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Additive manufacturing has evolved over the last few decades from utilising a 

prototyping approach to favouring a fabrication method. Consequently, this technology 

has become recognised as a potential replacement for traditional fabrication methods 

employed in the processing of metals, polymers, and biomaterials. In particular, the 

additive manufacturing of metals can play a significant role in the future of manufacturing 

due to its capabilities for sustainable production and reducing material waste when 

compared to conventional methods. However, the additive manufacturing of metals has 

yet to reach its full potential due to technological drawbacks. Although laser powder-bed 

fusion technique is one of the most frequently used methods for metal additive 

manufacturing, the metallic components fabricated still suffer from associated 

inhomogeneities and weak points. Further research is needed, therefore, to identify factors 

causing these disadvantages. Acquiring this knowledge is necessary for expanding the 

applicability of metal additive manufacturing throughout contemporary industry and 

construction. 

On this basis, different aspects of the additive manufacturing of steel – one of the most 

economical alloy types – have been investigated in this research. This involved examining 

the microstructures and mechanical properties of two common types of steel – stainless 

steel 316L and tool steel 18Ni300 – in order to identify some of the effective parameters 

affecting their properties. Results show that the steels processed by laser powder-bed 

fusion suffer from the microstructural features associated with the intense thermal 

gradients present within manufacturing methods, e.g. segregation and cellular/dendritic 

subgrain structures. Nevertheless, mechanical properties were comparable to those of 

their conventional counterparts. Furthermore, parameters related to the manufacturing 

method, building orientation and surface quality were found to have a determining role 

in influencing the mechanical properties as material characteristics. This leads to the 

observation that an inappropriate building direction or surface quality can result in 

inferior mechanical performance.  

The interactions between external loads, geometrical notches, inherent defects, and 

surface features were investigated in 18Ni300 and processed by laser powder-bed fusion. 

The results showed that notch strengthening under uniaxial quasi-static loads is common 

in this ductile steel. However, the existence of geometrical notches reduced the 

specimens’ fatigue performance. Finally, the applicabilities of numerical/analytical 



 

 

approaches such as the Hall–Petch model, Ludwigson equation, Solberg–Berto equations, 

and Murakami approach were also evaluated for the investigated materials. These models 

and equations showed relatively good agreement with the experimental results in some 

cases but, on other occasions, required recalibration or modification to become suitable 

for metals processed by additive manufacturing. 

Keywords: additive manufacturing, laser powder-bed fusion, steel, microstructure, 

mechanical properties, fatigue 
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1 Introduction 

Additive manufacturing (AM) and its evolution can be traced back to the 1980s when 

Charles Hull, the founder of 3D Systems, invented stereolithography. Consequently, 

stereolithography as an AM approach was officially introduced as a fabrication process 

in 1987, with the introduction of the first commercialised 3D printer, known as SLA-1. 

The earliest ideas, however, of using layered manufacturing instead of subtractive 

fabrication, can be traced as far back as the 1900s, when some patents were filed based 

on this idea (Milewski, 2017a; Yang et al., 2017a). Nevertheless, the 1990s can be 

considered as the period that shaped the current AM landscape, seeing five crucial AM 

technologies developed and commercialised: fused deposition modelling, solid ground 

curing, laminated object manufacturing, selective laser sintering, and direct shell 

production casting. Since the early 2000s, a steady surge in AM development has 

occurred, and new technologies such as aerosol jetting, continuous liquid interface 

production, laser engineering net shaping, wire arc additive manufacturing, laser powder-

bed fusion (L-PBF), electron beam powder-bed fusion, PolyJet materials printing, and 

ultrasonic AM have continued to emerge. These successive achievements have 

transformed AM from a prototyping technique in its infancy to a manufacturing method 

mature enough to be considered for current industry applications (Bourell et al., 2020; 

Wohlers and Gornet, 2014; Yang et al., 2017a). 

1.1 Background and motivation 

Laser powder-bed fusion utilises the complete melting and solidification of raw (metallic 

or nonmetallic) powders to fabricate solid parts via layer-by-layer deposition – also 

known as additive manufacturing. One unique capability absent from other AM methods 

is that L-PBF offers the manufacturing of fully dense metallic components with relatively 

better geometrical tolerances and surface qualities (Irrinki et al., 2020; Leigh and Bourell, 

2020). However, despite the numerous advantages of L-PBF over other AM or 

conventional manufacturing processes, components fabricated using L-PBF might still 

suffer from some associated drawbacks – largely caused by the high thermal cycles to 

which the materials are exposed during L-PBF processing (Afkhami et al., 2019).  

Despite these drawbacks, however, L-PBF offers several advantages over its subtractive 

competitors. For example, L-PBF has the potential to be utilised as a one-step production 

process, which proves more sustainable for reducing material wastes and shortening 

supply chains, together with being more effective for securing design modifications. 

Furthermore, similar to other AM methods, L-PBF is compatible with the current 

paradigm influenced by the Fourth Industrial Revolution (Industry 4.0). This excellent 

compatibility results from the cloud-based networks and art-to-part capabilities provided 

by such technologies, further strengthening their role throughout numerous sectors 

(Afkhami et al., 2021). These advantages are encouraging manufacturers and researchers 

to seek new solutions to overcome L-PBF shortcomings, ensuring its future 

manufacturing and construction presence. 
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Consequently, numerous recent studies have focused on investigating metals processed 

by L-PBF. However, in many cases, the available data from these studies seem to be 

scattered, which has occurred due to myriad effective parameters associated with L-PBF 

affecting the quality and properties of the processed metals. Further research on metals 

treated using L-PBF is essential, therefore, to minimise this data scatter and determine 

the optimum L-PBF parameters for processing different metals. In addition, studies that 

adopt optimised L-PBF parameters to produce metallic components with optimum quality 

and properties are essential for discovering the full capabilities of L-PBF as a fabrication 

method. Furthermore, fully exploring the physical and mechanical properties of metals 

with optimal properties is crucial for helping designers and manufacturers develop fresh 

ideas for new or modified designs (Fayazfar et al., 2018; Galba and Reischle, 2016; 

Hitzler et al., 2018).   

Inhomogeneities in microstructural features, physical properties, and mechanical 

properties seem to be among the most critical issues associated with metals processed 

using L-PBF. In addition, correlations between the process parameters, resultant 

microstructures, and the final characteristics (including the materials’ mechanical 

properties) have yet to be fully understood. Plus, the influence of defects inherent to 

metals processed by L-PBF, e.g. small porosities, should be further investigated. The role 

of these defects becomes prominent when metallic components are subjected to cyclic 

loading, particularly in high cycle or ultra-high cycle loadings – although these defects 

may seem harmless to material performance under quasi-static loading (Afkhami et al., 

2019).  

Furthermore, as a novel achievement resulting from AM, design for additive 

manufacturing (DfAM) offers designers and manufacturers new possibilities in design 

and production. Crucially, however, further endeavours and research are required to 

improve this concept so that a broad spectrum of different industrial and construction 

sections can be drawn upon to leverage this AM capability. The opportunities that DfAM 

offers in terms of production and design modifications, therefore, can prove revolutionary 

to such an extent that will rewrite the rules of product development in future industry, 

resulting in more material and energy savings, together with more efficient products and 

components (Afkhami et al., 2021; Thompson et al., 2016).     

Finally, a considerable number of different metal types can currently be processed using 

L-PBF. Including steels, aluminium alloys, cobalt alloys, nickel alloys, titanium alloys, 

copper alloys, precious metals such as silver and gold, or refractive metals. However, 

among these metallic materials, steels simultaneously offer a wide range of versatile 

properties in order to cover many applications at a relatively reasonable cost when 

compared to other additively manufacturable metals (Afkhami et al., 2021, 2019). 

Furthermore, the development of fully digitalised manufacturing techniques, e.g. AM, 

yields more smooth production approaches with fewer interruptions and a more fluent 

flow of information between production units. Hence, studies focusing on the L-PBF of 

steels can yield more practical and economical solutions for AM, DfAM, and 

manufacturing in general. Also, these investigations can help in the development of new 
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steels with improved characteristics compared to current additively manufacturable 

steels.  

1.2 Objectives, scope, and limitations 

This research investigates the microstructures and mechanical properties of two types of 

steel that can be processed via L-PBF: stainless steel 316L and tool steel 18Ni300. These 

steels are among the commonly used metals as raw materials in L-PBF. Furthermore, this 

research expands its DfAM perspectives by investigating the effects of external and 

internal notches on the mechanical performance of metallic components fabricated by L-

PBF. Hence, the key aims can primarily be divided into the following subcategories:  

• Identification of the most influential parameters on the mechanical performance 

of steels fabricated using L-PBF: Publication I reviews the different steels that 

have been processed via L-PBF. Additionally, the effective parameters for the 

mechanical performance of these steels are identified and introduced. 

• Material properties: the microstructural features and mechanical performances of 

stainless steel 316L and tool steel 18Ni300 processed by L-PBF (hereafter 

denoted as L-PBF 316L and L-PBF 18Ni300) are investigated in Publications II 

and III, respectively. 

• DfAM: the effects of different notch designs on the mechanical performance of 
L-PBF 18Ni300 are investigated in Publication III.  

The first part of this research is dedicated to investigating the microstructures and 

mechanical properties of two different types of steel as raw materials for L-PBF 

processing: stainless steel 316L and maraging tool steel 18Ni300. The primary aim is to 

identify the principal microstructural features and mechanical properties of these steels, 

which serve as representatives of two different classes of ferrous metals processed by 

AM. Consequently, other additively manufacturable metals were excluded from this 

dissertation, with this document focused on these particular steels as representing some 

of the most economical market options available.  

Additionally, this research focuses on the microstructural features of the investigated 

metals (up to the microscale). Hence, the nanoscale features of the microstructures are 

not covered, although some of them – such as dislocations or ultrafine precipitates – are 

addressed according to their effects on various detectable properties. Plus, other physical 

properties such as corrosion resistance, heat resistance, and thermal conductivity have 

been excluded. Also, the investigated metals of this research have been studied in their 

as-built conditions, which has not included consideration of the effects of different heat 

treatments on the materials’ microstructure and mechanical properties. Finally, among 

the numerous AM methods available for processing metallic materials, L-PBF was 

selected due to its prominence as the most frequently used AM technique for fabricating 
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metal components in industrial applications (Hitzler et al., 2018). This dissertation, 

therefore, does not address other AM techniques within its discussions.   

Finally, the mechanical tests performed by the studies associated with this dissertation 

are limited to quasi-static, cyclic, or impact loads at room temperature (≈ 20 ℃). In 

addition, these quasi-static tests were performed under the strain rates of 10-4 – 10-3 s-1. 

Plus, the cyclic tests were generally limited to the range of high-cycle fatigue (HCF) tests. 

Thus, the minimum and the maximum number of cycles considered in the investigations 

were 1.0 × 104 and 1.1 × 106, respectively, and low-cycle (LCF) or ultra-high cycle 

(UHCF) fatigue regimes have been excluded. It should also be noted that the L-PBF 

parameters used to manufacture the samples were optimised according to the particular 

AM system and raw materials manufacturer (EOS GmbH). Thus, the effects of L-PBF 

parameters – e.g. laser output, scanning speed, hatch spacing, and scanning strategy – 

have not been addressed in this research, and all the manufactured samples were of 

acceptable quality in this regard.  

1.3 Scientific contribution 

This research mainly investigates the microstructural features and mechanical properties 

of additively manufactured 316L and 18Ni300 steels, focusing on the influence of notches 

on the mechanical performance of L-PBF steels in the latter. Consequently, the results 

provide some novel insights into the microstructural inhomogeneity, segregation, and 

mechanisms associated with these phenomena in L-PBF 316L. With these first steps 

taken, true stress-logarithmic strain curves of L-PBF 316L were extracted to investigate 

the strain hardening of the material under quasi-static tension. Subsequently, the strain 

hardening curves were plotted to evaluate the capability of the Ludwigson equation for 

modelling the hardening behaviour of the material and to calibrate this equation for L-

PBF 316L. These points have not been widely studied in the literature associated with L-

PBF 316L; hence, these results have been made available and are discussed extensively 

in Publication II to fill this gap.  

Regarding 18Ni300, this research chiefly investigates the influence of notches on the 

mechanical performance of L-PBF 18Ni300 as a scientific contribution. In this regard, 

this study is among the rare attempts to formulate a material response under the 

simultaneous influence of geometrical notches and external cyclic loads to estimate the 

fatigue performance of notched L-PBF steels. Publication III, therefore, is focused on 

this niche as a contribution to the literature associated with AM and DfAM. Finally, the 

remaining results and data generated by the studies forming this research contribute to 

the literature by providing additional data for more comprehensive comparisons and 

discussions around the issues associated with additively manufactured metals, especially 

those processed using L-PBF.  
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1.4 Structure of the dissertation 

This dissertation consists of five chapters. Chapter 1, the current chapter, introduces the 

background, scope, limitations and scientific contribution. The manufacturing approach 

and the materials investigated are then introduced in Chapter 2. In addition, some general 

aspects of their industry applications are also introduced. Chapter 3 then provides an 

overview of the practical aspects of this research, including the raw materials, scientific 

approaches, tests, experiments, and their designs. The results and their related discussions 

are then presented in Chapter 4. For the sake of coherency and clarity, this chapter consists 

of two individual sections based on the type of raw materials: see Section 4.1 for L-PBF 

316L and Section 4.2 for L-PBF 18Ni300. In each section and its subsequent subsections, 

results-related discussion accompanies the presented data in a ‘results and discussion’ 

format. Finally, Chapter 5 concludes by summarising the most notable contributions and 

proposals for future research.  
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2 State of the art 

This chapter provides a brief overview of the materials, manufacturing process, 

processing and post-processing parameters, and concepts of DfAM investigated in this 

research. It should be noted that the manufacturing parameters and their correlation with 

the resulting material properties were discussed in detail and thoroughly reviewed in 

Publication I  

2.1 Stainless steel 316L 

Stainless steel 316L, with the unified numbering system (UNS) designation S31673, is a 

ductile austenitic steel. The chemical composition of this alloy is generally in agreement 

with material standard ASTM F138 for surgical implants (ASTM, 2019). Unlike some 

other stainless steels, 316L is alloyed with molybdenum, in addition to chromium and 

nickel, which offers improved corrosion resistance in corrosive environments containing 

chloride ions. Consequently, this steel is considered marine-grade stainless steel with 

high-performance capabilities in aqueous environments. As a result, stainless steel 316L 

is frequently used in a wide range of industries, e.g. gas, petroleum, aerospace, 

aeronautics, nuclear, medical, and marine. The versatility of this material owes to its 

relatively high strength, which is accompanied by a favourable combination of strength 

and ductility, high corrosion resistance, and biocompatibility (Bajaj et al., 2020; Gorsse 

et al., 2017; Y. M. Wang et al., 2018).  

Studies on L-PBF 316L show that the intense and rapid thermal cycles intrinsic in the 

AM process can cause some material drawbacks, e.g. inhomogeneous microstructure (due 

to segregation and microsegregation), anisotropic physical (e.g. thermal conductivity) and 

mechanical (e.g. tensile strength) properties, and internal defects such as porosity and 

lack of fusion. Furthermore, L-PBF 316L has a finely textured microstructure when 

compared to wrought 316L. The fine microstructural features result from the rapid heating 

and cooling sequences performed during the L-PBF process. Consequently, the physical 

and mechanical properties of L-PBF 316L may differ from those of conventionally 

manufactured 316L. As an example, the hardness of L-PBF 316L is generally reported to 

be higher than that of conventionally made 316L. In addition, the yield strength and 

tensile strength of L-PBF 316L are usually higher than those of conventional 316L 

(Shamsujjoha et al., 2018; Wang et al., 2016). 

Crucially, however, the mechanical performance of L-PBF 316L under cyclic loads does 

not necessarily follow the same trend as its quasi-static characteristics. In other words, 

although L-PBF 316L has higher tensile strength compared to conventional 316L, the 

fatigue performance of conventional 316L can exceed that of L-PBF 316L. The fatigue-

life inferiority of L-PBF 316L compared to its conventional counterpart is particularly 

relevant to its as-built condition, which is commonly attributed to the inherent defects 

associated with the L-PBF – for example, porosity (Riemer et al., 2014; Solberg et al., 

2019; Wood et al., 2019). To address this issue, numerous studies have been dedicated to 
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investigating the fatigue performance of L-PBF 316L and discovering methods of 

improvement. However, available data on the mechanical performance of L-PBF 316L 

remain scattered in the literature. The inconsistent results of different studies can be 

attributed to the redundant processing and post-processing parameters associated with L-

PBF metals, including L-PBF 316L (Blinn et al., 2018). 

2.2 Maraging tool steel 18Ni300 

Maraging tool steel 18Ni300, with the UNS designation K93120, is a precipitation 

hardening martensitic tool steel. So, compared to steels with solid solution strengthening 

– e.g. 316L – 18Ni300 achieves relatively better mechanical performance in its as-built 

condition due to its martensitic microstructure. Furthermore, it is also easily heat-

treatable, which means that the hardness and strength of this material can be significantly 

increased via the precipitation strengthening of age hardening heat treatments. Another 

feature of 18Ni300 that makes it an ideal choice for numerous industrial applications is 

the fact that, unlike some other tool steels, 18Ni300 can be post-processed by (is 

compatible with) a variety of treatments, e.g. mechanical machining, electrical discharge 

machining, shot peening, polishing, and coating, in both its as-built and heat-treated 

states. Plus, 18Ni300 also offers acceptable weldability in both these conditions (Becker 

et al., 2016; EOS GmbH, 2021).  

L-PBF 18Ni300 is well-known among AM tool steels for its synergistic combination of 

compressive and tensile strengths, toughness, dimensional stability, and high wear 

resistance (especially after age hardening). As low-carbon maraging steel, this offers a 

good substitute for high-carbon tool steel as 18Ni300 does not suffer from the drawbacks 

of high carbon contents, such as being prone to quench cracks and high corrosion rates. 

Consequently, L-PBF 18Ni300 offers quite a broad application range and includes aircraft 

components, tubings, punching tools, extrusion equipment, rocket engine casings, and 

plastic injection moulds (with complex geometries, internal cooling channels, and 

working temperatures up to 400 ℃). Although L-PBF 18Ni300 has been the focus of 

many studies, its full potential, especially in terms of mechanical performance, has yet to 

be fully explored (Meneghetti et al., 2019; Monkova et al., 2019; Yasa et al., 2010). This 

scientific gap is a consequence of the different physical and mechanical characteristics 

that L-PBF 18Ni300 can obtain following its processing and post-processing parameters.  

2.3 Laser powder-bed fusion 

Laser powder-bed fusion is an AM process that makes solid parts by completely melting 

and solidifying powder materials layer-on-layer, starting from the first layer being on a 

solid substrate, as shown in Figure 2.1. Compared to other AM techniques, L-PBF 

simultaneously utilises three features: a laser beam as the energy source, full melting and 

solidification of materials into solid components, and powder beds laid on a substrate 

(base plate) in order to carry out the layer-by-layer production routine typically associated 

with AM methods. Thus, in the L-PBF process, an intense laser beam selectively scans 
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and fuses areas of a thin layer of metal powder (usually 20 to 70 µm thick), joining it to 

its substrate (previously deposited layers). As a result of this AM mechanism, L-PBF is 

capable of manufacturing fully dense metallic components with complex geometries, 

relatively good accuracy, and superior surface quality when compared to some other AM 

methods (Afkhami et al., 2019; Edgar and Tint, 2015). 

 

 

Figure 2.1: Schematic view of the L-PBF technique (modified from Publication I). 

 

The L-PBF technique manufacturing workflow, functioning as a computer-aided 

manufacturing technology (CAM), starts with developing a 3D digital model using a 

computer-aided design (CAD) software package, then saving the model in a CAD file. 

Subsequently, the generated CAD file should be converted to standard tessellation 

language (STL) format (other file formats are also available for AM, but STL is currently 

the most common). The majority of L-PBF systems typically accept this format. As an 

STL file, the designed 3D model is redefined as arrays of triangles and vectors. This 

approach allows for a design to be divided into numerous layers suitable for a layered 

manufacturing technique. After this, the STL file is uploaded to the AM system, which 

should then be set up according to the AM machine (the technology it uses for AM) and 

the type of raw material. The next step concerns manufacturing, which is an automated 

AM process. It is advisable to check the machine regularly, however, to avoid disruptions 

during the manufacturing process. With manufacturing complete, the finished parts 

should be removed from the machine and usually separated from their substrate. As a 

final step, which may be optional, post-processing may be required to make the products 

ready for their applications. These post-processings include surface cleaning, machining, 

polishing, and various heat treatments (Gibson et al., 2015a; Yang et al., 2017b; Zhang et 

al., 2017). 
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As with any other fabrication method, the L-PBF technique has both advantages and 

disadvantages. The chief benefits of this manufacturing process are characterised by its 

unique ability to build complex structures with relatively good accuracy when compared 

to many other AM methods. On the other hand, limited part size is an issue, as are slow 

build speeds due to limited deposition rates, and the relatively high costs of powder 

materials (as making uniform powder particles with average diameters as small as 50 μm 

can be expensive). Additionally, defects such as porosity, micro-crack, lack of fusion, and 

thermal distortion may be present in finished parts as the manufacturing process is based 

on applying intense thermal cycles to raw materials. Furthermore, some mechanical 

properties depend on the printing sequence and some material properties are anisotropic 

in as-built conditions. The as-built metal retains residual stress and the surface roughness 

is genuinely higher in the metal components made via L-PBF when compared to some 

other conventional manufacturing methods, such as machining. There is still room for 

improvement, therefore, particularly for the L-PBF of metals, while further research is 

needed to enhance this manufacturing process and overcome its drawbacks (Fayazfar et 

al., 2018; Milewski, 2017b). 

Furthermore, effective parameters for the mechanical performance of L-PBF metals must 

be identified and studied to improve the operational reliability of the metallic components 

constructed. Although many parameters have so far been associated with L-PBF, building 

orientation and surface condition have proven to be among the most influential 

parameters on the physical and mechanical properties of L-PBF metals. In addition, based 

on the nature of metals that L-PBF can process, heat treatments can significantly affect 

the metals’ mechanical properties. Thus, these parameters are among the most influential 

factors determining the life-cycle of AM parts in industrial applications and have recently 

been the focus of numerous studies. Plus, post-processing methods such as high-

frequency mechanical impact treatment (HFMI) can be considered as additional 

approaches for improving the mechanical performance of metallic components, including 

L-PBF metals (Afkhami et al., 2019; Fayazfar et al., 2018; Molaei and Fatemi, 2018). 

Regarding the building orientation, also referred to in the literature as building direction 

(BD), this parameter can substantially alter the mechanical performance of L-PBF metals 

under both static and cyclic loads. L-PBF metals are known to have potential weak links, 

e.g. solidified pool boundaries or interlayer boundaries, due to the layer-wise nature of 

the manufacturing process, while BD determines the orientation of the applied external 

loads, known in the literature as loading direction (LD) or loading axis (LA), in regards 

to the weak links – as shown in Figure 2.2. Consequently, BD and LA are parallel to each 

other in vertically made (vertical) specimens, but perpendicular to each other in 

horizontally made (horizontal) specimens. Numerous studies show that the strength levels 

of horizontal samples are generally higher than those of vertical samples, regardless of 

whether the loading type is static or cyclic because external loads are perpendicular to the 

weak links in vertical specimens. In addition, potential L-PBF defects, e.g. porosity and 

lack of fusion, are influenced by BD. For example, lack of fusion tends to elongate 

perpendicular to BD and stretch in the scanning plane, which is an alignment that results 

in different levels of stress concentrations in horizontally or vertically made specimens, 
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as shown in Figure 2.3. Consequently, L-PBF metals built in different directions can have 

different mechanical properties (Miroslav et al., 2017; Shrestha et al., 2016; Suryawanshi 

et al., 2017a; Yadollahi et al., 2017).  

 

Figure 2.2: Building direction versus loading axis in fatigue crack growth specimens 

manufactured by AM: (a) vertical and (b) horizontal specimens (modified from Publication I). 

 

Figure 2.3: The effect of BD on the stress field around a planar defect for L-PBF metals: (a) 

(exaggerated) view of the defect position in a vertical sample, (b) (exaggerated) view of the defect 

position in a horizontal sample, (c) stress flow in the defect vicinity in the vertical sample, and 

(d) stress flow in the defect vicinity in the horizontal sample (modified from Publication I). 
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Building direction also affects the thermal cycles experienced by materials during the 
L-PBF process. As a result of the repetitive laser beam passing, every point on the 

scanning plane can experience a unique series of heating, reheating, and cooling cycles, 

as shown in Figure 2.4. It should be noted that the time intervals between laser tracks in 

horizontal samples are commonly higher than in vertical specimens. Consequently, L-

PBF metals might experience different thermal gradients when manufactured horizontally 

rather than vertically. The different thermal gradients result in different microstructural 

features, e.g. size and crystallographic texture. Ultimately, these differences can alter the 

damage evolution of the material and result in some differences between the physical and 

mechanical properties of horizontally-made and vertically-made L-PBF metals. On the 

other hand, horizontally made L-PBF metals provide the initiated cracks in materials with 

more accessible propagation routes through grain boundaries than vertically made L-PBF 

metals, as shown in Figure 2.5. These accessible crack propagation routes exist in 

horizontally made L-PBF metals as the grains in AM metals typically tend to elongate 

towards BD – known as the direction with the maximum thermal gradient (Hussein et al., 

2013; Suryawanshi et al., 2017b; Yadollahi and Shamsaei, 2017). 

 

 
Figure 2.4: Temperature fluctuations associated with a point from the first laser track of a single 

layer of 316L stainless steel powder. The scanning beam had a speed and power of 100 mm/s and 

100 W, respectively (Hussein et al. [2013] and modified from Publication I). 
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Figure 2.5: Interactions between propagating cracks and microstructural features in (a) vertical 

(BD || LA) and (b) horizontal (BD ⊥ LA) specimens. As shown in the figures, grains grew 

preferentially toward the maximum thermal gradient, i.e. parallel to BD (modified from 

Publication I). 

2.4 Design for additive manufacturing 

Design for additive manufacturing (DfAM) is the practice of designing a product with 

simultaneous consideration of design goals and AM capabilities as the primary 

fabrication method. Furthermore, the limitations of the utilised AM method, in addition 

to other typical manufacturing constraints (e.g. market requirements, user needs, 

materials, assembly, disassembly, and maintenance prerequisites), must be considered in 

this practice. Indeed, the concept of DfAM can be acknowledged as a subcategory of the 

classic idea of design for manufacturing (DfMA). However, due to the additive nature of 

AM, as opposed to the subtractive approach used in many other fabrication technologies, 

the features and constraints associated with AM are different from those inherent in other 

manufacturing processes. AM, therefore, requires different sets of process-specific design 

rules in conjunction with product-specific principles. Also, the design freedom attributed 

to AM due to its additive approach reduces the role and importance of manufacturing 

chain activities such as assembling. Additionally, AM methods have different batch sizes, 

cost initiatives, and fabrication times than traditional manufacturing methods. Fresh 

knowledge under the banner of DfAM, therefore, is required to address these different 

aspects of utilising AM in production (Adam and Zimmer, 2015; Thompson et al., 2016). 

Points to be considered in DfAM can be recognised as build-related factors, which are 

associated additive manufacturing limitations as the primary fabrication method when 

building a product. The first build-related factor is part orientation. Typically, 

manufacturing a component in an inappropriate direction results in a stair-step pattern on 
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its sidewalls, decreasing the dimensional accuracy, surface quality, and aesthetic 

appearance. Generally, upward-facing features in additively manufactured parts, 

especially those manufactured using L-PBF, offer better quality than downward- and 

sideways-facing surfaces. This better quality is a result of upward-facing areas solidifying 

against air under the minimum influence of the gravitational force, compared to other 

surfaces that solidify while being in contact with powder material – as shown in Figure 

2.6. On the other hand, aligning the part’s primary axis with the building orientation 

(building components vertically) can result in longer building times and inferior 

mechanical properties. Finally, industrial components made by AM usually have complex 

internal and external geometries along multiple axes, meaning that determining the 

correct orientation might be a judgement call (Afkhami et al., 2019; Gibson et al., 2015b; 

Nicoletto et al., 2020; Thompson et al., 2016).    

 

Figure 2.6: Effects of different building orientations on the surface quality of circular notches: (a) 

downward, (b) sidewall and (c) a combination of downward and upward surfaces (modified from 

Nicoletto et al. [2018]). 

 

Using support structures – generally known in AM literature as supports – is another 

build-related factor that must be considered under the DfAM umbrella. AM components 

are better when manufactured with minimum support requirements. This DfAM rule of 

thumb is important because, wherever these supports are attached to the main part, they 

leave marks that reduce the surface quality of products in their as-built conditions. Using 

fewer support structures, therefore, can reduce the post-processing required after AM, 

including sawing, electrical discharge machining, mechanical machining, and polishing. 

Furthermore, some internal areas of industrial components are impossible to reach, so 

support removal and post-processing cannot be considered as options for such parts, as 

schematically shown in Figure 2.7 (Gibson et al., 2015b).  



2.4 Design for additive manufacturing 

 

31 

 

Figure 2.7: Influence of the building orientation on the required support structures and their 

accessibility for post-processing: red supports are undesirable due to their amount or lack of 

accessibility for removal machining, while green supports seem tolerable due to causing less 

adverse effects on the AM component. However, the building orientation with the least 

undesirable supports – design (c) – has the longest building time and, probably, the least effective 

mechanical performance due to its vertical direction (this figure is drawn according to some 

design concepts discussed in Mirzendehdel et al. [2021]). 

2.4.1 Notches, their role in DfAM, and their influence on AM metals 

One of the most significant merits of AM over subtractive methods is the fabricating of 

complex geometries with intricate internal and external features. By leveraging this 

ability, designers and manufacturers can use AM for manufacturing topologically 

optimised components with modified characteristics, e.g. high strength-to-weight ratios 

or improved heat dissipation mechanisms when compared to conventional parts. 

However, such modified designs, which AM can realise exclusively, can include many 

cross-sectional transitions. Based on their severity and location, these transitions can act 

as internal or external notches that result in notch-induced stress concentrations. In 

addition, as mentioned in previous sections, AM is associated with some inherent defects 

(such as porosities) that can act as local stress risers in mechanical components under 

external loads. Consequently, the simultaneous presence of local stress risers (defects) 

and global stress risers (notches) in AM metals, combined with their potentially different 

mechanical properties when compared to conventionally manufactured metallic 

components, can alter their mechanical performance and even lead to unexpected 

catastrophic failures if the behaviour of an additively manufactured notched material is 

not sufficiently understood (Brenne and Niendorf, 2019; Razavi and Berto, 2018). 

Additionally, AM metal components with raw surfaces suffer from having relatively high 

surface roughness values. Furthermore, some areas are not accessible for surface 

treatments like mechanical machining or polishing. This means that the topological 

features of such areas with raw additively manufactured surfaces include local 
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depressions and protrusions, as shown in Figure 2.8, which may act as micro stress risers 

and cause a micro-notch effect. This means that failures in AM metals can be determined 

by three competing features: sudden changes in cross-sections (global notches and stress 

risers), defects and heterogeneities inherent in AM (local notches and stress risers), and 

the high roughness of raw surfaces (micro-notch effect and stress risers). Additionally, 

the detrimental influence of microscale defects such as microcracks, porosities, and lack 

of fusions on the mechanical performance must be considered while studying failure 

mechanisms in AM metals (Nicoletto et al., 2018; Solberg and Berto, 2020).  

