
 

Microstructure and Oxidation Behavior 

Comparison Between Vertical, Upskin and 

Unsupported Downskin Structures of SS316L 

made with Laser Powder Bed Fusion 

 

Omar R. Binfahad 

Masters of Science in Mining and Materials Engineering 

 

 

 

 

School of Mining and Materials Engineering 

McGill University 

Montreal, Quebec, Canada 

 

September 14, 2024 

 

A thesis submitted to McGill University in partial fulfillment of the requirements of the degree of 

Masters of Science in Mining and Materials Engineering 

 

© Omar R. Binfahad, 2024 

  



 
II 

 

Abstract 

 

As the laser powder bed fusion (LPBF) technology progresses, developing protocols for reducing 

and/or supportless printing of overhang downward-facing surfaces becomes increasingly critical 

for enhancing the economic and environmental efficiency of the process. The present study 

investigates the possible mismatch in microstructural, mechanical and oxidation behaviour of 

LPBF SS316L samples printed at 90 and 0° angles and including downward-facing low-angle 

overhang surfaces, in both as-built and heat-treated conditions. In as-built (AB) condition, primary 

dendrite arm spacing (PDAS) was measured at 0.72 ± 0.09 and 3.19 ± 0.20 µm for the bulk and 

downskin surface, yielding a microhardness value of 244 ± 5 and 225 ± 3 HV, respectively. In 

addition, secondary dendritic arms are observed to form at the downskin, where the secondary 

dendrite arm spacing (SDAS) is measured at 0.99 ± 0.18 µm. A continuous growth model 

microsegregation analysis showed microsegregation level near equilibrium values. For the heat 

treated (HT) condition, the cellular structure recrystallized, leading to a grain size measurement of 

31 ± 3 and 26 ± 3 µm at the bulk and downskin surfaces, respectively, revealing that the grain 

growth rate observed at the downskin surfaces is slower than that of the bulk. The microhardness 

values were measured at 184 ± 4 and 195 ± 3 HV for the HT bulk and downskin surfaces. Post 

100 hrs. of oxidation treatment at 900°C, x-ray diffraction (XRD) analysis confirmed the formation 

of Fe2O3, Cr2O3, Cr2FeO4 and Cr2MnO4 oxides at the AB and HT bulk and downskin surfaces. 

While the scale thickness for the bulk and downskin were measured at 3.7 ± 1.7, 3.8 ± 1.8 and 7.9 

± 2.4 and 7.1 ± 2.1 µm for the AB and HT condition, respectively. Electron dispersive spectroscopy 

(EDS) analysis revealed the formation of SiO2 oxide along the grain boundaries.   
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Résumé 
 

Au fur et à mesure que la technologie LPBF progresse, le développement de protocoles pour 

l’impression réduite et/ou sans support de surfaces en porte-à-faux orientées vers le bas devient de 

plus en plus essentiel pour améliorer l’efficacité économique et environnementale du processus. 

Par conséquent, cette thèse pose un contexte fondamental de la procédure, des paramètres, des 

propriétés résultantes et de sa performance économique globale. Avec un manque de 

connaissances dans la littérature disponible, cette recherche cherche à apporter de nouvelles idées 

et de nouveaux résultats pour développer et explorer davantage ladite technologie. La présente 

étude examine le décalage possible dans le comportement microstructurel, mécanique et à 

l’oxydation des échantillons LPBF SS316L imprimés à des angles de 90 et 0° et y compris les 

surfaces en porte-à-faux à faible angle orientées vers le bas, à la fois dans des conditions telles que 

construites et traitées thermiquement. Dans des conditions AB, le PDAS a été mesuré à 0,72 ± 

0,09 et 3,19 ± 0,20 μm pour la surface en vrac et la surface duvet, ce qui a donné une valeur de 

microdureté de 244 ± 5 et 225 ± 3 HV, respectivement. De plus, on observe la formation de bras 

dendritiques secondaires au niveau de la peau duveteuse, où le SDAS est mesuré à 0,99 ± 0,18 μm. 

Une analyse de microségrégation sur modèle de croissance continue a montré un niveau de 

microségrégation proche des valeurs d’équilibre. Pour la condition HT, on observe que la structure 

cellulaire se recristallise, ce qui conduit à une mesure de la taille des grains de 31 ± 3 et de 26 ± 3 

μm aux surfaces de la peau en vrac et de la peau duveteuse, respectivement, révélant que le taux 

de recristallisation observé aux surfaces de la peau inférieure est plus lent que celui de la peau en 

vrac. Les valeurs de microdureté ont été mesurées à 184 ± 4 et 195 ± 3 HV sur les surfaces HT en 

vrac et en duvet. Poste 100 hrs. traitement oxydatif à 900°C, l’analyse XRD a confirmé la 
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formation d’oxydes Fe2O3, Cr2O3, Cr2FeO4 et Cr2MnO4 sur les surfaces en vrac et en duvet AB 

et HT. Alors que l’épaisseur de l’échelle pour le vrac et le duvet est mesurée à 3,7 ± 1,7, 3,8 ± 1,8 

et 7,9 ± 2,4 et 7,1 ± 2,1 μm pour les conditions AB et HT, respectivement. L’analyse EDS a révélé 

la formation d’oxyde de SiO2 le long des joints de grains. Ces informations permettent de 

poursuivre les développements vers une commercialisation réussie de la fabrication sans support 

LPBF.   



 
V 

 

Acknowledgments  
The completion of this thesis marks a significant milestone, one that would not have been possible 

without the support and guidance of many individuals.  

I would like to thank my supervisor Dr. Mathieu Brochu for giving me the opportunity to pursue 

this research. Your mentorship and teaching have been instrumental in my studies, and has allowed 

me to grow as a scientist and an engineer. I hope that I can repay a tiny fraction with attempts at 

Arabic lessons. 

I would like to acknowledge, thank and show my sincere appreciation to the presidential courts in 

Abu Dhabi (UAE) for the trust and support given to me throughout my studies. 

I would also like to recognize and thank my friends and colleagues from the Powder Processing 

and Additive Manufacturing of Advanced Materials (P2 [AM]2) research group. This work is a 

product of extensive collaboration, and would have been impossible without your support. Many 

thanks go to An, Anne, Anubhav, Corina, Emilio, Guohong, Ivonne, Jaskaranpal, Mahmoud, 

Mohammad, Mohamad (Abo Omar), Mohamad (Sayed), Murali, Pablo, Pierre, Qi, Rafeal, Shipei, 

and Srikanta. I want to give a special mention to Amit, Ashutosh, and Satish who played a 

fundamental role in my project. To all those I forget to mention, I apologize but please know I’m 

grateful. 

I owe a huge thank you to my family for their support during my time abroad, especially to my 

parents, who have always encouraged me to pursue my academic goals while being far from home. 

 شكرا

Last but most importantly, I want to thank my wife, Valentina, for her constant support, 

encouragement, and love throughout this journey. (P.S. A special thank you to Sia & Milo as well.)  



 
VI 

 

Table of Contents 
 

Abstract ....................................................................................................................................................... II 

Résumé ...................................................................................................................................................... III 

Acknowledgments ...................................................................................................................................... V 

List of figures & Tables .............................................................................................................................. 1 

List of abbreviations ................................................................................................................................... 3 

Chapter 1 Introduction ......................................................................................................................... 4 

1.1 Background ................................................................................................................................... 4 

1.2 Objectives ..................................................................................................................................... 5 

1.3 Thesis Layout ................................................................................................................................ 6 

Chapter 2 Literature ............................................................................................................................. 7 

2.1 Additive Manufacturing ................................................................................................................ 9 

2.1.1 LPBF Process Overview ..................................................................................................... 11 

2.1.1.1 Scanning strategy ............................................................................................................ 14 

2.1.1.2 Scan velocity, laser power and layer thickness ............................................................... 16 

2.1.1.3 Hatch distance ................................................................................................................. 17 

2.1.1.4 Powder properties ........................................................................................................... 18 

2.1.1.4.1 Particle shape & density ............................................................................................ 18 

2.1.1.4.2 Particle size distribution ............................................................................................ 19 

2.1.2 LPBF Materials ................................................................................................................... 20 

2.1.2.1 LPBF of SS316L ............................................................................................................. 22 

2.1.2.1.1 Microstructure and Mechanical Properties ............................................................... 22 

2.1.2.1.2 Post-Manufacturing Treatments ................................................................................ 23 

2.1.2.1.3 Oxidative performance .............................................................................................. 24 

2.1.3 The Economics of LPBF ..................................................................................................... 24 

2.1.3.1 LPBF Support Structure Cost Studies ............................................................................. 25 

2.1.3.1.1 LPBF Support-less Printing ...................................................................................... 27 

Chapter 3 Research Methodology and Results ................................................................................. 30 

3.1 Materials, Instruments and Experimental Procedure .................................................................. 30 

3.1.1 Materials ............................................................................................................................. 30 

3.1.1.1 SS316L Powder ............................................................................................................... 30 

3.1.1.2 Particle Size Distribution Analysis ................................................................................. 31 



 
VII 

 

3.1.2 LPBF System ...................................................................................................................... 31 

3.1.3 Sample Preparation ............................................................................................................. 32 

3.1.3.1 Sample Extraction ........................................................................................................... 32 

3.1.3.2 Heat Treatment ................................................................................................................ 32 

3.1.3.3 Oxidative Treatment ........................................................................................................ 32 

3.1.3.4 Mounting and Polishing .................................................................................................. 33 

3.1.3.5 Etching ............................................................................................................................ 33 

3.1.4 Microstructural Characterization ........................................................................................ 34 

3.1.5.1 Secondary Electron Microscope ..................................................................................... 34 

3.1.5.2 Optical Microscopy ......................................................................................................... 34 

3.1.5.4 X-Ray Diffraction ........................................................................................................... 34 

3.1.5.5 Energy dispersive X-ray spectroscopy ............................................................................ 35 

3.1.5 Mechanical Property Characterization ................................................................................ 35 

3.1.6.1 Microhardness Testing .................................................................................................... 35 

3.2 Results ......................................................................................................................................... 37 

3.2.1 Microstructural and Mechanical Characterization .............................................................. 37 

3.2.1.1 As Built Condition .......................................................................................................... 37 

3.2.1.1.1 Electron Backscatter Diffraction Analysis ................................................................ 39 

3.2.1.2 Heat Treated Condition ................................................................................................... 41 

3.2.1.2.1 Electron Backscatter Diffraction Analysis ................................................................ 43 

3.2.2 AB vs. HT Oxidation Response .......................................................................................... 45 

3.2.2.1 X-Ray Diffraction ........................................................................................................... 46 

3.2.2.2 Energy dispersive X-ray spectroscopy Analysis ............................................................. 47 

3.2.2.3 Oxide Scale Thickness .................................................................................................... 49 

Chapter 4 Discussion ........................................................................................................................... 50 

4.1 Microstructural and Mechanical Characterization ...................................................................... 50 

4.1.1 As Built Condition .............................................................................................................. 50 

4.1.1.1 Estimation of Cooling Rate ............................................................................................. 51 

4.1.1.2 Solidification Front Velocity and Microsegregation Analysis ........................................ 53 

4.1.1.3 Electron Backscatter Diffraction Analysis ...................................................................... 56 

4.1.2 Heat Treated Condition ....................................................................................................... 57 

4.1.2.1 Electron Backscatter Diffraction Analysis ...................................................................... 59 

4.2 AB vs. HT Oxidation Response .................................................................................................. 60 

4.2.1 Chemical Analysis: XRD & EDS ....................................................................................... 60 



 
VIII 

 

4.2.2 Oxide Scale Thickness ........................................................................................................ 63 

Chapter 5 Conclusions ........................................................................................................................ 66 

Chapter 6 References .......................................................................................................................... 68 



 
1 

 

