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Productivity of Ferrous Alloys Produced by  

Powder Bed Fusion – Laser Beam  

RASMUS GUNNEREK 

Department of Industrial and Materials Science  

Chalmers University of Technology 

Abstract 

The thesis investigates the impact of increasing build rates on microstructure and properties, 

as-built surfaces and following post-AM processing in powder bed fusion – laser beam (PBF-
LB) of 316L stainless steel and low-alloy steels (4130 and 4140). 

The research demonstrates that increased build rates are possible when coupled with process 

control and appropriate post-processing. For 316L stainless steel, the study revealed that pore 
characteristics (distribution and orientation) can be tailored by adjusting layer thickness, scan 

speed and hatch distance. Extending this to low-alloy steels, optimized processing maps 
enabled high-density, crack-free parts at elevated build rates by managing defect formation and 
in-situ tempering.  

To address the rough surfaces inherent to as-built components, both the electrochemical 

process Hirtisation® and chemical mechanical polishing (CMP) were investigated. 
Hirtisation® effectively reduced surface roughness through the removal of sintered powder 

and preferential attacks on melt pool boundaries. This microstructure-driven removal resulted 
in anisotropic surface patterns when the as-built surfaces exhibited anisotropy. The 
combination of chemical and mechanical material removal in CMP showed no influence on 

the developed microstructure while significantly reducing surface roughness and inducing 
compressive residual stresses. The mechanical interaction with the surfaces also led to the 

rounding of sample edges. Both surface treatments studied highlighted the need for further 
optimization regarding the amount of material removal required to fully eliminate subsurface 
defects. 

Finally, the thesis established a link between pore characteristics and fatigue life of PBF-LB 

316L fabricated with high build rate. Specifically, pores generated through increased hatch 
distances resulted in less scatter in fatigue life compared to those generated by increased scan 

speeds. This reduced scatter was attributed to the more similar pore distributions and pore 
morphologies observed in the former case. Furthermore, the application of surface treatments 
(Hirtisation® and CMP) was shown to double fatigue life by effectively reducing surface 

defects and surface roughness. 

This research concludes that significant increases in PBF-LB build rates are attainable for 
ferrous alloys without compromising part quality, if process parameters are carefully controlled 

to manage microstructure and porosity, and appropriate post-processing is implemented to 
optimize surface integrity and fatigue performance, thereby broadening the industrial 
applicability of PBF-LB. 

Keywords: additive manufacturing, powder bed fusion – laser beam, 316L stainless steel, low 
alloy steel, porosity, build speed, build rate, productivity in AM, process optimization. 
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1. Introduction 

1.1 Background  

Powder bed fusion – laser beam (PBF-LB), a specific type of additive manufacturing (AM), 
presents a promising manufacturing route for the future fabrication of high-performance 

components. The ability to manufacture complex parts with reduced waste, the design freedom 
it offers, and its capacity to process a great variety of materials [1–3] are benefits that have 

driven significant interest across several industries. In sectors such as aerospace, biomedical, 
and energy, the customization and light weight achievable through PBF-LB can outperform 
conventionally manufactured components. 

However, the high cost associated with the PBF-LB process remains a significant bottleneck 

where the low productivity has been consistently identified as a primary factor driving these 
high costs and hindering broader industrial uptake [4]. This low productivity is evident when 

comparing PBF-LB to conventional manufacturing methods, as the layer wise processing in 
PBF-LB typically exhibits low build rates. Also, the build volumes of PBF-LB machines are 
typically small, giving restrictions on the number of the components being printed, 

consequently driving the cost for each component. Figure 1 illustrates the cost per component 
for conventional manufacturing (CM) and PBF-LB with respect to lot size (Fig. 1a) and part 

complexity (Fig. 1b), highlighting their distinct economic advantages. CM achieves lower costs 
with larger lot sizes due to tool investments, making PBF-LB more competitive for small to 
medium volumes (Fig. 1a). However, CM cost per component increases with complexity, 

whereas PBF-LB cost remains relatively stable and allows for geometries beyond conventional 
methods (Fig. 1b) [5]. PBF-LB is therefore valuable for producing small to medium batches of 

highly complex parts. However, the necessity for post-processing to achieve desired 
specifications adds to the overall cost and lead time [6]. Consequently, significant research 
efforts are directed towards improving the productivity of PBF-LB, with a key focus on 

increasing in-process build rates to enhance its overall efficiency and economic viability. 

 

Figure 1: Cost per component comparison between conventional manufacturing and PBF-LB [5].  

To increase build rates in PBF-LB, several strategies have been explored. One approach 

involves using multiple laser systems to shorten the layer exposure and consolidation time, 
though this introduces complexities like laser interaction [7]. Another key method is that build 
time can be reduced by scaling main printing parameters such as laser power, scan speed, layer 

thickness, and hatch distance. While combining increased values for these parameters can 
lower build time, it also presents significant challenges. These include the potential for 

increased porosity due to insufficient melting, degraded surface quality and altered 
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microstructural evolution from modified thermal histories. Moreover, achieving high 
productivity without sacrificing the mechanical properties and overall integrity of the final 

parts requires careful optimization across these process parameters. Consequently, resolving 
these productivity issues, alongside the economic considerations of post-processing, is vital for 

broadening the application of PBF-LB to higher-volume and cost-sensitive industries.  

A key aspect of addressing these challenges and expanding the applicability of PBF-LB lies in 
the selection and understanding of appropriate materials. Within this context, structural steels, 
such as low alloy steels, present an opportunity for cost-sensitive industries like automotive. 

These industries could benefit from the on-demand printing capabilities and shortened lead 
times offered by PBF-LB, particularly in the production of spare parts [8,9]. A major factor 

influencing the cost-effectiveness of PBF-LB is the duration of the printing process. Upscaling 
the primary printing parameters holds the potential to substantially reduce these costs. This 
approach, however, may come with a trade-off, potentially leading to a higher fraction of 

defects within the PBF-LB components. Additionally, the martensitic transformation can 
introduce further challenges, including cracking. Despite this potential increase in defects, it is 

important to note that many cast and powder metallurgy components currently used in the 
automotive sector can tolerate porosity levels of up to 5% [10]. Therefore, the critical challenge 
lies in thoroughly understanding the impact of both the fraction of porosity and its characteristic 

features on the resulting mechanical properties. Addressing these issues is vital to ensure the 
necessary process robustness and to facilitate the design of components that achieve the desired 

microstructure and properties. 

While low alloy steels offer potential areas of application, 316L stainless steel stands out as 
one of the most extensively used and robust materials for PBF-LB due to its processability and 
the broad field of applications, supported by its exceptional corrosion resistance and 

mechanical properties [11]. Notably, compared to other as-built alloys processed via PBF-LB, 
including nickel-based superalloys, structural steels, and titanium-based alloys, 316L 

demonstrates notable static properties, exhibiting high ductility (above 40%) and yield 
strengths exceeding 550 MPa [12], positioning it as a highly mature alloy in PBF-LB, and thus 
a better benchmark alloy for this study. 

To support the broader adoption of PBF-LB processed ferrous alloys, this thesis contributes to 
the understanding of the relationship between porosity and processing parameters in high-
productivity PBF-LB manufacturing of low alloy steels and 316L stainless steel. The primary 

focus is on identifying how various process parameters influence pore characteristics , 
specifically pore size, shape, distribution, orientation, and overall fraction, as these factors 

directly affect mechanical performance. Additionally, the study examines how surface 
treatment methods can be employed to reduce surface roughness. 

1.2 Research Objectives 

To address these knowledge gaps and further the application of high-productivity PBF-LB for 

ferrous alloys, the following research objectives have been defined. The connection between 
the research questions and the appended papers are presented in Table 1. 

RQ1: How do high-productivity process parameters in PBF-LB influence the pore 

characteristics of ferrous alloys? 

RQ2: How do as-printed microstructure and surface roughness influence material removal 
during post-AM surface treatment?  
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RQ3: How do surface roughness and pore characteristics influence the fatigue strength of PBF-
LB processed stainless steel? 

Table 1. Connection between papers and the research questions investigated. 

 RQ1 RQ2 RQ3 

Paper I    

Paper II    

Paper III    

Paper IV    

Paper V    

Paper VI    
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2. Powder Bed Fusion – Laser Beam 

Additive manufacturing refers to the process of joining materials layer-by-layer based on three 
dimensional models. This offers unique possibilities of complex material production compared 
to conventional subtractive or formative manufacturing processes [13]. According to the 

ISO/ASTM 52900:2021 standard [14] processes are typically categorized into seven types 
based on the form of feedstock used and the method by which the material is joined. These 

include vat photopolymerization (VPP), material extrusion (MEX), sheet lamination (SHL), 
binder jetting (BJT), powder bed fusion (PBF), material jetting (MJT), and directed energy 
deposition (DED). As per the AMPOWER report 2025 [15], the AM market reached a total 

revenue of 10.72 billion euros in 2024 with an estimated market growth of 13% until 2029, 
corresponding to expected revenues in the order of 20 billion euros. Out of the AM categories 

the PBF-LB process stands for the major contribution of revenue and investment.    

2.1 Principle of powder bed fusion – laser beam 

Typical for most PBF-LB systems is that a high-energy laser source is used to selectively melt 
and fuse metallic powder within a powder bed, enabling the layer-by-layer creation of three-

dimensional structures according to a CAD-file. This allows for the manufacturing of highly 
complex structures with greater geometric flexibility compared to traditional manufacturing 

techniques. Through its development, if process parameters are optimized, metal components 
close to full density (above 99.9%) are possible, reaching mechanical properties comparable or 
even better than conventional counterparts. The benefits to manufacture complex components 

with necessary performance on demand, with high material utilization and reduced lead times, 
have attracted a variety of industries such as medical, aerospace and automotive industry [16]. 

Another benefit is the ability to process a wide range of materials. For instance, stainless steels 
like 316L and 17-4PH provide excellent corrosion resistance for medical and chemical 
applications, while tool steels such as H13 have potential for manufacturing durable tooling 

[17]. Nickel-based superalloys, including Inconel 718, are important for high-temperature 
environments in aerospace [18]. Furthermore, lightweight yet strong aluminium alloys like 

AlSi10Mg find use in automotive and aerospace [19], and titanium alloys such as Ti-6Al-4V 
are valued for their biocompatibility in medical implants and high strength-to-weight ratio in 
aerospace [20]. Additionally, cobalt-chromium alloys serve in medical and dental fields due to 

their biocompatibility and wear resistance [21], and copper alloys are utilized for their 
conductive properties [21]. With its possibilities to produce very hard to manufacture metals, 

ongoing advancements continue to broaden the material possibilities for PBF-LB, enabling 
even wider industrial adoption of the process. 
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Figure 2: Illustration of the working principle of PBF-LB and its main components.  

The main components and principle, typical of most PBF-LB machines, are presented in Figure 
2. The setup resembles the EOS M290 by EOS GmbH, Germany, used in this thesis work. 
Sieved metal powder is loaded in the powder dispenser and distributed in thin layers on to the 

build plate by a recoater system. Based on pre-defined geometry, mirrors navigate a laser 
source of Gaussian distribution and spot size of ~85 µm. This provides localized melting and 

solidification along movement in the x- and y- axes. After each layer is completed, the build 
plate moves downward along the build direction (BD), allowing a new layer of powder to be 
spread across the surface. This cycle continues layer by layer until the full 3D geometry is  

completed [2]. The finished component is fused to the build plate and needs removal typically 
by wire electric discharge machining or band saw. Unused powder collected from the 

surrounding area and the collector bin can be recycled for future builds, contributing to efficient 
material usage. To minimize contamination and oxidation, the process is conducted in an inert 
gas environment, typically using argon, nitrogen, or helium [22], while maintaining the oxygen 

content below 1000 ppm. A continuous gas flow directed along the x-axis helps to remove 
spatter particles, thereby preventing them from settling on the powder bed or already solidified 

sections of the component. 