Ultimately, the ability of AM to fabricate intricate designs depends on the presence of 

such geometrical inhomogeneities in additively manufactured components. In addition, 

intrinsic defects in AM cannot be wholly avoided. Thus, the simultaneous influence of 

surface roughness, inherent defects, geometrical notches and inhomogeneities can lead to 

unexpected failures in AM parts when placed under external loads. Furthermore, metals 

processed by AM are known to have anisotropic physical and mechanical properties, as 

well as residual stress values. The summation of all these factors, therefore, can cause 

more frequent catastrophic failures if all of these parameters are not considered 

simultaneously in the designing stage. This issue is further prominent when the 

manufactured component is supposed to fail under more defect-sensitive mechanisms, 

e.g. HCF or UHCF, compared to failures under quasi-static loads (Meneghetti et al., 2019; 

Razavi and Berto, 2019).  

 

Figure 2.8: Raw surface from the sidewall of a component made from stainless tool steel CX 

using the L-PBF technique: (a) investigated area, and (b) topological features of the area shown 

(Courtesy of LUT University, Laboratory of Steel Structures). 
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3 Materials and methods 

This research consists of several case studies of the material properties and design issues 

associated with AM. Consequently, different materials and combinations of various 

examinations and approaches are incorporated to evaluate each case. This chapter 

provides a detailed review of the materials, processes, methods, and examinations used 

based on their relevant publications. 

3.1 Materials 

Two types of steel were used in this research, with the type and chemical composition of 

each steel and its related studies listed in Table 3.1 and Table 3.2. The raw materials used 

in these studies were fresh gas-atomised powders from EOS GmbH. 

Table 3.1: Nominal chemical composition of stainless steel 316L, used as the raw material in 

Publication II, according to its manufacturer (EOS GmbH, 2021). 

Element Ni Cr Mo Mn S Si N C Fe 

min wt% 13.00 17.00 2.25 - - - - - Bal. 

max wt% 15.00 19.00 3.00 - - - 0.10 0.03 Bal. 

 
Table 3.2: Nominal chemical composition of tool steel 18Ni300, used as the raw material in 

Publication III, according to its manufacturer (EOS GmbH, 2021). 

Element Ni Co Mo Ti Al Cr Cu C Mn Si Fe 

min wt% 17.00 8.50 4.50 0.60 0.05 - - - - - Bal. 

max wt% 19.00 9.50 5.20 0.80 0.15 0.50 0.50 0.03 0.10 0.10 Bal. 

3.2 Additive manufacturing of the samples and their designs 

All research samples were additively manufactured using the L-PBF method. An EOS 

M290 machine was utilised to fabricate the samples using the recommended parameters 

set by the machine manufacturer (EOS GmbH). It should be noted that the fixed (most 

optimised) L-PBF parameters were applied in the studies associated with this research as 

investigating the process parameters directly linked to the L-PBF technique was beyond 

their scope. As a result, the primary assumption was that all the samples had acceptable 

build quality due to the optimised parameters used in their fabrication. However, to ensure 

the reliability of the L-PBF parameters, the quality of the processed materials was 

examined using the approaches introduced in Section 3.4. 

Samples used for the density measurements, defect analysis, microstructural 

investigations, and hardness measurements were generally cuboids with 10 mm × 10 mm 

cross-sections cut out by mechanical sawing from additively manufactured test coupons. 

Specimens used for the standardised quasi-static uniaxial tensile tests (denoted simply as 

tensile tests hereafter) in Publication II were designed per ASTM E008 (ASTM, 2016). 

Figure 3.1 shows the schematics of these tensile specimens. However, the tensile 

specimens used in Publication III did not have a standardised shape due to the notched 
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edges. Hence, the tensile samples used in Publication III were manufactured following 

the designs and dimensions shown in Figure 3.2. Regarding the uniaxial high-cycle 

fatigue tests (for simplification, denoted as HCF tests hereafter), standardised samples 

were designed per ASTM E466 for L-PBF 316L (Publication II), as shown in Figure 3.3 

(ASTM, 2015). However, due to the notched designs of the samples in Publication III, 

the designs shown in Figure 3.2 were also used for the HCF tests. 

Regarding the Charpy test, samples were designed per ASTM E23 for Publication II, as 

shown in Figure 3.4 (ASTM, 2018). However, to investigate the effects of surface quality 

on the notch toughness of L-PBF 316L, non-standard specimens were also used in 

Publication II in addition to standard samples – as shown in Figure 3.4(b). This resulted 

in two types of non-standard specimens. In the first type, the flat notch in non-standard 

samples had a raw surface quality, while the samples from the second type had machined 

surface quality along their flat notch area.  

 

Figure 3.1: Schematics of the tensile specimens used in Publication II showing their (a) 

dimensions and (b) BD and LA alignments in the (left) horizontal and (right) vertical samples 

(dimensions in mm) (modified from Publication II). 
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Figure 3.2: General specimen dimensions (top) and notch designs (bottom) used in Publication 

III. In this figure, each notch design is identified by its unique codename mentioned under the 

notch schematic, e.g. UN, EV1, and IV1 (dimensions and angles are in mm and degree, 

respectively) (modified from Publication III). 
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Figure 3.3: (a) Dimensions of the HCF specimens used to examine the fatigue performance of L-

PBF 316L. BD and LA alignments are shown in (b) and (c) for horizontal and vertical samples, 

respectively (dimensions in mm) (modified from Publication II). 

 

 

Figure 3.4: Schematics of the Charpy specimens used in Publication II showing their (a) 

dimensions for standard samples, (b) dimensions for non-standard samples, (c) BD and LA 

alignments in the (left) horizontal and (right) vertical samples (dimensions in mm) (modified from 

Publication II). 
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3.3 Post-processing procedures 

Some Publication II samples were post-processed by HFMI to investigate the influence 

of this treatment on the mechanical performance of L-PBF 316L. The parameters of the 

HFMI treatment are listed in Table 3.3. Furthermore, to compare different post-

processing methods and investigate the effects of surface quality on the mechanical 

performance, some samples were mechanically machined or polished to reach the average 

surface roughness (Ra) values of 1–2 μm. Two degrees of material removal were used for 

the machined samples. Consequently, in Section 4.1 machined samples with 0.5 mm of 

material removal are referred to as ‘machined’, while those with 2.5 mm of material 

removal are named ‘heavily machined’. Finally, in Publication III, the top and bottom 

surfaces of the samples made of L-PBF 18Ni300 were mechanically machined (0.5 mm 

material removal); however, the machining process was carried out solely to remove the 

marks left by the supports in these (horizontally made) samples. In other words, 

investigated features in Publication III (notched side surfaces) remained in their as-built 

state with raw surface quality.  

Table 3.3: Parameters of the HFMI treatment used in Publication II. 

Pin speed  

(rpm) 

Pin feed rate 

(mm/r) 

Pin diameter 

(mm) 

Pin travel angle 

(degree) 

Pin tilt angle 

(degree) 

100.00 0.15 5.00 90.00 0.00 

3.4 Density measurements and defect analysis  

L-PBF metal densities in their as-built conditions were measured by the Archimedes 

method, following instructions from Spierings et al. (2011) and ASTM (2017). In 

addition, to increase the results’ reliability, measurements were repeated three times in 

two different immersion mediums of water and acetone. Although the Archimedes 

approach has an accuracy of ±0.08% for dense metallic parts fabricated using L-PBF 

(Spierings et al., 2011), this method cannot indicate the defect distributions in these 

materials. To achieve this, optical images from polished and unetched surfaces of L-PBF 

samples were taken to evaluate the distribution, size, and shape of the defects. 

Subsequently, the optical images were analysed using ImageJ software to extract the 

statistical data required for the evaluations. Finally, the density and defect content of the 

L-PBF metal in each study was estimated based on the results from both methods, 

together with the Archimedes and optical image analysis, to confirm the quality of 

manufactured samples as acceptable for further investigations, i.e. mechanical and 

microstructural examinations.  

3.5 Surface roughness measurements 

Surface roughness values were measured using a KEYENCE VE-3200 3D measuring 

microscope. The microscope allows for calculating Ra values based on a surface scan 

throughout a defined area from a sample surface, as shown in Figure 2.8, or for calculating 



3 Materials and methods 

 

38 

Ra values based on several linear measurements from a specific sample surface, as shown 

in Figure 3.5. Although both methods were used in this research to compare the qualities 

of surfaces with each other, the second approach was used to report the Ra values as 

numerical results for the investigated L-PBF metals. Additionally, the maximum height 

differences (Rz) mean values were also measured and calculated using the linear scans. 

An average number of ten lines were used to calculate the Ra and Rz of each L-PBF metal 

with sufficient reliability. 

 

Figure 3.5: (a) Linear roughness profiles, their corresponding Ra and Rz values, and (b) average 

surface roughness profile calculated based on the Ra and Rz values from the ten linear profiles 

shown in (a) (Courtesy of LUT University, Laboratory of Steel Structures). 

3.6 Microstructural analysis 

Microstructural samples (Section 3.2) were mounted in epoxy resin and ground 

sequentially by abrasive pads with grit numbers from 400 up to 2000. Finally, they were 

polished using 1-μm colloidal silica on standard polishing cloths. When samples reached 

a mirror-like surface polish, they were subjected to etching following the procedures 

presented in Table 3.4. After etching, at first, the prepared samples were investigated by 

optical microscopy, using a Nikon’s Eclipse ME600 microscope. Subsequently, scanning 

electron microscopy (SEM) was carried out on the specimens using Hitachi’s SU3500 

(High-Tech Instruments) microscope. The SEM microscope was equipped with an 

energy-dispersive X-ray spectroscopy (EDS) probe for elemental analysis. 
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Table 3.4: Etching times and solutions according to the raw materials and publications. 

Material Etching solution Etching time Publication 

L-PBF 316L Picric acid + HCl 15 s Publication II 

L-PBF 18Ni300 Nital 10 s Publication III 

3.7 Hardness measurements 

Vickers hardness values were measured using a DuraScan 70 machine by applying a force 

of 5 kgf and 3 kgf on L-PBF 316L (Publication II) and L-PBF 18Ni300 (Publication 

III), respectively. The mechanical loads were applied for 10 s in both cases.  

3.8 Residual stress measurements 

The residual stress values of the samples were measured using a Stresstech XSTRESS 

G2R X-ray diffractometer equipped with a magnesium probe. The measurements were 

carried out along the gauge length of the tensile specimens (Figure 3.1) at the minimum 

number of three points. The final result reported for each specimen was the average value 

of its measurements.  

3.9 Uniaxial quasi-static tensile tests 

Quasi-static tensile tests were carried out using a Galdabini Quasar 600 machine. All the 

tests were performed at room temperature and under the constant strain rate of 0.001 s-1. 

Plus, an ARAMIS digital image correlation (DIC) system was used in conjunction with 

the Galdabini machine to capture the local stress-strain data and plot true stress-

logarithmic strain diagrams. For L-PBF 316L, the tests were carried out as per ASTM 

E008, using the standard specimens schematically shown in Figure 3.1 (ASTM, 2016). 

For L-PBF 18Ni300, however, the tests were carried out using the non-standard 

specimens shown in Figure 3.2. 

3.10 Uniaxial high-cycle fatigue tests 

High-cycle fatigue tests were used to investigate the mechanical performance of the 

investigated materials. For L-PBF 316L, the HCF tests were carried out under ASTM 466 

using the sample designs shown in Figure 3.3 (ASTM, 2015). Regarding the samples 

made of 18Ni300, the same designs used for the tensile tests (Figure 3.2) were also used 

for the HCF test. All these tests were carried out at room temperature using a 100 kN test 

rig, a loading ratio (R) of 0.1, and at loading frequencies between 2–5 Hz. Test load values 

were measured by a 50 kN load cell installed on the test rig. Finally, fatigue lives higher 

than 1.1 × 106 cycles were considered as run-outs.  
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3.11 Charpy tests 

Charpy impact tests were performed at room temperature, using the sample designs 

shown in Figure 3.4 and following ASTM E23, except for the samples shown in Figure 

3.4(b) (ASTM, 2018). 

3.12 Fractography and fracture analysis 

Fractography and analysis of the fracture surfaces from the HCF specimens were carried 

out using the SU3500 SEM microscope. For the tensile specimens, fractography was 

performed either by the SEM or KEYENCE VR-3200 3D microscope, depending on the 

required magnifications. Finally, analysis of the broken Charpy specimens’ fracture 

surfaces was carried out by the KEYENCE VR-3200 3D microscope as, in this case, the 

low-magnification images were used to calculate the shear fracture appearances (SFA) of 

the broken Charpy specimens. 

3.13 Finite element analysis 

The finite element method (FE) was used in Publication III to evaluate the samples’ 

stress flows. The FFEPlus solver from Dassault Systèmes was used to solve the linear FE 

models, which were developed using tetrahedron elements with mesh sizes from 0.1 mm 

to 0.5 mm. The notched samples were fully modelled (scale 1:1). In terms of constraints 

(boundary conditions), one end of the modelled samples was considered stationary to act 

as the fixed grip of the testing apparatus, while the external load was applied on the other 

end to resemble the test rig’s moving grip. Finally, a mesh convergence study was carried 

out to confirm the utilised mesh sizes as appropriate for the FE model.  
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4 Results and Discussion 

Based on the investigated materials, this research can be divided into two case studies. In 

this chapter, the results of each case are presented and discussed in a separate section. 

4.1 Microstructural and mechanical characteristics of L-PBF 316L 

The density of the manufactured samples and their defect distribution were measured and 

analysed to ensure an acceptable fabricated material quality. According to the results, the 

relative density of L-PBF 316L was ≈ 99.9%, regardless of its building direction. 

Additionally, the defect distribution data are presented in Figure 4.1. Based on these data, 

most of the L-PBF 316L defects were isolated spherical voids with diameters from 5 μm 

to 10 μm, which, according to the literature, cannot yet be avoided in L-PBF because of 

gas entrapments that basically originate from the raw powder (Zhang et al., 2018, 2019). 

In conclusion, the L-PBF 316L fabricated in this study was fully dense (less than ≈ 0.1% 

defect content with defects mainly equal to or smaller than 10 μm in diameter) without 

significant defect clustering or cracks. The manufactured specimens, therefore, were 

considered to be of acceptable quality, regardless of their BD. 

 

 

Figure 4.1: Defect distribution data from the samples made of L-PBF 316L based on their types 

(horizontal or vertical following their BD) and examined cross-sectional planes (normal or 

parallel to LA) (from Publication II). 
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4.1.1 Microstructure of L-PBF 316L 

As shown in Figure 4.2, the L-PBF 316L consisted of coarse austenite grains elongated 

towards their BD. Due to epitaxial growth, many austenite grains grew beyond several 

deposited layers, resulting in the coarse and elongated appearance of the microstructural 

features under the optical microscope. Furthermore, SEM examinations show that the 

coarse austenite grains comprised cellular subgrain structures, as shown in Figure 4.3. 

According to the results, BD did not significantly alter the microstructural features in 

either grain or subgrain scales. With subgrain features, however, the size and orientation 

of the cells differed along neighbouring grains. As a result, the primary arm spacing of 

the cells (λ) varied from the range of 0.5 µm to 1.0 µm throughout the microstructure, as 

shown in Figure 4.4. Finally, in Figure 4.5, EDS mappings indicated that the L-PBF 316L 

segregation was a localised phenomenon, which presented along some isolated regions 

(dashed areas under higher magnifications in Figure 4.5) but was not much evident in the 

rest of the examined areas.  

 
Figure 4.2: Optical micrographs of L-PBF 316L according to its BD: (a) horizontal and (b) 

vertical (from Publication II). 

 

Fully austenitic microstructure with coarse and elongated grains consisting of 

cellular/dendritic subgrain features are generally reported in the literature for L-PBF 

316L. This is a result of austenite stability in 316L being primarily related to its chemical 

composition rather than L-PBF parameters (Cherry et al., 2015; Gläßner et al., 2017; Sun 

et al., 2016). Furthermore, Md30 can be used for evaluating the austenite stability of the 

steel. This parameter indicates the temperature at which 30% strain is required to 

transform half of the material’s austenite content into strain-induced martensite. The 

study estimated the Md30 temperature of L-PBF 316L as -53.5 ℃ by using equation 4.1 

(Blinn et al., 2020). This value indicates the raw material’s very high austenite stability, 

meaning that no detectable martensitic constituent was expected in the investigated metal.  

 𝑀𝑑30 (℃) = 413 − 462(Cwt% + Nwt%) − 9.2Siwt% − 8.1Mnwt%

− 13.7Crwt% − 9.5Niwt% − 18.5Mowt% 
(4.1) 
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Figure 4.3: SEM micrographs of L-PBF 316L according to its BD: (a) and (b) horizontal samples; 

(c) and (d) vertical samples (from Publication II). 
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Figure 4.4: Variations in cell size and cell orientation among neighbouring austenite grains in L-

PBF 316L (from Publication II). 

Regarding the cellular subgrain features, the absence of secondary arms in these cells 

indicates the ultra-high cooling rates associated with the L-PBF technique. The cooling 

rate can be estimated by the average λ using Equation 4.2 (Qiu et al., 2018), while the 

average λ can be calculated using Equation 4.3 (Wang et al. 2016): 
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80

𝜆
)

(
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)

; 

 

(4.2) 
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𝐴
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)

0.5

, (4.3) 

where T is the cooling rate (ºK/s), M' is the micrograph magnification, N' is the number 

of cells detected in the micrograph, and A is the investigated area (m2). The values of λ 

and T were calculated to be 0.5 μm and 4.5 × 106 K/s, respectively, with the calculated 

values falling within the range of expected results from the literature (Bartolomeu et al., 

2017; Zhang et al., 2019). Although a constant average was considered for λ in these 

calculations, a variation in cell size was apparent throughout the subgrain features, as 

shown in Figure 4.4. According to the literature, this variation can be attributed to the 

reheating of each deposited layer by its subsequent scanning layers during L-PBF 

(Liverani et al., 2017; Montero Sistiaga et al., 2016; Wang et al., 2016).  

However, the reheating mechanism cannot explain the changes in cell orientations as 

these are determined during the solidification, while the reheating can be attributed only 

to whatever occurred afterwards. During the solidification, preferred crystallographic 

growth and heat flux govern the cell growth. In L-PBF, previously deposited layers can 

impose a thermal boundary effect on the depositing layer, influencing its heat flux and 

thermal gradient. Furthermore, the heat flux of the depositing layer is also affected by a 

strong Marangoni effect associated with the laser beam. Finally, the preferred growth 

direction differs in each grain. In conclusion, the simultaneous actions of these factors 
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result in a range of cell/dendrite sizes and orientations in subgrain features of L-PBF 

metals, including L-PBF 316L (Krakhmalev et al., 2018; Wang et al., 2016). 

 

Figure 4.5: EDS mappings of L-PBF 316L under different magnifications: (a) 2000×, (b) 10000×, 

and (c) 5000× (from Publication II). 
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Regarding the reasons for localised segregation, two mechanisms are generally proposed 

for L-PBF 316L segregation. The first mechanism attributed the segregation to 

dislocation networks formed during the rapid material solidification. According to this, 

Birnbaum et al. (2019) proposed that a dislocation network forms through the 

solidification because of the strain ageing effect, while solute atoms segregate along the 

cell boundaries due to the formation of the Cottrell atmospheres. Thus, according to this 

mechanism, the segregation occurs in L-PBF 316L as a consequence of the dislocation 

network (cells). The second mechanism, however, as proposed by some other researchers 

such as Wang et al. (2016) and Krakhmalev et al. (2018), attributes the segregation to 

chemical fluctuations associated with the material’s solidification front. 

It should be noted that both mechanisms primarily rely on solid diffusion for segregation 

to occur, while solid diffusion depends on temperature and, therefore, solidification rate. 

As discussed earlier, the solidification rate cannot be uniform throughout the L-PBF 

metal. Theoretically, the solidification rate can become high enough locally to prevent 

solid diffusion and avoid segregation via a phenomenon known as the solute trapping 

effect. Although both introduced mechanisms seem valid to explain localised segregation 

in L-PBF 316L, Bertsch et al. (2020) have proven thermal distortions to be the source of 

dislocation networks (cells) in L-PBF 316L and confirmed their existence prior to the 

occurrence of segregation. Consequently, their results favour the first mechanism as the 

cause of (localised) L-PBF 316L segregation. 

4.1.2 Residual stress in L-PBF 316L 

The residual stress values of L-PBF 316L are presented in Table 4.1, based on the BD 

and measurement axis. According to the measurements, the L-PBF resulted in residual 

tensile stress towards both building and scanning directions, which were higher along the 

BD. The surface of L-PBF 316L was treated by three different mechanical post-

processing methods, as shown in Table 4.1, to investigate the effects of surface post-

processing on the residual stress values. Along its tool path (i.e. the scanning direction in 

the horizontal samples and the BD in the vertical samples), mechanical machining meant 

that the tensile residual stress in the as-built material was turned into compressive residual 

stress. In addition, polishing and HFMI treatment changed the residual stress values from 

tensile to compressive, regardless of measurement direction. The HFMI treatment caused 

the highest compressive residual stress compared to other mechanical surface treatments.  

4.1.3 Surface roughness of L-PBF 316L 

The surface roughness values of L-PBF 316L are presented in Table 4.2. According to 

the results, all mechanical post-processings improved the material’s surface quality. 

However, HFMI treatment left some dents as deep as 20 μm on the surface of the treated 

specimens, as shown with red arrows in Figure 4.6.  
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Table 4.1: Measured residual stress values of L-PBF 316L along its building and scanning planes 

(from Publication II). 

Sample 

type 

Measurement 

axis 

Stress value 

for raw 

surface (MPa) 

Stress value 

for machined 

surface (MPa) 

Stress value 

for polished 

surface (MPa) 

Stress values 

for HFMI-

treated 

surface (MPa) 

Horizontal 
Building 

direction 
370 466 -102 - 

Horizontal 
Scanning 

direction 
40 -198 -293 - 

Vertical 
Building 

direction 
382 -57 -239 -1180 

Vertical 
Scanning 

direction 
156 522 -421 -505 

 
Table 4.2: Measured surface roughness values for L-PBF 316L according to its surface condition 

(from Publication II). 

Sample type Surface condition Ra (μm) Rz (μm) 

Horizontal As-built 12.5 79.0 

Horizontal Machined 2.0 9.0 

Horizontal Polished 1.5 8.5 

Vertical As-built 6.0 40.0 

Vertical Machined 2.0 11.0 

Vertical Polished 1.5 8.5 

Vertical HFMI-treated 2.0 11.0 

 

 

Figure 4.6: Different magnifications of surface features from a vertical sample made of L-PBF 

316L and post-processed by HFMI treatment (from Publication II). 
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4.1.4 Hardness of L-PBF 316L 

Hardness measurements performed on the as-built samples did not show any significant 

hardness value fluctuations, regardless of the BD. The average value of 205 HV, 

therefore, can be considered as the hardness of L-PBF 316L in its as-built condition. 

Furthermore, some vertical samples were post-processed by HFMI treatment to 

investigate the effects on the L-PBF 316L hardness. According to the measurements, 

HFMI significantly increased the hardness of L-PBF 316L, as shown in Figure 4.7. The 

significant rise in the hardness values shown is due to the high compressive stresses left 

by the HFMI tool and the subsequent strain hardening on the surface and subsurface of 

L-PBF 316L, as previously discussed in Section 4.1.2.  

 

Figure 4.7: Hardness profile of a vertical sample made of L-PBF 316L and post-processed via 

HFMI (along its scanning plane) (from Publication II). 

 

Finally, according to the literature, the hardness of L-PBF 316L is generally higher than 

that of its conventionally manufactured counterpart. The results of the present study 

confirm such an observation. Wang et al. (2018) attributed the relatively higher hardness 

of L-PBF 316L to the Hall–Petch strengthening effect in this material. According to their 

study, cells in L-PBF 316L act as the dominant strengthening features, with the hardness 

value of L-PBF 316L estimated by following the Hall–Petch strengthening model, as per 

Equation 4.4: 

 𝐻𝑉 = 72.6 + 94.9𝜆−0.5. (4.4) 

Using this equation and considering the average λ equal to 0.5 μm (based on the visual 

data from Figure 4.3), the hardness value of the L-PBF 316L was calculated to be 206 

HV, which agrees with the average measured values.   
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4.1.5 Mechanical performance of L-PBF 316L in tensile tests 

Engineering stress-strain curves of L-PBF 316L, based on its BD and mechanical post-

processing, are shown in Figure 4.8. Additionally, the quasi-static mechanical properties 

of L-PBF 316L are presented in Table 4.3. The results showed that horizontal samples 

had higher strength values (0.2% offset yield strength [σyield] and ultimate tensile strength 

[σUTS]) but lower elongations to failure (εf) and uniform elongations (εufm) than their 

vertical counterparts. BD, however, did not affect the tangent modulus (E). Furthermore, 

machining did not significantly affect the quasi-static mechanical properties (≤ 10% 

change in the properties of the vertical samples in Table 4.3). Similarly, machining (0.5 

mm of material removal) and heavy machining (2.5 mm of material removal) had 

comparable results in the horizontal specimens. However, HFMI treatment caused a 

significant increase and decrease in the strength and elongation of the vertically made L-

PBF 316L, respectively.  

The relatively high strength of the HFMI-treated sample can be attributed to the extremely 

high compressive residual stress present in the material’s surface and subsurface areas. 

On the other hand, the drastic decrease in the HFMI-treated specimen’s elongation value 

can be caused by the dents left by the HFMI tool on the material’s surface (Figure 4.6). 

Furthermore, during the tensile tests, strain distributions on the samples showed signs of 

stress concentrations on the HFMI-treated specimens (Figure 4.9). The local stress 

concentrations can also point to the prominent role that the surface marks from HFMI 

treatment play in the failure of the tensile specimens. Finally, fracture surface analysis of 

the broken HFMI-treated sample confirmed that the final failure initiated from a surface 

site with dimensions similar to the dents left by the HFMI treatment, as shown in Figure 

4.10.  

 

Figure 4.8: Engineering stress-strain curves of L-PBF 316L (from Publication II). 
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Table 4.3: Quasi-static mechanical properties of L-PBF 316L according to its BD and mechanical 

post-processing (from Publication II). 

Building 

direction 
Surface condition 

σyield 

(MPa) 

σUTS 

(MPa) 

εufm  

(%) 

εf  

(%) 

E  

(GPa) 

Horizontal Machined 546 654 19 32 153 

Horizontal Heavily machined 546 656 16 31 150 

Vertical As-built 439 553 28 48 147 

Vertical Machined 475 569 23 44 156 

Vertical HFMI-treated 471 647 4 22 193 

 

 

Figure 4.9: (a) Topographical features of a HFMI-treated sample made of L-PBF 316L; (b) and 

(c) local strain values of the same sample under different tensile loads; (d) topographical features 

of a vertical sample made of L-PBF 316L with raw surface quality; (e) and (f) local strain values 

of the same sample in (d) under different tensile loads. The visual and numerical data representing 

the strain values in these figures are achieved via DIC (from Publication II). 
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Figure 4.10: Fracture surface of a vertical sample made of L-PBF 316L and post-processed by 

HFMI. The fracture initiation site and its depth are marked on the right in higher magnifications 

(from Publication II). 

 

According to the literature, the strength of L-PBF 316L is generally higher than that of 

its conventional counterpart. These relatively higher strength levels are attributed to the 

fine cellular (or sometimes dendritic) subgrains of L-PBF 316L accompanied by 

dislocation networks along the cell/dendrite boundaries (Krakhmalev et al., 2018; Ma et 

al., 2017). Furthermore, the cell size is unanimously recognised as effective in the 

proposed Hall–Petch relationships suggested for L-PBF 316L in various studies (Liu et 

al., 2018; Wang et al., 2018; Zhong et al., 2016). However, there seems to be some 

controversy about using a unified Hall–Petch relationship to calculate the strength of L-

PBF 316L based on its effective grain size. In other words, although BD does not have a 

significant effect on the average cell size (horizontal and vertical samples share similar 

average values for this parameter), their mechanical properties are different (the strength 

values of vertically fabricated L-PBF 316L are generally lower than those of horizontal 
L-PBF 316L), as shown in Figure 4.8. This controversy can result from Hall–Petch 

relationships where effective grain size is considered to be the sole determining parameter 

for estimating material strength. Consequently, using more comprehensive models and 

equations, such as Taylor’s (4.5), can offer a more efficient approach to overcoming this 

issue (Shamsujjoha et al., 2018):  

 𝜎𝑦 = 𝜎o + 𝑀𝛼𝐺𝑏(𝜌𝑑
0.5). (4.5) 

Where σy is the yield strength, σo is the microstructural friction stress, M is Taylor’s factor, 

α is the proportionality constant, G is the shear modulus, b is the Burger’s vector, and ρd 

is the dislocation density. Using this equation, the material’s yield strength also relies on 

its texture (via M) and dislocation density (via ρd). However, the development and 

calibration of such models for materials like L-PBF 316L require further research 

(Shamsujjoha et al., 2018; Wang et al., 2018).  
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Regarding the strain hardening behaviour of L-PBF 316L, true stress-logarithmic strain 

data were extracted (Figure 4.11) to plot its strain hardening curves – as shown in Figure 

4.12. According to the literature, the Ludwigson equation could successfully model the 

strain hardening behaviour of conventionally manufactured austenitic stainless steel 316L 

(Singh, 2004): 

 𝜎 = 𝐾1𝜀𝑛1 + exp(𝐾2 + 𝑛2𝜀). (4.6) 

Where σ and ε are true stress and logarithmic strain, respectively, and K1, K2, n1, and n2 

are material-dependent constants. In the present study, these constants have been 

successfully recalculated for L-PBF 316L (except for the HFMI-treated specimen) and 

are listed in Table 4.4. Consequently, the Ludwigson equation successfully modelled the 

true stress-logarithmic strain diagrams of the L-PBF 316L (in their plastic regions), as 

shown by the dashed lines superimposed on their respective experimental curves in Figure 

4.11. 

 

Figure 4.11: (left) True stress-logarithmic strain curves of the L-PBF 316L during its plastic 

deformation and according to its BD and post-processing condition; and (right) experimental 

stress-strain values from the curves on the left and their calculated stress values following the 

Ludwigson equation (modified from Publication II). 
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Figure 4.12: Strain hardening curves of the L-PBF 316L according to its BD and post-processing 

condition (from Publication II). 

 

Table 4.4: Constants of the Ludwigson equation (from Publication II). 