List of figures & Tables 
 

Figures 

Figure 1. A schematic of Traditional/ Subtractive Manufacturing (TM/SM) ............................................................ 7 
Figure 2. A schematic of Additive Manufacturing (AM) ............................................................................................. 9 
Figure 3. The general steps in AM [50, 51]. .............................................................................................................. 10 
Figure 4. A schematic of a powder bed fusion (PBF) AM process. .......................................................................... 12 
Figure 5. A schematic of the PBF printing parameters. ............................................................................................ 14 
Figure 6. A schematic of common LPBF scanning strategies: (a) 90°, (b) 45° and (c) 67°. .................................... 15 
Figure 7. A schematic of the relationship between the temperature gradient (G), growth rate (R) and cooling rate 

(CR) on the resultant microstructure. Reproduced from [103]. ................................................................................ 21 
Figure 8. The cost contribution of the design, manufacturing and support removal processes to the overall 

support structure cost. Adapted from [42]. ................................................................................................................. 28 
Figure 9. SEM micrograph of the starting SS316L powder. ..................................................................................... 30 
Figure 10. (a) Picture of the printed domes, (b) CAD representation of the printed domes showing the sample 

extraction and (c) four locations of interest for this study. ....................................................................................... 32 
Figure 11. Microhardness testing strategy used in the present study ....................................................................... 36 
Figure 12. AB microstructure of the (a) 90° inner surface, (b) 90° outer surface, (c) 0° upskin and (d) 0° 

downskin. .................................................................................................................................................................... 37 
Figure 13. The EBSD map (IPF-Z) of the four AB locations of interest. From left to right, the PF are 

corresponding to the [100], [110] and [111] planes along the build direction. ......................................................... 40 
Figure 14. Etched HT microstructure of the (a) 90° inner surface, (b) 90° outer surface, (c) 0° upskin and (d) 0° 

downskin surfaces. ...................................................................................................................................................... 41 
Figure 15. The EBSD map (IPF-Z) of the four HT locations of interest. From left to right, the PF are 

corresponding to the [100], [110] and [111] planes along the build direction. ......................................................... 44 
Figure 16. Etched T0 microstructure of the (a) Bulk and (b) Downskin surfaces. .................................................. 45 
Figure 17. The (a) AB and (b) HT XRD spectra at the four locations of interest. ................................................... 46 
Figure 18. BSE (left) and EDS (right) analysis results presenting the oxide layer micrograph and composition at 

AB (a) 90° inner surface, (b) 90° outer surface, (c) 0° upskin, (d) 0° downskin and HT (e) 90° inner surface, (f) 

90° outer surface, (g) 0° upskin, (h) 0° downskin. From left to right, the EDS chemical maps correspond to O, 

Fe, Cr, Mn and Si respectively. ................................................................................................................................... 48 
Figure 19. Microhardness as a function of the reciprocal of the PDAS for AB condition. Values from literature 

are plotted for comparisons. Note: the downskin point has been plotted using the PDAS value. ............................... 51 
Figure 20. The KGT model for the LPBF SS316L composition used in this study with a G value of 1.2 × 𝟏𝟎𝟕k/m. 

(Note: the KGT curve is obtained by fitting a mathematical function based on present material properties and 

microstructural features.) ........................................................................................................................................... 54 
Figure 21. The multicomponent Aziz model for SS316L used in this study for G value of 1.2 × 𝟏𝟎𝟕k/m. (Note: the 

plotted curve is obtained by solving the Aziz model based on present material properties and microstructural 

features.) ..................................................................................................................................................................... 55 
Figure 22. CET diagram for LPBF AM SS316 plotting the Bulk (Inner/Outer/Upskin) and Downskin locations. 

(Note: The CET transition curve was adapted from [157]) ....................................................................................... 56 
Figure 23. Microhardness as a function of the grain size for the HT surfaces. Values from literature are plotted 

for comparisons. ......................................................................................................................................................... 58 
Figure 24. Oxide scale thickness as a function of temperature at the four AB and HT locations. Values from 

literature are plotted for comparisons. ....................................................................................................................... 64 

 



 
2 

 

 

 

Tables 

Table 1. LPBF SS316L process optimization parameters. ......................................................................................... 22 
Table 2. LPBF SS316L microstructure and mechanical properties. ......................................................................... 22 
Table 3. The chemical composition of the starting SS316L powder. ......................................................................... 30 
Table 4. Cell size and microhardness measured from the different locations of the AB dome ................................ 38 
Table 5. Grain size and microhardness measured from the different HT locations of the dome. ............................ 42 
Table 6. The oxide scale thickness measured at the four locations in AB and HT conditions. ................................ 49 
Table 7. The measured cooling rate at each of the four AB locations. ..................................................................... 52 
Table 8. Oxygen penetration into the matrix at the four HT surfaces. ..................................................................... 62 

 

  



 
3 

 

List of abbreviations 

 

Abbreviations Meaning Abbreviations Meaning 

AM Additive Manufacturing Ar Argon 

TM Traditional Manufacturing He Helium 

LPBF Laser Powder Bed Fusion LT Layer Thickness 

Al Aluminum ED Energy Density 

Ti Titanium HD Hatch Distance 

Ni Nickle PSD Powder Size Distribution 

Cu Copper G Thermal Gradient 

SS Stainless Steel R Solidification Velocity 

HV Microhardness - Vickers CR/ε Cooling Rate 

TS Tensile Strength BD Build Direction 

Cr Chromium YS Yield Strength 

AB As Built UTS Ultimate Tensile Strength 

HT Heat Treatment/ed COD Crystallography Open Database 

SEM Scanning Electron Microscope PDAS Primary Dendritic Arm Spacing 

OM Optical Microscope SDAS/λ Secondary Dendritic Arm Spacing 

EBSD Electron Backscatter Diffraction IPF Inverse Pole Figure 

XRD X-ray Diffraction PF Pole Figure 

EDS Energy Dispersive Spectroscopy MUD Multiple of Uniform Density 

SM Subtractive Manufacturing  AR Aspect Ratio 

CNC Computer Numerical Control DS Downskin 

CAD Computer-Aided Design λ thermal conductivity 

STL Standard Triangulate Language Tboiling Boiling Temperature 

ASTM American Society for Testing and Materials Tliquidus Liquidus Temperature 

PBF Powder Bed Fusion SFV Solidification Front Velocity 

EPBF Electron Beam Powder Bed Fusion K(v) Partition Coefficient 

SLM Selective Laser Melting CET Columnar-to-Equiaxed Transition 

  



 
4 

 

Chapter 1  Introduction 
 

1.1 Background  
 

AM offers distinct advantages over TM in high-complexity, low-tolerance sectors such as the 

aerospace [1-3] and medical [4-7] industries. This is a result of the unique ability of the processes 

to fabricate parts and structures with increased geometric complexity while minimizing waste 

material [5, 7]. LPBF is a key AM process that has been widely discussed in literature [8, 9]. The 

LPBF process can be described as an iterative process whereby a laser is used to selectively melt 

and solidify powder layers until the final component is formed. 

The increased popularity of the LPBF process has led to a significant number of studies into the 

use of a variety of metallic alloys, such as Al [10-12], Ti [13-15], Ni [16-18] and Cu [19-21] alloys. 

Within all alloy families, SS alloys such as SS316L have generated significant attention due to 

their compelling mechanical properties and excellent corrosion resistance [22-24]. However, the 

majority of the published studies have focused on process optimization [25, 26] and the correlation 

between microstructure and mechanical properties [27, 28]. 

A review of the literature revealed the superiority of LPBF SS316L mechanical properties over its 

wrought counterpart due to the unique microstructure [22, 29]. Nonetheless, due to the developed 

long columnar grains, studies have been conducted to eliminate the anisotropy through post-

processing heat treatments [25, 30-32]. The disadvantage of the applied heat treatment is observed 

in the reduction in hardness (HV) and TS due to the removal of the residual stresses, dissolution 

of cells, change in grain size and grain boundary density [25, 30-32].  
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The oxidation resistance of LPBF SS316L is another pillar behind its popularity, due to the alloying 

Cr allowing for the development of a protective 𝐶𝑟2𝑂3 oxide scale at an onset temperature between 

400 to 500 °C [33-38]. In addition, LPBF SS316L was shown to have slower oxidation kinetics 

than the wrought counterpart [22, 39-41].  

Support structures are commonly used during LPBF due to improvements in part thermal and 

geometric stability and limited cost reduction [42]. Studies have shown the high cost involved in 

the support removal process, nearly 50% at nine parts per build [42]. This presents a window into 

which the production cost of LPBF parts may be reduced significantly by developing protocols 

with reduced and supportless printing for overhang downward-facing surfaces.  

Initial studies reported the formation of coarser microstructure features at the support-less 

downward facing overhang surfaces (Downskin) [43-46]. This results in a mismatch in mechanical 

properties as reported by Kumar et al. [43] and Viale et al. [44]. 

While the outcomes of achieving excellent supportless printing may be of high interest to the LPBF 

industry, studies conducted on its effects has been limited to establishing the process parameter to 

achieve successful supportless printing [44] and the resultant dimensional tolerances and surface 

properties [45].  

1.2 Objectives 
 

Due to the inherent complexity of supportless low angle overhang printing, to date, no data in 

literature exists to delineate a potential mismatch in oxidation response of supportless LPBF due 

to the rise in difference in microstructure. Therefore, the present study aims to explore the 

relationship between the printing angle on AB and HT microstructure and the oxidation behaviour 

of a LPBF SS316 support-less structure. Particularly, this study has the following objectives: 
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1. To validate the ability to print supportless LPBF SS316L structure. 

2. To characterize the microstructure with relation to the printing angle in AB and HT conditions.  

3. To quantify the mechanical properties with relation to the printing angle in AB and HT 

conditions.  

4. To explore the oxidation behaviour with relation to the printing angle in AB and HT conditions.  

1.3 Thesis Layout 
 

The main body of this thesis is divided in five different chapters. The current Chapter 1 is served 

as an introduction to the background and the main objectives of the present thesis. Chapter 2 

provides an exploration of the available literature, starting with describing AM, LPBF, and the 

parameters that are involved in the process. Followed by common materials used in LPBF 

including SS316L and its microstructure, mechanical and oxidative properties. This chapter also 

reports a cost study on the LPBF process and the current knowledge regarding supportless printing. 

After displaying the need for supportless printing protocols, Chapter 3 presents the methodology 

used to achieve the objectives of this study. This chapter also previews the acquired results. 

Chapter 4 serves as a discussion of the results, and a comparison to pre-existing knowledge in 

literature. Finally, Chapter 5 presents the summery and conclusions of the study. Here, the author 

suggests areas for further developments and studies.   



 
7 

 

Chapter 2  Literature  
 

Traditional Manufacturing (TM), or Subtractive manufacturing (SM), refers to the manufacturing 

technologies in which martial is removed from its original form (billet or block) to achieve the 

desired net shape. The main four families of TM are turning, drilling, milling and laser cutting 

such as Computer Numerical Control (CNC) manufacturing. 

Another form of TM processes involves a mold and a metallic alloy in liquid state. Such processes 

fall under the umbrella of metallic casting, including but not limited to: sand casting, die casting 

and Injection molding. 

The Commonalities between all TM processes is the decrease in volume of starting part during the 

manufacturing process. Figure 1 presents a schematic of a TM process. Therefore, the clear issue 

that arises during TM is due to the inherent limitations in the complexity and customization of 

manufactured parts, coupled with significant waste material generated in the machining process 

[47]. 

 

Figure 1. A schematic of Traditional/ Subtractive Manufacturing (TM/SM) 

 

With regards to the limitations involved in TM processes, studies and long history of applications 

have shown three main areas that create drawbacks[48]: 
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• Production of high material waste 

Due to the nature of the TM processes, the production of a single unit creates large 

relative volume of waste material. 

