a synchrotron. (b) Schematic of the unconfined powder bed where 
the x-ray beam interacts with the simple [1]. 
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M. Mulser1* 

1 OHB System AG  

*marco.mulser@ohb.de 

 

Within the last decade, Additive Manufacturing evolved from a concept merely used for Rapid 

Prototyping into several reliable manufacturing technologies. Today, especially Laser Powder Bed Fusion 

is a mature technology that enables innovative design solutions with an exceptional freedom of design 

that provides benefits regarding performance, delivery times and mass reduction. 

In the presentation, OHB’s recently developed spacecraft flight hardware will be presented with a focus 

on aluminum and titanium alloys. The design process will be demonstrated exemplarily for a recently 

developed integrated Twin-Mirror with embedded lattice structures. Key challenges during design, 

manufacturing, and post-processing are addressed. The presentation features an outlook on 

requirements and regulations for process verification and AM space hardware qualification following the 

standards of the European Cooperation for Space Standardization (ECSS). 

In a nutshell, the audience will understand the innovative potential of AM and OHB's motivation to use 

Laser Powder Bed Fusion for spacecraft manufacturing. The presented flight hardware items illustrate 

the specific advantages of the technology compared to conventional solutions. 

 

 

Figure 1. Lightweighted twin-mirror made of Scalmalloy by L-PBF for spacecraft spectrometers 
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The general term additive manufacturing (AM) encompasses processes that enable the production of 
parts in a single manufacturing step. Among these, laser powder bed fusion (PBF-LB) is one of the most 
commonly used to produce metal components. In essence, a laser locally melts powder particles in a 
powder bed layer-by-layer to incrementally build a part. As a result, this process offers immense 
manufacturing flexibility and superior geometric design capabilities compared to conventional 
processes. However, these advantages come at a cost: the localized processing inevitably induces large 
thermal gradients, resulting in the formation of large thermal stress during manufacturing [1]. In the 
best case, residual stress remains in the final parts produced as a footprint of this thermal stress. Since 
residual stress is well known to exacerbate the structural integrity of components [1], their assessment 
is important in two respects. First, to optimize process parameter to minimize residual stress 
magnitudes. Second, to study their effect on the structural integrity of components (e.g., validation of 
numerical models). Therefore, a reliable experimental assessment of residual stress is an important 
factor for the successful application of PBF-LB. In this context, diffraction-based techniques allow the 
non-destructive characterization of the residual stress. Figure 1 shows the schematic roadmap for the 
determination of residual stress by diffraction. In essence, lattice strain is calculated from interplanar 
distances by application of Braggs law. From the known lattice strain, macroscopic stress can be 
determined using Hooke’s law. To allow the accurate assessment of the residual stress distribution by 
such methods, a couple of challenges in regard of the characteristic PBF-LB microstructures need to be 
overcome [2].  

This presentation highlights some of the challenges regarding the accurate assessment of residual stress 
in PBF-LB on the example of the Nickel-based alloy Inconel 718. The most significant influencing factors 
are the use of the correct diffraction elastic constants, the choice of the stress-free reference, and the 
consideration of the crystallographic texture. Further, it is shown that laboratory X-ray diffraction 
methods characterizing residual stress at the surface are biased by the inherent surface roughness. 
Overall, the impact of the characteristic microstructure is most significant for the selection of the correct 
diffraction elastic constants. In view of the localized melting and solidification, no significant gradients 
of the stress-free reference are observed, even though the cell-like solidification sub-structure is known 
to be heterogeneous on the micro-scale. [2] 

 
Figure 1. Schematic representation of the challenges in the domain of diffraction-based characterization of residual stress. [2] 
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A Coupled CFD-DEM Approach to Modelling Powder 
Stream in Direct Energy Deposition
Tijan Mede1* (T. Mede), Matjaž Godec2 (M. Godec)
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Metal-based  additive  manufacturing  (AM)  is  revolutionizing  the  production
process and introducing unprecedented capabilities, which are quickly becoming
indispensable  across  a  wide range of  industries  [1].  Direct  Energy Deposition
(DED) in  particular  exhibits  a  high potential  for  space applications  due to  no
imposed limitation on the size of manufactured objects and the ability to operate
in  micro-gravity  conditions  [2].  DED  however  remains  hindered  by  poor
deposition quality and reproducibility, which appear to originate in the powder
stream condition  [3]. Increased accuracy of the blown powder dynamics hence
represents  a  crucial  ingredient  of  next-generation  DED  models  [4].  Powder
stream is usually modelled with the use of computational fluid dynamics (CFD) as
a  two-phase  flow  problem  involving  a  dispersed  second  phase  [5].  Powder
particle collisions and their interaction with the melt-pool cannot be accounted
for by these models and are regularly disregarded on account of these particles
occupying a small volume fraction in the carrier gas flow  [5]. This assumption
was put to the test using a Discrete Element Method (DEM) model of the particle
stream of  a  discrete  coaxial  nozzle.  While  neglecting the interaction  between
carrier gas and powder particles, the results showed that non-negligible portions
of powder grains are involved in grain collisions with substantial rebound angles,
which underlined the need to account for inter-particle interaction in DED stream
models.  This  sparked the  development  of  a  fully  coupled  CFD-DEM model  of
powder stream in DED, using state-of-the-art approaches for parallelly resolving
the fluid and the discrete phase dynamics, accounting for the drag on the powder
particles as well as the resulting reactive force on the fluid. The model is thus
capable  of  accounting  for  the  full  set  of  granular  dynamics,  including  grain
collisions as an essential influence on powder stream dynamics. 
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Figure 1. A schematic representation of the numerical approach to modelling powder stream 
dynamics in DED.

References
[1] P. W. Cooper, “3D Printing: A Potential Game Changer for Aerospace and Defense,”

Gaining Alt., vol. 7, 2013.
[2] N. Shamsaei, A. Yadollahi, L. Bian, and S. M. Thompson, “An overview of Direct 

Laser Deposition for additive manufacturing; Part II: Mechanical behavior, process 
parameter optimization and control,” Addit. Manuf., vol. 8, pp. 12–35, 2015, doi: 
10.1016/j.addma.2015.07.002.

[3] Z. Liu, H. Zhang, S. Peng, H. Kim, D. Du, and W. Cong, “Analytical modeling and 
experimental validation of powder stream distribution during direct energy 
deposition,” Addit. Manuf., vol. 30, no. February, p. 100848, 2019, doi: 
10.1016/j.addma.2019.100848.

[4] S. M. Thompson, L. Bian, N. Shamsaei, and A. Yadollahi, “An overview of Direct 
Laser Deposition for additive manufacturing ; Part I : Transport phenomena , 
modeling and diagnostics,” Addit. Manuf., vol. 8, pp. 36–62, 2015, doi: 
10.1016/j.addma.2015.07.001.

[5] H. Tan, C. Zhang, W. Fan, F. Zhang, X. Lin, and J. Chen, “International Journal of 
Machine Tools and Manufacture Dynamic evolution of powder stream convergence 
with powder feeding durations in direct energy deposition,” Int. J. Mach. Tools 
Manuf., vol. 157, no. February, p. 103606, 2020, doi: 
10.1016/j.ijmachtools.2020.103606.



97

Compensation of distortion in sinter-based additive manufacturing using an 
inverted simulation of the sintering process  
F. Tischel1*, V. Ploshikhin1  
 
1 University of Bremen  
*tischel@isemp.de 

 
Sinter-based Additive Manufacturing (SBAM) methods, such as Metal Binder Jetting, bridge the high 
productivity rate of series production and freedom of design in additive manufacturing [1]. However, 
SBAM requires a subsequent sintering process to achieve the desired material properties, resulting in 
distortion due to anisotropic shrinkage and creep distortion [2,3]. Simulative compensation of 
distortion is one solution to this problem [4]. 
 