Sample type K1 n1 K2 n2 

Vertical (as-built) 1001.40 0.25 5.42 −21.49 

Vertical (machined) 975.00 0.21 5.23 −21.13 

Horizontal (machined) 1052.90 0.17 4.87 −33.22 

Horizontal (heavily machined) 1013.40 0.15 4.63 −45.67 

Conventional (Singh, 2004) 550.30 0.01 5.70 −45.98 

4.1.6 Fatigue performance of L-PBF 316L 

The stress-life curves of L-PBF 316L are presented in Figure 4.13. As shown by the 

results, surface roughness was a determining factor regarding the fatigue limit (σf) of   

L-PBF 316L and, by improving the surface quality via machining, the σf increased as a 

result. According to the literature, an increase in σf by decreasing Ra and Rz values was 

expected since valleys and protrusions from the raw surface of L-PBF 316L (in its as-

built condition) can act as stress risers (cause stress concentrations) and premature crack 

initiation sites on the material surface. Furthermore, manufacturing L-PBF 316L 

horizontally increased its σf by 15%. In addition, post-processing by HFMI treatment 

improved the fatigue performance of the vertical samples by 90%. This improvement can 

be attributed to the high residual stress remaining on the surface and subsurface areas of 

the material from HFMI treatment. According to Table 4.2, HFMI treatment also 

increased the surface quality and reduced the Ra to 2 µm, potentially further enhancing 

the fatigue performance. However, the detrimental effect of the surface marks (dents from 

the HFMI tool) on the fatigue life of the specimens should also be considered. 
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Figure 4.13: Stress-fatigue life (S-N) curves of L-PBF 316L based on its BD and post-processing 

conditions. The σf values are reported for each set according to the average stress amplitude that 

yielded fatigue lives equal to or higher than 1.1 × 106 cycles (from Publication II). 

 

Compared to other studies’ results, the fatigue performances of the specimens in the 

present study were comparable to or even better than those of L-PBF 316L found in the 

literature and even conventional 316L (Figure 4.14), with the exception of vertically 

manufactured L-PBF 316L with raw surface quality. The inferior fatigue performance of 

these as-built vertical samples can be attributed to their poor surface quality compared to 

other specimens (Spierings et al., 2013). Furthermore, defects in L-PBF metals tend to 

elongate in the scanning planes (perpendicular to BD), which is a tendency that results in 

higher stress concentrations in defects belonging to vertical samples – as shown in Figure 

2.3 (Choo et al., 2019; Solberg et al., 2019). Additionally, as weak links, the alignment 

of interlayer boundaries is also perpendicular to the external loads of vertical specimens. 

These weak links, therefore, can act as accessible initiation sites and propagation routes 

for micro-cracks under cyclic loads (Stern et al., 2019; Suryawanshi et al., 2017b).  
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Figure 4.14: S-N data of L-PBF 316L from the literature compared to the S-N curves from the 

present study – blue halo line with the triangle sign: horizontal samples with machined surfaces; 

red halo line with the star sign: vertical samples with HFMI-treated surfaces; yellow halo line 

with the circle sign: vertical samples with machined surfaces; and, brown halo line with the square 

sign: vertical samples with raw surfaces (for making the data comparable, some fatigue results 

were converted from R = -1 using Goodman’s equation [Equation 4.18]). Data points with the 

same signs and attributes, such as triangles for vertical (machined), but signs with different 

colours, e.g. blue triangle and brown triangle, are extracted from different sources found in the 

literature (modified from Publication II). 

 

 

It should be noted that, in Figure 4.13, by increasing the stress amplitude, the differences 

between the fatigue lives of the specimens with different building directions or post-

processing treatments decreased. This observation can be made because the yield strength 

of metals governs fatigue failures at high-stress amplitudes as plastic deformation is the 

dominant deformation mechanism under relatively high-stress amplitudes. So, any 

defects and weak links present play relatively less prominent roles in HCF regimes with 

high-stress amplitudes, meaning that the fatigue performances of the horizontal and 

vertical samples could become more similar. It is clear, therefore, that the S-N curves in 

Figure 4.13 converge by increasing the stress amplitude (Blinn et al., 2019; Leuders et 

al., 2014; Shrestha et al., 2019). On the other hand, defects and weak links become 

dominant parameters that determine material failure by decreasing the stress amplitude. 

As a result, under low-stress amplitudes, the fatigue performance of the samples built 

along the vertical direction or the samples with raw surface qualities was found to be 
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inferior to those of machined or horizontal samples. Finally, according to Table 4.3, 

vertical samples had lower yield strengths than other specimens and, consequently, are 

more prone to ratcheting, plastic strain accumulation, and premature failures under low-

stress amplitudes (Zhang et al., 2018). Ultimately, the S-N curves of the samples with 

different BDs or post-processing treatments were expected to disperse from each other 

by decreasing the stress amplitude due to the mentioned causes.  

To further investigate the failure mechanisms associated with the fatigue failures of 
L-PBF 316L, the fracture surfaces of the broken specimens were investigated via SEM, 

with results shown in Figure 4.15, Figure 4.16, Figure 4.17, and Figure 4.18 (organised 

based on the sample types and stress amplitudes). In these figures, crack initiation sites 

and growth regions are marked by red arrows and blue dashed lines on the left images, 

respectively. Plus, critical defects that act as crack initiation sites are shown in higher 

magnification in the right-side images. According to these figures, the shear rupture was 

more dominant in specimens that failed under high-stress amplitudes, while areas 

indicated by blue dashed lines became smaller due to stress amplitude increases (crack 

growth was shorter prior to the final failure). High-stress amplitudes also activated more 

crack initiation sites, as shown in Figure 4.15(c), Figure 4.16(c), Figure 4.17(c), and 

Figure 4.18(b). Finally, the failure in the machined samples originated from subsurface 

defects, with the initial fracture traced to surface defects in the samples with raw surfaces 

or post-processed by HFMI treatment.  

The Murakami approach can be used to estimate the fatigue limit of metals with hardness 

values lower than 400 HV, e.g. L-PBF 316L in this study. Accordingly, Equations 4.7, 

4.8, and 4.9 can be used to estimate the fatigue limit of metals with fatigue failures 

originating from the surface, subsurface, or internal defects, respectively (Murakami et 

al., 2019; Murakami and Endo, 1994):  

 

 

𝜎𝑓 = (
1.43(𝐻𝑉 + 120)

(√𝑎𝑟𝑒𝑎)
1
6

) (
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Square roots of defect areas (√𝑎𝑟𝑒𝑎) are calculated for L-PBF 316L samples in the 

present study (based on the critical defects marked in the fractography images), while 

fatigue limits were estimated using Equation 4.7 and Equation 4.8.  
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According to the calculated results listed in Table 4.5, the Murakami approach had a 

relatively acceptable accuracy (error ≤ 10%) in determining the fatigue lives of machined 

samples. However, this approach failed to estimate the fatigue performance of samples 

with raw surfaces or post-processed by HFMI treatment, as the equations also 

overestimated the fatigue limits of these specimens. Additionally, these samples are 

known to have numerous potential failure initiation sites (tool marks for HFMI-treated 

examples and surface protrusions and valleys for samples with raw surface quality). 

Hence, these defects might have acted simultaneously and resulted in a synergetic 

deteriorative effect on the mechanical performance of L-PBF 316L under cyclic loads, 

ultimately resulting in the overestimations.  
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Figure 4.15: Fracture surfaces of L-PBF 316L built horizontally, subjected to mechanical 

machining, and failed under cyclic loads with (a) low, (b) intermediate, and (c) high-stress 

amplitudes (modified from Publication II). 
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Figure 4.16: Fracture surfaces of L-PBF 316L built vertically, subjected to mechanical machining, 

and failed under cyclic loads with (a) low, (b) intermediate, and (c) high-stress amplitudes 

(modified from Publication II). 
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Figure 4.17: Fracture surfaces of L-PBF 316L built vertically, with raw surface quality, and failed 

under cyclic loads with (a) low, (b) intermediate, and (c) high-stress amplitudes (modified from 

Publication II). 
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Figure 4.18: Fracture surfaces of L-PBF 316L built vertically, subjected to HFMI treatment, and 

failed under cyclic loads with (a) intermediate, and (b) high-stress amplitudes (modified from 

Publication II). 

 
Table 4.5: Comparison between the experimental data (from Figure 4.13) and fatigue life 

estimations from the Murakami approach (from Publication II). 

Sample 
Fatigue limit according to 

experimental data (MPa) 

Fatigue limit estimated by the 

Murakami approach (MPa) 

Error 

(%) 

Horizontal and 

machined 
237 214 - 9.7 

Vertical and 

machined 
207 206 - 0.5 

Vertical and  

as-built 
112 163 45.5 

Vertical and 

HFMI-treated 
216 245 13.4 
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4.1.7 Notch toughness of L-PBF 316L 

The Charpy test results are listed in Table 4.6. According to the obtained data, BD did not 

significantly affect the notch toughness of L-PBF 316L. Furthermore, a comparison 

between the SFA value from the horizontal sample and that of the vertical specimen in 

Figure 4.19 also confirms that BD did not influence the notched specimens’ ductility. 

Finally, comparing the results from the un-notched specimens showed that mechanical 

machining does not significantly affect the notch toughness of L-PBF 316L. In 

conclusion, by using optimum L-PBF parameters to fabricate metallic components made 

of 316L, the notch toughness of the as-built material is independent of its BD and surface 

condition. 

Table 4.6: Notch toughness of L-PBF 316L (from Publication II). 

Sample type 
Horizontal 

(notched) 

Vertical 

(notched) 

Un-notched 

(raw surface) 

Un-notched 

(machined) 

Notch 

toughness (J) 
145 150 302 291 

 

 
Figure 4.19: Fracture surface analysis of the notched specimens made of L-PBF 316L and their 

corresponding SFA values, according to their building directions: (a) horizontal sample and (b) 

vertical sample (modified from Publication II). 
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4.2 Effects of geometrical notches on the mechanical performance of 

L-PBF 18Ni300 

Similar to the L-PBF 316L case study, the density and defect distribution of L-PBF 

18Ni300 were analysed to ensure that the fabricated specimens were of acceptable 

quality. It should be noted that, unlike the previous Section 4.1 case study, all samples 

were fabricated horizontally in the current case. According to the Archimedes method, 

the relative density of L-PBF 18Ni300 was ≈ 99.9%. Furthermore, statistical analysis of 

the defects indicated that most were porosities with diameters smaller than 20 µm – as 

shown in Figure 4.20. Plus, no defect clustering and micro-cracks were observed in the 

examined areas.  

 

Figure 4.20: Defect size and distribution data of L-PBF 18Ni300 (modified from Publication III). 

4.2.1 Microstructure and hardness of L-PBF 18Ni300 

The microstructural features of L-PBF 18Ni300 are shown in Figure 4.21. According to 

the results, this material consisted of a combination of lath and dendritic morphologies of 

martensite. Considering the severe thermal cycles associated with the L-PBF method and 

reheating cycles occurring after each layer deposition – due to the depositions of its 

subsequent layers – maraging steels, such as 18Ni300, in their as-built conditions are 

typically expected to have a combination of lath and dendritic martensites as background 

(dominant) microstructures (Bajaj et al., 2020). Finally, following the hardness 

measurements, the average hardness of as-built L-PBF 18Ni300 was 394 HV. 
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Figure 4.21: (left) Optical and (right) SEM micrographs of L-PBF 18Ni300 in its as-built 

condition (modified from Publication III). 

4.2.2 Surface quality 

In the present study, roughness values could only be measured from the surface of 

external notches due to geometrical limitations imposed by the sample designs. However, 

each set of results (Ra and Rz values) attributed to an external notch can also be ascribed 

to its internal peer notch with similar notch radius (ρ) and notch depth (d) values, which 

is a result of geometrical and topological similarities and having the same fabrication (L-

PBF) parameters. The roughness measurements were carried out along three individual 

directions, as shown in Figure 4.22: notch root and two notch walls. According to the 

results summarised in Table 4.7, the surface quality was almost identical in all the notched 

samples; however, slight inconsistency was found between the notch roots and notch 

walls. Accordingly, the surface quality along the notch roots was slightly better than the 

notch walls. Finally, the average Ra and Rz values of the sidewalls and un-notched (UN) 

specimens were 4 µm and 23 µm, respectively. It should also be noted that, in Table 4.7, 

the notches in EC2 samples were so deep that the notch roots were not accessible by the 

microscope to perform the measurements.  

 

Figure 4.22: (left) A 3D scan and (right) roughness fluctuations measured from an EV1 notch 

(modified from Publication III). 
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Table 4.7: Roughness measurements from the notched samples (from Publication III). 

Design 

code 

Ra  
(notch root) 

Rz  
(notch root) 

Ra  
(notch wall 1) 

Rz  
(notch wall 1) 

Ra  
(notch wall 2) 

Rz  
(notch wall 2) 

EV1 5 µm 46 µm 8 µm 65 µm 7 µm 59 µm 

EV2 5 µm 50 µm 10 µm 82 µm 8 µm 65 µm 

EC1 5 µm 50 µm 10 µm 72 µm 11 µm 82 µm 

EC2 – – 9 µm 80 µm 8 µm 67 µm 

4.2.3 Notch designs and features 

Schematical presentations of the notches, their codenames, and their dimensions are 

shown in Figure 3.2, Section 3.2. Table 4.8 also summarises the key characteristics of the 

notches according to their codenames. In this table, the stress concentration factors (Kt) 

were calculated using the FE approach from Section 3.13. It should be noted that, for 

samples with two neighbouring internal notches, K't values, as the stress concentration 

factors based on the stress values from the regions between the neighbouring notches, are 

also reported since these areas are the most critical regions (due to the highest stress 

values) in such notches.  

Furthermore, the notch acuities (ξ) were calculated and reported in the table using 

Equation 4.10 (Solberg and Berto, 2020): 

 
𝜉 = log

𝑑

𝜌
 , (4.10) 

where d and ρ are the notch depth and notch radius, respectively, as shown in Figure 4.23. 

Finally, the sample designs (Figure 3.2) were organised so that the values of the effective 

cross-sectional areas were the same in all the samples (20 mm2). Consequently, any 

changes in the mechanical performance could be attributed solely to notch characteristics. 

Table 4.8: The features of the notches used in the present study according to their codenames 

(from Publication III). 

Code Notch type Kt K't ρ (mm) d (mm) ξ 

UN Un-notched design 1.0 – – – -1 

EV1 External sharp V-notch 6.3 – 0.1 1.0 1 

EV2 External blunt V-notch 2.3 – 1.0 1.0 0 

EC1 External semicircular notch 2.3 – 1.0 1.0 0 

EC2 External semicircular deep notch 2.5 – 1.0 2.0 0.3 

IV1 Internal sharp V-notch 6.6 – 0.1 1.0 1 

IV2 Internal blunt V-notch 2.6 – 1.0 1.0 0 

IC1 Internal circular notch 2.5 – 1.0 1.0 0 

IC2 Internal oval notch 2.9 – 1.0 2.0 0.3 

I2V1 Double internal sharp V-notches 5.9 7.8 0.1 1.0 1 

I2C1 Double internal circular notches 2.4 4.2 1.0 1.0 0 
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Figure 4.23: Geometrical characteristics of the (left) external and (right) internal notches (from 

Publication III). 
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4.2.4 Mechanical performance of L-PBF 18Ni300 in tensile tests 

Engineering stress-strain curves of L-PBF 18Ni300, based on its notch designs, are shown 

in Figure 4.24, while the numerical results from the curves are listed in Table 4.9. The 

figure shows that the existence of notches reduced the εufm and εf values, regardless of the 

notch type and location, while higher Kt values resulted in a more drastic decrease in the 

material elongation. It should be noted that the uniform elongations decreased by 

increasing the stress concentration factor more coherently than elongation to failure, as 

shown in Figure 4.25(a). This difference could be attributed to the nonuniform behaviour 

of the material beyond its necking point (where ε ≥ εufm). On the other hand, the notched 

samples had higher strength levels in either σyield and σUTS than the un-notched samples, 

as shown in Figure 4.25(b). Investigating the strain flows of the notched samples prior to 

their final rupture indicated that all the specimens failed by a crack propagation along the 

maximum von Mises equivalent strain (εMises), as shown in Figure 4.26, Figure 4.27, and 

Figure 4.28.  

 

 
Figure 4.24: Engineering stress-strain curves of L-PBF 18Ni300 according to its notch designs. 

Engineering stress values in these curves are calculated based on the net cross-sections of the 

samples at their notch roots in Figure 3.2 at the beginning of the tests (≈ 20 mm2 for all the 

specimens) (modified from Publication III). 
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Table 4.9: Quasi-static mechanical properties of L-PBF 18Ni300 according to its notch designs 

(from Publication III). 

Notch 

design 

σyield 

(MPa) 

σUTS 

(MPa) 
NSR 

εufm 

(%) 

εf 

(%) 
σUTS/σyield 

E 

(GPa) 

UN 1078 1162 1.00 2.7 11.7 1.08 174 

EV1 1342 1393 1.20 1.2 2.4 1.04 229 

EV2 1284 1343 1.16 1.5 3.6 1.05 236 

EC1 1305 1357 1.17 1.6 3.2 1.04 237 

EC2 1351 1391 1.20 1.1 2.3 1.03 279 

IV1 1203 1221 1.05 1.0 2.9 1.01 232 

IV2 1151 1183 1.02 1.2 3.4 1.03 231 

IC1 1181 1216 1.05 1.3 3.5 1.03 230 

IC2 1166 1210 1.04 1.1 3.5 1.04 271 

I2V1 1163 1180 1.02 0.9 2.5 1.01 270 

I2C1 1107 1146 0.99 1.1 3.1 1.04 269 

 

 

Figure 4.25: Comparison of elongation and strength levels of L-PBF 18Ni300 according to its 

notch designs and Kt values: (a) elongation and (b) strength values (modified from Publication 

III). 
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Figure 4.26: (left) Fractured tensile specimens with external notches and (right) their equivalent 

von Mises strains immediately prior to the final failure: (a, b) EV1, (c, d) EV2, (e, f) EC1, and  

(g, h) EC2 (modified from Publication III). 
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Figure 4.27: (left) Fractured tensile specimens with internal notches and (right) their equivalent 

von Mises strains immediately prior to the final failure: (a, b) IV1, (c, d) IV2, (e, f) IC1, and        

(g, h) IC2 (modified from Publication III). 
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Figure 4.28: (left) Fractured tensile specimens with two adjacent internal notches and (right) their 

equivalent von Mises strains immediately prior to the final failure: (a, b) I2V1, (c, d) I2C1 

(modified from Publication III). 

 

The lower elongation values (ductility levels) of notched L-PBF 18Ni300 can be 

attributed to stress concentrations associated with the notch roots. Due to these stress 

concentrations, the local stress levels are higher than global stress values, resulting in 

premature local failures. Such local failures cause a constrained plastic deformation along 

the notch root before global strain reaches εf. Furthermore, stress triaxiality along the 

notch root and its surroundings can result in a field of negative pressure in such regions. 

This negative pressure facilitates defect formation, coalescence and, ultimately, crack 

initiation and propagation in the notch vicinity, as shown in Figure 4.29. Consequently, 

notches can cause a significant drop in the ductility of ductile polycrystalline metals (Qu 

et al., 2014).  
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Figure 4.29: SEM images from the fracture surface of an EV2 specimen ruptured under a uniaxial 

tensile quasi-static condition. Some coalesced defects are marked by black arrows and shown 

under higher magnifications in areas between the notch roots (from Publication III). 

 

Regarding the strength comparisons in Figure 4.25(b), the notched samples had higher 

strength levels than the un-notched specimen due to the (notch) strengthening mechanism. 

This is a frequent phenomenon in notched ductile metals, e.g. L-PBF 18Ni300 in its as-

built condition, although both notch strengthening and notch weakening have generally 

been reported for notched metals. These effects can be quantitatively evaluated by the 

universal fracture criterion of Equations 4.11 and 4.12 (Qu and Zhang, 2013): 

 𝜏2 + 𝛼′2𝛽′𝜎2 = 𝜏°
′2, (4.11) 

 
𝛼′ =

𝜏°
′

𝜎°
′ . (4.12) 

Where σ is the normal stress; τ is the shear stress; α' is the intrinsic fracture mode 

parameter; β' is an extrinsic parameter that depends upon the loading mode and 

environment; 𝜏°
′ is the critical shear stress; and 𝜎°

′ is the normal fracture strength.  
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Under quasi-static tensile loads at room temperature, β' is equal to one, meaning that 

Equation 4.11 can be rewritten as Equation 4.13 – known as the classic ellipse failure 

criterion (Qu and Zhang, 2013): 

 𝜏2 + 𝛼′2𝜎2 = 𝜏°
′2 

or 

𝜏2

𝜏°
′2 +

𝜎2

𝜎°
′2 = 1 . 

(4.13) 

According to this failure criterion, materials fail under tensile loads whenever their 

Mohr’s stress circle intersects the critical failure line defined by Equation 4.13. The 

degree of notch strengthening or weakening can be quantified by notch strength ratio 

(NSR), as defined by Equation 4.14: 

 
𝑁𝑆𝑅 =

𝜎𝑈𝑇𝑆(𝑛𝑜𝑡𝑐ℎ𝑒𝑑) 

𝜎𝑈𝑇𝑆(𝑢𝑛−𝑛𝑜𝑡𝑐ℎ𝑒𝑑) 
=

𝑀∗

𝐾𝑡
 . (4.14) 

In this equation, σUTS(notched) and σUTS(un-notched) are the ultimate tensile strengths of notched 

and un-notched specimens. Considering the classic ellipse failure as the material’s failure 

mechanism, M*, as a material-dependent parameter, can de be defined as: 

 
𝑀∗ =  

1

𝑛∗(4𝑘𝛼′4 + (1 − 𝑘)2)0.5
  , (4.15) 

where n* is also a material-dependent parameter, and k can be calculated in Equation 4.16 

as follows: 

 𝑘 =
𝜎𝑚𝑎𝑥

𝜎𝑚𝑖𝑛
 . (4.16) 

Where σmax and σmin are the maximum and minimum principal stress values, respectively. 

Under a determined tensile load, the stress biaxiality or triaxiality at the notch tip causes 

the Mohr’s circle of ductile metals to shrink. Consequently, higher global stress (σnom) 

values are required for the material failure, as shown in Figure 4.30 (Qu and Zhang, 2013).  
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Figure 4.30: Normal stress and shear stress (σ-τ) diagrams (also known as Mohr’s circles) of (a) 

un-notched and (b) notched ductile metals (from Publication III). 

 

The universal fracture criterion proposed by Qu and Zhang (2013) agrees with the present 

study results addressing the notch strengthening phenomenon in L-PBF 18Ni300 as a 

ductile metal. However, Equation 4.14 for NSR of conventional metals does not seem to 

be valid for L-PBF 18Ni300 as, according to this equation, NSR should decrease by 

increasing Kt, contrary to the present study results (EV1 compared to EV2 and IV1 

compared to IV2 in Figure 4.25) and at least one other study on notched AM metals 

(Peron et al., 2018). This controversy can be attributed to the interactions between the 

stress fields in the vicinities of the notches in AM metals and their inherent defects. As 

shown in Figure 4.31, areas affected by the stress concentration from the sharp notch are 

smaller than those of the blunt notch. Consequently, the concentrated stress field around 

the blunt notch can influence more inherent defects (since it covers a larger area) and 

activate more failure initiation sites.  

 

Figure 4.31: FE analysis of strain flows around two different notches: (a) EV1 and (b) EV2 (from 

Publication III). 
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Additionally, by comparing the similar external and internal notches with similar Kt, d, 

and ρ values (e.g. EV1 and IV1) in Figure 4.25, a more apparent notch strengthening 

effect is seen in the external notches. The higher notch strengthening of the external 

notches can be attributed to their direction of stress gradients being towards the centre of 

the specimens, where the material is more constrained for plastic deformation. In contrast, 

the internal notches’ stress gradients are in the opposite direction and towards the surface 

areas, which are less restricted and more prone to plastic deformation – compare Figure 

4.26(b) and Figure 4.27(b), for example. However, this theory requires further research 

for both clarification and confirmation.  

Ultimately, it can be concluded that, although M* is determined and calibrated as a 

material-dependent parameter for conventional metals, this parameter is not only 

material-dependent for AM metals but also relies on their notch design, notch position, 

and defect distribution, in addition to material type. Thus, Equation 4.15 requires 

modification and recalibration for AM metals in this regard to incorporate the effects of 

all interacting factors. Finally, concerning the samples with neighbouring internal 

notches, their results did not follow the maximum stress concentration factors in Figure 

4.25. This contradictory behaviour results from the premature rupture of the regions 

between the adjacent notches (I2V1 and I2C1), which alters the stress field inside the 

notched specimen – as shown in Figure 4.28(b) and Figure 4.28(d).  

4.2.5 Fatigue performance of L-PBF 18Ni300 

Results from the L-PBF 18Ni300 fatigue tests are available in Figure 4.32. Plus, the 

results from the stress range (Δσ) of 300 MPa are compared in Figure 4.33, indicating the 

effect of notch designs (based on Kt) on the material’s fatigue performance. As a result, 

Figure 4.33 shows the fatigue performance of L-PBF 18Ni300 to have a reverse 

relationship with its Kt values. However, Kt and limited fatigue life – e.g. at the stress 

range of 300 MPa – are not the common parameters for comparing the fatigue 

performance of metals with different notch designs, meaning that fatigue notch factor (Kf) 

can be used for this purpose. Fatigue notch factor is defined as the ratio of the σf of notched 

metals to the σf of their un-notched peers while being cyclically loaded with R = -1 (fully 

reversed HCF). In the present study, the fatigue strength of the material corresponding to 

1.1 × 106 cycles was considered applicable for calculating its Kf. Consequently, the fatigue 

notch sensitivity factor (q) can be estimated to compare the fatigue performance of the 

notched samples:  

 
𝑞 =

𝐾𝑓 − 1

𝐾𝑡 − 1
 . (4.17) 

It should be noted that the parameter q must be calculated using the σf values from fully 

reversed cyclic loading regimes (σf(R = -1)). However, the σf values that can be directly 

achieved from the present study results (Figure 4.32) belong to the cyclic loading regimes 

with R = 0.1 (σf(R = 0.1)).  
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Therefore, values of σf(R = 0.1) were converted to σf(R = -1) using the modified Goodman 

equation: 

 𝜎𝑎

𝜎𝑓(𝑅 = −1)
+

𝜎𝑚

𝜎𝑈𝑇𝑆
= 1 , (4.18) 

where σa and σm are stress amplitude and mean stress for R ≠ -1. For comparison, the 

calculation results are summarised in Table 4.10. According to these estimations, the 

fatigue performance of the notched samples did not exactly follow the trend of their quasi-

static behaviour. In conclusion, the geometrical (global) notches were not the sole 

determining factor regarding the material’s fatigue performance in HCF tests.  

 

Figure 4.32: Stress-life data of L-PBF 18Ni300 according to its notch designs (modified from 

Publication III). 
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Figure 4.33. Fatigue lives of L-PBF 18Ni300 at the stress range of 300 MPa, based on the notch 

designs and Kt values (modified from Publication III). 

 

Table 4.10: Estimated values for Kf and q of L-PBF 18Ni300 according to its notch designs (from 

Publication III). 

Notch design σf(R = 0.1) Kf q 

UN 200 MPa – – 

EV1 66 MPa 3.2 0.4 

EV2 135 MPa 1.4 0.3 

EC1 122 MPa 1.9 0.7 

EC2 110 MPa 1.5 0.3 

IV1 62 MPa 3.4 0.4 

IV2 135 MPa 1.4 0.3 

IC1 126 MPa 1.5 0.4 

IC2 75 MPa 2.8 0.9 

I2V1 45 MPa 4.8 0.6 

I2C1 90 MPa 2.3 0.4 

 

According to the fractography analysis, the failures in HCF specimens originated from 

the defects located in their notch roots, which occurred regardless of their σa, notch type, 

and notch position. These observations show that the final failure under HCF regimes was 

due to the simultaneous acts of defects (as local stress risers) and notches (as global stress 

risers). According to the Murakami approach, the size of a defect must be larger than a 

specific value – known as critical defect size – to become detrimental to fatigue 

performance. According to Equations 4.7, 4.8, and 4.9, the critical defect size depends on 

material hardness and defect location. Following the equations, the critical size was 

estimated to be 6.3 μm2 and 17.9 μm2 for surface and internal defects, respectively (no 

failure originating from subsurface defects was observed via fractography analysis, as 

expected for as-built raw surfaces).  
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Considering the available data from Figure 4.20 and Table 4.7, therefore, the majority of 

internal defects and surface inhomogeneities could contribute to fatigue failure and 

decrease the material’s fatigue performance. However, according to the fracture surface 

analysis, the fatigue failures were only initiated by the surface defects originating from 

the rough surface of the as-built material. So, these surface defects played a dominant role 

in comparison to subsurface and internal defects, acting as crack initiators – as shown in 

Figure 4.34. This figure also shows that the fatigue failures had already initiated from the 

surface defects before other (internal, subsurface, and near-surface) defects could act as 

failure origins in the material. In addition, non-propagating micro-cracks were identified 

around some of the large internal defects (e.g. the porosity with the diameter of ≈ 25 μm, 

shown in Figure 4.34[e]), although apparently these cracks could not effectively 

contribute to the final failure. Hence, the surface defects were considered the most critical 

inhomogeneities for the fatigue failure of L-PBF 18Ni300. Ultimately, the Murakami 

equation based on the influence of surface defects can be used to correlate the fatigue 

performance of the material to its inherent (surface) defects and surface roughness.  
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Figure 4.34: SEM micrographs of the fracture surface analysis: (a) a sample with EV1 notch 

design and Δσ  = 300 MPa, (b) a sample with IV1 notch design and Δσ = 250 MPa, (c) a sample 

with EC2 notch design and Δσ = 300 MPa, (d) a sample with IV1 notch design and Δσ = 200 MPa, 

(e) a porosity with a non-propagating crack on its vicinity (from a specimen with EC2 notch 

design and Δσ = 295 MPa), and (f) a sample with IV1 notch design and Δσ = 300 MPa. The red 

markings in the images indicate near-surface defects (from Publication III).  

 

 



4 Results and Discussion 

 

80 

Stress concentrations caused by surface roughness (micro-notch effect) can be estimated 

using Equation 4.19 (Chan and Peralta-Duran, 2019): 

 
𝐾𝑡(𝑠𝑢𝑟𝑓𝑎𝑐𝑒) = 1 + 2 × (

2

1 + (
𝜆𝑖

𝑅𝑣𝑖
)2

)0.5 , (4.19) 

where Kt(surface) is the local stress concentration factor, λi is the average half-width of 

surface features, and Rvi is the average maximum depth of the surface features – as shown 

in Figure 4.35. By using the average values from Table 4.7 and roughness profiles similar 

to that shown in Figure 4.35(b), Kt(surface) ≈ 3.0 can be attributed to L-PBF 18Ni300 in the 

present study. Thus, the effect of both geometrical (notches) and defects located along 

their notch roots are significantly detrimental to the fatigue performance of L-PBF 

18Ni300. In conclusion, the simultaneous influence of local and global stress risers must 

be considered to estimate the fatigue life with a better chance of higher accuracy. 

 

Figure 4.35: (a) Schematic view of surface valleys and protrusions originating from surface 

roughness, and (b) roughness profile along the notch root of a sample with EV1 notch design 

(from Publication III). 