2.2 Process parameters  

The PBF-LB process involves a multitude of parameters, estimated around 100, that can affect 

the final part [6,23]. However, this thesis study narrows its focus to the key process parameters 
most critically linked to the build quality: laser power (p), scan speed (v), layer thickness (t), 
and hatch distance (h). Understanding the interplay of these parameters is crucial, as they 

dictate the dimensions and characteristics of the generated melt pool and melt tracks, the 
fundamental building units in the PBF-LB process, as depicted in Figure 3. 
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Figure 3: Schematic illustration of the PBF-LB process, depicting the main process parameters and their influence 

on the melt pool dimensions and overlap during the solidification of a layer.  

2.2.1 Main printing parameters 

The laser power is a critical parameter, directly governing the dimensions of the melt pool, 
specifically its depth (D) and width (W). Consequently, this determines the local temperature 

gradient within the powder bed. The laser power was limited to 400 W in the EOS M290 used 
in this work but can vary from 50 to 1000 W depending on the machine system [2]. Using 
adequate laser power is essential to ensure complete fusion and robust bonding between 

successive layers and adjacent melt tracks. Conversely, using excessive laser power can lead 
to undesirable effects like material evaporation and instabilities within the melt pool.  

The velocity at which the laser beam crosses the powder bed surface is called the scan speed. 

This parameter, in conjunction with laser power and layer thickness, plays a crucial role in 
defining the melt pool geometry of individual melt tracks. Employing high scan speeds 
typically results in shallow and narrow melt pools, characterized by rapid solidification. 

Reducing the scan speed leads to the formation of deeper and wider melt pools and 
consequently slower solidification rates. 

Following the laser scanning of a layer, the build platform is lowered by a predefined increment 

known as the layer thickness, dictating the amount of new powder deposited for the subsequent 
layer. Typically, layer thicknesses range from 20 to 100 µm, with the choice often dictated by 
the desired characteristics and productivity of the final component [24,25]. Utilizing finer 

layers generally results in higher geometrical accuracy and smoother surface finishes. Ensuring 
adequate layer thickness is crucial for achieving proper metallurgical bonding with the 

previously solidified layer, requiring a melt pool depth that exceeds the selected layer 
thickness.  

Proper overlap between adjacent melt tracks, defined by the hatch distance, is essential for 
achieving dense and homogeneous PBF-LB parts. The optimal hatch distance is not fixed but 
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is influenced by other parameters, notably layer thickness and scan rotation. A finer layer 
thickness, for instance, can enhance remelting and compensate for potential defects, thereby 

impacting the ideal hatch distance [25]. 

2.2.2 Energy input 

To gain a simplified understanding of the connection between printing parameters and resulting 

material properties, combined parameters representing the energy input are often employed and 
assessed through parameters such as achieved density, microstructural features, and 
mechanical performance [3]. The simplest among these parameters is the linear energy density 

(LED), expressed in J/mm (Eq. 1), which depends only on laser power and scan speed. LED 
represents the energy delivered per unit length and is frequently used in fundamental studies to 

assess the stability and characteristics of individual melt tracks [26].      

 
𝐿𝐸𝐷 =  

𝑝

𝑣
 (

𝐽

𝑚𝑚
) 

 (1) 

Expanding on this concept, the surface energy density (SED), measured in J/mm² (Eq. 2), is 
obtained by adding the hatch distance to the LED equation. Research has shown that SED 

yields a decent correlation with melt pool dimensions, specifically its depth and width [27,28]. 
Furthermore, SED has been used to assess the overlap between neighbouring melt pools within 

a single layer [6], and studies have demonstrated a good correlation between SED and process 
windows for achieving desired material properties such as hardness, density, microstructure, 
and the presence of specific phases [29]. 

 
𝑆𝐸𝐷 =  

𝑝

𝑣 ∙ ℎ
 (

𝐽

𝑚𝑚2
) 

 (2) 

Finally, the volumetric energy density (VED), measured in J/mm³ (Eq. 3), represents the energy 
imparted per unit volume and incorporates laser power, scan speed, hatch distance, and layer 

thickness. VED is widely utilized to indicate optimum ranges for these main printing 
parameters to achieve desired performance outcomes, such as density, microstructure, and 
mechanical properties. However, it is important to note that VED offers a simplified view and 

does not fully capture the complex mass and heat transfer phenomena within the melt pool 
[30]. Therefore, VED should be used primarily as an indication of processability as for the 

previous mentioned SED and LED.  

 
𝑉𝐸𝐷 =  

𝑝

𝑣 ∙ ℎ ∙ 𝑡
 (

𝐽

𝑚𝑚3
) 

 (3) 

2.2.3 Scanning strategies  

So far, the main printing parameters governing the formation of individual melt tracks in the 

PBF-LB process have been discussed. However, the arrangement and execution of these melt 
tracks on a larger scale can be controlled by employing different kinds of scan strategies and 
patterns, which alter the path of the scan vector. This has a great impact on defect mitigation, 

surface roughness, residual stress, and the microstructure of the produced parts. 

Scanning patterns 

In PBF-LB, there is a separation between contour and hatch/infill parameters, where contour 
refers to any scanning performed at the outer surface, and the hatch pattern refers to any 

strategy employed in the bulk of each layer [31]. Common hatch patterns include the meander 
pattern, where the laser scans the entire cross-section of the part in a continuous, back-and-
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forth motion along parallel lines. In contrast, the stripe pattern divides the cross-section of the 
part into smaller, more manageable individual stripes, each with a defined stripe width, that the 

laser follows. Within these hatch patterns, the direction of the laser movement is crucial. The 
laser can move back and forth along adjacent lines, referred to as bidirectional scanning, see 

Figure 4. Alternatively, the laser can consistently move in one direction for each line before 
stepping to the next, which is unidirectional scanning. However, this has shown to lead to larger 
anisotropic residual stress distributions [32].  

Scan rotation 

Beyond the scan patterns that define the distribution of scan vectors within each layer, the scan 
rotation strategy plays a role in determining the homogeneity of the resulting surface and 
microstructure. A 67° scan rotation is often preferred as it maximizes the number of layer 

rotations required before the scan vectors return to their initial orientation.  This frequent change 
in direction helps to create a more homogeneous build. On the contrary, a 0° scan rotation, 

where scan vectors remain aligned between successive layers, forces the start and end points 
of melt tracks to occur along the same axis throughout the build. This consistent alignment has 
been shown to induce anisotropic residual stresses [32], variations in microstructure [33], and 

affects the resulting surface topography [34]. The differences between 0° and 67° scan rotation 
are highlighted in Figure 4, where the bottom part of the image illustrates how 0° scan rotation 

leads to anisotropy on the different faces of the cube (see Fig. 4a and 4b).   

 

Figure 4: Schematic illustrating the difference in scan rotation strategies used in PBF-LB. Here a) shows the 

state-of-the-art 67° scan rotation between successive layers, while b) depicts a 0° scan rotation adapted from [34]. 

The arrows indicate the laser scan direction within each layer. 
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2.3 Characteristics of as-built components 

This section details the unique characteristics of PBF-LB materials that significantly influence 

the performance of manufactured parts. As previously mentioned, defects often compromise 
the quality and structural integrity of PBF-LB components. These flaws arise from a complex 

interplay of factors inherent to the process, including the material properties, the energy input, 
the processing atmosphere, and the specific process parameters discussed in earlier sections.  
Building on this foundation, this section will now examine common defects encountered during 

PBF-LB printing, focusing on the clear link between their formation and the process inputs, 
particularly the role of process parameters.  

2.3.1 Porosity 

Defects can manifest at various stages of the process, with porosity being a prevalent type. 
Porosity can be broadly categorized as either process-induced or originating from the powder 
feedstock. In this context, focus will be on process-induced porosity, which arises from the 

interaction of printing parameters such as laser power, scan speed, hatch distance, and layer 
thickness. As illustrated in Figure 3, the combination of these parameters dictates the melt pool 

and melt track geometry. During PBF-LB, achieving a stable, semi-spherical melt pool 
geometry through conduction mode melting [35] is desirable. Deviations from this stable 
morphology, often resulting in an elongated melt pool and a transition to keyhole melting mode 

due to specific parameter combinations, can lead to porosity formation. This section will 
explore the intricate relationship between process parameters, the resulting melt pool geometry, 

and how these interactions induce different types of porosity. 

Lack of fusion 

Lack of fusion typically referred to as (LoF) porosity arises when the energy input during the 
PBF-LB process is insufficient (low VED) to achieve proper cohesion between solidified layers 

or adjacent melt tracks, as illustrated in Figure 5. Insufficient penetration of shallow melt pools 
into previously built layers leads to LoF between layers referred to as inter-layer porosity. This 
results in large, irregularly shaped, and elongated pores oriented perpendicular to the build 

direction (Figure 5a) [3]. Similarly, inadequate overlap between subsequent melt tracks also 
causes LoF (inter-hatch porosity), but the resulting pores tend to be aligned parallel to the build 

direction and can extend across multiple layers (Figure 5b) [36]. Compared to other types of 
porosity, LoF pores are distinguished by their sharp and irregular morphology. These features 
can act as stress concentration sites, promoting crack initiation under mechanical loading and 

consequently reducing the mechanical performance of PBF-LB components. Therefore, 
optimizing process parameters to minimize the occurrence of LoF porosity is crucial. 
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Figure 5: Simplistic view of porosity resulting from a) LoF between layers (inter-layer) and b) insufficient overlap 

between neighbouring melt tracks (inter-hatch). The bottom row shows a micrograph of how these defects look 

for 316L stainless steel.          

Keyhole porosity 

Elevated energy input during PBF-LB, often achieved through low scan speeds and high laser 
power (resulting in high VED), can induce a transition from a stable conduction melting regime 

to a keyhole melting regime. Keyhole mode melt pools are characteristically deep and narrow, 
leading to steep local thermal gradients. Under these conditions, the vaporization of metal 

generates significant recoil pressure that acts downwards within the melt pool [37]. The 
combination of this pressure and the constricted geometry of the keyhole can hinder the escape 
of vaporized metal from the bottom, resulting in the formation of semi-spherical pores in the 

solidified material [35–38]. As depicted in Figure 6, the melt flow within the keyhole and the 
keyhole movement are highly dynamic over short time scales. The clockwise flow of the melt 

behind the keyhole, and the vertical movement ahead of it, create instabilities along the keyhole 
boundary, leading to necking (I-II). This narrowing of the keyhole restricts energy delivery, 
causing the bottom to solidify as it is overtaken by the solidifying front (II). Ultimately, when 

the keyhole solidifies at the liquid-solid interface, a keyhole pore is left behind in the 
microstructure (III). Strategies to reduce keyhole porosity include decreasing laser power or 

increasing scan speed to lower the energy input. Nevertheless, the spherical nature of keyhole 
pores (Fig. 6a and Fig. 6b) generally makes them less detrimental to the mechanical 
performance of the material compared to LoF defects [39]. 
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Figure 6: I) - III) the sequence of mechanisms leading to keyhole pore formation, along with the intricate  

dynamics within the melt pool, as inspired by [35]. Keyhole porosity a) simplified view and b) etched micrograph 

of 316L stainless steel viewed in the build direction (BD). 

Gas porosity 

Gas atomization is a prevalent method for producing the powder feedstock utilized in PBF-LB. 

In this technique, a high-velocity stream of inert gas is directed at a flow of molten metal, which 
disintegrates into droplets. These droplets subsequently solidify into spherical particles as they 

interact with the surrounding gas. The rapid cooling inherent in this process can lead to the 
entrapment of small pores, typically less than 10 µm in diameter, within the powder particles. 
This is referred to as gas porosity [38,40]. Although the PBF-LB process often diminishes the 

extent of this porosity, some residual gas pores may persist in the final material. Given their 
limited size and spherical morphology, these remaining pores are generally not viewed as 

having a substantial negative impact on mechanical properties [37,38]. 