 
 
Figure 1. Example simulative compensation of distortion 

 
In this work, the latest research results on the simulative prediction and compensation of distortion in 
SBAM from the Airbus Endowed Chair for Integrative Simulation and Engineering of Materials and 
Processes (ISEMP) at the University of Bremen will be presented. In particular, the newly developed 
method will be discussed in which the compensation of distortion is determined by the inverted 
simulation of the sintering process. This new numerical method allows to reduce the number of 
necessary iterations in comparison to conventional ones. The advantages of this method are 
demonstrated on the components with complex geometries having a high susceptibility for distortion. 
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The rise of innovative additive manufacturing (AM) methods calls for a reassessment of the significance 
of the directional grain growth (DGG) phenomenon beneath the melting pool and due to the localized, 
intrinsic applied heat. Here establishing a computational framework for systematically examining such 
DGG can greatly assist, since experimental measurements remain quite challenging. 
 
We advanced a combined mean-field modelling and phase-field simulation framework [1, 2] to account 
for additional driving force during the evolution of a polycrystalline body. The simulations were realized 
by OpenPhase software package [3]. The obtained results reveal that a steady-state power-law grain 
growth kinetic can be established during DGG, giving a growth exponent that is generally larger than 0.5 
(normal grain growth). This is found to be dictated by the interference between curvature-driven 
dynamics at grain boundary junctions and directional driving force.  
 

 
Figure 1. The effect of driving force on the (a) growth exponent and (b) grains microstructure during DGG. The white arrow 
indicates the direction of the driving force field. 
 
Most interestingly, we found that the slowest growth kinetics is achieved for the intermediate driving 
forces, whereas the growth exponent approaches asymptotically a constant value when increasing the 
intensity of the driving force [4]. Figure 1 depicts the growth exponent as a function of driving force and 
two cross-section views of evolving microstructures under different driving forces. 
 
The simulation findings were analysed in the context of a new mean-field model. We show that an extra 
model parameter can capture the influence of external driving forces on the grain growth and thus can 
be used for preassessment of the DGG during AM process [4]. 
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Residual stress and the resulting deformations, as well as process disturbances, continue to be one of 
the major problems in Laser Powder Bed Fusion (LPBF) processes of metals. Simulations are meanwhile 
well established to predict their formation and the induced distortions. They can be used to adapt 
critical part geometries, the support structure or the manufacturing process even before the parts are 
manufactured.  
In particular methods based on the inherent strain approach enable predictions of even macroscopic 
parts in tolerable computation times, i.e. in only several hours even for parts with industrial relevant 
size and complexity. Therefore, the method is widely discussed in the literature, e.g. [1,2,3]. 
Nevertheless, the predictions are not always reliable. This contribution identifies a critical assumption 
of classical inherent strain based LPBF simulations and finally proposes an extension of inherent strain 
methods to adress this issue: The temperature history is assumed to be approximately equal. Depending 
on factors such as the part geometry or the process environment, it is demonstrated that this is not 
always the case. Different temperature histories significantly influence the formation of residual stress 
and distortion. Experimental results confirm this hypothesis.  

A multi scale (thermal and 
thermo-mechanical) 

simulation framework was 
developed and utilized to 
investigate the emergence 
of non-uniform 
temperature distributions 
and histories (Figure 1), as 
well as their impact on the 
evolving inherent strains. 
The framework is based on 
the Finite Elements Method 
and includes several 
advanced simulation 
techniques, e.g. adaptive 
meshing. The investigation 

results in an extension of inherent strain methods, by linking it to a reduced order thermal simulation 
model and choose the applied inherent strain loads with respect to the calculated temperature. This 
enables predictions even for parts with non-uniform temperature histories and extends its scope of 
application. 
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Figure 1 Coupled multi-scale (meso-macro) simulation to predict tempertures in LPBF 
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The quality of parts built with powder bed fusion (PBF) additive manufacturing method crucially 
depends on solidified material properties and defects (such as porosity), which is determined by the 
details of the process at the mesoscale level [1]. We have developed a high-throughput simulation 
package for additive manufacturing (KiSSAM) which accurately captures the diverse physical 
phenomena occuring during PBF at the mesoscale such as powder layer formation, energy absorption 
and melt pool dynamics and solidification. At the core of KiSSAM lies the lattice Boltzmann method 
(LBM) optimized for Graphical Processing Units GPU; a dynamic mesh for the melt pool; an adaptive 
mesh for the heat solver; a GPU-powered ray tracer and Monte-Carlo scattering solver for beam 
absorption, and a high-performance discrete element method (DEM) solver for powder bed deposition. 
High degree of algorithm optimization results in significant gains in simulation speed, allowing us to 
complete simulations in a few hours and even faster (less than half an hour for single tracks) [2,3]. 
The high performance of KiSSAM enables multilayer simulations without compromising the accuracy of 
the description of the PBF process at the mesoscale level, helping gain insights into how evolution of 
single track morphology affects the morphology of a multilayer part [4]. High-throughput parametric 
sweeps of single track simulations allowed formulating the criteria for the lack of fusion during Laser 
PBF with an increased layer thickness, which is expected to provide a scientific basis for the analysis of 
the maximum layer thickness via simulation to increase the performance of the technology [5]. 
Other applications of KiSSAM to intensive PBF process simulations, presented in this contribution, 
include simulation of overhangs and porous multilayer samples. Moreover, implementation of the 
multicomponent evaporation model allows modeling variation of the alloy composition during 
multilayer builds.  

 
Figure 1. KiSSAM simulation of overhangs with different processing parameters. The processing parameters are from [6]. 
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3D printing offers unprecedented capabilities and solutions to challenges inherent in extraterrestrial 
environments. In particular 3D printing of metallic materials by means of laser melting places high 
demands on the processing methods [1]. While on Earth, the optimization of the process parameters 
is well studied and technically mastered in many cases, the behaviour under reduced gravity and 
weightlessness is largely unknown. By means of Smoothed Particle Hydrodynamics (SPH) [2] 
simulations we therefore show, how the dynamics of laser-melted metals depend on gravity (Fig. 1). 
Our simulations make it possible to investigate the phenomena relevant to the manufacturing process 
cost-effectively under variable gravity and can thus make an important contribution to the 
development of techniques for additive manufacturing under conditions of weightlessness and 
reduced gravity. 
 
 

 
Figure 1. Upper part: Droplet formation caused by droplet formation caused by surface tension during the laser melting 
process. Lower part: Laser melting process of SS316L. 
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Powder-bed-based 3D printing of polymer components may employ auxiliary agents to enable precise 
directing of sintering heat flows induced by diffuse thermal sources [1]. These utilized auxiliary agents 
entail adherent printing powder residuals covering the components’ surfaces. 
Within an envisaged automated post processing workflow of these printed components aspects 
correlated to these adherent powder residuals are addressed as well. Resource efficient development 
of such a workflow suggests purposive numerical simulations to assist the design of process-related 
devices.  For close-to-reality simulations, thorough knowledge of material behavior is prerequisite. 
 
Therefore, besides the description of the adherent powder residuals’ elastic material behavior, a failure 
surface needs to be determined, as the failure behavior of the said powder residuals appears highly 
relevant within the carried-out finite-element simulations. An experimental approach, based on 
geotechnical direct shear testing [2], has been developed to enable controlled load subjection to 
undisturbed cohesive powder residuals for that purpose.  

