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ABSTRACT 

 

This study investigates the effect of process parameters — specifically laser 

power, scanning speed, and build platform preheating — on the quality and defect 

formation in laser-powder bed fusion Inconel 718 components, with the aim of identifying 

optimal combinations of parameters for achieving high-quality components. Three 

different batches of samples were fabricated at different preheating temperatures: 80°C, 

300°C, and 500°C. The alloy was investigated in terms of density, using gas pycnometry 

and optical microscopy, revealing that 300°C preheating yielded the largest number of 

specimens with optimal quality, whereas 500°C resulted in lower densities and larger 

defects. Scanning electron microscopy coupled with energy-dispersive x-ray 

spectroscopy showed the formation of a fine cellular microstructure with oxide inclusions 

of varying morphologies and compositions, and solidification cracks, in particular in 

samples printed with the lowest preheating temperature. Finally, a mechanical 

characterization based on the hardness measurements indicated a general decrease in 

hardness with increasing preheating temperature. 

  



 

 

Contents 
 

ABSTRACT ...........................................................................................................  

Chapter 1 .............................................................................................................. 1 

INTRODUCTION ................................................................................................ 1 

Chapter 2 .............................................................................................................. 5 

STATE OF THE ART ........................................................................................... 5 

2.1 Additive Manufacturing .............................................................................. 5 

2.2 Laser-Powder Bed Fusion (L-PBF) ............................................................ 6 

2.2.1 Physics of L-PBF ................................................................................. 8 

2.2.2 Setting Parameters ............................................................................... 9 

2.2.3 Volumetric Energy Density (VED) ...................................................... 9 

2.2.4 Defects in L-PBF ............................................................................... 10 

2.2.5 PV Processing Maps ........................................................................... 11 

2.3 Superalloys ............................................................................................... 12 

2.3.1 Superalloy Classes ............................................................................. 13 

2.3.2 Strengthening Mechanisms in Superalloys ....................................... 15 

2.6 Inconel 718 ............................................................................................... 17 

2.6.1 Microstructure in Wrought Products ................................................. 17 

2.6.2 Inconel 718 Processed by Laser-Powder Bed Fusion ....................... 19 

2.6.3 Thermal Treatments ........................................................................... 20 

Chapter 3 ............................................................................................................ 23 

MATERIALS AND EXPERIMENTAL METHODS ......................................... 23 

3.1 Original Powders ...................................................................................... 23 

3.2 Sample Fabrication ................................................................................... 23 

3.2.1 AconityMIDI Machine ...................................................................... 23 



 

 

3.2.2 Characteristics and Parameters of the Specimens ............................. 25 

3.2.3 Sample Preparation ............................................................................ 31 

3.3 Microstructural Characterization .............................................................. 32 

3.3.1 Optical Microscope (OM) and ImageJ Analysis ............................... 33 

3.3.2 Scanning Electron Microscope (SEM) .............................................. 33 

3.4 Density Measurements ............................................................................. 34 

3.4.1 Density Assessment with Pycnometer ............................................... 35 

3.4.2 Density Measurement with Micrographs .......................................... 35 

3.5 Hardness Tests .......................................................................................... 36 

3.5.1 Macro-Hardness and Micro-Hardness ............................................... 36 

Chapter 4 ............................................................................................................ 39 

RESULTS ........................................................................................................... 39 

4.1 Density Assessment .................................................................................. 39 

4.1.1 Pycnometer Density ........................................................................... 39 

4.1.2 Density Measurement through Micrographs ..................................... 42 

4.1.3 Processing Maps ................................................................................ 46 

4.2 Internal Defects......................................................................................... 48 

4.2.1 Porosity Morphologies ...................................................................... 48 

4.2.2 Porosity Critical Size ......................................................................... 51 

4.2.3 Hot Cracks ......................................................................................... 52 

4.3 Microstructure .......................................................................................... 53 

4.3.1 Cellular Structure ............................................................................... 53 

4.3.2 Oxide Inclusions ................................................................................ 54 

4.4 Mechanical Characterization .................................................................... 56 

4.4.1 Macro and Micro Hardness ............................................................... 56 

Chapter 5 ............................................................................................................ 59 



 

 

DISCUSSION ..................................................................................................... 59 

5.1 Limitations of VED and Effect of Preheating on Process Map and Output 

Quality ........................................................................................................................ 59 