 

To achieve an approach that considers the effects of both local and global stress risers, 

the Murakami method was modified by Åman et al. (2017). This modified approach was 

devised to estimate the fatigue performance of notched metals with small defects in their 

notch roots. Ultimately, Åman et al. (2017) proposed Equation 4.20 to estimate the fatigue 

lives of such components loaded under fully reversed cycles: 

 
𝜎𝑓(𝑅=−1) =

3.3(𝐻𝑉 + 120)

2√π𝐹∗√𝑎𝑟𝑒𝑎
1
6(𝐾𝑡,𝑢𝑛𝑖 + 𝛽(𝐾𝑡,𝑙𝑖𝑛 − 𝐾𝑡,𝑢𝑛𝑖))

 , (4.20) 
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where F* is the dimensionless stress intensity factor related to √𝑎𝑟𝑒𝑎. Kt,uni and Kt,lin are 

the uniform and linear stress concentration factors, and β is the ratio of F* values from 

the linear and uniform parts of the stress gradient in the notch and defects vicinity (Åman 

et al., 2017).  

By applying Murakami’s coefficient for the mean stress effect in Equation 4.20, the 

fatigue limit of notched components with defects in their notch roots (e.g. notched AM 

metals) and loaded under R ≠ -1 can be estimated using Equation 4.21: 

 
𝜎𝑓(𝑅≠−1) =

3.3(𝐻𝑉 + 120)

2√π𝐹∗√𝑎𝑟𝑒𝑎
1
6 (𝐾𝑡,𝑢𝑛𝑖 + 𝛽(𝐾𝑡,𝑙𝑖𝑛 − 𝐾𝑡,𝑢𝑛𝑖))

 

× (
1 − 𝑅

2
)

(0.226+0.001𝐻𝑉)

. 

(4.21) 

Following the high-magnification fracture surface analysis (Figure 4.36), half of an ideal 

eclipse drawn around an average critical defect (Figure 4.36[a]) was selected for Equation 

4.21 to estimate the fatigue limit of L-PBF 18Ni300 in the present study (more details on 

calculating the parameters in Equation 4.21 for L-PBF 18Ni300 are available in Appendix 

C). The estimation results are summarised in Table 4.11. According to the calculations, 

the proposed equation overestimated the fatigue performances. However, according to 

Table 4.11, the basic Murakami approach also overestimated the fatigue performance of 

the un-notched samples. Therefore, Murakami’s correction for an array of continuous 

surface inhomogeneities was used as a modified defect size to reduce the overestimation 

error: 

 modified √𝑎𝑟𝑒𝑎 = 𝑅𝑣𝑖√10 . (4.22) 

Rvi can be estimated to be 50 μm for L-PBF 18Ni300 in the present study, following the 

Rz values from Table 4.7. 

Table 4.11: Estimations of the fatigue limits of L-PBF 18Ni300 according to its notch design 

(from Publication III). 

Notch 

design 
F* β Kt,uni Kt,lin estimated σf(R =0.1) 

estimated σf(R =0.1) 
(based on modified 

√𝑎𝑟𝑒𝑎) 

σf(R = 0.1)  
(experimental 

results) 

UN – – – – 284 MPa 253 MPa 200 MPa 

EV1 0.5 0.8 3.7 6.3 66 MPa 56 MPa 66 MPa 

EV2 0.5 0.8 2.2 2.3 162 MPa 145 MPa 135 MPa 

EC1 0.5 0.8 2.0 2.0 165 MPa 147 MPa 122 MPa 

EC2 0.5 0.8 2.3 2.5 150 MPa 134 MPa 110 MPa 
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Figure 4.36: Fracture surfaces and critical defects in samples that failed under the maximum (left) 

and minimum (right) stress ranges: (a, b) EV1, (c, d) EV2, (e, f) EC1, and (g, h) EC2. 
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4.2.6 Applicability of the prediction model for failure locations in notched AM 

metals 

A predictive model for the failure initiation sites of notched AM metals is proposed by 

Solberg and Berto (2020). According to this model, initiation sites can be predicted in 

AM components with symmetric notches by using these equations (Solberg and Berto, 

2020): 

 𝐻𝑎 = 0.5 + 𝐴′ exp(−𝐵′(𝜉 + 𝐶′)2) , (4.23) 

 𝐻𝑢 = 0.5 + 𝐴′ exp(−𝐵′(𝜉 + 𝐶′)2) + 𝐷′ exp(−𝐸′𝜉) , (4.24) 

 𝐻𝑢 = 0.5 + 𝐴′ exp(−𝐵′(𝜉 + 𝐶′)2) − 𝐷′ exp(−𝐸′𝜉) . (4.25) 

Where Ha is the average limit of h/ho (see Figure 4.23) and Hu and Hl are its upper and 

lower limits, respectively. Also, A', B', C', D', and E' are general coefficients. 

Accordingly, two sets of diagrams were proposed following these equations. For vertical 

samples, general diagrams in Figure 4.37(a) and Figure 4.37(b) were proposed since 

vertically-made notches have inferior surface quality on their overhanging surfaces (i.e. 

downward notch walls), meaning that failure initiation sites are expected to be more 

scattered in vertical samples (Solberg and Berto, 2020).  

This model’s reliability was confirmed in the same study by Solberg and Berto as their 

model was initially developed based on experimental data from vertically fabricated 

specimens. Furthermore, Solberg and Berto (2020) also proposed diagrams for 

horizontally-made notches similar to those shown in Figure 4.37(c) and Figure 4.37(d), 

assuming that the surface quality is more consistent and homogeneous in horizontal 

samples when compared to verticals. The experimental data from the present study were 

used to examine the reliability of the diagrams proposed for the horizontal notches. 

According to the results, the diagrams schematically shown in Figure 4.37(c) and Figure 

4.37(d) agree with the experimental results from the horizontal samples used in the 

present study. However, the data-point scatter was higher than the theoretical 

expectations proposed by Solberg and Berto (2020). It should be noted that the h/ho < 0.5 

can only be applied to vertically manufactured notches experimentally since these notches 

only identify upward or downward surfaces. Therefore, h/ho values for the horizontal 

samples were considered higher than 0.5 in Figures 4.36 (e) and (f). The results of the 

extrapolations for L-PBF 18Ni300, based on experimental results in the present study, are 

presented in Table 4.12. 
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Figure 4.37. Diagrams plotted based on the predictive model proposed by Solberg and Berto 

(2020): (a) for vertical samples failed under cyclic loadings, (b) for vertical samples failed under 

quasi-static loadings, (c) for horizontal samples failed under cyclic loadings, (d) for horizontal 

samples failed under quasi-static loadings, (e) and (f) predictive diagrams plotted based on the 

experimental data achieved from the HCF and tensile tests, respectively (from Publication III). 
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Table 4.12: Estimated coefficients of Equations 4.23, 4.24, and 4.25 for horizontally-made      
L-PBF 18Ni300, following experimental data from the present study. 

Loading condition 𝐴′ exp(−𝐵′(𝜉 + 𝐶′)2) D' E' 

Quasi-static uniaxial 

tensile 
0 0.11 0.26 

HCF 0 0.14 0.68 
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5 Conclusions 

Laser powder-bed fusion of steels as a potential economic replacement for numerous 

fabrication methods currently in use has been the primary subject of many recent studies. 

However, this technology still requires further research and modifications to meet the 

required reliability and allow for metallic components manufactured via L-PBF to be used 

more confidently in more critical applications, such as those dealing with cyclic loads. 

Accordingly, as discussed in Publication I, building direction, surface quality, and the 

type of mechanical post-processing (if applicable) have proven to be among the most 

influential parameters altering the mechanical performance of L-PBF steels. Therefore, 

the influence of these parameters on the mechanical performance of L-PBF 316L, as a 

frequently used steel for various applications, has been adopted as the primary subject of 

the first piece of notable research. According to this study, presented in Publication II, 

these conclusions were drawn for L-PBF 316L: 

• Building the material in a horizontal direction (where the loading axis and 

building direction are perpendicular to each other) improved the mechanical 

performance. 

• Mechanical post-treatments enhance the material’s mechanical performance. 

Specifically, high-frequency mechanical impact machining caused a significant 

increase in the tensile and fatigue strengths. However, the enhanced strength 

levels were accompanied by a significant decrease in the ductility of L-PBF 316L. 

• The Hall–Petch model accurately estimated the material’s average hardness, but 

it overestimated the strength of vertically fabricated L-PBF 316L. Using more 

sophisticated models capable of considering more material-dependent parameters 

to estimate the strength of L-PBF metals can help with overcoming overestimation 

issues.  

• The Ludwigson equation can successfully model the strain hardening behaviour 

of L-PBF 316L in its as-built condition, regardless of the building orientation. 

• The Murakami approach generally overestimated the fatigue limits of L-PBF 

316L in specimens failed from their surface discontinuities (with raw or HFMI-

treated surfaces). The overestimation and high error values of samples with raw 

or HFMI-treated surfaces can be attributed to their multiple failure initiation sites. 

However, this method had less than 10% error for machined specimens, regardless 

of their building orientations.  

As the next step of this research, the effects of external and internal notches on the 

mechanical performance of L-PBF 18Ni300 have been evaluated. The following 

conclusions can be drawn from the study results, presented in Publication III: 
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• All external and internal notches investigated in this study reduced the ductility 

of L-PBF 18Ni300 while increasing its strength under uniaxial quasi-static tensile 

loads. The notch strengthening effect observed can be attributed to the stress 

triaxiality or biaxiality occurring in the notch root vicinity during the loading 

procedure. However, the controversial increase of the notch strengthening degree 

by stress concentration factors can be attributed to the interactions between the 

applied external loads and defects that are inherent in the additive manufacturing 

of metals.  

• All the fatigue failures were initiated from the surface defects in the notch roots. 

Surface quality and geometrical notches, therefore, are the prominent features 

governing the failure of notched L-PBF 18Ni300.  

• The modified Murakami method seems relatively applicable to predicting the 

fatigue performance of notched L-PBF 18Ni300. Nevertheless, further research is 

required to calibrate the approach for this material (to increase its accuracy) and 

also for other metals processed by L-PBF or additive manufacturing in general.  

• The predictions made by Solberg and Berto for the failure initiation sites in 

notched metals processed by additive manufacturing generally agree with this 

study’s experimental data. However, the scatter in the results was higher than 

Solberg’s and Berto’s theoretical predictions, although the general trends were in 

good agreement.  

Ultimately, the effect of material thickness on the stress distributions in the notch vicinity 

must also be considered for future research as many studies carried out in this field are 

limited to plane strain criteria.   
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Appendix A: Fatigue test results of L-PBF 316L 

Table A1: HCF test results for L-PBF 316L. 

Sample type 
Δσ 

(Mpa) 

σmax 

(Mpa) 
R 

Number of  

cycles 

Horizontal-machined 360 400 0.1 Run out 

Horizontal-machined 405 450 0.1 3000000 

Horizontal-machined 450 500 0.1 Run out 

Horizontal-machined 472 525 0.1 915702 

Horizontal-machined 474 527 0.1 Run out 

Horizontal-machined 477 530 0.1 337567 

Horizontal-machined 479 533 0.1 321360 

Horizontal-machined 481 535 0.1 517374 

Horizontal-machined 483 537 0.1 234126 

Horizontal-machined 486 540 0.1 251157 

Horizontal-machined 490 545 0.1 221904 

Horizontal-machined 495 550 0.1 202984 

Horizontal-machined 499 565 0.1 178906 

Horizontal-machined 517 575 0.1 134725 

Horizontal-machined 526 585 0.1 106469 

Horizontal-machined 540 600 0.1 108638 

Horizontal-machined 558 620 0.1 62120 

Vertical-machined 360 400 0.1 Run out 

Vertical-machined 405 450 0.1 Run out 

Vertical-machined 414 460 0.1 Run out 

Vertical-machined 423 470 0.1 Run out 

Vertical-machined 423 471 0.1 281587 

Vertical-machined 425 473 0.1 318344 

Vertical-machined 427 475 0.1 289293 

Vertical-machined 432 480 0.1 337163 

Vertical-machined 441 490 0.1 293906 

Vertical-machined 450 500 0.1 218017 

Vertical-machined 459 510 0.1 176769 

Vertical-machined 468 520 0.1 136403 

Vertical-machined 477 530 0.1 99618 

Vertical-machined 486 540 0.1 104095 

Vertical-machined 490 545 0.1 54875 

Vertical-machined 495 550 0.1 47742 

Vertical-machined 540 600 0.1 300 

Vertical-raw 225 250 0.1 Run out 

Vertical-raw 270 300 0.1 817588 



Appendix A: Fatigue test results of L-PBF 316L 

 

100 

Table A.1 (continued). 

Sample type 
Δσ 

(Mpa) 

σmax 

(Mpa) 
R 

Number of  

cycles 

Vertical-raw 288 325 0.1 557446 

Vertical-raw 315 350 0.1 358772 

Vertical-raw 360 400 0.1 265071 

Vertical-raw 405 450 0.1 232205 

Vertical-raw 427 475 0.1 176341 

Vertical-raw 450 500 0.1 127414 

Vertical-raw 477 520 0.1 73877 

Vertical-raw 495 550 0.1 26318 

HFMI-treated 450 500 0.10 282425 

HFMI-treated 432 480 0.10 Run out 

HFMI-treated 495 550 0.10 177005 

HFMI-treated 517 575 0.10 95270 

HFMI-treated 472 525 0.10 149801 

HFMI-treated 427 475 0.10 Run out 

HFMI-treated 500 555 0.10 99082 
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Appendix B: Fatigue test results of L-PBF 18Ni300 

Table B.1: HCF test results for L-PBF 18Ni300. 

Sample type 
Δσ 

(Mpa) 

σmax 

(Mpa) 
R 

Number of 

cycles 

UN 315 350 0.1 Run out 

UN 450 500 0.1 168459 

UN 400 445 0.1 300422 

UN 375 415 0.1 277984 

UN 375 415 0.1 Run out 

UN 400 445 0.1 Run out 

UN 427 472 0.1 233118 

EV1 120 133 0.1 Run out 

EV1 300 333 0.1 35891 

EV1 250 277 0.1 125585 

EV1 250 277 0.1 65908 

EV1 225 250 0.1 192690 

EV2 225 250 0.1 Run out 

EV2 300 333 0.1 91073 

EV2 250 277 0.1 Run out 

EV2 275 305 0.1 Run out 

EV2 305 338 0.1 101105 

EV2 290 322 0.1 101485 

EV2 280 311 0.1 Run out 

EV2 285 317 0.1 Run out 

EV2 295 327 0.1 Run out 

EV2 315 350 0.1 151114 

EC1 300 333 0.1 82116 

EC1 290 322 0.1 141078 

EC1 280 311 0.1 196832 

EC1 250 277 0.1 313990 

EC2 300 333 0.1 71249 

EC2 280 311 0.1 113582 

EC2 250 277 0.1 107527 

EC2 260 288 0.1 Run out 

EC2 295 327 0.1 87548 

IV1 300 333 0.1 36135 

IV1 250 277 0.1 90331 

IV1 225 250 0.1 148097 

IV1 200 222 0.1 240946 

IV2 300 333 0.1 108184 
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Table B.1 (Continued). 

Sample type 
Δσ 

(Mpa) 

σmax 

(Mpa) 
R 

Number of 

cycles 

IV2 280 311 0.1 192000 

IV2 270 300 0.1 Run out 

IV2 290 322 0.1 216087 

IV2 285 317 0.1 119421 

IC1 300 333 0.1 94266 

IC1 280 311 0.1 95987 

IC1 275 305 0.1 202349 

IC1 270 300 0.1 100806 

IC2 300 333 0.1 56965 

IC2 295 327 0.1 63341 

IC2 270 300 0.1 123739 

IC2 250 277 0.1 99070 

I2C1 300 333 0.1 64250 

I2C1 270 300 0.1 161905 

I2C1 285 317 0.1 85721 

I2C1 250 277 0.1 140644 

I2V1 300 333 0.1 20700 

I2V1 250 277 0.1 36203 

I2V1 200 222 0.1 73211 

I2V1 100 111 0.1 Run out 

I2V1 150 166 0.1 233367 

 



103 

 

Appendix C: Determination of F* and β 

 

 

Figure C.1: Calculation of F* and β for the defect selected in Figure 4.36(a) (the diagram on the 

left is plotted according to the data from Åman et al. [2017]). 

 





105 

 

Appendix D: Additive manufacturing parameters 

Table D.1: General fabrication parameters for manufacturing L-PBF 316L. 

Parameter 
Laser power 

(W) 

Scanning rate 

(mm/s) 

Layer thickness 

(mm) 

Hatch distance 

(mm) 

Value 260 1000 0.030 0.100 

 

Table D.2: General fabrication parameters for manufacturing L-PBF 18Ni300. 

Parameter 
Laser power 

(W) 

Scanning rate 

(mm/s) 

Layer thickness 

(mm) 

Hatch distance 

(mm) 

Value 200 1000 0.030 0.070 
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A B S T R A C T

Additive manufacturing is extending its influence on various modern industries, including automobile, aero-
space, aviation, and maritime. This is specifically true for selective laser melting since it is capable of manu-
facturing dense parts from metal and alloy powders. Thus, the performance of materials processed by selective
laser melting has become the focus of many studies recently. However, their fatigue endurance is yet to be
understood comprehensively, and few studies have been carried out on this topic thus far. The lack of under-
standing is often attributed to the considerable number of manufacturing parameters, which also hinders em-
ploying selective laser melting for typical industrial applications. Among the various materials processed by
selective laser melting, steel is one of the most attractive ones to manufacturers due to its broad range of
properties and applications. This paper aims to describe the studies carried out on the fatigue properties of
diverse types of steel manufactured by selective laser melting. It also reviews the parameters which are re-
cognized to be effective on the fatigue behaviour of these steels. These parameters include building orientation,
heat treatment, surface quality, energy density, and service condition of the final product. Recent studies on
selective laser melting along with the variety of its influential parameters on the fatigue strength highlight a
knowledge gap towards reaching a comprehensive understanding of the fatigue behaviour of steels manu-
factured by this process. Based on this fact, some of these gaps are discussed as the potential topics for the future
studies in the field of additive manufacturing at the end of this review.

1. Introduction

Additive manufacturing (AM), as defined by ASTM, is the process of
making objects from digital 3D models by joining successive layers of
materials on each other [1]. This technology can manufacture parts
with internal and external complex geometries without the requirement
of further tooling [2,3]. AM has also shown great potential as a man-
ufacturing technology to complete conventional manufacturing
methods, such as subtractive and joining techniques. However, AM has
yet to be thoroughly comprehended and employed; in other words,
conventional subtractive processes still form the majority of the man-
ufacturing business worldwide [4–6].

On one hand, AM has several advantages over its subtractive com-
petitors. As an example, AM is usually a simple single-step process. In
addition, it has a positive impact on sustainability by shortening supply
chains, reducing material wastes, and improving part geometries, al-
though it suffers from high specific energy consumption index (con-
sumed energy in the production of a material unit) [7,8]. On the other

hand, it has several limitations including some difficulties in controlling
the properties of its final product and tolerances [7,9,10]. There are
some solutions to overcome these limitations. For example, Newman
et al. [5] suggested hybrid manufacturing to combine manufacturing
processes together. By this means, it is possible to benefit from their
advantages all together for minimizing their individual limitations.
However, such a solution questions the nature of AM as a single step
manufacturing process [3]. Majority of such solutions are still at their
primitive stages and demand further research for development.

Further study is still required to acknowledge the utmost potentials
of AM as a manufacturing process since the properties of its final pro-
ducts are affected by their processing history and numerous manu-
facturing parameters. Thus, elaborating models to correlate micro-
structure, properties, and performance of the final products is one of the
concerning subjects of such studies [1,2,11,12]. In addition, two other
interesting areas about AM are the production of new powders and the
improvement of their quality. Furthermore, developing a data collec-
tion of mechanical properties for additively manufactured materials is
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one of the priorities of AM studies. This data bank facilitates the pro-
duction of AM parts with the best possible characteristics [4–10,12,13].

Based on the manufacturing technique and its energy source, AM
processes are divided into several distinct types. Frazier [1] categorized
these manufacturing systems into three major groups of powder feed,
wire feed, and powder bed systems. Powder and wire feed systems, also
known as directed energy deposition techniques, are suitable for both
production and maintenance. With these systems, it is possible to de-
posit new layers of materials on worn old parts to repair them. Powder
bed systems can generally be used for manufacturing purposes; how-
ever, they can also be considered for repair and maintenance but with
more limitations [13].

Powder bed systems include selective laser sintering (SLS) and se-
lective laser melting (SLM), and they are the most popular processes for
additive manufacturing of metals [3,6,14]. On one hand, SLS uses
sintering (solid state diffusion) instead of completely melting, and it is
not typically used with metallic powders unless it is necessary to pro-
duce porous products [6,14,15]. On the other hand, SLM is based on the
complete melt and solidification of powder materials; thus, it is not as
limited as SLS regarding the material selection. In addition, SLM is
developed to produce near fully dense products, with mechanical
properties as good as those of raw materials to avoid long post-pro-
cessing procedures [14–16].

As a manufacturing process, selective laser melting has its own
unique strengths and weaknesses. For example, it is usually capable of
manufacturing final parts without the requirement of any further pro-
cessing. However, this process requires certain levels of heat input and
beam quality to melt the powder material. Repetitive cycles of melting
and solidification may also result in defects such as porosity; in addi-
tion, these thermal cycles sometimes lead to higher residual stresses and
shrinkage in the final product [16–18].

In comparison to SLS, SLM can process metals and alloys with good
weldability, and it is less limited regarding the material selection.
However, other metallurgical aspects and difficulties associated with
the rapid melting and solidification cycles of SLM keep the domain of its
material selection still narrower than expected. Currently, several types
of stainless steel, tool steel, cobalt-chromium alloys, titanium and its
alloys, aluminium alloys, nickel alloys, and some precious metals, such
as pure silver and gold, have been processed successfully via SLM
[17,18].

Among these materials, steel provides a broad range of versatile
properties to cover a significant number of applications. It offers a good
combination of high strength, good ductility, low cost, and recycl-
ability; therefore, it is widely used in today's industrial and domestic
products. Its applications include construction (such as suspension

cables), transport (such as engine components), energy (such as turbine
blades), medical, and many other industrials appliances. Consequently,
steel is one the most frequently used and studied materials in SLM
studies [19–22]. Hereafter, steels processed by SLM are denoted as SLM
steels in this paper to point out their different manufacturing technique
from the standard cast and rolled steels.

Although a wide range of studies has been carried out on the me-
chanical properties of SLM steels, their fatigue properties are not yet
understood thoroughly. In addition, SLM steels are usually used in
aerospace, energy, and medical industries, where they experience se-
vere dynamic loading conditions (applications such as dental implants,
mold inserts, and marine propellers). Hence, fatigue characteristics of
SLM steels are of utmost importance from the practical point of view.
Accordingly, this article aims to provide its reader with a critical review
of the fatigue characteristics of SLM steels, their related studies thus far,
and the present knowledge gaps.

2. Selective laser melting and SLM steels

Selective laser melting is an additive manufacturing process that can
produce parts by completely melting and solidifying successive layers of
a powder material. This process is based on three characteristics dis-
tinguishing it from other AM processes: using a laser beam as its energy
source; fully melting and solidification of the powder material; and fi-
nally, using the powder bed fusion technique. A schematic diagram of
the process is presented in Fig. 1 [1,2,16–18].

Although a variety of steels have been manufactured by SLM, fa-
tigue characteristics of few of them have been studied thus far. These
steels can be categorized as stainless steels or tool steels. In addition,
some SLM steels can be fit in both groups and be recognized as corro-
sion resistant tool steels. Table 1 summarizes a list of the SLM steels
investigated in fatigue studies and their typical characteristics. Che-
mical compositions of these steels are also presented in Table 2
[23–37].

3. Effective parameters in the fatigue resistance of SLM steels

The multiplicity of SLM parameters might be one of the prominent
challenges faced while using this manufacturing technology. Each of
these parameters has its own distinct effects on the properties of the
final product. Hence, predicting and controlling the characteristics of
the final product might become an arduous task for manufacturers.
Several studies considered building orientation, surface quality and
post-processing heat treatment as the most effective parameters on the
fatigue behaviour of SLM steels [3,14,16,37–39]. In addition, some

Fig. 1. Schematic diagram of selective laser melting technique.
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other studies showed that SLM energy density, service environment,
and cyclic loading characteristics are also influential on the fatigue life
of the steels [18,33,35,39].

3.1. Effects of building orientation

Building orientation has a substantial influence on the static and
dynamic mechanical properties of SLM steels. In other words, the di-
rection of applied load with respect to the direction of built layers is a
determining factor for the fatigue strength under either high-cycle fa-
tigue (HCF) or low-cycle fatigue (LCF) regimes [28,35,37,38]. In this
paper, specimens with the building direction parallel to their loading
axis are considered as vertical, while the ones with the building di-
rection normal to the loading axis are referred as horizontal specimens,
as shown in Fig. 2.

Numerous studies showed that fatigue strengths and limits of SLM
steels improved by manufacturing them in the horizontal direction. As
an example, fatigue limits of Marlock® C1650, as a precipitation har-
dened SLM steel, were investigated by Miroslav et al. in [35]. According
to this study, fatigue limits of the samples decreased from horizontal to
inclined and then vertical building directions. Other studies showed
comparable results for 630 martensitic and 316L austenitic SLM steels;
as an example, fatigue lives of specimens made from SLM steel 630 are
presented in Fig. 3. Regardless of their building direction, the majority
of SLM specimens showed inferior fatigue characteristics in comparison
to their wrought counterparts [35–38,40,41].

Building orientation determines the size, distribution and direction
of the processing defects of SLM steels with respect to their loading
direction [38,42,43]. For example, according to [42], lack of fusions

were typically elongated perpendicular to the building direction. This
was also true for porosities, and they were slightly elongated

Table 1
SLM steels investigated for the evaluation of fatigue characteristics of AM materials.

Name of steel according to: Description References

Commercial EOS UNS Others

316L 316L S31673 EN1.4401 A ductile austenitic stainless steel with high corrosion resistance and a wide range of
applications in the automotive, aerospace, food, and chemical industries

[23–26]

18Ni-300 MS1 K93120 EN1.2709 A hardenable maraging steel with good machinability and thermal conductivity. This steel
utilizes both martensitic microstructure and age hardening to gain its mechanical properties. It
is usually used as a tool steel for die manufacturing and the aerospace industry

[23,24,26–29]

15-5 PH PH1 S15500 – A precipitation hardening martensitic steel with high strength, high hardness, and excellent
corrosion resistance. It is used for manufacturing heavy-duty machine parts and functional
prototypes.

[23,24,26,30,31]

630 17-4 PH S17400 17Cr-4Ni; AISI630;
EN1.4542

A precipitation hardening martensitic steel with good corrosion resistance. It is usually used for
medical instruments and other corrosion resistance parts with good mechanical characteristics

[23,24,26,32]

300M – K44220 4340M A modified version of steel AISI 4340 with higher contents of silicon, vanadium, carbon and
molybdenum. It is usually used in the Aerospace industry due to its very high strength, good
fracture toughness, and ductility.

[26,33]

H13 – T20813 DIN1.2344 A quenched-hardened carbon hot-work tool steel. It is frequently used in injection molding and
hot extrusion.

[26,34]

Marlok® C1650 – – – A precipitation-hardened maraging tool steel. It is frequently used in aluminum die casting due
to its superior thermal and mechanical properties.

[35,36]

Table 2
Chemical compositions of SLM steels investigated in fatigue studies.

Steel Chemical composition (wt%) Ref.

C Cr Ni Mn Mo V Co Ti Al Cu Si P S Fe

316L ≤0.03 17.5–18.0 12.5–13.0 ≤2.0 2.25–2.50 – – – – ≤0.5 ≤0.75 ≤0.025 ≤0.01 Balance [37]
18Ni-300 0.21 0.42 18.14 ≤0.1 4.88 – 8.72 0.61 0.09 – ≤0.1 ≤0.01 ≤0.01 Balance [28]
15-5PH 0.07 14.0–15.5 3.5–5.5 ≤1.0 ≤0.5 – – – – 2.5–4.5 ≤1.0 – – Balance [23]
630 ≤0.07 15.0–17.5 3.0–5.0 ≤1.0 – – – – – 3.0–5.0 ≤1.0 ≤0.04 ≤0.03 Balance [23]
300M 0.41 0.79 1.74 0.73 0.39 0.07 – – – 0.05 1.61 0.009 0.01 Balance [33]
H13 0.32–0.45 4.75–5.50 0.3 0.2–0.5 1.1–1.75 0.8–1.2 – – – 0.25 0.8–1.2 0.03 0.03 Balance [26]
Marlock ≤0.008 ≤0.3 14 ≤0.1 4.5 – 10.5 0.2 – – ≤0.1 – – Balance [35]

* Chemical composition includes 0.15≤Nb≤ 0.45.
** Chemical composition includes 0.15≤Nb+Ta≤ 0.45.

Fig. 2. SLM fatigue specimens: (A) vertical fatigue test specimen; (B) horizontal
fatigue test specimen; (C) vertical fatigue crack growth specimen; and (D)
horizontal fatigue crack growth test specimen.
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perpendicular to the building direction and were not completely
spherical in SLM steel 316L [43]. According to several studies, different
size and distribution of the defects are due to the different thermal
histories of SLM steels manufactured by dissimilar building orienta-
tions. Due to the longer inter layer time intervals, SLM steels in hor-
izontal specimens experienced higher cooling rates and faster solidifi-
cations [38,42,44,45]. Consequently, these steels possessed a higher
distribution of porosities which had smaller diameters in comparison to
the vertically built counterparts, as shown in Fig. 4. Therefore, the
bigger size of the defects and their alignment normal to the loading
direction in vertical samples resulted in their inferior fatigue properties
in comparison to horizontal ones [38,40,41,43,46].

Building orientation affects the heating and cooling cycles during
the SLM process. These cycles are the result of repetitive passage of the
laser beam upon any specific point or its surroundings on the building
plane, as shown in Fig. 5 [47]. Regarding the horizontally manu-
factured SLM steels, longer inter layer time intervals result in higher
cooling rates and lower initial temperatures during the cycles. Thus,

thermal history and gradients are different for horizontally made SLM
steels compared to vertically manufactured ones [45]. The different
thermal gradients result in different final microstructures in the as-build
materials (generally, finer microstructural features for horizontal sam-
ples due to their higher cooling rates). Consequently, different building
orientations induce different mechanical properties and change the
damage evolution of additively manufactured steels under different
loading conditions [37,38,48,49]. However the differences in the
thermal gradients seem to be more related to aspect ratio.

Aspect ratio is another feature that is different for the horizontal
specimens from the vertical ones. This ratio can be defined as the
proportion of the area to the thickness of each layer; in other words, it
represents the distance between the starting and the ending points of a
scanning pass with a constant speed, as shown in Fig. 6. Typical hor-
izontal specimens have higher aspect ratios since their surfaces struck
by the laser beam are wider, and the required time interval to manu-
facture each layer of a horizontal specimen is longer than that of a
vertical one [37,38].

Fig. 3. Fatigue behaviour of horizontal and vertical specimens made from SLM steel 630 in their as-built (AB) and heat treated (HT) condition: (A) Stress-life; and (B)
Strain-life data [38].

Fig. 4. 3D visualization of porosities in samples with
different building directions and made from SLM
steel 316L (porosity size and distribution measure-
ments were carried out by X-ray computed tomo-
graphy technique). Porosity content of the hor-
izontal (specimen B) and vertical (specimen A)
samples were 2.97% and 1.61% respectively, while
their maximum porosity diameters were 2.27mm
for horizontal and 2.85mm for the vertical speci-
mens [43].