In TM, the buy-to-fly ratio is typically used as a metric to measure the waste 

generated in a manufacturing process. A buy-to-fly ratio is the mass of the starting 

billet of material to the mass of the finished part. A typical ratio used in the 

aerospace industry is 10, meaning only 10% of the original starting material 

remains in the final part after the machining process [49]. 

• Ridged boundaries concerning design prototype 

In addition to the generated waste, the use of premanufactured tools within TM 

processes creates a limitation to modify the design of prefabricated tool parts. Thus, 

the is little to no ability to modify a design once a tool to manufactured [48]. 

• High cost for low to medium production volume 

Finally, due to the need of prefabricated tools, the initial expense is high, leading 

the production cost to decrease as a function of increasing production volume (i.e. 

decreasing cost-per-part). Therefore, for a TM process to be economically viable, a 

large volume of production is necessary [47]. 

In an effort to lower manufacturing cost of metallic parts and expand the manufacturing 

capabilities, AM was introduced in the 1960s [48]. Ever since, the AM field has gone through 

several waves of growth, expanding the limits imposed by TM. 
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2.1 Additive Manufacturing 
 

AM refers to a manufacturing process in which a geometrically complex structure is fabricated in 

a layer-by-layer form, using a 3D computer-aided-design (CAD) model data [50-52]. Figure 2 

presents a schematic of a basic AM process. In comparison to TM, studies have demonstrated that 

AM significantly improves material efficiency. Specifically, the buy-to-fly ratio was reduced from 

30:1 to nearly 3:1 [53]. 

 

Figure 2. A schematic of Additive Manufacturing (AM) 

 

In addition, Figure 3 presents the basic setup in which the 3D model data is transformed into a 

final physical part. In summary, the 3D model data is translated into a standard triangulate language 

(STL) format file, which is imported into an AM printer to dictate the printing process [51]. 
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Figure 3. The general steps in AM [50, 51]. 

 

The significant positive impact of the different AM processes is observed in several low-tolerance 

fields. The aerospace field benefits from lighter, intricate and highly optimized components, 

subsequently impacting the sustainability of the field as a whole [1-3, 54]. For the medical field, 

AM provides the benefits in the ability to fabricate patient-specific parts, leading to a cost-effective 

fabrication [4-7]. Overall, the advancements achieved via AM are due to the possibility of 

fabricating parts with increased complexity while minimizing waste material [5, 7].  

The advantages of AM technologies can be summarized through the following four points: 

• Material efficiency: In the metal AM sector, a reduction of up to 40% of raw material 

waste compared to TM is achieved due to the layer-by-layer building procedure [55]. 

In addition to 95-98% of non-melted metal powders can be recycled for future 

fabrications.  
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• Resource efficiency: Since AM processes do not need any additional resources, parts 

can be produced by small manufacturers, improving a part of the supply chain [56]. 

This allows for specialized applications such as jewelry and watch making [57, 58]. 

• Design flexibility: The nature of AM allows for a higher level of design freedom 

compared to TM. This freedom is not only limited to the geometrical aspect, but to the 

mechanical properties (i.e. a gradient of properties within a structure) [56]. 

• Production flexibility: Unlike TM, where molds and pre-fabricated tools are necessary, 

AM allows for the flexibility in applying design changes frequently. This property is 

advantageous to small/medium and short production volumes/cycles [59] 

Under the umbrella of AM, the American society for testing and materials (ASTM) has 

highlighted seven main categories, namely: material extrusion, material jetting, vat 

polymerization, sheet lamination, binder jetting, direct energy deposition and powder bed 

fusion [60-62]. The distinction between the seven categories arises within the form of the 

starting material (i.e. ceramics, plastics, metal powder or filament), the energy source (i.e. 

laser, electron beam or plasma arc), and the printing process itself [60-62]. Therefore, the 

commonality in all seven categories is the fabrication of the final desired part via the 

material deposition in a layer-by-layer progression [51].  

 

2.1.1 LPBF Process Overview 
 

From the seven main categories of AM processes, powder bed fusion (PBF) is a prominent 

technology in literature due to the ability to fabricate geometrically complex structures with 

excellent accuracy and exceptional design freedom [8, 9]. The PBF is a process that iteratively 
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utilizes a laser or electron beam to selectively melt and solidify a layer of powder to create a final 

structure. Figure 4 presents a schematic of the PBF AM process. Within the PBF process, the main 

components are the starting powder sitting in the powder reservoir, the recoating blade, a build 

platform and an energy source [63]. The PBF process begins with a coating blade spreading a 

uniform layer of powder on the build platform. Next, a focused high energy beam is rastered on 

the powder bed to melt and solidify the powder particles based on the imported CAD structure 

cross-section, concluding the first layer/iteration [60, 64]. The build platform is then moved 

downward, a height equal to that of the layer thickness, wherein a new layer of powder is layer on 

top of the first consolidated layer, and the energy beam is shined again to repeat the process [63]. 

 

Figure 4. A schematic of a powder bed fusion (PBF) AM process. 

 

Once the printing process is concluded, and printer is allowed to cool down to room temperature, 

the build platform is removed (including the fabricated structure on it) after the excess powder is 

removed [61, 63]. 
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Withing the PBF family, two subcategories exist, with the main difference in the energy source. 

Electron powder bed fusion (EPBF), or electron beam – PBF, is a technology that utilizes a focused 

electron beam to melt and solidify metal and alloy powders. Due to the nature of the energy source, 

the EPBF process requires a vacuum environment during manufacturing [60]. On the other hand, 

LPBF, commonly referred to as selective laser melting (SLM), is a PBF AM technology that 

employes high energy laser beams as an energy source. With LPBF, a vacuum is not required, 

however, inert gases such as Ar and He are used to minimize powder oxidation during the 

manufacturing process [65]. Ultimately, the LPBF process appears to be the dominant PBF process 

most commonly used in both literature and industry applications.  

 

Figure 5 presents a schematic visualization of the critical processing parameters of the LPBF 

process. 
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Figure 5. A schematic of the PBF printing parameters. 

 

Below is the description of the most critical processing parameters of the LPBF process [60, 61, 

63]: 

2.1.1.1 Scanning strategy 
 

A scanning strategy refers to the pattern and sequence used to build up a structure during an LPBF 

process. The selection of an appropriate strategy is of utmost importance as it controls the cooling 

time of melted layers and the overall properties of the built component [66]. An advantage of 

controlling the scanning strategy is the ability to control grain growth orientation and the final 

microstructural texture [67]. The effect on the scanning strategy is amplified once the build process 

goes from single to multi layer as the overlapping beads plays an essential factor in the cooling 

and solidification behaviours [66]. Studies by Su et al. [68] and Dewidar et al. [69] on the effect 
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of different scan strategies showed the direct effect between the selected strategy and the 

processing duration, deposited layer thickness, surface features, distortion and overall coherency 

of the build.  

Figure 6 presents a schematic of 3 common scan strategies employed in LPBF of various alloys 

[70, 71]. In all strategies presented in Figure 6, the scanning vector of consecutive layers is rotated 

by (a) 90°, (b) 45° and (c) 67°. The aim behind the selection of such strategies is to increase the 

homogeneity of the energy input and solidification behaviour [66, 71-73]. 

 

Figure 6. A schematic of common LPBF scanning strategies: (a) 90°, (b) 45° and (c) 67°. 

 

Kruth et al. [74] suggests that the type of scan strategy and part geometry plays a direct role in the 

induction of internal stresses due to the formed temperature gradient. The authors summarized the 

observations based on the scan area: (1) A small scan area yields short scan length leads to 

overlapping scans with short cooling time, ultimately leading to high temperatures of the 

component, (2) A large area on the other hand, provides extended cooling time due to long scan 

lengths, leading to lower temperatures. In the case of larger scan area, the lower temperature leads 

to poor wetting conditions and lower thermal gradient, resulting in poor material density [66, 74]. 
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Therefore, many studies were conducted on the effect of the scanning strategy and showed the 

ability to improve part density [75], surface quality [75, 76], wear resistance [77] and the 

elimination of entrapped gases [78] with the selection of the appropriate scan strategy [66]. 

Following are the most commonly discussed LPBF process parameters descriptions and effects on 

the final product: 

2.1.1.2 Scan velocity, laser power and layer thickness 
 

The scan velocity, laser power (i.e. laser energy input) and layer thickness are another set of 

parameters that are normally discusses in relation to each other in the LPBF processing parameters 

[66, 70]. 

Scanning velocity (m/s) is the velocity at which the laser beam moves along the lines of the 

scanning strategy [70]. This parameter is responsible for the interaction time between the input 

energy and the powder particles. Next, the laser power which dictates the laser energy input 

provides the heat to consolidate the powder particles on a powder bed. It determines the state of 

the recently consolidated particles, including sintering, melting and vaporization states 

respectively [66]. Finally, the layer thickness refers to the thickness of the powder layer place by 

the recoating blade during the printing process (Figure 5) [79].  

A combination of a low laser power and scanning speed leads to low energy density (ED: J/mm3) 

to form an adequate liquid phase, leading to poor densification of the fabricated part [66]. 

Combining high laser energy and low scan speed generates more heat at the powder bed, leading 

to significantly higher formation of liquid phase, resulting in improved densification due to the 

reduction of surface free energy [80]. Studies on the relationship between the laser power and scan 
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speed concluded that a carful control of the two parameters leads to improved densification 

through the reduction in liquid melt viscosity and surface tension [80, 81].  

Finally, the combination of low laser power, high scanning speed and large layer thickness also 

leads to low input ED in the powder bed [66, 82]. In fact, with this combination, the ED is low due 

to the low laser power in addition to the short interaction time as a result of high speed (fast 

moving) scanning. Ultimately, the combination of these three settings lead to a limited interaction 

volume, leading to a lack of wetting, flowing, spreading, introduction of balling phenomenon and 

limited contact between the meltpool and solidified substrate [66, 83].  

With regards to the layer thickness, a larger thickness leads to insufficient ED due to the large 

interaction volume, thus, low meltpool temperature, weak flow and balling phenomenon [83]. 

Although a larger thickness can generate a larger meltpool (with higher laser power), the simple 

distance between the meltpool and the solidified substrate leads to minimal contact area and 

adhesion of layers; in addition, melt track is reported to breakup due to the inability of small 

wetting areas to support larger meltpool [83]. Finally, layer thickness plays a direct role in the 

printing duration and part surface quality [66, 84]. Smaller thickness leads to longer build time and 

lower surface roughness, on the contrary, larger thickness leads to shorter build time and may cause 

stir-step effect, thus higher surface roughness [58, 84, 85]. 

2.1.1.3 Hatch distance 
 

Hatch distance (HD: µm) is the distance between the sequential laser tracks of the as the laser 

follows the scan strategy (Figure 5) [84]. A small HD increases the overlap between the formed 

meltpools, reducing the meltpool depth, leading to less bonding between consecutive layers [66, 

84]. However, a larger HD may not allow the meltpools to overlap sufficiently, resulting in 
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inadequate melting of the powder and porosity buildup [66, 84]. Nonetheless, studies on the effect 

of HD suggest the adjustment of HD to allow for 25% overlap between meltpools to eliminate the 

formation of pores and reduction in density [67]. 

2.1.1.4 Powder properties 
 

2.1.1.4.1 Particle shape & density 
 

The powder particle shape in another area of pre-manufacturing studies, as the shape of the particle 

dictates its flowability once a new powder layer is placed, the packing density and interaction with 

the energy source [66, 81, 86]. 

Irregular shaped powder particles, such as ones produced via water atomization for SS316L are 

regularly avoided in LPBF due to formed defects [87]. The defect caused by irregular powder 

particles are a result of inconsistent powder deposition (during recoating), ultimately due to low 

flowability and apparent density [88-90]. 

