
���������������	�
�	��

���
�
�	�
�������	�����
�������������������
�����	
�������������������������
�	���������
��������������������
���
�	������������������������������������������

���������������	���
�����
���


���������������
����
������� ���!�������	�
��

�������	��������������������������
�"�#�"�$

���������������������	��������
�
���������%�&�&�����������	�'�&�
���������%�&�&�����������	�'�&���#�����(�"�(�&�����
�)�������#�#�#�*���(�(�+�"

�����������
�������	���������
����
�!�������������	���'�
���������,�����������������	�����
�����-�������.���	������������

���
���������
�'�������
�����'�������	�
���������
�/�������
�������
���������/���������������������
�������	���������
�������������0�/�	�����
���1�������
�	���
������������������������
�2���	�������	�������������	���
��������� ���������
���������������/���������
���������	�������������/������

https://orcid.org/0000-0003-1259-1218
https://doi.org/https://doi.org/10.3929/ethz-b-000739962
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


DISS. ETH No. 30441 

Characterisation of laser welded DMD 

parts made of soft martensitic steel 

1.4313 

 

A thesis submitted to attain the degree of 

DOCTOR OF SCIENCES 

(Dr. sc. ETH Zurich) 

 

presented by 

INDIRA DEY 

M.Sc. RWTH Aachen University 

born on 12.03.1993 

 

accepted on the recommendation of 

Prof. Dr.-Ing. Konrad Wegener, examiner 

Prof. Dr.-Ing. Johannes Henrich Schleifenbaum, co-examiner 

Prof. Dr. Mirko Meboldt, co-examiner 

  

2025 



II  

  



III  

Acknowledgement 

This thesis originates from my work as research assistant at inspire AG in conjunction with the 

Institute of Machine Tools and Manufacturing. It would not have been possible without the 

support of my supervisors, family, colleagues, and friends to whom I want to express my 

gratitude: 

�x To my supervisor Prof. Konrad Wegener for providing advice and inspiration for my 

research, for joyful discussions, for his positive attitude, and his continuous support. 

�x To my co-examiners Prof. Johannes Schleifenbaum and Prof. Mirko Meboldt. 

�x To Josef Stirnimann and Dr. Timo Schudeleit, leading the research group and 

supporting my work. 

�x To my colleagues especially from the laser group. Furthermore, I want to thank the 

ISEM Team and the Christmas band who significantly improved the working 

atmosphere. 

�x To the administrative and technical staff of the institute for their support, especially, 

Roland Heilmann, Athina Kipouridis, and Knut Krieger who supported me extensively. 

�x To my industrial and research partners Burckhardt Compression AG, MAN Energy 

Solutions Schweiz AG, Stellba AG, Oerlikon Surface Solutions AG, ZHAW, EMPA, 

PSI, and the Institute of virtual manufacturing for their support. 

�x To André Gengenbach and the team of Trumpf Service Schweiz. 

�x To the E-Team from Femtec with Melike Kizak, Lena Scherer, Miriam Schüttoff, and 

Julia Stöttner for their weekly emotional support.  

�x To Thomas Bauer, Natalie Hess, and Melanie Joswig who read the thesis in their free 

time. 

Last but not least, I owe my deepest thanks to my family Ignatius Dey († 15.07.2024), Florence 

Padmaja, Sucithra Dey and Sundera Dey for their emotional support and my closest friends 

from my time in Freudenstadt, Mosbach, Salzgitter, Seoul, Aachen and Zurich.  

Indira Dey 

Zurich, May 2025



IV  

  



V 

Table of contents 

List of abbreviations .......................................................................................................... XIII 

1 Introduction .................................................................................................................. 19 

2 State of the art ............................................................................................................... 23 

2.1 Soft martensitic steel 1.4313 .......................................................................................... 23 

2.1.1 Phase transformations ........................................................................................... 24 

2.1.2 Microstructural mechanics .................................................................................... 25 

2.1.3 Welding metallurgy............................................................................................... 27 

2.1.4 Reversed austenite................................................................................................. 28 

2.2 Direct Metal Deposition ................................................................................................. 30 

2.2.1 DMD of martensitic steel ...................................................................................... 31 

2.2.2 DMD of large parts ............................................................................................... 32 

2.2.3 Distortion of DMD parts ....................................................................................... 33 

2.2.4 Design principles for Additive Manufacturing ..................................................... 37 

2.2.5 Part segmentation of DMD parts .......................................................................... 38 

2.2.6 Laser Welding of DMD parts ................................................................................ 40 

3 Research gaps and approach ....................................................................................... 43 

4 Design and manufacturing process chain................................................................... 49 

4.1 Customer design and requirement list ............................................................................ 49 

4.2 Manufacturing design of the piston ................................................................................ 50 

4.3 Design guideline - Integration of semi-finished parts .................................................... 52 

4.3.1 Functional and economic criteria .......................................................................... 53 

4.3.2 Part segmentation: Burner ..................................................................................... 56 

4.3.3 Part segmentation: Piston ...................................................................................... 57 

4.4 Raw materials and infrastructure .................................................................................... 58 

4.4.1 Machine setup ....................................................................................................... 58 

4.4.2 Measuring devices................................................................................................. 58 

4.4.3 Raw material ......................................................................................................... 59 

4.5 Direct Metal Deposition ................................................................................................. 60 

4.5.1 Test geometries ..................................................................................................... 61 

4.5.2 DMD subpart......................................................................................................... 63 



VI 

4.6 Laser Welding ................................................................................................................ 65 

4.6.1 Test geometries ..................................................................................................... 65 

4.6.2 Final prototype ...................................................................................................... 66 

4.7 Heat treatment ................................................................................................................ 67 

4.8 Discussion....................................................................................................................... 70 

5 Mechanical characterisation of hybrid specimens .................................................... 73 

5.1 Sample manufacturing .................................................................................................... 73 

5.1.1 Tensile tests ........................................................................................................... 73 

5.1.2 Charpy tests ........................................................................................................... 77 

5.2 Microstructural evolution ............................................................................................... 78 

5.3 Grain size measurement ................................................................................................. 81 

5.4 Mechanical properties .................................................................................................... 84 

5.4.1 Tensile tests ........................................................................................................... 84 

5.4.2 Charpy tests ........................................................................................................... 93 

5.5 Strengthening mechanisms ............................................................................................. 94 

5.6 Discussion....................................................................................................................... 96 

6 Thermal characterisation of hybrid specimens ......................................................... 99 

6.1 Sample manufacturing .................................................................................................. 100 

6.2 Material properties........................................................................................................ 101 

6.3 Temperature measurement ........................................................................................... 105 

6.4 Microstructural evolution ............................................................................................. 107 

6.5 Discussion..................................................................................................................... 108 

7 Distortion analysis ...................................................................................................... 111 

7.1 Design ........................................................................................................................... 113 

7.1.1 Critical buckling load .......................................................................................... 113 

7.1.2 Heat conduction rate ........................................................................................... 117 

7.1.3 Shape deviation ................................................................................................... 119 

7.1.4 Eigenshape .......................................................................................................... 121 

7.2 DMD ............................................................................................................................. 124 

7.2.1 Numerical DMD simulation................................................................................ 124 

7.2.2 Residual stress measurement .............................................................................. 130 

7.2.3 Quantitative validation of the DMD simulation ................................................. 135 



VII 

7.3 Heat treatment .............................................................................................................. 136 

7.3.1 Numerical heat treatment simulation .................................................................. 137 

7.3.2 Qualitative validation of the heat treatment simulation ...................................... 140 

7.4 Discussion..................................................................................................................... 142 

8 Optimisation ................................................................................................................ 145 

8.1 Functional-oriented design ........................................................................................... 146 

8.2 Distortion reduction ...................................................................................................... 147 

8.2.1 Compliant mechanisms ....................................................................................... 147 

8.2.2 Support by curvature ........................................................................................... 148 

8.2.3 Reinforcement ..................................................................................................... 148 

8.2.4 Validation ............................................................................................................ 149 

8.3 Discussion..................................................................................................................... 151 

9 Conclusion and outlook .............................................................................................. 153 

10 References ................................................................................................................... 159 

A. Appendix ..................................................................................................................... 173 

A.1 Inspection report of conventional manufactured 1.4313 .............................................. 173 

A.2 Inspection report of powder material 1.4313 ............................................................... 175 

A.3 Welding strategy for the piston crown ......................................................................... 177 

A.4 Thickness of the thin wall............................................................................................. 180 

A.5 Considered imperfections during Eigenvalue buckling analysis .................................. 181 

A.6 Length measurement of the ribs ................................................................................... 185 

A.7 Mesh sensitivity of the heat treatment simulation ........................................................ 186 

List of publications ............................................................................................................... 187 

 



VIII 

  



IX  

Abstract 

This thesis explores the combination of Additive Manufacturing (AM) and Conventional 

Manufacturing (CM) to produce large and complex hybrid parts made of soft martensitic steel. 

The overall goal is to reduce weight by part segmentation. Furthermore, it addresses the 

challenge in manufacturing of closed and hollow structures using Direct Metal Deposition 

(DMD) by applying part segmentation. A design guideline, which applies part segmentation 

and assists in deciding whether a subpart should be manufactured by AM or CM, was 

developed. AM refers to DMD and CM to hot forging (HF) or casting within this thesis. A 

practical application of these findings is demonstrated through a piston for a horizontal gas 

compressor characterised by a large, hollow, closed structure with interior strengthening ribs.  

Weight reduction is accompanied by small wall thicknesses which can be manufactured by 

DMD. However, they bear the risk of thermal distortion, which is the major obstacle during 

manufacturing, especially after the heat treatment. The thermal strain during the heat treatment 

was higher than the critical buckling strain and the yield strain and the residual stresses were 

higher than the yield strength, which explains the plastic deformation during the heat treatment. 

This was enhanced by an inhomogeneous temperature distribution of a very large part in which 

the heat requires a long time to diffuse from the interior to the exterior. The lower thermal 

diffusivity in DMD parts compared to HF parts strengthens the effect of residual stresses and 

inhomogeneous temperature distribution which makes DMD parts more sensitive to buckling. 

The design optimisation proposed design recommendations including compliant mechanisms 

and reinforcement. To achieve weight reduction without major distortion, it is essential to 

reinforce the functional relevant elements while minimising the weight in less critical sections.  

Furthermore, the microstructure and mechanical properties of hybrid specimens were analysed 

which mainly define the functionality apart from distortion. The hybrid specimens have a 

heterogeneous microstructure with variations in toughness and hardness. The highest ultimate 

tensile strength (UTS) and rupture strain is observed in the heat treated DMD specimens. All 

laser-welded samples show a reduced toughness due to the stresses induced by laser welding. 

Additionally, HF-DMD specimens suffer lower strength, since they break in the weaker HF 

segments. The as built DMD and laser weld segment show grain refinement, which can be 

explained by the rapid cooling of the melt pool. However, the largest grain refinements are 

present after heat treatment in the laser weld segment, since a high dislocation density provokes 
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grain refinement. The heat treated DMD segment has a reduced dislocation density due to the 

cyclic reheating which yields in a heterogeneous dual-phase microstructure. The HAZ of the 

hybrid laser weld in the HF segment is clearly visible and is characterised by grain refinement 

and carbides. It marks the weakest point in the heat treated condition which should be 

considered during the design of a part.  

The hardness is lowered after heat treatment despite the grain refinement, which means that 

the Hall-Petch relationship cannot be applied on the block size. Due to the complex 

microstructure of soft martensitic steel, consisting of substructures with blocks, packets and 

laths, the definition of the grain size is controversially discussed in literature. The reduction in 

hardness can be explained by the formation of stable finely dispersed austenite during the heat 

treatment that lower the martensite fraction. Furthermore, in martensitic steels, other 

strengthening mechanisms, alongside grain boundary hardening, play a significant role, such 

as solid solution hardening and dislocation hardening. Further, the precipitation of Si-Mn-

oxides was investigated, which plays a minor role for hardening, but an essential role for 

surface oxidation.  

In conclusion, a design guideline, manufacturing process chain, thermal properties, distortion 

simulation, and mechanical characterisation of hybrid parts are presented showcasing the 

potential of hybrid parts for weight reduction of closed and hollow structures. Future research 

should consider improving simulation accuracy and quantifying strengthening mechanisms of 

soft martensitic steel. 
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Kurzfassung 

Die vorliegende Arbeit untersucht die Kombination aus additiver Fertigung (AM) und 

konventioneller Fertigung (CM), um große und komplexe Hybridteile aus 

weichmartensitischem Stahl herzustellen. Das Hauptziel ist die Gewichtsreduktion des Bauteils 

durch Segmentierung. Darüber hinaus wird die Herausforderung bei der Herstellung von 

geschlossenen und hohlen Strukturen mittels Laserauftragsschweissen (DMD) durch die 

Anwendung der Segmentierung angesprochen. Es wird eine Entwurfsrichtlinie entwickelt, die 

dabei hilft zu entscheiden, ob ein Unterbauteil durch AM oder CM hergestellt werden soll, 

wobei AM in dieser Arbeit sich auf DMD und CM auf Schmieden oder Gießen bezieht. Eine 

praktische Anwendung dieser Erkenntnisse wird anhand eines Kolbens für einen horizontalen 

Gaskompressor demonstriert, der durch eine geschlossene Struktur mit dünnen Wänden, die 

als Verstärkungsrippen dienen, charakterisiert ist. 

Die Gewichtsreduktion wird durch geringe Wandstärken umgesetzt, die mittels DMD 

hergestellt werden können. Sie sind jedoch anfällig für Verzug, welcher einer der 

Hauptprobleme von DMD darstellt, insbesondere nach der Wärmebehandlung. In solch einem 

Fall, ist die thermische Dehnung während der Wärmebehandlung höher als die kritische 

Knickdehnung und die Eigenspannungen höher als die Streckgrenze, was die plastische 

Verformung während der Wärmebehandlung verursacht. Dies wird durch eine inhomogene 

Temperaturverteilung eines großen Teils verstärkt, in dem die Wärme mehr Zeit benötigt, um 

von innen nach außen zu diffundieren. Die niedrigere thermische Diffusivität von DMD-

Teilen, im Vergleich zu HF-Teilen, verstärkt den Effekt von Eigenspannungen und 

inhomogener Temperaturverteilung, was DMD-Teile anfälliger für das Beulen macht. Die 

Designoptimierung beinhaltet Gestaltungsempfehlungen, einschließlich nachgiebiger 

Mechanismen und Verstärkungen. Um eine Gewichtsreduktion ohne größere Verzerrungen zu 

erreichen, ist es wesentlich, die funktionalen Elemente zu verstärken und das Gewicht in 

weniger kritischen Bereichen zu minimieren.  

Darüber hinaus wurden die Mikrostruktur und die mechanischen Eigenschaften von 

Hybridproben analysiert, die neben der Verformung hauptsächlich die Funktionalität eines 

Teils definiert. Die Hybridproben haben eine heterogene Mikrostruktur mit Variationen in 

Zähigkeit und Härte. Die höchste Zugfestigkeit (UTS) und Bruchdehnung wurde bei 

wärmebehandelten DMD-Proben beobachtet. Alle geschweissten Proben hatten eine geringere 
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Zähigkeit aufgrund der induzierten Spannungen vom Laserschweissen. Zudem zeigten die  

HF-DMD-Proben eine geringere Festigkeit und versagten in den schwächeren HF-Segmenten. 

Die as-built DMD- und Laserschweisssegmente zeigen eine Kornfeinung, die durch die 

schnelle Abkühlung des Schmelzbades erklärt werden kann. Jedoch sind die größten 

Kornfeinungen und Rekristallisation nach der Wärmebehandlung im Laserschweisssegment zu 

beobachten, da eine hohe Versetzungsdichte, die durch das Laserschweißen verursacht wird, 

die Kornfeinung während des Anlassens in martensitischem Stahl fördert. Das 

wärmebehandelte DMD-Segment hat aufgrund des zyklischen Wiedererwärmens eine 

verringerte Versetzungsdichte und daher eine zweiphasige heterogene Mikrostruktur. Die 

Wärmeeinflusszone (HAZ) der Hybridlaserschweißnaht im HF-Segment ist deutlich sichtbar 

und ist von Kornfeinung und Karbiden gekennzeichnet. Sie stellen den schwächsten Punkt im 

wärmebehandelten Zustand dar, der bei der Gestaltung eines Teils berücksichtigt werden sollte. 

Die Härte wird nach der Wärmebehandlung trotz der Kornfeinung gesenkt, was bedeutet, dass 

die Hall-Petch-Beziehung nicht angewendet werden kann, indem die Blockgröße verwendet 

wird. Aufgrund der komplexen Mikrostruktur von weichem martensitischem Stahl, bestehend 

aus Unterstrukturen mit Blöcken, Paketen und Latten, wird die Definition der Korngröße in der 

Literatur kontrovers diskutiert. Die Reduktion der Härte trotz Kornfeinung kann durch die 

Bildung von stabil feinverteiltem Austenit während der Wärmebehandlung erklärt werden, der 

den Martensitanteil senkt. Darüber hinaus spielen in martensitischen Stählen andere 

Verfestigungsmechanismen neben Korngrenzenhärtung, wie Mischkristall- und 

Versetzungshärtung, eine bedeutende Rolle. Weiterhin wurde die Ausscheidung von Si-Mn-

Oxiden untersucht, die eine geringe Rolle für die Härtung spielt, aber eine wesentliche Rolle 

für die Oberflächenoxidation. 

Zusammenfassend werden eine Entwurfsrichtlinie, ein Fertigungsprozess, thermische 

Eigenschaften, Verzugsssimulation und mechanische Charakterisierung von Hybridteilen 

vorgestellt, die das Potenzial von Hybridbauteilen für die Gewichtsreduktion von 

geschlossenen und hohlen Strukturen aufzeigen. Zukünftige Forschungen sollten die 

Verbesserung der Simulationsgenauigkeit und die Quantifizierung von 

Verfestigungsmechanismen von weichmartensitischem Stahl einbeziehen. 

.  
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1 
1 Introduction  

1.4313 is a soft martensitic steel that is common to produce large parts such as hydraulic 

turbines, compressor components, impellers, and high-pressure pipes for turbomachinery, 

offshore oil and gas, and petrochemical industries due to its high strength, good toughness, and 

corrosion resistance as mentioned in Bilmes et al. [8]. Up to the present time, casting is the 

most common method for manufacturing large-sized machinery parts, according to Korsmik et 

al. [61]. The parts are obtained by sand casting, centrifugal casting, and investment casting 

with subsequent time-consuming machining that can remove costly material and requires 

expensive casting molds.  

Additive Manufacturing (AM), such as Direct Metal Deposition (DMD) or Selective Laser 

Melting (SLM), opens new possibilities regarding weight and geometry compared to 

conventional manufacturing (CM) technologies. As reported by DebRoy et al. [18], DMD has 

many unique technical capabilities and economic advantages such as tool-less, design-driven, 

on-site manufacturing of customized parts with a low lead time and preparation effort. 

According to Singh et al. [109], DMD is one of the few AM technologies that is capable of 

large part production with minimal production time. These results are similar to those reported 

by Turichin et al. [122] who state that, due to the high productivity, DMD becomes competitive 

with conventional manufacturing technologies for large parts. There is no clear definition in 
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literature of what volume qualifies a part as large, but for the purposes of this thesis, parts with 

a volume V > 1 dm3 are considered as large 

Thompson et al. [118] define Metal Deposition as an AM technology that utilizes a 

concentrated heat source (laser, electron beam, or electric arc) by adding powder- or wire-

shaped material for subsequent melting to build parts layer-by-layer. Efficiency is the leading 

factor for large part manufacturing, and in this regard, powder-DMD is limited according to 

[107, 118]. The powder catchment efficiency indicated in the literature ranges from 8% [26] to 

90% [17, 118], depending on the process parameters, resulting in a waste of powder. 

Furthermore, machine limitations limit the complexity of the parts, as presented by Akbari et 

al. [2], where the large deposition head collides with the work piece. According to Debroy et 

al. [7], the quality of DMD parts is limited due to residual stresses and distortions. 

Therefore, it is not expected by Korsmik et al. [61] that DMD will completely replace CM 

processes. The economic effect of replacing conventional manufacturing processes grows with 

the increase of removed material or with an increasing number of operations. Laser Welding 

CM parts have been researched extensively during the last decades, but welding additive 

structures have been only researched by [2, 77, 135, 139]. They conclude that the additive 

subparts can be welded successfully with good quality. Welding AM parts supports the flexible 

production of intricate, large, or structurally diverse products. Existing design limitations for 

DMD-manufacturing can be addressed by welding AM and CM parts together. A so called 

hybrid component combines the advantages of AM and CM, as illustrated in Figure 1.1.  
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Figure 1.1: Competitiveness of AM and CM, particularly DMD and forging, according to [32]. 

The most crucial part for high-tech industries is to ensure part quality and functionality that are 

comparable to CM. It is essential to understand the differences in the welding behaviour and 

thermal history of hybrid parts to avoid errors and ensure pat quality. This has to be ensured 

by empirical methods such as geometrical measurements, microstructure analyses, mechanical 

tests, and simulative predictions. The thesis examines the advantages and the obstacles during 

the DMD manufacturing process of a closed structure with strengthening ribs. The 

manufacturability and geometrical integrity need to be analysed. Further, investigations on the 

microstructure, mechanical properties and thermal material properties are essential to ensure 

functional integrity of hybrid parts.  
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2 
2 State of the art 

This chapter provides general information from literature which are relevant for this thesis. It 

presents an overview of the soft martensitic steel 1.4313 used for large parts in turbomachinery 

applications, limitations of DMD, numerical modelling approaches for distortion prediction, 

part segmentation to overcome the limitations, and metallurgical insights into laser welding 

DMD parts. 

2.1 Soft martensitic steel 1.4313 

According to Gysel et al. [41] and Bilmes et al. [8], the relatively poor weldability of chromium 

stainless steels, their cold cracking sensitivity, and the unsatisfactory mechanical properties of 

welded joints led at the end of the fifties to the development of low carbon martensitic 

chromium-nickel steels presenting good weldability, high strength, good toughness, and 

intercrystalline corrosion resistance. The nominal chemical composition for forged material 

steel 1.4313 is presented in Table 2.1. 

  



24 

Table 2.1: Chemical composition of forged 1.4313 according to DIN EN 10250-4 [92] 

Cr Ni Mn Mo Si C S P Fe 

12-14 3.5-4.5 <1.5 0.3-0.7 <0.7 <0.05 <0.015 <0.040 Bal 

2.1.1 Phase transformations 

Martensite transformation is generally defined as any diffusion-free phase transformation and 

is formed when the steel is quenched from a high temperature region (austenitic region for 

steels). Ferritic/ martensitic low carbon steels contain lath martensite, 10 – 30 % Cr, up to  

0.2 % C, and usually small amounts of austenite formation elements, such as Nickel (Ni) and 

Manganese (Mn), as described by Zhai et al. [142]. 

According to Folkhard [36], these alloys undergo the solidification process, forming �/-ferrite 

crystals. By reducing the carbon content to a maximum of 0.04 % and adding Ni up to 4 - 6 %, 

a relatively soft and tough martensitic base material is obtained where Ni reduces the amount 

of �/-ferrite and expands the austenitic region. According to [36, 130], the allotropic 

transformation of soft martensitic steel is described as being face centered cubic (fcc)/ 

austenitic between approximately T = 1200 °C and T = 700 °C and body centered cubic (bcc)/ 

ferritic under equilibrium conditions. Above the region, the metal forms �/-ferrite, and below 

this region �.-ferrite. Bilmes et al. [8] claim that the transformation of �/-ferrite into austenite 

crystals begins at approximately T = 1300 °C and concludes, under equilibrium conditions, at 

around T = 1200 °C. In cases where Ni > ���������D���S�R�U�W�L�R�Q���R�I���W�K�H���L�Q�L�W�L�D�O�O�\���S�U�H�F�L�S�L�W�D�W�H�G���/-�����F�U�\�V�W�D�O�V��

�S�H�U�V�L�V�W�V���X�Q�W�L�O���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����O�L�P�L�W�L�Q�J���W�K�H���I�H�D�V�L�E�L�O�L�W�\���R�I���D���V�H�F�R�Q�G�D�U�\�����Æ�.���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�����$�W��

even higher Ni concentrations, this becomes impossible, as the austenitic phase is maintained 

until room temperature. 

The intersection through the ternary body of Fe-Cr-Ni is presented in Figure 2.1. If the Cr-Ni 

ratio is 3:1, which is the case for soft martensitic steel 1.4313, �W�K�H�����.���������V�H�F�W�R�U���H�[�W�H�Qds at 12 - 

15 % Cr and 4 - 5% Ni down to approximately T = 600 °C. In literature, the soft martensitic 

steel 1.4313 is also represented as 13Cr-4Ni or short 13/4 steel.  
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Figure 2.1: Intersection through the ternary body of iron-chromium-nickel with a Cr-Ni ratio of 3:1 [36]. The 

red line indicates 13Cr-4Ni steel. 