S. Afkhami et al.



In comparison to the vertical specimens, higher aspect ratios of the
horizontal ones resulted in lower initial temperatures at the starting
points of the layers and higher cooling rates along them. In addition,
due to these different cooling and heating cycles, the horizontal spe-
cimens had a finer microstructure, which improved their mechanical
properties. The finer microstructural texture of the horizontally man-
ufactured steels provided more barriers to dislocation movements and
other mechanisms of plastic deformation, such as sliding [37,38].

However, from the practical point of view, it seems to be incorrect
to attribute the better mechanical properties resulted from a higher
aspect ratio to its building orientation, since it is also possible to have a
vertical specimen with the same aspect ratio in comparison to its hor-
izontal counterpart, as shown in Fig. 7. This case might be quite
common in industrial applications where, instead of standard test
specimens, actual parts are manufactured via SLM. Thus, relating the
aspect ratio to the building direction is a delusive conclusion. A better
approach is to consider the aspect ratio as an independent manu-
facturing parameter and study it as a basic processing factor. It is also
feasible to change the scanning speed according to the aspect ratio to

keep the thermal gradients uniform throughout the geometry of the
part.

Retained austenite content is another feature that is different for
horizontal and vertical specimens due to their dissimilar thermal cycles
and aspect ratios. In comparison to vertical specimens, higher cooling
rates of horizontal ones result in a decreased austenite grain size in
these samples [38]. Reduction of austenite grain size leads to a decrease
in the martensite-start temperature [50,51]. Although the actual reason
behind this phenomenon is yet to be understood, some studies simply
attributed the lower martensite-start temperature to the higher strength
of the fine-grained austenite, as a result of its hall-Petch strengthening
[50]. Thus, while cooling rates of both horizontal and vertical samples
are high enough for martensite formation during the SLM process, finer
austenite of horizontal samples is in favor of incomplete austenite to
martensite transformation. Consequently, in steels with metastable
austenite, such as SLM steel 630, higher cooling rates of horizontal
specimens resulted in a higher fraction of retained austenite in the final
microstructure [38,52].

In the case of SLM steel 630, the retained austenite transformed into
martensite under mechanical loading and caused more resistance to any
further deformation [38]. Several studies attributed this transformation
to various lattice defects acting as martensite nucleation sites. Ac-
cording to these studies, austenite to martensite transformation is a
diffusionless shear transformation, and local stresses around the de-
fects, as results of their lattice misfit with the background phase, favor
the martensitic transformation at temperatures below the martensite-
start and under mechanical loading condition [53–55]. For further
study on the martensitic transformation and its effect on the stress-
strain behaviour of steels, a comprehensive review is provided in [55].
Microstructural changes through cyclic loading were also present in
some of the specimens made from SLM steel 316L. In these cases, the
changes included grain growth, migration of some elements towards
the grain boundaries and defects, possible austenite to ferrite trans-
formation, austenite to martensite transformation, and a decrease in
dislocation density [40,56].

Another feature which is different for the specimens with dissimilar
building orientation is the arrangement of their weak links and defects
in the macrostructure, as shown in Fig. 8. In vertical specimens, weak
interfacial links of successive layers and the axis of linear and planar
defects are normal to the loading direction. This arrangement results in
the maximum stress concentrations on these defects and provides more
accessible paths for voids to grow and coalesce (Fig. 8C). According to
Fig. 8C, in vertical samples subjected to external loadings, sharp corners
of planar defects are normal to the stress flow and this alignment results
in higher stress concentrations in these locations, while the sharp

Fig. 5. Calculated heating and cooling cycles experienced by a point located on
the first laser track belonging to a single layer powder bed made from SLM steel
316L. Considered laser power and speed were 100W and 100mm/s respec-
tively [47].

Fig. 6. Aspect ratios of the typical horizontal (left) and vertical (right) speci-
mens (specimens from Fig. 2A and B as examples). The aspect ratios can be
compared to each other by comparison of d /t to d /t, where d and d are the
scanning lengths of the specimens and t is the layer thickness.

Fig. 7. Independence of the aspect ratio from the building directions: (A) a
vertical sample with a specific aspect ratio and symmetric geometry (loading
and building directions are parallel); (B) a horizontal sample with the same
aspect ratio (loading and building directions are normal).
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corners are parallel to the stress flow in horizontal samples; and, con-
sequently, the stress concentration is lower in the case of horizontal
specimens. Consequently, higher stress concentrations around the
planar defects of vertical samples result in local yielding and plastic
deformations under lower stress levels in comparison to horizontal
specimens [38,45].

Generally, superior mechanical properties of the horizontal speci-
mens can be attributed to three basic factors: different size and dis-
tribution of their defects, different levels of their residual stresses, and
direction of their deposited layers against the loading direction
[38,40,57]. The first two factors are directly related to the different
thermal cycles of the horizontal specimens in comparison to the vertical
ones, which could also be correlated to the aspect ratio rather than the
building orientation. The negative effects of the defect size are more
prominent for the high cycle fatigue behaviour since it is more sensitive
to the defects due to the lower stress levels [38,57].

Fatigue crack growth (FCG) behaviour is another important fatigue
characteristic of SLM steels which has been investigated in studies
presented in Table 3. According to this table, there was not a significant
difference between FCG behaviour of the vertical and horizontal spe-
cimens. Although some minor differences existed between the fatigue
crack growth rate and ΔK of the horizontal and vertical specimens,
they were not substantial. These minor differences were dominantly
attributed to the different microstructural features of the horizontal and
vertical specimens [27,28,58–60].

Regarding the microstructural features of SLM steels, their grains
elongate along the building direction through the solidification [12].
This elongation results in different crack propagation routes in hor-
izontal and vertical specimens, as shown in Fig. 9. According to this
figure, there is a small resistance against the crack growth in horizontal
specimens, and this lack of pinning effect results in smaller ΔK values
for these specimens [58–61]. In addition, according to [59], another
reason for the lower ΔK values was easier propagation paths along the

cellular boundaries and laser tracks in the horizontal specimens, as
shown in Fig. 10. Laser track generally refers to the trail of laser beam
scanning on the build plane and normal to the build direction, which
sometimes leaves behind a visible mark.

3.2. Effects of heat treatments

Every heat treatment has its own unique effects on the fatigue be-
haviour of each SLM steel according to its type and strengthening me-
chanisms. The mechanisms might be based on the grain structure (such
as 316L) [62], martensite content (such as 300 M) [33], precipitation
hardening (such as 18Ni-300) [27], etc. Hence, the strengthening me-
chanism is the most determining factor to choose which type of heat
treatment is suitable for any specific type of steel. It also determines the
fatigue behaviour of SLM steel after the application of its chosen heat
treatment [22,33,62–64].

As an example, fatigue behaviour of SLM steel 316L is affected by its
microstructure and monotonic properties. Hence, any treatment

Fig. 8. Effects of the building orientations on the
stress field and concentration around a planar defect
for SLM specimens: (A) position of a planar defect in
a vertical specimen; (B) position of a planar defect in
a horizontal specimen; (C) stress flow and con-
centration around the defect in the vertical sample;
(D) stress flow and concentration around the defect
in the horizontal sample.

Table 3
Fatigue crack growth properties of SLM steels with regard to their building
orientation.

Material ΔK (MPa√m) m Reference

Horizontal Vertical Horizontal Vertical

316 3.0 4.3 – – [58]
316 9.1 9.9 4.0 4.1 [59]
316 7.8 8.1 3.7 3.8 [59]
316 3.0 4.3 – – [60]
18Ni-300 5.6 5.8 2.5 2.5 [28]

* Paris law exponent.
Manufactured by single exposure scanning pattern.
Manufactured by checker board scanning pattern.
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capable of changing its uniaxial stress-strain curve results in some
pertinent changes in its fatigue behaviour. In this case, these heat
treatments are annealing and hot isostatic pressing (HIP). In addition,
these heat treatments cause different responses under the HCF and LCF
regimes. These different reactions are due to the higher sensitivity of
HCF behaviour to defects and microstructural features
[40,58,60,65,66]. On the contrary, stress relieving, as another heat
treatment frequently used on steels, releases residual stresses but does
not change the microstructure and tensile strength of SLM steel 316L.
Hence, stress relieving has a minor effect on the fatigue properties of
this steel [65–67].

Annealing increases the grain size, which results in the loss of many
grain boundaries, and reduces the sub-grain features of the micro-
structure (such as dislocation density and sub-grain boundaries).
Regarding SLM steel 316L, according to [65], fatigue crack initiation
was dominantly governed by defects located on the grain boundaries
for the as-built samples, since some of these defects were bigger than
porosities. However, after Annealing, the grain boundaries and their
defects are diminished and the fatigue crack initiation source had to
change from the grain boundary defects to the porosities which were
remained after annealing [65,68]. This phenomenon prominently in-
fluences HCF strength of SLM steel 316L due to the higher sensitivity of
HCF behaviour to microstructural defects. Furthermore, by reducing
the dislocation density and sub-grain boundaries, annealing increases
ductility and improves notch sensitivity, which result in better fatigue

limits under HCF condition [38,60,65]. Selection of correct parameters
is vital to have a successful annealing treatment. As an example, ac-
cording to [69], by using a very high temperature range for the solution
annealing, this treatment resulted in thermally-induced defects and
inferior fatigue life for heat treated SLM steel 316L.

According to [65,66], although both annealing and HIP decreased
LCF strength of SLM steel 316L, they improved its HCF behaviour. LCF
strength is more dependent upon tensile strength, and these heat
treatments decrease the tensile strength due to the grain growth (ac-
cording to Hall-Petch relationship). Thus, these heat treatments result
in an inferior performance under LCF. However, this is not true for HCF
since it is more sensitive to porosities and microstructural defects rather
than tensile strength [39].

Contrary to SLM steel 316L, Annealing and its consequent ageing on
SLM steel 630 resulted in a lower HCF life and a better LCF strength, as
shown in Fig. 3. This was due to the nature of the strengthening me-
chanism for SLM steel 630, which is different from SLM steel 316L. In
other words, the heat treatment resulted in grain growth and lower
tensile strength in SLM steel 316L, while it caused second phase pre-
cipitation and improvement of tensile strength for SLM steel 630
[38,44,58,65,70]. LCF strength is more dependent upon the tensile
strength and other monotonic properties. Hence, there was an im-
provement in the LCF life of SLM steel 630 after its heat treatment since
precipitation hardening increased its strengths. HCF life in AM com-
ponents is less dependent on their tensile strength and hardness, and it
is more sensitive to impurities, second phase particles, and defects. This
dependency resulted in an inferior fatigue life for SLM steel 630 under
HCF regimes since this SLM steel contains second phase particles in its
microstructure as a result of its strengthening mechanism [38,44,65].

H13 is another example of heat treatable SLM steels, as a quench-
hardenable tool steel. This alloy undergoes a harsh temperature gra-
dient and phase transformation to achieve its excellent mechanical
properties. The strengthening mechanism imposes a high level of re-
sidual stresses in the final part. Thus, a stress relieving heat treatment
significantly improves both its HCF and LCF strengths. According to
[34], although the HCF was more influenced by defects and porosities,
significant relief of high residual stress of SLM steel H13 improved both
its HCF and LCF strengths.

Heat treatments can also influence FCG behaviour of SLM steels. As
an example, according to [60], HIP improved ΔK of SLM steel 316L
from 3.0 to 4.7MPa√m. Numerous studies showed that hot isostatic
pressing of SLM steel 316L resulted in its recrystallization, grain
growth, and a decrease in its porosities. Since the grains did not have
any preferred orientation after the heat treatment, as shown in Fig. 11,
it also eliminated or decreased anisotropy in the FCG behaviour. Fur-
thermore, it improved the FCG of SLM steel 316L by providing more
intensified crack-microstructure interactions due to the recrystalliza-
tion [18,58,60].

FCG behaviour is also influenced by grain size, which has a reverse
effect on the tensile strength of metals according to the Hall-Petch re-
lationship. In addition, tensile strength has a reverse relationship with

Fig. 9. Interactions between the microstructure and a crack propagating inside
of a (A) vertical and (B) horizontal specimen.

Fig. 10. Fatigue crack propagation through the microstructures of (a) horizontal and (b) vertical specimens made from SLM steel 316L [59].
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ΔK , especially for high strength steels [33,60]. For example, according
to [33], ΔK of SLM steel 300M had a significant reduction due to the
grain refinement (leading to decrease in crack closure effect) after its
heating and quenching. In this case, a fine-grain microstructure also
provided more barriers against the crack growth after the heat treat-
ment. Thus, FCG rates of the heat treated specimens were slower than
their as-built counterparts. To conclude, grain refinement results in
lower ΔK , which accelerate fatigue fracture, but lower FCG rates,
which decelerate fatigue failure [33,60,67]. Thus, grain refinement has
a twofold effect on the crack propagation of an SLM steel, and this fact
makes it difficult to draw a general correlation between the degree of
grain refinement and the overall FCG behaviour of SLM steels.

Regarding 18Ni-300 maraging steel, Aging treatment resulted in a
slightly better and more moderate fatigue behaviour according to [71].
In another study, Herman Becker and Dimitrov [27] studied the effects
of successive solution annealing and ageing on the FCG behaviour of
this steel. According to their results, heat treated specimens had slightly
higher ΔK values and lower crack growth rate. In addition, the heat
treatment eliminated the differences between the FCG behaviour of the
specimens manufactured via single and double exposure methods. Ac-
cording to their evaluation, this similarity between FCG behaviour of
samples manufactured via different scanning strategies may be attrib-
uted to relief of residual stresses after the heat treatment, since there
was a significant difference between the average values of residual
stresses in the samples made by single and double exposure methods in
their as-built condition [27].

In conclusion, on the improvement of fatigue behaviour, suitability
of a heat treatment depends on the type of SLM steel and the expected
properties after its heat treatment. The heat treatment might be chosen
according to the type and the strengthening mechanism of the steel. For
example, stress relieving had a prominent advantageous influence on
the FCG rate and the threshold value of the quench-hardened SLM steel
H13; while, it did not show any positive effect on the ductile SLM steel
316L [27,28,58–60,70].

3.3. Effects of surface finish

The external surface is the most frequent location of fatigue crack
initiations in metallic materials, and its quality has a strong influence
on the fatigue limits of conventionally manufactured steels [72,73]. In
comparison to wrought steels, SLM steels suffer from having a rougher
surface finish. In addition, the staircase effect of the SLM process,
partially melted particles stuck on the surface, and unstable melt pool
aggravate the surface roughness of SLM steels [32,74].

The higher surface roughness (R ) is one of the reasons for the in-
ferior fatigue lives of SLM steels in comparison to the conventionally

manufactured ones. It results in more frequent and higher local stresses
and consequent lower fatigue limits. Therefore, to improve the fatigue
characteristics of SLM steels, it is possible to smoothen their surface
roughness via surface processing. For instance, conventional surface
processing procedures, such as turning, can produce compressive re-
sidual stresses and remove shallow surface defects from the material.
They can also compress near surface defects by plastic deformation and
decrease their negative impact on the mechanical properties [30,74].

Fatigue endurance limits of some of the SLM steels and their con-
ventional counterparts are presented in Table 4 for comparison. Ac-
cording to this table, decreasing the surface roughness improved fatigue
performance of various SLM steels; however, this improvement was
only observed in HCF limits of the SLM steels. This result was expected,
as HCF behaviour is more dependent on the defects and the surface
quality of materials than LCF [30,32,35,60].

3.4. Effects of manufacturing parameters

Some alloys are less responsive to post-manufacturing treatments.
Hence, choosing the optimum SLM parameters is the most appropriate
approach to achieve the best mechanical properties regarding such al-
loys. As an example, SLM steel 316L is a single phase and ductile aus-
tenitic steel. In addition, it is more tolerant towards residual stresses
and porosities and less sensitive to post-manufacturing treatments.
Thus, it is easier to achieve the best possible mechanical properties of

Fig. 11. EBSD inverse pole maps of (a) as-built SLM steel 316L; (b) heated for two hours at 650 °C; (c) processed by HIP [60].

Table 4
Fatigue endurance limits of SLM steels with different surface conditions.

Material Approximate fatigue
endurance

R Surface
condition

R (μm) Reference

S316L 130 MPa −1 As-built 13.29 [74]
S316L 170 MPa −1 Vibratory

finished
1.74 [74]

S316L 240 MPa −1 Turned 1.08 [74]
S316L 200 MPa 0.1 As-built 10.0 [30]
S316L 256 MPa 0.1 Machined 0.4 [30]
S316L 269 MPa 0.1 Polished 0.1 [30]
S316L 108 MPa −1 As-built – [60]
S316L 267 MPa −1 Turned – [60]
630 492 MPa 0 Machined 0.2 [32]
630 219 MPa 0 As-built 13.7 [32]
Marlock 345 MPa −1 As-built 2.587 [35]
Marlock 500 MPa −1 Polished 0.198 [35]

* At 10 cycles.
** At 6×10 cycles.

S-N curve is plotted according to σ values.
S-N curve is plotted according to σ values.
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SLM steel 316L via modification of its manufacturing parameters
[75,76].

SLM manufacturing parameters include its laser power, layer
thickness, scanning speed, scanning pattern, and platform temperature
[35,59,75]. According to Eq. (1), four of these parameters change the
volumetric energy density of the manufacturing process to modify
material properties [39,76]:

=E P V t d/( · · )vol s (1)

where E is the volumetric energy density in J/mm , P is the laser
power in watts, V is the scanning speed in mm/s, t is the layer thickness
in mm, and d is the hatch spacing in mm. Inappropriate energy densities
result in void and defect formations, which cause local stress con-
centrations during cyclic loading and premature fatigue failure
[39,75,76]. Regarding the platform temperature, preheating the stage
proved to be an effective technique to decrease the residual stresses in
AM parts [3,77].

Three typical types of defect associated with SLM are voids, keyhole
pores and spatter particles. Elongated voids are usually caused by the
lack of fusion and low laser power; while, spherical small keyhole pores
and spatter particles are the direct results of the elevated levels of en-
ergy input, balling, and excessive fusion [3,69,46,75]. Furthermore,
using excessive laser power causes microcracks due to its consequent
steep thermal gradients. Even by using an optimum energy density, few
small sporadic pores of entrapped gas may remain in SLM part. How-
ever, these pores have a negligible negative effect on the fatigue life of
SLM steels, such as 316L, since its high ductility makes it less notch
sensitive and more tolerant toward defects and residual stresses
[65,75]. In addition, elongated voids from low energy density are more
detrimental to fatigue life because of their higher level of stress con-
centration [3].

Energy density should be optimized to have a high-quality final
product with an acceptable fatigue performance. There are several ways
to change the energy density of the SLM process, and it is generally
changed by modifying the laser power and/or its deposited layer
thickness [48,65,75]. For example, according to [75], utilizing either
too high or too low energy densities decreased HCF life and ΔK for
SLM steel 316L. Furthermore, the effects of energy density on the fa-
tigue strength was more prominent in the HCF regime.

Another effective process parameter is the type of scanning pattern.
Different studies showed that by applying modified scanning patterns,
such as checkerboard or double exposure techniques, it was possible to
reduce the number of defects per volume unit of the final product and
improve the mechanical characteristics of the specimens [27,35,59]. In
these studies, multiple and double exposure techniques modified the
thermal dynamics of the material-beam interaction during the SLM
process. The modification increased the temperature homogeneity in
the part and reduced the probability of the defects in the final product.
This adjustment was considered as a potential reason for the im-
provement of mechanical properties for SLM steels manufactured by
modified exposure techniques.

Using volumetric unit cells instead of bulk materials is recently
considered as a manufacturing technique used for decreasing the
weight of steel structures and increasing their strength to weight ratio,
as shown in Fig. 12. However, according to Köhnen et al. [78], although
lattice structures had a lower density of defects and were lighter than
the bulk specimens made from SLM steel 316L, they suffered from ex-
tremely inferior cyclic mechanical properties. They stated that SLM
parts manufactured via lattice structures are better to be used for ap-
plications where they are subjected to static compressive loads or used
as isolators.

Unfortunately, most of the studies on the correlation of SLM pro-
cessing parameters and their fatigue characteristics are carried out on
SLM steel S316L. Thus, their results cannot be considered as a reliable
source for other types of SLM steels, and other steel powders still re-
quire further study.

3.5. Other parameters

In addition to the parameters discussed in the earlier sections, there
are some others which effectively change the fatigue characteristics of
SLM steels and are not directly related to the manufacturing process.
These parameters include service environment, characteristics of the
cyclic loading condition, nature of the utilized beam, and its focal point
diameter. However, it is not possible to attribute the results of one study
on a specific type of steel to the other types of this material. Thus,
understanding the general effects of these parameters on the fatigue
characteristics of SLM steels necessitates further research.

Effects of corrosive environment and loading frequency on the fa-
tigue life of SLM steel 316L were investigated in some studies. Srivatsan
and Sudarshan [18] noticed that although corrosion fatigue had an
adverse effect on the fatigue life of SLM steel 316L, increasing the
loading frequency mitigated the negative effects of the environment. In
addition, solution annealing improved the FCG behaviour of SLM parts
of 316L in the corrosive environment. According to Lou et al. [79], the
heat treatment also had a positive effect on the corrosion fatigue crack
growth rate of SLM steel 316L. Additionally, by decreasing the loading
frequency, negative effects of the corrosive environment on the fatigue
life aggravated accordingly.

Regarding fatigue life and crack growth behaviour, according to Liu
et al. [33], another effective factor was the characteristics of cyclic
loading. They showed that loading ratio and mean stress had an emi-
nent effect on the FCG behaviour of SLM steel 300M. According to their
study, by increasing the loading ratio, there was a significant decrease
in the ΔK . In addition, increasing the loading ratio slightly accelerated
the crack growth, as shown in Fig. 13 [33].

Fig. 12. Fatigue specimens with cubic and spherical lattice structure made from
SLM steel 316L [78].

Fig. 13. FCG behaviour of SLM steel 300M after heat treatment and under
different loading ratios [33].
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4. Concluding remarks and future research perspective

SLM steels are exposed to dynamic loading condition in many ap-
plications; thus, understanding their fatigue behaviour and character-
istics is necessary to estimate their fatigue life under such loading
conditions. However, there are few studies dealing with the fatigue
properties of SLM steels in the literature. In addition, these studies are
not organized to be used for the development of numerical models and
equations to predict the fatigue life. Thus, fatigue behaviour of various
SLM steels demand some comprehensive and organized further studies
to be understood.

Current studies show the importance and some effects of building
orientation, heat treatment, surface quality, and beam energy density
on the fatigue life of SLM steels. Regardless of these efforts in identi-
fying and analyzing fatigue properties of SLM steels, there are yet many
unknowns, which require further research into this topic. These include
providing new methods for further improvement of fatigue strength and
developing numerical/microstructural models to evaluate and in-
vestigate fatigue endurance of SLM steels.

According to the reviewed studies, building orientation has a sig-
nificant effect on the fatigue life of SLM steels, and horizontally built
specimens have better mechanical properties over the vertical ones.
These superior mechanical properties are dominantly achieved by the
more modified thermal gradients, finer microstructure, and the appro-
priate direction of the linear and planar defects in horizontal specimens.
However, thermal gradients and their consequent microstructural tex-
tures seem to be directly influenced by the aspect ratio rather than the
building direction. Some of the current studies confused these two
parameters and attributed the effects of the aspect ratio to the building
direction. Thus, further research is required to study the aspect ratio as
an independent process parameter to investigate its effects on the me-
chanical properties of SLM steels.

ΔK values of horizontal specimens are slightly lower than those of
vertical ones. These lower values are attributed to the different mi-
crostructures and dissimilar directions of elongated grains in SLM
specimens. Crack propagation along the grains is also easier in hor-
izontal specimens due to the direction of their grains elongation.
Further study is necessary for this area to develop a more organized
pattern correlating FCG behaviour and building orientation more
clearly.

Another challenge is that the majority of studies carried out thus far
only considered two basic building directions, consisting of horizontal
and vertical orientations. However, an actual part might experience a
range of building orientations through its manufacturing procedure
based on its geometrical complexity. Hence, future studies considering
a wider variety of building orientations can be of use to predict the
fatigue life of industrial products more precisely.

Effects of heat treatments for any type of SLM steels depend on the
type of the treatment and strengthening mechanism of the chosen steel.
By selection of correct heat treatment, it is possible to improve me-
chanical properties of SLM steels. In addition, heat treatments make the
mechanical properties of the final product more isotropic. In this re-
gard, although some studies investigated the effects of heat treatments
on the fatigue lives of SLM steels, most of them did not give an optimum
treatment for each SLM steel to achieve its best fatigue properties.
Determining maximum temperatures, holding times, and cooling rates
to get the best results in the future studies are highly valued for in-
dustrial manufacturers.

Decreasing surface roughness improves the fatigue strengths of SLM
steels. The degree of this improvement depends on the type of the steel
and surface processing technique. Various types of surface machining
processes can be used to serve this purpose. However, machining has
two effects on the surface of an SLM steel which has conflicting out-
comes. Firstly, it smoothens surface roughness which results in the
improvement of fatigue life. Secondly, it releases substrate compressive
residual stresses, which are very common in AM parts. Lower

compressive residual stresses near the surface result in easier crack
initiation and faster fatigue crack growth. Hence, further study is ne-
cessary to distinguish the effects of these two phenomena and consider
them simultaneously to have a better understanding of the fatigue crack
initiation and propagation in SLM steels.

One effective parameter which should be considered in the future
studies is powder characteristics. Insufficient attention has been paid to
this parameter in the current studies, especially the ones on the fatigue
evaluation of SLM steels. Several studies have proved the production
process of powders to be effective on the monotonic mechanical
properties of SLM steels. Thus, this parameter might be also effective on
the fatigue life because of the related correlations between the mono-
tonic and cyclic properties. Furthermore, powder size and distribution
have major effects on the surface roughness and quality, which are also
prominent factors determining the fatigue life [39,80]. In conclusion,
powder characteristics might be a determining element in the in-
dustrialization of SLM steels and requires more attention in the re-
search. These studies should lead to an optimization on powder prop-
erties to keep the part quality in an acceptable range and maintain the
final product economical.

Another knowledge gap in the field of fatigue behaviour of SLM
steels is their reaction to multiaxial cyclic loading condition. This si-
tuation is quite common in actual industrial cases, while the majority of
the fatigue studies are carried out considering solely the uniaxial
loading condition [3]. Even under uniaxial loading, complex geome-
tries and notches might impose the multiaxial stress/strain states. This
gap might result in the lack of understanding of the correct damage
mechanism and inability of having a comprehensive fatigue life pre-
diction in industrial applications. Additionally, development of more
precise inspection methods to detect early stages of fatigue failure, as
the one presented in [81], and improvement of the current methods is
an important step towards increasing the reliability of AM metals, in-
cluding SLM steels, which should be considered for future research.

An important perspective on the fatigue studies of SLM steels is to
transform the experimental results into some empirical parametric
equations predicting the fatigue behaviour of SLM steels. Although this
kind of equations have been presented and successfully applied for
traditionally manufactured steels since a long time ago, studies thus far
failed to provide/modify such equations considering specifically the
SLM steels, or even other AM materials. Thus, further studies should be
focused on recognizing and arranging the SLM effective parameters
according to their influence on the fatigue life of SLM steels.

Finally, studies show that by using the correct SLM parameters, heat
treatment and surface finish for low- or medium-strength steels, it is
possible for SLM steels to achieve fatigue properties as good as the
properties of their wrought counterparts. However, this is yet to be true
for steels with ultra-high and high-strengths, which requires further
studies. Thus, SLM steels, especially those with high hardness and
strength, still demand more improvement to reach also fatigue
strengths comparable to the levels belonging to their traditionally made
rivals. Regarding the FCG behaviour, SLM steels proved to be capable of
becoming as good as conventionally manufactured ones, regardless of
the type of SLM material.
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A B S T R A C T

Stainless steel 316L is a frequently used metal in additive manufacturing owing to its favorable strength-ductility 
synergy and corrosion resistance, and laser powder bed fusion (L-PBF) is the most commonly applied additive 
manufacturing method for processing 316L. Manufacturing components from stainless steel 316L via L-PBF 
benefits the geometrical accuracy of the process and properties of the material simultaneously. Although alloy 
316L has been used in additive manufacturing for a long time, its strengthening mechanisms and microstructure 
have yet to be fully understood. Thus, this study aimed to perform a comprehensive investigation of the 
microstructural features and mechanical properties of this alloy. A thorough review of other studies on stainless 
steel 316L processed via L-PBF is provided, along with experimental results, to elucidate the mechanisms con-
trolling and influencing the properties of this material. Microstructural analysis, hardness measurements, and 
tensile, fatigue, and Charpy tests were performed. The results showed that stainless steel 316L processed by L- 
PBF could satisfactorily replace its conventionally manufactured counterparts for service under static, cyclic, and 
impact loads. However, under cyclic loading, the fatigue performance of the additively manufactured material 
may require enhancement by machining or mechanical post-processing.   

1. Introduction 

Additive manufacturing (AM), as defined by ISO/ASTM 52900, is the 
process of making parts from digital 3D models by joining materials 
layer-on-layer [1]. AM reduces material waste, resulting in 
more-sustainable manufacturing, and provides for freedom of design 
and the development of new characteristics for materials based on their 
expected applications [2–4]. Among the numerous variations of AM, the 
laser powder bed fusion (L-PBF) technique is commonly applied because 
of its ability to manufacture dense metallic parts with complex geome-
tries accurately. In this process, an intense beam selectively fuses areas 
of a thin layer of metal powder. Successive fusion and joining of the 
powder layers upon each other results in the formation of the final solid 
shape [3,5–7]. 

Metal powders applicable in L-PBF systems as raw materials include 
steel, titanium alloys, nickel alloys, aluminum alloys, cobalt-chromium 
metals, tungsten, gold, and silver [8]. Among these metals, stainless 
steel 316L is frequently applied in the medical, nuclear, aerospace, 
aeronautics, petroleum, gas, and marine industries and is versatile due 
to its high corrosion resistance, strength, biocompatibility, and 

favorable strength-ductility synergy [9–13]. However, some drawbacks 
of L-PBF can affect the reliability of the material in industrial applica-
tions. For example, intense thermal cycles associated with the L-PBF 
process may result in excessive residual stress and internal defects, 
which could deteriorate the properties of the 316L. Therefore, the ad-
ditive manufacturing of 316L using the L-PBF technique has been the 
focus of many studies [5,14]. 

Studies performed on stainless steel 316L processed by L-PBF (L-PBF 
316L) have shown that the intense thermal cycles associated with the L- 
PBF technique result in a finely textured microstructure. The rapid 
melting and solidification cycles also cause internal defects, such as 
porosities and lack of fusion, in the additively manufactured metal [12, 
15]. These microstructural features differentiate the physical and me-
chanical properties of 316L produced by L-PBF from those of conven-
tionally manufactured 316L. The microstructure of L-PBF 316L usually 
increases its yield stress and tensile strength but decreases its elongation 
to failure. Thus, under static loads, L-PBF 316L performs better than its 
conventionally manufactured counterparts. 