5.2 Defect and Inclusion Evolution ................................................................ 63 

5.3 Influence of Process Parameters on Subgrain Boundaries and Size ........ 65 

5.4 Impact of Parameters and Preheating on Hardness .................................. 66 

Chapter 6 ............................................................................................................ 69 

CONCLUSIONS ................................................................................................ 69 

Chapter 7 ............................................................................................................ 71 

PERSPECTIVES ................................................................................................ 71 

Chapter 8 ............................................................................................................ 72 

REFERENCES ................................................................................................... 72 

Chapter 9 ............................................................................................................ 81 

ANNEXES ......................................................................................................... 81 

 

 

  



 

 

List of Figures 

Figure 1.1 – Schematic representation of work packages (WP) and their interaction in 

SENSAM+ project, along with the main experimental tasks and models involved, and 

expected milestones .......................................................................................................... 2 

Figure 2.1 – Schematic of laser-powder bed fusion (L-PBF) process [20].......................7 

Figure 2.2 – Examples of (a) lack-of-fusion defects with unmelted powders [48], (b) 

keyhole porosities [49], and (c) balling [50] ................................................................... 11 

Figure 2.3 – Qualitative representation of PV processing map showing keyhole, balling, 

and lack of fusion regions [31] ....................................................................................... 12 

Figure 2.4 – Example of face-centered cubic (FCC) unit cell [56] ................................ 13 

Figure 2.5 – Unit cell of MC (a), M6C (b), and M23C6 (c) carbides [73] ....................... 16 

Figure 2.6 – TEM micrographs showing γ′ [81] (a) and γ′′ [82] (b) particles ................ 18 

Figure 2.7 – TEM micrographs showing MC [84] (a), M23C6 [85] (b), and M6C [86] (c) 

carbides ........................................................................................................................... 19 

Figure 2.8 – Micrographs showing the morphology of Laves [88] (a) and δ [89] (b) phases

 ........................................................................................................................................ 19 

Figure 3.1 – AconityMIDI machine [93].........................................................................24 

Figure 3.2 – Printed Samples with platform preheating of 80°C (a), 300°C (b), and 500°C 

(c) .................................................................................................................................... 25 

Figure 3.3 – 90°/90° scan strategy [94] .......................................................................... 25 

Figure 3.4 – Distribution of printing parameters for samples printed with 80°C (a), 500°C 

(b), and 300°C (c) preheating ......................................................................................... 30 

Figure 3.5 – Illustration showing the cutting line, in red, and the building direction of the 

cubes ............................................................................................................................... 31 

Figure 3.6 – Struers Citopress-1 [95] (a) and Struers Tegramin-30 [96] (b) .................. 32 

Figure 3.7 – Polished samples after preparation with carbon-based paint and exhibiting 

hardness indentations ...................................................................................................... 32 

Figure 3.8 – Olympus BX60 microscope [97] ............................................................... 33 

Figure 3.9 – Tescan Clara Ultra-High Resolution SEM [98] ......................................... 34 

Figure 3.10 – AccuPyc II Serie 1345 Pycnometer [99] .................................................. 35 



 

 

Figure 3.11 – Example of thresholding performed with ImageJ® software for the 

evaluation of the density ................................................................................................. 36 

Figure 3.12 – Innovatest Falcon 500G2 hardness tester [100] ....................................... 37 

Figure 3.13 – Schematic of indentation grid for macro-hardness and micro-hardness .. 37 

Figure 4.1 – Variation of sample density as a function of VED for specimens printed with 

80°C preheating...............................................................................................................43 

Figure 4.2 – Variation of sample density as a function of VED for specimens printed with 

300°C preheating ............................................................................................................ 44 

Figure 4.3 – Variation of sample density as a function of VED for specimens printed with 

500°C preheating ............................................................................................................ 45 

Figure 4.4 – Variation of the optimal VED range for the different preheating temperatures

 ........................................................................................................................................ 46 

Figure 4.5 – Process map for 80°C (a), 300°C (b), and 500°C (c) platform preheating 47 

Figure 4.6 – Gas porosity morphology observed with an optical microscope at 2.5x 

magnification (a) and with SEM at 300x magnification (b) ........................................... 49 

Figure 4.7 – SEM micrograph showing the selected EDX line for the analysis of some 

features observed close to a porosity (a) and the corresponding mass percentage profile 

of the elements along the line (b) ................................................................................... 49 

Figure 4.8 – Lack-of-fusion porosity morphology at 2.5x magnification (a), with 

unmelted particles highlighted in red (b) ........................................................................ 50 