In addition, the shape of the powder and its apparent density have been shown to play a direct role 

in the absorptivity of a powder layer [91]. German et al. [92] reported that irregular powder 

morphology, characterized by high surface area per volume, has a tendency to absorb more thermal 

energy. A similar observation is reported by Tolochko et al. [93] and Yadroitsev et al. [91] where 

they report higher absorbance (A) for powder materials in comparison to bulk materials. The 

values were reported as follows: ATi bulk = 0.3, AFe bulk = 0.36, ACu bulk = 0.02 while ATi powder 

= 0.77, AFe powder = 0.64 and ACu powder = 0.59 at wavelength λ = 1.06 µm 
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Therefore, the typical powder feedstock in LPBF application consists of spherical shaped particles 

produced through atomization due to its satisfactory flowability, apparent density and final part 

density [86, 88]. 

 

2.1.1.4.2 Particle size distribution 
 

Particle size distribution (PSD) is a powder property that presents the particle size and their 

frequency; it is commonly reported as D10, D50 and D90 (µm) which corresponds to the size point 

below which 10%, 50% and 90% of the material is contained, respectively [94]. 

The PSD plays an important role in the determination of the powder packing density, flowability 

and the liquid phase condition [81]. With an uncontrolled PSD, complications such as balling, 

porosity, layer delamination and microstructural agglomeration may occur. Findings by Lumley et 

al. [95] reported that fine powders lead to the reduction in liquid quantity while coarse powders 

increased. Therefore, it is well established that a considerable difference in PSD may lead to 

segregation during the melting and solidification process [61]. Ultimately, the PSD can influence 

the chosen parameters of the LPBF process [66]. As an example, smaller sized SS316L powder 

yields near fully dense parts with a low energy beam intensity [96]. 

Typically, in a standard LPBF process, the powder presents spherical smooth morphology with a 

narrow range of particle size due to its improved flow, surface finish, hardness and mechanical 

properties [97]. 
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2.1.2 LPBF Materials 
 

The LPBF has been thoroughly studied on a wide variety of materials such as Al alloys for 

aerospace [10-12], Ti alloys for medical [13-15], Ni-based superalloys for jet engines and gas 

turbines [16-18] and Cu alloys for Defence [19-21] applications, respectively. 

When it comes to the compatibility of a metallic/alloy powder with the LPBF process, there are 

two important factors the powders must satisfy: (1) Good wettability: to prevent the formation of 

cracks during the re-solidification of the material (2) Powder morphology: the ability to obtain 

spherical powders with adequate PSD to achieve proper packing density and deposition 

homogeneity [98]. 

Due to the possible change in the parameters during a LPBF process, the microstructure developed 

may vary [81]. The relationship between the input ED (i.e. laser power) and interaction duration 

(i.e. scan speed & strategy) dictates the operating environment via the temperature gradient (G), 

solidification velocity (R) and cooling rate (CR) [81, 99]. The following, equation 1, presents the 

relationship between G, R and CR [81] : 

𝑑𝑇
𝑑𝑡⁄ = 𝐺 × 𝑅     Eq (1) 

Steen et al. [99] reported that increasing the G/R ratio leads to the gradual change from dendritic 

to cellular solidification regime; consequently, to planer growth. On the other hand, higher cooling 

rate results in finer microstructure through greater undercooling [81, 99]. Figure 7 presents a 

visualization of these findings. Therefore, several studies concur on the control of the resultant 

microstructure type and scale through the G, R and CR parameters [100-102]. 
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Figure 7. A schematic of the relationship between the temperature gradient (G), growth rate (R) and 

cooling rate (CR) on the resultant microstructure. Reproduced from [103]. 

 

 

Due to the range of G and R values during the LPBF process, thermal gradients (G) from the 

meltpool to the building substrate (heat escape path) results in a microstructure that resembles long 

columnar grains with a growth direction parallel to that of the build direction (BD) [62, 66, 70, 

81]. As a result, anisotropy in mechanical property arise [60]. Common strategies used to overcome 

anisotropy include post-processing heat treatments and the adjustment of the scanning strategy 

[104-106]. Although heat treatments may eliminate the anisotropy produced by the long columnar 

grains by recrystalizing the matrix, the advantages of the fine LPBF structure may be dampened 

[107, 108]. Therefore, studies on the relationship between the scanning strategy and anisotropy 
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report that the scan strategy such as the 67° (Figure 6(c)) has been shown to inhibit the columnar 

grain growth while maintaining the favourable fine microstructure [70].  

 

2.1.2.1 LPBF of SS316L 
 

Within all families of metals used in LPBF, steels are frequently used in LPBF applications across 

a wide array. More specifically, LPBF of austenitic SS316L has generated significant attention due 

to its favourable mechanical properties, low density and excellent corrosion resistance [22-24, 60]. 

LPBF SS316L structures are utilized in several sectors, with applications in the marine, aerospace, 

energy and biomedical industries [109]. Table 1 presents the range of process optimization 

parameters typically used in literature. 

Table 1. LPBF SS316L process optimization parameters. 

Process 

Optimization 

Layer Thickness 20 - 60 µm 
[25, 110, 

111] 
Scanning Speed 90 - 160 mm/sec 

Density 65 - 99.9% 

 

2.1.2.1.1 Microstructure and Mechanical Properties 
 

Table 2 presents typical characteristics and properties resulting from the process optimization. 

Table 2. LPBF SS316L microstructure and mechanical properties. 

Microstructure and 

Mechanical 

Properties 

Cell Size 0.2 - 1 µm [26, 27, 

111-114] Hardness 172 - 282 HV 

Tensile Strength 495 - 650 MPa [111, 115, 

116] Elongation 24 - 43.5% 

 



 
23 

 

An average LPBF SS316L microstructure is comprised of meltpools, columnar grains and cellular 

sub-grain structure [111]. LPBF of SS316L shows improved mechanical properties compared to 

its wrought counterpart [22, 29], which is attributed to the smaller cell structure developed during 

the rapid melting and re-solidification events. The cellular sub-structure presents high density of 

dislocations, therefore, creating an obstacle for dislocation movement; Thus improving mechanical 

properties [111]. 

Despite geometrical complexity is achievable with AM processes, as discussed previously, 

anisotropy associated with long columnar microstructure presents a challenge for high-

performance industries [103, 117]. Pitrmuc et al [118] reported differences in YS, UTS and 

elongation of LPBF manufactured parts as a function of the applied load direction. The authors 

reported a 20, 9, and 2% difference in YS, UTS and elongation, respectively, between horizontally 

and vertically built samples. Similarly, Tucho et al. [26] reported a 14% reduction in hardness at 

the cross-section (transverse) surface compared to surfaces perpendicular to the building direction. 

HT are known to mitigate these differences [31, 116, 119]. 

 

2.1.2.1.2 Post-Manufacturing Treatments 
 

In efforts to improve the overall mechanical properties and the elimination of anisotropy, several 

publications have explored the effect of heat treatments on LPBF SS316L [25, 30-32]. The findings 

suggested recrystallization occurring between 1000 – 1200 °C [120-123] and resulting in a grain 

size ranging between 15 and 80 µm [25, 31, 32]. Minimising anisotropy through recrystallisation 

and grain growth however leads to a reduction in hardness and tensile strength (up to 27 and 48 % 

respectively) compared to as-build state due to the removal of the residual stresses, porosity, 

dissolution of cells, change in grain size and grain boundary density [25, 30-32, 124].  
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2.1.2.1.3 Oxidative performance 
 

Oxidation resistance is another key property of SS316L ascribed to the Cr facilitating the 

development of a 𝐶𝑟2𝑂3 oxide scale [33-37]. Vesel et al. [38] reported oxidation onset temperature 

of LPBF SS316L to be between 400 to 500 °C. Most oxidation works were conducted on vertically 

built samples between 700-1100°C and for durations of up to 500 hrs. The findings agree with 

parabolic oxidation kinetic laws and slower oxidation kinetics than the wrought counterpart [22, 

39-41]. The reported chemical composition of the scales was consistent between the different 

works, resulting in 𝐹𝑒2𝑂3 , 𝐶𝑟2𝑂3 , 𝐶𝑟2𝐹𝑒𝑂4 and 𝐶𝑟2𝑀𝑛𝑂4 oxides development [22, 39-41].  

 

2.1.3 The Economics of LPBF  
 

The advantages of LPBF over TM is its ability to reduce lead time, labor and material cost [48]. 

However, these advantages are only significant in low – medium production volumes due to the 

incremental increase in used powder material during larger productions [125].  

During a LPBF process, depending on the printed structure, a significant volume of the powdered 

material remains and is removed and collected at the end of the process to be recycled and reused 

[126]. The particle shape, PSD, surface morphology and composition are all important factors in 

the production of high quality and fully dense LPBF structures [126, 127]. Therefore, 

understanding the effect of powder reuse and storage is of upmost importance. These observations 

are not special to reactive metallic powders only, as the presence of the slightest oxidation strongly 

effects the resultant properties [128].  
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Despeisse and Ford [129] investigated the efficiency and sustainability aspect of AM processes. 

Their findings report that for metal AM processes such as LPBF, 95 – 98 wt.% of used powders 

may be recycled, therefore minimizing the material loss and improve the efficiency of the process 

[129]. However, powder degradation may occur due to the process environment and thermal cycles 

[126]. Studies on several metallic powders have shown that for reused powders, although the 

powder characterization are similar to that of the virgin powder, the microstructural and 

mechanical properties of final parts are scattered [126, 130]. The mechanical properties in specific 

have been shown to improve, decrease or be unaffected by the reuse of the powder material [130]. 

Studies by Slotwinski et al. [131] and Sartin et al. [132] concur on the increase of the SS316L PSD 

reused powder as the number of reuse cycles increased. Although the level of increase is material 

dependent due to the interaction with the laser, Ardila et al. [133] reported that for Inconel 718 

powders, the increase in PSD was very minimal up to the seventh cycle. However, a shift in the 

rate of increase in the PSD value was observed between the seventh and fourteenth cycle.  

Nonetheless, due to the complexity of the LPBF process and the several parameters to control, 

there is yet to have a concrete understanding of powder characterization and the degradation 

associated with the recycling of powders [126]. The presence of powder degradation limits the use 

of recycled powders to moderate applications as more complex applications such as ones in 

medical industries may not tolerate the negative impact on mechanical properties [61]. Therefore, 

limiting the ability to optimize cost effectiveness of LPBF process through material recycling. 

2.1.3.1 LPBF Support Structure Cost Studies 
 

Another approach in which cost optimization is approached is by optimizing the supports 

production and removal in LPBF parts [42, 60]. During the manufacturing process, downward-
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facing surfaces of overhang structures are said to be self-supported at angles of 45° or higher (with 

respect to the horizontal axis) [134]. Therefore, low-angle (<45°) downward facing overhang 

surfaces require support structures to avoid geometric distortion, increased surface roughness and 

heat accumulation [134, 135]. The current works in literature regarding supports in LPBF generally 

fall in one of three categories [135-140]:  

1. Part cooling: 

Supports structures play an important role in the conduction of heat from the meltpool to the 

substrate plate, thereby reducing the residual stresses developed through a stable thermal 

condition [135, 141]. A study by Kajima et al. [142] on Co-Cr-Mo LPBF structures printed at 

45° angle reported the differences in microstructure and mechanical properties of the structure 

with and without supports. Supported samples presented fatigue strength twice larger than that 

of unsupported samples, as well as lower residual strain. These findings were attributed by the 

author to the finer grains of the and less defects and microcracks in the fracture surface of the 

supported sample [142]. A thermal simulation study by Chen et al. [143] on supported and 

unsupported overhang structures showed that supported structures presented with a lesser 

thermal gradient resulted in lower residual stress. This behaviour is attributed to the low 

thermal conductivity of the powder (AlSi10Mg powder: 8 W/mK) compared to consolidated 

supports (AlSi10Mg powder: 90 W/mK) [143]. 