The hardness of L-PBF 316L has been reported to be higher than that 
of its wrought or cast types, which is as expected because hardness and 
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tensile strength are correlated in steel alloys [16,17]. Although the 
correlation between the strength of L-PBF 316L and its microstructure 
has been the focus of numerous studies, doubts remain about which of its 
microstructural features exert the most influence on its strength. The 
higher strength of the additively manufactured metal has been attrib-
uted to the smaller effective grain size, high dislocation density, twin-
ning, or a combination of these factors [18,19]. However, the 
relationships between the microstructural features and strength of L-PBF 
316L, as well as its mechanisms of deformation, are yet to be fully 
understood. 

The fatigue performance of L-PBF 316L does not entirely correlate 
with its quasi-static mechanical properties. Although L-PBF 316L has a 
higher tensile strength in comparison to its conventionally manufac-
tured counterpart, it shows relatively inferior fatigue performance in its 
as-built condition, which is usually attributed to the defects inherent to 
the AM process. Thus, the fatigue performance of additively manufac-
tured 316L could present a reliability issue while under cyclic loading or 
when used as a replacement for its wrought or cast variant. Conse-
quently, many studies have focused on understanding the fatigue 
behavior of L-PBF 316L and effective methods to improve it [2,3,5]. 

Available data regarding L-PBF 316L are scattered in the literature, 
and the inconsistent results are attributed to the high residual stress and 
thermal defects resulting from the manufacturing process [5,20–22]. 
Consequently, this study aimed to investigate the microstructure and 
mechanical properties of L-PBF 316L under different loading scenarios 
and compared the results to the data available in the literature to 

facilitate a more in-depth understanding. Furthermore, studies on the 
effects of high-frequency mechanical post-processing on L-PBF 316L are 
scarce in the literature, and this investigation intended to fill the 
knowledge gap in this regard. In addition, in the current research, the 
strain hardening behavior of L-PBF 316L is investigated, and material 
coefficients required for its work hardening model are also extracted. 
Next, the fracture surfaces of samples broken under different loads are 
thoroughly investigated to analyze the fracture mechanisms in every 
loading scenario. Finally, the reliability of the Murakami approach to 
predict the fatigue performance of L-PBF 316L is evaluated based on its 
fractography data. 

2. Materials and methods 

A gas-atomized 316L stainless steel powder (manufactured by EOS) 
was used as the raw material, and its chemical composition is presented 
in Table 1. The specimens were manufactured by an EOS M 290 machine 
equipped with a 400 W Yb-Fiber laser using EOS standard building pa-
rameters (Parameter Set 316L_Surface 1.0 [23]). Details regarding the 
optimized manufacturing parameters and powder characteristics of 
L-PBF 316L are provided in Refs. [23,24]. The samples were manufac-
tured along both the horizontal and vertical directions to investigate the 
effects of the building direction (BD). As shown in Fig. 1, the BD and 
loading axis (LA) were normal to each other in the horizontal samples 
and parallel in the vertical samples. 

The densities of the manufactured specimens were measured by the 
Archimedes method following the instructions presented in Ref. [25, 
26]. Water and acetone were used separately as the immersion medium 
to increase the reliability of the measurements. According to Spierings 
et al. [25], this method has an accuracy of ±0.08% for dense metallic 
parts produced by AM and allows the density measurement of the entire 
sample. However, the Archimedes method cannot reveal the distribution 
of defects in the specimens. Therefore, cross-sectional images of the 
polished and unetched surfaces were obtained by optical microscopy to 

Table 1 
The chemical composition of the powder (Commercial name: EOS Stainless Steel 316L).  

Element: Fe Cr Ni Mo C Mn S Si N 

wt%: Balance 19.46 12.43 2.43 0.01 1.36 0.01 0.30 0.05  

Fig. 1. Schematic of the tensile specimens showing their BDs and loading directions during the tensile tests: (a) dimensions in mm; (b) horizontal samples; (c) 
vertical samples. 

Table 2 
Optimized parameters of the HFMI treatment.  

Pin speed 
(rpm) 

Pin feed rate 
(mm/r) 

Pin diameter 
(mm) 

Pin travel angle 
(degree) 

Pin tilt angle 
(degree) 

100 0.15 5 90 0  
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Fig. 3. Charpy specimens according to their BDs (a) dimensions of the notched specimens in mm; (b) dimensions of the un-notched specimens in mm; (c) vertical 
notched specimens; (d) horizontal notched specimens; (e) horizontal un-notched specimens. 

Fig. 2. Schematic of the HCF specimens showing their BDs and loading directions during the fatigue test: (a) dimensions in mm; (b) horizontal samples; (c) ver-
tical samples. 
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Fig. 4. Void distribution data from the cross-sectional images: clustered columns show the frequency of the defects according to their diameters, and marked lines 
indicate the cumulative percentage of the voids with diameters smaller than or equal to the x-axis value. 

Fig. 5. Cross-sectional views of the manufactured samples: (a) horizontal; (b) vertical.  

Fig. 6. Optical micrographs of (a) horizontal and (b) vertical specimens.  

Table 3 
Density values and void distributions in the manufactured samples.  

Sample 
type 

Density (water) (g/ 
cm3) 

Density (acetone) (g/ 
cm3) 

Area fraction of the voids 
(%) 

Maximum void diameter 
(μm) 

Average void diameter 
(μm) 

Estimated density 
(%) 

Horizontal 8.02 8.03 0.17 50.4 7.0 99.9% 
Vertical 8.04 7.98 0.07 16.5 6.4 99.9%  
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evaluate the sizes and distributions of defects. Finally, the density and 
the porosity content of the material were estimated based on the data 
from both approaches to confirm the acceptable quality of the manu-
factured parts. 

For the microstructural analysis, cylinder specimens (10 mm in 
diameter and 20 mm in length) were mounted in epoxy resin, ground 
sequentially with different abrasive pads (up to 2000 grit), and polished 
using 1 μm colloidal silica. They were then etched with picric acid for 15 
s, following the instructions in Ref. [27], and the Vickers microhardness 
values were measured with a Struers DuraScan 70 by applying 5 kgf for 
10 s. Finally, scanning electron microscopy (SEM) was performed using 
a SU3500 (Hi-Tech Instruments) equipped with an energy-dispersive 
X-ray spectroscopy (EDS) probe for elemental analysis. The EDS probe 
was also used for analyzing the chemical composition of the material. 

The manufactured samples were divided into two groups based on 

their BDs, i.e., horizontal and vertical (Fig. 1), for the quasi-static tensile 
and fatigue tests. The horizontal samples were machined to achieve the 
desired surface quality. The vertical samples were divided further into 
three subgroups based on their surface conditions: as-built, machined, or 
high-frequency mechanical impact (HFMI) treated. The HFMI process 
was performed with the optimized parameters presented in Table 2 to 
achieve a surface roughness as smooth as that of a machined surface. 
Surface quality and roughness values were measured with a KEYENCE 
VR-3200 3D measuring macroscope. The residual stress values of the 
samples were then measured using a Stresstech XSTRESS G2R X-ray 
diffractometer equipped with a magnesium tube to analyze the austen-
itic steel. 

Quasi-static tensile tests were performed with a Galdabini Quasar 
600 machine at room temperature and under a constant strain rate of 
0.001 s−1. An ARAMIS digital image correlation (DIC) system was used 

Fig. 7. SEM images of the specimens by type and cross-sectional plane: (a) and (b) horizontal samples; (c) and (d) vertical samples.  
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during the tests to measure the local strain values and fracture dis-
placements. The specimens were manufactured and prepared per ASTM 
E8 [28], as shown in Fig. 1. In addition to the vertical specimens, two 
sets of horizontal samples were prepared for the tests to study the effects 
of machining on their tensile properties. The first set was manufactured 
into their final shape as semi-ready tensile specimens (Fig. 1b), which 
were machined 0.5 mm to achieve their final dimensions. Samples from 
the second set were manufactured as cylinders, and the final specimens 
were machined out of the bulk metal by removing 2.5 mm of material; 
these are referred to as “heavily machined” in the results and discussion. 
Three samples were considered to be tested for each building condition; 
however, if the result of the first two runs were a complete match, the 
third run was omitted. 

High-cycle fatigue (HCF) tests were performed at room temperature 
under constant load amplitudes using a force-controlled 100 kN test rig. 
The specimens were manufactured per ASTM E466 [29], as shown in 
Fig. 2. In this study, fatigue lives in excess of 1.1 × 106 cycles were 
considered to be run-outs. However, to ensure the consistency of the 
results, some samples were tested up to 3.0 × 106 cycles. The loading 
ratio (R) and frequency (f) were 0.1 and 5 Hz, respectively. Force 
measurements were conducted with a 50 kN load cell mounted on the 
test rig. A total number of 51 specimens were used to plot the S–N curves 
as the results. The number of samples used specifically for each build 
condition can be seen from the curves presented in section 3.7. 

Finally, Charpy tests were conducted at room temperature to mea-
sure the notch fracture toughness of the specimens with different BDs. 
The specimens were built following ASTM E23 [30], as shown in Fig. 3. 
The notches were manufactured by additive manufacturing. The frac-
tured surface of each sample was analyzed with a KEYENCE VR-3200 3D 
macroscope to measure their shear fracture appearances (SFA) accu-
rately. The SFA can be used as a quantitative criterion to compare the 
fracture mechanisms of the Charpy samples. Un-notched samples having 
the same effective areas as the standard samples (Fig. 3b and e) were 
also tested to evaluate the notch effect of the surface inhomogeneities in 
the as-built specimens, similar to the work of Yasa et al. in Ref. [17]. The 
un-notched samples were divided into two groups based on their surface 
qualities, i.e., as-built and machined. Three samples were considered to 
be tested for each building condition (12 samples in total). It should be 
noted that by considering the small fluctuations and errors in the ach-
ieved data from the tests in this study, the average values of the 
measured characteristics, e.g., hardness, notch toughness, strength, and 
residual stress, are reported as the final results. 

3. Results 

As the first step after the L-PBF production of the samples, their 
densities and porosity distributions were evaluated to confirm they were 
of acceptable quality. By calculating the area fractions occupied by the 
voids and considering the results of the Archimedes method, the den-
sities were estimated and are reported in Table 3. The average and 
maximum void diameters were calculated from the statistical data in 
Fig. 4. There were 449 defects detected in the investigated areas, and the 
total number of voids was higher for the horizontal samples, both in 
their building and scanning planes. The maximum void size was also 
larger in the horizontal samples, but the average void diameter did not 
differ much. In addition to the absence of porosity clustering, large 
voids, or cracks, high sample density was considered to be the standard 
of quality for the manufactured specimens. Fig. 5 shows two of the 
images used for the porosity measurements. 

3.1. Microstructural analysis 

The microstructural features of the manufactured samples in their as- 
built condition are presented in Fig. 6. The L-PBF 316L, regardless of its 
sample orientation, consisted of coarse austenitic grains elongated to-
wards the building axis, which was also the direction of the heat flow 
from the melt pool into its solidified substrate. The grains were not 
confined to their first deposited layers during solidification and growth, 
and they grew epitaxially beyond several layers to obtain their coarse 
and elongated appearance. SEM images were used to investigate the 
subgrain features of the L-PBF 316L (Fig. 7). The austenite grains con-
sisted of cellular subgrain structures, which have been frequently re-
ported in other studies [10]. The building orientation did not 
significantly influence the microstructure, at both grain and subgrain 
scales. However, the cell size and orientation were not homogeneous 
and could be different among adjacent austenite grains because their 
cellular primary arm spacing (λ) varied in the range of 0.5–1.0 μm from 
grain to grain (Fig. 8). 

Elemental distributions are shown at different scales in Fig. 9. The 
occurrence of segregation was highly dependent upon the location of the 
measurements. This dependency proves the segregation in L-PBF 316L 
to be a local phenomenon. As an example, although there was no evi-
dence of segregation between the grains or deposited layers throughout 
the majority of investigated areas, as shown in Fig. 9a and b, segregation 
occurred in some other sporadic regions inside the grains (white dashed 
areas in Fig. 9 c with aluminum and molybdenum deprivations, 
respectively). Additionally, some Si-, Al-, and Mn-rich points can be 
detected in Fig. 9, which could result from the clustering of nano- 
inclusions. Si-, Al-, and Mn-rich nano inclusions distributed along the 
cell boundaries have been reported in other studies of L-PBF 316L [13, 
31–35]. 

3.2. Hardness measurements 

The average hardness values of the horizontal and vertical samples 
were 208 HV and 200 HV, respectively. The measurements did not 
fluctuate significantly, so the average values were taken as the hardness 
numbers. The BD did not demonstrate a noticeable effect on the hard-
ness, as expected from previous studies (Fig. 10). Some vertical speci-
mens were treated by HFMI to study the effects of this treatment on their 
mechanical properties. The compressive impact loads from the HFMI 
treatment distorted the cells throughout the subsurface area (up to the 
depth of 200 μm from the surface in Fig. 11), and high residual 
compressive stress remained in the specimens (Section 3.3). These 

Fig. 8. Different cell sizes and orientations within the adjacent austenite grains 
in a vertical sample. 
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effects resulted in a rapid rise in the hardness values when the hardness 
profile approached the surface (Fig. 12). Although the HFMI treatment 
increased the hardness by up to 75%, it produced some surface voids 
(red arrows in Fig. 11b), which acted as local stress risers on the spec-
imen surface and could affect its other mechanical properties. These 
effects are discussed in Sections 3.5 and 3.7. 

3.3. Residual stress measurements 

The residual stress values of the horizontal and vertical samples are 
presented in Table 4. The L-PBF manufacturing process resulted in 

residual tensile stress towards the building and scanning directions, 
which was higher along the BD. Machining caused the residual stress to 
turn into compressive stress towards the tool path (i.e., the scanning and 
BDs in the horizontal and vertical samples, respectively). Additionally, 
the polishing and HFMI treatment changed the residual stress into 
compressive stress in both directions. The HFMI caused higher levels of 
residual compressive stress in comparison to the other mechanical and 
surface treatments. As an example, Wood et al. [44] measured residual 
compressive stress as high as 58 MPa and achieved a surface roughness 
of Ra ≈ 4 μm by performing shot peening on L-PBF 316L. 

Fig. 9. EDS mappings of the specimens along their cross-sections in different areas and under different magnifications: (a) 2000×, (b) 10000×, and (c) 5000×.  
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3.4. Surface roughness and quality 

The surface roughness values of the specimens are presented in 
Table 5. The horizontal samples had higher Ra values in their as-built 
condition, in comparison to the vertical specimens. However, the sur-
face roughness of the horizontal samples was not expected to be uniform 
due to the potential staircase effect resulting from the L-PBF 
manufacturing process. Thus, the side planes of the horizontal samples 
(which were selected for the measurements in this study) were expected 
to have higher Ra values than their top surfaces. The rougher surfaces on 
the side planes were selected to consider the lower surface quality as an 
influencing factor on the fatigue life of the horizontal specimens. 
Machining, polishing, and HFMI treatments improved the surface 
quality. Although HFMI enhanced the average surface quality to Ra =
2.0 μm, it also resulted in local marks as deep as 20 μm on the surface of 
the prepared specimen (Fig. 11b). 

3.5. Tensile test 

The results of the tensile tests and the mechanical properties of L-PBF 
316L are presented in Fig. 13 and Table 6, respectively. The horizontal 
samples had higher strength values and lower elongations, compared 
with the vertical samples. However, the BD did not noticeably affect the 
Young’s modulus. Further, machining did not significantly impact the 
quasi-static properties, which agrees with other studies [19]; although it 
slightly increased the yield strength, raised the Young’s modulus, and 
decreased the elongation and UTS/YS for the vertical samples, the 
resulting changes in values were all less than 10%. 

HFMI-treated vertical samples had higher yield stress, tensile 
strengths, and Young’s modulus values compared to their as-built 
counterparts. The higher values could be attributed to the extreme re-
sidual compressive stress resulting from this treatment. The HFMI 
treatment drastically decreased the ductility by decreasing the elonga-
tion and uniform elongation by 54% and 85%, respectively, which could 

Fig. 10. Comparison of the hardness values for L-PBF 316L from different studies (H: horizontal; V: vertical; I: inclined; C: cast; W: wrought). The diagonally and 
horizontally dashed lines indicate annealed samples and stress-relieved specimens, respectively. 

Fig. 11. Vertical sample treated by HFMI: (a) SEM image; (b) subsurface area.  
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be due to the marks left on the surface by the HFMI tool (Fig. 11b). As 
shown in Fig. 14b and e, while the as-built sample experienced a uni-
form strain of 0.4% on its surface, the HFMI-treated sample had a strain 
range of 0.4%–1% (in the HFMI marks). In summary, these marks could 
act as stress risers and cause a non-uniform strain distribution on the 
surface. The strain concentration sites yielded via premature necking 
and loss of ductility (Fig. 14c). Investigating the fracture surface of the 
HFMI-treated samples confirmed their failure from the surface marks, as 
shown in Fig. 15. 

The strain hardening curves of the samples are presented in Fig. 16. 
The horizontal specimens demonstrated a two-stage (i.e., sharp drop and 
then gradual decrease) strain hardening during their tensile test, while 
the vertical samples showed a three-stage (i.e., sharp drop to a gradual 
increase and then a gradual decline) strain hardening. The higher 

elongation to failure of the vertical samples could be attributed to their 
three-stage strain hardening behavior resulting from the recovery stage 
(stage two, the gradual increase in the strain hardening) postponing the 
failure of the material and improving its elongation and ductility. 

According to Singh et al. [45], at room temperature and under 
moderate strain rate deformations, the Ludwigson equation could 
satisfactorily model the strain hardening behavior of conventional 316L 
because it is specifically designated for austenitic metals. The Ludwigson 
equation (Eq. (1)) parameters were recalculated for L-PBF 316L and are 
presented in Table 7 along with the parameters of conventional 316L 
with an effective grain size of 4.5 μm (similar to the L-PBF 316L), for 
comparison [45,46]. The Ludwigson equation successfully modeled the 
plastic stress-strain curves of the L-PBF 316L, except for the 
HFMI-treated samples, as indicated by the dashed lines positioned on 
their respective experimental curves in Fig. 17.  

σ = K1εn
1 + exp(K2 + n2ε)                                                              (1)  

3.6. Charpy test 

The notch toughness values of the L-PBF 316L are presented in 
Table 8, and the results from this study and material data from other 
studies are provided in Fig. 18 a, for comparison. The building direction 
did not show a significant effect on the notch toughness, which agrees 
with the results of other studies. Comparison of the results from the un- 
notched samples in their as-built and machined conditions shows that 
the surface roughness did not have a noticeable effect on the impact 
toughness of the material, and the surface valleys resulting from AM did 
not cause an induced notch effect under impact loads. Notably, this 
evaluation is valid only for the roughness range in this study (5 μm ≤ Ra 
≤ 15 μm). Finally, the SFA values from the horizontal (Fig. 18b) and 
vertical (Fig. 18c) samples showed that they had similar fracture 
mechanisms and comparable ductility levels. 

3.7. Fatigue test 

The stress-life (S–N) data of L-PBF 316L from the fatigue tests in this 
study are presented in Fig. 19. Surface quality (roughness) had a sig-
nificant effect, and machining improved the fatigue limit (σf) of the 
vertical specimens by 85%. This improvement was expected because 
surface roughness causes stress concentration and premature crack 
initiation in AM metals [44,48–50]. Horizontally manufacturing the 

Fig. 12. Hardness profile of an HFMI-treated vertical sample along its scanning plane.  

Table 4 
Residual stress values.  

Type Axis of 
measurement 

Stress 
value for 
the as- 
built 
samples 
(MPa) 

Stress 
value for 
the 
machined 
samples 
(MPa) 

Stress 
value for 
the 
polished 
samples 
(MPa) 

Stress 
value for 
the 
HFMI- 
treated 
samples 
(MPa) 

Horizontal Building 
direction 

370 466 −102 – 

Horizontal Scanning 
direction 

40 −198 −293 – 

Vertical Building 
direction 

382 −57 −239 −1180 

Vertical Scanning 
direction 

156 522 −421 −505  

Table 5 
Surface roughness measurements.  

Sample 
type 

Surface 
condition 

Average roughness 
(Ra) (μm) 

Mean roughness depth 
(Rz) (μm) 

Horizontal As-built 12.5 79.0 
Horizontal Machined 2.0 9.0 
Horizontal Polished 1.5 8.5 
Vertical As-built 6.0 40.0 
Vertical Machined 2.0 11.0 
Vertical Polished 1.5 8.5 
Vertical HFMI-treated 2.0 11.0  
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specimens improved their σf by 15%, while HFMI treatment increased 
the σf of the vertical specimens by 90%, compared to the as-built ones. In 
comparison to shot peening, another mechanical treatment, HFMI more 
effectively enhanced the σf of the L-PBF 316L [44], which could be 
attributed to the higher residual compressive stress resulting from the 
treatment. HFMI improved the surface quality to Ra = 2 μm, which could 
further enhance fatigue performance. However, the detrimental effects 
of the residual grooves and dents from the HFMI tool should be 
considered. These effects probably hindered the HFMI-treated samples 
from achieving more significant improvement, although their residual 
compressive stress values did reach very high levels (Section 3.3). 

4. Discussion 

Isolated 5–10 μm diameter spherical voids are quite common in as- 
built parts made from L-PBF 316. Many studies have attributed these 
unavoidable pores to the entrapment of gas originating from the raw 
powder [33,51]. The distribution of these voids is not uniform, and 
larger pores are preferentially located closer to the surface [18,39]. In 
this study, both the horizontal and vertical samples were fully dense 
with low defect content. The nature of their defects was primarily 
spherical (porosities), with the rare appearance of areas lacking fusion. 
The maximum void diameter was considerably higher in the horizontal 
specimens. These results agree with other studies on L-PBF 316L, 
wherein the density was shown to be independent of the BD, and the 
horizontal samples had slightly higher porosity values [5,22,31,52]. 

4.1. Microstructural features 

The microstructure of L-PBF 316L is commonly reported to be single- 
phase austenite with elongated grains and epitaxial growth. Austenite 
stability is related to chemical composition, and L-PBF parameters do 
not have a significant effect on austenite transformations [36,40,42]. 
Given the chemical composition of EOS Stainless Steel 316L, its Md30, 

Angle temperature was calculated using Eq. (2) [37]. This temperature 
can be used to measure the microstructural stability in austenitic ma-
terials prone to martensite formation during rapid solidification or 
deformation and represents the temperature at which 50% of the initial 
austenite transforms into deformation-induced martensite under a 
plastic strain of 30%:  

Md30, Angle (◦C) = 413 − 462(Cwt% + Nwt%) − 9.2Siwt% − 8.1Mnwt% −
13.7Crwt% − 9.5Niwt% − 18.5Mowt%.                                                  (2) 

The Md30, Angle temperature of the samples was estimated to be 
−53.5 ◦C, indicating their high austenite stability because the austenitic 
microstructure of similar L-PBF 316 powders in Ref. [22,36–38,53] that 
had comparable Md30, Angle temperatures remained intact after L-PBF and 
even after high plastic strains resulting from tensile testing [36,54]. 
Thus, no detectable fraction of martensite was expected in the manu-
factured samples. 

Cellular subgrain structure is another common microstructural 
feature for L-PBF 316L. The absence of secondary arms in the cell 
structure is indicative of the ultra-fast cooling rate of the manufacturing 
process [54]. The cooling rate can be estimated by applying the 

Fig. 13. Engineering stress-strain curves of the samples.  

Table 6 
Quasi-static properties of L-PBF 316L according to the tensile tests.  

Building 
direction 

Surface condition 0.2% Yield strength 
(MPa) 

Tensile strength 
(MPa) 

Uniform elongation 
(%) 

Elongation (%) UTS/ 
YS 

Young’s Modulus 
(GPa) 

Horizontal Machined 546 654 19 32 1.19 153 
Horizontal Heavily 

machined 
546 656 16 31 1.20 150 

Vertical As-built 439 553 28 48 1.26 147 
Vertical Machined 475 569 23 44 1.19 156 
Vertical HFMI-treated 471 647 4 22 1.37 193  
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Katayama & Matsunawa equation (Eq. (3)) developed for austenitic 
stainless steels based on their λ [55]. λ can be measured by the triangle 
method from Refs. [56] or calculated more precisely by Eq. (4) [15]:  

T = (80/λ)(1/0.33);                                                                             (3)  

λ=(1/M)(A/N)0.5,                                                                             (4) 

where T is the cooling rate (in K/s), M is the SEM magnification (in the 
micrograph), N is the number of cells in the specific micrograph, and A is 

Fig. 14. (a) Topography of an HFMI-treated specimen; (b) and (c) local strain values of the HFMI-treated sample under different strain levels. (d) Topography of an 
as-built vertical specimen; (e) and (f) local strain values of the as-built sample under different strain levels. 

Fig. 15. The fracture surface of a HFMI-treated sample after its tensile test (left). The failure initiation site is marked by the red oval (bottom right) and its depth was 
measured by the laser macroscope (top right). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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the area of the micrograph (m2). Using Eqs. (3) and (4), values of λ and T 
in this study were estimated to be 0.5 μm and 4.5 × 106 K/s, respec-
tively, which is in the range of 103 K/s to 108 K/s that has been reported 
for L-PBF in other studies [9,33]. 

Although the microstructural features were independent of the BD 
(austenite grains consisting of cellular structures with similar average 
cell sizes), highly localized melting, strong temperature gradients, high 
cooling rates, and the rapid solidification front associated with L-PBF 
resulted in a locally nonequilibrium microstructure with a variation in 
the size and direction of the cellular features, as shown in Fig. 8. This 
variation was attributed in some studies to the reheating effect resulting 
from the successive scanning layers that are an intrinsic part of L-PBF, 
which results in coarsened cells in some grains. However, reheating fails 
to explain the different cell orientations because the orientations form 
via cell growth during solidification. Thus, reheating cannot be 
considered as the primary reason behind the variation [13,15,16,31,52, 
57,58]. 

Cell growth is governed by two factors: heat flux and preferred 

crystallographic growth direction. During the L-PBF process, previously 
deposited layers could have different preheating effects on the most 
recently deposited layer. This phenomenon, known as the thermal 
boundary effect, causes the thermal gradient and heat flux in the layer 
deposited last to be influenced by its underlying and adjacent layers. In 
addition to the thermal boundary effect, heat flux is also influenced by 
the strong Marangoni effect from the L-PBF technique. Further, the 
preferred growth direction could also be different in each grain. Ulti-
mately, these factors result in a variety of sizes and orientations of the 
cellular subgrain structures [15,59,60]. 

The occurrence of microsegregation is a matter of controversy in the 
studies of L-PBF 316L to date. Microsegregation has been confirmed in 
many cases [10,32,58,60,61], while it has also been rejected by others 
[34,55]. For instance, both [34,60] used accurate atom probe tomog-
raphy (APT) to investigate the segregation down to the nanoscale and 
achieved controversial results. The precision and type of tools utilized 
were not the sole sources of the controversy. Therefore, the cellular 
boundaries should be thoroughly investigated to understand the reasons 
underlying these conflicting results. 

Cellular boundaries in L-PBF 316L are accompanied by high dislo-
cation densities [11]. According to Birnbaum et al. [62], if the cellular 
structure were due to the presence of dislocations alone (with no 
segregation), then the cell walls would be expected to etch preferentially 
and form pits and grooves in comparison to their background (similar to 
Fig. 7a). In contrast, cell boundaries with higher chemical stability (due 
to the segregation of solute atoms) etch more slowly than their back-
ground and protrude from the surface (similar to Fig. 7b). Because both 
etching appearances are present in the same specimen in the current 
study, it might be possible to conclude that microsegregation is a local 
phenomenon in L-PBF 316L, and its presence is heavily influenced by the 
location of the measurement in the sample. However, accepting this 
point as a microstructural feature for L-PBF 316L requires numerical 
data from different cell boundaries. Thus, this issue still requires further 
research and can be considered for future studies. 

Two mechanisms have been proposed for the segregation in L-PBF 
316L. The first was suggested by Birnbaum et al. [62], in which a 
dislocation network is formed due to the strain aging effect during the 
solidification, and solute atoms segregate along the cell boundaries 

Fig. 16. Strain hardening curves of the specimens.  

Table 7 
Parameters of the Ludwigson equation for L-PBF 316L (room temperature and 
moderate strain rates).  

Sample type K1 n1 K2 n2 

Vertical (as-built) 1001.38 0.2475 5.42 −21.485 
Vertical (machined) 975.00 0.2105 5.23 −21.126 
Horizontal (machined) 1052.93 0.1732 4.87 −33.220 
Horizontal (heavily machined) 1013.44 0.1503 4.63 −45.666 
Conventional [45] 550.30 0.0100 5.70 −45.980  

Fig. 17. Stress-strain curves of the samples during their plastic deformation (left); stress-strain values from the chosen points on the curves and their calculated stress 
based on the Ludwigson equation (right). 

Table 8 
Charpy impact toughness of L-PBF 316L.  

Sample type Horizontal 
(notched) 

Vertical 
(notched) 

Un-notched 
(as-built) 

Un-notched 
(machined) 

Notch 
toughness 
(J) 

145 150 302 291  
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because of the Cottrell atmospheres. The second mechanism, which has 
been proposed in several other studies [15,32,60,63], attributes the 
segregation to chemical fluctuations along the solidification front. In 
both proposed mechanisms, solid diffusion is required for the segrega-
tion to occur. The solidification rate is not uniform throughout the 
material because the cell sizes are also different. Consequently, the so-
lidification rates in some regions could become high enough to prevent 

diffusion and microsegregation, known as the solute trapping effect [55, 
60]. Some areas in the sample could, therefore, have experienced 
microsegregation while the remainder had a uniform elemental distri-
bution. In addition, a newly published article by Bertsch et al. [64] has 
proved thermal distortions as the source of dislocation network in L-PBF 
316L which weighs in favor of the first mechanism as the reliable source 
of segregation in this material. 

4.2. Hardness 

The uniform hardness distribution of L-PBF 316L is attributed to its 
low thermal conductivity and nature as a solid solution alloy [5,41]. 
Further, having a small melt pool and highly localized melting (and 
solidification) result in a more homogeneous microstructure and hard-
ness distribution after L-PBF [22,36,63]. Wang et al. [63] attributed the 
high hardness of L-PBF 316L to the Hall-Petch strengthening effect and 
proposed Eq. (5) to estimate the hardness from λ. The hardness value 
could be successfully estimated at 206 HV using this equation, and 
taking the average value of λ = 0.5 μm (the average cell size in Fig. 7) in 
this study.  

HV = 72.6 + 94.9λ−0.5                                                                    (5)  

4.3. Quasi-static mechanical properties 

The results of this study are presented along with the data from other 
studies on L-PBF 316L in Fig. 20 for comparison. Anisotropic tensile 
properties are common in L-PBF 316L, and the horizontal samples had 
higher strength values than the vertical ones, while the vertical speci-
mens had larger elongations than the horizontal ones. This anisotropy is 
attributed to the differently oriented layers of deposition and elongated 
grains in the horizontal and vertical samples. Additionally, the generally 
lower Young’s modulus of L-PLF 316L as compared to its conventional 
counterparts (≈193 GPa) is attributed to the defects arising in AM parts 
[54]. In Fig. 20, regions with the majority of the data points from 
different studies are considered to be the areas representing the 
most-expected quasi-static properties of L-PBF 316L. These areas are 
shown as orange halos on the graphs. As shown in the figure, the results 
of this study fit within these orange regions. 