 
Figure 1. A: A powder bed-based 3d printed component, with adherent powder residuals (top) after cleaning (bottom). B: Both 
states are investigated by FEA to substantiate the design of further process devices, e.g., in simulations of the mechanical 
gripper 
 
 

Simulation campaigns depicting component transportation tasks by means of mechanical gripping 
systems (Figure 1, B) are suitable to secure safe transportation of components with and without powder 
residuals (Figure1, A).  The effects of variously shaped grippers were investigated regarding required 
gripping forces and the interactive behavior in the contact area. 
 
Based on the proposed material characterization, future research will focus grit blasting removal of 
adherent powder residuals from the additively manufactured components including the impact effects 
of rapid particles onto the plain surface of the individual components. Within this context, anisotropic 
material properties of the components are considered. 
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The microstructure of additively manufactured structural alloys can be characterized by epitaxial 
columnar grains, a phenomenon attributed to directional heat transfer. Differences in length and time 
scales associated with solute diffusion and rapidly evolving temperature field in conjunction with scaling 
limitation associated with interface width poses a computational limitation to resolve constitutionally 
undercooled zone ahead of the growing grain at the scale of melt pool which is a prerequisite to 
establish relations between grain texture, size distributions and processing parameter viz beam shape, 
power, speed, etc. A mesoscopic envelop model [1][2] is presented to simulate grain texture evolution 
under additive manufacturing conditions to overcome these limitations. In the model a continuous 
surface with a diffuse interface is assumed representing the active branches of the internal grain 
structure within envelop. The envelop is propagated with a phase field equation. The temperature 
solution is coupled with quadratic kinetic law which relates constitutional supercooling to solidification 
velocity and drives the envelop such that without resolving internal grain structure the evolution of grain 
envelop is predicted thereby allowing concurrent coupling to solution of transient temperature field 
and evolution of envelop surface. The results indicate that the use of local analytical solutions in 
numerical calculations is a viable technique for simulating large-scale microstructure evolution under 
additive manufacturing conditions. 

 
Figure 1. Schematic illustration of a) Envelop around dendrite branches and b) Equivalent envelop surface, c) Figure showing 
grain texture evolution and identification of different zones. d) Temperature distribution, e) Interfaces depicting grain 
morphologies along the melt pool path.  
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Additive manufacturing (AM) has attracted a lot of attention from science and industry in the past few 
years due to its advantages, such as the possibility of manufacturing complex geometries and material 
efficiency. Among AM processes, Wire Arc Additive Manufacturing (WAAM) is widely used form the 
production of large parts, which is executed by depositing layers of metal on top of each other, until a 
desired 3d shape is created. Despite its benefits, if it is poorly conducted, AM parts can suffer from 
microstructural and mechanical properties anisotropy and heterogeneity, and residual stresses. 
Residual stresses could negatively affect the fatigue life of the components and increase susceptibility 
to stress corrosion cracking and hydrogen embrittlement. They could be high enough to cause 
detachment of the deposited material from the substrate during manufacturing or cause undesired 
distortions, which negatively affect the geometrical precision of the parts. Understanding the formation 
mechanism and evolution of the residual stresses during the AM process is the key to a successful design 
and component performance. Experimental methods for analyzing residual stresses, despite providing 
valuable insight into the magnitude and distribution of residual stresses, are usually restricted to a few 
points and cannot capture the whole distribution of the residual stresses in the component. Besides, 
their in-situ implementation imposes more complexity and experimental difficulties. Numerical 
methods, on the other hand, give a comprehensive view of the residual stress and distortion of the 
whole part. Although, their reliability depends on the accurate verification and validation of the model 
[1–3]. Therefore, a combination of both methods could readily give a comprehensive insight into the 
formation mechanism and evolution of the thermal and residual stresses in AM parts. This work, 
therefore, aims to investigate the residual stress formation and evolutions in S316L austenitic stainless 
steel parts manufactured by WAAM. XRD methods were utilized for measurement of the residual 
stresses and FE-based Abaqus software was used to numerically calculate the thermal and residual 
stresses in the parts via a thermos-mechanical model. The results show that the residual stresses in the 
longitudinal and build directions are the highest residual stresses of the component. While the 
distribution and magnitude of all stress components substantially change by depositing the subsequent 
layers. 
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Super duplex stainless steels (SDSS) are often used in corrosive environments,
such as oil and gas industries, due to their good combination of strength (>450
MPa  yield  strength  and  >700  MPa  ultimate  tensile  strength)  and  corrosion
resistance (pitting resistance equivalent number – PREN > 40).  Achieving the
desired properties of SDSS, as balanced austenite/ferrite phase composition and
minimal  deleterious phases,  is challenging during the arc-based direct energy
deposition (arc-based DED) manufacturing process due to its complex thermal
cycles  [1].  This  work  aims  to  gain  a  comprehensive  understanding  of
microstructure  evolution  (nucleation,  grain  growth,  phase  transformation,
elemental segregation, and phase balance) in SDSS arc-based DED parts in the
light  of  phase  field  simulations.  The  phase  field  model  is  based  on
thermodynamic-driven partial differential equations, which model is coupled to
both mass  and heat  transport  phenomena including release of  latent  heat  of
solidification  [2,3].  A  validation  experiment  has  been  carried  out  by  optical
microscopy, electron scanning microscopy, differential scanning calorimetry, and
X-ray  diffraction,  showing  that  the  simulation  results  are  consistent  with  the
experimental results. Simulation reveals insights into local equilibrium conditions
about  heterogeneous  nucleation,  cellular  solidification  mode,  oriented  grain
growth, phase fraction during solidification, and elemental partitioning; therefore,
enhancing the understanding of solidification and phase transformation of the
SDSS during arc-based DED process.

Figure 1. Phase field simulations for SDSS part as AM deposited: a) cellular growth of delta ferrite
during solidification, and b) volume fraction of phases during solidification. 
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Powder-based Laser Metal Deposition offers opportunities for the build-up of complex structures with 
various materials, but improper process parameters can cause defects like lack of fusion and pores. 
Maintaining suitable melt pool characteristics is crucial, often requiring parameter adjustments due to 
local temperature and geometry variations. 
Several developments have been made to ease the parameter selection. The numerical process 
simulation allows for the prediction of the melt pool evolution and can be used for the virtual 
optimisation of process parameters before the start of the actual deposition process. The results of the 
numerical simulation can be validated using in-situ monitoring systems, which are suitable for 
continuous examination of the melt pool size and offer a high potential to detect inappropriate melt 
pool characteristics [1]. To assess the build-up process, the information gathered from monitoring 
systems and process simulation need to be linked with the formation of internal defects. 
In this study, the complex time evolution of the melt pool characteristics, yielded by process monitoring 
and numerical simulation, is investigated regarding the detection of the internal defect formation. For 
this purpose, multi-layer sample parts of the material Ferro55 [2] are manufactured and 
metallographically analysed. The variation of the melt pool properties in different layers is caused by 
the evolution of the accumulated sample temperature and the layer-wise adjustment of the laser 
power. The melt pool is monitored using the coaxial camera system described in [3]. In some regions a 
steep decrease of the laser power leads to too excessive reduction of the melt pool size and to formation 
of lack of fusion defects.  
The numerical analysis of the building process using a thermal FEM simulation predicts the transient 
temperature distributions and the progression of the melt pool size. The melt pool sizes in simulation 
and measurement show a very similar evolution (Figure 1). Through the comparison with the 
metallographic and computed tomography investigations of the sample part the critical size of the melt 
pool can be evaluated. The segment at which lack of fusion defects are visible coincides with the location 
at which the melt pool size is below a specific critical threshold value. To avoid defects, new process 
parameters can be designed via simulation. 