Figure 4.9 – Spatter particle, highlighted in red, on the surface of a sample, with the 

corresponding underlying defects indicated in green ..................................................... 51 

Figure 4.10 – SEM micrograph, with 300x magnification, showing a hot crack (a) and 

atomic percentage profile of the elements along an EDX line passing through the crack 

(b) ................................................................................................................................... 53 

Figure 4.11 – Micrograph showing the cellular structure of L-PBF Inconel 718 .......... 54 

Figure 4.12 – SEM micrograph of the analyzed region (a) and EDX mapping of the 

elements (b) .................................................................................................................... 54 

Figure 4.13 – SEM micrographs showing irregular (a) and sharp-edged inclusions, 

indicated with the red arrow (b) ..................................................................................... 55 



 

 

Figure 4.14 – SEM micrograph showing the selected EDX line for the analysis of an 

irregular inclusion (a) and the corresponding atomic percentage profile of the elements 

along the line (b), with the red box highlighting Si and O peaks ................................... 55 

Figure 4.15 – SEM micrograph showing the selected EDX line for the analysis of a sharp-

edged inclusion (a) and the corresponding atomic percentage profile of the elements along 

the line (b), with the red box highlighting Al, O, and Ti peaks ...................................... 56 

Figure 4.16 – Macroscopic hardness results of the analyzed samples ........................... 57 

Figure 4.17 – Microscopic hardness results of the analyzed samples ............................ 57 

Figure 5.1 – Process maps for 80°C (a), 300°C (b), and 500°C (c) preheating 

temperatures. Samples highlighted in green boxes combine high measured density (>99.5 

%) with defects not exceeding the critical size, whereas samples in orange boxes also 

exhibit high measured density but contain large defects.................................................62 

Figure 5.2 – SEM micrograph showing the coalescence of SiO2 inclusions in a sample 

fabricated with 500°C platform preheating (a) and the corresponding atomic percentage 

profile of the elements along the EDX line (b), with the red box highlighting Si and O 

peaks ............................................................................................................................... 65 

 

 

  



 

 

List of Tables 

Table 3.1 – Chemical composition of Inconel 718 powders .......................................... 23 

Table 3.2 – AconityMIDI technical sheet [93] ............................................................... 24 

Table 3.3 – List of process parameters used for the samples fabrication with 80°C 

preheating, with the samples highlighted in red that are those not fully printed ............ 27 

Table 3.4 – List of process parameters used for the samples fabrication with 500°C 

preheating, with the samples highlighted in red that are those not fully printed ............ 28 

Table 3.5 – List of process parameters used for the samples fabrication with 300°C 

preheating, with the samples highlighted in red that are those not fully printed ............ 29 

Table 4.1 – Pycnometer density for the samples printed with 80°C preheating..............40 

Table 4.2 – Pycnometer density for the samples printed with 300°C preheating ........... 41 

Table 4.3 – Pycnometer density for the samples printed with 500°C preheating ........... 42 

Table 4.4 – Density measured from micrographs for samples printed with 80°C 

preheating. Values highlighted in green correspond to samples with a density higher than 

99.7%. ............................................................................................................................. 43 

Table 4.5 – Density measured from micrographs for samples printed with 300°C 

preheating. Values highlighted in green correspond to samples with a density higher than 

99.7%. ............................................................................................................................. 44 

Table 4.6 – Density measured from micrographs for samples printed with 500°C 

preheating. Values highlighted in green correspond to samples with a density higher than 

99.7%. ............................................................................................................................. 45 

Table 4.7 – List of the samples selected for further analyses ......................................... 48 

Table 4.8 – Equivalent diameter of the largest porosity in each printed sample for the three 

different preheating temperatures ................................................................................... 52 

Table 4.9 – Macro hardness and micro hardness average values for each sample ......... 58 

 

 

  



 

 

 

  



 

 

  



1 

 

Chapter 1 

INTRODUCTION 

 

This Master’s Thesis is part of a broader research project entitled Smart 

enhancement of Ni-based superalloys “for additive manufacturing” towards improved 

creep resistance at high temperature (SENSAM+), which aims at modifying the well-

known alloy Inconel 718 to reach both a good printability by Laser-Powder Bed Fusion 

(L-PBF) and superior creep properties (in as-built and/or heat-treated conditions). To this 

goal, SEMSAM+ relies on a rigorous methodology and on a well-balanced scientific 

consortium built on 3 multidisciplinary and complementary teams to combine 

experimental and modelling approaches. 