The higher strength of L-PBF 316L, as compared to its conventional 
counterparts, is attributed to its fine cellular microstructure accompa-
nied by the high dislocation densities along its cell boundaries [56,60]. 
The material is also considered to have a Hall-Petch strengthening effect 
[9,60,63]. Furthermore, there is a consensus in the literature regarding 
the cell size (also known as dislocation cells in some studies) should be 
considered to be the effective grain size in the suggested Hall-Petch 
equations [13,61,63]. Wang et al. [10] proposed a form of the 
Hall-Petch equation (Eq. (6)) to correlate the effective grain size and 
yield strength of L-PBF 316L. This equation estimated the yield strength 
of the horizontal samples of this study very well at 542 MPa, but there is 
some controversy regarding using Eq. (6) (and other similar Hall-Petch 
equations) to estimate the strength of L-PBF 316L. Although horizontal 
and vertical samples have similar average cell sizes, their mechanical 
properties are different. Consequently, Eq. (6) overestimates the 
strength of vertical samples.  

σy = 183.31 + 253.66/(λ0.5)                                                              (6) 

Because the Hall-Petch equation considers the effective grain size 
(cell size) as the only determining factor and primary strengthening 
mechanism, estimating the strength using a more comprehensive Tay-
lor’s equation (Eq. (7)) could be a reasonable approach to overcoming 
the controversy [19]:  

σy = σo + MαGb(ρ0.5),                                                                     (7) 

Fig. 18. (a) Comparison of the notch toughness values from this study with 
other studies on L-PBF 316L; (b) topological analysis of the fracture surface 
from a horizontal sample; (c) topological analysis of the fracture surface from a 
vertical sample. 
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where σo is the microstructural friction stress, M is Taylor’s factor, α is 
the proportionality constant, G is the shear modulus, b is the Burger’s 
vector of the dislocations, and ρ is the dislocation density. According to 
Eq. (7), the yield strength depends on the dominant microstructural 
texture (by M) and the dislocation density. As discussed later in this 
section, the horizontal and vertical samples could have different domi-
nant textures and dislocation densities. Consequently, Taylor’s equation 
could be more successful in estimating the yield strength of L-PBF 316L 
processed using different manufacturing parameters. However, 
achieving the correct coefficients for L-PBF 316L in Eq. (7) requires 
further research [19,63]. 

Regarding the different strain hardening behaviors, a three-stage 
trend is typical among the austenitic metals with a dominant <110>
texture. The presence of a dominant <110> texture in vertical samples 
and <100> in horizontal specimens have been reported in some studies 
of L-PBF 316L [10,11]. The deformation mechanisms of L-PBF 316 need 
to be considered to understand the correlation between the texture and 
strain hardening behavior. Austenitic stainless steels deform by three 
mechanisms: dislocation slip, mechanical twinning, and martensite 

transformation. During deformation, these mechanisms can act simul-
taneously or individually depending on the texture and stacking fault 
energy (SFE) of the metal. Dislocation slip is the primary deformation 
mechanism, while the occurrence of martensite formation or deforma-
tion twinning depends on the SFE value. Deformation twinning domi-
nates the martensite transformation in austenitic steels with SFE ≥25 
mJ/m2 [19,54,65]. By Eq. (8), the SFE value of LPB-F 316L is estimated 
to be 33 mJ/m2 [66]. Thus, martensite formation is not feasible in this 
material. However, in addition to the SFE, the texture should also favor 
deformation twinning to make it occur.  

SFE = 2.2 + 1.9Niwt% − 2.9Siwt% + 0.77Mowt% + 0.5Mnwt% + 40Cwt% −
0.016Crwt% − 3.6Nwt%                                                                      (8) 

Deformation twinning is not favored in austenitic metals with a 
dominant <100> texture (i.e., horizontal samples), while it is likely to 
be present in metals with a strong <110> texture (i.e., vertical samples). 
Consequently, in their strain hardening diagrams, the vertical samples 
demonstrated an extra stage governed by the twinning (i.e., a gradual 
increase in the strain hardening), which recovered the strain hardening 

Fig. 19. The S–N data from the fatigue tests of this study.  

Fig. 20. Comparison of the quasi-static mechanical properties of stainless steel 316L from different studies.  
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of the material and postponed its failure. This effect is considered to be a 
dynamic Hall-Petch phenomenon, which results in twinning-induced 
plasticity (TWIP) [10,11,19,54,61]. However, using low volumetric 
energy densities and rotational scanning strategies (such as meander or 
islands with interlayer orientations) can result in weak and random 
textures, regardless of BD [18,57,67]. Thus, the effects of these 
manufacturing parameters, along with BD, should be further investi-
gated to provide a more comprehensive understanding of the deforma-
tion behavior of L-PBF 316L. 

4.4. Notch toughness 

Notch toughness values achieved in this research are relatively 
higher than the ones from the other studies, as shown in Fig. 18 a. The 
superior toughness of the specimens in this research can be attributed to 
their higher build quality, lower porosity contents, absence of elongated 
or linear defects, and higher densities compared to the other studies 
introduced in section 3.6. For example, density values were 98.5% and 
97.3% in Ref. [17,47], respectively, compared to the density value of 
99.9% in the current study. In addition, V-notches are manufactured via 
additive manufacturing in the current research, contrary to some other 
studies such as [16,43] where machining was used to cut out the notch 
from the bulk material. Furthermore, the high austenite stability and 
absence of martensite can also be attributed to the high toughness 
values. 

4.5. Fatigue performance 

The fatigue results of this study are presented in Fig. 21, along with 
the data available from other investigations. The fatigue performance of 
the horizontal, machined vertical, and HFMI-treated samples in this 

study were comparable to those of conventionally manufactured 316L. 
The inferior performance of the as-built vertical samples can be attrib-
uted to their defects and poor surface quality [22,37,71,72]. Defects in 
L-PBF parts tend to elongate perpendicular to the BD. This tendency 
causes higher stress concentrations in the vertical specimens, and, 
consequently, further decreases their fatigue performance, as compared 
to the horizontal samples [18,68]. Additionally, the alignment of the 
layer boundaries in the vertical samples (normal to the loading direc-
tion) makes the crack initiation and propagation easier at these weak 
sites [52,69]. 

The differences between the fatigue performance of the samples 
decreased with increasing stress amplitude, as shown in Figs. 19 and 21. 
For high stress amplitudes, plastic deformation is the dominant strain 
mechanism, and, accordingly, the yield strength corresponds to the life 
of the material. Under high stress amplitudes, defects have less effect on 
the fatigue performance of L-PBF 316 [21,37,38,70], and the S–N curves 
of the samples with different BDs or surface qualities converge. At low 
stress amplitudes, defects act more effectively as stress risers, and the 
induced notch effect of the surface roughness is amplified. Thus, the 
fatigue performance of the as-built samples and the vertical specimens 
became increasingly inferior under low stress amplitude regimes. 
Further, the lower yield strength of the vertical samples caused plastic 
strain accumulation and premature failure due to ratcheting at the low 
stress amplitudes [51]. 

Fracture surfaces of the fatigue specimens are shown in Figs. 22–25. 
For fracture analysis of the samples, they are divided into three groups. 
The first group is the samples failed under low stress amplitudes and 
fatigue lives close to the fatigue limit (Fig. 22a, 23a, 24a). The second set 
consists of the samples failed under intermediate stress amplitudes 
(Fig. 22b, 23b, 24b, and 25a). Finally, the last group is the samples failed 
under high stress amplitudes with lower fatigue lives close to 105 cycles 

Fig. 21. S–N data from various studies of L-PBF 316L. The results of the current study are shown as the halo lines (blue with the triangle sign: horizontal (machined), 
red with the star sign: vertical (HFMI-treated), yellow with the circle sign: vertical (machined), and brown with the square sign: vertical (as-built)). For the sake of 
comparison, some results are converted from R = −1 by Goodman’s equation. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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(Fig. 22c, 23c, 24c, and 25b). As shown in these figures, areas indicating 
the crack initiation and growth (regions marked with dashed blue lines) 
got smaller by increasing the stress amplitude. Thus, the shear rupture 
was more dominant under high stress values. In addition, specimens 
failed under intermediate to low stress amplitudes had a single failure 
initiation site. In contrast, the fracture of the samples broken under high 
stress amplitudes showed multiple initiation sites (marked by red 
arrows). 

The size and position of critical defects are shown in high magnifi-
cation images presented in Figs. 22–25 (areas indicated by red lines). In 
the machined samples, the failure was initiated from the subsurface 
flaws, while fatigue was started from the surface defects in the as-built 
samples and HFMI-treated specimens. The Murakami (√area) 
approach was used to estimate the fatigue limit of the material based on 
the size of its most critical defects, according to Eqs. (9) and (10) for 
subsurface defects and surface flaws, respectively [73,74]. The results of 

the estimations are reported in Table 9.  

σf = [1.41(HV + 120)/(√area)(1/6)] × [(1 − R)/2](0.226+0.0001HV)            (9)  

σf = [1.43(HV + 120)/(√area)(1/6)] × [(1 − R)/2](0.226+0.0001HV)          (10) 

According to Table 9, the Murakami approach estimated the fatigue 
limit of machined L-PBF 316L with error values below 10%. Regarding 
the samples failed from the surface defects (as-built and HFMI-treated), 
the estimated fatigue limit was significantly higher than its experimental 
value. Due to their surface conditions, these samples had numerous 
types of discontinuities throughout their surface areas (e.g., partially 
melted particles and roughness marks for the as-built specimens and 
HFMI tool marks on the HFMI-treated ones). These various flaws might 
have caused a synergic deteriorative effect on the fatigue life of these 
specimens, and, consequently, result in an overestimation of their fa-
tigue limit via the Murakami approach [3,5,8,75]. 

Fig. 22. Fracture surfaces of horizontal and machined samples: (a) specimen failed under a low stress amplitude; (b) specimen failed under an intermediate stress 
amplitude; (c) specimen failed under a high stress amplitude. 

S. Afkhami et al.                                                                                                                                                                                                                                



Materials Science & Engineering A 802 (2021) 140660

17

5. Conclusions 

Stainless steel 316L imparts a favorable combination of strength, 
ductility, and corrosion resistance to industrial components. Therefore, 
it has a wide range of applications and potential through additive 
manufacturing, especially L-PBF. This study investigated the charac-
teristics of alloy 316L processed via L-PBF. The efficiency of high- 
frequency mechanical impact treatment (HFMI) on material improve-
ment was also studied. Furthermore, the strain hardening behavior of 
the material and its notch toughness were also evaluated. Based on the 
results, the following conclusions were drawn:  

- L-PBF 316L had a single-phase austenitic microstructure with a 
network of cells in its elongated austenite grains as the sub-structure. 
Building direction did not have a noticeable effect on the micro-
structural features.  

- Building in the horizontal direction, machining, and high-frequency 
mechanical post-processing improved uniaxial strength and high- 
cycle fatigue performance but decreased elongation and ductility. 
HFMI treatment proved itself a practical approach to modifying L- 
PBF 316L in strength under static and cyclic loads.  

- The Hall-Petch equation overestimated the quasi-static strengths of 
the vertical specimens. 

Fig. 23. Fracture surfaces of vertical and machined samples: (a) specimen failed under a low stress amplitude; (b) specimen failed under an intermediate stress 
amplitude; (c) specimen failed under a high stress amplitude (data from backscattered electrons are also imposed for further clarification). 
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- Strain hardening behavior of the material in its as-built or machined 
condition is in good agreement with the Ludwigson equation, 
regardless of the building orientation.  

- The Murakami approach overestimated the fatigue limit of the 
specimens broken from their surface discontinuities. 

Finally, although stainless steel 316L has a long history in the ad-
ditive manufacturing of metals, its effective deformation mechanisms 
under different loading scenarios have yet to be fully understood. 
Further, utilizing equations similar to Hall-Petch and Murakami to es-
timate its mechanical properties requires further study. 
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[63] X. Wang, J.A. Muñiz-Lerma, O. Sánchez-Mata, M. Attarian Shandiz, M. Brochu, 
Microstructure and mechanical properties of stainless steel 316L vertical struts 
manufactured by laser powder bed fusion process, Mater. Sci. Eng., A 736 (2018) 
27–40, https://doi.org/10.1016/j.msea.2018.08.069. 

[64] K.M. Bertsch, G. Meric de Bellefon, B. Kuehl, D.J. Thoma, Origin of dislocation 
structures in an additively manufactured austenitic stainless steel 316L, Acta 
Mater. 199 (2020) 19–33. 

[65] G. Frommeyer, U. Brüx, P. Neumann, Supra-ductile and high-strength manganese- 
TRIP/TWIP steels for high energy absorption purposes, ISIJ Int. 43 (2003) 
438–446, https://doi.org/10.2355/isijinternational.43.438. 

[66] G. Meric de Bellefon, J.C. van Duysen, K. Sridharan, Composition-dependence of 
stacking fault energy in austenitic stainless steels through linear regression with 
random intercepts, J. Nucl. Mater. 492 (2017) 227–230, https://doi.org/10.1016/ 
j.jnucmat.2017.05.037. 

[67] O. Andreau, I. Koutiri, P. Peyre, J.D. Penot, N. Saintier, E. Pessard, T. De Terris, 
C. Dupuy, T. Baudin, Texture control of 316L parts by modulation of the melt pool 
morphology in selective laser melting, J. Mater. Process. Technol. 264 (2019) 
21–31, https://doi.org/10.1016/j.jmatprotec.2018.08.049. 

[68] K. Solberg, S. Guan, S.M.J. Razavi, T. Welo, K.C. Chan, F. Berto, Fatigue of 
additively manufactured 316L stainless steel: the influence of porosity and surface 

roughness, Fatig. Fract. Eng. Mater. Struct. 42 (2019) 2043–2052, https://doi.org/ 
10.1111/ffe.13077. 

[69] J. Suryawanshi, K.G. Prashanth, U. Ramamurty, Mechanical behavior of selective 
laser melted 316L stainless steel, Mater. Sci. Eng., A 696 (2017) 113–121, https:// 
doi.org/10.1016/J.MSEA.2017.04.058. 

[70] S. Leuders, T. Lieneke, S. Lammers, T. Tröster, T. Niendorf, On the fatigue 
properties of metals manufactured by selective laser melting - the role of ductility, 
J. Mater. Res. 29 (2014) 1911–1919, https://doi.org/10.1557/jmr.2014.157. 

[71] A.B. Spierings, T.L. Starr, K. Wegener, Fatigue performance of additive 
manufactured metallic parts, Rapid Prototyp. J. 19 (2013) 88–94, https://doi.org/ 
10.1108/13552541311302932. 

[72] J.P. Strizak, H. Tian, P.K. Liaw, L.K. Mansur, Fatigue properties of type 316LN 
stainless steel in air and mercury, in: J. Nucl. Mater, North-Holland, 2005, 
pp. 134–144, https://doi.org/10.1016/j.jnucmat.2005.03.019. 

[73] Y.( Yukitaka, Murakami, Metal Fatigue: Effects of Small Defects and Nonmetallic 
Inclusions, second ed., Elsevier, USA, 2002. 

[74] I. Milne, R.O. Ritchie, B.L. Karihaloo, Comprehensive Structural Integrity: Cyclic 
Loading and Fatigue, first ed., Elsevier, USA, 2003. 

[75] M. Zhang, C.-N. Sun, X. Zhang, P.C. Goh, J. Wei, D. Hardacre, H. Li, Fatigue and 
fracture behaviour of laser powder bed fusion stainless steel 316L: influence of 
processing parameters, Mater. Sci. Eng., A 703 (2017) 251–261, https://doi.org/ 
10.1016/J.MSEA.2017.07.071. 

S. Afkhami et al.                                                                                                                                                                                                                                



 

 

 

 

  



Publication III 

Afkhami, S., Dabiri, E., Lipiäinen, K., Piili, H., and Björk, T. 

Effects of notch-load interactions on the mechanical performance of 3D printed 

tool steel 18Ni300 

Reprinted with permission from (open access under a Creative Commons license) 

Additive Manufacturing 

Vol. 47, p. 102260, 2021 

© 2021, Elsevier 





Additive Manufacturing 47 (2021) 102260

Available online 18 August 2021
2214-8604/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Research Paper 

Effects of notch-load interactions on the mechanical performance of 3D 
printed tool steel 18Ni300 

Shahriar Afkhami a *, Edris Dabiri a, Kalle Lipiäinen a, Heidi Piili b, Timo Björk a 
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A B S T R A C T

The capability of additive manufacturing to produce parts with complicated geometrical features is one of the 
unique advantages of this technology over traditional production methods. However, the intricate interaction 
between concentrated stress fields imposed by various geometrical profiles, inherent defects, and external loads 
must be comprehensively recognized to leverage the aforementioned ability. Consequently, this study investi-
gated the simultaneous effects of macroscopic notches and microscale defects on the performance of tool steel 
18Ni300 under quasi-static and cyclic loading regimes. The specimens were manufactured using the laser- 
powder bed fusion technique, a common method for industrial applications that rely on metals. Eleven (hori-
zontally built) sample designs, consisting of external or internal notches with different characteristics, were 
considered in this study to ensure a comprehensive comparison. The results showed that the surface quality was 
slightly higher along the notch roots than in the other areas. All the notches, regardless of their types, reduced 
ductility. Notch strengthening was generally observed in the notched samples under quasi-static loads. However, 
the degree of strengthening was directly related to the stress concentration factor, unlike for typical conventional 
metals. This unexpected behavior was attributed to the inherent defects in the manufacturing process. The 
surface defects at the notch roots played a dominant role in governing fatigue failures. A modification of the 
Murakami approach was proposed to estimate the fatigue life of notched components fabricated via additive 
manufacturing. Finally, the applicability of the Solberg–Berto diagram to predict the failure locations in hori-
zontally manufactured samples was evaluated. The diagram largely agreed with the experimental data obtained 
from this study.   

1. Introduction 

One of the most significant advantages of additive manufacturing

(AM), particularly the laser-powder bed fusion (L-PBF) technique, is the 
capability to manufacture complex geometries with sophisticated in-
ternal features. This ability is essential to fulfill the increasing demand 

Abbreviations: √area, Square root of the maximum (most critical) projected area in μm for the detected defects normal to the highest principal stress; A’,B’,C’,D’, 
E ’, General coefficient in Eqs. (17), (18), and (19); AM, Additive manufacturing; ASE, Average strain energy; d, Notch depth; DIC, Digital image correlation; epsY, 
Local εy strain; F’, Dimensionless stress intensity factor; h, Distance between the edge and the failure initiation site of a notch (Fig. 2); Ha, Average limit for the 
Solberg–Berto diagram; HCF, High-cycle fatigue; Hl, Lower limit for the Solberg–Berto diagram; ho, Nominal notch length (Fig. 2); Hu, Upper limit for the Sol-
berg–Berto diagram; HV, Vickers hardness; k, Maximum-to-minimum principal stress ratio; Kf, Fatigue notch factor; Kt, Stress concentration factor; K’t, Stress 
concentration factor in the areas between the adjacent notches; Kt(surface), Local stress concentration factor (due to surface roughness); Kt,lin, Linear stress concen-
tration factor; Kt,uni, Uniform stress concentration factor; L-PBF, Laser-powder bed fusion; M, Material dependent parameter defining NSR value; n, Material 
dependent parameter determining M; NSR, Notch strength ratio; q, Fatigue notch sensitivity factor; R, Loading ratio; Rvi, Maximum depth of the surface valleys; TCD, 
Theory of critical distance; X, Distance from the center of the notch tip along the x coordinate; α, Intrinsic fracture mode parameter; β, Extrinsic parameter describing 
the effect of external condition; β’, Ratio of dimensionless stress intensity factor of linear to uniform components; Δσ, Stress range; εf, Elongation to failure; εufm, 
Uniform elongation; λi, Average half-width of the surface valleys; ξ, Notch acuity; ρ, Notch radius; σa, Stress amplitude; σf, Fatigue limit for fully reversed cyclic 
regimes; σm, Mean stress; σnom, Global nominal stress; σo, Critical normal fracture strength; σUTS, (Ultimate) Tensile strength; σw, Fatigue limit; σyield, Yield strength; τo, 
Critical shear fracture strength; ν, Poisson’s ratio. 
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Table 1 
Chemical composition of the powder according to its manufacturer [37].  

Element Ni Co Mo Ti Al Cr Cu C Mn Si P S Fe 

Min wt%  17.00  8.50  4.50  0.60 – – – – – – – – Bal. 
Max wt%  19.00  9.50  5.20  0.80 0.15 0.50 0.50 0.03 0.10 0.10 0.01 0.01 Bal.  

Fig. 1. General specimen dimensions (top) and notch designs (bottom) in this study (lengths and angles are in mm and degrees, respectively).  
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for intricate and topologically optimized designs, for example, highly 
effective strength-to-weight ratios or heat dissipation mechanisms. 
Numerous cross-sectional transitions usually accompany such designs 
and structures. These transitions can result in notch-induced stress 
concentrations. Furthermore, some significant drawbacks of metal AM 
are its inherent defects, such as porosity and lack of fusion, and the 
relatively high surface roughness of AM metals due to the layer-wise 
accumulation of materials during the manufacturing procedure. These 
inhomogeneities and defects can also act as local stress risers in AM 
metals [1–6]. Some surface areas are not accessible for machining and 
surface treatments in geometrically complex AM components using 
common tools and methods. Consequently, such components must be 
used in as-built (rough) conditions. The topographical features of these 
inaccessible areas include multiple valleys with potentially sharp pro-
files acting as micro notches and stress risers. 

Accordingly, the competing features that govern failures in AM 
metals are sudden cross-sectional variations and macroscopic notches, 
local stress risers inherent in AM (such as porosities), and the micro- 
notch effect imposed by the rough as-built surface of AM metals, 
which is also intrinsic to AM [6–8]. The capability of AM for 
manufacturing complex designs relies on the existence of notches and 
other geometrical inhomogeneities throughout AM components. Addi-
tionally, inherent defects in AM are impossible to avoid entirely. 
Therefore, the simultaneous effects of defects, geometrical in-
homogeneities, and external loads can result in unexpected failures. AM 
metals are also known to exhibit anisotropic behavior and residual 
stress. Mechanical failures, especially fatigue, are controlled by the most 
critical inhomogeneities and defects [6,8–12]. Moreover, fatigue frac-
tures are the most common causes of failures in industrial applications. 
Thus, considering all these points, designing and manufacturing metal 
components using AM constitute a challenging task because the damage 
mechanism and evolution of AM metals, especially under cyclic load-
ings, are yet to be fully understood. However, this challenge must be 
overcome to improve metal AM [7,13,14]. 

Numerous studies have focused on the effects of notches and their 
interactions with other defects and inhomogeneities in AM metals. These 
investigations can be divided into two groups. In the first group, studies 
such as [3,5,15,16,17] focused mainly on the direct influence of notches 
on the mechanical performance of AM metals. The second group in-
cludes studies such as [8,11,18–23], which focused on notch-defect in-
teractions and their effects on the mechanical performance of metallic 
AM parts. Furthermore, studies such as [1,3,8,18,19] aimed to quanti-
tatively evaluate notch effects and notch-defect interactions based on 
the theory of critical distance (TCD), the average strain energy (ASE) 
approach, and the Murakami method. Most of these studies investigated 
Inconel 718 and Ti6Al4V because such high-strength metals are more 
sensitive to notches and defects than other AM metals are [2,18]. 

Another type of high-strength AM metal that exhibits considerable 
potential for heavily loaded industrial applications is tool steel. Among 
AM tool steels, 18Ni300 is an iron-nickel alloy that is well-known for 
having an appropriate combination of tensile and compressive 
strengths, hardness and wear resistance, toughness, weldability, and 
dimensional stability [24–29]. As a maraging steel, 18Ni300 is an 
appealing alternative to high-carbon steels because it does not suffer 
from the drawbacks associated with a high carbon content, for example, 
high corrosion rates and susceptibility to quench cracking. Thus, the 
reported applications of 18Ni300 processed using L-PBF (L-PBF 
18Ni300) cover a wide range of industrial parts, including rocket motor 
casings, aircraft components, fasteners, tubings, drill chucks, punching 
tools, extrusion setups, plastic injection molds with complex internal 
cooling channels and working temperatures as high as 400 ◦C, and metal 
casting dies [10,24,25,30–35]. 

Considering the vast application domain of L-PBF 18Ni300 and its 
relatively high defect sensitivity as a tool steel, this study aimed to 
investigate the simultaneous effects of various notches, loads, and de-
fects on the performance of this steel. This field of study is significant 

because there are limited design criteria that consider the notch effect 
for metallic AM components in their as-built conditions. Additionally, 
quasi-static and fatigue data of notched 18Ni300 are not currently 
available in the literature. Moreover, this study evaluated both internal 
and external notches (with sharp and blunt designs) to achieve a 
comprehensive understanding and comparison between the failure 
mechanisms in different notches. The insufficiency of data for under-
standing and comparing failure mechanisms highlights the importance 
of studies similar to the present one. Finally, some practical approaches 
are proposed and evaluated to understand and predict the failure of a 
notched AM metal under the high-cycle fatigue (HCF) condition. 

2. Materials and methods 

Fresh gas-atomized 18Ni300 powder, procured from EOS GmbH, was 
used as the raw material in this study. The chemical composition of the 
alloy is presented in Table 1. The specimens had dimensions in accor-
dance with ASTM E466 (Fig. 1) [36] and were manufactured using an 
EOS M 290 machine equipped with a Yb-fiber laser with a maximum 
output power of 400 W [37]. The utilized laser power, scanning rate, 
hatch distance, and layer thickness were 200 W, 1000 mm/s, 70 µm, and 
30 µm, respectively, with a meander scanning strategy. In addition to the 
unnotched specimens, 10 different notched samples (Fig. 1) were 
manufactured to investigate notch-load-defect interactions in L-PBF 
18Ni300 (more details in Section 3.1). Consequently, 11 different de-
signs were used in this study to investigate the ternary influence of 
notches, external loads, and AM-inherent defects on the mechanical 
performance of L-PBF 18Ni300 in its as-built condition. The specimens 
were manufactured in the horizontal direction to avoid the staircase 
effect on the notch walls while focusing on the effects of notches, in-
ternal defects, and as-built AM surfaces. 

The top and bottom surfaces of the specimens were machined after 
AM, while the side areas were left in their as-built condition. Subse-
quently, the density of the AM metal was measured using the Archi-
medes method. Furthermore, cross-sectional image analysis of several 
areas from different samples was performed to obtain the statistical data 
and distribution of the defects. Finally, the relative density and porosity 
content of the material were estimated based on the obtained data to 
confirm whether the quality of the manufactured parts was acceptable. 

For the microstructural analysis, 10 mm × 10 mm × 5 mm rectan-
gular samples were mounted on epoxy resin, ground sequentially with 
different abrasive pads (up to 2000 grit), and polished using 1 µm 
colloidal silica. The samples were then etched with a Nital solution for 
10 s to observe the microstructural features. Vickers microhardness 
measurements were performed using a Struers DuraScan 70 by applying 
a force of 3 kgf for 10 s. The surface roughness values were measured 
using a KEYENCE VR-3200 3D measuring microscope. Quasi-static 
tensile tests were performed using a Galdabini Quasar 600 machine at 
room temperature (≈20 ◦C) and under a constant strain rate of 
0.001 s−1. An ARAMIS digital image correlation (DIC) system was used 
to measure the local strain values during the tensile tests. Two samples 
were tested for each notch design. The reliabilities of the test results 
were evaluated by comparing and matching the results for each sample 
with those of the other; and, if the data achieved from the two samples 
were in agreement, the results were considered stable. HCF tests were 
performed at room temperature under constant load amplitudes using a 
load-controlled setup. The loading ratio and frequency were 0.1 and 
5 Hz, respectively. A total of 57 HCF tests were conducted to evaluate 
the behavior of the material under cyclic loads. The number of samples 
used specifically for each notch design is presented in Section 3.4. 
Finally, fractographic analysis was performed using an SU3500 (Hi-Tech 
Instrument) scanning electron microscope (SEM). 

3. Results 

The density and defect distribution of L-PBF 18Ni300 were evaluated 
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to confirm that they were acceptable. By calculating the area fractions of 
the defects and considering the results obtained using the Archimedes 
approach, the relative density of the material was estimated to be 
99.9% ± 0.08% (8.1 g/cm3). Regions with areas of 2500 × 1500 µm2, 
similar to that shown in Fig. 2(a), from three distinct layers, each 
belonging to the mid-section of different samples, were used to analyze 
the defect distribution, as shown in Fig. 2(b). According to the results, 
the majority of the defects were spherical (porosities), with diameters 
less than 20 µm. In addition, the distribution of the defects was relatively 
uniform, and visual inspections revealed no sign of clustering. According 
to [38], the mechanical performance of L-PBF 18Ni300 with a relative 
density of 99.9%—similar to that of the specimens used in the present 
study—is expected to be optimum. Finally, the microstructure of L-PBF 

18Ni300 comprised a martensitic matrix accompanied by islands of 
retained austenite having an average hardness of 394 HV (Fig. 3). 

3.1. Notch designs and characteristics 

The notch designs and their specifications are summarized and 
shown graphically in Table 2 and Fig. 1, respectively. The position, 
shape, radius, depth, or acuity of each notch were different from those of 
the other notches. The notch acuities were calculated using Eq. 1 [8]. 
The notch acuity (ξ) is typically used to compare external notches. 
However, to compare the sample designs, ξ was also calculated for the 
internal notches based on the parameters schematically shown in Fig. 4.  

ξ=Log10(d/ρ)                                                                                  (1) 

where d is the notch depth, and ρ is the notch radius. In accordance 
with [8], a notch acuity value of −1 was considered for unnotched 
samples for comparison. 

The effective cross-sectional areas of the notched specimens were set 
as equal (5 mm × 4 mm = 20 mm2) to keep the results as comparable as 
possible. The stress concentration factors (Kt) of the notches were 
calculated via finite element (FE) analysis. The reliability of the FE 
model used in this study was evaluated by simulating stress fields 
around notches with known Kt values [15] and then comparing the FE 
results with DIC data from small elastic normal stresses (Fig. 5). The 
linear FE model was developed using the FFEPlus solver from Dassault 
Systèmes and tetrahedron elements with element sizes from 0.1 mm in 
the notch roots to 0.5 mm for the center areas. The mesh size growth 
ratio starting from the fine elements to coarse mesh was 1.1. Samples 
were fully modeled (size scale 1:1 compared to the actual dimensions in 
Fig. 1) and simulated based on these boundary conditions: fixed geom-
etry at one end (grip area) to resemble the fixed-grip in the test machine 

Fig. 2. (a) Example of the cross-sectional images used to plot defect distribution and (b) defect size and distribution data.  

Fig. 3. Microstructure of L-PBF 18Ni300.  

Table 2 
Different notches, their designated codes, and the specifications used in this 
study.  

Code Notch type Kt K’t
a ρ 

(mm) 
d (mm) ξ 

UN Unnotched design  1.0 – – –  −1 
EV1 External sharp V-notch  6.3 – 0.1 1.0  1 
EV2 External blunt V-notch  2.3 – 1.0 1.0  0 
EC1 External semicircular notch  2.3 – 1.0 1.0  0 
EC2 External semicircular deep 

notch  
2.5 – 1.0 2.0  0.3 

IV1 Internal sharp V-notch  6.6 – 0.1 1.0  1 
IV2 Internal blunt V-notch  2.6 – 1.0 1.0  0 
IC1 Internal circular notch  2.5 – 1.0 1.0  0 
IC2 Internal oval notch  2.9 – 1.0 2.0  0.3 
I2V1 Double internal sharp V- 

notches  
5.9 7.8 0.1 1.0  1 

I2C1 Double internal circular 
notches  

2.4 4.2 1.0 1.0  0  

a For specimens containing two adjacent notches, K’t is the stress concentra-
tion factor in the areas between the adjacent notches. 