Spatter 

In PBF-LB processes, the intense and dynamic environment within and surrounding the melt 
pool can lead to the ejection of metal droplets or powder particles across the powder bed, a 

phenomenon referred to as spatter. Based on their formation mechanism, spatter can be broadly 
classified into cold and hot spatter [41]. Hot spatter originates from recoil pressure-induced 
instabilities within the melt pool, while cold spatter is primarily driven by the interaction and 

entrainment of particles with the process gas flow [41,42]. These ejected spatter particles can 
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negatively impact the printing process in several ways. Notably, the presence of spatter can 
lead to the formation of large LoF pores within the microstructure. 

2.3.2 Surface roughness  

While much attention has been directed towards understanding and mitigating bulk defects, the 
characteristics of their as-built surfaces present a similar complexity. The surface formation in 

PBF-LB is a highly dynamic process where the selective melting and rapid solidification by 
the laser leads to adherence of surrounding powder particles (Figure 7) to the component 
surface, resulting in a distinctive and irregular surface topography [43].  

 

Figure 7: a) SEM image showing as-built surface topography. (b) 3D surface plot of the same area, obtained 

using optical profilometry. 

Furthermore, the lower thermal conductivity of the powder compared to the solidified metal 

introduces variability in heat dissipation as the part geometry evolves along the build direction. 
This variation in heat flow can influence both the local microstructure [44,45] and the resulting 
surface topography [43]. The SEM micrograph (Fig 7a) shows powder adhered to the surface 

and a waviness generated by the melt pools and a 3D surface plot (Fig. 7b) of the same area 
using optical profilometer which shows variations in height across the surface.  

Consequently, as-built components typically exhibit a relatively high surface roughness (Ra ~3 

to 50 µm) [46], requiring post-processing for many applications, particularly those subjected 
to dynamic loads [47]. The well-established link between increased surface roughness and a 

higher propensity for crack initiation under fatigue loading directly impacts the service lifespan 
of components. However, it is important to note that this roughness can be mitigated to some 
extent through the optimization of process parameters. For example, the application of a 

contour parameter (as discussed in section 2.2.3), which scans the outer surface of the part, can 
effectively smoothen the melt pool boundaries and reduce powder adhesion, thereby improving 
the surface finish [48,49]. Therefore, while post-processing is often required, parameter 

optimization plays a role in minimizing the initial surface roughness.  

2.3.3 Residual stresses  

Another important factor influencing the integrity of PBF-LB components is residual stress, 

which refers to internal stresses existing within a material without external loads applied. These 
stresses operate in equilibrium at different length scales within a component, categorized into 

types I-III. Type I stresses (macro-stresses) act over long distances, comparable to the part size, 
and are often a consequence of the manufacturing process, arising from the steep thermal 
gradients inherent in PBF-LB, post-processing treatments like heat treatment or machining, 
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and non-uniform plastic deformation. Type II stresses (micro-stresses) are more localized, 
finding equilibrium between individual grains and making them highly sensitive to the material 

microstructure and crystallographic anisotropy. Even smaller length scales, type III residual 
stress (sub-microstresses) are associated with lattice imperfections such as dislocations or other 

defects within the crystal structure [50]. The rapid, localized melting and solidification inherent 
to the PBF-LB layer-by-layer process, with solidification rates in the order of 105-10⁸ °C·s⁻¹ 
[51], induces significant thermal gradients that inevitably generate substantial residual stress 

in the resulting parts [50]. These stresses can severely compromise part functionality by leading 
to detrimental consequences such as cracking, significant distortion, and reduced dimensional 

accuracy, which highlights the necessity for effective stress management in PBF-LB 
manufacturing [52]. 

2.3.4 Microstructure 

The typical microstructure of materials produced by PBF-LB is characterized by a unique set 

of features arising from the rapid solidification and thermal gradients inherent to the process, 
as discussed throughout this section regarding defect formation and  surface characteristics. 

Often, a fine-grained microstructure forms due to the high cooling rates [53]. However, this 
can be anisotropic, with elongated grains or columnar structures oriented along the build 
direction. The layer-by-layer fabrication process, which contributes to the formation of inter-

layer LoF porosity due to insufficient remelting as highlighted in Section 2.3.1, also imparts a 
distinct melt pool morphology, visible as overlapping, semi-elliptical regions when viewed in 

cross-section. Within these melt pools, influenced by the energy input from process parameters 
(Section 2.2.2), segregation of alloying elements can occur, leading to micro-segregation 
patterns [54]. The rapid solidification can also result in the formation of metastable phases or 

supersaturated solid solutions, which may differ from conventionally manufactured 
counterparts. The complex thermal history experienced by each layer, involving repeated 

heating and cooling cycles as subsequent layers are deposited, can contribute to the 
development of residual stresses (Section 2.3.3) and a hierarchical microstructure with 
variations in grain size and phase distribution across different layers. Furthermore, the presence 

of any residual porosity, whether LoF or gas entrapment (as detailed in Section 2.3.1), will also 
be a defining characteristic of the microstructure. Overall, the PBF-LB microstructure is a 

direct consequence of the intricate interplay between the applied process parameters and the 
inherent solidification behaviour. 

2.4 Mechanical properties 

The static mechanical properties of PBF-LB manufactured materials, such as tensile strength, 

yield strength, and ductility, are inherently linked to the microstructural features and the 
presence of defects discussed in the previous section. The fine-scale nature of microstructure 

often observed in PBF-LB materials can contribute to higher strength compared to 
conventionally manufactured counterparts. However, the anisotropy in grain structure, 
particularly the presence of columnar grains aligned with the build direction, can lead to 

direction dependent mechanical properties. Furthermore, the presence of porosity, especially 
LoF defects with their irregular shapes and sharp edges acting as stress concentrators, can 

significantly reduce the effective load-bearing area and promote premature failure under static 
loading. The specific process parameters employed during manufacturing play a crucial role in 
dictating the resulting density and microstructure [54], thereby directly influencing the 

achievable static strength and ductility. Subsequent heat treatments can be applied to modify 
the microstructure, reduce residual stresses, and potentially improve the overall static 

mechanical response. 
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Beyond static loading, the performance of PBF-LB components under cyclic loading 
conditions, or fatigue, is important for many engineering applications. The fatigue behaviour 

is particularly sensitive to surface quality and the presence of internal defects [47]. The inherent 
surface roughness of as-built PBF-LB parts, characterized by adhered powder and a wavy 

topography resulting from the layer-by-layer solidification, provides numerous potential crack 
initiation sites under cyclic stress. Similarly, internal defects such as porosity, particularly LoF 
pores with their sharp, irregular morphology, can act as critical stress concentrators, 

accelerating crack initiation and propagation, ultimately leading to reduced fatigue life. The 
orientation and distribution of these defects, which are strongly influenced by the process 

parameters and build strategy, play a significant role in determining the fatigue performance. 
Post-processing techniques, such as surface treatments and hot isostatic pressing (HIP), are 
often employed to mitigate the detrimental effects of surface roughness and internal porosity, 

thereby enhancing the fatigue resistance of PBF-LB manufactured components [55]. 
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3. Productivity in PBF-LB  

Achieving the desired characteristics in PBF-LB components, as detailed in previous sections, 
often involves careful optimization of process parameters. However, enhancing the 
productivity of PBF-LB presents a significant challenge: how to increase build rates without 

compromising these critical characteristics, or alternatively, how to design components to be 
more tolerant to them. The limitations in the production speed of PBF-LB stand as a 

considerable barrier to its widespread industrial application and  overcoming this requires 
strategies that address both speed and quality. 

3.1 Strategies to improve build rate 

While various methods exist to improve the economic viability of PBF-LB, including 

increasing build speed through multi-laser systems or enhancing build volume with larger 
machines for simultaneous production, this study focuses on a more constrained approach. 

Specifically, it investigates how productivity, in terms of build speed, can be increased within 
the hardware limitations of the EOS M290 machine used in this thesis. For clarity, this 
investigation does not consider other factors that contribute to the overall cost of a PBF-LB 

component, such as expenses related to build preparation, operator time, material consumption  
and shielding gas usage [56]. However, the strategies presented are applicable to a wide range 

of commercial PBF-LB platforms. 

Total build time in PBF-LB can be broadly divided into two main components: (1) the time 
spent consolidating the bulk material, and (2) the inter-layer time which includes platform 
movement and powder recoating. The bulk consolidation phase governed by scan speed, hatch 

distance, and layer thickness is typically the most time-intensive part of the process. These 
three parameters are therefore central to overall productivity. The build rate, defined as the 

volume of material processed per unit time (cm³/h), is primarily determined during the laser 
scanning phase (Eq. 4).  

 Build rate = 𝑣 ∙ ℎ ∙ 𝑡 (
𝑐𝑚3

ℎ
) (4) 

Increasing the layer thickness reduces the number of layers required for a given part height, 

thereby lowering the total build time. This makes layer thickness an influential parameter in 
efforts to reduce production time and cost in PBF-LB [4,57]. While typical builds use layer 
thicknesses between 20 µm and 40 µm to achieve high density (Section 2.2.1), recent studies 

have demonstrated that layer thicknesses up to 120 µm can significantly improve productivity 
without sacrificing part quality [58]. 

To illustrate this, a demonstrator hydraulic block was fabricated using an 80 µm layer thickness 

of 316L stainless steel (Figure 8). The build achieved near-full density at a build rate of 28.8 
cm³/h. As shown in Table 2, this corresponds to an approximate 75% reduction in total build 
time compared to the same part built at 20 µm, and around a 51% reduction compared to 40 

µm. However, it is important to note that increasing the layer thickness also increases the risk 
of inter-layer LoF porosity, as discussed in Section 2.3.1. 
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Figure 8: Demonstrator part produced with in the frame of “3D action” project printed with focus on high 

productivity using 80 µm layer thickness in 316L stainless steel.  

Table 2: Build time required to produce demonstrator part presented in Fig. 8. 

Layer thickness 

(µm) 

Build rate 

(cm
3
/h) 

Build time 

(h) 

Exposure time 

(h) 

Recoating time 

(h) 

20 µm 7.2 84 72 12 

40 µm 13.3 43 37 6 

80 µm 28.8 22 19 3 

While increased layer thickness, as shown in Table 2, effectively reduces total build time, 
further improvements in productivity can be achieved by tuning hatch distance and scan speed. 
As illustrated in Figure 9, for a fixed build rate of 36 cm³/h, the total build time varies 

depending on the selected parameter combination and the surface-to-volume ratio (S/V) of the 
part (0.14 – 2.12), calculated for a simple prism divided into smaller sections using 

EOSprint2.8 software.  

For geometries with higher S/V, such as thin-walled or ribbed structures, increasing the hatch 
distance leads to more reduction in build time compared to increasing scan speed. This is 

primarily due to its stronger influence on exposure time at same build rate, as a larger hatch 
distance reduces the number of laser scan vectors required per layer. In contrast, increasing 
scan speed results in comparatively smaller reductions in exposure time, particularly for 

geometries with high surface complexity. As the figure demonstrates, total build time can be 
shortened by several hours through optimized hatch distance selection in high S/V cases. This 

highlights the importance of considering part geometry [59] when selecting process 
parameters, with hatch distance, scan speed, and layer thickness all contributing to exposure 
time a critical factor for achieving time-efficient builds in PBF-LB. 
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Figure 9: Estimated total build time as a function of surface-to-volume ratio (S/V) for a fixed build rate of 36 

cm³/h, comparing two parameter strategies: increased hatch distance vs. increased scan speed. S/V was varied by 

progressively subdividing a simple rectangular prism into thinner-walled sections, calculated in EOSprint2.8. The 

results show that for geometries with higher S/V, increasing hatch distance more effectively reduces exposure 

time. 

Beyond the primary parameters discussed, other process-related factors need consideration 
when aiming to improve the build rate in PBF-LB. For instance, scan strategies such as stripe 
versus meander patterns (discussed in section 2.2.3) can influence both scan time and thermal 

management across larger cross-sections [60]. Additionally, the use of contour scans typically 
applied to improve surface finish [61] introduces extra laser passes, thereby increasing 

exposure time. While necessary in applications where surface quality is critical, the inclusion 
or exclusion of contour scans can present a trade-off between surface roughness and build 
productivity [62]. Furthermore, the efficiency of laser path planning, often governed by the 

machine control software, can affect non-productive movements and idle times during 
scanning [60]. These factors, although secondary to the main build rate parameters, collectively 

contribute to the overall efficiency of the process and should be considered when developing 
strategies for high-productivity manufacturing.  