Figure 1. Comparison of melt pool sizes in simulation and experiment with defect distribution in sample part. 
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Wire arc additive manufacturing (WAAM) is a promising direct energy deposition (DED) process that 
enables high deposition rates and produces large components of moderate complexity [1] with 
comparable or better material properties than conventionally manufactured parts [2]. However, the 
residual stresses generated during the process can cause thin and slender parts to buckle under 
compressive loads, a well-known issue in DED [3] and other additive manufacturing processes [4,5]. In 
this study, an oscillation in the displacement was observed in a thin-walled cylindrical specimen (see 
Figure 1a), which was assumed to be buckling due to the similarity to buckling of higher eigenvalues for 
hierarchical beam structures [6]. 

 
Figure 1. Comparison of the deviations from a WAAM specimen to the desired geometry for (a) a 
cylindrical specimen and (b) a predeformed complex cylindrical specimen. 

This study utilized an inherent strain simulation, specifically adapted to the Wire Arc Additive 
Manufacturing (WAAM) process [7],  to create a predeformed structure (Figure 2b) that compensates 
for displacements induced by additional structures on a cylinder. The simulation-based predeformation 
successfully eliminated buckling, confirmed by the absence of buckling in the printed predeformed 
specimen. The results of the study demonstrate a high potential of the inherent strain simulation to be 
a very effective numerical method to improve the stability of the build-up process by wire-arc additive 
manufacturing of thin-walled components. 
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Additive manufacturing processes enable the production of complex structures beyond the reach of 
conventional methods. A widely employed and extensively investigated additive manufacturing 
technique for metals is the Laser Powder Bed Fusion (LPBF) process. One class of structures that can 
be additively manufactured in this way are cellular lattice structures. In [1] it is demonstrated that 
isotropic plate lattice structures can achieve the upper limit [2] of the achievable weight-specific elastic 
material properties of an isotropic cellular material. 
 
The subject of the research outlined herein is the investigation of anisotropic plate lattice structures 
with high weight-specific stiffness and strength to be manufactured within the LPBF process. Three 
lattice unit cells are designed, with the first one intended for tension/compression loading, the second 
one for shear loading and the third one for a combined loading scenario. The elastic homogenized 
material properties are determined using FEM with unit cell models and periodic boundary conditions 
(PBC) [3]. Subsequently, an investigation of the stability behavior of the lattice structures is conducted 
using various modeling approaches with different representative volume elements. A detailed 
examination of the occurring stress concentrations is carried out by using different concepts. Figure 1 
shows the three steps, stiffness analysis, stability analysis and strength analysis, which were carried 
out to fully characterize the elastic material behavior of the lattice structures. In addition, first samples 
produced using the LPBF process are shown. 

 
Figure 1. Stiffness analysis (1), stability analysis (2) and strength analysis (3), for the material characterization and a 
manufactured sample using the LPBF process (4) 
 

To evaluate the lightweight potential of the developed lattice structures, their effective elastic material 
properties are compared to those of a honeycomb structure. The work demonstrates that using 
anisotropic structural behavior enables the development of plate lattice structures characterized by a 
comparatively simple and for the LPBF process manufacturing-friendly cell architecture, high weight-
specific stiffness, and consequently, significant lightweight potential. The stability analysis reveals that 
in all lattice structures, plastic deformation initiates before linear buckling occurs. It is shown that by 
selecting appropriate representative volume elements, reduced models with PBC can be employed for 
buckling analysis instead of more complex multi cell models. Furthermore, the weight-specific strength 
of the plate lattice structures is evaluated and it is shown that stress concentrations can be significantly 
reduced through the deliberate implementation of radii. Simultaneously, the radii lead to an increase 
in weight-specific stiffness. It will be shown, that plate lattice structures with a wall thickness of 0.2 
mm can be manufactured using the LPBF process with AlSi10Mg powder. The subject of further 
research will be the experimental investigation of the lattice plate structure. 
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In order to establish industrial Additive Manufacturing (AM) in series production, a reliable, reproducible 
and, above all, economical process is required. High post-processing costs, long printing times and 
inefficient material consumption do not meet the requirements. 
But how does “advanced 3D Printing” work? In this presentation, you will learn more about the working 
principle of a new process control solution that includes a unique intelligent real-time thermal 
management system that reduces or eliminates support structures while working 2 to 5 times faster 
than other additive manufacturing technologies.  
EOS Smart Fusion is the latest development for the advancement and promotion of metal AM. This 
technology automatically adjusts the laser power of EOS metal AM systems in real time to solve 
potential manufacturing problems quickly and efficiently. The technology measures the laser energy 
absorbed by the powder bed and adjusts it using advanced algorithms. As a positive side effect, support 
structures that would be mandatory in other metal AM applications can be avoided. This not only 
eliminates slower build times, but also lowers your cost per part by reducing post-processing and 
material usage. It also adds significant value in terms of sustainability. With Smart Fusion software, 
precise Beam Shaping and a wide range of New Materials, more industries can make a positive business 
case for metal AM applications. This is particularly beneficial for industries with highly technical 
components such as energy, space tech, mobility, and aerospace. 
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Metal-based additive manufacturing processes are increasingly used in industry to produce complex-
shaped components. In this regard, the laser-based Powder Bed Fusion process (PBF-LB/M) is one of 
the key technologies due to its capability to produce components in high spatial accuracy. The formation 
of porosity during manufacturing poses a serious risk to the safety of the printed parts. For quality 
assessment, in-situ monitoring technologies such as thermography can be used to capture the thermal 
history during production. It was shown that discontinuities within the thermal history can be correlated 
with the probability of porosity or defect formation [1]. In this context, Machine Learning (ML) 
algorithms have achieved promising results for the task of porosity prediction based on thermographic 
in-situ monitoring data [2]. One important technique is the use of thermogram features for porosity 
prediction that are extracted from the raw data (e.g., features related to the melt pool geometry or 
spatter generation). However, the reduction from large thermogram data to discrete features holds the 
risk of losing potentially important thermal information and, thereby, introducing bias in the model.  
Therefore, we present a raw data-based deep learning approach that uses thermographic image 
sequences (Fig. 1a) for the prediction of local porosity. The model takes advantage of the self-attention 
mechanism [4] that considers not only the thermogram information but also its positional context within 
the sequence. The model is used to predict porosity in the form of a many-to-one regression. It is trained 
and tested on a dataset retrieved from the manufacturing of HAYNES282 cuboid specimens (Fig. 1b). 
The model results are compared against state-of-the-art thermogram feature-based ML models and 
artificial neural networks. The raw data model outperforms its feature-based counterparts in terms of 
prediction scores and, therefore, seems to make better use of the information available in the 
thermogram data.  
  

 
 
Figure 1. a) Raw thermogram image sequences. b) Porosity distribution in HAYNES282 specimen. 
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This study provides insights into the properties of 316L stainless steel produced by additive 
manufacturing using fused filament fabrication (FFF). One key finding is particularly noteworthy: in 
significant contrast to cold-rolled 316L, FFF316L develops a pronounced martensite phase after 
fabrication. The comprehensive comparative analysis shows that FFF316L not only retains the ferrite 
volume content, but that this is also significantly influenced by the build-up direction, Fig. 1.  

 

 

Fig. 2 Void volume content 

 
Despite the sintering process, which typically involves densification of the material, a pore volume 
fraction of 8.45 % remains, which influences the mechanical properties, Fig. 2. Although FFF316L has 
lower elastic modulus and tensile strength values compared to cold-rolled 316L, its ductility is still 
competitive, Fig. 3. The study further reveals that deformation-induced martensite forms at the 
intersections of the deformation twins and ferrite islands form at the grain boundaries during the 
compression and sintering phases, Fig. 4.  

 

Fig. 3 Material behaviour 

 

Fig. 4 Microstructure and chemical composition 

These findings highlight the challenges associated with FFF316L in specific application fields and signal 
the need to continue to carefully evaluate and improve the development of manufacturing 
technologies. 