2.1.2 Microstructural mechanics 

The microstructure of lath martensite on low-carbon alloy steels was reported by  

[76, 83, 84, 123]. It shows a three-level-hierarchy distinguished by the existence of blocks, 

packets, and laths arranged in a prior austenite grain. The lath is a single crystal of martensite 

including a high density of lattice defects. The block is an aggregation of laths with the same 

crystallographic orientation (variant), and a packet is an aggregation of the blocks having the 

same habit plane (for example, {111}��). Packets of laths are often defined as having a 

misorientation > 5°.  The laths, on the contrary, are separated by low angle boundaries < 5°. 

Hence, each block is separated by high angle boundaries due to its different crystallographic 

orientation. According to Ryde et al. [103], the high-angle boundaries are > 10° or > 15°. It 

means that martensitic steels have a fine grained structure, subdivided by several high-angle 

boundaries. The aspect ratio of a block is described by a major (length) and a minor axis (width) 

as illustrated in Figure 2.2 a).  
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Figure 2.2: a) Theoretical definition of a martensite grain [103] b) SEM micrographs illustrating the blocks of 

lath martensite and colonies of �/-ferrite [110] c) optical microstructures [110]. 

Krauss [62] reviewed the strengthening mechanisms of martensitic microstructures and state 

that martensite dominates the performance. Generally, the yield strength ��y and hardness H are 

described according to [84] as 

�1y=�1p���1s���1�!���1HP (2.1) 

H=Hp��Hs��H�!��HHP (2.2) 

where �1p the precipitation or dispersion �K�D�U�G�H�Q�L�Q�J���� �1s �W�K�H�� �V�R�O�L�G�� �V�R�O�X�W�L�R�Q�� �K�D�U�G�H�Q�L�Q�J���� �1�! the 

hardening of dislocations within the laths, and �1HP the grain boundary hardening according to 

the Hall-Petch relationship [44]. The high angle grain boundaries act as an effective barrier to 

the movement of dislocations due to the pile-up of dislocations at grain boundaries, called grain 

boundary strengthening or fine grain strengthening. The largest grains are brought into 
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connection with a low strength due to the length of the slip bands, causing them to yield first, 

as reviewed by Vandenbroucke et al. [116]. 

The grain refinement after cold rolling of martensitic low carbon steel was investigated by 

several studies [27, 45, 86, 88, 123]. According to Ueji et al. [123], it is assumed that the 

dislocation density within laths is conducive to grain refinement during annealing. Moreover, 

the martensite block/packet boundaries are characterized by significant misorientation, which 

can effectively influence the movement and multiplication of dislocations, as described by  

[45, 88].  

The existence of spherical oxides highly containing silicon and manganese for low carbon steel 

is reported in literature [4, 23, 58, 94, 138]. It defines inclusion containing Mn and Silicon (Si) 

as slag inclusion, which often occurs during welding. Goto et al. [39] investigated the effect of 

cooling rate on oxide precipitation during solidification. They report that an increase in cooling 

rate increases the number but reduces the size of oxides. The provided explanation is that higher 

cooling rates increase the frequency of oxide precipitation and supersaturation , yielding to a 

higher number of nuclei, but the time for oxide growth is shorter. 

2.1.3 Welding metallurgy 

Low carbon martensitic stainless steels are insensitive to the applied quenching rate, according 

to [12], meaning it has a very low martensite start temperature and form martensite even under 

very low cooling rates. �7�K�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���R�I����-�D�X�V�W�H�Q�L�W�H���L�Q�W�R���.-ferrite is typically associated 

with grain refinement. Folkhard et al. [36] states a martensite starting temperature of  

MS = 240 °C for welded 13Cr-4Ni steel. During the rapid cooling, which is typical for welding 

operations, small amounts of �/-ferrite undergo undercooling during the delta-ferrite-to-

�D�X�V�W�H�Q�L�W�H�� ���/�Æ������ �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���� �6�L�P�L�O�D�U�O�\���� �G�X�U�L�Q�J�� �W�K�H�� �D�X�V�W�H�Q�L�W�H-to-�P�D�U�W�H�Q�V�L�W�H�� �����Æ�.�¶����

transformation, a martensitic microstructure is produced, containing small quantities of 

supercooled residual austenite. The amount of residual austenite is crucial to the mechanical 

behaviour of martensitic steels, according to Ryde et al. [103]. Figure 2.3 presents the 

Schaeffler Diagram and the resulting phases after welding. 13Cr-4Ni welds include martensite 

and low amount of �/-ferrite (1 – 3 %) and a supercooled residual austenite content between  

2 - 6 % according to [36]. The tendency for coarse grain formation is thereby reduced during 

welding. In soft martensitic steel 1.4313, the occurrence of the sigma phase is practically 

negligible due to the low Cr content as described by [36]. 
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Figure 2.3: Schaeffler diagram according to [35] highlighting 1.4313 in red with  Niequ = 4.65 and Crequ = 13.69. 

2.1.4 Reversed austenite 

According to Niederau [90], the favourable toughness properties of soft martensitic steel are 

attributed to the fact that new finely dispersed austenite is formed during tempering. The region 

���.�� �������� �H�[�W�H�Q�G�V�� �X�S�� �W�R�� �D�E�R�X�W��T = 600 °C for alloys with 12 - 15 % Cr and 4 - 5 % Ni. This 

austenite, which cannot be detected by light microscopy, becomes stable through segregation 

processes, and remains intact even upon cooling to T = -196 °C, as described by  

Kulmburg et al. [64]. The dilatometer experiments outlined the formation of stable austenite at 

T = 570 °C, reaching a peak at T = 615 °C with a volume fraction of approximately f = 30% 

for the examined alloy. Beyond this temperature, upon further heating, a second type of 

austenite forms, which is no longer stable and begins to transform into martensite upon cooling 

at MS = 70 °C. The austenite, formed at higher temperatures, progressively breaks down into 

martensite at higher MS temperatures upon cooling, reaching a maximal MS = 230 °C at a 

tempering temperature of T = 750°C. This tempering temperature approximately corresponds 

�W�R���W�K�H���H�Q�G���R�I���W�K�H���.�Æ�����W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�����$�V���W�K�H���W�H�P�S�H�U�D�W�X�U�H���L�Q�F�U�H�D�V�H�V���E�H�\�R�Q�G��T = 615 °C, the 

fraction of stable austenite decreases, being dissolved by the unstable austenite. The presence 

of finely dispersed stable austenite in the martensitic matrix increases the toughness and the 
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yield strength, as shown in Figure 2.4. Au1 is the stable residual (also called rest) austenite 

supercooled during ���Æ�.��transformation, Au2 the stable, finely dispersed reversed or tempering 

austenite, and Au3 the unstable austenite, which is changed into martensite during cooling from 

the tempering temperature. 

  

Figure 2.4: Influence of tempering temperature on the yield strength (�1y), tensile strength (UTS) and austenite 

content of steel 12Cr-4Ni [64].  

Carbides typically precipitate during tempering but due to the lower carbon content, the steel 

is less prone to carbide precipitation. In the ternary system of Fe-Cr-Ni of stainless steels, 

carbon is primarily associated with Cr and secondarily with Fe. Carbon virtually never appears 

as graphite in this system. Chromium is a strong carbide former, while Ni does not form 

carbides. Folkhard [35] observed that the M23C6 �P�L�[�H�G���F�D�U�E�L�G�H���S�U�H�F�L�S�L�W�D�W�H�V���I�U�R�P���W�K�H�������P�L�[�H�G��

crystals at temperatures below T = 700 °C even at very low carbon contents around 0.01 %.C 

Furthermore, carbonitrides have been detected by Brezina [11], with the latter precipitating in 

the grain interior, and M23C6 forming both within the grains and at the grain boundaries. This 

phenomenon affects the intergranular corrosion of ferritic chromium steels. 
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According to Nasiri et al. [87], the precipitation of the aforementioned M23C6 fine carbides 

during annealing is favourable for grain subdivision and recrystallisation. As carbides dissolve, 

Cr, Mn, and Mo are transferred from carbides to austenite, as described by Papaefthymiou et 

al. [95]. The dissolution of carbides can improve the strength and ductility.  

Andres and Alvarez [37] demonstrated that the heating temperature and cooling rate affect the 

amount of carbides and hence the martensitic hardness.  

2.2 Direct Metal Deposition 

Direct Metal Deposition (DMD) is an AM process using a laser as heat source for melting and 

depositing metal, as reviewed by [17, 118]. DMD deposits material into a melt pool on the 

surface of a substrate created by a focused laser beam. Therefore, DMD requires a high power 

laser and shielding within an inert atmosphere (argon) as shown in Figure 2.5. It is widely used 

for repair and retrofitting for which SLM and other powder-bed methods are not suitable, as 

mentioned in DeBroy et al. [18]. The moving processing head generates a track, multiple 

overlapping tracks create a layer, and multiple layers form a volumetric part. By using a 3D 

CAD (three dimensional computer aided design) software, parts can be sliced to a user-defined 

tool path and built layer by layer.  

 

Figure 2.5: DMD process scheme with a single nozzle [30]. 

According to Korsmik et al. [61], DMD creates precise deposition with a small heat affected 

zone (HAZ), good density and metallurgical bonding. The varying heat flow conditions and 

temperature of the workpiece during the process plays an essential role, as described by  
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[29, 108]. It has a direct impact on the microstructural and mechanical characteristics, and it 

affects the melt pool size, the layer height, and therefore stability [9] of the process. AM parts 

are associated with defect formation [28], such as cracks and pores, anisotropic microstructure 

[59], and mechanical properties [108]. These defects can lead to lower mechanical performance 

of DMD parts when it comes to fatigue and mechanical tests. Yang et al. [139] show that DMD 

parts usually present a higher tensile strength and lower ductility. Most alloys require heat 

treatment [66] to obtain the expected mechanical characteristics such as strength and ductility. 

Furthermore, it enables a homogenization to obtain an isotropic structure.  

The layer-by-layer buildup with its rapid liquidation, solidification, and subsequent cyclic 

reheating, followed by a post heat treatment, results in a complex thermal history. The 

microstructure and mechanical properties are mainly determined by the cooling curves of the 

processes and the post heat treatment. CM techniques, such as hot forging, were investigated 

intensively in literature for a large variety of materials and are less complex in terms of thermal 

history, as presented in Figure 2.6. The complex thermal history and microstructure of DMD 

parts were only investigated for specific materials, reviewed by Dass and Moridi [17]. 

 

Figure 2.6: Temperature curve of a) a conventional hot rolling process [70] b) a DMD process [33]. 

2.2.1 DMD of martensitic steel 

DMD of ferritic low carbon martensitic steel (Ni > 4 %) was researched by several studies  

[54, 55, 125, 142], whereas, DMD of soft martensitic steel (Ni �” 4 %) was only studied by 

Dalaee et al. [16]. Khodabakhshi et al. [55] claim an increased tensile strength of 100 % in the 

DMD ferritic martensitic steel but a reduced ductility as a consequence of the rapid cooling 

rate during in DMD. Nevertheless, layer-by-layer reheating in DMD is comparable to Stage I 

annealing, where precipitation of carbides and dislocation recovery takes place. A lower 
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dislocation density results in less recrystallisation and grain refinement, as described in Najafi 

et al. [86]. A continuous recrystallisation mechanism has been proposed by [48, 86] in which 

they describe the spheroidization caused by the minimisation of the free enthalpy. The lower 

ultimate tensile strength (UTS) and higher strain after heat treatment are due to finely dispersed 

austenite formation during tempering, investigated by [36, 113].  

2.2.2 DMD of large parts 

Large and complex parts, as shown in Figure 2.7, can be manufactured without additional 

equipment and size limitations besides the working chamber. DMD is commonly used in 

energy and aerospace industries where high value components are repaired and built. In recent 

years, complex and large parts such as impellers [99] and propellers with a weight of  

m = 105 kg [61] were built using DMD.  

 

Figure 2.7: Samples of large part manufacturing a) vessel propeller [60] b) technical drawing and photograph of 

a marine machinery part [61]. 

Despite the advantages derived from AM, there are still unresolved obstacles that limit the 

application. The literature presents notable differences regarding the suitability of DMD for 

large part manufacturing. Thompson et al. [118] state that efficiency is the leading factor for 

large part manufacturing, however, Selcuk et al. [107] state that DMD is limited in this regard. 

There is a significant waste of energy and blown powder during the process. The deposition 

and energy efficiencies must increase to make the DMD process less costly. According to Liu 

et al. [74], the biggest obstacles of productivity are non-optimal AM design, need for rework, 

powder wastage, depowdering and power consumption.  

Another non-negligible aspect are process instabilities [29], such as overbuild during a long 

manufacturing period compared to conventional manufacturing technologies. Due to the higher 
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catchment efficiency in massive parts, using the same parameters for different geometrical 

features, changes the deposition rate and endanger the buildup stability, as described by 

Eisenbarth et al. [29], leading to an overbuild (risk of collision) or underbuild (instability). 

Approaches, according to [17], are the adjustment of the tool path, laser power, feed, or powder 

feed which require a high engineering effort.  

According to Ngo et al. [18], the main challenges are defect formation [28], such as cracks, 

pores, anisotropic microstructure [59], and mechanical properties [108]. The adoption in the 

industry is hindered due to limited materials, high experimental costs, and inconsistent 

microstructural quality of the final parts.  

Moreover, the quality is reduced due to residual stresses [98, 136] and distortions [122, 136] 

which are the most prominent defects. After the buildup, all of these failures lead to scrap which 

is very cost intensive. To overcome the disadvantages, investigations on test-bodies, non-

destructive tests and simulations are required.  

2.2.3 Distortion of DMD parts  

The most prominent defects are residual stresses and distortion, especially in large parts. The 

distortion can be orders of magnitude larger than the post machining accuracy. The main reason 

for distortion is the complex thermal history of DMD parts due to rapid solidification within 

the melt pool and the cyclic reheating of each layer during buildup. Furthermore, it is common 

that additively manufactured parts are post processed by a heat treatment, as presented in  

[66, 105], to target traditional material properties such as improved ductility. However, if the , 

residual stresses in combination with the thermal load exceeds the yield point, plastic 

deformation occurs, as described in [22, 67].   

To investigate, predict, and reduce part distortion, it is important to understand the origin of 

distortions. Gray et al. [40] reviewed analytical models of welding distortion based on the 

thermo-mechanical effects in thin-plate fabrication. They state that the main global thermo-

mechanical effects that drive distortion depend more on the temperature fields in the solid 

region than in the welding zone. Liang et al. [72] proposed a modified inherent strain theory, 

which explains the stress-strain relation at a material point during AM of a single wall, where 

the heat source passes and creates a HAZ. As the heat source moves away, the material point 

cools rapidly, leading to substantial compressive strain but minimal stress due to the low yield 
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stress at elevated temperatures. The cooling rates become slower with time if the heat source 

passes the point. The preceding compression causes tensile stress and strain. Unlike a simple 

welding problem, the inherent strain in DMD is influenced by evolving mechanical boundaries 

and geometry as additional material is deposited in each layer.  

Only a few studies are covering residual stresses and distortion of martensitic steel. According 

to Li et al. [71], the influence of allotropic transformations, mainly martensitic transformation, 

is key contributor to the residual stress after welding. Transformation strains based on phase 

changes between virgin martensite, residual and reversed austenite, and tempered martensite 

should be taken into account according to Niessen [91]. Contradictory, according to Deng [20], 

phase transformation of low carbon steel has an insignificant effect on the welding residual 

stress and the distortion due to a small dilation due to martensitic transformation and a 

relatively high transformation temperature range. 

Since the residual stresses result in strain above a certain temperature, distortion can be used 

as an inexpensive and fast assessment of the amount of residual stresses described by 

Mishurova et al. [82], who extensively researched on distortion of AM structures. However, 

the distortion is mostly influenced by the geometry and the thermal expansion of geometrical 

features which is difficult to quantify. X-ray diffraction (XRD) is a valid non-destructive 

method to measure residual stresses based on the lattice spacing but only in a limited submicron 

region of the part, as studied by Li et al. [71]. The experiments are very sensitive to the shape, 

surface and size of the components, sample preparation, and accuracy of XRD, described by 

Withers et al. [134]. The XRD method for lattice strain measurement is based on the well-

established Braggs law according to  

��X=2d���Â�V�L�Q�� (2.3) 

�Z�K�H�U�H�������L�V���W�K�H���;-ray wavelength, d�� �L�V���W�K�H���L�Q�W�H�U�D�W�R�P�L�F���O�D�W�W�L�F�H���V�S�D�F�L�Q�J���D�Q�G�������L�V���W�K�H���G�L�I�I�U�D�F�W�L�R�Q��

angle, according to [15, 34]. The stresses are determined from measurable elastic strains, 

assuming linear elastic distortion in the crystal lattice. The lattice strain for the reflections �Ý��  

at angle �� are calculated from the shift in interatomic lattice spacing. The lattice spacing varies 

according to the manufacturing process, outlined in Fitzpatrick et al. [34], and described as  
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�0��=
d��-d0

d0
 

(2.4) 

where d0 is the stress free lattice spacing derived from a reference and the d�� is the measured 

stressed lattice spacing. 

It is very challenging to reconstruct the thermal history in DMD simulations, causing residual 

stresses, since the moving heat source and continuously changing geometry during buildup 

cause spatial and time-dependent variations of temperature. In practice, thermal field 

calculations can be carried out using finite-element (FE) numerical models in which non-linear 

thermal properties, boundary conditions, and the real part geometry are considered. However, 

thermo-mechanical analysis is more difficult than the purely thermal aspects, due to the 

addition of thermal and mechanical strains. According to Hajializadeh and Ince [43], all of the 

modelling approaches consist of nonlinear thermomechanical analysis. The thermo-mechanical 

analysis is coupled if the geometry is updated in every increment as the temperature gradient 

is applied and the boundary settings are changed accordingly. The analysis is uncoupled or 

weakly coupled if the mechanical analysis is performed after the thermal assessment, which 

means that the thermal analysis is not dependent on the mechanical response of the component. 

The uncoupled approach is usually preferred since the analysis time is significantly lower 

compared to the coupled approach and the difference in the results are negligible, as mentioned 

in [18, 42]. An incremental deposition of the material requires certain techniques in numerical 

analysis. The three most common methods are quiet element [81], inactive element [96], and 

hybrid activation [21, 42]. In the most common quiet element method, the final geometry of 

the part is already present in the model prior to simulation. The material properties of those 

non-deposited elements (or layers) are scaled down in such a way that they are not considered 

anymore. The large number of inactive elements at the beginning increases the number of 

equations to be solved. 

The thermal source can be described by the very well-known 3D double ellipsoid Goldak 

model [38], which includes the power, speed, direction and shape of the present beam. 

Furthermore, the convection in the melt pool is usually not considered in residual stress 

predictions of AM processes, as stated by Hajializadeh and Ince [43]. A common approach for 

DMD is the inherent strain method in which the model is discretised in three different scales 

(micro, meso, and macro), as presented by Liang et al. [72]. The result of the microscale model 
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is the thermal history of a small cubic heat source based on a fully thermal analysis of the first 

layers. The small cubes are implemented to a fully coupled thermo-mechanical model 

considering the layers and hatch distance. Afterwards, the resulting strain components are 

imposed to the thermo-elastic macroscale model. 

Although distortion simulations can be used to avoid cost-intensive trial and error approaches, 

most of the models are limited to simple geometries or sizes such as rectangles [75, 140] and 

thin walls [50, 85, 137] without considering the post heat treatment. The reasons are extensive 

computational time and convergence errors on today’s software and computers. Furthermore, 

the calculation stability suffers from the high number of contact bodies between the layers and 

the general modelling effort is high as stated by [6]. Nevertheless, Biegler et al. [7] managed a 

simulation of a turbine blade with a size of 75 x 20 x 50 mm. In their study, the whole 

component mesh is kept in one piece and the fully transient, layer-by-layer material deposition 

is implemented via element sets. In comparison to other simulations, linear contacts between 

the layers were considered, significantly decreasing calculation times.  

Kang and Rong [51] developed an analytical and numerical model to describe the heating 

process in heat treatment furnaces. They described mainly the radiation, convection, and 

conduction depending on the location in the furnace. Furthermore, Deshpande [22] simulated 

butt joint welding and post weld heat treatment using commercial software but was limited to 

a simple single track study. Berglund et al. [5], on the other hand, modelled welding and stress 

relief heat treatment for an aero engine component but did not investigate a 3D model. 

Simulating large scale parts becomes more time consuming since the parts are more susceptible 

to larger distortion. Huang et al [47] performed a large-scale simulation of residual stress and 

distortion by implementing adaptive mesh refinement and other methods. The assumptions of 

non-linearity in terms of distortion and material, described by Deng and Murakawa [19], are 

the base for the DMD process. In single track laser welding, the heat input is limited to the 

welding and HAZ without cyclic reheating. Whereas in DMD, multi-layer welding and heat 

treatment process affect the more important global temperature field. Models considering the 

manufacturing history of complex soft martensitic steel parts has not been presented in 

literature yet. 
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2.2.4 Design principles for Additive Manufacturing  

One of the most prominent advantages of AM is the entirely new design freedom in component 

design. However, AM is facing different challenges compared to CM, such as unpredictable 

residual stresses, which depend on the changing geometry and tool path during the buildup. 

Just as with CM, the fundamental principles must be understood, and the relevant principles 

considered when designing for AM. The following design principles for SLM, Selective Laser 

Sintering, and Fused Deposition Modeling are provided by Klahn et al. [56]. The ones which 

can be applied to DMD, are presented in the following. Avoidance of support structure and 

constructive tolerance compensation have been neglected in this study as they are mainly 

related to SLM. The design principles are used to develop generative design guidelines and 

perform design optimisation of AM parts.  

�x Functional-oriented design: The part is divided into functional surfaces and an ideal 

geometry is derived from it by using CAD software.  

 

�x Functional integration: AM enables extraordinary design flexibility independent of 

manufacturing costs. Through the integration of functions, an increase in utility is 

achieved. 

 

�x Early definition of part orientation : Therefore, the orientation of the component 

should be determined and thoughtfully considered depending on the tolerance, 

anisotropy, and residual stresses, before finalizing the design. A design correction, after 

orienting and manufacturing the component in the build space, leads to additional costs 

and efforts. 

 

�x Material waste reduction: One of the most significant features of AM is that, unlike 

subtractive methods, unnecessary material is not removed, instead, only the necessary 

material is deposited. However, the DMD leads to a waste of powder which needs to 

be considered. 

 

�x Distortion reduction: The designer should counteract distortion during the design. The 

distortion can be reduced by measures such as support structures or wall thickness 
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increasement which counteract weight reduction. Adjusting the design is only feasible 

if the function is not compromised.  

 

�x Part segmentation - integration of semi-finished products and components: The 

production of complex geometries is one of the strengths of AM. Conversely, the 

production of simple geometries can often be achieved more quickly and cost-

effectively using CM. By incorporating CM semi-finished products and components, 

the advantages of both methods can be combined. 

 

�x Removal of powder: It must be possible to remove the unprocessed powder, if the part 

should only contain deposited material. 

 

�x Ensuring post processing: Due to the wide scope for design, components for AM are 

generally much more complex than those for CM processes. However, the high level 

of complexity makes conventional post-processing more difficult. The post-processing 

steps should already be considered during design.  

2.2.5 Part segmentation of DMD parts 

As outlined in the references [2, 17, 77, 117, 135, 139, 141], part segmentation could be 

employed to overcome the DMD limitations mentioned in chapter 2.2.2 and to produce cost-

effective large parts, enabling the production of a broader range of high-quality products. 

During part segmentation subparts are welded together and a part containing CM and AM 

subparts is called a hybrid component. A hybrid component combines the advantages of AM 

and CM, which, compared to homogeneous AM components, are 

�x shorter production time, resulting in reduced powder, energy, and raw material usage, 

as presented in [141], 

�x cooling of the part, hence less distortion and residual stresses, since the thermal impact 

is lowered by depositing material without undergoing the liquid state, as illustrated in 

[73],  

�x overall reduced void formation and pores since they are less present in the CM 

segments, as investigated in [135, 141], 
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�x reduced effect of anisotropy, since the mix of manufacturing processes reduced the 

effect of the layer-based anisotropic microstructure in the AM segments, as presented 

in [139], 

�x reduced post-processing effort due to less surfaces with a high roughness as shown in 

[69]. 

Only a few studies [2, 77, 117, 135, 139, 141] in the scientific literature address the mechanical 

and metallurgical properties of AM welds. Until now, friction welding and laser welding have 

been considered as the primary means of joining AM and CM parts by Tavlovich et al. [117].  

In most studies on part segmentation, the AM parts are SLM parts. Solely Akbari et al. [2] 

welded a wire-based DMD part. Wits and Becker [135], Matilainen et al. [77], and  

Yang et al. [139] investigated the welding behaviour of SLM parts, whereas Tavlovich et al. 

[117], Casalino et al. [14], and Zapf et al. [141] laser welded hybrid components. Welding sub-

parts together has been investigated by Akbari et al. [2] to overcome the limitations of wire-

based DMD. They focused on the laser joining of thin-walled 316L steel components and 

demonstrated that AM design limitations, when fabricating overhanging structures, can be 

solved by part segmentation, as presented in Figure 2.8.  

 

Figure 2.8: The occurrence of collision between laser head and lower cone at the instance when the upper cone 

started to be built (left) and the final part after autogenous laser welding (right) [2]. 

When it comes to manufacture complex parts, Zapf et al. [141] suggest that additive 

components could be limited to complex or machining-intensive part segments, whereas simple 

geometries and massive parts are represented by a CM part such as forged material.  