A major challenge remains to produce defect-free Additive Manufactured (AM) 

parts, with usage properties equivalent to or higher than those obtained from conventional 

processes. 

The proposed methodology combines experimental and numerical approaches 

with defined work packages (WP) that interact with one another, as illustrated in Figure 

1.1. More specifically, WP1 (Manufacturing & Characterization) will allow printing and 

characterizing new alloy compositions under both as-built and heat-treated conditions. 

WP2 (Process Modeling) will help understand the influence of the L-PBF processing 

parameters on the melt pool (MP) based on P-FEM models. Simultaneously, WP3 (Final 

Behavior Modeling) will link the microstructures and the usage properties, i.e., in 

particular, the creep behavior of the printed materials. 
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Figure 1.1 – Schematic representation of work packages (WP) and their interaction in SENSAM+ project, along with 

the main experimental tasks and models involved, and expected milestones 

 

The work carried out during this master’s thesis is part of WP1, which consists of 

investigating the effect of key process parameters, such as laser power, scanning speed, 

and platform preheating, on the processability of Inconel 718 powders and on the defect 

occurrence in the as-built specimens. Therefore, the focus will be on the characterization 

of the alloy in order to identify the most effective combinations of these processing 

parameters, which will subsequently be used in further research on creep behavior. 

The content of this manuscript is structured as follows: 

• Chapter 1 provides an introduction and background to the research. 

• Chapter 2: 

o set the state of the art in AM technologies in general and the L-PBF 

process in particular; 

o highlights the main processing parameters for L-PBF, the type of 

characterization via defects, and approaches for printing 

optimization using processing maps; 

o introduces superalloys with their strengthening mechanism; 
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o focuses on Inconel 718 while comparing the conventional wrought 

grade with the newly developed AM grade, and related subsequent 

heat treatments. 

• Chapter 3 presents both the powder feedstock and the experimental 

methods that have been used, starting from sample preparation up to macro 

and microstructural characterization. 

• Chapter 4 gives the main observations and results related to specimens' 

soundness, microstructure characterization, and hardness. 

• Chapter 5 sets a discussion about the results while addressing relevant 

issues. 

• Chapter 6 corresponds to the main conclusions. 

• Chapter 7 draws out some prospects. 

• Annexes are also provided at the end of the manuscript. 
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Chapter 2 

STATE OF THE ART 

 

2.1 Additive Manufacturing 

Over the past few decades, Additive Manufacturing (AM) has emerged as a highly 

significant technology for the production of metallic components, exhibiting a great 

number of advantages over conventional manufacturing methods. Traditional processes 

are often constrained in terms of achievable geometries and design flexibility [1], [2]. In 

contrast, AM is a technique that allows the fabrication of complex, near-net-shape 

components directly from CAD models using a layer-by-layer approach. This eliminates 

the need for extensive post-processing operations and overcomes many design limitations 

[3]. Beyond its design flexibility, AM can produce microstructures different from those 

obtained through conventional techniques, thanks to the unique thermal conditions of the 

process, potentially enhancing mechanical performance and ensuring greater chemical 

uniformity [4], [5]. These combined advantages make additive manufacturing extremely 

attractive, particularly in the aerospace, biomedical, and automotive sectors among all 

[6], [7]. 

The birth of additive manufacturing technologies can be traced back to the issuing 

of the stereolithography patent by the company ‘3D Systems’ [8]. Initially, additive 

manufacturing was being employed for rapid prototyping, which was developed more 

than thirty years ago for producing non-structural components for design purposes [6]. 

However, significant improvements have been made over the past years, thanks to the 

development of novel additive manufacturing processes and the introduction of new 

materials with improved mechanical, thermal, and chemical properties [1], [9]. In the 

particular case of metals, technological advancements led to an increase in part density 

and overall component quality [10]. 

Despite the huge improvements, additive manufacturing still faces several 

limitations in terms of processable materials [9]. In powder-based AM technologies, 

surface roughness and the so-called ‘staircase effect’ — particularly evident on inclined 
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surfaces — remain major obstacles to part accuracy [11]. Furthermore, repeatability and 

reproducibility continue to hinder a high outcome quality, as process parameter 

fluctuations can affect the final properties of the product [12]. So far, technologies 

involving the fusion of powders have yet to deliver component quality equivalent to that 

of traditional subtractive techniques [8]. 