Fig. 1 Ferrite volume content 
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In powder-based 3D printing, various post-processing steps are required from additive manufacturing 
to the finished component. These include, for example, the removal of residual powder from the 
components, the allocation and sorting of the components and an optical quality check. These steps 
are currently mainly carried out manually as the manufactured parts often require individual cleaning 
and post-treatment [1]. The current process sequence is therefore complex and time-consuming.  
 
Thus, a universal, automated post-processing station is envisaged that includes a fully automated 
transport and sorting process, automated powder removal and an integrated quality assurance 
system. 
The concept provides a step-by-step cleaning process, a transport by robotic devices using an 
intelligent gripping system and quality assurance via image recognition based on artificial intelligence. 
This enables an efficient, space- and cost-saving design. 
 
 

 
 
Figure 1. Illustration of the post-processing concept from manufacturing to final sorting. 
 
 
The development of the post-processing station is supported by simulations regarding functionality of 
subsystems as well as the overall workflow. This includes physics-based simulations of cleaning and 
transport processes and a virtual commissioning. 
 
As seen in Figure 1, the concept provides a recirculation of the removed powder. Future research will 
investigate recycling strategies for used powder of poor quality as it is the case in binder jet 3D 
printing, where powder is contaminated by adhesive agents [2]. 
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Laser powder bed fusion of metals (PBF-LB/M) is an established AM technique that enables efficient 
net-shape fabrication with enhanced resource utilization compared to traditional methods.[1] Despite 
the recognized advantages of in-situ quality tracing and control instrumentation over post-processing 
measures, the current landscape of PBF-LB machine upgrades primarily features cameras or 
pyrometers, which fail to provide insights into the chemical composition.[2,3] Acknowledging this gap, 
our exploration into voxel-wise tracking of chemical composition during PBF-LB/M emerges as a pivotal 
endeavour. Our approach seeks to establish meaningful correlations between compositional alterations 
and resultant material properties, thereby enhancing manufactured components' overarching quality 
control capability.  
Delving into elemental composition analysis through in-situ optical emission spectroscopy (OES) during 
the PBF-LB/M process, our study draws inspiration from the successful application of OES in laser 
welding for in-situ metal vapor plume analysis [4,5]. Focusing on initial investigations, we explore the 
elemental analysis of metallic samples, exemplified by an Nd-Fe-B-based alloy [6]. For direct 
comparison, the established technique of ex-situ inductively coupled plasma OES (ICP-OES) has been 
applied, revealing a commendable correlation. Notably, our findings underscore the potential of local 
emissivity within Fe and Nd lines as reliable indicators for determining plasma temperature and 
elemental concentration. Overall, our study provides valuable insights into the in-situ OES analysis of 
PBF-LB/M and expands the quality tracing by information on the local composition of the produced 
parts.  
 
 
References 
[1] S.R. Narasimharaju, W. Zeng, T.L. See, Z. Zhu, P. Scott, X. Jiang et al, J. Manuf. Process., 2022, 75, pp. 375 
[2] Deutsche Akademie der Naturforscher Leopoldina e.V., Nationale Akademie der Wissenschaften, 

Schriftenreihe zur wissenschaftsbasierten Politikberatung, 2020 
[3] A. Molotnikov, A. Kingsbury and M. Brandt, J. Fundamentals of LPBF of Metals, 2021, 23, pp. 621 
[4] L. Zhou, M. Zhang, X. Jin, H. Zhang and C. Mao, Int. J. Adv. Manuf. Technol., 2017, 88, pp. 1373 
[5] B. Ribic, P. Burgardt and T. DebRov, J. Appl. Phys. (2011), 109, pp. 083301 
[6] A.R. Ziefuß, R. Streubel, P. Gabriel, F. Eibl, S. Barcikowski, ChemRxiv., 2023 



118

Multi-scale Characterization of Functionally Gradient Bimetallic Ni-Cu CSAM 
Alloys 
J. Yorston1, M. Riccio1, H. Francois-Saint-Cyr1, P. Sudera1*, H. Hoell2, M. Ellingsen2, J. Rinck3, K. Batte3 
 
1 Thermo Fisher Scientific, 2 VRC Metals, 3Waygate Technologies  
*prerna.sudera@thermofisher.com 
 
 
Weight reduction and improvement in efficiency of rocket engine components, are highly desirable in 
aerospace to reduce payload, lower launch costs, increase specific impulse, and enable their reuse in 
successive launches.  
 
We focused in this study on functionally gradient Ni-Cu alloys, which offer both high-temperature 
strength and high heat flux properties to combustion liners, jackets and nozzles. The microstructures 
of those bimetallic alloys prepared by nitrogen-based cold spray additive manufacturing (CSAM), have 
been evaluated using 3D X-ray microscopy, large-scale automated scanning electron microscopy, and 
energy dispersive spectroscopy. Information such as grain size, shape, distribution, porosity, and 
chemical maps will help guide researchers in their understanding of the mechanical properties of that 
material. 
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Recently, tomoscopy (also known as time-resolved tomography) has been used to observe dynamic 
processes in various materials and systems. It can now capture up to 1000 tomograms per second (tps) 
for an extended duration of minutes. Focused laser beams can be used for local melting of material for 
cutting, cladding, or welding parts. This technique can also be used to sinter powder particles for 
additive manufacturing of components. 
Despite its potential, laser-based powder bed fusion (LPBF) parts often contain many pores, limiting 
their application potential. X-ray tomoscopy can help in analyzing pore formation in detail and improving 
production parameters. Image superposition which is typical for radiography is no longer an issue, and 
it allows edge effects of thin samples to be avoided. In a proof-of-concept operando tomoscopic 
experiment, loose aluminum powder was processed under realistic production conditions with a fiber 
laser and a fast positioning system for beam guidance by superimposing the movement of the laser on 
that of the rotating powder bed, the last being necessary for tomography. That way the interaction area 
could be advanced while simultaneously recording tomograms with a temporal resolution of 100 tps. 
The temporal evolution of the aluminum powder particles during the formation of the first molten layer 
in this simplified LPBF sintering was recorded along two complete circles of 2 mm diameter with a 
relative laser feed rate of 1 m/min in 0.72 s and the results were analyzed. The experiment showed the 
formation of balling (caused by low laser energies), denudation zones and porosity. The first circle 
showed individual melt lumps forming at the position of the laser spot. The lumps had an equivalent 
diameter of 0.2-0.5 mm and retained their original shape throughout the process until they solidified. 
X-ray tomoscopy was used to quantify the evolution of the total volume of molten powder and the 
porosity formed within the particles in the first circle. The total volume of the molten powder increased 
almost linearly with time, while the majority of pores did not form until the first lumps began to solidify, 
as residual gases cannot diffuse out fast enough to avoid being trapped. After passing the laser again 
and melting the lumps again, the porosity was reduced about tenfold. 
These findings provide insight into improving production parameters and developing dedicated alloys 
for additive manufacturing. Overall, this study demonstrates the potential of in-situ operando 
tomoscopy to advance our understanding of laser interaction and ultimately improve the quality of 
additively manufactured parts. 

 
Figure 1. LPBF of AlSi10Mg powders observed with X-ray tomoscopy operando, time-resolved and in 3D during formation. 
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The possibilities of additive manufacturing have grown more and more in recent years and now cover 
almost the entire material spectrum of series production. Almost all shapes can be produced that would 
either not be possible at all using conventional methods or only at enormous cost. With the increasing 
spread of 3D printing technology, it is also finding its way into new markets reaching from automotive 
to aerospace applications. Quality assurance measures are becoming increasingly important and must 
be taken into account accordingly. Especially, the medical sector, but also the automotive, aerospace 
and defence industry is known to have strong quality assuring processes. This includes contious 
monitoring and improvement of the quality relevant parameters. For 3D-Printing processes, high costs 
per part, makes it sometimes difficult to inplement standard quality testing methods, such as 
metallographic cuts or tensile testing. In the event of damage, a precise analysis is often the right way 
to improve product reliability or to gain a better understanding of the failure mechanism in order to 
prevent the cause of damage in the future. HTV Conservation GmbH highlights various opportunities for 
the quality assurance of 3D-printed components. It will be shown how the processes in 3D printing can 
be monitored and how product quality can be documented and traced comprehensively. Various 
strategies and analytical methods will be presented, and their potential and practical utility will be 
discussed. 
 