Seitz et al. [106] provided a concept to design and produce hybrid parts made of SLM. 

However, a generic design guideline for DMD parts was not presented in literature yet. 
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2.2.6 Laser Welding of DMD parts 

The HAZ is characterised by the large local thermal gradients inherent after liquidation and 

solidification, but it is limited to a small area. According to Klocke and König [57] and Suder 

et al. [114], the weld quality can be affected by defects such as porosity, heterogeneous 

microstructures, and residual stress resulting in cracks.  

According to Kruth et al. [63], the induced residual stresses after laser welding can be described 

by the temperature gradient mechanism model. The laser beam causes the heated material to 

expand. However, the expansion is partially restricted by the colder material beneath, leading 

to a compressive stress-strain state and from that plastic deformation with strain hardening. 

Lehto et al. [68] investigated the influence of the grain size on the Hall-Petch relationship of 

welded structural steel and argued that a large variety of grain sizes appears in weld metals due 

to the different phases, which were ferrite and martensite for structural steel. They defined a 

modified volume-weighted average grain size which applies to heterogeneous microstructures. 

However, they excluded more complex grain shapes such as martensitic microstructures. 

Wits and Becker [135] used a pulsed laser to investigate the laser weldability of titanium SLM 

parts. Furthermore, they state that laser beam welding cannot be simply transferred from 

conventional parts to AM parts. The keyhole in AM parts is less wide and deep due to the 

imperfections and porosity. Tavlovich et al. [117] researched on the laser weld joint properties 

of Ti-6Al-4V. They welded a hybrid combination of SLM manufactured parts and wrought 

material and concluded that the grains of the HAZ on the CM sides are smaller in comparison 

to the AM side. Due to the high cooling rate, the size of the grains in the HAZ on the AM side 

showed minor deviations compared to the CM side. The welding zone and its HAZ appears 

similar to the AM subpart due to the comparable cooling rates. Furthermore, the fusion zone 

on the AM side was relatively straight compared to the neck shaped weld interface of the 

wrought material, which is presented in Figure 2.9 a). Their explanation is that a higher thermal 

conductivity affects the weld geometry. The heat transfer is faster in the AM material, resulting 

in a wider fusion zone and HAZ. 

The t�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\����th is the most important material property in terms of thermal history 

since the heat transfer in solids is primarily governed by the process of heat conduction. 

Usually, measurements are performed on CM material. However, Tavlovich et al [117], 

measured the thermal conductivity of additive manufactured Ti-6Al-4V samples and claimed 
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that the thermal conductivity of the AM material is about 2.5 times higher as that of the wrought 

CM material. The thermal conductivity of martensitic steel is changed by the rapid 

solidification during DMD due to segregation and the development of non-equilibrium phases, 

according to Vrancken et al. [127]. Moreover, the melt pool instabilities during the process 

lead to an increased porosity that affects the thermal conductivity. However, their simulations 

could not predict the weld seam asymmetry, as presented in Figure 2.9 b). 

Zapf et al. [141] evaluated the laser weldability between SLM sheets with modified low-alloy 

steel powder material and conventionally rolled steel sheets. In comparison to Ti-6Al-4V [117], 

they deduce that rough surfaces of AM absorb more energy resulting in higher welding speeds 

for welding through. Matilainen et al. [77] dealt with the weldability of SLM manufactured 

1.4404 stainless steel sheets and confirms the finding by discovering a higher penetration depth 

in the SLM subpart. Welding defects in terms of cracking occurred which could be linked to 

the residual stresses of the AM part. However, further studies are needed to validate this 

assumption. Casalino et al. [14] researched on hybrid welds of 1.4404 stainless steel. The 

welded microstructure was composed by cellular and columnar growth with a random 

orientation of the grains in the SLM segment explained by the element precipitation at the 

border of the grain during the SLM process. The tensile test showed similar strength but lower 

strain. In comparison to Ti-6Al-4V, the metallographic cross sections did not show any 

asymmetry, as presented in Figure 2.9 c). 
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Figure 2.9: a) Metallographic cross section of an asymmetrical hybrid laser weld of Ti-6Al-4V [117] b) 

simulative temperature distribution along the laser weld c) metallographic cross section of a symmetrical hybrid 

laser weld of 1.4404 [14]. 

The literature [2, 117, 135, 139] demonstrated that it is possible to weld AM parts leak-tight 

together and that laser welding is suitable to achieve good quality in welding AM parts 

individually and as hybrid combination, besides the differences in the fusion zone. However, 

laser welding of DMD parts from soft martensitic steel has not been investigated in literature 

yet. 

 



 

3 
3 Research gaps and approach 

Based on the state of the art, the following research gaps were identified: 

�x Part segmentation of large and complex hybrid parts :  

Previous studies confirmed the DMD processability of ferritic martensitic [53, 55, 126, 

142] and soft martensitic steel [16], but were limited to simple geometries, although 

martensitic steels are used for large parts such as turbines, compressors, and impellers. 

DMD can manufacture large and complex light-weight structures, however, requires a 

high engineering effort for tool path planning, especially for closed and hollow 

structures. Another disadvantage of DMD of large parts, is the limited efficiency and 

high energy consumption [118], due to the waste of powder and required laser energy. 

Furthermore, the geometric freedom of DMD is limited when manufacturing closed 

structures with undercuts. Welding AM and CM parts together to hybrid parts can be 

used to overcome limitations in geometry and efficiency. According to previous studies 

[77, 117, 135, 139, 141], the laser weldability of powder-DMD parts is guaranteed. 

However, the typical challenges associated with DMD and laser welding, such as 

residual stresses, temperature distribution, and positioning, must be addressed to 

manufacture high quality hybrid parts. For part segmentation on complex parts, it is 
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essential to decide whether a subpart should be manufactured by CM or AM to employ 

the advantages of both processes and to improve the manufacturing efficiency.  

�x Mechanical characterisation of hybrid specimens: Essential quality criteria for the 

functionality of parts are the mechanical properties resulting from the design and 

microstructure. Given the complex microstructure of soft martensitic steel, 

characterised by laths, blocks, packets and prior austenite grains, understanding the 

strengthening mechanisms already poses a challenge. Furthermore, DMD complicates 

the metallurgical analysis of hybrid welds due to the rapid cooling and reheating effects. 

The prediction of mechanical properties of DMD parts is challenging due to the 

complex thermal history. The complexity increases further when dealing with part 

segmentation and hybrid parts. The differences in thermal history and microstructure 

between AM and CM parts leads to a heterogeneous microstructure of hybrid parts, 

particularly when different manufacturing steps were involved. Experimental and 

microstructural investigations are necessary to understand the strengthening 

mechanisms of laser welded DMD parts to ensure the mechanical properties and hence 

the functionality of the part while keeping the experimental effort to a minimum. The 

literature presents studies [14, 117, 141] on hybrid SLM components due to the size 

limitations, however, no studies on hybrid DMD components have been carried out. 

 

�x Thermal conductivity of hybrid laser welds: To ensure part quality without a high 

experimental effort, numerical simulations often being used which require temperature-

dependent thermo-metallurgical properties. They are used  to predict the thermal 

history, residual stresses, and microstructure. Thermal conductivity plays a major role 

for the heat transfer. According to Wilzer et al. [131], the thermal conductivity of 

martensitic steels depends strongly on the heat-treatment condition and the resulting 

microstructure instead of the chemical composition and hardness only. However, data 

on thermal conductivities of soft martensitic steels are scarce. The data found in 

literature were limited to one heat-treatment condition of a CM material and lack 

information considering the thermal history, precise chemical composition, and 

microstructure of the steels. Furthermore, thermal measurements are required to 

understand the metallurgical behaviour but until now, no measurements on hybrid parts 

made of soft martensitic steel are available in literature.  
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�x Distortion prediction of hybrid parts:  The most prominent quality criterion of an AM 

part concerns geometrical integrity. DMD parts present the risk of distortion and high 

residual stresses due to their complex thermal history and temperature distribution. 

Gray et al. [40] state that the global temperature field associated with the reheating 

exerts a larger influence on distortion compared to the local temperature field during 

rapid solidification of the melt pool. Numerical DMD process simulations are employed 

to predict the global temperature field and distortion to reduce the experimental effort 

and scrap. However, they are mainly used on austenitic stainless steel, titanium, or Ni 

based alloys and are limited to simple geometries as they are numerically time intensive 

according to Xie et al. [136]. They are usually based on coupled or decoupled thermal 

and structural simulations. Considering complex light-weight structures, in 

combination with the phase changes during DMD and the heat treatment, requires 

simplifications and abstraction, hence a high modelling effort, but is necessary to 

predict the distortion of large and complex parts. 

The empirical and theoretical methods which were applied, and the research gaps are presented 

in Figure 3.1. Furthermore, the corresponding approach and the structure of the thesis is 

described in the following. 

 

Figure 3.1: Empirical and theoretical methods used and developed within this thesis highlighting the research 

gaps in dark red. 
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�x Part segmentation of complex hybrid parts 

The goal is to define a process chain to build a large and complex hybrid light-weight 

part. Therefore, a generic design guideline is developed. The design principles for AM 

from literature are transferred into measurable design criteria and result in a design 

recommendation. The guideline was applied on two case studies - a piston for a 

compressor and a burner of a gas turbine. Both parts are characterised by CM and AM 

subparts, which were welded together, demonstrating the advantages of part 

segmentation. A process chain is developed to produce the benchmark part by 

transferring existing single track process parameters to test geometries. The DMD 

parameters are optimized regarding process stability and efficiency. The main 

challenges are the tool path planning for DMD, designing test geometries to minimize 

experimental effort, and the realisation of the laser welding while ensuring geometrical 

integrity.  

 

�x Mechanical characterisation of hybrid specimens: 

The goal is to describe the mechanical integrity of laser welded hybrid specimens. 

Hybrid specimens are produced consisting of a laser weld, DMD and HF segments. In 

order to measure the grain size, light microscopy and Electron Backscatter Diffraction 

(EBSD) is performed. Energy Dispersive X-ray spectroscopy (EDX) and Scanning 

Electron Microscopy (SEM) provides further insights into the composition and 

morphology. To investigate the mechanical properties of hybrid parts, hardness and 

tensile tests are performed and compared to homogeneous parts. Furthermore, the 

fracture behaviour is investigated using Digital Image Correlation (DIC). The 

strengthening mechanisms of hybrid parts are discussed. 

 

�x Thermal characterisation of hybrid laser welds  

The goal of this chapter is to understand and measure the thermo-metallurgical 

properties which change during the manufacturing process due to the phase changes 

and segregation processes. For this, the thermal conductivity of AM and CM parts is 

calculated from the measured thermal diffusivity, specific heat capacity, and density. A 

far field temperature measurement using thermocouples was conducted. Furthermore, 

the HAZ of a hybrid weld is discussed in terms of thermal history and phase changes. 
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�x Distortion prediction of hybrid parts  

Since distortion is the most prominent defect of DMD parts, the goal is to understand 

the distortion behaviour of large and complex light-weight structures which underwent 

DMD and heat treatment. Efficient models representing each manufacturing step are 

developed to predict the global temperature field. Uncoupled approaches using 

commercial software and analytical models are employed to reduce the computational 

effort. The results of the distortion simulations are validated on the benchmark part. 

 

�x Optimisation 

The findings of the previous chapters were used for the design optimisation of the 

benchmark part and validated in absence of experimental effort.  
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4 
4 Design and manufacturing process chain 

A design guideline and process chain are proposed to build a large and complex hybrid part, 

specifically a lightweight piston for a horizontal gas compressor, as presented in Figure 4.1 a). 

Parts of this chapter have been published in [23]. 

4.1 Customer design and requirement list 

The customer design from Burckhardt Compression part is completely closed and hollow with 

interior thin-walled strengthening ribs. The part segmentation of one fully sealed part allows 

low wall thicknesses of the piston crowns as no screw connection forces have to be transmitted 

compared to the two-piece-design for casting, presented in Figure 4.1 b) c). The piston crown 

and substrate have a thickness of tt = 4 mm. The external FEM calculations are not available 

but ensure the mechanical integrity of the customer design at operational load.  

The piston skirt and thin walls can be combined and manufactured additively for a functional 

integration of the thin walls and the piston skirt since wall thickness variations are 

manufacturable by DMD but not with casting. Furthermore, friction reducing material can be 

deposited on the piston skirt to improve the efficiency during operation. 
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The weight reduction enables higher speeds in the horizontal application due to a lower force 

of gravity resulting in less friction. The outer wall of the piston skirt had a thickness of tt = 12 

mm to ensure sufficient material for post machining. The customer design has a weight of m = 

23 kg after post processing, which enables a weight reduction of  40 % compared to the cast 

design. The technical requirements of the piston are described in Table 4.1.  

 

Figure 4.1: a) Horizontal gas compressor b) design of the cast piston c) customer design of the piston. 

Table 4.1: Requirement list of the piston 

Requirement Value 

Reliability 100% 

Lot size 10 per month 

Size Ø 340 x 140 mm 

Operation load Pressure p = 0.9 MPa on the piston crown 

Pressure p = 0.15 MPa on the substrate 

Pressure p = 0.42 MPa at the inside 

Acceleration a = 500 m/s2 on the piston skirt 

Distortion Maximal displacements of the piston crown of dmax < 4 mm 

Material Processability by DMD with a yield strength �1y > 600 MPa 

Tightness Absolute tightness at operation pressure 

Assembly One piece piston not requiring any assembly 

Weight Lighter than original casting design (m < 40 kg) 

4.2 Manufacturing  design of the piston 

The customer design of the piston was adjusted according to the design principles from Klahn 

et al. [56]. An overview of the applied design principles is provided in Table 4.2. 
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Table 4.2: Overview of the applied design principles in the customer design from Burckhardt and the 

manufacturing design adapted according to Klahn et al. [56] 

Design principle Customer design  Manufacturing  design 

Functional-oriented design No No 

Functional integration Yes Yes 

Early definition of part orientation  No Yes 

Material waste reduction No Yes 

Distortion reduction No No 

Integration of semi-finished parts No Yes 

Removal of powder No Yes 

Ensuring post processing No Yes 

Early definition of part orientation  

DMD of a fully sealed rotational symmetrical piston including an undercut requires time 

intensive 5-axis tool path planning, reorientation of the part, additional parameter studies and 

pre-experiments regarding the risk of collision, as presented in Figure 4.2 a). Including semi-

finished parts requires less effort, since the welding accessibility is provided and no 

reorientation required, as presented in Figure 4.2 b).  

 

Figure 4.2: Fully sealed rotational symmetrical part a) manufactured in two orientations by DMD  

b) manufactured in one orientation by part segmentation.  
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Material waste reduction 

The final thickness of the substrate needs to be reduced from tt = 30 mm to tt = 4 mm to ensure 

the weight reduction, which leads to material waste during milling. However, the material 

waste could not be avoided to ensure processability.  

Removal of powder 

The powder material can be removed after the DMD buildup and before laser welding the 

piston crown.  

Ensuring post processing  

The thickness of the substrate was set to tt = 30 mm, to avoid distortion during the buildup and 

ensuring processability and post processing. The piston crown on the other hand was kept as 

thin as possible to ensure the hidden welding process.  

4.3 Design guideline - Integration of semi-finished parts  

In order to apply part segmentation and to evaluate which part should be manufactured by semi-

finished CM parts, a design guideline was developed. It provides criteria which help to decide 

whether a subpart should be manufactured by CM or AM to employ the advantages of both 

processes and to improve the manufacturing efficiency. Within this section, AM is always 

referred to DMD and CM referred to casting. However, part segmentation includes semi-

finished parts produced by hot forming, laser cutting, and laser welding. The design guideline 

for hybrid DMD parts is based on the AM hypothesis formulated by Seitz et al. [106]: Due to 

the comparable high effort to manufacture AM parts, AM should only be considered if the 

requirements indicate its necessity. This is the case, if the production has a positive effect on 

its performance or the manufacturing effort. If the AM hypothesis is rejected, a part 

segmentation or casting should be considered. 

According to Zapf et al. [141] and Klahn and Meboldt [56], complex or machining-intensive 

segments should be manufactured additively whereas simple geometries should be produced 

conventionally and welded with standardized clamping systems. In this framework, complexity 

refers to the geometric complexity, which, according to Kumke [65], increases with the amount 

of information required to describe a component in terms of features, size, and function.  



4 . Manufacturing process chain   53 

4.3.1 Functional and economic criteria 

The functional criteria enable the functionality of the product, and the economic criteria enable 

cost and material savings. AM > CM means that AM provides general benefits towards the part 

performance over the CM process. If AM < CM, CM provides benefits, and if AM = CM, the 

subpart requires an individual evaluation. Each subpart gets a score for each criterion which 

are summed up for each subpart. If AM has a positive effect on the criterion, a positive score 

of S = 1, and if CM has a positive effect, a negative score S = -1, is entered. If AM or CM 

makes no difference, S = 0 is entered. Based on the eight criteria, the highest achievable score 

for each subpart is either S = 8 or S = -8. A combination of positive and negative scores, indicate 

the necessity for part segmentation. Only positive scores indicate manufacturing by AM and 

only negative score indicate manufacturing by CM. 

Geometrical complexity: AM > CM  

The DMD process enables geometrical design freedoms compared to the conventional casting 

process, which are presented in Figure 4.3. Casting requires mold release angles, uniform wall 

thicknesses, and radii in sharp corners which are not required in DMD anymore. Therefore, 

DMD is beneficial for right angles and wall thickness variations. However, radii are required 

to reduce the stress concentration in sharp corners.  

 

Figure 4.3: Examples of DMD design freedoms compared to casting adapted from [65].  
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Undercuts and build orientation: AM < CM 

According to Kumke [65], analogies between existing design rules and AM can be identified. 

The occurrence of undercuts, which is undesirable in many conventional processes, is also 

undesirable for DMD applications. The buildup is defined after the orientation of the 

component in the build chamber, as presented Figure 4.4. Depending on the initial orientation, 

the accessibility might be restricted elevating the risk of collision and resulting in time-

intensive tool path planning or inefficient deposition against the force of gravity. Therefore, 

closed and hollow structures with a 90° undercut are a clear indication for part segmentation.  

 

Figure 4.4: Geometrical limitations of the DMD process when manufacturing undercuts depending on the part 

orientation. 

  



4 . Manufacturing process chain   55 

Multimaterial : AM = CM 

According to Kumke [65], material complexity refers to the possibilities of locally adjusting 

component properties through material variation. This includes the capability of multi-material 

processing on one hand and, on the other, continuous transitions between two materials in the 

form of functionally graded structures. DMD is capable to deposit different material 

combinations and to functionally grade them which is not achievable with the same level of 

effort through CM. Welding CM parts to DMD parts enables multi material hybrid parts, 

however with limited material pairing due to weldability constraints. 

Material weldability : AM = CM  

According to Dass and Moridi [17], DMD is capable to manufacture complex metal and alloy 

systems, nonetheless, CM processes a larger variety of diverse materials. The weldability is 

essential to ensure DMD and welding for part segmentation. The accessibility for welding 

operations should be guaranteed to ensure part segmentation which depends on the gap 

dimensions, the angle of the parts to be joined and unreachable areas . Furthermore, it depends 

on the size and degree of the freedoms of the DMD and welding machine and needs to be 

evaluated individually. Within this thesis, AM is always preferred to avoid additional process 

steps, except when dealing with closed structures or overhangs, where there is a risk of collision 

during reorientation.  

Surface roughness and post processing: AM = CM  

It is necessary to post-process any functional surfaces to attain the desired finish for DMD, 

casting, and forging. No clear advantage of AM or CM is described in literature and should be 

evaluated individually.  

Part size: AM = CM  

The same applies for the part size. DMD, casting and hot forging enable part sizes up to  

V = 100 dm3 [60, 61] which are referred to as large in this thesis. However, the smallest 

structure depends on the laser tool and the minimal laser spot diameter, which is DL = 2.1 mm 

within this study, based on the DMD process window developed by Dalaee et al. [16].  
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Material consumption: AM = CM 

Due to the low catchment efficiency of the DMD process, as described by Selcuk [107], and 

the resulting loss of powder, CM seems more preferable in terms of material waste. However, 

substrative post processing of complex shapes results in a high amount of material waste during 

milling or cutting for example. Depending on the geometrical complexity and necessary 

processing steps, scrap material can be saved. Within this thesis the material waste was 

considered lower for DMD, if the volume of scrap material exceeds one third of the raw 

material �E�D�V�H�G���R�Q���D���F�D�W�F�K�P�H�Q�W���H�I�I�L�F�L�H�Q�F�\���R�I������� ����9 %.  

Production time: AM = CM 

The production time is mostly driven by the energy consumption of the laser which impacts 

the manufacturing costs of DMD. The more processes involved in manufacturing a part, the 

greater the effort required for production planning, machine setup, transport, and storage. 

Within this thesis, the production time was considered lower for DMD, if it is replacing more 

than one manufacturing step.  

In the following, the design guideline was validated on two different parts used for 

turbomachinery - a burner for a gas turbine and a piston for a reciprocating compressor. 

4.3.2 Part segmentation: Burner 

Within this case study, AM is always referred to DMD and CM referred to hot rolling, laser 

cutting and laser welding. The geometry and applied design guideline are presented in  

Figure 4.5. The results show an indication of part segmentation. The elongated ring should be 

manufactured additively since laser cutting would produce a larger volume of scrap compared 

to the volume of the material retained. The triangular subpart requires more than two 

manufacturing steps: Laser cutting, bending, and laser welding and should therefore be 

manufactured by AM. On the one hand, manufacturing the L-structure by CM produces one 

fourth scrap, but on the other hand, the accessibility for DMD is not guaranteed if they are 

facing each other due to the risk of collision. If the effort for AM cannot be estimated or 

requires prestudies, the subparts are rather manufactured conventionally. 



4 . Manufacturing process chain   57 

 

Figure 4.5: Burner and resulting AM/CM part segmentation based on the design guideline. 

4.3.3 Part segmentation: Piston 

Within this case study, AM is always referred to DMD and CM referred to hot forging, milling 

and laser welding. The geometry and applied design guideline are presented in Figure 4.6. The 

results show an indication of part segmentation which contains a complex AM subpart, 

combining the piston skirt and the thin walls, and two simple CM parts. The piston crown and 

DMD subpart were joined by laser welding. In order not to disturb the piston skirt with its 

lubrication, the welding seams were placed on the piston crown. Square butt-welds on the outer 

diameter (corner joints) and hidden seam welds on the ribs were applied. 

 

Figure 4.6: Piston and resulting design for part segmentation based on the design guideline. 
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4.4 Raw materials and infrastructure 

A process chain is presented to manufacture a large and complex hybrid part. The 2D parameter 

study was provided by Dalaee et al. [16]. The presented studies focus on geometric dependent 

tool path planning, particularly for wall thickness variation, vertical radius manufacturing, and 

laser welding.  

4.4.1 Machine setup 

The piston was produced on a Trumpf TruLaser Cell 7020, as shown in Figure 4.7. The disk 

laser Trumpf TruDisk 3001 was employed for the DMD process and the CO2 laser TruFlow 

5000 for the laser welding process due to the design of the processing heads. The axes have a 

range of 2000 x 1500 x 750 mm. The limiting factor regarding undercuts with the DMD head 

is the maximal rotation of the B-axis which is ± 20°. However, undercuts with an angle > 20° 

are possible but require advanced parameter studies and tool path planning. 

 

Figure 4.7: Trumpf TruLaser Cell 7020 and its process heads. 

4.4.2 Measuring devices 

The geometrical accuracy was obtained by a laser scanner or conventional dial gauges. The 

laser scanner scanCONTROL with a resolution of 4 µm from Micro Epsilon was used to 

evaluate two-dimensional (2D) profiles. The ATOS Core 135 laser scanner with a resolution of 

max. 50 µm was used to evaluate three-dimensional (3D) geometries by using Geometrical 

Optical Measurement (GOM). The GOM results are an actual-nominal comparison of the 3D 

scan and the CAD file of the geometry.  

The internal structure qualification requires metallographic analysis. For this, the specimens 

were cut, embedded, ground, and polished. The specimens were ground and polished on a 
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Saphir 520 from QATM, in order to obtain an even surface. After the grinding process, the 

specimens were washed in an ultrasonic ethanol bath. For the polishing process, polishing 

cloths, and polycrystalline diamond suspension with a grain size of DG = 6 µm and DG = 3 µm 

were used. A constant force of F = 10 N and rotational speed of n = 200 rpm were applied on 

the cloths. The cross-sectional images were taken with a light microscope Keyence VHX-5000. 

The porosity was evaluated in the polished state. Etching with Adler was used to evaluate the 

weld seam geometry. 

4.4.3 Raw material 

Powder material 

The powder batches were produced by gas atomization under vacuum conditions and was used 

for the DMD process. The powder particle sizes were D90 = 94 µm, D50 = 70 µm, and  

D10 = 47 µm, which means that 90% of the particles had a size of D �” 94 µm. The powder 

particles seemed to be spherical, presented satellites and can be described as dense, as shown 

in the SEM image in Figure 4.8. 