According to ISO/ASTM 52900 standard [13], it is possible to distinguish among 

7 distinct AM categories: 

• Vat Photopolymerization (VPP), which uses a vat of liquid photopolymer 

resin cured through light-activated polymerization. 

• Material Extrusion (MEX), in which material is selectively dispensed 

through a nozzle. 

• Material Jetting (MJT), in which droplets of material are selectively 

deposited. 

• Binder Jetting (BJT), which uses a liquid bonding agent to selectively join 

powder particles. 

• Powder Bed Fusion (PBF), in which thermal energy fuses the desired 

regions of a powder bed. The energy source can be either a laser or an 

electron beam. 

• Directed Energy Deposition (DED), in which thermal energy is used to 

fuse materials as they are being deposited. 

• Sheet Lamination (SHL), which uses sheets of material bonded together 

to form an object. 

 

 

2.2 Laser-Powder Bed Fusion (L-PBF) 

Metal powder bed fusion (PBF) is a category of additive manufacturing that 

involves the interaction of fed powders with a high-energy thermal source. Depending on 

the specific technique, this energy source can be a laser, as in laser-powder bed fusion (L-

PBF), or an electron beam, as in electron beam-powder bed fusion (EB-PBF) [14]. 

Powder bed fusion is one of the most popular additive manufacturing technologies used 

for metal part fabrication, offering the possibility to produce components with complex 
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shapes and mechanical properties comparable to those fabricated through conventional 

manufacturing techniques [15]. 

The process begins with the preparation of computer-aided design (CAD) files, 

which are subsequently sliced into two-dimensional layers by computer software. The 

powders are spread uniformly on the working platform utilizing a recoater, and then the 

energy source selectively melts regions of the powder bed according to the shape defined 

by the digital model. Once a layer is completed, the platform lowers by a predetermined 

layer thickness, and the sequence is repeated until the final component is fully fabricated 

[16], [17], [18], [19]. Error! Reference source not found. provides a schematic 

representation of the laser-powder bed fusion process. 

 

Figure 2.1 – Schematic of laser-powder bed fusion (L-PBF) process [20] 

 

In certain cases, laser-powder bed fusion can involve the preheating of the 

working platform to minimize the rapid cooling rate from the base. This approach helps 

reduce thermal stresses, thus minimizing the risk of deformation and cracks, particularly 

at the contact point between the sample and the platform [21], [22]. In addition, the build 

platform is located in a chamber maintained under a controlled atmosphere with a 

homogeneous flow of inert gas, typically argon or nitrogen, to prevent melt pool oxidation 

and to facilitate the removal of by-products generated during the powder processing [23]. 
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2.2.1 Physics of L-PBF 

The first stage of the fabrication process, in L-PBF, involves the interaction 

between the incident laser beam and the powder bed. This interaction governs the fraction 

of energy that is absorbed by the powders, which in turn controls the stability of the melt 

pool and ultimately the quality of the built component [24]. The absorption, moreover, is 

controlled by several factors, including the properties of the laser used, the optical 

properties of the alloy, and the morphology and size distribution of the powders [25], [26]. 

Fine particles generally exhibit greater energy absorption due to their larger ratio between 

surface area and volume; however, excessively fine powders can compromise the 

flowability [27]. Other factors influencing laser absorption include the presence of surface 

oxides, which can significantly modify the absorptivity of the powders, and the packing 

density, which governs the laser penetration within the layer [28], [29]. 

The properties of the particles and the processing parameters used cooperate in 

the determination of the geometry and stability of the melt pool, which in turn dictate the 

final quality of the part. The flow of the metal within the melt pool is controlled by 

Marangoni convection, which induces outward flow from the hot center toward the tail. 

This effect widens the pool and promotes fusion uniformity [30]. Another important 

phenomenon is recoil pressure, generated by the vaporization of metal. This pressure may 

increase the instability of the melt pool, leading to the possibility of gas entrapment [31]. 

Thus, a careful optimization of the parameters is essential to control the melt pool 

behavior and achieve defect-free components. 

In L-PBF, once the laser passes, the melt pool undergoes rapid solidification with 

cooling rates typically ranging from 105 to 108 K/s, far higher than those observed in 

conventional casting. Normally, such extreme cooling rates produce a fine microstructure 

that can enhance mechanical properties [32], [33]. Furthermore, heat is predominantly 

extracted in the build direction, leading to the formation of columnar grains aligned with 

the thermal gradient. During solidification, both segregation phenomena and the 

formation of secondary phases can occur. Under the high cooling rates characteristic of 

L-PBF, coarse precipitates and non-equilibrium phases can form [34]. 