Fig. 4. Features of (left) external and (right) internal notches.  
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and an external tensile load of 2000 N applied on the other end (grip 
area) of the model to mimic the moving grip of the test machine. 

3.2. Surface roughness and quality 

The surface roughness values of the specimens are presented in  
Table 3. The roughness values of the samples with only external notches 
could be measured. However, these values can also be considered valid 
for internal notches because of the topological and geometrical simi-
larities and the identical manufacturing parameters for internal and 
external notches, e.g., EV1 and IV1. The locations of the measurements 
are shown in Fig. 6. As shown in this figure and Table 3, although the 
horizontal building direction was used to avoid any incoherency in the 
surface quality throughout the notch areas, some minor fluctuations 
were present in the roughness values. The surface areas were slightly 
rougher along the walls than along the notch roots. 

3.3. Tensile test 

The engineering stress-strain curves of the samples and their me-
chanical properties are presented in Fig. 7 and Table 4, respectively. The 
presence of notches, regardless of their types and locations, reduced the 
uniform elongation (εufm) and elongation to failure (εf), according to the 
results. The specimens with higher Kt values experienced greater 

Fig. 5. Local εy strains (epsY) under 2 kN load along Y direction according to (a) DIC results and (b) FE analysis.  

Table 3 
Roughness values at different locations in the samplesa.  

Design 
code 

Ra 
(notch 
root) 

Rz 
(notch 
root) 

Ra 
(notch 
wall 1) 

Rz 
(notch 
wall 1) 

Ra 
(notch 
wall 2) 

Rz 
(notch 
wall 2) 

EV1 5 µm 46 µm 8 µm 65 µm 7 µm 59 µm 
EV2 5 µm 50 µm 10 µm 82 µm 8 µm 65 µm 
EC1 5 µm 50 µm 10 µm 72 µm 11 µm 82 µm 
EC2 –b – 9 µm 80 µm 8 µm 67 µm  

a The average Ra and Rz values at the unnotched sidewalls were 4 and 33 µm, 
respectively. 

b The surface roughness values at the notch root for EC2 specimens were not 
accessible due to their deep design. 

Fig. 6. Examples of the (left) 3D scans and (right) roughness differentiations measured using the laser profilometer.  

Fig. 7. Engineering stress-strain curves of the samples.  

Table 4 
Quasi-static mechanical properties of L-PBF 18Ni300 with different notch 
designs.  

Notch 
design 

σyield 

(MPa) 
σUTS 

(MPa) 
NSRa εufm 

(%) 
εf 

(%) 
σUTS/ 
σyield 

The slope of 
the elastic 
region (GPa) 

UN  1078  1162  1.00  2.7  11.7  1.08  174 
EV1  1342  1393  1.20  1.2  2.4  1.04  229 
EV2  1284  1343  1.16  1.5  3.6  1.05  236 
EC1  1305  1357  1.17  1.6  3.2  1.04  237 
EC2  1351  1391  1.20  1.1  2.3  1.03  279 
IV1  1203  1221  1.05  1.0  2.9  1.01  232 
IV2  1151  1183  1.02  1.2  3.4  1.03  231 
IC1  1181  1216  1.05  1.3  3.5  1.03  230 
IC2  1166  1210  1.04  1.1  3.5  1.04  271 
I2V1  1163  1180  1.02  0.9  2.5  1.01  270 
I2C1  1107  1146  0.99  1.1  3.1  1.04  269  

a NSR is introduced and discussed in Section 4.1. 
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reductions in their εf and εufm values. Compared with that in εf, the drop 
in εufm seemed to exhibit a more coherent inverse relation with Kt, as 
shown in Fig. 8(a). In contrast, all the notched samples had higher yield 
(σyield) and tensile (σUTS) strength values than the unnotched specimens 
did. As shown in Figs. 9–11, regardless of the notch design, Kt, and ξ, 
failures occurred in all the samples owing to the initiation and propa-
gation of a crack following the maximum von Mises equivalent strain 
until the final fracture. 

3.4. Fatigue test 

The stress-life data of L-PBF 18Ni300 obtained from the fatigue tests 
are presented in Fig. 12. The fatigue lives in the stress range of 300 MPa, 
along with the corresponding Kt values, are shown in Fig. 13 to compare 
different notch designs. According to Fig. 13, the performance of the 
material in the HCF test deteriorated with increasing Kt. The fatigue life 
of the unnotched samples agreed well with the fatigue limit of the as- 
built L-PBF 18Ni300 reported in the literature. However, this limit 
was significantly lower than that of the conventionally manufactured 
18Ni300 reported in [2] and [10]. The drastic degradation in the fatigue 
performance of the L-PBF material is attributed to the inherent defects 
associated with the manufacturing process. 

4. Discussion 

Martensitic microstructures with a 99.9% relative density, uniform 
distribution of porosities, and defect diameters in the range of 10–30 µm 
have been reported in similar studies on L-PBF 18Ni300 processed under 
optimum manufacturing parameters [39]. Additionally, the average 
cooling rate during L-PBF is generally sufficiently high to prevent lath 
martensite formation. Thus, as-built L-PBF 18Ni300 has lower strength 
than its heat-treated counterpart and typical martensitic tool steels do 
[24,40]. Regarding the surface quality, the roughness values were 
slightly higher on the notch walls than at the roots. Thus, even for 
notches on horizontally fabricated components, the geometrical in-
homogeneities from the notch root to the walls can cause minor fluc-
tuations in the surface quality. However, the fluctuations recorded in 
this study were not as high as those for the vertically manufactured 
samples reported in [5] and [8]. 

4.1. Quasi-static mechanical properties 

The most significant effects of the notches on the quasi-static me-
chanical properties are the decrease and increase in the elongation 
values and strength limits of the specimens, respectively. The lower 
elongation and ductility of the notched metals are attributed to the stress 
concentrations at their notch roots. In such areas, the local stress is 
higher than the global stress. This results in a premature local failure and 
a constrained plastic deformation in a small zone along the notch root 
before the sample reaches the global failure limit of the material (εf or 
ductility). Furthermore, biaxial and triaxial tensile stress distributions 

exist at the notch root and its surroundings, respectively. The tensile 
stress values in these regions along the primary axis can be calculated 
using Eqs. (2)–(4) for an ideal U-notch with Kt = 3 on a plate with a 
plane strain condition. Although the specimens in this study did not 
experience a pure plane strain condition, this condition is considered 
herein for further clarification. The tensile stress triaxiality in the area 
near the notch tip, as shown in Fig. 14, causes a negative pressure in this 
zone [41]. 

The pressure facilitates void formation, coalescence, and crack 
initiation in the area between the notch roots (e.g., red transparent zones 
along the midplane in Fig. 15) in ductile polycrystalline metals; this 
results in a significant drop in their εf and ductility [41]:  

σx=3σnom(ρ2/X2−ρ4/X4)/2                                                                  (2)  

σy=σnom(2+ρ2/X2+3ρ4/X4)/2                                                             (3)  

σz=ν(σx+σy)                                                                                   (4) 

where σnom is the global nominal stress, ν is the Poisson’s ratio, and X 
is the distance from the center of the notch tip along the x-axis, as shown 
in Fig. 14. The εufm values were inversely related to the corresponding Kt 
values. However, there were some scatters in the εf values, and the 
correlation between εf and Kt was not as consistent as that between εufm 
and Kt. The larger scatter in εf can be attributed to the nonuniform 
behavior of metals beyond their necking point, in general, and inherent 
defects in AM metals, which are specific to L-PBF 18Ni300. 

The higher strength limits of the notched samples compared with 
those of the unnotched specimens were due to the strengthening phe-
nomenon, which is more common in ductile metals, such as L-PBF 
18Ni300, although both strengthening and weakening effects have been 
reported for notched metals. The effects of notches on the material 
strength can be quantitatively evaluated based on the universal fracture 
criterion, which was recently introduced by Qu and Zhang [42].  

τ2+α2βσ2=τo
2                                                                                 (5)  

α=τo/σo                                                                                         (6) 

where α is the intrinsic fracture mode parameter, β is an extrinsic 
parameter that relies on the loading mode and surrounding environ-
ment, and τo and σo are the critical shear and normal fracture strengths, 
respectively. 

Under quasi-static tensile loading at room temperature, β can be 
considered equal to 1, and Eq. (5) can be simplified to Eq. (7), which 
describes the classic ellipse-failure criterion [42].  

τ2+α2σ2=τo
2 or τ2/τo

2+σ2/σo
2=1                                                       (7) 

According to the failure criterion introduced by Qu and Zhang, under 
tensile loading, materials fail when their Mohr’s stress circle intersects 
the critical failure line defined by Eq. (7). The ability of a notch to 
strengthen or weaken a material can be expressed as the notch strength 
ratio (NSR), which is the ratio of the strength of a notched sample to that 

Fig. 8. Variations in the mechanical properties according to the notch designs and Kt values: (a) elongations and (b) strength limits (for I2V1 and I2C1, instead of Kt, 
their K’t values were considered as the highest critical factors). 
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Fig. 9. Fractured tensile specimens with external notches and their equivalent von Mises strains measured from the DIC images immediately before their final failure: 
(a, b) EV1, (c, d) EV2, (d, e) EC1, and (g, h) EC2. 
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Fig. 10. Fractured tensile specimens with internal notches and their equivalent von Mises strains measured from the DIC images immediately before their final 
failure: (a, b) IV1, (c, d) IV2, (d, e) IC1, and (g, h) IC2. 
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of an equivalent unnotched specimen. By satisfying the failure criterion 
in Eq. (7), Qu and Zhang quantitatively defined the NSR as follows [41]:  

NSR=(σUTS of the notch sample)/(σUTS of the unnotched sample)=M/Kt   (8)  

M=1/[n(4kα4+(1−k)2)0.5]                                                                 (9) 

where both M and n are material-dependent parameters, and k is the 
maximum-to-minimum principal stress ratio. For ductile metals with 

small α values (≈0.1), the biaxial and triaxial stress conditions at the 
notch tip and its surroundings, respectively, cause the Mohr’s circle to 
shrink in these areas. Thus, a larger global stress value (σnom) is required 
to ensure that the circle intersects the failure line, as shown in Fig. 16(b). 

The notch effect model proposed by Qu and Zhang yields results 
consistent with the experimental data obtained in this study; this verifies 
the notch-strengthening effect. However, according to Eq. (8), NSR 
should decrease with increasing Kt, contrary to the data from this study 
and other similar studies on AM metals [23]. Considering two notches of 

Fig. 11. Fractured tensile specimens with double internal notches and their equivalent von Mises strains measured from the DIC images immediately before their 
final failure: (a, b) I2V1 and (c, d) I2C1. 

Fig. 12. Stress-life data obtained from the fatigue tests.  

Fig. 13. Comparison of the fatigue lives at the fixed stress range of 300 MPa.  
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the same nature but with different ρ, and consequently, Kt values (for 
example, EV1 and EV2), a smaller area is influenced by the notch profile 
in the sharp notch (EV1), although the resultant local stress is smaller at 
the blunt notch (EV2), as shown in Fig. 17. Consequently, more defects 
are influenced by the notch stress field at the blunt notch and can 
contribute to the final failure. Thus, compared with that in the sharp 
notch, the competition between the strengthening effect of the notch 
and weakening effect of the large number of activated defects is greater 
in the blunt notch. According to the tensile test results, the overall 
impact favored the inherent flaws and reduced the strengthening effect 
of the blunt notch in L-PBF 18Ni300. 

Upon comparing EV1 and IV1, it was observed that the internal 
notches had a lower strengthening effect than their external counter-
parts. This difference could be because internal and external notches 
generate stress gradients in different directions. In the external notches, 

the stress gradient starts from the notch root and extends toward the 
center of the sample, where plastic deformation is more constrained 
than in the surface area, as shown in Fig. 9(b). On the contrary, the stress 
gradient in an internal notch starts at the notch root inside the sample 
and extends toward the outer surface of the specimen, where the plastic 
deformation is less restricted, as shown in Fig. 10(b). This evaluation 
agrees with the results for the internal and external notches presented in 
Fig. 8(b). 

As expressed in Eq. (8), the notch effect depends on two parameters: 
Kt and M. Kt depends on the notch geometry, while M is material- 
dependent in conventional metals. Therefore, in many wrought 
metals, the notch-strengthening effect decreases with increasing Kt. 
However, according to the results of this study, M depends on the ma-
terial type, notch position, and defect distribution (notch-defect in-
teractions) in AM metals. Thus, notched samples fabricated from the 
same material, L-PBF 18Ni300 in this case, can have different M values 
and show contradictory notch-strengthening trends compared with their 
traditionally manufactured counterparts. Eq. (9) should also be modified 
to include the influence of inherent defects in AM metals, and such a 
modification requires further research. 

Finally, for the samples with double internal notches (I2V1 and 
I2C1), the results were not in accordance with their maximum stress 
concentration factors (K’t). This contradiction can be ascribed to the 
premature failure and rupture of the bridges between the two internal 
notches in these samples, as shown in Fig. 11(b) and (d). In this case, the 
effect on I2C1 was severe and rendered this design notch-insensitive 
(NSR ≈1). 

4.2. Fatigue performance 

Although the detrimental effects of the notches on the fatigue 

Fig. 14. Elastic stress distribution at the notch root and its vicinity.  

Fig. 15. Fracture surface of an EV2 tensile specimen. Some coalesced voids and defects are denoted with black arrows in the transparent red areas between the 
notch roots. 
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performance of L-PBF 18Ni300 are qualitatively apparent in Fig. 13, Kt 
and the limited fatigue life at Δσ = 300 MPa are not suitable criteria for 
a quantitative evaluation. Therefore, the fatigue strength of the samples 
after 1.1E6 cycles can be considered for comparison. The fatigue notch 
factor (Kf), instead of Kt, is commonly considered to investigate the ef-
fects of notches on fatigue performance. Kf can be experimentally 
calculated as the ratio of the fatigue limit of a notched specimen to that 
of an unnotched specimen in a fully reversed cyclic loading regime. 
However, the number of HCF trials in this study was insufficient to 
arrive at a completely reliable conclusion regarding the fatigue limits. 
Thus, the fatigue data presented herein should not be considered as 
material properties. However, these estimates are suitable for 
comparing different notch designs, which was the primary purpose of 
this research. 

The performances of the notched specimens under fatigue loads can 
be compared in terms the corresponding fatigue notch sensitivity (q) 

factors, as per Eq. (10) [43]:  

q=(Kf-1)/(Kt-1)                                                                              (10) 

The estimated q and Kf values and fatigue limits are listed in Table 5. 
To calculate q and Kf correctly, the fatigue limits in fully reversed 
loading regimes should be considered. Thus, the fatigue limits extrap-
olated from the data points on the left side of Fig. 12 were converted to 
fatigue lives for R = −1.0, using the modified Goodman equation [44]:  

(σa/σf)+(σm/σUTS)=1,                                                                     (11) 

where σa is the stress amplitude, σm is the mean stress, and σf is the 
fatigue limit for R = −1.0. 

Further investigation was conducted via fractography to characterize 
the factors determining fatigue failure in the samples. According to the 
SEM data, regardless of the notch type, position, and σa, the failure of the 
fatigue samples initiated from the defects at their notch roots. Thus, the 
failure mechanism can be considered a combination of defect-driven 
(local stress concentration) and notch-driven (global stress concentra-
tion) failures. The Murakami approach proved to be relatively useful in 
predicting the fatigue limit of ductile metals according to their critical 
defect sizes. In a similar study on L-PBF Inconel 718, Solberg et al. [15] 
used this approach to estimate the fatigue limit of notched samples. 
However, use of the basic Murakami equation without considering the 
notch effect involves disregarding the stress field imposed by the notch 
(global stress concentration); this results in a significant overestimation. 
However, Solberg et al. attributed the overestimation to the difficulties 
associated with measuring the critical area. 

In the first step of the Murakami approach, the critical defect size of 
the material should be identified using Eq. (12) and Eq. (13) to indicate 
whether the discovered surface and internal defects, respectively, are 
detrimental to fatigue performance [45,46]: 

Fig. 16. Mohr’s diagrams for (a) unnotched and (b) notched specimens manufactured from a ductile metal with a small α value [41].  

Fig. 17. FE analysis of the elastic equivalent strains for (a) EV1 and (b) EV2.  

Table 5 
Estimated HCF characteristics of L-PBF 18Ni300 according to its fatigue data 
(Fig. 12).  

Notch design σw (R = 0.1) Kf q 

UN 200 MPa – – 
EV1 66 MPa 3.2 0.4 
EV2 135 MPa 1.4 0.3 
EC1 122 MPa 1.9 0.7 
EC2 110 MPa 1.5 0.3 
IV1 62 MPa 3.4 0.4 
IV2 135 MPa 1.4 0.3 
IC1 126 MPa 1.5 0.4 
IC2 75 MPa 2.8 0.9 
I2V1 45 MPa 4.8 0.6 
I2C1 90 MPa 2.3 0.4  
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Fig. 18. Fracture surface of (a) an EV1 specimen that failed under the stress range of 300 MPa, (b) an IV1 specimen that failed under the stress range of 250 MPa, (c) 
an EC2 specimen that failed under the stress range of 300 MPa, (d) an IV specimen that failed under the stress range of 200 MPa, (e) a large porosity with a non- 
propagating crack on its edge (the cyan dashed arrow and zoomed-in inset square, respectively) in an EC2 specimen under the stress range of 295 MPa, and (f) an IV1 
specimen that failed under the stress range of 300 MPa. The red arrows in (a), (b), and (c) denote near-surface porosities. The red circle in (d) indicates a cluster of 
unmelted powder particles as a near-surface internal defect. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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1⋅6HV=1⋅43(HV+120)/(√area)1/6                                                   (12)  

1⋅6HV=1⋅56(HV+120)/(√area)1/6                                                   (13) 

where HV is the Vickers hardness of the material, and √area is the 
square root of the maximum (most critical) projected area (μm) for the 
detected defects normal to the highest principal stress. Based on these 
equations, the critical defect areas for L-PBF 18Ni300 were estimated to 
be 6.3 and 17.9 µm2 for the surface and internal defects, respectively. 
The extremely small critical defect size was due to the high hardness and 
the consequent significant defect sensitivity of the material. It should be 
noted that the maximum hardness limit for applying the Murakami 
approach is 400 HV for steel. 

Considering the calculated critical values, defect size, and surface 
analysis data (Fig. 2(b) and Table 3), all the internal and surface in-
homogeneities could worsen the fatigue performance of the material. 
However, only the surface inhomogeneities initiated the fatigue failures 
because they played a more prominent role than the internal defects did. 
As shown in Fig. 18, the failure had already started from the surface 
defects before the near-surface internal defects could act as failure 
initiation sites in the samples. Non-propagating microcracks were 
detected inside or around some of the large internal defects, as shown in 
Fig. 18(e). Thus, the surface inhomogeneities were considered to be the 
most critical defects in the final calculations for estimating the fatigue 
performance of the material. These defects can be a combination of 
partially melted powders and surface roughness (Fig. 18(a) and (f)), or 
simply the surface valleys and protrusions on the rough surface of the 
AM metal (Fig. 18(b)–(d)). 

The local stress concentration of the surface inhomogeneities can be 
estimated using Eq. (14) [44]:  

Kt(surface)=1+2[2/(1+(λi/Rvi)2)]0.5                                                     (14) 

where Kt(surface) is the local stress concentration factor, and λi and Rvi 
are the average half-width and maximum depth of the surface valleys, 
respectively, as shown in Fig. 19. Kt(surface) can generally be estimated to 
be 3.0, based on the average values presented in Table 3, from profiles 
similar to the one shown in Fig. 19(b) as an example; this assumption is 
valid when considering notch roots of samples having similar surface 
qualities owing to identical manufacturing parameters. Thus, both local 
and global stress concentration factors are sufficiently significant to 
affect the fatigue performance. Consequently, the most appropriate 

approach would be to consider the simultaneous effects of local and 
global stress concentrations in samples with surface inhomogeneities 
along the notch root. 

Åman et al. [47] modified the Murakami approach to evaluate the 
fatigue strength of notched metals with small defects at their notch 
roots, similar to notched AM metals. Eq. (15), as a modification to the 
basic Murakami equation for surface defects, was proposed as part this 
approach, to estimate the fatigue life under fully reversed loading for 
notched metals with defects at their notch roots.  

σw(R=−1⋅0)=3⋅3(HV+120)/[2√πF’(Kt,uni+β’(Kt,lin-Kt,uni))(√area)1/6]     (15) 

where F’ is the dimensionless stress intensity factor adjusted to the 
corresponding √area. Kt,uni and Kt,lin are the stress concentration factors 
in the uniform and linear parts of the stress gradient, respectively. β’ is 
the ratio between the dimensionless stress intensity factors of linear and 
uniform components [47]. Upon combining Eq. (15) with Murakami’s 
coefficient for the mean stress effect, the fatigue lives of the notched AM 
samples in the present study can be estimated using Eq. (16):  

σw(R∕=−1)=[3⋅3(HV+120)/[2√πF’(Kt,uni+β’(Kt,lin−Kt,uni))(√area)1/6]]×
[(1−R)/2](0⋅226+0⋅0001HV)                                                                 (16) 

Considering the critical defects based on the fractographic data in  
Fig. 20, half of an ideal ellipse surrounding an average surface defect 
was considered to replace the latter for estimating F’ and β’ for L-PBF 
18Ni300; the aforementioned ellipse is delineated by the green dashed 
lines in Fig. 20(a). The most critical defects on the fracture surfaces of 
the fatigue specimens were selected based on their failure propagation 
routes. In the case of multiple failure origins, the one with the maximum 
size was considered the most critical. For further clarification, the 
overall views of the fracture surfaces are available in the Appendix. 

The fatigue lives calculated based on this approach for the external 
notches are presented in Table 6. According to the results, Eq. (16) 
overestimates the fatigue performance of the notched L-PBF 18Ni300. 
As seen in Table 6, even the basic Murakami approach overestimates the 
fatigue limit of the unnotched samples. Thus, the source of the error in 
the approach seemed to be independent of the equations. As shown in 
Fig. 19(b), the surface valleys and protrusions along the notch roots are 
not single isolated defects sporadically spread along the area but are 
rather an array of continuous inhomogeneities. In such a case, Mur-
akami suggested considering the total √area of the defects to be equal to 
Rvi√10 (Rvi is estimated to be 50 µm based on the Rz values in Table 3). 
The size modification seemed to reduce the calculation errors, as seen in 
Table 6. However, further research based on larger data pools and 
additional fatigue data is required for a more accurate evaluation and a 
reliable final verdict regarding the applicability of this approach. 
Furthermore, to ensure a more appropriate size modification and ach-
ieve higher accuracies, F’ and β’ should be recalibrated for a long and 
narrow surface defect as virtual replacements for the arrays of surface 
valleys and protrusions, respectively. 

4.3. Failure locations and the applicability of the Solberg–Berto approach 

Solberg and Berto [8] proposed a predictive diagram depicting fail-
ure initiation sites in notched AM metals, which were determined using 
Eqs. (17)–(19) for symmetric notches:  

Ha=0⋅5+A’exp-B’(ξ+C’)^2                                                                (17)  

Hu=0⋅5+A’exp-B’(ξ+C’)^2+D’exp-E’ξ                                                 (18) 

Fig. 19. (a) Schematic view of surface inhomogeneities (roughness) and their 
features, and (b) linear profile of the surface along the notch root in an EV1 
specimen, showing the geometrical inhomogeneities in the area. 
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Fig. 20. Fracture surfaces and critical defects in samples that failed under the maximum (left) and minimum (right) stress ranges: (a, b) EV1, (c, d) EV2, (e, f) EC1, 
and (g, h) EC2. 
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Hl=0⋅5+A’exp-B’(ξ+C’)^2−D’exp-E’ξ                                                  (19) 

where Ha, Hu, and Hl are the average, upper, and lower limits of h/ho, 
respectively, as shown in Fig. 21(a). A’, B’, C’, D’, and E’ are general 
coefficients. Graphical representations of h and ho are shown in Fig. 4. 
According to the diagram, the initiation sites depend on the surface 
quality of the notched areas. In vertically manufactured notched sam-
ples, the surface quality on the overhanging surfaces (downward notch 
walls) is significantly inferior to that on the upward walls or notch roots. 
Consequently, failure initiation sites are more scattered in vertical 
specimens, and the predictive diagrams for such specimens are generally 
similar to those shown schematically in Fig. 21(a) and (b). These pre-
dictive diagrams were proposed in [8] based on experimental data ob-
tained from vertical samples. However, Solberg and Berto suggested 
diagrams similar to those schematically shown in Fig. 21(c) and (d) for 
horizontal specimens, based on the higher coherence and unified surface 

Table 6 
Fatigue life predictions.  

Notch 
design 

F’ β’ Kt, 

uni 

Kt, 

lin 

σw[Eq. 
(16)] 

σw[Eq. 
(16)] 
(modified 
size) 

σw 
(experimental 
results) 

UNa – – – – 284 MPa 253 MPa 200 MPa 
EV1 0.5 0.8 3.7 6.3 66 MPa 56 MPa 66 MPa 
EV2 0.5 0.8 2.2 2.3 162 MPa 145 MPa 135 MPa 
EC1 0.5 0.8 2.0 2.0 165 MPa 147 MPa 122 MPa 
EC2 0.5 0.8 2.3 2.5 150 MPa 134 MPa 110 MPa  

a The fatigue life of the unnotched design was calculated using the basic 
Murakami approach. 

Fig. 21. Predictive diagrams proposed by Solberg–Berto [8] for (a) vertical samples under fatigue loading, (b) vertical samples under quasi-static loading, (c) 
horizontal samples under fatigue loading, (d) horizontal samples under quasi-static loading. (e, f) Solberg–Berto diagrams proposed based on the experimental data 
from the present study for fatigue and quasi-static loadings, respectively. 
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roughness values and qualities throughout the notch area for such 
specimens. 

The experimental results in this study, presented in Fig. 21(e) and (f), 
confirm the reliability of the Solberg–Berto diagrams for horizontally 
manufactured AM specimens. However, the data scatter was higher than 
in the theoretical expectations reported in [8], especially in the 
quasi-static diagram. It should be noted that for the horizontal samples 
in this study, all the failure initiation sites were considered above the 
median line (indicating the notch root or bisector line) because the 
definition of upward or downward walls (similar to those used in [8]) 
cannot be applied to horizontal samples. Consequently, all h/ho values in 
Fig. 21(e) and (f) are above 0.5, unlike in the Solberg–Berto diagrams. 
However, owing to the uniform distribution of the surface qualities in 
the horizontal samples, the final diagrams for these samples were 
assumed to be symmetrical in Fig. 21, and the virtual lower half areas 
(indicated by the red dashed lines) were added to the diagrams manu-
ally. Based on extrapolations, the second term in Eqs. (17)–(19) is zero 
(A’exp-B’(ξ + C’)^2 = 0) for horizontally manufactured L-PBF 18Ni300. D’ 
and E’ were estimated to be 0.14 and 0.68 under HCF and 0.11 and 0.26 
under quasi-static loading, respectively, for the material used in this 
study. 

5. Conclusions 

Tool steel 18Ni300 imparts a favorable combination of strength, 
hardness, toughness, weldability, and dimensional stability to industrial 
components. Therefore, it has a wide range of applications when pro-
cessed via L-PBF. However, notches and other geometrical in-
homogeneities are required to design and manufacture complex 
components. Consequently, the effects of notches and inhomogeneities 
on the mechanical performance of 18Ni300 must be accounted for when 
designing complex parts. This study investigated the effects of different 
notch designs on the mechanical performance of L-PBF 18Ni300. Based 
on the results, the following conclusions were drawn:  

- Horizontally manufactured L-PBF 18Ni300 has a slightly higher 
surface quality at the notch roots than in the other areas.  

- Notches, regardless of their types and positions, reduce ductility and 
increase strength under quasi-static tensile loads. The notch 
strengthening, occurring under such conditions, can be ascribed to 
the stress distribution along the notch roots and their vicinities. The 
unexpected direct relation between the extent of notch strengthening 
and the stress concentration factor can be attributed to the inherent 
defects associated with AM.  

- Fatigue failures are initiated at the notch roots and from the surface 
defects in the root areas. Thus, surface roughness and other defects 
associated with the surface are the dominant parameters influencing 
the fatigue performance in conjunction with the notches.  

- The modified Murakami approach is relatively suitable for predicting 
the fatigue life of notched AM metals. However, in most cases in this 
study, this approach overestimated the fatigue performance of L-PBF 
18Ni300. Further research is required to recalibrate the coefficients 
and parameters involved in this method to achieve better accuracy. 
Another solution involves introducing a safety factor into the equa-
tions to mitigate the overestimations. 

- The predictive diagram proposed by Solberg and Berto for horizon-
tally manufactured AM metals generally agreed with the experi-
mental results obtained in this study. However, the data scatter was 
higher than that in the theoretical expectations, especially for quasi- 
static loading.  

- Although the staircase effect was avoided in the AM process by 
manufacturing the samples in the horizontal direction, the surface 
roughness along the notch roots was still slightly better than the 

notch walls. This result indicates that the staircase effect is not the 
only influential factor on the surface quality in the notch area, and 
determining the other effective parameters should be considered for 
future studies.  

- The results and discussions from this study are experimentally 
confirmed for L-PBF 18Ni300. However, the response of a notched 
metal against external loads might be dependent upon some of its 
mechanical properties, e.g., ductility and strength levels. Conse-
quently, understanding the general behavior of notched AM metals 
and developing general models to predict their mechanical response 
requires further research that include more AM metals and notch 
designs. 

In addition, the effect of material thickness on the stress distributions 
along notch roots requires further study since the majority of deductions 
and calculations made in this work, and numerous similar studies in the 
literature, are based on plane strain criteria. Therefore, other extreme 
conditions, e.g., plane stress, and some middle grounds between such 
extremes, also require meticulous investigations to comprehensively 
understand how notches affect material behavior under different 
loading scenarios. Furthermore, the influence of highly sharp notches on 
the mechanical performance of metals, consisting of conventionally- or 
AM-made ones, should also be considered in future studies since it is still 
an open problem in industrial components. Finally, although the stress 
concentration factors can be calculated relatively precisely using FE or 
other analytical approaches (e.g., Peterson’s approach) for different 
notch designs, the final effects of such designs on AM metals are un-
predictable due to the inherent defects associated with AM. The devel-
opment, calibration, and application of the equations, such as Eqs. (16)– 
(19), used in this study to understand and predict the mechanical per-
formance of notched AM metals are vital for future industrial applica-
tions of such materials and AM. 
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Appendix A. Low magnification fractography 

See Fig. A1 here. 
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Fig. A1. Fracture surfaces of samples that failed under the maximum (left) and minimum (right) stress ranges: (a, b) EV1, (c, d) EV2, (e, f) EC1, and (g, h) EC2.  
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