 

Figure 4.8: SEM of powder particles of 1.4313[23, 25].  
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Conventional forged material 

Forged material was used for the substrate and piston crown A circular plate with a diameter 

of D = 350 mm and a thickness of tt = 30 mm was used as the substrate and a circular plate 

with a diameter of D = 319 mm and a thickness of tt = 4.7 mm was used as the piston crown.  

Chemical composition 

Table 4.3. summarizes the compositions of the different batches of powder material used for 

DMD and the CM bars manufactured by hot forging (HF). 

Table 4.3: Composition of the raw material of 1.4313 used in the thesis 

Element Oerlikon 

13153 [A.2] 

Oerlikon 

13180 [A.2] 

Edelstahl Freital 

[A.1] 

[wt. %] Powder Powder Conventional 

Fe 81.08 81.45 81.97 

Cr 13.07 13.07 12.7 

Ni 4.04 4.01 3.65 

Mn 0.72 0.53 0.8 

Mo 0.51 0.49 0.48 

Si 0.44 0.31 0.34 

C 0.01 0.02 0.02 

P 0.02 0.003 0.02 

O 0.02 0.028 - 

N 0.03 0.03 - 

S 0.06 0.03 0.002 

4.5 Direct Metal Deposition 

The process parameters of single tracks were determined by Dalaee et al. [16]. The tool path is 

characterised by a closed tool path with the same start and ending point of the laser to lower 

the impact of the energy peaks when switching the laser on and off. An overlap of �-tw = 71% 

was used to keep the wall thickness as thin as possible. The carrier and shielding gas settings 

were adapted from Wirth and Wegener [133] who state that too much carrier gas causes 

turbulences and disturb the shielding gas flow. The applied process parameters for thin walls 

are listed in Table 4.4.  
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Table 4.4: DMD process parameters for thin walls  

Process Parameter DMD 

Wavelength ��L ���������������P 

Laser power P 1000 W 

Laser spot diameter DL 2.3 mm 

Feed rate f 905 mm/min 

Powder flow m�6p 16 g/min 

Hatch distance ht 0.5 mm 

Carrier gas flow Qc Argon 4 l/min 

Shielding gas flow Qs Argon 15 l/min 

Deposition rate m�6d 5 g/min 

4.5.1 Test geometries 

T-joint in feed direction 

T-joints in feed direction were produced with the parameters for thin walls. The T-joint in feed 

direction can be defined within one layer. However, lack of bonding in the middle of the  

T-joint were expected due to the hatch distance. Therefore, twelve T-joints were built based on 

the tool path shown in Figure 4.9 b) and the metallographic cross section analysed. However, 

no lack of bonding was found during the analysis, as presented in Figure 4.9 c). 

 

Figure 4.9: a) Thin walled test geometry with T-joints in feed direction b) Toolpath and c) metallurgical cross-

section looking at the X-Y plane of the T-joint in feed direction. 
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Radius in buildup direction 

A radius was implemented in buildup direction since a sharp corner in the moving direction of 

the piston could provoke crack initiation. However, the radius in buildup direction lacks 

geometrical accuracy since the radius is created by multiple tracks which is the key contributor 

to the stair-step effect of layer-by-layer structures. The number of tracks per layer was varied 

according to Table 4.5. Twelve different samples were produced and measured by the 2D laser 

scanner. 

Table 4.5: Track stacking for a vertical radius 

Sample Number of tracks 

 1st layer 2nd layer 3rd layer 4th layer 

B1 8 8 6 2 

B2 8 8 4 2 

B3 8 6 6 2 

B4 8 6 4 2 

B5 8 4 4 2 

B6 8 4 2 2 

B7 6 6 4 2 

B8 6 6 2 2 

B9 6 4 4 2 

B10 6 4 2 2 

B11 6 2 2 2 

B12 4 2 2 2 

To identify the sample which represents the nominal geometry the best, the deviation was 

described quantitatively by  

�ûA= 
± |ra(x)-rn(x)|dx
i

-i
�Œr2 (4.1) 

where rn = 3 mm represents the nominal and ra the actual radius, as presented in Figure 4.10 b). 

The sample B6 had the smallest area �ÏA, which means that it deviated the least from the 

nominal geometry. 
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Figure 4.10: a) Stacking of tracks according to B6 for a multilayer vertical radius and b) 2D scan of the vertical 

radius. 

4.5.2 DMD subpart 

The piston combines massive and thin walled sections in one layer which need to have the 

same layer height hl. This could be achieved by reducing the overlap in the massive section 

from �-tw = 76% to �-m = 50%. The overlap �- can be calculated according to 

wt-ht

wt
� ���-���a��hl (4.2) 

where wt = 2.1 mm is the width of the track and ht the hatch distance between multiple tracks. 

Reducing the overlap �-��by 35% resulted in a proportional reduction of the layer height hl of 

35%. The DMD subpart was built with the parameters from Table 4.6 and the tool path 

visualised in Figure 4.11 by alternating the feed direction per layer. The buildup rate was 

calculated according to  

Atvf �! = m�6d (4.3) 

where At = 0.8 mm2 is the average area per track of the protruding part, vf = 880 mm/min is 

the feed rate and �! = 0.07 g/mm3 is the density resulting in a deposition rate of  m�6d = 5.6 g/min. 

The catchment efficiency ����can be calculated by 

�� = 
m�6d
m�6p

 (4.4) 



64 

where m�6p = 14.5 g/min is the powder mass flow resulting in a catchment efficiency of �ß = 39%. 

The manufacturing time was t = 87 h, including setup time such as  refilling the powder hopper.  

Table 4.6: Geometry dependent parameters 

Parameter Thin wall  Massive section 

Laser Power P 1000 W 1200 W 

Feed rate vf 905 mm/min 880 mm/min 

Hatch distance ht 0.5 mm 1.05 mm 

Overlap �-  76% 50% 

Number of tracks 2 �• 12  

Laser spot diameter DL 2.1 mm 2.1 mm 

Powder flow m�6p ca. 15 g/min 15 g/min 

Shielding gas flow Qs 15 l/min 15 l/min 

Carrier gas flow Qc 4 l/min 4 l/min 

Layer height hl 0.73 mm 0.73 mm 

 

Figure 4.11: Tool path of the DMD subpart. 
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4.6 Laser Welding 

4.6.1 Test geometries 

A test geometry for the hidden T-joint was designed in order to qualify the hybrid welds. The 

top was conventionally manufactured by HF and the thin wall was additively manufactured by 

DMD. The top surface of the thin walls was milled. The DMD parameters are derived from the 

previous experiment. A double weld strategy was considered since the weld width was not 

sufficient to weld the complete width of the rib. However, this is required to avoid a lack of 

bonding and resulting crack initiation. The parameters for continuous welding (CW) and spot 

welding (SP), outlined in Table 4.7, were used to weld the test geometries. The hatch distance 

varied between ht = 1 mm and ht = 2 mm. The cross sections were evaluated according to DIN 

EN ISO 13919-1 by metallographic analysis. The parameter set CW 1 with a hatch distance of 

ht = 1 mm  was chosen for the final prototype since the other samples showed a lack of bonding, 

as indicated in Figure 4.12. 

Table 4.7: Laser weld parameters for test geometries 

 

Parameter set 

Laser power P 

[W]  

Feed rate vf 

[mm/min]  

Focal plane fl 

[mm] 

CW 1  4000 800  -3 

CW 2  4000 1200 0 

SP  5000 200 -3 
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Figure 4.12: Metallurgical cross section of the hidden T-joints in the test geometries with varying hatch distance 

ht and process parameters CW 1 and CW 2 [23]. 

4.6.2 Final prototype 

A clamping concept was developed to ensure the alignment to the thin walls, which were not 

directly accessible, and to avoid distortion during welding. The clamping plate had a thickness 

of  tt = 4 mm. The piston crown was pressed between the clamping plate and the piston body 

with five bolt connections. The surfaces of the DMD part and the piston crown were milled. 

Afterwards, the piston crown was fixed and welded to the piston body with a series of spot 

welds and continuous welds. The applied welding parameters CW 1 are shown in Table 4.7 

and the welding sequence in Figure 4.13. Once all the spot welds were done, the clamping 

device was removed. 
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The welding sequence to reduce the distortion was experimentally tested and the distortion of 

samples and the piston crown measured in prestudies, presented in Appendix A.3. The 

positions of the spot welds were determined by the following rules:  

�x The spot welds were placed on the outer diameter of the piston crown between two ribs. 

�x For each rib, three spot welds were placed with a distance of d = 50 mm, d = 150 mm, 

and d = 100 mm from the middle axis.  

�x To ensure sufficient cooling time between the spot welds and to reduce the temperature 

gradient, the most distant spot on the opposite side of the piston was welded. 

�x Four ribs could be fixed within one clamping. Afterwards, the clamping device was 

rotated by 30°. For each clamping, the points were welded with the indicated sequence.  

 

 Figure 4.13: a) Welding strategy for the fixing with spot welds and b) welding sequence for the continuous 

welds. The angles indicate the rotation of the clamping device. [23] 

The welding steps of the final piston took approximately t = 1 h. In order to avoid burn through 

at the start and end points, lead-in and lead-out plates were placed on the prototype. The sagging 

of the laser weld and possible defects were repaired by DMD which points out another 

advantage of part segmentation.  

4.7 Heat treatment 

In order to achieve the required toughness and avoid oxidation, the piston was annealed in a 

vacuum chamber with the temperature-time profile, presented in Figure 4.14. As the heat 
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treatment was carried out by an external company, details of the configuration and position of 

the piston were kept secret. The temperature of the part was measured in the middle of the part. 

It was assumed that the �û�7���L�V���W�K�H���W�H�P�S�H�U�D�W�X�U�H���J�U�D�G�L�H�Q�W���E�H�W�Z�H�H�Q���W�K�H���R�X�W�H�U���V�X�U�I�D�F�H���D�Q�G���W�K�H���F�R�U�H��

of the part. A vacuum furnace with an integrated cooling fan and inlet nozzles was employed. 

Only the annealing process was performed since the material was hardened during the DMD 

process, as reported by Dass and Moridi [17]. A vacuum pressure of pvac = 2.4·10-10  mbar was 

applied. The prototype was heated continuously at a rate of Rh = 65 °C/h until it reached a 

temperature of Tmax = 590 °C where it was maintained for th = 11 h. Subsequently, the cooling 

was executed in three cooling steps: i) Cooling from Tmax = 590 °C to T = 350 °C for th = 3 h 

while the heating system was turned off leading to a cooling rate of Rc1 = 80°C/h. ii) Cooling 

from T = 350° to T = 200°C while the underpressure was released and the atmospheric pressure 

restored. Additionally, nitrogen was injected through nozzles leading to a cooling rate of Rc2 = 

100°C/h. iii) Cooling from T = 200°C to room temperature with a fan at full power resulting 

in a cooling rate of Rc3 = 200°C/h. The required manufacturing steps for the final prototype are 

visually summarised in Figure 4.15. The DMD process took t = 90 h and the heat treatment t = 

24 h. 

 

Figure 4.14: Temperature of the part and furnace during annealing according to QT800 [24]. 
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Figure 4.15: Summary of the manufacturing steps to build the final prototype. 

The heat treatment caused severe buckling distortion, and the piston did not achieve the 

geometrical requirements anymore. The displacements in the as built condition were within the 

requirements, as depicted in Figure 4.16 a) c), and did not provide any indication for the 

distortion pattern present after the heat treatment. In order to investigate the interior of the final 

prototype, it was sectioned by sawing into four segments. The interior walls, the piston crown, 

and the piston skirt, suffered from buckling distortion. The erratic distortion pattern exhibited 

symmetry along two axes, as presented in Figure 4.16 b). Two chambers decreased in volume 

(concave chambers), while two expanded their volume (convex chambers), and the remaining 

walls buckled towards the concave chamber. Besides, the distortion of the piston crown can be 

described by anticlastic bending, characterised by a transverse and longitudinal axis, as 

outlined in [31, 129]. The GOM of the heat treated final prototype visualised a symmetrical 

distortion pattern of the entire piston, shown in Figure 4.16 d). The maximal displacement of 

the piston crown and skirt was dmax,c = 6 mm in positive z-direction, and the maximal 

displacement of the strengthening ribs was dmax,r = 20 mm in radial direction, as presented in 

Figure 4.16 b) d).  
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Figure 4.16: Photographs of the a) as built condition and b) heat treated condition. GOM of the c) as built and d) 

heat treated final prototype. 

4.8 Discussion 

The proposed design guideline considers the main criteria required for manufacturing a hybrid 

component. Additional economic criteria such as lot size were neglected in the design 

guideline. In general, more detailed information about the lot size, production time, energy 

consumption and material waste of the manufacturing facilities are required to evaluate if AM 

or CM enhances the economic performance. Furthermore, the design principle “distortion 

reduction” was not considered yet, which will be assessed in chapter 8.  
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The manufacturing design ensures a weight reduction of 40% compared to the cast design. The 

part segmentation approach reduced the effort for tool path planning and risk of collision. By 

applying the proposed workflow, a complex part could be manufactured from 2D process 

parameters. However, a high effort on experimental prestudies was still necessary to 

manufacture the final prototype.  

Besides, laser welding complex DMD parts makes the positioning and the qualification of the 

welding seams more difficult. The metallographic analysis of the DMD subpart did not present 

major defects. However, possible defects on the critical T-joints were only investigated on test 

geometries due to the high handling effort of the final prototype for metallographic analysis. 

Moreover, the test machines for tensile or fatigue tests are often standardised regarding the 

sample size which limit the analysis of the final geometry. However, the critical T-joints and 

laser welds should be evaluated regarding strength and fatigue in future work. The 

manufactured final prototype achieved the geometrical requirements in the as built condition 

but not in the heat treated condition due to the thermal load. The distortion is further analysed 

in chapter 7. 
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5 
5 Mechanical characterisation of hybrid specimens 

Hybrid specimens were analysed to understand the microstructure-strength relationship which 

is crucial for the functionality of hybrid parts. Furthermore, the strengthening mechanisms of 

soft martensitic steel were discussed. The complex microstructure influences the material’s 

mechanical properties in ways not fully understood for AM processes and particularly hybrid 

parts. Parts of this chapter have been published in [25]. 

5.1 Sample manufacturing 

5.1.1 Tensile tests 

The samples were produced on a Trumpf TruLaser Cell 7020 machine equipped with a solid 

state and CO2 laser source and three moving axes. The solid state laser is used for the DMD 

process and the CO2 laser for the welding process due to the design of the processing heads. 

First, a cuboid was built by DMD with the parameters displayed in Table 5.1. For each layer, 

the feed motion was rotated by 90° in a clockwise direction. 
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Table 5.1: Process parameters for the DMD process 

DMD process parameter  

Wavelength ��L ���������������P 

Laser power P 1200 W 

Laser spot diameter DL 2.1 mm 

Overlap �-  50% 

Feed rate vf 330 mm/min 

Powder flow m�6p 240 g/h 

Hatch distance ht 0.5 mm 

Carrier gas flow Qc Argon 4 l/min 

Shielding gas flow Qs Argon 15 l/min 

Deposition rate m�6d 125 g/h 

To examine the material's plasticity and fracture characteristics, five types of flat tensile 

specimens were derived from the DMD and HF raw material. The abbreviations of the 

specimens are provided in Table 5.2 and the manufacturing and testing workflow is outlined in 

Figure 5.1. The conventional manufactured material had the chemical composition shown in 

Table 4.3. The tensile specimens were cut out of the DMD cuboid by electric discharge 

machining (EDM) to minimise additional heat inputs. The pull direction of the DMD tensile 

specimen was aligned with the buildup direction. In the HF tensile specimens, the pull direction 

coincides with the compression direction during hot forging. To meet the statistical minimum, 

six tensile specimens of each type were manufactured leading to a total amount of 60 tensile 

specimens. Additionally, eight specimens (as built: HF-HF, DMD-DMD, HF-DMD; heat 

treated HF-DMD) were manufactured for microstructural analysis and hardness measurements 

leading to a total number of 68 specimens.  

Table 5.2: Sample abbreviation 

Specimen type Abbreviation 

Hot forged homogeneous HF 

Hot forged welded with hot forged HF-HF 

DMD homogeneous DMD 

DMD welded with DMD DMD-DMD 

Hot forged welded with DMD HF-DMD 
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Figure 5.1: Production and testing workflow of specimens. 

To avoid porosity and other welding defects, conductive laser welding was applied to join 

plates with a thickness of tt = 1 mm. The constant set of parameters are provided in Table 5.3. 

The gap between the two parts was ideally zero and no filler material was used. Before welding, 

the surface was cleaned with a metal brush. The welding direction was perpendicular to the 

DMD buildup direction, thus parallel to the layer. A metal piece was placed before and after 

the weld track, where the laser started and finished, in order to reduce the effect of the ramp 

up/ down of the laser.  
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Table 5.3: Process parameters for Laser Welding 

Process Parameter Value 

Wavelength ��L ���������������P 

Laser power P 2000 W 

Focal plane fl -3 mm 

Laser spot diameter DL 0.5 mm 

Overlap �-  50 % 

Feed rate vf 1500 mm/min 

Shielding gas flow Qs Helium 20 l/min 

Heat treatment 

In order to enhance the mechanical properties and to compare different sets of samples among 

each other and with CM  standard samples, all samples underwent a standard heat treatment 

procedure. The heat treatment process consisted of two cycles: solution annealing and 

tempering, according to the QT800 specifications listed in Table 5.4. Both cycles were carried 

out under vacuum conditions and furnace cooling to avoid segregation in the first step and to 

perform recrystallisation in the second, described by Läpple [67]. After preparation, the 

samples were cleaned for 15 minutes in an ethanol solution using an ultrasonic bath. 

Subsequently, they were placed in a Nabertherm tubular furnace, and the chamber was 

evacuated to a vacuum pressure of pvac = 5·10-5 mbar. The first step was solution annealing, 

during which the furnace containing the samples was heated up to T = 1040 °C at a constant 

heating rate of Rc = 100 °C/h and maintained at that temperature for th = 5 h. Then, the furnace 

was gradually cooled down to room temperature at a cooling rate of less than Rc = 90 °C/h. 

After cooling, the samples were kept at room temperature for th = 24 h. 

After the solution annealing, the second step of thermal annealing, known as tempering, was 

initiated. The furnace with the samples was heated at a constant rate of Rc = 100 °C/h until it 

reached a temperature of T = 590 °C, which was maintained for t = 10 h. Subsequently, the 

furnace was cooled down to room temperature again, ensuring a cooling rate of R < 90 °C/h. 

Once the complete cooling was achieved, the furnace was flushed with air, opened, and the 

samples were removed. In total, 32 samples underwent the heat treatment process. 
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Table 5.4: Heat treatment according to QT800 

Step 1: Solution Annealing  

Temperature T  1040 °C 

Holding time th 5 h 

Max. heating rate Rmax 100 °C/h 

Atmosphere Vacuum 

Cooling rate Rc Ca. 90 °C/h 

Holding time th 24 h 

Step 2: Tempering  

Temperature T 590 °C 

Holding time th 10 h 

Max. heating rate Rh,max 100 °C/h 

Atmosphere Vacuum 

Cooling rate Rc Ca. 90 °C/h 

5.1.2 Charpy tests 

To evaluate the influence of the oxygen intake and the resulting Mn-Si oxides on the toughness, 

Charpy V-notch specimens (10 x 10 mm) were produced and tested at T = 20 °C. Three blocks 

with a size of 80 x 30 x 30 mm were built with the same parameters presented in Table 5.1. 

The settings, provided in Table 5.5, resulted in different oxygen intakes, described by Keller et 

al. [52].  

Table 5.5: Process parameters for Charpy specimens 

No. Nozzle type Carrier to  shield 
�J�D�V���U�D�W�L�R���2Q 

Carrier gas 
Qc [l/min] 

Shielding gas 
Qs [l/min]  

Oxygen intake 
[ppm]  [52] 

1 3-stream  0.5 15 7.5 12000 

2 Coax 0.3 4 12 200 

3 Coax within 

shielding gas 

chamber  

0.3 4 12 120 
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5.2 Microstructural  evolution 

Two cross sections of the HF-DMD tensile test specimens in as built and heat treated condition 

were chosen in order to analyse the hybrid zone. The dotted black lines in Figure 5.2 indicate 

the position of the cuts for the microstructure evaluation and the grey diamonds the points for 

the hardness measurement around the seam. The specimens were cut, embedded, ground, and 

polished. After the grinding process, the specimens were washed in an ultrasonic ethanol bath. 

For the polishing process, polishing cloths, and polycrystalline diamond suspension with a 

grain size of DG = 6 µm and DG = 3 µm were used. A constant force of F = 10 N and rotational 

speed of n = 200 rpm were applied on the cloths. For optical microscopy the Keyence digital 

microscope VHX-5000 was used. Different etchants (Kalling II and Adler) were applied to 

present the microstructure. The composition and microstructure of the samples were further 

analysed by EDX and SEM imaging using a Zeiss EVO10 microscope equipped with an 

AZtecLive SSD X-ray detector from Oxford Instruments.  

Further, residual austenite measurements were conducted by XRD using the Stresstech 

Goniometer G3�����&�U���.�.���U�D�G�L�D�W�L�R�Q���Z�D�V���X�V�H�G as X-ray anode, which has a �Z�D�Y�H�O�H�Q�J�W�K����L = 0.229 

�Q�P���� �7�K�H�� �G�L�I�I�U�D�F�W�L�R�Q�� �D�Q�J�O�H�� �R�I�� �W�K�H�� �U�D�G�L�D�W�L�R�Q�� �Z�D�V�� �%�� � �� ��30° and the face centered cubic lattice 

distance was used as reference. 

 

Figure 5.2: Technical drawing of the specimens and region of interest with lengths in mm [25]. 

The optical micrographs of low carbon soft martensitic steel of the HF-DMD specimens in as 

built and heat treated conditions are illustrated in Figure 5.3. Some prior austenite (PA) grain 
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boundaries were clearly visible in the HF segments. Furthermore, the dark areas might 

represent troostite, typical for higher cooling rates. The largest fraction is represented by the 

martensitic laths (M). The microstructure in the LW and DMD segments appears refined after 

heat treatment. 

According to Slamani [111], with higher cooling rates, more martensite, and less residual 

austenite are present. The assumed cooling rates are in alignment with the residual austenite 

measurement indicating the highest content in the HF segment with the lowest cooling rate.  

 

Figure 5.3: Optical microscopy of the different segments of the HF-DMD specimen in the as built and heat 

treated condition etched with Kalling and a residual austenite content of a) 27 % b) 10 % c) 13 % d) 20 %  

e) 11 % f) 14 % [25]. 

The SEM images of the different segments, presented in Figure 5.4, visualise the presence of 

spherical inclusions in the DMD and LW segment in both the as built and heat treated 

condition. This means, that the spherical inclusions are stable and could not be dissolved 

through the heat treatment although they were heated above austenitisation temperature. The 

spherical inclusions consist of Manganese, silicon, and oxygen elements according to the EDX 

analysis, as demonstrated in Figure 5.5. 

As illustrated in Figure 5.6, the DMD segment exhibited a smaller fraction but larger size of 

inclusions in the as built condition. The heat treatment reduced the fraction of Si-Mn-oxides, 
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especially for the LW segment but did not affect the size of the inclusions. The highest fraction 

but smallest size of inclusions was present in the LW segment with the highest cooling rate. 

No inclusions were present in the HF segment with the lowest cooling rate.  

The findings of Goto et al. [39] could be confirmed who claim that higher cooling rates enhance 

the oxide precipitation and supersaturation. Since the cooling rate in laser welding is higher 

due to the absence of reheating cycles, the LW segments exhibited a smaller diameter, and a 

higher number of nuclei compared to the DMD segments. 

 

Figure 5.4: SEM images of the different segments in the as built and heat treated condition [25]. 

 

Figure 5.5: Composition of the spherical inclusion found in DMD and LW segments by EDX analysis [25]. 
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Figure 5.6: Mean diameter DO and fraction f of Si-Mn-oxides in the as built and heat treated condition [25]. 

5.3 Grain size measurement 

In order to evaluate the grain morphology more in detail, EBSD was conducted. The 

measurements were taken with one as built and one heat treated specimen in each segment (HF, 

Laser Weld, DMD) resulting in six EBSD maps. The EBSD measurements were performed 

using a Quanta 200F scanning electron microscope with a Hikari Super detector. Data 

acquisition and post-processing of the crystalline data were performed using the Eden TEAMTM  

software. The step size for each sample was d = �����������P�����7�K�H���D�U�H�D���I�R�U���(�%�6�'���D�Q�Dlyses had a 

width of w = �����������P���D�Q�G a height of h = 5���������P���O�H�D�G�L�Q�J���W�R���D�O�P�R�V�W�����������������P�H�D�V�X�U�H�G���J�U�D�L�Q�V���S�H�U��

segment. In most practical cases, the martensite is indicated as bcc according to Ryde [103]. 

This means that martensite and ferrite were indicated as the same phase. The images were taken 

3 mm to the left of (HF), in (LW), and 3 mm to the right  of (DMD) the weld seam.  