In L-PBF, the steep thermal gradients and rapid thermal cycling generate strong 

thermal stresses within the fabricated components. As the molten metal cools down, the 

track solidifies and contracts; however, the constraints imposed by the underlying 
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solidified layer prevent free deformation, resulting in the generation of residual stresses 

[14], [31]. When sufficiently high, these stresses can potentially manifest as distortion or 

warping of the printed component [7]. The magnitude and distribution of residual stresses 

are highly sensitive to scan strategy and build-plate preheating, which can induce thermal 

gradients in the material if not optimized [10], [19]. 

2.2.2 Setting Parameters 

In modern laser-powder bed fusion systems, over one hundred processing 

parameters influence the fabrication process. Among these, the most commonly 

considered include: 

• laser-related parameters, including laser power and spot size; 

• scan-related ones such as scan velocity, hatch spacing, and scan strategy; 

• powder-related parameters, encompassing particle size distribution and 

morphology, and layer thickness; 

• build chamber and platform parameters such as preheating temperature 

and atmosphere [35]. 

The final quality of the product is strongly influenced by these input parameters 

and their control during the process, as they contribute to the formation of defects, thus 

altering the mechanical and microstructural properties of the fabricated component [36]. 

These parameters, most of the time, interact non-linearly, thus requiring a trade-off for 

achieving the optimization of the process [37]. In order to minimize the occurrence of 

defects, precise monitoring and control of the process must be implemented to ensure the 

stability of the build conditions [38], [39]. 

 

2.2.3 Volumetric Energy Density (VED) 

As described above, input parameters in laser-powder bed fusion (L-PBF) directly 

affect the quality of the fabricated component. One way to describe the combined effect 

of the multiple parameters involved is through the energy density indices, which group 

specific variables into a single value and help in predicting the final properties of the part 

[31], [40]. 

Different kinds of energy density have been introduced for this purpose; each of 

them takes into consideration different parameters [21], [31], [41]: 
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• Linear energy density (LED) [J/mm] 

 
𝐿𝐸𝐷 =

𝑃

𝑆𝑆
 (1) 

• Areal energy density (AED) [J/mm2] 

 
𝐴𝐸𝐷 =

𝑃

𝑆𝑆 ∙ 𝐻𝐷
 

(2) 

• Volumetric energy density (VED) [J/mm3] 

 
𝑉𝐸𝐷 =

𝑃 ∙ 𝜂𝑝

𝑆𝑆 ∙ 𝐻𝐷 ∙ 𝐿𝑇
 (3) 

where P represents the laser power (W), 𝜂𝑝 is powder absorptivity (adimensional), SS is 

scan speed (mm/s), HD refers to hatching distance (mm), and LT is the layer thickness 

(mm). In certain cases, it is possible to substitute, in the VED formulation, the hatching 

distance with the laser beam diameter (mm) and the layer thickness with the melt pool 

depth (mm) [21], [31]. Among these, volumetric energy density is the most widely 

adopted, as it provides the possibility to qualitatively foresee the properties of the output 

[31]. However, some studies have highlighted that different parameter combinations 

yielding the same VED can result in changes in part density [42]. 

From the perspective of component density, a general trend has been observed: as 

VED increases from low values, material density improves progressively. However, 

beyond a certain value, further increases in volumetric energy density result in a gradual 

decrease in density [43]. At low energy densities, insufficient energy input results in 

incomplete melting and the formation of lack-of-fusion porosities. Conversely, high 

energy densities can induce the development of keyhole porosities due to the possible 

evaporation of the powders, combined with turbulence of the melt pool [41], [43]. 

The divergencies in output quality when considering the same VED can be 

correlated to the limitations of (3), which takes into account just a limited number of 

parameters, not considering the actual physics of the melt pool and other processing 

parameters such as scanning patterns and the direction of gas flow [39], [44]. 

 

2.2.4 Defects in L-PBF 

Lack-of-fusion defects (Figure 2.2a) typically arise when the laser power is 

insufficient to ensure adequate penetration of the melt pool into the underlying layer. 