 

2. Geometric stability:  

Part warping and distortion are two geometric failures that may be eliminated in LPBF with 

the use of proper support structures [135]. Liu et al. [144] reports a reduction in warping levels 

with the use of higher concentration of supports near the start and end of laser scans. On the 
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other hand, Kruth et al. [74] points out that higher support concentration leads to longer build 

times and complex support removal process. Yet, Pinto et al. [145] showed that a low support 

concentration leads to in-process failure as a result of increased possibility of particle clustering 

during initial layers. This observation led to the suggestion by Pal et al. [146] to optimize the 

interaction between the induced meltpool and the supports structures. Reducing the scan 

velocity reduces powder clustering is reported in LPBF Ti-Al6-V4 and SS316L [145, 146]. 

 

3. Cost reduction: 

Finally, the use of supports, instead of a solid bulk, decreases the overall cost through the 

lowered volume of consolidated powder used and the post-processing operations [135]. With 

the steady maturing of the LPBF technology, support generator software such as Sunata (Atlas 

3D, Plymouth, IN), Magics (Materialize, Michigan, USA) and 3DXpert (3DXpert, Rock Hill, 

SC) were developed to allow user control over geometrical parameters of support structures 

[135]. Parameters such as support wall thickness and gap. 

Ultimately, by optimizing the support strategy, a cost reduction per part is achieved through 

lowering material used and post processing (support removal) [135]. 

 

2.1.3.1.1 LPBF Support-less Printing  
 

As a result of the use of supports in LPBF, support removal post-processing steps are required to 

achieve the net-shape part. Since the fabrication of complex internal features one of the main 

advantages of LPBF, the removal of internal supports presents an expensive, time-consuming 

challenge [60, 135].  
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To highlight the economic impact of support removal post-process, Figure 8 presents the cost 

contribution of the design, manufacturing and support removal processes of overall support 

structure cost, as reported by Bartsch et al. [42]. The figure highlights that for a small number of 

parts, the manufacturing cost dominates the total cost of support structures. Nonetheless, with the 

increase in the number of parts built per job, the supports removal process becomes increasingly 

significant [42]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, establishing economically viable business cases for LPBF has driven the field to 

develop protocols with reduced supports and/or supportless printing for overhang structures 

Figure 8. The cost contribution of the design, manufacturing and support removal 

processes to the overall support structure cost. Adapted from [42]. 
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(downward-facing surfaces). Supportless printing, however, results in a local mismatch in 

microstructure compared to the bulk through the formation of a downskin [43-45]. The formation 

of downskin has only been recently explored due to the inherent complexity of supportless low 

angle overhang printing. The downskin is described as the formation of enlarged microstructure 

due to the heat accumulation at the substrate/powder interface [46]. The rise of distinct 

microstructure within the downward facing surfaces therefore results in a mismatch in mechanical 

properties between the bulk and downskin as reported by Kumar et al. [43] and Viale et al. [44]. 

Investigating the microstructural and mechanical properties of internal support-free IN625 LPBF 

parts, Kumar et al. [43] reported a have shown a downskin layer (300-500 µm thickness) of 

coarsened microstructure seven times larger than that of bulk surfaces, in addition to 21% drop in 

microhardness values at downskin surfaces compared to that of the bulk. The difference in 

microstructure may impact the component surface behavior during service, particularly in 

oxidation. 

Nonetheless, studies conducted on the effects of LPBF supportless low-angle overhang printing 

has been limited to establishing the process parameter protocols for successful support-free 

printing [44] and its effects on dimensional tolerances and surface properties [45].  
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Chapter 3  Research Methodology and Results 

3.1 Materials, Instruments and Experimental Procedure 

3.1.1  Materials  

3.1.1.1 SS316L Powder 
 

Gas-atomized SS316L powder, sourced from Renishaw (UK), was used to fabricate the inverted 

hemispherical shaped part, name therein domes. Table 3 presents the composition of the powder 

as per the certificate of conformity provided by the supplier. Figure 9 presents a SEM micrograph 

of the starting powder showing mainly a spherical morphology with a few satellites. 

Table 3. The chemical composition of the starting SS316L powder. 

Elements Fe Cr Ni Mo Mn Si C N 

Composition (wt%) Balance 17.7 12.6 2.3 1.1 0.62 0.02 0.09 

 

 

Figure 9. SEM micrograph of the starting SS316L powder. 
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3.1.1.2 Particle Size Distribution Analysis 
 

The PSD was measured using the LA-920 Horiba laser particle size analyzer. The principal 

diameters D10, D50 and D90 are 23, 34, and 51 µm, respectively. 

 

3.1.2 LPBF System  
 

Support-free domes of 10, 15 and 20 cm in diameter and 3 mm in wall thickness were fabricated. 

The domes were printed using a Renishaw AM250 equipped with a 200 W Nd: YAG laser. To 

avoid oxidation of the parts during printing, the process was conducted in an Ar atmosphere and 

an oxygen content below 300 ppm was maintained during the printing process. The scanning 

strategy consisted of a 67-degree rotation per layer, while the printing layer thickness was 30 µm. 

 

Figure 10(a) presents a picture of the printed parts, while Figure 10(b) shows the CAD with the 

locations where the samples were extracted for analysis. In the present study, only the results of 

the 20 cm dome will be described to avoid redundancy, as they represent the most critical scenario 

of the three printed domes. Figure 10(c) closely presents the four locations of interest that are the 

(a, c) inner and (b, d) outer sides of the sections for printing angles of 90 (vertical printing) and 0° 

(horizontal printing). The following nomenclature: 90° inner, 90° outer, 0° upskin and 0° downskin 

will be used therein.  
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Figure 10. (a) Picture of the printed domes, (b) CAD representation of the printed domes showing the 

sample extraction and (c) four locations of interest for this study. 

 

3.1.3 Sample Preparation 
 

3.1.3.1 Sample Extraction 
 

Sections of the domes were extracted from the built plate using a conventional band saw. The 

further sectioning of the specimen was performed using a Buehler Abrasive saw.  

 

3.1.3.2 Heat Treatment  
 

Two conditions were studied for these four locations: AB and HT. The heat treatment was full 

annealing, consisting of a soak at 1050°C for 1 hour followed by uncontrolled furnace cooling. 

The heat treatment was conducted in an MRF (Model: F-14x14x14-MM-1600-VT-G-HMI) 

furnace, reaching vacuum pressure levels of 10−6 Torr.  

 

3.1.3.3 Oxidative Treatment 
 

The AB and HT samples were oxidized in a Lindberg/Blue (BF51800) box furnace at 900 °C for 

100 hours in dry air, followed by furnace cooling. The samples were inserted at room temperature 
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prior to heating to the set temperature. In order to understand the effect of the grain size on the 

developed scale thickness, one sample was heated to the oxidation temperature (900°C) in the 

same conditions. Upon reaching the temperature, the furnace was immediately turned off (no dwell 

time) to let the sample to cool. This sample will be referred to as T0 oxidation sample. 

 

3.1.3.4 Mounting and Polishing 
 

The sample preparation involved mounting in Technotherm 3000 resin, followed by grinding up 

to 800 grit sic abrasive paper and standard polishing using diamond suspensions of 9 μm, 3 μm 

and 1 μm. A Vibromet 2 was used to perform the final polishing step with 0.05 μm colloidal silica 

suspension. 

 

3.1.3.5 Etching 
 

In order to conduct a microstructural analysis of the surfaces of interest, an electrochemical etching 

process was used to revealed the developed microstructure. The electro-etching procedure was 

done with the samples submerged in a solution of 10% oxalic acid at 3V for 25-30 s. 
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3.1.4 Microstructural Characterization 

3.1.5.1 Secondary Electron Microscope  
 

A Hitachi SU3500 SEM was used for higher magnification analysis of the etched microstructure 

present in the AB state. In addition, the SEM was used to capture the T0, and oxide scales 

developed in the AB and HT conditions. With all collected micrographs, ImageJ software was used 

to measure the different microstructural features. 

3.1.5.2 Optical Microscopy 
 

A Keyence VHX 5000 digital light optical microscope (OM) was used for optical imaging of the 

HT etched surface. Similarly, ImageJ software was used to measure the different microstructural 

features. 

 

3.1.5.3 Electron Backscatter Diffraction  
 

To further understand the effect of the applied heat-treatment on the matrix, electron backscatter 

diffraction (EBSD) analysis was conducted to analyze the grain morphology and crystallographic 

texture. The EBSD maps were obtained at 15 kV and 3 μm step size, where the indexing rates were 

kept above 85% throughout the EBSD map. 

 

3.1.5.4 X-Ray Diffraction  
 

After the applied oxidative cycle, the samples were analyzed via x-ray diffraction (XRD) in order 

to identify the developed phases during oxidation. The present phases were identified using a 

Bruker D8 Discovery X-Ray diffractometer (Germany) equipped with a Cobalt (Co) anode (Kα1 
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wavelength, λ = 1.7890 Å). The diffraction data was acquired between 2θ values of 35° and 95° 

on three frames using 200s/frame. The Crystallography Open Database (COD) was used for peak 

identification. 

 

3.1.5.5 Energy dispersive X-ray spectroscopy 
 

To further understand the structure in which the oxide scale is developed, chemical mapping of the 

oxide scale was done using Energy dispersive x-ray spectroscopy (EDS) analysis. For chemical 

identification, Oxford’s Aztec data acquisition was used. 

3.1.5 Mechanical Property Characterization  

3.1.6.1 Microhardness Testing 
 

Vickers microhardness measurements were acquired on a Clark CM-100AT (Sun-tec, USA) 

automated microhardness indenter using a 200-gf load and 15 s dwell time. The reported 

measurements are an average of 6 indents. Figure 11 presents the microhardness testing strategy 

used in the present study. For all surfaces, the indents were set at equidistant from each other. 

However, considering the irregularity and roughness of the downskin surface, the indents were 

adjusted to maintain 150-200 µm away from the edge of the sample.  
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Figure 11. Microhardness testing strategy used in the present study 
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3.2 Results 

3.2.1 Microstructural and Mechanical Characterization 

3.2.1.1 As Built Condition 
 

Figure 12 presents SEM micrographs showing the etched AB microstructure of the (a) 90° inner 

surface, (b) 90° outer surface, (c) 0° upskin and (d) 0° downskin locations, respectively.  

 

Figure 12. AB microstructure of the (a) 90° inner surface, (b) 90° outer surface, (c) 0° upskin and (d) 

0° downskin. 

 

Table 4 presents the cell size measured for the four locations. Regarding the vertical inner and 

outer locations, the cell sizes were 0.76 ± 0.07 and 0.71 ± 0.10 µm, respectively. The student T-

test suggested that for a p<0.05, the two populations of cell size are similar. Unlike the vertical 

section, the horizontal section contains two distinct microstructure length scales corresponding 

with the upskin and downskin. The cell size observed in the upskin section was 0.69 ± 0.09 µm 
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while a dendritic structure with a size of 3.19 ± 0.20 µm was measured for the downskin. The 

student T-test suggested that for a p<0.05, the two populations are different. Upon closer 

examination of the downskin microstructure presented in Figure 12(d), the presence of secondary 

dendrite arms is observed, measuring 0.99 ± 0.18 µm. 

Table 4. Cell size and microhardness measured from the different locations of the AB dome 

Location Surface Measured Feature Cell size (µm) Cooling Rate (k/s) Microhardness  

90° wall 
Inner PDAS 0.76 ± 0.07 1.36 × 106 247 ± 6 

Outer PDAS 0.71 ± 0.10 1.65 × 106 246 ± 4 

0° location 
Upskin PDAS 0.69 ± 0.09 1.80 × 106 239 ± 4 

Downskin 
PDAS 3.19 ± 0.20 1.74 × 104 

225 ± 3 
 SDAS 0.99 ± 0.18 1.81 × 104 

 

Table 4 presents the microhardness data for the four studied locations, and the results are 247 ± 6 

HV for the 90° inner, 246 ± 4 HV for the 90° outer, 239 ± 4 HV for the 0° upskin surface 225 ± 3 

HV for the 0° downskin surfaces, respectively. Due to the formation of a coarser solidification 

structure, the microhardness value drops by an average of 14 – 22 HV (6 – 9%) between the 

vertical/0°upskin locations and the 0° downskin location. 
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3.2.1.1.1 Electron Backscatter Diffraction Analysis 
 

EBSD analysis was carried out to better understand the microstructure of the AB state. Figure 13 

presents EBSD inverse pole figure (IPF) maps of the AB (a) 90° inner, (b) 90° outer, (c) 0° upskin, 

and (d) 0° downskin surfaces, respectively. In addition, the pole figure (PF) maps of the IPF maps 

are plotted for [1/00], [/110] and [1/11] planes along the build direction are also shown. The red 

and blue colors within the PF represent the maximum and minimum intensity of the multiple 

uniform densities (MUD). 