The colours indicate the crystallographic orientations perpendicular to the observed section 

according to the key stereographic triangle, presented in Figure 5.7. The martensitic  

3-level-hierarchy consisting of blocks, packets, and laths can only be indicated in the HF 

segments by EBSD measurements. The HF segment presented a Widmannstätten structure at 

specific locations, described by [93], which is typical for welded structures. With accelerated 

cooling or low isothermal transformation temperature, the prior austenite grain boundaries are 

no longer marked, and the ferrite crystals also extend into the interior of the grain. However, 

the microstructure of the as-built LW, DMD segment, and the DMD segment after heat 

treatment appears disordered, characterized by a wide range of grain sizes, shapes, and 



82 

boundaries. A homogeneous recrystallisation with ultra-fine grains was present in the LW 

segment after the heat treatment. The heat treated DMD segment resulted in a heterogeneous 

dual-phase microstructure consisting of small equiaxed grains and adjacent large martensitic 

grains with a high aspect ratio similar to the HF segment.  

The grain refinement of the DMD and LW segment compared to the HF segment in the as built 

condition can be explained by the temperature gradient and rapid cooling rate which suppresses 

grain growth, already reviewed by Dass and Moridi [17] and Khodabakhshi [55].  

 

Figure 5.7: EBSD image quality map of as built and heat treated HF, LW, and DMD segments. 

To quantify the grain size, all high-angle boundaries between 15° and 65° (blocks and packets) 

were indicated as possible martensite grain boundaries, according to [84]. For statistics, any 

pair of indexed points with a misorientation below 1° was not considered. The size of the major 

(length) and minor (width) axes were considered which indicate the length of a block as grain 

size. A paired T-test was applied to compare statistically the mean grain sizes by using the 
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software R [97]. The grain map, presented in Figure 5.8, highlights the blocks with a uniform 

colour. 

 

Figure 5.8: Randomly coloured blocks defined by high angle boundaries with a crystallographic misorientation 

> 15° of adjacent grains based on Figure 5.7 [25]. 

A mean block length �������P�������%l < �������P��was identified, as presented in Figure 5.9, which is in 

the same range as the findings of Ueji et al. [123], who measured a mean grain size  

DG = �����������P based on high-angle boundaries after cold-rolling and annealing. On the left side, 

the percentages indicate the grain refinement of the LW and DMD segments compared to the 

HF segment. On the right side, the percentages indicate additionally the grain refinement after 

heat treatment for each segment. The findings indicate that laser welding and DMD 

predominantly affect the block length in the as built condition. The heat treatment resulted in 

an overall grain refinement in all segments for both, the length, and the width, of a grain. In the 

LW segment, ultra fine grains were present. In the as built condition, the grain size of the DMD 

and LW segments appeared comparable whereas none of the segments appeared similar after 

the heat treatment anymore. The pairwise T- test in the as built condition of the mean grain 

length resulted in no significant difference (statistical significance p = 0.49) between the DMD 

and LW segment, however, a significant difference between the HF segment and the rest of the 
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data (p�' 0.05). In the heat treated condition, no significant difference (p = 0.084) between the 

DMD and HF segment, however, a significant difference between the LW segment and the rest 

of the data (p�' 0.05) was present.  

 

Figure 5.9: Number fractioned mean block length (major) and width (minor) in the as built and heat treated 

condition [25]. 

5.4 Mechanical properties 

5.4.1 Tensile tests 

All tensile tests were performed under quasi-static loading conditions on a robot-assisted 

universal tensile testing system with a load capacity of F = �����×�N�1�����D�V���I�X�U�W�K�H�U���G�H�V�F�U�L�E�H�G���L�Q Roth 

and Mohr [102]. Prior to testing, both specimen thickness and width are measured 

automatically by a laser system. A 5MP camera equipped with a Nikon �����×�P�P���I���������$�,-s lens 

was set up to acquire images at 2fps to allow for DIC. Prior to testing, spots of black mat paint 

are sprayed on a white mat background to create a random speckle pattern and to avoid 

reflections. �7�K�H���V�H�W�X�S�� �D�F�K�L�H�Y�H�V���D���V�S�D�W�L�D�O���U�H�V�R�O�X�W�L�R�Q���R�I�� �D�E�R�X�W�����������×�—�P���S�L�[�H�O���� �7�K�H���H�[�S�H�U�L�P�H�Q�W�V��

were performed at room temperature and under displacement control at a crosshead velocity of 

v = 2.4 mm/min, corresponding to a nominal strain rate �0�6 = 0.001 s-1. 

The fracture location was visualised by DIC and the logarithmic Hencky strain �0H, which is an 

appropriate measure to describe metals that exhibit significant plastic deformation. �0H is 
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defined using natural logarithms and considers the incremental changes in length during 

deformation described by 

�0H = ln
lf
l0

 (5.1) 

where lf is the final length and l0 is the initial length of the specimen.  

Vickers hardness was measured on an ATM Qness Q10 M device, with a force of F = 1 N and 

a dwell time of td = 15 s. The measurement points were aligned on a straight line and located 

in the middle of the transversal cross section of the weld seam. The measurement started in the 

HF subpart, traversed the weld seam, and ended in the DMD subpart, as displayed in Figure 

5.10 a). Four points per millimetre were measured, resulting in 25 measuring points along a 

distance of d = 6 mm. The measurement was performed on two metallographic cross sections 

of the laser welded specimens.  

The Vickers hardness varied along the three segments. In the LW segment the hardness was  

H = 370 HV0.1, in the HF segment around H = 270 HV0.1, and in the DMD segment around 

H = 310 HV0.1. However, the hardness of the hybrid heat treated specimens (HF-DMD) did 

not vary along the weld zone. DMD-DMD welds had a width of w = 1 mm, HF- HF welds 

about w = 2.3 mm and HF-DMD welds around w = 2 mm. The transition between the HAZ 

and weld seam in the HF region was pronounced in the as-built condition but smooth in the 

heat treated condition, as presented in Figure 5.10 b)�����7�K�H���O�D�U�J�H�V�W���K�D�U�G�Q�H�V�V���J�U�D�G�L�H�Q�W���û�+�9max 

was observed near the base material of the HAZ-HF, but within the weld seam on the DMD 

side. This leads to the assumption that the temperature decreased gradually along the HF side 

leading to a prolonged HAZ, whereas on the DMD side, the temperature drops rapidly within 

the weld seam leaving the base DMD material unaffected, as presented in Figure 5.10 c).  
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Figure 5.10: a) Mean hardness and standard deviation of two specimens per type b) corresponding micrographs 

of the weld seam c) zoom in of the HAZ highlighting the drop in hardness [25].  
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Figure 5.11 illustrates the difference in ultimate tensile strength (UTS) and rupture strain �0r of 

the uniaxial tensile experiments of all five specimen types, considering the as built and heat 

treated conditions. All specimens exhibit a similar elastic response �D�Q�G���D���\�L�H�O�G���V�W�U�D�L�Q���0y = 0.003, 

as presented in Figure 5.11 c), but beyond yield point, the specimens behaved substantially 

different. In the as built condition, they can be grouped into DMD-DMD and DMD specimens 

with a higher initial hardening rate and a lower ductility, the HF-DMD and HF-HF specimens 

with lower hardening rate but similar ductility, and the HF specimens with a low hardening 

rate but the highest ductility.  

�7�K�H���D�V���E�X�L�O�W���'�0�'���V�S�H�F�L�P�H�Q�V���H�[�K�L�E�L�W�H�G���D���������������K�L�J�K�H�U���8�7�6���E�X�W���D��-65 % lower �0r compared to 

the HF specimens. DMD and DMD-DMD specimens attained similar UTS and �0r, regardless 

of the weld, whereas adding a weld in the HF specimens, resulted in -30 % lower �0r but 

comparable UTS for HF-HF specimens. In the heat treated condition, all specimens exhibited 

a homogenised UTS but significant differences in terms of ductility. Among the laser welded 

specimens, heat treated HF-HF specimens achieved the highest UTS of 761±22 MPa and  

�0r = 8.7±1.8 %. However, the heat treated DMD specimens achieved the best combination of 

UTS = 741±3 MPa and largest �0r = 14.8 ± 5%. This means that homogeneous DMD specimens 

exhibited the most favourable mechanical behaviour in terms of strength and toughness in the 

heat treated condition. Whereas, in the hybrid HF-DMD specimens, the UTS were in the range 

of other HF specimens, but exhibited the lowest �0r of all specimens. The mechanical properties 

of the HF specimen were comparable in the as built and heat treated conditions. 

The DMD-DMD tensile specimens reached the highest strength of UTS = 944 ± 69 MPa and 

the corresponding highest hardness of H = 333 ± 23 HV0.1 in the LW segment, with a moderate 

hardness H = 313± 15 HV0.1 in the DMD segment. The lowest strength of UTS = 773 ± 4 MPa 

occurred in the HF tensile specimens with the corresponding lowest hardness of H = 274 ± 13 

HV0.1. The HF-DMD tensile specimens reached a slightly higher UTS and a high hardness in 

the LW segment, a low hardness in the HF segment, and a moderate hardness in the DMD 

segment. However, this phenomenon could not be observed in the heat treated welded 

specimens. The HF-HF tensile specimens achieved the highest strength UTS = 761 ± 22 MPa 

and the DMD-DMD specimens the lowest strength UTS = 674 ± 47 MPa but the hardness 

remained for both unchanged between H = 233 HV0.1 and H = 243 HV0.1. 
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Figure 5.11: UTS-�0r curves of a) all as built, b) all heat treated specimens, and c) as built DMD specimens. The 

blue colour shades represent specimens from the HF raw material, while the magenta colour shades represent 

DMD raw material. The black lines represent the hybrid HF-DMD specimens [25].  
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Figure 5.12: a) UTS b) �0r  c) combined UTS- �0r values of the five different specimen types. 

The DIC effective strain field and line graphs were extracted and presented in Figure 5.13. In 

the homogeneous specimens, necking and fracture occurred non-centred due to microstructural 

imperfections. In the HF-HF and DMD-DMD specimens, the fracture and the maximal strains 

occurred between weld seam and clamping and the lowest strains occurred in the weld seam. 

The very hard laser weld prohibited any elongation and acted as if the specimen would have 

been fixed at the laser weld. This was changed by the heat treatment, where the fracture and 

the largest strains occurred in the weld seam and the HAZ. The heat treated DMD-DMD 

specimen broke in the weld seam, which is the result of crack propagation provoked by internal 

imperfections. The high hardness of the weld seam explains the strain localization in the HAZ 

for the HF-HF specimens. The HAZ in the HF segment was the weakest point due to the 
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formation of segregation and heterogeneous microstructural bands, as described by Dass and 

Moridi [17], and further analysed in chapter 6.4. 

The strain distribution over the axis length is symmetrical to the weld seam for all laser welded 

specimens except the hybrid HF-DMD specimen. They exhibited the lowest strains in the DMD 

segment in the as built condition but the highest in the heat treated condition due to the increase 

in ductility. 

 

Figure 5.13: DIC results and corresponding line graphs of the Hencky strain �0H . The red lines indicate the Hencky 

strain at force maximum �0Fmax and the black lines indicate the maximal Hencky strain �0max [25]. 

The different types of fractures (brittle, ductile) are visualised in Figure 5.14 and the location 

and type of fracture are described in Table 5.6. As built DMD and DMD-DMD specimens 

showed different types of fractures, which means that they present more variations in 

microstructure and strength. In the as built condition, the fracture occurred the least in the weld 

seam. This was changed in the heat treated condition, where fracture occurred 7 out of 18 times 

within the weld seam, which can be confirmed by the DIC in Figure 5.13.  
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The DMD as built ductile fracture surface was more tortuous with many visible voids and 

significantly more height difference in the fracture surface topology. Fine dimples cover the 

entire surface indicating a material deformation. The DMD-DMD as built brittle fracture 

surface was smooth with a very small void. This means that it instantaneously broke with little 

deformation of the material under tensile loading. The DMD heat treated brittle fracture surface 

looked smoother compared to the ductile DMD-DMD heat treated brittle fracture surface in the 

largest magnification but similar in the smaller magnification.  

 

Figure 5.14: Different types of fracture of the tensile tests in the as built and heat treated condition visualised by 

a) light microscopy b) SEM [25]. 



92 

Table 5.6: Overview of the results 

Con-
dition 

Specimen/ 
Segment 

UTS 
[MPa] 

Rupture 
strain  �0r 
[%]  

Fracture 
location 

Type of 
fracture 

Length 
[µm]  

Width 
[µm]  

Hardness 
[HV0.1] 

As 
built 

DMD-
DMD 

935 ± 11 2.7±0.7 6 x LW 5 x brittle 

1 x mixed 

- - - 

Heat 
treated 

DMD-
DMD 

674 ± 47 6.3 ± 2.9 6 x DMD 6 x brittle - - - 

As 
built 

HF-HF 788 ± 14 3.6 ± 0.2 6 x HR 6 x ductile - - - 

Heat 
treated 

HF-HF 761 ± 22 8.7 ± 1.8 6 x HR 6 x ductile - - - 

As 
built 

HF-DMD 798 ± 26 1.6 ± 0.5 6 x HR 6 x ductile - - - 

Heat 
treated 

HF-DMD 684 ± 35 6 ± 1.8 5 x DMD 

1 x LW 

5 x ductile 

1 x brittle 

- - - 

As 
built 

DMD 944 ± 69  4.3 ± 1.1 - 2 x mixed 

3 x ductile 

1x brittle 

3.15 ± 
4.28 

1.11 ± 
1.19 

313 ± 15 

Heat 
treated 

DMD 741 ± 3 14.8 ± 5 - 6 x ductile 2.29 ± 
4.62 

0.86 ± 
1.34 

242 ± 9 

As 
built 

HF 773 ± 4 12.3 ± 1.5 - 6 x ductile 3.67 ± 
6.26 

1.08 ± 
1.38 

274 ± 13 

Heat 
treated 

HF 764 ± 22 11.5 ± 2 - 6 x ductile 2.46 ± 
6.05 

0.82 ± 
1.56 

233 ± 7 

As 
built 

LW 
(DMD-
HF) 

- - - - 3.2 ± 
4.31 

1.09± 
1.04 

356 ± 30 

Heat 
treated 

LW 
(DMD-
HF) 

- - - - 1.8 ± 
2.22 

0.76 ± 
0.73 

243 ± 9 

As 
built 

LW 
(DMD-
DMD) 

- - - - - - 333 ± 23 

As 
built 

LW 
(HF-HF) 

- - - - - - 363 ± 22 
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5.4.2 Charpy tests 

The surfaces of the different specimens show that the oxygen intake during the process has an 

effect on the surface oxidation, as presented in Figure 5.15. The specimen built in the inert gas 

chamber has a very shiny surface, whereas the specimen built by the 3-stream nozzle with the 

highest oxygen intake presents a matte oxidised surface. However, the coax nozzle resulted in 

a significant drop in Charpy impact toughness and an oxidised surface despite a comparable 

oxygen intake. Although it can be assumed that a higher oxygen intake leads to a lower Charpy 

impact toughness, since oxides are usually brittle and disrupt the microstructure and material 

integrity, the results of this study and Paim Pressi [94] do not clearly support this assumption. 

Further analysis and data points are required to describe the correlation between oxygen intake 

and Charpy impact toughness. 

 

Figure 5.15: Impact toughness over oxygen intake adapted from Keller et al. [52].   
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5.5 Strengthening mechanisms 

The literature presents a controversial discussion regarding which specific part has the most 

significant impact on grain boundary strengthening. Most of the studies [115, 120, 128, 143] 

claim that the martensitic packet is the dominating one. However, Naylor [89] concluded that 

the strength increased with martensitic lath refinement considering the length. Morito et al. 

[84] investigated the effect of the block size on the strength of low carbon steels and stated that 

the block size is an important structural parameter for the strength-structural relationship. 

Krauss [62] reviewed interdependencies between packet, block, and prior austenite grain size 

but came to the conclusion that the atomic and substructural obstacles to dislocation motion in 

martensite are not fully characterized and require more research to provide deeper 

understanding of martensite deformation, mechanical properties, and fracture. In general, 

according to the Hall-Petch relationship, the strength can be calculated by 

�1HP=�10��ks�„B
-
1
2 (5.2) 

�Z�K�H�U�H���10 is the friction stress for pure iron (Fe) (a constant which is rationalized as either a 

frictional stress resisting the motion of gliding dislocations), ks is the Hall-Petch constant 

(measure of the resistance of the grain boundary to slip transfer), and B the grain size of a block 

separated by high angle boundaries. According to Song et al. [112], the unknown parameters 

of the Hall-Petch relationship, such as friction stress and Hall-Petch constant, can be 

determined by means of fitting to experimental data. The validity of the Hall-Petch relationship 

was evaluated through the R2 value concerning the correlation between block length/width and 

hardness.  

No correlation between the hardness and the block length of each segment was identified, 

resulting in  R2 = 0.67 in the as built, and an R2 = 0.53 in the heat treated condition, as illustrated 

in Figure 5.16. This means that no statistically valid correlation between block size and 

hardness based on the Hall Petch relationship was applicable.  
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Figure 5.16: Hall-Patch estimation of hardness over measured block length Bl and block width Bw [25]. 

According to Orowan [49], the strength associated with precipitation hardening by the 

formation of Si-Mn-oxides can be described by 

�1p=1.2Gbf1/3DO
-1 (5.3) 

where G = 78 000 GPa [49] is the shear modulus of the ferrite, b = 0.25 nm [49] the Burgers 

vector for dislocations of the ferrite, f the area fraction, and DO the mean diameter of oxide 

particles leading to the results presented in Table 5.7. The findings indicate the increase in 

strength by precipitation of oxides is very low and limited to �1p = 13 MPa.  
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Table 5.7: Results of the increase in strength by precipitation hardening of Si-Mn-oxides according to Orowan 

Eq. (5.3). 

Parameter Value 

Fraction within the as built LW segment fLW,AB 0.003186 

Fraction within the as built LW segment fDMD,AB 0.002607 

Fraction within the as built LW segment fLW,HT 0.002018 

Fraction within the as built LW segment fDMD,HT 0.002176 

DO,LW,AB 135.4 nm 

DO,DMD,AB 214.9 nm 

DO ,LW,HT 128 nm 

DO,DMD,HT 247.3 nm 

�1p,LW,AB  12.2 MPa 

�1p,DMD,AB  10 MPa 

�1p,LW,HT  7.8 MPa 

�1p,DMD,HT  8.4 MPa 

5.6 Discussion 

The grain refinement and strain hardening of the LW and DMD segment inhibited fracture, 

which caused a fracture in the softer HF segments in the as built condition. All specimens 

showed a uniformly lower UTS �D�Q�G���K�L�J�K�H�U���0r after the heat treatment, irrespective of the grain 

refinement. The reduced UTS �D�Q�G���K�L�J�K�H�U���0r after heat treatment are due to reversed austenite 

formation during tempering investigated by Folkhard [36]. In the temperature range of  

T = 570 °C to T = 680 °C, finely dispersed austenite is formed which lowers the hardness. 

However, the smallest change �L�Q���8�7�6���D�Q�G���0r occurred in the HF specimens which leads to the 

conclusion that only the DMD parts require heat treatment to improve the toughness. Only 

DMD parts can be heat treated and afterwards joined to the CM parts.  

The highest cooling rate is present in the LW segment in the as built condition due to the large 

temperature gradient and therefore fast cooling between weld seam and adjacent substrate 

material at room temperature in the absence of reheating cycles. Due to the rapid cooling during 

the welding process, plastic deformation is formed and accumulates due to the strain hardening, 

as stated by Tsai et al. [121] and Ebrahimi et al. [27]. The high dislocation density within this 

microstructure are favourable for grain subdivision and recrystallisation according to Nasiri et 

al. [87]. This means, deformed martensite, particularly in the LW segment, contains a high 

dislocation density which provokes recrystallisation during annealing, according to  
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Tokizane et al. [119]. The lowest cooling rate, hence martensitic deformation and dislocation 

density is assumed in the HF segment, which can be confirmed by the results without 

significant grain refinement after the heat treatment. Furthermore, the precipitation of fine 

carbides during annealing is favourable for recrystallisation, according to Nasiri et al. [87]. In 

general, according to Folkhard [36], the lowered carbon prevents carbide precipitation. 

However, he and Brezina et al. [10] state that for low carbon soft martensitic steel tempering 

will produce relatively coarse grain boundary carbides M23C6 and finely distributed carbides of 

the same type in the grain cores next to very fine irregularly dispersed carbo-nitrides of the 

type M2 (C, N). �7�K�H�\���S�U�H�F�L�S�L�W�D�W�H���I�U�R�P���W�K�H�������P�L�[�H�G���F�U�\�V�W�D�O�V���D�W���W�H�P�S�H�U�D�W�X�U�H�V���E�H�O�R�Z���7��� �����������ƒ�&, 

even at very low carbon contents around 0.01 % C. For carbon contents up to 0.34 % C, the 

dissolution of carbides can improve the toughness and ductility, according to [37]. 

The layer-by-layer reheating in the DMD segment reduced the dislocation density due to the 

increased thermal energy and recovery. This leads to a lower grain refinement during heat 

treatment which results in a dual-phase microstructure. The dual-phase is characterised by a 

combination of spherodisation and subsequent grain growth. However, more sections should 

be measured by EBSD to evaluate the change of microstructure within DMD parts. The dual-

phase microstructure in the heat treated DMD specimens resulted in a 200% higher strain 

outperforming the other specimens without suffering strength reduction. The ductile 

fractographs of the heat treated DMD specimens were also in alignment with the stress-strain 

curves, presenting the largest rupture strain. The as built microstructure of the DMD specimens 

resulted in different fracture types which can be explained by the large variation in grain size. 

It is essential to consider the position of weak points such as the HF segment, the HAZ of the 

HF segment, and the laser weld during the design of a part. The reason why the laser welded 

specimens presented a lower toughness in the as built condition can be explained by strain 

hardening during laser welding, carbide formation, and crack propagation during the heat 

treatment. The brittle fractographs of the DMD-DMD specimens are in alignment with the 

stress-�V�W�U�D�L�Q���F�X�U�Y�H�V���D�F�K�L�H�Y�L�Q�J���D���K�L�J�K���8�7�6���D�Q�G���D���O�R�Z���0r. 

Considering the absence of Si-Mn-oxides in the HF segments and equalised hardness after heat 

treatment, it can be inferred that the Si-Mn-oxides and grain size did not influence the hardness, 

which can be confirmed by Paim Pressi [94]. However, the oxygen intake has an impact on the 

surface oxidation and potentially the lower impact toughness. The amount of residual austenite 
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is crucial to the mechanical behaviour of martensitic steels according to Ryde [103]. The HF 

segment with more residual austenite is softer than the LW and DMD segment, however, after 

the heat treatment, residual austenite does not influence the hardness anymore.  

The applied Hall-Petch relationship demonstrate that the conventional theory of grain boundary 

strengthening cannot be conclusively considered as primary hardening mechanism in low-

carbon soft martensitic steel, particularly with heterogeneous microstructure in hybrid parts 

resulting from different manufacturing steps and the heat treatment. The finely dispersed 

austenite and carbides affect the hardness more than the grain refinement, residual austenite 

and presence of Si-Mn-oxides.  

  



 

6 
6 Thermal characterisation of hybrid specimens 

The thermo-metallurgical properties of hybrid specimens were measured to calculate the 

thermal conductivity, as they affect the microstructure and strength. Further, temperature-

dependent data are required for numerical thermo-mechanical simulations which predict the 

distortion. The available data in literature are limited to one heat-treatment condition of CM 

material and lack information considering the thermal history, precise chemical composition, 

and microstructure of the steels. The measurements were conducted by the team of Prof. Dr. 

Thomas Mayer leading the research group “Mechanics for Modeling” of ZHAW in Winterthur, 

Switzerland.  
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6.1 Sample manufacturing 

The disk laser Trumpf TruDisk 3001 was employed for the DMD and laser welding process. A 

DMD block was produced on the Trumpf TruLaser Cell 7020 according to the parameters 

presented in Table 6.1. Each layer, the feed motion was rotated by 90° in a clockwise direction.  

Table 6.1: DMD buildup parameters 

Parameter Value 

Wavelength ��L 1.064 µm 

Laser Power P 1000 W 
Feed rate v 320 mm/min 
Hatch distance ht 1.05 mm 

Laser spot diameter DL 2.1 mm 

Layer height hl 1.7 mm 

Powder feed rate m�6p 5 g/min 

Shielding gas low Qs 15 l/min 

Carrier gas flow Qc 4 l/min 

The powder batch 13180 and the hot forged raw material were used, which were described in 

Table 4.3. The DMD block had the dimensions 115 x 40 x 35 mm and the HF block  

110 x 35 x 30 mm. To investigate the hybrid laser weld, AM and CM subparts were 

manufactured from the DMD and HF block using a circular saw and EDM, according to Figure 

6.1 a). The dimensions of the subparts were 42.5 x 1 x 19 mm. All surfaces were ground to 

achieve a flat and smooth surface. One section, as indicated in Figure 6.1 b), was used to 

manufacture the samples to measure the thermal diffusivity by laser flash analysis, specific 

heat capacity by differential scanning calorimetry, and the temperature dependent density by 

the Archimedes principle and dilatometry. 
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Figure 6.1: Orientation of subparts and specimens in the AM and CM block a) separation of the DMD block in 

subparts by a circular saw b) position of the specimens manufactured by EDM. 