These defects are also correlated to high scanning speeds that determine a reduced 



11 

 

interaction time between the laser and the powders. Lack-of-fusion pores generally appear 

elongated and irregular in shape and may contain unmelted powder particles within [6], 

[45], [46]. Their formation is further promoted when hatch spacing is excessive, a 

condition that does not permit the correct overlapping between adjacent scan tracks, 

leaving unbonded regions between melt pools [45]. This kind of porosity is often aligned 

along layer boundaries and can determine stress concentration, which significantly 

reduces fatigue resistance and the overall mechanical performance [47]. 

Keyhole defects (Figure 2.2b) occur at excessive energy inputs — typically at 

high laser powers combined with low scanning velocities — causing a switch from 

conduction to keyhole mode for heat transfer. In this regime, the alloy can vaporize, 

generating high recoil pressure, which induces the formation of a vapor cavity. These 

cavities are often unstable, and they may collapse, entrapping gas within the solidifying 

material [31], [46]. The resulting pores are generally spherical and located much below 

the layer surface, which makes them less detrimental for mechanical properties compared 

to lack-of-fusion defects [43]. 

A combination of high power and scanning speed can, instead, promote the 

formation of melt pools with reduced widths and elongated tails, increasing the likelihood 

of balling defects (Figure 2.2c). Under these conditions, molten metal tends to fragment 

into spherical droplets rather than forming a continuous track, as it seeks to minimize its 

surface energy. Balling is typically also influenced by fluid dynamics and surface tension 

[31]. 

 

Figure 2.2 – Examples of (a) lack-of-fusion defects with unmelted powders [48], (b) keyhole porosities [49], and (c) 

balling [50] 

 

2.2.5 PV Processing Maps 

Power-velocity (PV) processing maps are extremely helpful in identifying the 

effects of L-PBF parameters on output quality. These maps permit the identification of 
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the operating window, which encompasses the range of parameters that ensure the 

production of defect-free components [31]. As illustrated in Figure 2.3, deviations from 

this optimal parameter range can lead to the formation of different types of porosity 

defects: lack-of-fusion, keyhole, and balling [45], [46], [51].  

PV maps are widely used tools for visualizing the influence of L-PBF parameters 

on defect formation; however, these maps only consider two parameters — typically laser 

power and scanning speed — omitting other parameters that can also have a significant 

impact on the final component quality [31]. 

 

 

Figure 2.3 – Qualitative representation of PV processing map showing keyhole, balling, and lack of fusion regions 

[31] 

 

 

2.3 Superalloys 

A superalloy can be considered as an alloy based on elements such as nickel, 

cobalt, or even iron, if combined with a high percentage of nickel, to which a large number 

of alloying elements are usually added. The most important feature characterizing these 

alloys is the combination of both high mechanical properties and high-temperature 

resistance, making them extremely suitable for fabricating gas turbine engines [52]. 

The addition of a large number of alloying elements makes superalloys one of the 

most compositionally complex metallic materials. The proportion of alloying elements is 

of extreme importance as it influences the overall properties of the alloy [52], [53], [54]. 

This is made possible by the fact that each element is able to promote the formation of 
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different phases in the alloy [55]. However, this complexity is then reflected in the higher 

costs associated with this material [52]. 

 

Figure 2.4 – Example of face-centered cubic (FCC) unit cell [56] 

 

Superalloys share a common base microstructure consisting of a face-centered 

cubic (FCC) matrix (Figure 2.4), within which it is possible to find various dispersed 

secondary phases, playing a fundamental role in determining the alloy’s properties [52], 

[53], [57]. The FCC matrix is typically responsible for the excellent ductility and 

toughness, while the precipitates and secondary phases act as primary strengthening 

agents of the alloy. 

Of the three fundamental elements of superalloys — Ni, Co, and Fe — only nickel 

exhibits an FCC crystal structure at room temperature. In contrast, cobalt and iron adopt 

other crystal structures at room temperature and transform to FCC only at high 

temperatures. This means Ni plays a crucial role as an FCC stabilizer throughout the 

operating temperature range, even when the base element is cobalt or iron [52], [53]. 

Superalloys are typically classified based on the predominant element that 

constitutes them. Thus, it is possible to distinguish Fe-based (also Fe-Ni-based), Co-

based, and Ni-based superalloys [54]. 