 
Figure 1. Schematic on the considerations to be made during the quality assurance process 
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As industries move for ever faster development and adoption cycles of emerging new technologies in 
the field of welding, the meticulous and longer-winded approach of the scientific research process can 
feel harder to integrate. To help bridge this gap and increase the speed, quality, and adoption rate of 
publicly funded research, the Bundesanstalt für Materialforschung und -prüfung (BAM) continues to 
work towards enabling scientists with direct access to necessary software tools and - in the future – 
highest quality welding research reference data to further foster collaborations [1]. 
 
On the experimental side, the arc welding group at BAM division 9.3 “welding technologies” is 
continuing to expand and upgrade its capacities of robotic welding systems with integrated state of the 
art sensor technologies and software solutions. This allows all experiments to be recorded and 
measured in micro-millimeter accuracy and at sub-millisecond precision, including welding process 
data, complete spatial geometry and temperature measurements, process video recordings and more. 
The custom software-based solutions and interfaces allow scaling of the welding systems from large 
thick plate offshore applications to small additive repair weldments in wind turbine blades to multi-hour 
continuous weldments in additive manufacturing applications. In addition to the data gathered during 
the welding process itself, the relevant testing results and materials properties produced at BAM or 
externally can be integrated seamlessly. This allows detailed traceability of all results back to the actual 
welding process. 
Regardless of the scope and application, complete datasets can be made accessible for research or 
industry partners in the highest resolution based on the open source WelDX (welding data exchange) 
file format. 

 
Figure 1. Welding experiment representation including dynamic process data, cross-section imaging and hardness 
measurements from a single weldx file. 

 
The talk will give an overview of the experimental facilities and workflows as well as current software 
developments with a focus on research data quality assurance, traceability, and accessibility. 
Based on the integration into latest research trends and activities of the “welding technologies” 
division, the path to publishing reference datasets for arc welding process for various applications 
and materials is outlined and discussed. 
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When it comes to laser powder bed fusion, the constancy of the laser parameters is of great importance. 
Both, the manufacturers of the laser systems and the users thereof should be aware of the quality of 
the focused beam. As measuring a (high power) laser beam in the limited space of a production chamber 
is a challenge, new measurement technology had to be developed. Today, different technologies are 
available to measure the focused beam quickly and cost-effectively within the process. Especially for 
regulated industries it is key to measure the laser beam parameters in compliance with ISO standards. 
 

 
Figure 1. Two different approach to Laser Beam Profiling: Beam splitter and Rayleigh-Scattering 

 
The paper introduces the relevant measurement parameters for LPBF processes and depicts challenges 
in gaining those. It compares different measurement technologies and introduces suitable devices that 
can be used in regulated industries as they are based on international standards. Innovative technology 
for measuring beams with different wavelengths and high-power densities are introduced. 
LPBF offers an enormous potential for mass production of critical parts in many industries; to really take 
advantage of the benefits it is crucial to ensure high quality standards. The presentation aims to sensitize 
users of LPBF machines to regularly check the laser beam and introduces new solutions to measure high 
power laser beams in constraint building chambers and regulated industries. 
 
 
 
 
References 
[1] j: Simmons, K. Kirkham, 2019, White Paper, Last Online Check 20.2.24 . 

https://www.ophiropt.com/en/a/iso-non-contact-beam-analysis


123

K: Non-destructive testing and part
quality assurance [Berlin]



124

A unique authenticator for additively manufactured parts derived from their 
microstructure  
 
K. Gupta1, K. Poka1, A. Ulbricht1, G. Mohr1, A. Waske1*  
 
1 Bundesanstalt für Materialforschung und -prüfung, Berlin 
*anja.waske@bam.de 

 
Components produced using additive manufacturing can be marked for unique identification and secure 
authentication [1,2]. Serial numbers and machine-readable codes can be used to identify the 
component, and link digital product-related data (i.e., a digital product passport) to the actual 
components. The most prevailing solution consists of local process manipulation, such as printing a 
quick response (QR) code [3] or a set of blind holes on the surface of the internal cavity of hollow 
components. However, local manipulation of components may alter the properties, and external 
tagging features can be altered or even removed by post-processing treatments. This work therefore 
aims to provide a new methodology for identification, authentication, and traceability of additively 
manufactured (AM) components using microstructural features that are unique to each part. X-ray 
computed tomography (XCT) was employed to image the microstructural features of AlSi10Mg parts.  
Based on size and geometry, the most prominent features were selected to create a unique digital 
authenticator. We implemented a framework in Python using open-access modules that can 
successfully create a digital object authenticator using the segmented microstructure information from 
XCT. The authenticator is stored as a QR code, along with the 3D information of the selected features. 
 
 

 
 

Figure 1. Rendering of a 3D-printed Al-based part with spherical micropores. The most prominent pores with respect to their 
size and shape are selected for building a unique identifier of the manufactured part.  
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Laser-induced surface acoustic wave spectroscopy (LiSAWS) allows quick and non-destructive access to 
elastic properties of coatings, surfaces and surface-near bulk materials. Furthermore, the mechanical 
weakening due to cracks, pores and delamination can be evaluated, as they influence the propagation 
of surface waves as well. Therefore, the method is established as a quick and powerful tool for surface 
characterization and established today in research and development, quality control and as a precise 
and scientific reference method [1,2]. 
After successful application of the method to semiconductor materials and thin coatings from PVD, ALD, 
and other deposition techniques in the thickness range of few micrometers [1], recent works showed 
that using different sensors the depth of information can be extended to at least 500 µm. That allows 
measurement of thicker coatings and surface properties of freestanding build up structures made by 
laser cladding, powder bed processes, thermal spraying, and others.  

 
Figure 1: Effective Young’s modulus for additively manufactured components depending on generation direction for steel 316L 
(left) and Titanium alloy Ti6Al4V (right) 

In this work, precise measurement of the effective Young's modulus was used to determine the 
influence of process parameters such as temperature distribution and build-up direction,  as well as 
material properties such as residual porosity on various examples (laser cladding WC-Co/316L, electron 
beam melted TiAl alloy, thermally sprayed Al2O3 insulation coating). Furthermore, it is shown whether 
the effective modulus is related to the tensile strength and the number of cycles in fatigue tests of a 𝛽𝛽-
Ti-42Nb alloy prepared by laser powder bed fusion at different build-up directions and residual 
porosities. 
With regard to the practical implementation of the measurement, the advantages compared to other 
methods for measuring the Young’s modulus of additively manufactured components, like indentation 
or tensile test, are emphasized. Furthermore, technical possibilities and limitations with regard to the 
in-situ use for layer-by-layer characterization in powder bed processes are discussed. 
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The experimental determination of residual stress becomes more complicated with increasing 
complexity of the structures investigated. Unlike the conventional and most of the additive 
manufacturing (AM) fabrication techniques, laser powder bed fusion (PBF-LB) allows the production of 
complex structures without any additional manufacturing step. However, due to the extremely localized 
melting and solidification, internal stress-induced deformation and cracks are often observed. In the 
best case, significant residual stress is retained in the final structures as a footprint of the internal stress 
during manufacturing.  