6.2 Material properties 

The most important material property to characterise heat transfer during laser welding is the 

thermal �F�R�Q�G�X�F�W�L�Y�L�W�\�������Z�K�L�F�K���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���D�F�F�R�U�G�L�Q�J���W�R�� 

�����7��� �D���7���Âcp���7���Â�!��T) (6.1) 

where T is the temperature, a the thermal diffusivity, cp �W�K�H���V�S�H�F�L�I�L�F���K�H�D�W���D�Q�G���!���W�K�H���G�H�Q�V�L�W�\�����7�R��

calculate the thermal �F�R�Q�G�X�F�W�L�Y�L�W�\�� ��, different measuring devices and settings are required 

which are presented in the following.  

Thermal diffusivity  

The thermal diffusivity measurements were carried out from room temperature up to  

T = 1000 °C using the laser flash analysis system Netzsch LFA 467 HT Hyperflash. A Xenon 

flashlight, and the standard indium-antimonide-infrared-detector were employed. The heating 

rate was Rh = 5 K/min and the isothermal holding time th = 5 min at each temperature.  



102 

Argon with the shielding gas flow Qs = 50 ml/min was used as shielding gas to ensure an inert 

gas atmosphere. Three DMD and three HF samples were measured, and the average of the six 

samples calculated, as presented in Figure 6.2. The measurements demonstrate the sharp 

decrease in thermal diffusivity during �W�K�H�� �.’�Æ�� phase transformation around T = 700°C. 

Generally, the HF specimens exhibited higher thermal diffusivity, except in the temperature 

range �R�I�� �.�¶�Æ���� �S�K�D�V�H�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�� The mean thermal diffusivity a
%DMD = 4.5 mm2
s
W was  

10 % lower than a
%HF. 

 

Figure 6.2: Laser flash analysis results showing the average  thermal diffusivity of DMD and HF specimens. 

Specific heat capacity 

The specific heat capacity and the related energetic effects were measured using a NETZSCH 

DSC 404 F1 Pegasus® heat flow differential scanning calorimeter. The device was vacuum-

tight and the measurements were conducted in inert atmospheres within a temperature range of  

T = 25 °C to T = 1650 °C. For experiment execution, data collection, and analysis, a 32-bit 

software package was available. One DMD and one HF sample was measured, as presented in 

Figure 6.3. A peak is observed in the heat capacity around the �.�Æ�����S�K�D�V�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���D�W�� 

T = 678°C and the liquefication at Tm = 1388 °C. The cooling shows solely the peak during 

solidification at T = 1446 °C. The largest delta between both specimens was observed during 

solidification at T = 1446°C. The measurement precision of cp lies from T = -150 °C to  

T = 1400 °C at ± 2.5 %.  
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Figure 6.3: Specific heat capacity cp of one DMD and one HF sample up to the melting temperature of  

Tm = 1450 °C. 

Density 

The initial density at room temperature was measured by Archimedes principle. The 

�W�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�W���G�H�Q�V�L�W�\���!���W�����Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\���G�L�O�D�W�R�P�H�W�U�\���F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���F�K�D�Q�J�H���R�I��

the specimen length. The dilatometer measurements were carried out from room temperature 

up to T = 1089°C using the dilatometer NETZSCH DIL 402 Expedis® Classic. The heating 

rate was Rh = 5 K/min. The temperature dependent density can be calculated by 

�!��T)=
m

V0 �@����
�¨l

l0
�A

3 
(6.2) 

where m is the constant mass, V0 the initial volume, �Ïl the change in specimen length and l0 

the initial specimen length at room temperature. Three DMD and three HF samples were 

measured, and the average calculate, as presented in Figure 6.4. There is no significant 

�G�L�I�I�H�U�H�Q�F�H�� �L�Q�� �G�H�Q�V�L�W�\�� �!�� �E�H�W�Z�H�H�Q�� �'�0�'�� �D�Q�G�� �+�)�� �V�D�P�S�O�H�V����The largest difference �û�!max occurs 

�G�X�U�L�Q�J���W�K�H���.�Æ�����S�K�D�V�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���D�U�R�X�Q�G���7���x 700 °C.  
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Figure 6.4: Calculated density based on dilatometry measurements up to T = 1100 °C of DMD and HF samples. 

Thermal conductivity 

�7�K�H���F�D�O�F�X�O�D�W�H�G���W�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\�������7�����X�V�L�Q�J���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O��measured cp(T) and a(T) is 

presented in Figure 6.5. Similar to the cp(T) results, a peak is observed right below T = 700 °C. 

The pairwise T-Test (Bonferroni correction) shows a significant difference between the DMD 

and HF specimens. The mean thermal conductivity �I
%DMD = 23 W mK
W  was 8 % lower than �I
%DMD. 

 

Figure 6.5: Average of calculated thermal conductivity of DMD and HF samples. 
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6.3 Temperature measurement 

Eight k-type thermocouples were arranged on the hybrid specimen according to Figure 6.6. 

The thermocouples can measure a range from T = -200 °C to T = 1300 °C. The data were read 

by a TC-08 Datalogger from Pico Technology which can read up to eight thermocouples. Holes 

with a diameter of D = 2.5 mm were drilled to ensure a correct position of the thermocouples. 

The thermocouples were mounted by using thermal conductivity paste. The measuring setup 

enabled minimal material removal since the eight drillings could be drilled from one direction 

which means that the position error only lies within the z-axis. The temperature curves of 

TC1/7/4/3 were shifted towards the starting point of TC 6/5/2/1 by t = 0.4 s. The laser welding 

process parameters are presented in Table 6.2.  

 

Figure 6.6: Position of the thermocouples within the hybrid specimens in the experiment and simulation. 
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Table 6.2: Laser Welding parameters 

Parameter Value 

Waveleng�W�K����L 1.064 µm 

Laser Power P 1000 W 

Feed rate vf 1500 mm/min 

Laser spot diameter DL 0.5 mm 

The measured temperature-time curves of the thermocouples TC1-TC8 are presented in Figure 

6.7 with the corresponding maximum temperatures Tmax displayed in Table 6.3. TC4 (HF) and 

TC7 (DMD) which were closest to the laser contact point, showed the highest temperatures. 

TC2 and TC3 showed a similar temperature curve in the HF segment, whereas in the DMD 

segment, TC6 and TC5 showed a similar one. The maximal (TC7) and minimal (TC8) 

temperatures were measured both in the DMD subpart.  

 

Figure 6.7: Measured temperature curves of the DMD and HF segment. 
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Table 6.3: Measured temperature including the �ÏTmax between the DMD and HF segment 

DMD Tmax [°C] R [°C/s] HF Tmax [°C]  R [°C/s] �û�7max [°C] �ÏR [°C/s] 

TC5 56.6 13 TC2 71.6 20 ����7% ��50% 

TC6 49.2 11 TC1 52.7 11 ������  0 

TC7 110.2 37 TC4 90.5 30 -18% -19% 

TC8 41.3 8 TC3 51.3 11 ����4% ����4% 

6.4 Microstructural evolution  

During metallography, the specimens were cut, hot-mounted, ground, and polished. The hot-

mounted specimens were ground and polished on a Saphir 520. After the grinding process, the 

specimens were washed in an ultrasonic ethanol bath. For the polishing process polishing clots, 

polycrystalline diamond suspension with a grain size of 6 µm and 3 µm and a constant force 

of 10 N and 200 rpm was used. The cross-sectional images were taken with a light microscope 

Keyence VHX-5000. The etchant Adler was used visualise the weld seam geometry and 

microstructure. 

 

Figure 6.8: Metallurgical cross section etched with Adler of the hybrid conduction laser weld. 
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The pronounced HAZ of the hybrid laser weld on the side of the HF segment is clearly 

distinguishable accompanied by a darker colour and grain refinement, as presented in  

Figure 6.8. The HAZ on the DMD subpart is similar to the DMD base and weld seam which 

complicates the identification of the weld seam geometry. A geometrical asymmetry could be 

identified. The weld seam shape on the HF segment is closer to a circular shape compared to 

the geometry on the DMD segment.  

Furthermore, an offset towards the HF subpart was visible and approximately in the range of  

d = 0.2 µm. The shift of the weld seam towards the HF segments might be caused by a 

positioning error of the laser spot. Another reason for the offset could be the flatness of the 

contact surfaces.  

6.5 Discussion 

The thermal conductivity resulted �L�Q���D���S�H�D�N���G�X�U�L�Q�J���W�K�H���.�Æ�����S�K�D�V�H���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�����$�J�Q�H���H�W���D�O����

[1] researched on phase transformation contributions to heat capacity, thermal diffusivity and 

thermal conductivity and conclude that it is more likely that thermal conductivity remains fairly 

constant through phase transformations while the behaviour of the thermal diffusivity is 

primarily affected by the heat capacity. Wilzer et al. [131] support the findings and state that it 

is essential to evaluate the temperature-dependent heat capacity to determine thermal 

conductivities in the high-temperature range, especially for chromium-rich steels. The reason 

is that the influence of chromium on the electrical/ thermal conductivity of iron and 

ferromagnetic materials is intensively discussed in literature. The thermal diffusivity decreases 

with increasing alloying concentration, especially with increasing chromium concentration. 

According to Wilzer et al. [113] state that the density does not primarily affect the thermal 

conductivity which can be confirmed by this study. However, tempering of the as-quenched 

condition results in an increase of thermal conductivity which aligns with the lower thermal 

conductivity of the as built DMD material. The carbides formed during tempering can entrap a 

significant amount number of alloying elements. This leads to a depletion of alloying elements 

in solid solution which mainly increases the electronic thermal conductivity and the density. 

Furthermore, at high tempering temperatures, recovery and recrystallization lower the 

�G�L�V�O�R�F�D�W�L�R�Q���G�H�Q�V�L�W�\���R�I���W�K�H���.�•-martensite, which leads to an increased phononic contribution. The 

carbides themselves are assumed to act as pores and in theory to lower thermal conductivity.  
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The reasons for the dark colour of the HAZ of the HF segment is the formation of segregation 

and heterogeneous microstructural bands, as described by Dass and Moridi [17]. The HAZ is 

�F�K�D�U�D�F�W�H�U�L�V�H�G�� �E�\�� ��-crystals accompanied by grain refinement and carbides as described by 

Folkhard [35] and visualised in Figure 6.9. The carbide formation is described as followed: 

Carbides precipitate from �/-ferrite at the grain boundaries with austenite. This precipitation 

starts rapidly within a few seconds. Then, the carbides form a pearlite-like phase with the 

austenite called D-�S�K�D�V�H���� �Z�K�L�F�K�� �V�W�D�U�W�V�� �W�K�H�� �D�F�W�X�D�O�� ���Æ�.�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���� �1�R�Z���� �D�X�V�W�H�Q�L�W�H�� �L�V��

�W�U�D�Q�V�I�R�U�P�H�G���L�Q�W�R���.���I�H�U�U�L�W�H�����Z�L�W�K���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���D���P�L�[�W�X�U�H���R�I���D���I�H�U�U�L�W�H���D�Q�G���F�D�U�E�L�G�H���023C6 which 

can no longer be distinguished by optical means why it is called the G phase. In welded metal, 

they are hardly identifiable because of the fine martensitic grain structure which explains why 

the carbides cannot be seen by light microscopy or SEM.  

 

Figure 6.9: Processes in the HAZ of a weld joint depicted in the cut through the ternary iron-chromium-nickel 

phase diagram [101]. 
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7 
7 Distortion analysis 

To identify and analyse the most crucial manufacturing steps responsible for the erratic 

distortion pattern of the piston, a cause-effect analysis was conducted, presented in Figure 7.1. 

The possible causes were evaluated in Table 7.1. 

 

Figure 7.1: Cause-effect analysis of the erratic distortion pattern. 
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Table 7.1: Cause-effect analysis 

 Process step  Evaluation Rel. Approach 

D
es

ig
n 

Critical 

buckling load 

The wall thickness affects the critical buckling load. H Analytical 

calculation 

Heat 

conduction rate 

The time required for heat conduction depends on 

the distance that heat has to diffuse which causes 

residual stresses. 

H Analytical 

calculation 

Shape 

deviation 

Geometrical imperfections affect the distortion 

pattern. 

H Roundness 

measurement 

Eigenshape Deformation of a part which is caused not by 

external mechanical stress, but by thermal stress. 

H Eigenvalue 

buckling 

simulation 

D
M

D
 

Thermal 

history 

Largest deformation was present in the DMD part, 

especially the thin walls, and the process is known 

for its complex thermal history and distortion. 

H DMD simulation 

Residual stress Experimental measurements are required to 

validate the DMD simulation and investigate the 

stress state.   

H Part removal and 

XRD 

H
ea

t t
re

at
m

en
t 

Thermal load Heat treatment is sensitive to distortion due to the 

heating and cooling, and it affects the global 

temperature field. 

H Heat treatment 

simulation 

Vacuum Pressure load during heat treatment is relatively low 

and depends on the sealing ability of the laser 

welds. 

M Eigenvalue 

buckling 

simulation 

 Martensitic 

phase changes 

The transformation-induced plasticity is quite low 

[100]. 

L - 

 Laser welding Laser Welding is sensitive to distortion but only 

affects the local temperature field [40]. 

L - 

 Milling  The inherent residual stresses and texture of the 

piston crown and substrate might have contributed 

to the distortion behaviour. 

L - 

 (Un)clamping  The mechanical load during the clamping might 

have affected the residual stress state during DMD. 

L - 
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 Position of jet 

nozzles 

The position of the jet nozzles state in the furnace 

might have affected the residual stress state during 

the heat treatment. 

L - 

 Direction 

dependency 

The direction dependency leads to geometrical 

imperfections during DMD but are considered as 

low since they affect rather the buildup height. 

L - 

The design, DMD, and heat treatment process were examined in the following. The critical 

buckling load and conduction time was calculated by a simplified analytical approach. The 

numerical models for the eigenvalue buckling, DMD, and heat treatment simulation were 

developed using ANSYS and were uncoupled to save computational time. Parts of this chapter 

have been published in [24].  

7.1 Design 

To investigate the influence of the design on the erratic distortion pattern, the critical buckling 

load of the thin-walled elements was examined, the heat conduction rate was calculated using 

analytical models, the shape deviation of the piston skirt was measured, and an eigenvalue 

buckling analysis was conducted. 

7.1.1 Critical buckling load  

Analytical methods for determining critical buckling loads of various geometries, including 

thin walls and plates are described by Meyer [49]. The critical buckling load �1c of a rectangular 

thin plate fixed at all ends, representing the strengthening ribs of the piston, and a circular plate, 

representing the piston crown, were calculated according to Figure 7.2 and to Eq. (7.1a), where 

E is the Young’s Modulus, and �0c the critical compressive strain. The results are presented in 

Table 7.2 and Table 7.3.  
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�1c= �0c�ÂE (Hooke`s law) (7.1a) 

�0c= 
l
�Œ
��

p

2

 
(7.1b) 

��� 
���Â�[
tt

 �Â��
¨
3(1-v2)

k
 

(7.1c) 

��� 
lp
hp

 
(7.1d) 

k1=
4(��-2����2) ��������

������2
 

(7.1e) 

 

Figure 7.2: a) Front view on the piston subparts b) free body diagram of a rectangular plate fixed at all ends with 

k = k1, and c) circular plate fixed at all ends with k = 1.49. 
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Table 7.2: Critical buckling load of a rectangular plate fixed at all ends 

Parameter Value 

Height of plate hp = x 132 mm 

Length of plate lp 118 mm 

Length ratio of load-�I�U�H�H���D�Q�G���O�R�D�G�H�G���V�L�G�H���� (Eq. (7.1d)) 0.894 

Plate thickness tt (measurement according to Appendix A.4) 2.0 mm 

�3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���� 0.3 

Buckling coefficient k1 (Eq. (7.1e)) 6.0 

Slenderness ratio �� (Eq. (7.2c)) 89.0 

Young’s Modulus (25°C) E25°C 209 000 MPa [78] 

Young’s Modulus (612°C) E612°C 167 000 MPa [78] 

�&�U�L�W�L�F�D�O���E�X�F�N�O�L�Q�J���O�R�D�G���������ƒ�&�����1c, 25°C (Eq. (7.1a)) 209 MPa 

�&�U�L�W�L�F�D�O���E�X�F�N�O�L�Q�J���O�R�D�G�����������ƒ�&�����1c, 612°C (Eq. (7.1a)) 167 MPa 

Critical compressive strain for plate buckling �0c,25°C (Eq. (7.1b)) 0.001 

Table 7.3: Critical buckling load of a circular plate based on Figure 7.3: c) 

Parameter  

Radius r = x 159.5 mm 

Plate thickness tt 4.5 mm 

Buckling coefficient k 1.49 

�6�O�H�Q�G�H�U�Q�H�V�V���U�D�W�L�R���������(�T����������c) 95.95 

�&�U�L�W�L�F�D�O���E�X�F�N�O�L�Q�J���O�R�D�G���������ƒ�&�����1c, 25°C (Eq. (7.1a)) 209 MPa 

�&�U�L�W�L�F�D�O���E�X�F�N�O�L�Q�J���O�R�D�G�����������ƒ�&�����1c, 612°C (Eq. (7.1a)) 167 MPa 

�&�U�L�W�L�F�D�O���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�D�L�Q���I�R�U���S�O�D�W�H���E�X�F�N�O�L�Q�J���0c,25°C (Eq. (7.1b)) 0.001 

The resulting �D�[�L�D�O���0res, ax�����U�D�G�L�D�O���0res, rad �D�Q�G���W�K�H�U�P�D�O���V�W�U�D�L�Q���0th were calculated for a thin wall of 

the concave chamber, as presented in Figure 7.4, according to  

�0res,rad=
hp2-hp0

lp1
 

(7.2) 

�0res,ax=
lp2-lp0

lp1
 

(7.3) 

�0th=
lp2-lp1

lp1
=�.th�Â�ûT 

(7.4) 
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where lp0 = 118 mm describes the initial length of the thin wall after DMD, lp1 = 116.6 mm the 

distance between the piston skirt and the core after heat treatment, lp2 = 128.4 mm the radial 

arc length of the wall after heat treatment, hp0 = 132 mm the initial height of the thin wall,  

hp1 = 129.4 mm the distance between the substrate and the piston crown after heat treatment 

and hp2 = 141.3 mm the axial arc length of the thin wall after heat treatment. A resulting axial 

�V�W�U�D�L�Q���R�I���0res,ax � �������������D�Q�G���D���U�H�V�X�O�W�L�Q�J���U�D�G�L�D�O���V�W�U�D�L�Q���R�I���0res,rad = 0.09 were calculated. 

The coefficient of thermal �H�[�S�D�Q�V�L�R�Q�� �.exp = 1.18·10-5 °C-1 and the maximal temperature 

difference �ÏT = 300 K within the piston (see chapter 7.3.1) were substituted in Eq. (7.4), 

resulting �L�Q���D���W�K�H�U�P�D�O���V�W�U�D�L�Q���R�I���0th = 0.003, as presented in Table 7.4. 

 

Figure 7.4: Scheme of the axial and radial displacements of a thin wall. 
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Table 7.4: Displacements and resulting strains of the ribs 

Parameter  

Initial length of the thin wall lp0 118 mm 

Distance between core and piston skirt after heat treatment lp1 116.6 mm 

Radial arc length after heat treatment lp2 128.4 mm 

Initial height of the thin wall hp0 132 mm 

Distance between substrate and piston crown after heat treatment hp1 129.4 mm 

Axial arc length after heat treatment hp2 141.3 mm 

�&�R�H�I�I�L�F�L�H�Q�W���R�I���W�K�H�U�P�D�O���H�[�S�D�Q�V�L�R�Q���.exp 1.18·10-5 °C-1 

Temperature gradient within the part �û�7 (see chapter 7.3.1) 300 K 

�5�H�V�X�O�W�L�Q�J���D�[�L�D�O���V�W�U�D�L�Q���R�I���0res,ax  0.07 

�5�H�V�X�O�W�L�Q�J���U�D�G�L�D�O���V�W�U�D�L�Q���0res,rad 0.09 

Thermal strain during heat treatment �0th 0.003 

Yield strain �0y (see chapter 5.4.1) 0.003 

Yield strength (25°C) �1y,25°C 627 MPa 

Yield strength (612�ƒ�&�����1y,612°C 501 MPa 

The calculations show that the thermal strain during heat treatment �0th = 0.003 is three times 

higher than the critical compressive strain �0c = 0.001 of a rectangular and circular plate fixed 

at all ends and the same as the �\�L�H�O�G���V�W�U�D�L�Q���0y = 0.003 of DMD parts. This means that the thermal 

strain initiated the buckling of the ribs and the piston crown (�0th  �!�� �0c) and caused plastic 

deformation (�0th  �• �0y).  

7.1.2 Heat conduction rate 

Since the outside of the part is in contact with the cooling medium, the piston skirt cools 

rapidly, whereas the interior only cools at the rate that the heat conducts along the interior 

walls. The time for heat conduction from the interior to the exterior can be estimated from the 

relation, according to Campbell [13] 

t=
1
2

d2 
(7.5) 

where d is the average diffusion distance, a is the thermal diffusivity of the alloy and t is the 

time. The piston skirt in direct contact with the cooling medium has a thickness of  

drad,s = 12 mm, whereas the distance that heat has to diffuse in radial direction from the centre 
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drad,r = 118 mm, is the length of a rib. In axial direction the thickness of the piston crown is  

dax,c = 4.5 mm and the height of a rib is dax,r = 132 mm, as presented in Figure 7.5.  

 

Figure 7.5: Thermal diffusion along the piston in a) radial and b) axial direction. 

The results, presented in Table 7.5, show a large difference in the time required for thermal 

diffusion which increases the plastic deformation, since they result in a more prolonged 

temperature gradient within the part. This means that different subparts of the material are at 

different temperatures at the same time. As a result, various sections of the material can 

experience different phases of expansion or contraction, leading to residual stresses. The yield 

strength of materials typically decreases with temperature. Parts of the material can remain at 

high temperatures for longer periods that softens these areas.  
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Table 7.5: Time that the heat requires to diffuse in radial and axial direction 

Parameter Value 

Thermal diffusivity a 4.515 mm2/s 

Radial distance of a rib drad,r 118 mm 

Time trad,r 3084 s 

Radial distance of the skirt drad,s 12 mm 

Time trad,s 32 s 

Axial distance of a rib dax,r 132 mm 

Time tax,r 3370 s 

Radial distance of the crown dax,c 4.5 mm 

Time trad,c 4 s 

The results show that the piston skirt and piston crown cool down in t < 40 s and the ribs in  

t > 50 min. This means that the outer surfaces are harder and present a lower degree of 

expansion compared to ribs which are softer and present a higher degree of expansion which 

intensifies the distortion of the ribs. 

7.1.3 Shape deviation 

The actual roundness of the piston skirt was measured to evaluate the geometric shape 

deviation which affects the volume of the chambers and therefore the direction of bifurcation. 

The investigations on the shape deviation of the piston skirt were conducted on two simplified 

test bodies. 

A small DMD subpart scaled down from the original size by a factor of 2.5 was built to measure 

the roundness of the piston skirt in the as built condition, as described in Table 7.6. The cover 

was not welded to observe the walls and to lower the critical buckling load, as presented in 

Figure 7.6 a). However, the wall thickness remained the same due to the minimal track width 

which increased the stiffness of the design. 
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Table 7.6: Characteristics of the small DMD part 

 
As built Heat treated 

 Small DMD subpart Small DMD subpart 
Processes DMD DMD 

Heat treatment 
Buildup time 4 h ���������K 

Size 140 x 50 mm 140 x 50 mm 

Goal Roundness of the piston skirt Roundness of the piston skirt 

Measuring method Coordinate measuring  Coordinate measuring 

To measure the roundness of the piston skirt, a coordinate measuring machine from Zeiss 

WMM850 was employed. 180 points were tactile measured at a height of h  = 50 mm with a 

ball diameter of D = 8 mm, presented in Figure 7.6 b). The orientation of the x-,y-, and z-axis 

of the coordinate measuring and the DMD machine were aligned in the same way. The scaling 

factor was 100% for better visibility.  

A form deviation of d = 0.302 mm was measured and the graph shows an elliptical shape 

deviation of the piston skirt. The symmetry axes and orientation of the distortion pattern of the 

final prototype matches the symmetry axes of the elliptic shape deviation, as presented in 

Figure 7.6 c). A possible explanation for the elliptical shape deviation lies in the axes error of 

the DMD machine, as described by Mayr et al. [79]. They could have resulted in varying 

lengths of the straight ribs, thereby affecting the shape deviation of the piston skirt. 

To consolidate the made assumptions, an eigenvalue buckling analysis was performed which 

is presented in the following. 
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Figure 7.6: a) Small DMD subpart in as built condition b) coordinate measuring points on the piston skirt of the 

small DMD subpart c) erratic distortion pattern of the final prototype, and d) elliptical form deviation of the 

piston skirt of the small DMD subpart and corresponding major and minor axes of the final prototype. 