Given the significant impact of the primary printing parameters, this thesis focuses specifically 

on layer thickness, scan speed, and hatch distance as the main variables for increasing build 
rate. However, while these parameters can substantially reduce build time, it is essential to 
evaluate how such changes affect the quality of the as-built components, both in terms of 

internal integrity and surface condition. 

3.2 Challenges associated with increased productivity 

While increasing build rates offers the potential for enhanced productivity, this often comes at 

the expense of part quality, leading to increased surface roughness and fraction of internal 
defects. As previously discussed, the VED (Eq. 3) dictates the energy input into the powder 
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bed. Because build rate is directly influenced by scan speed, hatch distance, and layer thickness, 
increasing it requires a reconsideration of the entire set of process parameters. Otherwise, 

increases in layer thickness, while the most effective way to boost the build rate, will inherently 
lead to a decrease in VED, assuming laser power remains constant. This reduction in energy 

increases the risk of the formation of LoF pores. To counteract this effect at higher build rates 
and maintain adequate melting, a new set of process parameters needs to be developed to ensure 
required remelting between the layers and melt tracks. However, common PBF-LB systems 

often have limitations when it comes to laser-based process parameters as e.g. laser maximum 
laser power, laser focus, energy distribution etc., limiting the extent to which high-build rate 

process parameters can be developed.  

However, the impact of these defects on mechanical properties is not solely determined by their 
volume fraction but also by their characteristics, such as shape, morphology, and orientation. 
For instance, Choo et al. [63] demonstrated the significant influence of LoF pore orientation 

on tensile properties. The findings indicated that when the major axes of these pores were 
aligned parallel to the loading direction, the impact on static properties remained minimal even 

at a relatively high porosity level of 1.8%. Similarly, Gong et al. [64] investigated the effect of 
defect type on the static and fatigue properties at porosity levels of 1% and 5%. Their study 
revealed that keyhole porosity up to 1% had little effect on tensile strength, although elongation 

to fracture was significantly reduced at 5% porosity. In contrast, comparable levels of LoF 
porosity resulted in more severe reductions in both elongation to fracture and tensile strength. 

Thus, while increased build rates can lead to higher porosity and reduced static properties, the 
specific type and morphology of the pores play a role. A thorough understanding of these 
characteristics, and how they relate to the chosen process parameters, is essential for tailoring 

builds to maintain acceptable mechanical performance even under high-productivity 
conditions. 

Compared to static properties, the fatigue behaviour of PBF-LB components is even more 

sensitive to surface and subsurface defects. The inherently rough surfaces of as-built parts, as 
discussed in Section 2.3.2, tend to worsen at higher build rates. Larger layer thicknesses can 
increase surface roughness due to more pronounced melt pool topography and the presence of 

partially fused powder particles. Furthermore, the staircase effect becomes more apparent, 
particularly on inclined or curved surfaces [65]. These surface irregularities act as significant  

stress concentration sites, promoting crack initiation and severely impacting fatigue life. To 
mitigate these issues, post-processing methods such as machining are frequently employed. 
However, these treatments add cost and may not be suitable for complex geometries, thereby 

challenging the near-net-shape benefits of PBF-LB. 

3.3 Strategies to improve surface roughness 

As discussed in Section 3.2, the inherently rough surfaces of as-built PBF-LB components can 

significantly compromise fatigue life by serving as stress concentrators and crack initiation 
sites. Therefore, effective surface treatment is essential not only for improving the visual and 

dimensional quality of parts but also for enhancing their mechanical performance, particularly 
under cyclical loading. The need to reduce surface roughness is especially pressing in high-
productivity builds, where process parameters often lead to increased surface irregularities due 

to a less stable process environment. 

Achieving satisfactory surface finishes on PBF-LB parts, especially those with intricate 
geometries, remains one of the key post-processing challenges [66]. Traditional surface 

treatments like machining are often limited by accessibility, particularly for internal or fine-
featured structures [67,68]. Moreover, even highly optimized process parameters during 
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printing cannot fully eliminate surface roughness [48]. As a result, the development and 
adoption of novel surface finishing techniques are critical for unlocking the full potential of 

PBF-LB in industrial applications [69–71]. To address these challenges, promising surface 
treatment technologies were recently developed, including Hirtisation® [72] and chemical 

mechanical polishing (CMP) [73], both of which offer capabilities beyond those of 
conventional finishing methods. 

Hirtisation® utilizes chemical and electrochemical mechanisms to remove material and can 
access both external and internal surfaces (Figure 10). This makes it highly suitable for parts 

with high complexity. The process effectively removes loosely sintered powder and smooths 
irregularities while preserving the integrity of geometrical features. Studies focusing on 316L 

stainless steel have indicated that Hirtisation® can reveal underlying grain boundaries in 
solution-annealed conditions [74]. However, more research is required to understand how 
variations in surface microstructure influence material removal behaviour during this 

treatment. Since the surface condition and microstructural variations in PBF-LB are highly 
dependent on factors such as scanning strategy and component design, post-processing 

methods like Hirtisation® must be evaluated within this context to ensure consistent and 
effective results.  

 

Figure 10: General workflow for Hirtisation® with one active step. The part is contacted and immersed in the 

active medium, where material is removed over time. When the target condition is achieved, the part is rinsed and 

dried; adapted from [34]. 

In addition to other surface modification techniques, chemical mechanical polishing (CMP), 

developed by REM Surface Engineering [75], also referred to as chemically accelerated 
vibratory finishing (CAVF), has emerged as a promising method for improving surface quality. 
CMP operates through a synergistic mechanism involving chemical activation of the surface 

and mechanical interaction with non-abrasive media while components are placed in a 
vibratory bowl. This approach allows for selective removal of surface peaks while preserving 
underlying features, as the chemical agent forms a temporary monolayer that is easily displaced 

by gentle mechanical rubbing. The method has demonstrated effectiveness across various 
alloys, including steels, titanium, copper etc. Studies report substantial reductions in surface 

roughness (Ra < 0.1 µm), enhanced uniformity, and improved resistance to corrosion, all 
achieved without inducing significant changes in the material microstructure [76]. Despite 
these advantages, further research is needed to fully understand how parameters such as scan 
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strategy, build orientation, and the initial condition of the surface influence the performance 
and outcome of CMP treatments.  

The effectiveness of surface treatments such as Hirtisation and CMP depends on a clear 

understanding of the required depth of material removal. The PBF-LB often produces surfaces 
with varying defect types, including subsurface porosity, partially fused particles, and layer-

induced waviness. These features can differ significantly based on scan strategy, build 
orientation, and processing parameters. If material removal is insufficient, critical defects may 
remain. Furthermore, excessive removal, on the other hand, risks altering part geometry or 

exposing deeper flaws [77]. Accurately characterizing the location and depth of surface and 
near-surface defects is therefore essential for optimizing treatment processes and ensuring 

reliable enhancement of surface integrity and mechanical performance. 

3.4 Productivity of ferrous alloys 

As the industrial relevance of AM continues to expand, there is growing interest in applying 

PBF-LB to ferrous alloys beyond stainless steels. These materials, particularly low-alloy steels 
are widely used across sectors such as automotive and tooling industries due to their favourable 
strength-to-cost ratio and broad availability. However, while alloys like 316L have 

demonstrated excellent printability, more complex ferrous systems, including martensitic low-
alloy steels, present unique processing challenges. This section examines the current state of 

productivity strategies for key ferrous alloy groups, contrasting their behaviour and limitations 
in the context of PBF-LB, and highlighting the trade-offs between build rate and material 
integrity. 

3.4.1 Low alloy steel 

Low-alloy steels are iron-based alloys characterized by carbon contents up to approximately 
0.60 wt.% and less than 10 wt.% total alloying additions, typically including elements such as 

chromium (Cr), molybdenum (Mo), and manganese (Mn) [78]. These steels are widely used in 
structural applications where high strength, good toughness, and cost-effectiveness are required 
[79]. Their relevance spans multiple industries, including automotive, tooling, and energy, 

where they are commonly employed in pressure systems, drilling tools, and high-strength 
piping. The potential to leverage these properties in PBF-LB is significant, particularly for 

producing spare parts on demand. In conventional supply chains, spare parts often require 
substantial warehousing and upfront capital, with many components never used. PBF-LB 
offers an alternative path by enabling on-demand, sustainable [8] and distributed 

manufacturing [31]. However, realizing this potential requires overcoming substantial 
challenges in processability and productivity due to the complex thermal behaviour of these 

alloys.  

These challenges arise primarily from the martensitic phase transformation that occurs during 
rapid cooling. While the solidification phase typically produces austenite, the extremely high 
cooling rates inherent to PBF-LB suppress diffusional transformations and instead trigger a 

solid-state transformation to martensite. The resulting microstructure, often dominated by 
brittle martensite, can contribute to high mechanical strength, but also increases brittleness and 

residual stress. The risk of cold cracking is specifically high in alloys with greater carbon 
content. Operating at higher VED can lead to increased cyclic reheating due to larger melt pool 
dimensions, as a greater volume of material is reheated. The increased reheating effect may 

lead to reduced cooling rates, which can subsequently decrease the likelihood of cold cracking 
[80]. Additionally, many PBF-LB systems include build plate preheating capabilities, which 

assist in reducing thermal gradients and cooling rates, thereby helping to mitigate the risk of 
cold cracking during fabrication [81].  Figure 11 illustrates a typical Nital-etched cross-section 
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of a 4130 low alloy steel specimen fabricated via PBF-LB. The overall microstructure consists 
of tempered martensite due to the cyclic reheating, while Fig. 11b reveals a brighter region near 

the top surface, typical for untempered martensite formed during cooling of the final layer. 

 

Figure 11: Micrograph illustrating the Nital-etched microstructure of 4130 low alloy steel fabricated via PBF-

LB. The image on right highlights the untempered martensite present at the top layer.  

To date, most studies have focused on achieving high density and crack-free structures using 
conservative processing conditions, typically limited to layer thicknesses of 20 to 40 µm [82]. 
Examples of studied low alloy steels include AISI 4130 [81,83–87], AISI 4140 

[27,81,84,88,89], and AISI 4340 [81,84,90,91]. These efforts have shown that relative densities 
exceeding 99.8% and mechanical properties comparable to wrought counterparts can be 

attained when energy input, scan strategy, and preheating are optimized  [92]. However, such 
approaches often come at the expense of productivity, limiting the feasibility of these materials 
for widespread adoption in serial manufacturing. To advance industrial viability, current 

research must now address how increased build rates, through thicker layers and higher scan 
speeds, affect the development of microstructure, in-situ tempering, and defect formation. 

Understanding these relationships is important to unlocking the use of low-alloy steels in cost-
effective, high-throughput additive manufacturing workflows. 

3.4.2 316L stainless steel 

In contrast, 316L stainless steel is one of the most established and well characterized alloys for 

PBF-LB. It is an austenitic stainless steel with a low carbon content (typically below 0.03 
wt.%), which prevents carbide precipitation and intergranular corrosion. Its structure is 

stabilized by Nickel (Ni) and Mo additions, allowing it to retain a fully austenitic phase during 
cooling and avoid martensitic transformation [93]. This contributes to high process stability 
during PBF-LB and makes 316L suitable for applications in industries with stringent material 

requirements, such as medical, energy, and food processing [1]. 

The microstructure of PBF-LB 316L is hierarchical and highly refined. It consists of 
overlapping melt pools (Fig. 12a), columnar grains aligned along the build direction, and sub-

micron solidification cells (Fig. 12b). At higher magnification, nanoscale cells are visible, the 
boundaries of which are enriched in elements such as chromium and molybdenum (Fig. 12c). 
These solute-enriched boundaries hinder dislocation motion and enhance mechanical strength 

[54].  
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Figure 12: Hierarchical microstructure of PBF-LB stainless steel 316L revealed by oxalic acid a) optical 

micrograph of overlapping melt pools, b) SEM micrograph of grain and cell structure and c) sub-micron cell 

structure at a  melt pool boundary.  