Here we report solutions to the most prevalent challenges when dealing with the diffraction-based 
determination of residual stress in AM structures, in particular the choice of the correct diffraction 
elastic constants. We show that for Nickel-based alloys, the diffraction elastic constants of AM material 
significantly deviate from their conventional counterparts [1]. Furthermore, measurement strategies to 
overcome the hurdles appearing when applying diffraction-based techniques to complex-shaped lattice 
structures are presented: a) proper sample alignment within the beam, b) the proper determination of 
the residual stress field in a representative part of the structure (i.e., with an engineering meaning). 
Beyond the principal stress magnitude, the principal direcions of residual stress are discussed for 
different geometries and scan strategies, as they are relevent for failure criteria [2, 3].  

We show that the RS in the lattice struts can be considered to be uniaxial and to follow the orientation 
of the strut, while the RS in the lattice knots is more hydrostatic. Additionally, we show that strain 
measurements in at least seven independent directions are necessary for the correct estimation of the 
principal stress directions. The measurement directions should be chosen according to the sample 
geometry and to an informed choice on the possible strain field (i.e., reflecting the scan strategy) [3]. 
We finally show that if the most prominent direction is not measured, the error in the calculated stress 
magnitude increases in such a manner that no reliable assessment of RS state can be made. [2] 

 
Figure 1. Principal direction of the residual stress tensor in a strut (a) and in a knot (b) of a lattice structure. The statistical 

significance of the determination is given by the relative frequency of occurrence. [2] 
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One of the main barriers to utilizing additive manufacturing in an industrial environment is a robust and 
reliable quality control. To ensure the reliability, repeatability, and cost-effectiveness of additively 
manufactured parts, in situ non-destructive testing (NDT) is a very useful tool [1]. The in situ NDT tools 
used today are mainly based on optical or infrared imaging. Hence, the data gained by using these NDT 
tools is primarily related to surface information [2]. For the quality of mechanically stressed parts, 
avoiding internal defects is of great importance due to their great impact on the (fatigue)-strength 
properties [3]. Promising results for in situ NDT can be obtained by using Acoustic Emission Testing 
(AET). AET is an inspection method that analyses acoustic emissions that occur from solids when a 
material undergoes changes in its internal structure, such as crack formation and propagation. Defects 
are discerned through the examination of variations in the amplitude of acoustic waves emitted during 
defect formation in contrast to the base acoustic signature of the monitored structure. This method is 
already being used for detecting and tracking defects in pressure vessels and other structures like wind 
turbines or bridges. Concluding, this method has great potential for additive manufacturing regarding 
in situ quality control. However, due to the inherently passive signal detection, adapting the approach 
for Laser Directed Energy Deposition (DED-LB/M) presents significant challenges that need to be 
addressed. These include signal interference from the noisy process environment, variations in acoustic 
behaviour between different process setups, and the constantly changing geometry due to material 
buildup [4].  
This work aims to demonstrate that by carrying out frequency-resolved AET and obtaining an intensity 
distribution, these challenges can be overcome and distinguished acoustic patterns of defects and 
random interference can be analysed.  
 
 

 
Figure 1. Schematic representation of in situ passive acoustic spectral analysis during DED-LB/M 
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In order to use frequency-resolved AET as a quality control tool, it is necessary to gain an understanding 
of the acoustic emission profiles that occur during deposition and to set up thresholds for automated 
defect detection. Two types of samples are fabricated and monitored using frequency resolved AET: 
Reference samples that are processed to result in near defect-free bulk material and samples where 
process parameters and conditions are chosen to facilitate cracking during deposition or cooling, such 
as processing Ti-6Al-4V without sufficient shielding gas. The time and frequency-resolved intensity 
distribution recorded during deposition is analysed, and possible cracking events are identified. Samples 
are further investigated using µ-focus computer tomography to confirm the presence of defects in the 
samples and to ensure the quality of the reference samples. A correlation between defect size, acoustic 
profile, and crack location can be made to evaluate the suitability of in situ frequency-resolved AET for 
quality control.  
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This work introduces an advanced active thermography method that utilizes the distinctive abilities of 
Synchronized Path Infrared Thermography (SPIT) [1, 2], to provide a novel process monitoring approach 
in Laser Powder Bed Fusion of Metals (PBF-LB/M). This technique leverages a dual-scanner system, 
integrating non-destructive thermal excitation via the processing laser, and enhanced defect detection 
using a high-speed MWIR thermography system. The SPIT system strategically utilises the 
manufacturing laser to heat the specimen surfaces, thereby enabling the simultaneous capture of 

thermal behaviour of the surface through 
a secondary, infrared-optimised optical 
path. This setup is adept at identifying 
subsurface defects, which is crucial for 
assessing the integrity of components 
produced via additive manufacturing and 
that traditional surface inspection 
methods might miss.  
In this technology, the resulting 
temperature fluctuations caused by 
locally differing thermal material 
properties are measured. These 
differences can be caused by a variety of 

manufacturing imperfections and result in a 
decreased heat dissipation, which can be reflected 
in measurably higher temperatures on the surface 
of the part.   
 
The presented measurement and evaluation 
methods demonstrate the efficacy of detecting 
artificially introduced defects in additively 
manufactured samples of 1.4540 stainless steel. The 
examined defects exhibit a diameter range of 0.35 
mm to 1 mm, with the capacity to identify them to 
a depth of 200 µm below the surface of the 
specimens. The results show the capabilities of the 
SPIT setup in non-destructive testing and its ability 
to deliver accurate and reliable detection of defects. 
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[2] D. Höfflin, C. Sauer, A. Schiffler, J. Manara, und J. Hartmann, „Pixelwise high-temperature calibration for 

in-situ temperature measuring in powder bed fusion of metal with laser beam“, Heliyon, S. e28989, Apr. 
2024, doi: 10.1016/j.heliyon.2024.e28989. 

 

Figure 1. The schematics of the SPIT setup, with two galvanometer 
scanners situated above the working area. One dedicated scanner 
controls the laser, while the other is employed for the field of view of 
the infrared thermography system. 

Figure 2. Active Thermography detection result of four 
defects with ⌀ = 1 mm, located 120 µm below the surface 
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Round specimens of AlSi10Mg, Ti-6Al-4V and Inconel 718 are printed with laser-powder bed fusion (L-
PBF) and machined & polished to obtain the bulk material fatigue lives and exclude influences from 
surface roughness or porosity between the hatch and the contour lines. The fatigue lives give 
information on material properties and the maximum of the defect distribution inside specimens. 
Tensile and fatigue specimens are printed with different settings, because the mechanical properties 
and defect distribution can vary with build parameters, location & orientation and post processing. The 
long axis of the specimens are printed in three orientations with respect to the build direction. A 
selection of the Inconel 718 specimens received a hot isostatic pressing (HIP) treatment prior to the 
conventional heat treatment to obtain information on the effect of the HIP treatment on the defect 
distribution of the material. The results for Inconel 718 are compared with results from fatigue tests on 
Inconel 718 plate material that received a similar heat treatment. The results show significant higher 
fatigue lives for the printed material in all three orientations compared to the fatigue tests on Inconel 
718 plate material and results from literature, despite the presence of typical defects such as porosity. 
Fractography and microstructural analysis indicate that the higher fatigue lives likely originate from the 
subcellular microstructure. For the Inconel 718 specimens that received a HIP treatment the grain 
structure changed, but the subcellular microstructure is partly retained, which results in fatigue lives 
between conventionally heat treated L-PBF material and plate material. The specimens of Ti-6Al-4V 
show lower fatigue lives compared to those of plate material in literature due to the presence of typical 
L-PBF defects such as porosity. Fractography on Ti-6Al-4V and AlSi10Mg specimens allowed to establish 
a fracture mechanics informed relationship between the size of surface defects, the applied stress and 
fatigue life. Hence, this general relationship can be used to determine the effect of defects on the fatigue 
life (see Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. fatigue life as a function of the predicted number of cycles to failure for all AlSi10Mg samples. 
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Additive Manufacturing in automotive industry  
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The industrial Additive Manufacturing (AM) market, including both metal and polymer systems, 
materials, and part manufacturing services, was assessed to be worth EUR 9.53 billion in the year 2022. 
As per projections, the AM market is expected to witness a robust compound annual growth rate 
(CAGR) of 17.7% from 2022 to 2027. With this anticipated growth, the overall market value is predicted 
to reach more than EUR 21 billion in sales by the end of 2027. Notably, the medical industry is the 
primary customer with a turnover of EUR 380 million in 2022. The automotive sector is also expected 
to remain a key player in the market [1] 
 