7.1.4 Eigenshape 

The eigenvalue buckling analysis was intended to determine whether the geometry including 

imperfections is sufficient to cause the erratic distortion pattern under pressure and thermal 

load. The response of a stiff structure such a thin wall usually involves very little deformation 

until a critical buckling load is reached. This is the bifurcation point when the structure starts 

to buckle and deforms nonlinearly. The eigenmodes belonging to the lowest eigenvalue 

obtained by a bifurcation analysis were simulated to predict the buckling distortion pattern of 

the piston. The o�X�W�F�R�P�H���R�I���W�K�H���D�Q�D�O�\�V�L�V���L�V���W�K�H���O�R�D�G���P�X�O�W�L�S�O�L�H�U����m �D�Q�G���W�K�H���P�R�G�H���V�K�D�S�H����i. The 
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load multiplier is the multiplying factor to the applied load at which the structure buckles and 

mode shape is the direction in which the structure buckles at the corresponding load multiplier 

�� m. This means, at load F multiplied by ��m, the structure starts to buckle and results in a mode 

shape �� i. It should be mentioned that the eigenvalue analysis is a linear analysis which idealizes 

the force-displacement curve up to the bifurcation point. It uses linear elastic behaviour, small 

deformation theory and ignores other nonlinearities. The predicted load is usually more than 

the actual load due to imperfections in the actual geometry, but it provides an estimate for low 

computational costs. It is known that the smallest eigenmode or load multiplier represents the 

critical load before bifurcation, hence only the first three modes were considered for the 

analysis.  

It was assumed that the vacuum during the heat treatment caused an overpressure in the 

chambers which deformed the AM subpart according to the eigenmode. The interior piston was 

loaded by the maximus possible pressure pmax. Further, it was assumed that the piston was 

completely sealed at ambient pressure  p0 = 1 bar and the volume stayed the same during heat 

treatment. The pressure of an enclosed gas increases with higher temperatures according to the 

ideal gas law. The resulting equation for the maximal pressure inside the piston is  

where the maximal temperature during heat treatment is Tmax = 863 K, the ambient temperature 

T0 = 293 K and the ambient pressure p0= 1bar. This results in a maximal pressure  

pmax = 2.95 bar. Considering the very low vacuum pressure pvac = 2.4·10-10 MPa, the maximal 

�S�U�H�V�V�X�U�H���G�L�I�I�H�U�H�Q�F�H���û�Smax = 0.295 MPa equals the maximal pressure or overpressure during the 

heat treatment.  

A mesh refinement was performed in which the element size was reduced from se = 15 mm, 

12 mm, 10 mm, 8 mm to 6 mm. The mesh sensitivity analysis showed that the distortion pattern 

highly depends on the mesh size, as illustrated in Figure 7.7 b). The findings indicated that an 

element size of se = 10 mm and mode 3 resulted in a distortion pattern that most accurately 

approximates the present distortion pattern, as presented in Figure 7.7 c). The result presented 

concave and convex chambers; however, the symmetry could not be simulated by the first three 

modes, although it is likely that the eigenmode influenced the distortion. 

pmax=
Tmax[K]

T0[K]
�Âp0 

(7.6) 
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Figure 7.7: a) input geometry and b) mesh sensitivity results, and c) zoom-in of the most promising result of the 

eigenvalue buckling analysis besides the lack of symmetry. 

The simulated maximal displacement of the thin walls was limited to dmax,r = 1.1 mm compared 

to the actual dmax,r = 20 mm, which can be explained by the simplified linear assumptions of 

the FE simulation and the lack of residual stress history of the complex part, as supported by 

Uzun [124]. 

Further, geometrical-, pressure-, and force-based imperfections were introduced to artificially 

approach the actual distortion. The cylindrical and elliptical geometry were simulated. 

Pressure-based imperfections such as a single leak and a double leak were applied to the 

eigenvalue analysis to model different pressure distributions. The pressure distribution 

described possible leakages. It was assumed that a sealed chamber would have enlarged in 
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vacuum, and a leaking chamber would have reduced its volume affecting the mode shape and 

load multipliers. A leaking chamber was not loaded by any additional pressure. The clamping 

load was simulating by forces. However, the aforementioned imperfections did not result in 

the actual distortion pattern, as presented in Appendix A.5. Therefore, a DMD and heat 

treatment simulation was conducted to model the distortion more accurate. 

The design chapter showed  

�x that the thermal strain during the heat treatment was higher than the critical buckling strain 

of the thin walled elements and equals the yield strain, 

�x that the thermal diffusion took different time in different subparts, resulting in an 

inhomogeneous temperature field. 

�x that the elliptical shape deviation had an effect on the volume and pressure of the chambers 

which affected the direction of bifurcation which matches the erratic distortion pattern. 

�x the eigenvalue buckling simulation neither showed the symmetry of the actual distortion 

pattern nor the degree of plastic deformation.  

7.2 DMD 

The tool path and resulting complex thermal history was considered in the following thermo-

mechanical FE model as the geometry is changing during the buildup. The DMD simulation 

predicts the residual stresses during DMD which were validated by residual stress 

measurements using XRD.  

7.2.1 Numerical DMD simulation 

The DMD process was simulated employing ANSYS 2022 R1 Mechanical Workbench 

Additive, along with the DED process extension, considering the tool path and changes in 

geometry during buildup.  

The temperature dependent thermal material properties of 1.4313, which are required for a 

thermo-mechanical simulation, are not comprehensively documented in the available literature, 

hence a comparable martensitic steel of the ANSYS material library was used for the missing 

material properties. 1.4542 (17-4PH) is a precipitation-hardening martensitic steel with a 

material composition similar to that of 1.4313, except for a higher chromium content of  

16 % Cr instead of 13% Cr. Precipitation-hardening steels are designed with a similar base 
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alloy composition, but solutes such as Cu, Mo, Nb enable precipitation hardening according to 

Niessen [91]. The chemical compositions of 1.4542 and 1.4313 are compared in Table 7.7. 

Table 7.7: Chemical composition [wt%] of 1.4542 and 1.4313 according to DIN EN 10250-4 [92] 

 Cr  Ni Mn Mo Si C S P Fe 

1.4542 15 - 

17 

3.50 - 

5.00 

<1.5 <0.60 <0.70 <0.07 <0.015 <0.040 Bal 

1.4313 12 - 

14 

3.50 - 

4.50 

<1.5 0.30 - 

0.70 

<0.70 

 

<0.05 <0.015 <0.040 Bal 

Figure 7.8 illustrates the temperature-dependent material properties of both steels. The curves 

are comparable except for the most notable difference in yield strength. At temperatures that 

are higher than the specified values, the properties are treated as constants.  

 

Figure 7.8: Temperature-dependent material properties of 1.4313 [78] and 1.4542 [3]. 
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The entire component was meshed using layered hexahedron elements. Subsequently, the 

deposited material, regardless of wire or powder, becomes exposed by activating individual 

elements through the element birth technology at a specified temperature, typically equal to or 

near the melting point. The welding melt pool was not explicitly simulated. Instead of applying 

a heat flux, the weld seam zone was assigned to the melting temperature. The underlying 

assumption is that the process parameters ensure that the developed temperature consistently 

matches the melting temperature without significantly exceeding it. The mesh is segmented 

into groups called clusters of constant adjustable volume following the build sequence. These 

groups are sequentially activated as a cumulative sum each time the simulation is initialized. 

Clustering is used to split the weld tracks into smaller pieces. A cluster consists of several mesh 

elements and are exposed to one temperature in a time step and can be controlled by the cluster 

volume. They are required to achieve accuracy while reducing the simulation time.  

A large implicit integration time step size of t = 0.01 s was used throughout the simulation. The 

phase transition was accounted for by using material data that vary with temperature and crystal 

structure. The DMD simulation assumes perfect melt of a powder feedstock. Mayer et al. [48] 

proposed a layer height of10 - 20 times the actual metal powder layer thickness as an 

appropriate balance between accuracy and numerical effort for SLM simulations. The actual 

layer height of the process was hl = 0.73 mm. The modelled layer heights ranged from 3 x, 5 x, 

and 10 x the actual layer height, resulting in hl,1 = 2.19 mm, hl,2 = 3.65 mm, and hl,3 = 7.3 mm. 

The melting temperature was set to Tm = 1450 °C and the heat transfer coefficients of the 

surrounding air and shielding gas to �.th = 100 W m2K
W . Furthermore, the initial build plate and 

room temperature were T = 23 °C. The element size for the build plate was set to se = 5 mm. 

The main simulation work was done on a server with 28 cores and 128 Gb RAM. However, 

the original height of the piston geometry could not be simulated. The reason is that exceeding 

a certain model size or simulation time results in failed cool-down steps. To prevent this error, 

the geometry was reduced in height from hp = 136 mm to hp = 33 mm. By this approach, new 

results can be generated quickly. The distortion pattern will behave similar since the material 

deposition, which causes the deformations, remains continuous along the height. However, the 

size reduction will result in lower residual stress values as the part size affects the temperature 

gradient. The substrate and buildup material were the same. The clamping elements were 

neglected to further reduce the calculation effort.  
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In the simulation, the three relevant simulation parameters are the mesh size in build up (height 

in mm), and feed direction (width in mm), and the volumetric buildup rate (volume in mm3/s). 

A perfect cylindrical geometry was used for the simulation, as presented in Figure 7.9, since 

the original tool path did not include any imperfections. 

 

Figure 7.9: Perfect cylindrical input geometry and fixed support for the DMD simulation [24]. 

Achieving this result required a sensitivity analysis for the simulation parameters which is 

described in the following. The effect of the mesh ratio on the maximal displacement and the 

simulation time was investigated according to the mesh parameters listed in Table 7.8. The 

mesh aspect ratio �2 is a measure for element quality and was considered during the evaluation. 

Furthermore, the deposition rate V�6 was varied between 12 mm3/s and 120 mm3/s for a mesh 

height of he = 3.65 mm and a mesh width of we = 2.5 mm. 

Table 7.8: Simulation parameter for the DMD simulation parameter study 

Simulation parameter       

Mesh height he [mm] 2.2 2.2 3.7 3.7 7.3 7.3 

Mesh width we [mm] 2.5 1.25 2.5 1.25 2.5 1.25 

�0�H�V�K���D�V�S�H�F�W���U�D�W�L�R���2m = we/he 1.1 0.6 0.7 0.3 0.3 0.2 

Vol. deposition rate V�6 [mm3/s] 12 / 24 / 48 / 120  
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The result quality for �W�K�H���V�L�[���G�L�I�I�H�U�H�Q�W���P�H�V�K���D�V�S�H�F�W���U�D�W�L�R���2��is illustrated in Figure 7.10 a). The 

simulation results of the displacements were qualitatively evaluated by visual inspection and 

categorized according to Figure 7.10 a). A �P�H�V�K���D�V�S�H�F�W���U�D�W�L�R���R�I���������������2���������������U�H�V�X�O�W�H�G���L�Q���J�R�R�G��

and satisfying results without irregularities, especially in areas with high gradient stresses, 

while ensuring convergence. 

The maximal displacement dmax and simulation time ts for the mesh heights he,1 = 2.2 mm, 

he,2, = 3.7 mm and he,3 = 7.3 mm combined with mesh width we = 2.5 mm are visualised in 

Figure 7.10 b). Increasing the mesh height he by a factor of 3.3 increases the maximal 

displacement dmax by a factor of 2.5.  

Furthermore, the volumetric deposition rate V�6 was changed for he,2, = 3.7 mm and  

we = 2.5 mm. An increase in volumetric deposition rate V�6 did not affect the simulation time ts 

and maximal displacement dmax significantly, as displayed in Figure 7.10 c). The final result of 

the total displacement from the input geometry after cooling down to room temperature is 

presented in Figure 7.10 d). 
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Figure 7.10: �,�P�S�D�F�W���R�I���D�����P�H�V�K���D�V�S�H�F�W���U�D�W�L�R���2���R�Q���G�L�V�S�O�D�F�H�P�H�Q�W���U�H�V�X�O�W���T�X�D�O�L�W�\���E�����P�H�V�K���K�H�L�J�K�W���Ke on maximal 

displacement dmax c) volumetric deposition rates V�6 on maximal displacement dmax d) final displacement results 

with a scale factor of 10 [24]. 

Having a closer look on the normal stresses in x-direction of the ribs, it is visible that they 

experienced radial tensile and compressive residual �V�W�U�H�V�V�H�V���1xx during the buildup, as indicated 

in Figure 7.11 a). Seven points were measured, and the results are presented in Figure 7.11 b). 

Radial tensile stresses achieved their maximum towards the massive core. The results show 
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that the massive core cooled down and therefore contracted faster than the thin walls due to the 

higher conduction in massive parts resulting in tensile stresses near the core of approximately 

�1�� � ��872 MPa. Alongside, the piston skirt contracted faster than the thin walls, resulting in 

compressive residual stress in and around the piston skirt of approximately �1��� ��-164 MPa.  

 

Figure 7.11: a�����5�D�G�L�D�O���V�W�U�H�V�V�H�V���1xx which are only relevant in the cross section along the x-axis and b) zoom-in 

of the radial stresses of a rib including the values at the measuring points for XRD [24]. 

7.2.2 Residual stress measurement 

The input geometry of the DMD simulation (further described in chapter 7.2.1) with a height 

of hp = 33 mm was built experimentally by DMD. To measure the residual stresses, a  

90°-section was removed of the as built large DMD subpart, as indicated in Table 7.9. 
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Table 7.9: Characteristics of the large DMD subpart and 90°-section 

 
As built As built 90°-section 

Processes DMD DMD 
EDM/ECM 

Buildup and manufacturing time 16 h ���������K 

Size Ø350 x 33 mm 175 x 175 x 23 mm 

Goal Distortion measurement Residual stress measurement 

Measuring method GOM 
 

GOM 
Caliper  
XRD 

To measure the residual stresses, two methods were used: i) relaxation by part removal [104], 

and ii) XRD. For both measurements, a flat surface without surface stresses is required. Since 

the surface of DMD parts is rough, it was unavoidable to remove material from the as built 

DMD subpart. Hence, EDM/ECM was used to cut out the 90°-section and a slice with a 

thickness of tt = 13 mm from the top plane to measure the displacements after part removal and 

the residual stresses. For EDM/ECM, the +GF+ CUT AM 500 with a wire of tt = 0.2 mm and 

an electrolyte mixture were used to ensure mild etching.  

The average length of the strengthening ribs (3 measurements per rib) was measured by a 

caliper before l1 and after l2 the part removal which resulted in a change of length of  

�ûl = 0.3 ± 0.1 mm, as further presented in Appendix A.6. Inserting this value in Hooke’s law 

Eq. (7.2 a) with l = 118 mm and E = 209 000 MPa yielded in a residual stress of  

�1res = 531 ± 177 MPa, which is in the range of the �\�L�H�O�G���V�W�U�H�Q�J�W�K���1y = 627 MPa. This means, 

that the residual stresses after the DMD process cause plastic deformation, especially if thermal 

or mechanical load is applied, but it is not visible by eye. However, it should be noted that the 

part removal did not only affect the length of the ribs. Therefore, the part was measured by 

GOM to identify all displacements compared to the nominal geometry. The cutting lines and 

the resulting GOM results and length measurement of the rib are presented in Figure 7.12. 

The displacements of the large DMD subpart were within the range of the general tolerances, 

as presented in Figure 7.12 c). The blue spots on the thin walls are caused by the very high 

surface roughness and lack of data points due to a limited accessibility between the thin walls. 

The stress relaxation by part removal did not cause any measurable displacements of the  

90°-section, as presented in Figure 7.12 d). This can be explained by the measuring software's 

fitting tool, which aligns the nominal and actual data in a way that minimizes the deviation. 
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Figure 7.12: a) Photograph of the large DMD subpart b) Position of the 90°-section relative to the large DMD 

subpart c) GOM results of the large DMD subpart and d) GOM result, and length measurement of a rib of the 

90°-section after part removal. 

Since the previous residual stress measurements did not consider whether the residual stresses 

were tensile or compressive, the residual stresses of the 90°-section were measured by XRD. 

The sin2�����P�H�W�K�R�G���R�I��XRD technique is applicable for plane stress condition as it is the case in 

thin walls and can measure residual stresses on a stress free surface up to a depth of d = 8 µm. 

The portable diffractometer Stresstech Goniometer G3 was used for XRD. The diffractometer 

uses Xtronic computer software for data pr�R�F�H�V�V�L�Q�J���D�Q�G���D�Q�D�O�\�V�L�V�����&�U���.�.���U�D�G�L�D�W�L�R�Q���Z�D�V���X�V�H�G as 

X-ray anode, which has a wavelength of ��L = 0.229 nm. The diffraction angle �� = 156.4° and 

the ferritic body centered cubic lattice {211} was used as reference to calculate the residual 

stresses of the martensitic stainless steel specimen. The measurements were conducted along 

six ribs on the 90°- and 270°-section. One measuring point was located at the massive piston 
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core, five points equally distributed with a distance d = 30 mm each along the thin wall, and 

the last measuring point located on the massive piston skirt, as visualised in Figure 7.13 a).  

Wall 1 and wall 3 showed a similar residual stress equilibrium between compressive and tensile 

stresses, whereas rest of the walls mostly presented tensile stresses., as displayed in 

Figure 7.13 b). The longitudinal radial stresses �1xx were mostly compressive within the thin 

�Z�D�O�O�� �V�H�F�W�L�R�Q�� �D�Q�G�� �W�H�Q�V�L�O�H�� �L�Q�� �W�K�H�� �P�D�V�V�L�Y�H�� �V�H�F�W�L�R�Q�V���� �1xx had a maximal standard deviation of  

smax = 10 MPa. The highest residual stresses were measured in the range of �1r �§ 250 MPa. This 

means that the residual stresses measured by XRD were three times lower than the calculated 

residual stresses from the length measurement of the ribs.  

There is no clear trend visible whether the stresses in the thin wall section were tensile or 

compressive and in which walls stress relaxation occurred. The part removal and the 

consequent stress relaxation contradicts the preservation of residual stresses during the 

measurement. The measured part was too complex to clearly retrace the stress relaxation. The 

DMD simulation will be validated quantitatively in the following. 
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Figure 7.13: a) Cutting lines and XRD measuring points b) longitudinal radial stresses and c) photograph and 

theoretical position of the sections [24]. 



7 . Distortion analysis   135 

7.2.3 Quantitative validation of the DMD simulation 

The DMD simulation could not be quantitatively validated by the XRD measurements on the 

as built 90°-section of the large DMD subpart. Longitudinal r�D�G�L�D�O���V�W�U�H�V�V�H�V���1r,xx were measured 

on six ribs of the 90° and 270°-section and compared with the simulation, as presented in Figure 

7.14. Furthermore, the type of stresses (tensile/compressive) did not correlate with the XRD 

data. The simulation presented compressive residual stresses only in the core, whereas the 

experimental results presented them within the thin wall section.  

The residual stresses derived from the length measurement of the ribs after part removal �1r,pr 

were in the range of the yield strength �1y. The maximal residual stresses of the DMD simulation 

�1xx exceeded �1y �E�\���D���I�D�F�W�R�U���R�I�����������D�Q�G���W�K�H���U�H�V�X�O�W�V���R�I���W�K�H���;�5�'���P�H�D�V�X�U�H�P�H�Q�W���1r,xrd by a factor of 

4. �$���F�K�D�Q�J�H���R�I���O�H�Q�J�W�K���R�I���û�O��� �����������P�P���Z�R�X�O�G���K�D�Y�H���E�H�H�Q���U�H�T�X�L�U�H�G���W�R���D�F�K�L�H�Y�H���1xx�����6�L�Q�F�H���1r,pr and 

�1xx were in the same range, they appear plausible. 

The horizontal and vertical cut might have changed the residual stress state in a way that is not 

retraceable. Standardised tests on simplified geometries are required to validate the type and 

magnitude of residual stresses. The parts should be simple enough to allow for a clear 

distinction between tensile and compressive residual stresses. Furthermore, the simulation 

needs to be calibrated using reliable reference values. The DMD simulation did not consider 

creep, large deformations and imperfections. Neither the DMD simulation nor the XRD results 

provided any evidence for the symmetric distortion pattern, therefore, a heat treatment 

simulation was performed in the following. 
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Figure 7.14: Comparison of residual stresses measured by simulation ��r,xx, XRD ��r,xrd, and part removal ��r,pr. 

The DMD chapter showed that 

�x The residual stresses measured by part removal �1r,pr = 531 ± 177 MPa were in the range 

of the yield strength at room temperature �1y,23°C = 627 MPa which causes plastic 

deformation which is not visible by eye.  

�x The XRD results were significantly lower than the simulation and part removal results 

and did not predict the type of residual stresses, which can be explained by the stress 

relaxation after part removal which was not retraceable.  

�x The DMD simulation did not include any imperfections which could explain the erratic 

distortion pattern. 

7.3 Heat treatment 

The thermal load and pressure during heat treatment were considered in the following thermo-

mechanical FE model. The heat treatment simulation predicts the global temperature field and 

resulting distortion during heat treatment and was validated by 3D measurements using GOM. 
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7.3.1 Numerical heat treatment simulation 

The heat treatment was simulated with ANSYS 2022 R1 Mechanical Workbench [3]. In the 

DMD and heat treatment simulation, thermal-transient calculations are followed by static 

structural calculations. Large deformations were enabled in all FE models which allow inelastic 

and geometrically nonlinear deformations of a structure. This means that the quadratic terms 

in strain calculations are considered. FE simulation without a bifurcation analysis can lead to 

difficulties in solving equation systems or numerical stability issues.  

These imperfections represent leakages due to welding defects and geometrical deviations due 

to kinematic errors which could lead to different pressure distributions. In order to describe the 

stochastic distortion pattern, the concave buckled chambers were loaded with a relatively lower 

pressure whereas the convex chambers were loaded with a relatively higher pressure. The 

intermediate chambers were pressurized with pint1 = 2 bar and pint2 = 1 bar for a continuous 

decrease in deformation. The applied convection and pressure distribution are illustrated in 

Figure 7.15 b). The contact surface of the laser weld was excluded from the convection. 

Analogous to the DMD and eigenvalue buckling simulation, mesh refinement was performed 

where the mesh was gradually refined from an element size of se = 12 mm, 10 mm to 8 mm. 

Besides, a sensitivity analysis was conducted to investigate the influence of the heat transfer 

coefficient �.th on the maximal displacement dmax of the piston. The sensitivity analysis was 

conducted with three different heat transfer coefficients, as listed in Table 7.10. 

In order to reduce the simulation time, following assumptions and simplifications were made: 

�x Neglecting the impact of the position of the jet nozzles in the furnace. 

�x Representing the laser welds between the piston crown and DMD subpart by direct 

contact of two surfaces without a gap. 

�x Neglecting the dead weight of the piston on the distortion due to the levelled charging 

floor.  

�x Disregarding the heating cycle of the heat treatment since the thermal compression 

during cooling leads to the more critical shrinkage and therefore buckling of thin plates. 

�x Disregarding the residual stresses from the DMD process. 

�x Elliptical input geometry due to thermo-mechanical errors in machine tools. 
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A simulation time of ts = 6000 s was imposed to model the highest cooling rate of  

Rc = 200 °C/h. The ambient convection temperature of T0,conv = 50 °C was adopted from the 

highest cooling step during heat treatment. In order to represent the fan-cooling, the heat 

transfer �F�R�H�I�I�L�F�L�H�Q�W���.th,10 = 100 W m2K
W was set for an air speed of v = 10 m/s between a metal 

wall and air, according to Böge [9]. 

Table 7.10: Physical simulation properties for heat treatment  

Property Value 

Maximal temperature Tmax 590 °C 

Ambient convection temperature T0conv 50 °C 

Ambient pressure p0 1 bar 

Vacuum pressure pvac 2.4·10-13 bar 

Maximal pressure inside the piston pmax 2.945 bar 

�2�Y�H�U�S�U�H�V�V�X�U�H���û�Smax 2.945 bar 

Heat transfer �F�R�H�I�I�L�F�L�H�Q�W���D�W���������P���V���D�L�U���V�S�H�H�G���.th,10 50 W m2K
W  [9] 

�+�H�D�W���W�U�D�Q�V�I�H�U���F�R�H�I�I�L�F�L�H�Q�W���D�W���������P���V���D�L�U���V�S�H�H�G���.th,20 100 W m2K
W  [9] 

�+�H�D�W���W�U�D�Q�V�I�H�U���F�R�H�I�I�L�F�L�H�Q�W���R�I���V�W�L�O�O���Z�D�W�H�U���.th,w 600 W m2K
W  [9] 

 

Figure 7.15: a) Input geometry where convection was applied and b) pressure distribution of the chambers [24]. 
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The sensitivity check resulted in a maximum displacement of dmax = 1.5 mm. Even with the 

heat transfer coefficient of water, a limited maximal displacement dmax = 2.3 mm would have 

been achieved, which does not represent the actual displacements, as illustrated in 

Figure 7.16 a). A variation of the mesh did not lead to a significant change of the displacements, 

as presented in Appendix A.7. The maximal part temperature decreased from Tmax = 590 °C to 

T = 53 °C within the simulation time of ts = 6000 s. Since the piston was cooled by the 

surrounding atmosphere, an inhomogeneous temperature distribution occurred between the 

surface and the core of the piston. The piston skirt and crown cooled faster than the core and 

major parts of the thin walls as illustrated in Figure 7.16 b). At ts = 400 s, the temperature was 

ranging between T = 200°C at the piston crown to T = 526°C at the core. The rapid cooling of 

the surface material resulted in displacement of the hot, and therefore still soft, thin walls with 

a lower yield strength. Gradually, however, the core of the piston also cooled down and 

contracted. The surface areas, which have cooled and solidified already, could no longer follow 

this contraction of the core. The contraction of the core was consequently impeded, resulting 

in residual compressive stresses in the thin walls near the core, presented in Figure 7.16 c). No 

plastic deformation was observed, and the distortion of the piston crown seemed uniform 

without major differences between the concave and convex chambers.  