Using the EBSD micrographs presented in figure 23, the grain size of the AB bulk (Figure 13(a, b 

and c)), transition (Figure 13(d)) and downskin locations (Figure 13(d)) are measured at 26 ± 3 

µm, 35 ± 15 µm and 11.5 ± 5 µm respectively. 

Figure 13(d) focuses on the 0° downskin location, where three regions can be identified, all 

presenting a different microstructure. The upper section of the micrograph presents a 

microstructure and texture similar to that of the bulk and the other three studied locations i.e. 

inner/outer/upskin. The grain size of the AB bulk measured from Figure 13(a, b and c) and the top 

section of Figure 13(d) is at 26 ± 3 µm with a grain aspect ratio (AR) of 2.5 ± 0.3. Closer to the 

surface, a transition region emerges, exhibiting a microstructure which is neither that of the bulk 

or the downskin due to the increased heat extraction (compared to the downskin) through the 

previously consolidated layers. The grain size of the transition region is measured at 35 ± 15 µm, 

with AR of 2.5 ± 0.9. Finally, the last region called DS is the initial 250 - 300 µm from the outer 

surface, the observed texture resembles equiaxed grains, with grain size of 11 ± 5 µm and an AR 

of 1.4 ± 0.3. This equiaxed texture arises due to the unique combination of temperature gradient 

(G) and solidification velocity (R), leading to extended solidification time. 



 
40 

 

 

Figure 13. The EBSD map (IPF-Z) of the four AB locations of interest. From left to right, the PF are 

corresponding to the [100], [110] and [111] planes along the build direction. 
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3.2.1.2 Heat Treated Condition 
 

Figure 14 displays optical microscopy micrographs presenting the etched HT microstructure at 

different locations: (a) 90° inner, (b) 90° outer, (c) 0° upskin, and (d) 0° downskin surfaces, 

respectively. The heat treatment process causes the transformation of the long columnar grain 

structure in the AB state into larger grains with random orientations through solutionization and 

recrystallization. Table 4 presents the grain size measurements for the four analyzed locations. 

 

Figure 14. Etched HT microstructure of the (a) 90° inner surface, (b) 90° outer surface, (c) 0° upskin 

and (d) 0° downskin surfaces. 
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Table 5. Grain size and microhardness measured from the different HT locations of the dome. 

Location Surface Grain size (µm) Microhardness 

90° wall 
Inner 30 ± 3 188 ± 4 

Outer 31 ± 3 183 ± 3 

0° location 
Upskin 33 ± 2 181 ± 4 

Downskin 26 ± 3 195 ± 3 

 

Regarding the locations depicted in Figure 14, the grain size for the HT 90° inner, 90°outer, 0° 

upskin and 0° downskin regions measured 30 ± 3, 31 ± 3, 33 ± 2 and 26 ± 3 µm, respectively. The 

one-way ANOVA test for p<0.05 suggest that the grain size measurements for the vertical and 

upskin HT locations (Figure 14(a, b and c)) were statistically similar while the downskin location 

(Figure 14(d)) presents a statistically smaller grain size. When compared to the AB condition, the 

HT microstructure has experienced a slight grain growth, where the grain size increased from 26 

microns to 30-33 microns for the 90° inner, 90°outer, 0° upskin. Grain growth occurred in the 

downskin region, increasing from 11 to 26 microns. 

Microhardness testing was performed to investigate the effect of the heat treatment on the local 

mechanical properties. Table 5 presents the microhardness data for the four studied locations, and 

the results are 188 ± 4 HV for the 90° inner, 183 ± 3 HV for the 90° outer, 181 ± 4 HV for the 0° 

upskin and 195 ± 3 HV for the 0° downskin surfaces, respectively. The one-way ANOVA test for 

p<0.05 suggests that the microhardness measurements for all three bulk HT locations 

(vertical/upskin locations) were statistically similar. While for the downskin location, similar to 

the trend observed in the AB condition, the microhardness measurement presents a different range 

post heat treatment compared to the bulk locations. In the AB condition, the microhardness 

observed in the downskin is less than that of the bulk. However, post heat treatment, the 
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microhardness measurement in the downskin location is larger than that of the bulk. In comparison 

to the AB condition, the mean microhardness value across the bulk locations post heat treatment 

is 184 ± 4 HV, approximately 60 ± 1 HV (28%) lower than that of the AB state. While for the 

downskin location, the microhardness value is approximately 30 ± 1 HV (14%) lower than that of 

the AB state. The drop in microhardness measurement value follows the relationship established 

by the Hall-Petch effect. 

 

3.2.1.2.1 Electron Backscatter Diffraction Analysis 
 

To better understand the effect of the heat treatment, the microstructure was characterized by 

EBSD analysis. Figure 15 presents an EBSD map of the HT (a) 90° inner, (b) 90° outer, (c) 0° 

upskin, and (d) 0° downskin surfaces, respectively. The effect of the heat treatment can be seen in 

terms of larger and randomly oriented grains. Unlike in the AB state, where the MUD value was a 

maximum of 3.28, after the heat treatment, the MUD value for the bulk locations remained at and 

under 2.90; Suggesting an increased level of randomness of the texture. From Figure 15(b), 

although the gains at the bulk of the sample are observed to be semi-equiaxed and randomly 

oriented, grains closer to the surface are seen to sustain the long columnar along the build direction. 

A similar observation can be made with maps presented in Figure 15 (a, c and d). These 

observations suggest insufficient temperature and time elapsed to induce a uniform 

recrystallization throughout the samples. 
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Figure 15. The EBSD map (IPF-Z) of the four HT locations of interest. From left to right, the PF are 

corresponding to the [100], [110] and [111] planes along the build direction. 
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3.2.2 AB vs. HT Oxidation Response 
  

To understand the microstructure evolution during the oxidation process, the microstructure of the 

sample corresponding to a heating in Ar up to 900 C followed by immediate cooling and without 

any exposure to air was first investigated to evaluate if any microstructure change is occurring 

during the ramp-up. Figure 16 presents the SEM micrographs of (a) the upskin (representing the 

bulk) and (b) the downskin microstructure. The cellular microstructure remained for both locations 

despite the heating. The calculated PDAS was 0.68 ± 0.03 and 3.24 ± 0.38 µm for the bulk and 

downskin, respectively. The student T-test suggested that for a p<0.05, the populations of cell size 

in the AB and T0 conditions are similar for both the bulk and downskin PDAS values. 

 

  

Figure 16. Etched T0 microstructure of the (a) Bulk and (b) Downskin surfaces. 
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3.2.2.1 X-Ray Diffraction 
 

Figure 17 presents the XRD spectra of the oxide scales developed on the (a) AB and (b) HT 

samples after 100 hours at 900°C in a dry air environment. The XRD results show that for the four 

locations, regardless of the sample condition, the developed scales are composed of the same oxide 

stoichiometries, which are 𝐹𝑒2𝑂3 (PDF: 04 − 006 − 6579), 𝐶𝑟2𝑂3 ( PDF: 04 − 025 −

2779), 𝐶𝑟2𝐹𝑒𝑂4 (PDF: 04 − 016 − 4072) with a minor presence of 𝐶𝑟2𝑀𝑛𝑂4 (PDF: 04 − 002 −

1873). 

 

Figure 17. The (a) AB and (b) HT XRD spectra at the four locations of interest. 
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3.2.2.2 Energy dispersive X-ray spectroscopy Analysis 
 

Chemical mapping using EDS was performed to understand the layering of the oxides in the scales. 

Figure 18 presents respectively a BSE micrograph with the chemical maps for O, Fe, Cr, Mn and 

Si for the AB (a) 90° inner, (b) 90° outer, (c) 0° upskin (d) 0° downskin and HT (e) 90° inner, (f) 

90° outer, (g) 0° upskin (h) 0° downskin surfaces, respectively. The chemical distribution suggests 

a two-layer oxide scale evolution for all samples, either in the AB and HT states. The inner and 

outer layers are identified as Cr2O3 and Fe2O3 oxides, matching the XRD results presented in 

Figure 17. The EDS micrographs presented in Figure 18 also reveal specific regions where oxygen 

diffuses inwards beyond the formed oxide scale (indicated by red arrows). These linear features 

correspond to the grain boundaries in the material. Upon closer examination of the Fe and Cr EDS 

maps depicted in Figure 18, Fe depletion region following the grain boundaries is evident. 

Additionally, a slight reduction in Cr intensity can also be observed with these grain boundary 

regions. 
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Figure 18. BSE (left) and EDS (right) analysis results presenting the oxide layer micrograph and 

composition at AB (a) 90° inner surface, (b) 90° outer surface, (c) 0° upskin, (d) 0° downskin and HT 

(e) 90° inner surface, (f) 90° outer surface, (g) 0° upskin, (h) 0° downskin. From left to right, the EDS 

chemical maps correspond to O, Fe, Cr, Mn and Si respectively. 
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3.2.2.3 Oxide Scale Thickness  

 

The oxide scale thickness was measured at the four AB and HT locations, providing beneficial 

insights into the oxidation resistance of the four surfaces. Table 6 presents the oxide scale thickness 

at the four locations in the AB and HT state. For the AB state, the average measured oxide thickness 

for the 90° inner, 90° outer, 0° upskin, and 0° downskin surfaces are 3.4 ± 1.2, 3.9 ± 1.7, 3.8 ± 2.2, 

and 3.8 ± 1.8 µm, respectively. The one-way ANOVA test suggests that for a p<0.05, the oxide 

scale thickness developed at the four AB surfaces is similar. On the other hand, for the HT state, 

the average measured oxide thickness for the 90° inner surface, 90° outer surface, 0° upskin, and 

0° downskin surfaces are 7.7 ± 3.3, 8.1 ± 2.1, 8.1 ± 1.8 and 7.1 ± 2.1 µm, respectively. The one-

way ANOVA test suggests that for a p<0.05, the oxide scale thickness developed at the four HT 

surfaces is similar. This observation is attributed to the grain structure being in the micron-size and 

without the cellular structure post-HT. 

 

Table 6. The oxide scale thickness measured at the four locations in AB and HT conditions. 

Location 
Oxide scale thickness (µm) 

As Built (AB) Heat Treated (HT) 

90° inner 3.4 ± 1.2 7.7 ± 3.3 

90° outer 3.9 ± 1.7 8.1 ± 2.1 

0° upskin 3.8 ± 2.2 8.1 ± 1.8 

0° downskin 3.8 ± 1.8 7.1 ± 2.1 
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Chapter 4  Discussion 
 

4.1 Microstructural and Mechanical Characterization 
 

4.1.1 As Built Condition 
 

The four micrographs presented in Figure 12 displayed a typical cellular solidification sub-

structure developing during LPBF of SS316L [23, 24, 113, 115, 147]. The averaged reported PDAS 

measurement in literature ranges between 0.3 and 0.9 µm [26, 27, 111-113, 134]. Therefore, the 

values reported in Table 4 for the 90° inner, outer and 0° upskin fall within the reported range. 

However, the downskin surface presented larger PDAS values in addition to the observed SDA 

formation. Ultimately, the formation of a dendritic structure (> 1 µm) at the downskin of a 

supportless structure is consistent with those reported by Viale et al. [44].  