Due to its favourable processability and defect tolerance, 316L has become the reference alloy 
in PBF-LB research [94]. Numerous investigations have explored methods for increasing 

production speed, frequently achieved by employing greater layer thicknesses [95]. Tensile 
properties are generally within specification and often superior to conventionally processed 

counterparts due to the fine cellular microstructure. Reported properties include yield strengths 
of approximately 540 MPa and elongations exceeding 60% at 20 µm layer thickness. At higher 
layer thicknesses, such as 80 µm, yield strength tends to drop to around 465 MPa, and 

elongation is typically reduced to ~44%, but still within acceptable limits for wrought 316L 
[96]. These reductions are attributed to increase in LoF porosity.  

Fatigue behaviour at high build rates remains one of the key limitations to the widespread 

adoption of PBF-LB 316L stainless steel in load-bearing applications. Although this alloy 
offers excellent ductility and high yield strength in the as-built condition, its fatigue 
performance is significantly influenced by high surface roughness and internal defects formed 

during fabrication [97]. These include surface roughness and LoF pores, both of which serve 
as crack initiation sites under cyclic loading, particularly in high-cycle fatigue (HCF) 

conditions. 

Once surface roughness is minimized, internal porosity becomes the dominant fatigue-limiting 
factor. The size, shape, and orientation of pores can have a greater influence on crack initiation 

than pore fraction alone [12]. For example, LoF defects aligned perpendicular to the loading 
direction are significantly more detrimental than those aligned parallel for static properties. 
Impact of the defect size and distribution on fatigue properties is not well understood. Although 

static mechanical properties of 316L remain within specification even at increased build rates, 
changes in pore morphology are not as well documented. This highlights the need for a deeper 
understanding of how high-productivity processing strategies affect the formation of fatigue-

relevant defects and their interaction with applied stresses. And how the pore characteristics of 
pores vary with different process parameters such as hatch distance and scan speed extending 

beyond only layer thickness.   

Currently, original equipment manufacturers (OEM) recommend process parameters, such as 
those provided by EOS for the M290 platform, illustrating the state of the art in balancing 

productivity and part quality. For 316L, standard settings achieve approximately 99.9% density 
at a build rate of ~13 cm³/h using 40 µm layer thickness, and around 99.8% density at ~30 
cm³/h with 80 µm layers [98]. These parameters provide a reliable and validated baseline for 
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industrial use and serve as the reference point for this thesis. However, to further advance the 
productivity of PBF-LB, especially for application critical components, it is essential to explore 

how deviations from these baseline parameters affect defect formation, surface integrity, and 
fatigue performance. The following chapters aim to quantify these effects, assess the 

implications for post-processing requirements, and ultimately define strategies for achieving 
high build rates without compromising mechanical integrity. 
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4. Materials and Methods 

This section provides a summary of the materials and analytical techniques used in this 
research. For detailed descriptions of the materials and experimental setups the reader is 
referred to the appended papers. 

4.1 Materials and PBF-LB system 

The metal powders used in this study were produced via gas atomization, resulting in a 
predominantly spherical morphology and particle size distributions of between 20 and 64 µm. 

All powders used were virgin, with no recycling or reuse between builds, ensuring consistency 
in material input. Most of the powders were supplied by Höganäs AB (Sweden), including two 
low-alloy steels and 316L stainless steel, as detailed in Table 3. In the final study (Paper VI), 

a 316L stainless steel powder was sourced from EOS GmbH (Germany), also listed in Table 
3. 

Table 3: Chemical composition (wt. %) of studied ferrous alloys  

 C Cr Mo Ni Mn Si O Fe Supplier 

AISI 

4130 
0.34 1.0 0.20 - 0.60 0.30 0.05 Balance 

Höganäs 

AB 

AISI 

4140 
0.47 1.0 0.20 - 0.60 0.20 0.07 Balance 

Höganäs 

AB 

AISI 

316L 
0.03 16.9 2.50 12.60 1.50 0.70 0.06 Balance 

Höganäs 

AB 

AISI 

316L 
0.02 17.1 2.73 13.40 1.42 0.38 - Balance 

EOS 

GmbH 

All specimens in this thesis were manufactured using an EOS M290 machine equipped with a 

400 W ytterbium fibre laser (spot size: ~85 µm, Gaussian intensity profile). A high-purity argon 
atmosphere with constant flow was maintained throughout all builds, keeping oxygen levels at 

below 1000 ppm. Consistent processing conditions were applied in all studies, except for the 
low-alloy steel builds, where the build plate was preheated to 180 °C. In comparison, a preheat 
temperature of 80 °C was used for the 316L stainless steel builds.  

The sample geometries varied depending on the research focus of each study. For instance, 

studies primarily focused on process mapping (Paper I and Paper III) utilized simple 
10x10x10 mm³ cubes. The geometries used for all builds are presented in Figure 13. 
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Figure 13: 3D geometries studied in this work as seen in EOSprint2.8 software. 

4.2 Process parameters for increased build rates 

With the aim of achieving increased build rates, initial process mapping was performed across 

the four layer thicknesses 20, 40, 60 and 80 µm (Paper I). For 316L stainless steel, the standard 
parameters provided under material licenses (316L_Surface_1.X and 
316L_040_FlexM291_1.X from EOS GmbH, Germany) were used as a baseline for the 20 and 

40 µm layer thicknesses. Based on these, a design of experiment was developed to explore 
increased build rates by varying laser power (195 – 280 W), hatch distance (90 – 270 µm), and 

scan speed (600 – 1800 mm/s). For the 60 and 80 µm layer thicknesses, where material licenses 
were unavailable, new process parameters were established using the work of Leicht et al. [99] 
as a foundation. Paper I contain more information about the design of experiments strategy. 

Subsequent studies on 316L stainless steel (Papers II and IV-VI) then either employed 
standard parameters at 40 µm (Papers IV and V) or utilized specific parameters selected from 

the process mapping in Paper I. 

For the low alloy steel (Paper III), the parameters investigated were based on the foundational 
work of Hearn et al. [92], who conducted detailed process mapping for various low alloy steels 
at a 20 µm layer thickness. Given the relatively less extensive research on low alloy steels 

within the PBF-LB community, some parameters were kept constant while the impact of build 
rate on processability was studied by varying layer thickness (20, 40, and 60 µm), scan speed 

(640 – 1490 mm/s), and laser power (170 – 250 W), with a constant hatch distance of 70 µm. 

4.3 Surface treatments 

A targeted material removal of approximately 110 µm per surface was employed for post -
processing of PBF-LB 316L specimens using two different techniques, both aimed at 

eliminating surface features inherent to the PBF-LB process, such as adhered powder and melt 
pool tracks, to reduce surface roughness.  

The processing differed between the two methods: Chemical Mechanical Processing (CMP), 

performed by REM Surface Engineering, USA [75] combined mechanical abrasion with a 
material-specific chemical compound within a vibratory bowl containing non-abrasive ceramic 

media, where a chemically formed, easily removed layer was preferentially removed by the 
mechanical action over approximately six hours, culminating in a smoother, mirror-like finish 
with rounded edges. In contrast, Hirtisation®, conducted by RENA Technologies GmbH, 
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Austria [99], utilized a combination of chemical and electrochemical processes specifically 
tailored to the alloy system. 

4.4 Metallography  

Samples were removed from the build plate via electric discharge machining (EDM) to prepare 
them for microstructural characterization. Each sample was then sectioned along the BD-X 

plane (Figure 14) using a Buehler Isomet 2000 precision saw and mounted in Polyfast resin. 
Grinding followed with SiC foil (320-2000 grit) on a Struers TegraPol, and fine polishing used 
3 µm and 1 µm diamond suspension for a mirror finish. As-polished samples were used for 

pore fraction measurements, pore characteristics, and hardness tests in Paper III. 

Microstructure and melt pool boundaries were revealed using specific etchants: 3% Nital 
solution for martensitic low alloy steels and electrochemical etching in 10% oxalic acid (3V, 

platinum cathode) for austenitic 316L. Melt pool width and depth (µm) were estimated and 
averaged across 30 melt pools on the top surface of each sample in both studies in Paper I and 

Paper III. 

4.5 Characterization techniques 

4.5.1 Light optical microscopy (LOM)  

A Zeiss Axiovision 7 light optical microscope (LOM) at ×5 magnification (0.88 µm × 0.88 µm 
per pixel) captured micrographs of as polished and etched samples. The proprietary software 

stitched sequentially acquired images to create large montages covering a 5 × 5 mm² area. 
These 8-bit grayscale images (0-255 grey values) were analysed using the Matlab image 

processing toolbox. In Paper II, pore fraction levels were calculated on binary images using a 
grey value threshold of 170. Stitched micrographs were cropped to isolate the bulk material. 
Pore shape descriptors (orientation, major/minor axis length, aspect ratio) were calculated 

using the regionprops function in Matlab (part of the Image Processing Toolbox), with 
correlations to sample cross-sections illustrated in Figure 14. Paper III utilized ImageJ (Fiji) 

software for low alloy steel analysis, following established guidelines [100]. 

 

Figure 14: Pore characteristics of interest in Paper I [101].  

4.5.2 Scanning electron microscopy (SEM)   

Scanning electron microscopy (SEM) using a Zeiss Gemini 450 FEGSEM provided 

topography and feature analysis of as-built outer surfaces and microstructure characterization 
of polished cross-sections via secondary electrons (SE). Surface topography imaging used 
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lower acceleration voltages (10 kV) compared to the 20 kV employed for high-resolution 
imaging of polished cross-sections. Electron backscatter diffraction (EBSD) was also utilized 

with an Oxford Instruments Symmetry CMOS detector attached to the Gemini 450. By tilting 
crystalline samples at 70°, diffracted backscattered electrons (originating 10-50 nm from the 

surface) formed Kikuchi bands. Analysis of these bands revealed crystal lattice information at 
each measurement point, enabling the creation of detailed maps showing phase distribution, 
grain size, texture, and local deformation [102]. Large area EBSD mapping of as-built and 

CMP-processed microstructures was performed in Paper V on the Zeiss Gemini 450 at 20 kV 
with a 1.5 µm step size. Higher magnification EBSD for Kernel Average Misorientation 

(KAM) maps used a 0.2 µm step size and a maximum misorientation angle of 2° to exclude 
grain boundary effects. All EBSD data were processed using AztecCrystal3.3. 

4.5.3 X-ray computed tomography (XCT)  

X-ray computed tomography (XCT) is a non-destructive testing method used to analyse the 

internal porosity of materials. For detailed pore characterization in Paper II, synchrotron X-
ray computed tomography (SXCT) was employed at the BAMline, BESSY II in Berlin [103], 

achieving a high resolution with a 0.72 µm voxel size. However, the SXCT limitation on 
sample size meant only 1 mm diameter cylinder specimens could be investigated at this 
resolution. In Paper VI XCT scans on fatigue bars were conducted using a laboratory CT 

scanner, a GE v|tome|x 300 L, with settings of 200 kV and 40 µA applied to the X-ray tube. 
The reconstructed voxel size was 8 µm, and only the gauge region (6 mm diameter) of the 

samples was measured. Pores smaller than 30 µm were excluded to minimize noise, and Avizo 
software was used for porosity segmentation and analysis.  

4.5.4 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a highly effective technique for analysing strain, residual stress, and 

phase composition in crystalline materials. The fundamental principle of XRD is Bragg´s law, 
which relates the wavelength of incoming X-rays (λ), the interplanar spacing (d) and the 

diffraction angle (θ), where changes in interplanar spacing d reflects changes in elastic strain 
(d0 strain free state). Several destructive and non-destructive techniques are available to 
determine the residual stresses within a material. Due to their non-destructive nature, 

diffraction methods are, naturally, the most widespread for the characterization of residual 
stress.  