The applied pressure distribution induced buckling, leading to the observed symmetrical 

distortion pattern, as illustrated in Figure 7.16 d). The displacement of the piston crown in  

z-direction ranged from d = -0.9 mm to -0.8 mm, as illustrated in Figure 7.16 e).The heat 

treatment simulation will be validated qualitatively by the actual distortion pattern in the 

following. 
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Figure 7.16: a) Impact of the heat transfer �F�R�H�I�I�L�F�L�H�Q�W���.th on the resulting maximal displacement dmax b) 

inhomogeneous temperature field during cooling �F�����U�D�G�L�D�O���V�W�U�H�V�V�H�V���1xx d) simulated distortion pattern of the thin 

walls, and e) directional deformation in z- direction of the piston crown. 

7.3.2 Qualitative validation of the heat treatment simulation 

The distortion pattern could be validated successfully by the heat treatment simulation with 

pressure-based imperfections, as illustrated in Figure 7.17. However, the maximal 

displacement dmax = 20 mm could not be simulated due to the lack of residual stress history. 

Furthermore, the angle �����D�W���W�K�H���7-joints differed between the simulation and the experiment. 
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�7�K�H���V�L�P�X�O�D�W�L�R�Q���U�H�V�X�O�W�H�G���L�Q���D�Q���D�Q�J�O�H���R�I����’ = 90° whereas the present distortion resulted in an 

�D�Q�J�O�H�� �R�I�� �� = 100°. The heating cycle might have induced creep and residual stresses which 

were not considered in the heat treatment simulation. The heat treatment simulation is very 

sensitive towards the heat transfer coefficient �.th. However, t�K�H�� �K�H�D�W�� �W�U�D�Q�V�I�H�U�� �F�R�H�I�I�L�F�L�H�Q�W�� �.th 

might not accurately represent the experimental setup due to the lack of specific measurements 

of air velocity within the furnace which opens another area for improvement. The 

underestimation of the displacements of the thin walls could be explained by the applied 

simplifications at the T-joints. Different boundary conditions are required at the fixation of the 

T-joint to represent the fluid joints of the thin wall situated between two massive rings.  

 

Figure 7.17: Geometrical validation of the distortion pattern between the a) experimental and b) simulative heat 

treatment results including the specific pressure distributions. 
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The heat treatment chapter showed that 

�x The erratic distortion pattern could be simulated by artificially applied pressure 

distributions within the chamber.  

�x An inhomogeneous temperature field is developed during the heating and cooling 

process causing residual stresses and plastic deformation. The temperature range 

between the piston crown and the core was �D�U�R�X�Q�G���û�7��� �����������ƒ�&���� 

�x The displacement results were significantly lower than the actual displacements due to 

the lack of residual stress history and the complexity of fluid joints.  

7.4 Discussion 

After DMD, the residual stresses from the length measurement of the ribs were within the range 

of the yield strength, implying that plastic deformation occurred, although it was not visible by 

the eye. It should be mentioned that the size reduction of the simulation and the DMD subpart 

includes fewer residual stresses compared to a part with the actual part size. The original final 

prototype probably exceeded the yield strength during the process, but neither the GOM results 

nor the visual inspection of the final prototype showed major deformations, which implies that 

the residual stresses of the DMD process do not cause severe plastic deformation. The 

analytical calculations showed already that the heat treatment played a dominant role for the 

distortion behaviour. Since the thermal strain was higher than the critical compressive strain of 

the thin walls and the circular plate, the thermal load during the heat treatment initiated the 

buckling of the thin walls and the piston crown. The thermal strain was derived from the 

inhomogeneous temperature field of the piston which can be explained by the different rate of 

heat conduction between the outer surfaces in contact with the cooling medium and the inner 

strengthening ribs. The longer the distance heat has to conduct, the longer it takes, which causes 

residual stresses. Furthermore, the yield strength reduces with increasing temperature which 

intensifies the plastic deformation during the heat treatment. Due to imperfections and the 

elliptical shape deviation, every chamber has an individual size and volume which affects the 

direction of bifurcation. The chambers on the major axis decreased their volume and the 

chambers on the major axis increased their volume which led to the symmetrical distortion 

pattern.  

To predict the erratic distortion pattern, an eigenvalue buckling analysis, a DMD simulation, 

and a heat treatment simulation were performed. The eigenvalue buckling analysis could not 



7 . Distortion analysis   143 

be validated, due to the linear assumptions and the lack of residual stress history. The DMD 

simulation was performed to simulate the residual stress history including the tool path. 

Although the DMD simulation provided an understanding of the radial longitudinal and shear 

stress distribution, the controverse validation of the residual stresses highlighted the need for 

further research on the residual stress measurements. The length measurement of the ribs after 

part removal indicated residual stresses close to the DMD simulation. However, the tensile and 

compressive residual stresses could not be validated by XRD measurements on the 90°-section 

since XRD has to be conducted on a stress-free and even surface which required part removal. 

The removal of a 90°-section aimed to methodically disrupt the equilibrium state, but the 

resulting stress relaxation stands in contradiction to maintain residual stresses which affected 

the XRD measurements. Controlled part removal on simplified geometries and clear 

distinguishing between zones with tensile and compressive residual stresses are required to 

validate and calibrate the DMD simulation. The DMD simulation is limited to small geometries 

and geometrical imperfections would have been required to predict the erratic distortion 

pattern. The heat treatment simulation was able to predict qualitatively the distortion pattern of 

the actual size of the piston by applying pressure-based imperfections. It showed that the piston 

skirt shrinks faster than the core and visualised the inhomogeneous temperature distribution 

within the part. However, the simulated maximal displacement of the thin walls was limited to 

dmax = 1.5 mm. The uncoupled approach used in this simulation did not include the residual 

stresses from the DMD process and the heat cycle. However, a coupled approach along with 

creep and large deformations, would require extensive simulation effort and resources. Instead, 

�W�K�H���E�R�X�Q�G�D�U�\���F�R�Q�G�L�W�L�R�Q�V���V�K�R�X�O�G���E�H���R�S�W�L�P�L�]�H�G���W�R���P�R�U�H���D�F�F�X�U�D�W�H�O�\���G�H�V�F�U�L�E�H���W�K�H���D�Q�J�O�H�������D�W���W�K�H���7-

joints between the thin-walled and massive sections.  

To sum it up, the eigenvalue buckling analysis is missing the residual stress history, the DMD 

simulation the imperfections, and the heat treatment simulation further analysis on large 

deflections and fluid joints to predict the actual distortion pattern. 

  



144 

  



 

8 
8 Optimisation  

This chapter presents an optimisation based on the findings of the previous chapters. The 

remaining design principles “Functional-oriented design” and “Distortion reduction” were 

applied and the distortion optimised design finally validated by a measurement on the small 

DMD part, and a simulation under thermal and mechanical load. An overview of the applied 

design principles is provided in Table 8.1. 

Table 8.1: Overview of the applied design principles from [56] on the customer design from Burckhardt, the 

manufacturing design, and the distortion optimised design 

Design principle Customer design  
Manufacturing  

design 

Distortion optimised 

design 

Functional-oriented design No No Yes 

Functional integration Yes Yes Yes 

Early definition of part 

orientation 
No Yes Yes 

Material waste reduction No Yes Yes 

Distortion reduction No No Yes 

Integration of semi-finished parts No Yes Yes 

Removal of powder No Yes Yes 

Ensuring post processing No Yes Yes 
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8.1 Functional-oriented design 

The analysis identifies surfaces relevant to its function, from which the required geometry can 

be derived. The ranking of the surfaces, presented in Figure 8.1, is based on the function and 

the material requirements to handle loads during the gas compression and shows which surfaces 

are more critical.  

�x Rank 1 - Red surface: The top surface of the piston endures high temperatures and 

pressures during the compression process. It is primarily responsible for transferring 

the force generated by compressing to the piston rod and subsequently to the crankshaft. 

It needs to be highly resistant to thermal and mechanical load to prevent failure under 

operating conditions. It is essential to ensure mechanical and geometrical integrity of 

theses surfaces. The thin walls between these surfaces only act as strengthening ribs to 

support the piston crown. 

�x Rank 2 - Blue surface: This is where the piston connects to the piston rod. This area 

transmits the reciprocating force from the piston head to the rod. It needs to withstand 

significant mechanical stresses as it serves as the main linkage within the piston 

assembly. The material and design need to be optimized for strength and fatigue 

resistance. It is essential to ensure mechanical integrity of theses surfaces. 

�x Rank 3 - Grey surface: The piston skirt guides the piston as it moves horizontally in the 

cylinder. It plays a crucial role in maintaining the alignment and preventing the piston 

from tilting, which could lead to uneven wear or damage to the cylinder. This area 

requires good tribological properties to minimize friction and wear, and it often needs 

to be treated or coated to enhance its durability and performance under sliding motion. 

It is essential to ensure geometrical integrity of theses surfaces. 
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Figure 8.1: Function-oriented ranking of the piston surfaces. 

8.2 Distortion reduction 

The applied approaches for the design optimisation were:  

�x Compliant mechanism [46]: Geometrical imperfections of the strengthening ribs allow 

a deformation without a loss in functionality. 

�x Natural support provided by curvature [65]: Curved shapes of the strengthening 

increase critical buckling and bulging loads in the axial direction of compression and 

reduce stiffness in radial direction. 

�x Reinforcement [80]: Increasing the thickness of the piston crown increases the critical 

buckling load and makes it more resistant to thermal and mechanical stress. 

8.2.1 Compliant mechanisms 

Compliant mechanisms exploit bending of flexible members to achieve their motion in a 

desired way, as described by Howell [46]. Designing a predictable worst-case scenario by 

introducing controlled imperfections into the design provides a controlled plastic deformation 

and ensures a robust design. Instead of straight walls, twelve precurved walls were 

implemented with a radius of r = 200 mm, as depicted in Figure 8.2.  
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Figure 8.2: Proposed design optimisation for distortion reduction. 

8.2.2 Support by curvature 

Curved walls increase the axial stiffness, which means the critical buckling and bulging loads 

in the direction of compression, but they decrease the stiffness in radial direction. However, 

the plastic deformation of the ribs in radial direction is acceptable, as they are not functional 

surfaces, however they should be predictable. 

8.2.3 Reinforcement 

Increasing the cross-sectional dimensions of a structural element improves its stiffness and 

resistance to buckling, but leads to increased material usage and weight. Therefore, it should 

only be applied on critical segments. The distortion of the ribs is functionally less critical than 

the distortion of the piston crown, therefore, the reinforcement was applied on the piston crown. 

The weight was calculated based on the volume of the piston crown for six different thicknesses 

between tt = 4.5 mm and tt = 30 mm a�Q�G���W�K�H���G�H�Q�V�L�W�\���R�I���!��� ��7.7 kg/ dm3. To avoid buckling, the 

criterion 

must be fulfilled. In case of the piston crown, a safety factor sf  = 5 multiplied by �0th, lead to a 

minimal thickness of tt = 10 mm and results in a critical buckling strain of �0c = 0.005, as 

�0c�•�0thsf 
(8.1) 
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presented in Figure 8.3, which is required to fulfil the criterion. In general, reinforcing thin 

walled DMD parts should consider following steps:  

1) Calculating the critical buckling strain �0c for different wall thicknesses (Eq. (7.1)), 

2) Calculating the thermal strain during heat treatment (Eq. (7.4)), 

3) Considering a safety factor sf  by multiplying it with the thermal strain �0th, 

4) Ensuring minimal wall thickness of the critical components to avoid thermal induced 

buckling according to Figure 8.3. 

 

Figure 8.3: Critical buckling strain (according to Table 7.3) and mass of the piston crown depending on the 

thickness. 

8.2.4 Validation 

The optimised geometry was built and measured with the dimensions of the small DMD part 

and a radius r = 100 mm of the curved walls. To measure the roundness of the piston skirt, a 

coordinate measuring machine from Zeiss WMM850 was employed. 180 points were tactile 

measured at a height of h  = 50 mm with a ball diameter of D = 8 mm similar to the method 

used in chapter 7.1.3. The scaling factor was 100% for better visibility.  The measurement 

results, presented in Figure 8.4, show that the piston skirt did not show the elliptical shape 

deviation anymore for the curved-walls approach. A possible explanation lies in the axes error 

of the DMD machine, as described by Mayr et al. [79]. Any error in the alignment or motion 
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consistency rather directly affects the build quality of the straight walls instead of the curved 

walls which require a more complex motion control. A form deviation of d = 0.05 mm was 

measured which is six times lower compared to the straight-wall design.  

 

Figure 8.4: Shape deviation of the piston skirt of the small DMD subpart with a) straight walls and b) curved 

walls. 

The numerical simulations could be used to test new design approaches without experimental 

effort. Based on the results and previous mentioned approaches to avoid distortion, a new 

design of the piston with the same external dimensions was proposed and loaded with the 

thermal load during the heat treatment and the mechanical load by a piston in operation. The 

manufacturing design and the distortion optimised design were mechanically loaded with a 

simplified load case according to Table 4.1 which contained a pressure p = 0.9 MPa on the 

piston crown, p = 0.15 MPa on the substrate, and an acceleration of a = 500 m/s2 in compression 

direction on the piston skirt.  
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The distortion optimised design resulted in 50 % lower displacement range �û�G in compression 

direction, as presented in Figure 8.5. This means that axial stiffness could be increased, and the 

distortion of the piston crown reduced. This is essential to ensure the geometrical integrity 

during the heat treatment and the operation of the functional critical piston crown. 

 

Figure 8.5: Axial displacements of the mechanically loaded piston crown of the a) manufacturing design b) 

distortion optimised design. 

8.3 Discussion 

To avoid buckling of the piston crown during the heat treatment, a wall thickness of tt = 10 mm 

is required which increases the weight of the piston by m = 3 kg. To ensure the initial weight 

reduction of 40 %, milling after heat treatment is required which results in material waste. The 

�S�U�H�F�X�U�Y�H�G���Z�D�O�O�V���L�Q�F�U�H�D�V�H���W�K�H���Z�H�L�J�K�W���E�\���P���§�������N�J�����Z�K�L�F�K���U�H�V�X�O�W�V���L�Q���D final weight reduction of 

35 %.  

Another approach is to conduct the heat treatment only on the substrate and the DMD subpart 

and to perform the laser welding process afterwards, since the mechanical properties of the CM 

subparts do not change, as discussed in chapter 5.4.1. In this case, the complexity of the 

inhomogeneous temperature distribution during heat treatment is reduced and the welding 

seams are no longer the weak points but the CM parts. This simplifies failure prediction, as the 

geometrical defined CM parts can be calculated easier by numerical models. 
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9 Conclusion and outlook 

The goal of this thesis was to explore large, complex, and hybrid light-weight parts. Part 

segmentation is necessary to overcome the limitations of the DMD process, especially when it 

comes to manufacture closed and hollow structures. Furthermore, in hybrid parts simple 

geometries can be replaced by CM subparts which improves the manufacturing efficiency. A 

design guideline was developed to apply part segmentation and to decide whether a subpart 

should be rather manufactured by AM or CM. Based on this, a hybrid benchmark part was 

manufactured. The customer design and derived hybrid design were characterised by a closed 

structure with interior thin-walled strengthening ribs, which ensured a weight reduction of 40% 

compared to the original casting design. However, the hybrid design presented intolerable 

distortion after heat treatment. Simulative and analytical approaches were used to predict the 

distortion. Thermal material properties were measured and were used as input data for the 

thermal-structural simulations. To ensure and understand material integrity of soft martensitic 

steel, hybrid specimens were built and characterised in terms of microstructure-strength 

relationship. Finally, a design optimisation, considering the functional surfaces and distortion 

reduction. The main findings and possible future research are summarised in the following. 
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Part segmentation is required to manufacture closed and hollow structures. A workflow 

was developed to manufacture efficiently a closed hybrid light-weight part consisting of laser 

welded AM and CM subparts. The following conclusion could be drawn: 

�x A design guideline for part segmentation of hybrid parts was developed and applied on 

a piston and burner part. Simple and accessible subparts should be manufactured by 

CM whereas, complex subparts should be manufactured by AM. The part orientation 

is essential for manufacturability.  

�x Part segmentation allowed the production of 90°-undercuts with a fixed machine table 

and without reorientation or complicated tool path planning. The piston contained AM 

and CM subparts that were joined by laser welding. A double weld strategy was 

considered in order to reduce the notch effect at the hidden T-joints. 

�x The hybrid design enabled a weight reduction of 40% compared to casting but ended 

in unexpected distortion after the heat treatment.  

Further research could involve further developments on the design guideline including tool 

path planning, weld strategy, and distortion behaviour to reduce the design effort for distortion 

reduction.  

The weld seam and HAZ in hybrid specimens reveal weak points only in the heat treated 

condition. Hybrid specimens were successfully produced and the microstructure discussed 

with the resulting mechanical response of hardness and tensile tests. The following conclusion 

could be drawn: 

�x Laser welding significantly reduced the toughness, resulting in brittle surface fractures.  

HF-DMD specimens exhibited lower strength and elongation, with the HF segment 

being the weakest point the as-built and the HAZ being the weakest point in the heat 

treated condition due to grain refinement and carbide precipitation.  

�x The heat treatment reduced the strength but increased the toughness of all specimens 

except the HF specimens. This can be explained by the formation of finely dispersed 

retained austenite and carbide precipitation. Since the mechanical properties of the CM 

parts did not change significantly, heat treatment could be limited to the AM parts, and 

joining conducted afterwards. Consequently, this approach would identify the CM parts 

as the weak points which makes failure prediction less complex. 
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�x The higher hardness of the LW and DMD segments can be explained by the grain 

refinement and reduced rest austenite in the as built condition. However, finely 

dispersed austenite and carbides decrease the hardness after the heat treatment despite 

grain refinement. Grain boundary strengthening of blocks/packets is not the primary 

strengthening mechanism in soft martensitic steel after the heat treatment.  

Investigations on carbide formation despite a very low carbon content is essential to understand 

the strength reduction despite grain refinement. Further experimental and microstructural 

investigations along the tracks and buildup direction are necessary to understand the complex 

thermal history of DMD parts more in detail and to consolidate the statements done in this 

study.  

The thermal conductivity of as built DMD parts is lower compared to HF material. The 

thermal conductivity, density, heat capacity and thermal diffusivity was measured on DMD 

and HF subparts. The effect on the far field temperature field was measured with 

thermocouples. The following conclusions could be drawn: 

�x The mean thermal diffusivity a
$ of DMD samples is 10 % lower, and the mean thermal 

conductivity �ã�§ of DMD samples is 8 % lower, compared HF specimens, due to lower 

dislocation density and precipitation of carbides in tempered HF material.  

�x The HAZ of the hybrid laser weld is larger and darker on the side of the HF segment 

due to the precipitation of carbides and martensitic phase changes. The different 

between the weld seam and HF base material is clearly visible. The HAZ on the DMD 

side is not visible due to the comparable microstructure. 

The lower thermal conductivity of DMD parts should lead to smaller temperature gradients and 

residual stresses. However, DMD parts are characterised by inherent residual stresses which 

have a dominating effect on the distortion behaviour. Changing the residual stress equilibrium 

by welding needs to be further investigated in detail. Future research should include 

investigations on residual stresses within the weld seam and HAZ of hybrid parts.  

The residual stresses in thin-walled DMD parts can result in severe plastic deformation 

during heat treatment. A workflow was developed to analyse the distortion of the benchmark 

part considering the DMD and heat treatment process. The load during the vacuum heat 

treatment induced thermal strains that exceeded the critical buckling strains of the thin walled 
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elements which were constrained at all ends. The residual stresses of the process history 

exceeded the yield point during the heat treatment. The symmetrical distortion pattern can be 

explained by the elliptical shape deviation caused by the axes error, leading to anticlastic 

bending and pressure balancing among the chambers. The following conclusions could be 

drawn: 

�x Commercial uncoupled FE simulation models are sufficient to investigate the 

qualitative distortion but do not accurately predict the buckling distortion 

quantitatively.  

�x �7�K�H���'�0�'���V�L�P�X�O�D�W�L�R�Q���R�I���O�D�U�J�H���D�Q�G���W�K�L�Q���Z�D�O�O�H�G���S�D�U�W�V���U�H�T�X�L�U�H���D���P�H�V�K���D�V�S�H�F�W���U�D�W�L�R���R�I���2���§������

and part modification to create conditions that can be solved within a day.  

�x The DMD simulation provided an understanding of the radial longitudinal stress 

distribution but could not be validated by XRD measurements. The part removal aimed 

to methodically disrupt the equilibrium state, but the resulting stress relaxation stands 

in contradiction to maintain residual stresses which affected the XRD measurements in 

an untraceable way. 

�x The thermal conduction during the heat treatment of closed structures with thin walls 

acting as strengthening ribs is accompanied by an inhomogeneous temperature 

distribution between the core and the outer parts which intensifies residual stresses and 

the plastic deformation. 

�x The heat treatment simulation presented qualitatively the distortion pattern. However, 

�W�K�H�� �D�Q�J�O�H�� ���� �E�H�W�Z�H�H�Q�� �W�K�H�� �W�K�L�Q�� �Z�D�O�O�V�� �D�Q�G�� �W�K�H�� �P�D�V�V�L�Y�H�� �V�H�F�W�L�R�Q�V�� �F�R�X�O�G�� �Q�R�W�� �E�H�� �V�L�P�X�O�D�W�H�G��

which requires different constraints at the ends.  

A coupled approach, along with previous residual stresses, creep, and large deformations, 

would require extensive simulation effort and resources. Instead, the most important part is to 

adjust boundary conditions to describe the fluid T-joints between the thin-walled and massive 

sections. Further, the controverse validation of the residual stresses highlighted the need for 

further research on the residual stress measurements. 
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Minimal wall thicknesses and compliant mechanisms are required to avoid buckling. 

DMD enables light-weight structures with wall thickness variations. To avoid buckling, the 

critical buckling strain of critical elements needs to be higher than the thermal strain. To avoid 

plastic deformation, the residual stresses should be lower than the yield strength while 

considering the decrease of it at elevated temperatures.  

�x A more predictable distortion behaviour can be achieved by geometrical imperfections 

such as precurved walls that allow thermal deformations in a defined manner to 

preserve the functionality and avoid buckling.  

�x It is essential to reinforce the critical elements based on a functionality analysis. In the 

less critical elements, distortion is accepted, and the thickness kept as low as possible 

to reduce weight. After reinforcing, it should be evaluated whether a part will be post 

processed to achieve the required weight reduction.  

�x Excluding the CM parts from the heat treatment makes the inhomogeneous temperature 

distribution during and failure prediction less complex. 

This thesis advances the field of hybrid manufacturing by providing a practical and theoretical 

framework to manufacture and analyse hybrid lightweight parts that are large, closed, and 

hollow with interior strengthening ribs. Hybrid parts offer significant potential for design 

freedom and weight reduction but bear the risk of unpredictable distortion, complex 

microstructure, and weak points, which must be considered during design. The presented 

framework is crucial for ensuring geometrical and mechanical integrity. 
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A.2 Inspection report of powder material 1.4313 
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A.3 Welding strategy for the piston crown 
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A.4 Thickness of the thin wall 
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A.5 Considered imperfections during Eigenvalue buckling analysis 
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A.6 Length measurement of the ribs 

 

  

Before part removal

Ribs 1 2 3 Average Stdv
1 117.68 117.64 117.68 117.6667 0.018856
2 117.74 117.93 117.65 117.7733 0.116714
3 117.91 117.75 117.53 117.73 0.155778
4 117.84 117.84 117.94 117.8733 0.04714
5 117.73 117.91 117.73 117.79 0.084853
6 117.82 117.9 118 117.9067 0.073636
7 117.89 117.68 117.7 117.7567 0.094634
8 117.86 117.73 118 117.8633 0.110252
9 117.49 117.47 117.6 117.52 0.057155

10 117.78 117.96 117.81 117.85 0.07874
11 117.68 117.75 117.81 117.7467 0.053125
12 117.61 117.75 117.87 117.7433 0.106249

Average 117.7683 0.083094
After part removal

Ribs 1 2 3 Average Stdv
1 118.2067 117.94 117.98 118.0422 0.117421
2 118.03 118.23 117.95 118.07 0.117757
3 118.21 117.98 117.83 118.0067 0.156276
4 118.14 118.14 118.24 118.1733 0.04714
5 118.03 118.21 118.05 118.0967 0.080554
6 118.12 118.2 118.3 117.98 0.073636
7 118.04 117.98 118 118.0067 0.024944
8 118.16 118.05 118.3 118.17 0.102307
9 117.79 117.77 118.19 117.9167 0.193448

10 118.08 118.26 118.11 118.15 0.07874
11 118.03 118.05 118.11 118.0633 0.033993
12 117.91 117.9 118.17 117.9933 0.124989

Average 118.0557 0.091308

Measurements

Measurements
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A.7 Mesh sensitivity of the heat treatment simulation 
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