A similar trend is reported in a study conducted by Kumar et al. [43] who investigated the 

microstructural and mechanical properties of internal support-free IN625 LPBF parts. The authors 

reported a seven times larger values of PDAS in the downskin compared to the bulk; In addition 

to approximately 21% drop in the microhardness measurement in the supportless downskin 

location. 

Figure 19 presents the Hall-Petch relationship of the measured microhardness and PDAS values, 

graph that is augmented with points from literature for comparison [27, 111-114]. The 

microhardness values obtained in the current study (Table 4) fall within the values reported in the 

literature, ranging between 210 and 280 HV [27, 111-114]. The microhardness of the bulk locations 

is higher in comparison to the downskin due to the higher grain boundary density and the cellular 

dislocation network which is stabilized during loading through the slight disorientation between 



 
51 

 

the developed cells [27, 144, 148-150]. Studies presenting different PDAS such as Sun et al. [112] 

and Wang et al. [27] show a clear relationship between the PDAS and the measured microhardness 

value. As the measured PDAS increases, the microhardness decreases; following the Hall-Patch 

relationship. 

 

Figure 19. Microhardness as a function of the reciprocal of the PDAS for AB condition. Values from 

literature are plotted for comparisons. Note: the downskin point has been plotted using the PDAS value. 

 

4.1.1.1 Estimation of Cooling Rate 
 

To get an understanding of the solidification conditions, two approximation methods are used for 

the bulk and the downskin, respectively. The corresponding cooling rate associated with the 

measured PDAS values was calculated using Equation (2): 

𝑑 = 𝑎𝜖−𝑏     (Eq.2)  
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where d is PDAS (µm), ε represents the cooling rate (k/sec), and a and b are constants. Specifically, 

for SS316L, the two constants are: 𝑎 = 80𝜇𝑚(𝑘/𝑠) 𝑎𝑛𝑑 𝑏 = 0.33 [151]. For the bulk locations 

(inner/outer/upskin), the average calculated cooling rate is 1.58 × 106 k/sec. For the downskin 

location, the calculated cooling rate is 1.74 × 104 k/sec. The summery of the calculated cooling 

rates is presented in Table 7. 

 

Table 7. The measured cooling rate at each of the four AB locations. 

Location Surface Measured Feature Cooling Rate (k/s) 

90° wall 
Inner PDAS 1.36 × 106 

Outer PDAS 1.65 × 106 

0° location 

Upskin PDAS 1.80 × 106 

Downskin 
PDAS 1.74 × 104 

SDAS 1.81 × 104 

 

Considering the microstructure of the downskin having SDAS, the regular regression used to 

calculate the cooling rate in casting and welding was also utilized for comparison. The cooling rate 

using the SDAS can be calculated using Equation (3) [152]: 

𝜆 = 𝐴(𝐺𝑅)−𝑛     (Eq.3) 

where 𝜆 is SDAS (µm), GR represents the cooling rate (k/sec), and A and n are constants. 

Specifically, for SS316L, the two constants are: 𝐴 = 50𝜇𝑚(𝑘 /𝑠) 𝑎𝑛𝑑 𝑛 = 0.4 [152]. For the 

downskin region, the calculated cooling rate using the SDAS value is 1.81 × 104 k/sec, matching 

the value obtained using the PDAS. 
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Support structures typically provide an escape path in which heat is dissipated, however, with the 

downskin surface resting on loose powder during the printing process, the heat dissipation is 

significantly reduced. The thermal conductivity (λ) for SS316L at 1000°C bulk is reported to be 

approximately 3.5 times larger than that of the powder (λsolid/bulk ≈ 26 W m-1 °C-1, λpowder ≈ 8 W m-

1 °C-1) [46, 153, 154], resulting in slower cooling and enlarged meltpool formation. In the vertical 

and upskin locations (Figure 14(a, b and c)), heat extraction through the bulk results in faster 

cooling rates, fostering the development of the observed small cell structure.  

4.1.1.2 Solidification Front Velocity and Microsegregation Analysis 
 

The analysis will be firstly presented on the bulk section. Based on the meltpool size measured at 

112 µm (lateral diameter), the thermal gradient was calculated using Equation (4): 

𝒢 =  
∆T

x
     (Eq.4) 

where G is the thermal gradient, ΔT is the temperature difference between the center and edge of 

the meltpool (ΔT = Tboiling – Tliquidus = 1400K), and x is the meltpool lateral length. Therefore, the 

G value of the inner/outer/upskin locations are 1.25 × 107 K/m.  

Figure 20 presents the KGT model curve, plotting the primary dendrite cell size as a function of 

the SFV for the SS316L composition used in this study at a G value of 1.25 × 107 K/m. Using the 

cell size and the KGT curve, the SFV is found to be 0.13 m/s. 
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Figure 20. The KGT model for the LPBF SS316L composition used in this study with a G value of 

1.2 × 𝟏𝟎𝟕k/m. (Note: the KGT curve is obtained by fitting a mathematical function based on present 

material properties and microstructural features.)   

 

A microsegregation analysis was conducted to understand if the difference in solidification 

environment could play a role in the partitioning of the alloying element during solidification. 

Figure 21 presents the multicomponent relationship between the effective partition coefficient 

(K(v)) and SFV according to the continuous growth model from Aziz et al. [155]. The figure is 

plotted for the SS316L composition reported in Table 3, and for the inner/outer/upskin locations, 

a G value of 1.25 × 107 k/m is used. Using the SFV value obtained in Figure 20, the effective 

partition coefficient can be obtained. From Figure 21, negligible deviations between the effective 

partition coefficient in the current and equilibrium state is observed (ex: Crequilibrium: 0.790, Crbulk: 

0.808), suggesting no significant change in microsegregation behavior is expected. Further, the 

downskin location experiences solidification conditions even closer to equilibrium compared to 
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bulk locations (i.e.; lower cooling rate, equiaxed microstructure), therefore, given the absence of 

significant levels of microsegregation in bulk locations, it is reasonable to infer a similar behavior 

in the downskin location. A study conducted by Qiu et al. [156] investigated the microstructure 

and tensile behaviour of LPBF SS316L concluded that no significant levels of microsegregation is 

observed in the matrix of the material at cooling rates >106 ℃/𝑠 due to the increase in partitioning 

coefficient and possibility of solute trapping effect. The results are also suggesting that the 

oxidation study should not be influenced by local changes in chemical composition originating 

from the rapid solidification experienced during printing. 

 

Figure 21. The multicomponent Aziz model for SS316L used in this study for G value of 1.2 × 𝟏𝟎𝟕k/m. 

(Note: the plotted curve is obtained by solving the Aziz model based on present material properties and 

microstructural features.)   
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4.1.1.3 Electron Backscatter Diffraction Analysis 
 

As presented in Figure 13, the MUD values are below 3.28 for all four surfaces. Leicht et al. [70] 

investigated the effect of the 90, 45 and 67° scan rotations on the developed microstructure of 

LPBF SS316L parts. Leicht et al. concluded that parts produced using the 67° scan strategy yielded 

the weakest texture. Similarly in the present case, it can be concluded that all four studied locations 

do not exhibit any preferential texture orientation. Figure 22 presents the columnar to equiaxed 

transition (CET) diagram for LPBF SS316L, plotting the bulk (red) and downskin (blue) locations. 

 

Figure 22. CET diagram for LPBF AM SS316 plotting the Bulk (Inner/Outer/Upskin) and Downskin 

locations. (Note: The CET transition curve was adapted from [157]) 

 

As discussed previously, during the LPBF process, the directionally prevalent heat transfers from 

the meltpool to the building substrate, leading to thermal gradients parallel to the building 
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directions, promotes the development of columnar grains in the building direction [70]. However, 

due to the scanning strategy during the build of the present samples (with 67° scan rotation), it 

takes more than four layers until the scan vector is in the same direction again (compared to two 

layers with 90° and four with 45° scan rotation), therefore, no clear sign of dominant columnar 

grains is observed in Figure 13. The 67° scan rotation has been previously shown to be the optimum 

scanning rotation to minimize the development of a columnar texture due to the favoured grain 

growth [43, 70]. Ultimately, as shown in Figure 14, the bulk region in theory develops a columnar 

texture, however, due to the utilized scanning strategy the columnar texture is therefore inhibited 

(Figure 13(a, b and c)). In addition, with regards to the downskin location, the EBSD 

crystallographic map (Figure 13(d)) presents an equiaxed texture which is further confirmed in the 

CET diagram presented (Figure 22). 

4.1.2 Heat Treated Condition 
 

With the utilized heat treatment temperature, 1050°C, recrystallization is induced leading to the 

coarser microstructure depicted in Figure 14. 

Kong et al. [28] explored the effect of heat treatment at 1050°C for 0.5, 1 and 2 hour soaking time 

on LPBF 316L where the reported gain size after the HT was 35, 44 and 49 µm, respectively. The 

measured grain size at the bulk (90° inner, 90°outer and 0° upskin) sections in the present study 

fall within the reported range. 

Figure 23 presents the combined measured microhardness - grain size data points against a similar 

plot reported by Yan et al. [32]. Ultimately, the obtained microhardness values in the present study 

fall within the range reported in the literature, between 165 to 198 HV [32]. Ultimately, the 
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presented values follow the Hall-Patch relationship, decreasing microhardness as the grain size is 

increased. 

 

Figure 23. Microhardness as a function of the grain size for the HT surfaces. Values from literature 

are plotted for comparisons. 

 

A similar trend of decreasing microhardness values post heat-treatment has been observed and 

reported by Wang et al. [116]. In addition, Zhou et al. [110] observed that the mechanical properties 

of AM SS316L are improved after subcritical temperature heat treatment (950°C) compared to the 

temperature range at which recrystallization occurs (1000-1200°C). The improvement is attributed 

to the elimination of melt pool boundaries and high-density dislocations while retaining the 

benefits of nano-inclusions and cellular substrates during subcritical heat treatment. Conversely, 

heat treatments within the recrystallization temperature range eliminated the cellular structure and 

reduced low-angle grain boundary density, leading to an increased oxidation rate and decreased 
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mechanical properties [110]. These findings are in alignment with the results observed in the 

present study. 

4.1.2.1 Electron Backscatter Diffraction Analysis 
 

With respect to the 0° downskin location, after the applied heat treatment, the three regions 

identified in Figure 13(d) are observed to transform into two regions in Figure 15(d). The transition 

region in the AB state appears to have transformed into one with equiaxed texture with larger 

grains compared to the downskin region. In addition, an observation can be made using the 

measured grain size reported in table 5 and Figure 15(d). In a uniform microstructure material, the 

effect of a heat treatment is uniform across [158], however, this is not the case as the initial cell 

size observed in the AB downskin location is larger than that of the vertical and upskin locations. 

While post heat treatment, the grain size at the downskin appears to be smaller than that of the 

vertical and upskin locations, suggesting that the grain growth rate observed at the downskin is 

slower than that of the vertical and upskin locations. 
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4.2 AB vs. HT Oxidation Response 
 

The T0 sample presented in Figure 16 presents the lack of change in the microstructure during the 

heat cycle applied. Dudzik et al. [159] reported a similar lack of recrystallisation and remnants of 

the solidification structure and melt pool boundaries after 100 hrs. at 900°C. This confirmation 

allows us to assume unchanged AB and HT microstructure at the start of the applied oxidation 

cycle discussed in this section.  

 

4.2.1 Chemical Analysis: XRD & EDS 
 

The XRD spectra presented in Figure 17 concurs with the results of several studies on the oxides 

formed on LPBF SS316L in dry air atmosphere at 900°C; With the oxides being: 

𝐹𝑒2𝑂3 , 𝐶𝑟2𝑂3 ,𝐶𝑟2𝐹𝑒𝑂4  and 𝐶𝑟2𝑀𝑛𝑂4  oxides [22, 39, 40, 124, 159].  