The automotive industry is experiencing a rapid shift towards electric and smart mobility, necessitating 
faster development processes, increased efficiency, and enhanced performance. However, alongside 
technical considerations, there are significant challenges posed by environmental concerns and 
lengthy supply chains. In response, AM emerges as a promising solution, leveraging its inherent 
advantages, such as tool-free manufacturing, accelerated lead times, streamlined digital inventory 
management, optimization of performance-to-weight ratios, and the ability to enable mass 
customization [2, 3, 4, 5].  
 
Laser Powder Bed Fusion (LPBF) is widely employed as the primary metal AM method in the 
automotive industry. Its strengths lie in the production of geometrically flexible and near-net shape 
components, successfully catering to various automotive use-cases, particularly high-performance 
applications in premium cars and custom tool manufacturing for further production technologies [6, 
7]. However, despite its benefits, the widespread adoption of LPBF is constrained by its high costs [8]. 
As a promising alternative, Metal Binder Jetting (MBJ) has recently gained significant attention in the 
sector due to its faster build rates and potential for small to medium mass production manufacturing 
[9].  
 
Despite the continuous advancements in metal AM processes, the automotive industry has not fully 
embraced it as a robust and cost-effective manufacturing technology. The sector's emphasis on high 
standardization, repeatability, and safety has hindered the widespread adoption of metal AM. To 
establish metal AM in the automotive sector, several critical actions need to be taken to address 
challenges related to part quality, process reproducibility and costs, as well as environmental impacts. 
The paper discusses the current obstacles and essential areas for improvement in MBJ and LPBF. Key 
focus areas include material costs, machine reliability and reproducibility, process automation and 
digitalization, optimizing build volumes and speed, as well as employing innovative think-additive 
methodologies. Successfully addressing these challenges is imperative to enhance the technological 
readiness level of metal AM and unlock its potential in the automotive industry [3, 4, 8, 9]. 
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Industrializing Additive Manufacturing: Advancing Production through Technology 
Integration 

 
Christian Fleißner-Rieger* 
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Additive Manufacturing (AM) has evolved from a prototyping technology to a disruptive force in the 
manufacturing industry. Although the metal AM market has expanded continuously over several years, 
the focus of the customer has shifted. While manufacturers and customers recognize the benefits, lack 
of experience continuously hinders an extensive utilization and seamless integration of the 3D printing 
technology into their existing processes. 
 
While the metal 3D printing process itself is manageable, challenges arise in design-for-additive 
manufacturing, standardization, and the sustainable integration of post-processing techniques, such as 
machining and surface finishing. In light of these challenges, this presentation aims to emphasize the 
crucial steps for a successful implementation of the metal additive manufacturing technology. 
Moreover,  it also provides an overview of strategies to catalyze the transfer process, leading to a 
smoother adaptation of AM. 
 
Illustrating the practical application of these principles, Figure 1 showcases a practical example—a 
depiction of 3D-printed injection rings. These innovative components resulted from a collaboration 
between CMB.TECH and Materialise manufacturing in 2023. The engineers at CMB.TECH swiftly 
leveraged the advantages of AM, capitalizing on design freedom to create a unique product. The 
outcome will be a fleet of trucks operating with a dual-fuel (hydrogen and diesel) system, where the 
injection rings played a vital role in mixing hydrogen with air for the combustion process. This reduces 
the need for oil-based fuel and step-by-step contributes to an even more ambitious goal of CMB, a CO2 
reduction of Diesel engines by 80% in 2050 [1]. 

 

Figure 1. CMB.TECHS hydrogen injection rings made of AlSi10Mg by Materialise showcase the industry's successful 
implementation of metal 3D printing. 
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Since more than a decade tremendous work and money had been invested to develop and qualify AM 
of metals for Aerospace application. Powderbed fusion became the most commonly applied process 
when talking metal AM serial production of Aerospace parts. Meanwhile also first DED parts have been 
qualified for Aerospace and serial production by wire arc additive manufacturing is ramping up. Up to 
now Aerospace industry focuses on only few materials like Inconel® and Ti6Al4V, but there are many 
other materials used, at least in niche applications. 
  

 
Figure 1. Titanium bracket manufactured by powderbed fusion. 
 
The paper illustrates the industrialisation of metal AM from an exotic process for demonstrators and 
unique parts towards an established and trusted serial production process for Aerospace parts. Metal 
AM is capable to deliver homogeneous material properties at highest quality and reproducibility. 
Moreover, the cost situation had been improvement by factors, the design freedom remains 
unchallenged and the sustainability of AM Aerospace parts over the complete life cycle exceeds 
traditional production by far. 
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Following the effort over the last decade, 3D printing has been studied broadly and used in aerospace, 
biomedical and civil sectors. In industrial applications,  issues such as defects, consistency, powder 
recycling, cost and size capability become extremely important. This talk will discuss the formation of 
porosity, influence and elimination of porosity, mechanical properties, efficiency and cost of 3D printing 
for a large quantity of components in particular Ti alloys. In terms of size capability, a machine with the 
size of 1200x600x1500mm, equipped with 12 lasers, has been developed and it has found the printing 
speed using such machine has been increased dramatically.   In addition cracking of Ni superalloys, such 
as Inco 738, CM247LC, has been a major problem and a new 3D printer has been developed to 
successfully resolve this problem. The latest results in those áreas will be reported.  
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As additive manufacturing (AM) is more and more used in industry, the quality control of AM parts is 
becoming increasingly important. Commonly used non-destructive testing (NDT) techniques for parts 
conventionally manufactured may no longer be adapted for AM parts. Indeed, AM parts can have much 
more complex geometries, such as lattices, can contained internal features, and their surfaces can be 
very rough. Several NDT techniques have been investigated for AM parts [1-8]. Among them, the two 
most suitable for complex geometries are X-ray computed tomography (XCT) [1, 5] and Resonant 
Ultrasound Spectroscopy (RUS) [1, 5, 8]. They are both volumetric NDT techniques. XCT provides a three 
dimensional (3D) image of the volume of the parts enabling to detect and localise defects, and to 
perform dimensional measurements. RUS, including swept-sine and impulse excitation (Fig. 1) methods 
[8], provides the frequency spectrum of the vibrational modes of a part, mechanically excited, that 
needs to be compared to the spectra of other parts from the same family to detect change in geometry 
or density or elasticity of the part, or to detect if the part is defective. XCT and RUS are actually 
complementary techniques. RUS is a global and comparative technique requiring a set of parts from the 
same family, but it is fast, cheap, easy to use, and enables testing large and dense parts. XCT is an 
expensive technique, requiring skills, and is not suitable for large and dense parts, but it provides a 3D 
image of the whole volume. 
The talk will address these two techniques and will show relevant results obtained on AM parts. It will 
also present the results of studies to evaluate the reliability of these techniques. 
 

         
Figure 1. Schematic of the Impulse Excitation Methods (IEM). 
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