Within the scope of this work synchrotron X-ray diffraction (SXRD) measurements were 

performed at the white beam engineering materials science beamline P61A at the Deutsches 
Elektronen-Synchrotron (DESY) in Hamburg, Germany [104]. These measurements were 

performed to study the subsurface residual stress state of PBF-LB/316L produced cubes before 
and after post processing by Hirtisation and CMP. 

4.5.5 Surface topography 

Surface topography analysis was performed in Paper IV-VI to quantify the surface roughness 

of as-built PBF-LB/316L and after being subjected to Hirtisation and CMP post processing. 
These measurements were performed in an optical profilometer SensoFar Neox S instrument 

combined with confocal fusion. Stitching of a 3.2 x 2.4 mm2 areas in the BD-Y plane parallel 
to the build direction for cubes and on 0.65 x 5.34 mm2 areas along the gauge section for as-
built fatigue bars. Surface plots and roughness measurements were processed and extracted in 

Mountains Map 10.1 [105]. Main surface texture parameters of interest were (Sa, S10z) in 
accordance with the ISO 25178-2 standard [106].   
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4.5.6 Mechanical testing 

In Paper III, a DuraScan 70-G5 device was utilized to carry out 16 Vickers microhardness 

(HV10) indentations arranged in a 4 × 4 grid, with 2.5 mm spacing between each point, on 
every sample. This setup aimed to assess the effect of process parameters on hardness and was 

conducted following the ASTM E384 – 17 standards [107].  

The fatigue tests covered in Paper VI were performed at Linköping University on 90 mm 
height cylindrical bars with an as-built 6 mm gauge diameter using the Instron WaveMatrix 
system, which had a dynamic load capacity of ±50 kN and operated at a frequency of 5 Hz. 

Throughout the tests, a stress ratio (R = σmin⁄σmax) of -1 was applied. All the fatigue test series 
were performed within the stress ranges of 175 MPa and 550 MPa. The applied forces were 

adjusted to be consistent with the reduced cross-sectional area due to post-treatments. All 
fractographic analyses were performed using a JEOL JSM-IT500 SEM. The examination 
focused on the bottom half of the specimens, specifically selecting those samples that failed 

under fatigue testing at a stress range of 350 and 450 MPa.  
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5. Results and Discussion 

Paper I – III and Paper VI study pore characteristics of porosity generated at increased build 
rates. In Paper I, the connection between process parameters and porosity was investigated 
across a wide range of layer thicknesses, hatch distances and scan speeds. The influence of 

each parameter at an increased build rate was captured. In Paper II the pore characteristics of 
selected conditions were further analysed by synchrotron X-ray computed tomography 

enabling high resolution 3D reconstructions of pores at increased build rates. Paper III 
examined the connection between increased build rates and cold cracking of low alloys steels.    

Paper IV and V investigated post-AM surface treatments to reduce surface roughness of as-
built components. In Paper IV the influence of as-built surface topography and microstructures 

on surface material removal by the electrochemical Hirtisation® process is analysed. 
Recommendations for achieving uniform material removal by tailoring the scan strategy were 

provided. Similar analysis was performed in Paper V but using the chemical mechanical 
polishing (CMP) process. Being a combination of chemical and abrasive process, the work 
addresses the changes in surface and subsurface residual stresses by XRD measurements. 

Paper VI connects the detailed characterization performed in Paper I-V, pore characteristics 

and surface treatments to fatigue properties at increased build rates.    

5.1 Impact of build rate on pore characteristics and fatigue properties  

5.1.1 Process mapping 

Extensive process mapping was conducted on PBF-LB/316L cubes to investigate the impact 

of key printing parameters on porosity levels (%). The primary objective was to understand 
how pore fraction varied at different layer thicknesses (20, 40, 60, and 80 µm) as a function of 

laser power, scan speed, and hatch distance. This approach was chosen because layer thickness 
has the largest influence on the build rate. Process windows were defined based on pore fraction 
(%) measurements obtained from image analysis of optical micrographs of polished cross-

sections. This section will present these process maps using combined parameters and compare 
them with response surfaces generated through linear regression. 

Combined parameters vs pore fraction  

Figure 15 demonstrates the applicability of the combined parameter VED and its relationship 
with measured porosity over a wide range of processing conditions for 316L stainless steel. 
Porosity tends to decrease with increasing VED across the entire investigated process region. 

Nonetheless, notable differences in porosity, reaching up to 7.5%, were observed even at 
identical VED values. The selected micrographs in Figure 15 highlight that these differences 

are due to the use of larger hatch distances rather than variations in scan speed. Consequently, 
the effectiveness of VED as a sole indicator of porosity is limited when a wide range of process 
parameters is employed as previously shown by [30]. However, as shown in Paper 3, 

maintaining a constant hatch distance reveals more predictable trends in terms of VED and 
SED (Figure 16). 
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Figure 15: Influence of the combined process parameter VED J/mm 3 on pore fraction at 20, 40, 60 and 80 µm 

layer thickness.  

 

Figure 16: Influence of the combined process parameters a) VED J/mm3 and b) SED J/mm2 on pore fraction at 

40 µm and 60 µm layer thickness of low alloy steels. 

Regression modelling of pore fraction  

Given the weak correlation observed between VED and porosity in the experiments of Paper 

I, predictive modelling via linear regression was employed as an alternative. The relative pore 

fraction was modelled as a function of laser power, scan speed, and hatch distance, with 
separate models developed for each layer thickness (20, 40, 60, and 80 µm). The results of 
these regression models are visualized in Figure 17 as contour plots, illustrating the interplay 

between hatch distance (x-axis) and scan speed (y-axis) on the predicted relative pore fraction 
at a laser power of 280 W for each layer thickness. 
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Figure 17: Contour surfaces illustrating the interaction between scan speed and hatch distance at 20, 40, 60 and 

80 µm layer thickness on pore fraction separately at 280 W laser power. 

The contour plots in Figure 17 reveal a clear trend where the processing parameter space 
predicting very low relative pore fractions reduces as the layer thickness increases from 20 to 
80 µm. For the 80 µm layer thickness, this optimal processing region for achieving minimal 

porosity becomes restricted to the corner of low scan speeds and small hatch distances. This 
four-fold increase in layer thickness leads to a significant reduction in the processing space 

predicted to yield low porosity, consistent with prior research [99], which is a consequence of 
the corresponding four-fold decrease in remelting cycles. 

 

Figure 18: Influence of scan speed and hatch distance on pore fraction (%) at increased build rates adapted from 

[108]. 

The regression models were validated by comparing the predicted porosity contours with 
experimental measurements. The predicted relative pore fraction in Figure 18 illustrates how 
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porosity evolves with increasing build rate in these two dimensions for an 80 µm layer 
thickness. The figure also presents representative micrographs displaying the pore 

characteristics at various build rates and highlights the correspondence between the model 
predictions and actual porosity measurements. The close agreement between the contour 

surface and the experimental data suggests a good accuracy of the regression model. This 
agreement indicates that regression modelling offers a more reliable approach for parameter 
selection compared to the VED plots shown in Fig. 15.  

Regarding the build rate, starting from the reference condition (Fig. 18) measuring 0.1% 

relative pore fraction at a build rate of 16 cm³/h, increasing the build rate along either the hatch 
distance or scan speed axis leads to an increase in the obtained pore fraction by introducing 

sharp elongated LoF pores. At a ~80% increase in build rate to 28 cm³/h, increasing scan speed 
resulted in a lower pore fraction of 0.2% compared to increasing hatch distance, which yielded 
a pore fraction of 1.0%. Furthermore, at a ~120% increase in build rate from the near-fully 

dense condition, the conditions achieved by increased hatch distance and increased scan speed 
show similar porosity levels and build rates but distinct pore characteristics.  As the orientation 

of pores is known to influence mechanical properties [63,64,109], a detailed description of 
these processing conditions is crucial. 

5.1.2 Impact of build rate on pore characteristics  

2D image analysis  

Having established the relationship between build rate and pore fraction, the subsequent 
analysis focused on characterizing how the pore characteristics, namely size, shape, and 
orientation, varied under different high build rate conditions. Quantification of selected 

conditions through 2D image analysis in Paper I revealed clear differences in pore 
characteristics between high build rates achieved by increasing hatch distance (Figure 19a) and 

increasing scan speed (Figure 19b). For pores larger than 100 µm, the average orientation angle 
was 70°, in the case of increased hatch distance, indicating an alignment close to the build 
direction. In comparison, higher scan speeds resulted in an orientation angle of 25°, indicating 

that pores were more aligned perpendicular to the build direction. Choo et al., [63] showed that 
pores oriented perpendicular to the loading axis result in reduced yield strength and ductility 

compared to pores aligned along the loading direction. Thus, the method of increasing the build 
rate significantly affects the anisotropy of mechanical properties. Therefore, the choice of 
parameters for increasing the build rate should carefully consider the load case in the final 

application. 
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Figure 19: Influence of a) hatch distance and b) scan speed on pore characteristics namely, size, aspect ratio and 

pore orientation adapted from [101]. 

3D reconstructions by SXCT influence of layer thickness and hatch distance 

The pore characterization in Paper I was based solely on 2D image analysis, potentially 
leading to a misinterpretation of the spatial distribution of pores, selected conditions from the 

process maps in Paper I were further analysed using SXCT at the BAMline, BESSY II in 
Berlin. This technique enabled high-resolution 3D reconstruction of the pores with a voxel size 
of 0.72 µm. Two 1 mm diameter cylinders were fabricated at each layer thickness, representing 

minimized pore fraction (Q) and increased productivity (P) (achieved with larger hatch 
spacing), and then analysed using SXCT.  
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Figure 20: 3D reconstruction of SXCT data illustrating pores present a) - b) 20 µm layer thickness and c) - d) 40 

µm layer thickness and the influence of 2.5 factor increase in hatch distance corresponding to 250 µm adapted 

from [110]. 

A key contribution of the SXCT measurements in Paper II was the high-resolution 3D capture 
of pore distribution at increased build rates for both Q and P conditions, revealing details 

missed by 2D analysis. The 3D reconstructions for 20 µm and 40 µm layer thicknesses are 
presented in Figure 20. For the Q conditions (Fig. 20a and 20c), predominantly spherical pores 

with low pore fractions (0.001% and 0.005% for 20 µm and 40 µm, respectively) were 
observed, with the 40 µm - Q sample showing slightly larger pores. Increasing the hatch 
distance to 250 µm in the P conditions resulted in higher pore fractions (0.05% for 20 µm - P 

and 0.52% for 40 µm - P). The 20 µm - P sample (Fig. 20b) contained a few large pores (up to 
140 µm) with a slight deviation from the build direction. Notably, at a 40 µm layer thickness 

under P conditions (Fig. 20d), a large pore (maximum size of 540 µm) interconnected between 
layers with a slight angle was observed, oriented parallel to the build direction. This 
interconnection and slight angularity between layers made these pores impossible to fully 

capture using 2D optical analysis, emphasizing the importance of XCT measurements, 
especially at higher pore fractions.  
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Figure 21: 3D reconstructions of SXCT data  and sphericity as a function of pore size, illustrating pores present 

at 80 µm layer thickness a) Q condition b) P condition with a 2.1 factor increase in hatch distance corresponding 

to 210 µm adapted from [110]. In c) highlighted horizontal LoF not seen at other investigated conditions.   

For the 80 µm Q condition (Fig. 21a), a very low pore fraction (0.006%) with predominantly 
spherical pores was observed, consistent with the trend of minimal porosity increase despite a 

significant build rate enhancement from 7.9 cm³/h (at 20 µm) to 23.0 cm³/h (at 80 µm). In 
contrast, the P condition at 80 µm (Fig. 21b), employing a larger hatch distance of 210 µm and 

achieving a build rate of 48 cm³/h, exhibited a substantially higher pore fraction (0.530%) with 
large, irregularly shaped pores reaching up to 400 µm, including unique horizontally oriented 
LoF pores (Fig. 16c) not seen at lower layer thicknesses as they were more parallel to the build 

direction. 