In addition, the EDS analysis presented in Figure 18 highlights the distribution of the formed 

oxides. Where a two-layer oxide evolution is observed to make up the majority of the oxide scale. 

As discussed earlier, the inner and outer layer are recognized as Cr2O3 and Fe2O3 oxides. 

A two-layer oxide scale has been documented in several studies investigating the oxidation 

behaviour of LPBF SS316L components [22, 39, 40, 119, 147, 160]. The formation of this two-

layer oxide scale is attributed to the presence of Cr, which is fast to react with oxygen gas in the 

oxidative environment due to its lower Gibbs free energy, forming the initial oxide layer [22, 161-

163]. Following, it is reported in literature that the formation of the Fe2O3 oxide nucleates and 

grows on the outer surface of the Cr2O3 oxide, forming the second layer [22, 40, 162, 164]. 

Ultimately, the Cr2O3 oxide layer forms due to a chemical-based reaction while the Fe2O3 oxide 

follows diffusion (the diffusion of Fe through Cr2O3), therefore yielding an overall smaller oxide 
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scale. A study by Riffard et al. [165] established a timeline regarding the formation of different 

oxides on AISI 304 stainless steel at 1000°C dry air environment. The results show the formation 

of Cr2O3 during the first hour of oxidation, where the formation of Fe2O3 is only observed between 

after the 8-hour mark. 

Further, for all samples, the formation of the 𝐶𝑟2𝑀𝑛𝑂4  is observed as a thin layer slightly above 

the Cr2O3 oxide layer due to the faster diffusion of Mn than that of Cr through the chromia layer 

[159, 164]. Indeed, Lobnig et al. [164] reported that Mn diffuses through the chromia layer faster 

than Cr by two orders of magnitude (DCr: 3.3 × 10−17 m2s-1, DMn: 2.8 × 10−15 m2s-1 [166]). 

Sabioni et al. [167] showed that due to Mn high affinity for oxygen (compared to Cr), Mn ions 

diffuse towards the outer surface, at which they react with Cr ions, creating 𝐶𝑟2𝑀𝑛𝑂4  oxide. In 

addition, the 𝐶𝑟2𝑀𝑛𝑂4  has a higher charge (+1, p-type), 𝐶𝑟2𝑂3  (0), allowing it to form closer to 

the surface. In addition, Riffard et al. [165] also shows the formation Cr-Mn oxides during the first 

hour of oxidation at 1000°C dry air environment. 

 Further, several studies have linked grain boundaries to accelerated elemental diffusion short-

paths due to atomic mismatch [22, 156, 159, 164, 168, 169]. This behavior, in oxidative 

environment, leads to rapid inward diffusion of oxygen into the sample. Therefore, the oxygen 

penetration depth into the material matrix was measured. Table 8 illustrates the measured oxygen 

penetration depth into the material matrix at the four AB and HT locations. The one-way ANOVA 

test suggests that for a p<0.05, the oxidation penetration depths are statistically equivalent 

regardless of the location (vertical vs horizontal). 
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Table 8. Oxygen penetration into the matrix at the four HT surfaces. 

Location Surface 
Oxygen penetration depth (µm) 

AB HT 

90° wall 
Inner 5.8 ± 2.2 6.5 ± 1.8 

Outer 6.7 ± 2.7 7.0 ± 1.7 

0° location 
Upskin 6.3 ± 2.4 6.9 ± 2.0 

Downskin 7.2 ± 2.8 5.4 ± 1.3 

 

The EDS maps of Figure 18 are suggesting the formation of silica (SiO2) along the grain 

boundaries. Previous studies have show that grain boundaries provide paths for outward (Cr and 

Si) and inward (O) diffusion of elements [160, 170-174]. The low Gibbs free energy of formation 

of SiO2 explain the internal oxidation. Several studies in literature have reported the formation of 

the observed Si oxide occur during the initial oxidation phase, progressing until the development 

of a uniform chromia oxide scale that constrains the inward diffusion of oxygen [160, 170-174]. A 

study by Taylor et al. [173] reported the importance of the formation of silica oxide on enhancing 

oxidation resistance in austenitic steel through a p-type oxidation mechanism. The authors have 

shown that after an extended oxidation period (400 hrs.), the formation of silica oxide occurs to an 

extent where grains at the surface of the material are encapsulated by the silicon oxide formed 

along the grain boundaries, thus acting as a diffusion barrier to the inner grain [173]. The formation 

of silica oxide could promote the early nucleation of Cr2O3, accelerating the establishment of this 

highly protective oxide layer [160, 171, 172]. In fact, Lobb at al. [170] showed that the addition 

of approximately 0.7% Si reduced the growth kinetics of Cr2O3 from 11 × 10−5 g2. m−4.s−1 (0% 

Si) to 3 x 10–5 g2. m−4.s−1 at 900°C in high chromium steel. This behaviour resulted in the final 

chromia oxide layer to be 2.3 ± 0.5 instead of 5.4 ± 0.6 µm. Nonetheless, in the present study, due 

to the shorter oxidation cycle, the encapsulation of full grains is not observed. 
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4.2.2 Oxide Scale Thickness  
 

Figure 24 summarises the measured oxide scale thickness along with a comparison of data from 

the literature [22, 159, 175], it presents the relationship between the oxidative environment 

temperature and the thickness of the developed oxide scale after 100hrs. The measured oxide 

thickness at the four locations falls within the reported range for AB LPBF SS316 oxidized at 

900°C for 100 hrs., which ranges between 1 and 4 µm [22, 159].  

To compare the current oxidation response, data points from Siri et al. [22], Fujikawa et al. [175] 

and Dudziak et al. [159] have been integrated. A trend can be observed from the results reported 

by authors, where the oxide scale thickness increases with the temperature increase.  

 It should be mentioned that due to the lack of reporting on heat treated LPBF SS316L oxidation 

performance, heat treated wrought SS316L data points are used. Nevertheless, the grain size 

reported for the wrought samples ranged between 30 and 60 µm. Where as the measured oxide 

thickness observed at the four locations falls within the range reported in the literature, between 

3.5 and 11 µm [22, 159, 175].  
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Figure 24. Oxide scale thickness as a function of temperature at the four AB and HT locations. Values 

from literature are plotted for comparisons. 

 

Although the oxide scale composition in the HT condition seems to match that of the AB state, the 

HT part has a double oxide scale thickness, independently on the locations. The observed 

thickening of the oxide scale matches the literature that indicated that the applied HT exacerbates 

the oxidation resistance of LPBF AM SS316L [110]. Bedmar et al. [124] showed that after 

conducting a heat treatment at 1100°C, the developed scale thickness roughly doubled, increasing 

from 1.9 to 4.7 µm. Fujikawa et al. [175] showed that in wrought SS316, increasing the grain size 

by an order of magnitude approximately doubles the formed oxide scale thickness. The authors 

further explained the relationship between the microstructure and resultant oxide layer thickness 

through the diffusion of Cr. The flux ratio of Cr from grain boundary and internal diffusion is 

reported to exponentially decreases until the grain size reaches 10 µm, after which the effect of 

grain size on the flux ratio is less pronounced [175]. , therefore, the grain boundary density is 
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shown to have a positive correlation with Cr flux ratio. This is observed in the present study, where 

the sub-grain cellular structure of the AB condition (i.e. high boundary density) fosters a higher 

Cr flux towards the surface. On the other hand, after the heat treatment, the induced 

recrystallization and grain growth (i.e. low boundary density) reduces the AB Cr flux ratio, thus 

resulting in larger oxide layer thickness. In the present study, the grain size at the bulk of the AB 

and HT samples on average is 11.5 and 30 µm, respectively. While the oxide scale thickness of 

the AB and HT samples are 3.7 and 7.7 µm, respectively. Similar correlation between the grain 

size presented in the matrix and the developed oxide scale has been reported by Samal et al. [176], 

reporting smaller oxide scale with a smaller grain size due to smaller boundary surface area 

exposure. Trindade et al. [177] proposed that this behavior is attributed to the grain boundary 

diffusion mechanism, facilitating the transport of Cr toward the substrate/oxide interface. 

Therefore, small cell size (AB) stimulates faster Cr flux in contrast to larger grains (HT), 

accelerating the development of a continuous Cr2O3 layer. The decrease in the grain boundary 

density post heat treatment changes the oxidation mode from diffusion-driven to reaction-driven 

oxidation, resulting in an overall thicker oxide layer. 
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Chapter 5 Conclusions  
 

The development of support-free LPBF printing protocols presents an opportunity to reduce the 

cost per part and waste material associated to the process. In the present study, an in-house 

developed support-free fabrication strategy via laser powder bed fusion is utilized to manufacture 

a SS316L support-free dome samples to study the effect of support-less printing on the 

microstructure, hardness and long-term oxidative behaviour of surfaces approaching zero-degree 

overhang. A heat treatment was applied to study its further effects.  

Due to the supportless nature of the dome sample, low-angle overhang surfaces are seen to form a 

downskin, which is characterize by larger cell structure. In the AB state, the bulk microstructure 

presented similar to that reported in literature with primary dendritic arms spacing (PDAS) 

measuring 0.72 ± 0.09. However, due to the slower cooling rate at the downskin surface, PDAS 

and secondary dendritic arms (SDAS) are measured at 3.19 ± 0.20 and 0.99 ± 0.18 µm, 

respectively. Microhardness testing was conducted to evaluate the mechanical properties of the 

downskin with relation to the bulk. The microhardness values, following Hall-Patch equation, were 

244 ± 5 and 225 ± 3 HV for the bulk and downskin surfaces, respectively. In addition, a 

microsegregation analysis was conducted to establish a proper understating of the matrix prior to 

heat treating and oxidizing the samples. The analysis showed no significant levels of 

microsegregation. 

After a heat treatment at 1050°C for 1 hour, the grain size was observed to enlarge, measuring at 

31 ± 3 and 26 ± 3 µm for the bulk and downskin surfaces, respectively. Nonetheless, the HT grain 

size at the downskin measured smaller than that of the bulk, suggesting a slower grain growth rate. 
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Thus, microhardness values are observed to drop after the heat treatment, with values of 184 ± 4 

and 195 ± 3 HV for the bulk and downskin, respectively. 

Finally, the oxidative behaviour of AB and HT samples at 900°C for 100 hours in dry air was 

tested, and the XRD results showed similar chemical composition of the oxide scale, forming 

𝐹𝑒2𝑂3 , 𝐶𝑟2𝑂3 ,𝐶𝑟2𝐹𝑒𝑂4  and 𝐶𝑟2𝑀𝑛𝑂4  oxides.  

Although the AB bulk and downskin have presented a mismatch in the length scale of the 

microstructural features, the oxide scale thickness is measured at 3.7 ± 1.7 and 3.8 ± 1.8 µm at the 

bulk and downskin surfaces, respectively. While for the HT condition, due to the enlarged 

microstructure, the oxide scale thickness is larger than that of the AB state, measuring at 7.9 ± 2.4 

and 7.1 ± 2.1 µm for the bulk and downskin surfaces, respectively. 

Ultimately, in an effort to understand the effects of support-free printing of low-angle overhang 

surfaces on LPBF SS316L microstructure, mechanical and oxidative behaviour in AB and HT 

state. Therefor, manufacturing of support-free low-angle overhang LPBFSS316L results in: 

1. Enlarged microstructure due to heat accumulation, typically dissipated by supports. 

a. Resulting in drop in mechanical properties, evaluated via microhardness testing. 

2. Increased oxide scale thickness due to larger microstructural features. 

3. Following heat treatment, recrystallization at the downskin surface was slower than in the 

bulk, resulting in smaller grain size and thinner oxide scale. 

4. Post heat treatment, the oxide scale was generally thicker, correlating with larger grains 

structure.  

The findings of this research allow us to take a step closer to understanding the nature of support-

free LPBF manufacturing and its limitations.  
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