 

Figure 22: Sphericity (scatter) and cumulative area fraction of pores (lines) as function pore size for a) reference 

conditions of low porosity (Q) and b) productivity conditions (P) produced at large hatch distance. Note that the 

build rate of each condition is presented.    

Figure 22, which provides a comprehensive summary of pore characteristics across layer 
thickness shows that Q conditions consistently yielded small (< 22 µm), spherical pores across 

the tested build rates (8 to 23 cm³/h), maintaining low pore volume fractions (0.001-0.006%). 
Conversely, the P conditions, achieved with larger hatch distances (250 µm for 20/40 µm and 
210 µm for 60/80 µm layer thicknesses) and resulting in higher build rates (14 to 48 cm³/h), 

consistently showed larger (up to 540 µm), less spherical pores, leading to a substantial increase 
in overall porosity. The trends in Figure 22 clearly illustrate that increasing build rate by hatch 
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distance, the formation of these detrimental larger and more irregular pores. Which is clearer 
at the largest build rates produced by 80 µm layer thickness.  

3D pore characterization influence of scan speed and hatch distance 

The SXCT results clearly showed how shape and distribution of pores changed at increased 
hatch distances and layer thicknesses. What was really missing was how LoF pores differed 
when increasing build rate through scan speed. This was further investigated in connection 

with fatigue properties in Paper VI, where laboratory XCT was performed across the gauge 
section prior to fatigue testing. Through the knowledge gained in Paper I-II it was assumed 

that two types of porosity could be generated at the same layer thickness while having the same 
build rate. Here, porosity type A (PA) was defined as LoF pores generated based on incremental 
increases in hatch distance (inter hatch) while porosity type B (PB) was induced by using larger 

scan speeds (inter layer) with respect to the reference condition representing minimal porosity. 
While keeping the other parameter constant at two separate porosity levels.  

Figure 23 shows the changes in pore size and distribution in the gauge section in cross section 

(XY-plane), perpendicular to the build direction, when the build rate increases from 23 to 44 
cm³/h. The reference condition, processed at the lowest build rate of 23 cm³/h, has a low 
porosity content of 0.07 %, with few visible pores that appear small and spherical, as shown in 

the bottom image. Using a build rate of 37 cm³/h, the porosity content increases to 1.3 % for 
PA1 and 0.7 % for PB1. The pore distribution in PA1, produced at 37 cm³/h, shows a more 

uniform distribution of smaller, somewhat elongated pores throughout the section, suggesting 
that the increased hatch distance has led to more controlled pore formation. In contrast, PB1 
produced at the same build rate, exhibits fewer but larger and more irregularly shaped defects, 

with a less even distribution, due to the increased scan speed compared to the reference 
condition. At the highest build rate of 44 cm³/h, the porosity content reaches 3.1 % for PA2 

and 3.6 % for PB2. In PA2, porosity still shows a uniform distribution in a specific pattern, 
although size have increased compared to the lower build rate. PB2, however, displays larger, 
irregular and more randomly distributed defects, including open surface porosity visible in the 

upper right micrograph. This open porosity is particularly detrimental to fatigue life as it can 
act as a crack initiation site. Overall, both PA and PB exhibit increased porosity with higher 

build rates, but the morphology and distribution of these pores differ. PA tends to have more 
uniform porosity distribution, while PB exhibits larger and more irregular pores, which would 
lead to more detrimental defects. 
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Figure 23: XCT cross-sections of the gauge region (XY-plane) showing the distribution and pore size of different 

as-built conditions processed at varying build rates (BR), along with the measured porosity volume fraction (Vol. 

%). 

Figure 24a illustrates the cumulative area fraction of pores (solid lines) and the sphericity of 
individual pores (scattered points) for the reference (lowest build rate), PA1, and PB1 

(intermediate build rate) conditions, focusing on pores with an equivalent diameter of 30 µm 
or greater. The equivalent diameter represents the diameter of a sphere with the same volume 

as the pore. As build rate increases from the reference to PA1 and PB1, the cumulative area 
fraction curves shift to the right, indicating that a larger proportion of the total pore area is 
attributed to larger pores. Alongside, the sphericity plots show a trend towards lower sphericity 

values for PA1 and PB1 compared to the reference condition, particularly for larger pore sizes, 
suggesting the formation of more irregularly shaped pores at increased build rates. For the 
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reference, at an equivalent diameter of around 100 µm, the cumulative area fraction approaches 
the value of 1, signifying that almost all pore area is from relatively small spherical pores. 

Figure 24b presents the same analysis for the highest build rate conditions, PA2 and PB2, 
utilizing a different scale on the x-axis to accommodate the significantly larger pore sizes 

observed. Consistent with the trends in 24a, the cumulative area fraction curves for PA2 and 
PB2 are further shifted to the right, indicating an even greater contribution of larger pores to 
the total pore area. The sphericity plots for PA2 and PB2 reveal predominantly low sphericity 

values across a wide range of pore sizes, indicating that the larger pores formed at these high 
build rates are highly irregular in shape. For instance, in PB2, even at an equivalent diameter 

of 200 µm, the cumulative area fraction is only around 0.4, highlighting the presence of 
numerous large and non-spherical pores. Importantly, this analysis reveals a notable similarity 
in pore characteristics (pore fraction and sphericity) between the PA and PB conditions when 

compared at similar build rates.  

 

Figure 24: Sphericity (scatter) and cumulative area fraction of pores (lines) as function pore size for a) reference 

condition, PA1 and PB1 and b) highest level build rate for conditions PA2 and PB2. Note that the pore fraction 

of each condition is presented.   

Analysing the orientation angles (Figure 25), it is evident that PA1 (red curve) and PA2 (purple 
curve) exhibit an increasingly larger fraction of pores oriented closer to the build direction (i.e., 

at higher orientation angles, approaching 90°) when compared to the PB conditions (yellow 
and green curves). It is important to note that the pores in the reference condition (blue curve) 
are predominantly small and spherical, as seen in the 3D reconstruction, which might lead to a 

less meaningful interpretation of its orientation angle trend due to the lack of a distinct major 
axis.  
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Figure 25: Cumulative area fraction of pores as a function of their orientation angle with respect to the build 

direction (left), and representative 3D reconstructions of the largest pores for the reference, PA1, and PB1 

conditions (right). 

5.1.3 Influence of pore type on fatigue life  

The detailed pore characterization performed by 2D and 3D image analysis shown in previous 

sections provided a good understanding of the differences in pore characteristics with increased 
build rates. The mechanical performance was now evaluated in fatigue testing. Detailed studies 

of the surface topography in Paper VI showed that the five conditions tested could not be 
statistically distinguishable which illustrated that the used contour parameter provided similar 
surfaces evaluated by Sa (µm) and S10z (µm) 10 to 13 µm Sa.  

 

Figure 26: Influence of increased build speed and porosity type on fatigue life a) by increased hatch distance 

porosity type A and b) by increased scan speed (porosity type B).  

In Figure 26, the reference condition, representing the lowest build rate, exhibits longer fatigue 
life compared to the other as-built conditions, suggesting that minimizing build rate-induced 

defects is beneficial for fatigue performance. By comparing porosity type A (PA1 and PA2), 
generated by increased hatch distance, with porosity type B (PB1 and PB2), associated with an 
increased scan speed, porosity type A shows longer and more consistent fatigue performance 

at similar build rates and stress ranges, with a trend towards reduced fatigue life observed from 
PA1 to PA2. The lower overall fatigue performance and increased scatter observed in porosity 
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type B strongly correlate with the presence of more detrimental pore characteristics, larger, 
randomly distributed pores, and open porosity, as revealed by the XCT analysis (Fig. 23).  

This was further understood by investigating the fractography (Figure 27) which compares the 

fracture surfaces at the largest build rate (PA1 and PA2). As seen for condition PB (Fig. 27b) 
the LoF pores are larger and more scattered across the fracture surface compared to the PA 

pores that shows a similar distribution with pores located between melt tracks. This more 
uniform distribution (Fig. 27a) is likely to have produced less scattered fatigue life. Higher 
magnification revealed more pores connected to the surface compared to the PA conditions.      

 

Figure 27: Scanning electron microscopy (SEM) images of fracture surfaces of (a, c) PA2 and (b, d) PB2 samples 

after fatigue testing. Higher magnification images of the regions highlighted by the dashed boxes in (a) and (b) 

are shown in (c) and (d), respectively, revealing potential crack initiation sites. 

5.2 Productivity of low alloy steel  

Paper III aimed to enhance the build speed of low alloy steels produced by PBF-LB, using 
prior parameter development [92] as a benchmark, given their relevance in cost-sensitive 

industries like automotive [111]. A primary finding was that the carbon content acted as a 
constraint on the achievable build rate for these steels. Attempts to increase build speed by 

elevating scan speed resulted in shallower melt pools and reduced in-situ tempering. This, 
coupled with high hardness and residual stresses, led to cold cracking, particularly in the higher 
carbon 4140 alloy. Consequently, the 4130 alloy, with its lower carbon content, exhibited 

higher attainable build rates. 

In some 4140 specimens, surface-initiated cracks, oriented perpendicular to the build direction 
and extending inwards (Figure 28c), were observed.  Their small size did not significantly 



 

45 

 

affect sample density. Prior research at a 20 µm layer thickness linked similar cracking to cold 
cracking through microhardness and fractography analysis [84]. An evaluation of hardness and 

melt pool depths revealed that increased SED correlated with deeper melt pools and lower 
hardness (Fig. 28a-b). For SED values between 2.4 and 3.8 J/mm², the 4140-alloy showed 

slightly higher hardness (400 – 450 HV10) compared to the 4130 alloy (350 – 400 HV10), with 
cracked samples highlighted in red (Fig. 28b). Crack-free samples were generally obtained 
above 3.4 J/mm² for both layer thicknesses. This is likely due to the larger melt volume at 

higher SED, promoting more effective in-situ tempering [112]. Furthermore, the higher carbon 
content in 4140 is suggested to increase its hardenability and susceptibility to cracking 

compared to 4130 [84]. 

 

Figure 28: Hardness (HV10) and melt pool depth (µm) plotted against SED (J/mm²) for a) 4130 and b) 4140 

steels, processed at a  laser power of 250 W. Conditions representing specimens with cold cracks are highlighted  

in red.  

5.3 Post-AM surface treatments and its impact on material properties 

The following section summarizes the post-AM surface treatments of as-built surfaces using 

potential AM tailored surface material removal processes covered in Paper IV and Paper V.  

5.3.1 Influence of Hirtisation® and chemical mechanical polishing on microstructure  

The typical appearance of the as-built surface is presented in Fig. 29a with a surface roughness 

of Sa = ~20 µm. The Hirtisation® process reduced this roughness to approximately 7 µm Sa, 
primarily due to the removal of adhered powder (Fig. 29a). The topography after Hirtisation® 

(Fig. 29b) revealed melt pool boundaries, indicating preferential material removal locations. In 
contrast, chemical mechanical polishing (CMP) led to reductions as low as 0.7 µm Sa and 
yielded a different surface topography than Hirtisation®, where the surface was completely 

planarized by the removal of surface peaks with some valleys remaining (Fig. 29c). Also, note 
that microstructural features such as melt pools are not visible after CMP. 
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Figure 29: Surface topography of a) as-built surface b) after Hirtisation® and c) after CMP. 

The mechanism of material removal for the Hirtisation® process, as observed at higher 

magnification in Figure 30, involved preferential attack near melt pool boundaries and, to some 
extent, along grain boundaries. This preferential removal is evident when comparing the as-

built features (Fig. 23a) with the surface after Hirtisation® (Fig. 30b-c). While the exact cause 
of this was not investigated in detail, it is assumed to be related to local chemical variations at 
melt pool boundaries resulting from segregation during solidification [113]. Consequently, 

research into the effect of heat treatment on this phenomenon could provide further 
understanding of the underlying mechanism. Furthermore, two implications of this preferential 

removal were identified. First, the material removed near the melt pools left sharp notches 
(approximately 10 µm in depth). Further, anisotropic surface patterns were observed after 
Hirtisation® of microstructures induced by a 0° scan rotation, as seen in the differing cross-

sections in Figure 30b and 30c. To mitigate this anisotropy and achieve more uniform material 
removal, Paper IV recommends the use of a 67° scan rotation, which yields more 

homogeneous as-built surfaces with less variation in microstructural features, resulting in more 
uniform material removal by the Hirtisation® process. 

 

Figure 30: SEM images illustrating the preferential material removal during Hirtisation® near melt pool and 

grain boundaries. a) shows the as-built microstructure with melt pool boundaries (white arrows) and partially 

melted powder (yellow arrows). b) and c) reveal preferential attack along these boundaries during Hirtisation® 

on different cross-sections of a 0° scan rotation sample, leading to distinct surface patterns. Black arrows in b) 

and c) indicate grain boundaries also experiencing some attack. 

In contrast to Hirtisation®, where microstructural features were preferentially attacked, CMP 
resulted in surface removal without any indication of preferential attacks near microstructural 
features, as supported by EBSD (Figure 31). The EBSD maps in Fig. 31a (as-built edge) and 
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Fig. 31b (CMP-treated edge) show no significant alteration of the microstructure or grain size 
near the edges, although a clear rounding of the edge is apparent. However, the EBSD analysis 

reveals the formation of a thin, deformed surface layer indicated by unind exed areas and 
confirmed by KAM maps showing increased misorientation. This suggested a mechanical 

effect at the near surface with surprisingly little impact on the surface microstructure.  

 

Figure 31: Microstructural analysis by EBSD near the edge of a 316L sample: (a) as built and (b) after CMP. The 

CMP-treated surface exhibits edge rounding and near-surface plastic deformation, as highlighted by the higher 

magnification KAM maps in (c) and (d). While CMP planarizes the surface, the EBSD maps show no significant 

alteration of the underlying grain structure, but the KAM maps reveal deformation close to the surface. 

Based on the combined analysis of the surface topography and microstructure on PBF-LB 316L 
subjected to CMP or Hirtisation®, the main takeaways are presented in Figure 32. Both 

processes are affected by the anisotropic surface topography and microstructure generated by 
the 0° scan rotation, which can be seen by comparing the BD-Y and BD-X cross-sections. As 

stated earlier, the preferential attack of melt pools during Hirtisation® consequently yields 
different patterns. As for CMP, it is more a question of how much surface material should be 
removed. In this case, at least another 100 µm should have been removed to fully eliminate the 

valleys created between stacked melt pools of the BD-X cross-section, which was initially 
rougher with deeper valleys compared to the other cross-section. 
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Figure 32: Visual representation of the impact of 0° scan rotation on surface topography and the effectiveness of 

Hirtisation® and CMP. Scanning electron micrographs compare the BD-X and BD-Y cross-sections in the as-

built condition and after each surface treatment, illustrating how the initial anisotropic surface, created by the 

unidirectional scanning, influences the material removal and final surface morphology achieved by Hirtisation® 

and CMP. 

5.3.2 Influence of Hirtisation® or CMP on subsurface residual stresses 

As illustrated in Figure 33, Hirtisation® leads to an increase in tensile residual stress. Given 
that material removal via Hirtisation® is strictly an electrochemical process, the observed stress 

increase is likely attributed to stress redistribution compensating for the removal of 
approximately 150 µm of material. This finding presents a potential concern, as tensile stresses 

approaching the material yield limit were detected at a depth of 100 µm from the surface. In 
contrast, CMP induces compressive residual stress. This transition to a compressive stress state 
is likely associated with the mechanical action inherent to the CMP process and the resultant 

surface deformation, as discussed previously. Another observation was that the strain 
distribution of the samples processed by CMP was fully isotropic. The contrasting effects of 
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these two post-processing methods on the residual stress state highlights the fundamental 
differences in their material removal mechanisms. 

 

Figure 33: Influence of Hirtisation® and CMP post-processing on the residual stress profile of PBF-LB 316L as 

a function of depth from the surface. The as-built residual stress is shown for comparison. Data acquired via 

synchrotron X-ray diffraction (SXRD). 

5.3.3 Fatigue life after surface treatments 

In Paper VI, the fatigue behaviour of the reference material was evaluated following 
processing with both CMP and Hirtisation®. Subsequent testing demonstrated a significant 

improvement in endurance under cyclic loading for both surface treatments, resulting in a 
fatigue life approximately double that of the as-built condition (see Figure 34). Analysis of 
fracture surfaces indicated that crack initiation was frequently associated with pores that had 

become exposed at the surface in CMP-treated samples, while in Hirtisation® processed 
samples no obvious surface defects were found. These initiation sites in CMP samples likely 

correspond to the spherical pores previously identified by XCT (Fig. 25) within the 
contour/hatch overlap zone, situated roughly 100 µm below the surface. Consequently, it is 
possible that further gains in fatigue life could be achieved if these contour-induced pores were 

eliminated, particularly for CMP. In contrast, the absence of surface defects in Hirtisation® 
processed samples, where approximately 400 µm of material was removed, suggests that this 

process effectively eliminated these subsurface pores. Assuming comparable surface 
characteristics on the fatigue test specimens to those observed on the cubes used for 
microstructural analysis in Paper IV, crack initiation in Hirtisation® processed samples may 

have originated in the valleys formed between solidified melt tracks.  
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Figure 34: Fatigue life (Nf) as a function of stress range (MPa) for 316L samples in the as-built condition, after 

Hirtisation®, and after chemical mechanical processing. 
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6. Conclusions 

This thesis investigated how increased build rates, enabled through systematic variation of the 
key PBF-LB process parameters, namely layer thickness, scan speed, and hatch distance, affect 
processability, porosity formation, surface characteristics, and fatigue performance in ferrous 

alloys, including 316L stainless and 4130 and 4140 low-alloy steels. Through a combination 
of empirical modelling, advanced pore characterization (2D and 3D), and surface treatment 

evaluation, the work provides new insights into the trade-offs between productivity and part 
quality. The conclusions are structured to directly address the three research questions that 
framed this research. 

RQ1: How do high-productivity process parameters in PBF-LB influence the pore 

characteristics of ferrous alloys? 

This research demonstrates that increasing build rates in PBF-LB through higher layer 
thickness, scan speed and hatch distance significantly affects pore formation in 316L stainless 

steel. The porosity response cannot be reliably predicted by VED alone, instead, the combined 
influence of layer thickness, scan speed, hatch distance, and laser power must be considered. 

• In 316L, a ~120% increase in build rate produced pores aligned either parallel (by 
increased hatch distance) or perpendicular (by increased scan speed) to the build 
direction, affecting orientation and morphology. Elongated pores formed preferentially 
at high hatch distance and large layer thickness (80 µm), while smaller layer thicknesses 

allowed for more remelting and pore healing. 

• The 3D XCT analysis revealed that traditional 2D imaging do not provide full 
information concerning pore morphology, particularly for large, sharp pores extending 
across multiple layers. 

• In low-alloy steels (AISI 4130 and 4140), defect formation was found to be sensitive to 
surface energy density (SED). High SED mitigated LoF pores and cold cracking, 

enabling the production of crack-free, dense parts even at higher build rates (up to 250% 
increase for 4130). 

• Cold cracking in 4140 was suppressed by increasing SED above 3.4 J/mm², promoting 
in-situ tempering and lowering hardness from ~450 to ~400 HV. 

These findings provide process maps and guidelines for optimizing build rate without 

compromising part density, enabling tailored defect control in both stainless and low-alloy 
steels. 

RQ2: How do as-built microstructure and surface roughness influence material removal 

during post-AM surface treatment? 

Two advanced post-processing methods, Hirtisation® and Chemical Mechanical Polishing 
(CMP), were investigated for their ability to reduce the high surface roughness inherent to as-

built PBF-LB components while preserving or enhancing microstructural integrity. 

• Hirtisation® removed powder particles and preferentially attacked melt pool 
boundaries, leading to surface notches up to 10 µm deep. The process was sensitive to 

scan strategy where 67° scan rotation yielded more uniform surfaces than 0°, which 
produced anisotropic roughness. 

• CMP achieved significant smoothing, reducing Sa roughness by up to 90% (as low as 
0.7 µm). Surface peaks were fully removed, though valleys up to 90 µm remained in 
some regions, indicating that a material removal depth of ~110 µm was insufficient. 
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• Microstructural investigations showed that neither method significantly altered grain 
size, but CMP introduced shallow plastic deformation (1–5 µm) and rounded edges. 

• Importantly, CMP induced compressive surface residual stress (up to −400 MPa) and 
promoted isotropic strain distribution, both of which are favorable for fatigue 

performance. 

Thus, both techniques offer effective surface refinement. Hirtisation® is well-suited for 

complex internal geometries, while CMP provides mechanical enhancement through stress 
redistribution with minimal microstructural change. 

RQ3: How do surface roughness and pore characteristics influence the fatigue strength of 

PBF-LB processed stainless steel? 

Fatigue testing revealed that pore morphology and orientation were the dominant factors 
influencing high-cycle fatigue (HCF) performance in 316L, especially under as-built  

conditions. 

• Fatigue life was significantly reduced at increased build rates, with samples produced 
via high scan speed (inter-layer porosity) exhibiting lower and more scattered fatigue 

performance due to randomly distributed, sharp LoF pores often connected to the 
surface and oriented perpendicular to loading. 

• In contrast, parts produced with increased hatch distance (inter-hatch porosity) showed 
a more uniform pore distribution and lower scatter in fatigue life, despite similar 
porosity levels. 

• Both CMP and Hirtisation® surface treatments improved fatigue life by approximately 
twofold. CMP exposed sub surface pores (spherical in shape) which acted as crack 

initiation points. As Hirtisation® removed ~400 µm of material, near-surface defects 
were fully removed.  

These results highlight that fatigue strength is governed by the interaction of surface condition 
and subsurface porosity. For fatigue-sensitive applications, both the pore morphology and 
surface treatment strategy must be carefully engineered considering build rate optimization. 
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7. Future work 

Based on the results and conclusions of this thesis, several areas for future research are 
recommended to advance the understanding and application of high-productivity PBF-LB of 
ferrous alloys. 

Hot Isostatic Pressing (HIP) should be explored to compensate for the increased pore fractions 

associated with ultra-fast builds using large hatch distances and layer thicknesses. This 
approach could allow the process window to be intentionally widened, significantly boosting 

productivity. Additionally, the influence of different LoF pore morphologies, such as those 
observed in this work on the possibility to use HIP for their mitigation, needs investigation, 
particularly in terms of shape, orientation, and connectivity. 

The choice of process gas during both printing and HIP (e.g., nitrogen vs. argon) should be 

studied for its potential to affect densification behavior, microstructure, and overall mechanical 
performance. This could be especially relevant for increasing the fatigue properties of 316L 

stainless steel. 

Fatigue testing should be expanded to include a reference condition at 40 µm layer thickness, 
representing a common industrial standard. This would help contextualize the influence of 

increased build rates on high-cycle fatigue life. Furthermore, fatigue testing of samples built at 
different angles is recommended to investigate how pore orientation relative to the load 
direction affects crack initiation and propagation, particularly for LoF pores. 

To isolate the effect of internal pore characteristics on fatigue strength, surface roughness 

should be removed by machining prior to testing. This would enable more precise evaluation 
of critical pore size and proximity to the surface. Similarly, while extensive tensile property 

data exists for 316L, it is important to test the specific parameter sets used in this thesis to 
understand how increased build rates and resulting pore types influence strength and ductility. 

The mechanism behind the preferential material removal observed during Hirtisation®, 
particularly near melt pool boundaries, should be studied further. Effect of post-AM heat 

treatment on the surface response by Hirtisation® and CMP should be additionally studied. 

Finally, determining the precise depth at which surface and subsurface features form in as-built  
parts is essential. This information is critical for guiding surface treatment providers on the 

appropriate amount of material removal required to eliminate defects and optimize surface 
integrity. 
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