 

2.3.1 Superalloy Classes 

Iron-nickel alloys are a class of superalloys used for the production of gas turbine 

engine components such as blades, discs, and casings. They combine high toughness, 

excellent ductility, and low thermal expansion at elevated temperatures, along with the 

lower costs associated with the substitution of nickel with less expensive iron. These 

attributes contribute to their great diffusion, compared with the other superalloy classes 

[52], [58], [59], [60]. 
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These alloys usually employ two different strengthening mechanisms: solid 

solution strengthening and precipitation hardening. Moreover, the addition of elements 

such as aluminum, niobium, and carbon promotes the formation of γ’-Ni3(Al, Ti), γ’’-

Ni3Nb, and some carbides, all of which are important for improving the material 

properties [58]. 

The category of cobalt-base superalloys includes those alloys in which the 

predominant element is cobalt. They are primarily employed in applications where hot 

corrosion is fundamental or in components operating at moderate-to-high temperatures 

that are not subjected to high mechanical stresses. Examples include gas turbine vanes 

and combustor liners [52], [55], [61]. Compared with nickel-base superalloys, they 

generally exhibit lower strength at intermediate temperatures, but retain their strength to 

higher temperatures, making them better than nickel ones [62], [63]. 

The strengthening relies mainly on the formation of carbides in the matrix and in 

solid solution hardening, while the precipitation mechanism in these alloys is not as 

effective as the γ’ and γ’’ phases that typically form in nickel-iron- and nickel-base 

superalloys [52]. Cobalt-base alloys exhibit the precipitation of γ’-Co3Ti and Co3Ta, but 

their instability at high temperatures contributes to the limited adoption of these alloys 

commercially [62], [64]. 

Nickel-base superalloys are those in which nickel is the predominant element, 

enriched by the addition of different alloying elements. Their exceptional relevance stems 

mainly from their ability to retain their strength even at remarkably high temperatures, 

while offering great corrosion resistance [52], [65]. These properties make them 

extremely suitable in aerospace applications and in other demanding environments [52], 

[66]. When fabricated through powder metallurgy techniques, nickel-base superalloy can 

achieve a more homogeneous microstructure, not obtainable through casting [22]. 

The primary strengthening mechanism in nickel-base superalloys is precipitation 

hardening. Sufficient additions of aluminum and titanium, as alloying elements, promote 

the formation and precipitation of the γ’-Ni3(Al, Ti) phase, which is responsible for the 

higher resistance at elevated temperatures [22], [52]. In the case of niobium-strengthened 

alloys, such as Inconel 718, the improved mechanical properties come, instead, from the 

precipitation of γ’’-Ni3Nb phase [59]. While solid solution strengthening can prove to be 
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another effective strengthening mechanism, precipitation hardened alloys remain those 

exhibiting better overall properties [52]. 

 

 

2.3.2 Strengthening Mechanisms in Superalloys 

The strength of the superalloy generally derives from a combination of 

strengthening mechanisms, including solid solution hardening, precipitation hardening, 

and dispersion strengthening. While these mechanisms may be present simultaneously, 

one typically dominates over the others [52]. 

Solid solution hardening occurs when certain alloying elements are soluble within 

the matrix of the superalloy and occupy substitutional lattice positions within the FCC 

matrix [67]. The atomic radius mismatch between the solute atoms and the matrix atoms 

results in a local distortion of the lattice, generating a consequent strain field that interacts 

with the dislocations by inhibiting their motion and making plastic deformation much 

more difficult [67], [68], [69]. This effect assumes great relevance as it contributes to the 

improvement of the creep strength of the alloy [67]. 

The effectiveness of solid solution hardening increases with a greater atomic 

radius mismatch between the matrix elements and the substitutional ones. Larger solute 

atoms are generally more effective, thanks to their lower diffusion coefficient. However, 

excessive mismatch can promote the formation of topologically closed-packed (TCP) 

phases, which can degrade both the strength and the ductility of the alloy. Consequently, 

a maximum difference between the atomic radii of 10 % is desirable [52], [67]. 

A certain degree of strengthening in superalloys can also arise from the 

precipitation of secondary phases — most notably γ’ and γ’’ — from the FCC matrix. 

These precipitates act by blocking the movement of the dislocations, thereby enhancing 

high-temperature strength [52].  The elements normally favoring this strengthening 

mechanism are titanium and aluminum, which are responsible for the formation of γ’ 

phase, the predominant hardening phase in most nickel-base superalloys. Niobium, or 

sometimes molybdenum, contributes to the formation of γ’’ phase, which is particularly 

relevant in alloys such as Inconel 718 [52], [70]. The effectiveness of precipitation 

hardening depends primarily on the volume fraction and the size of the strengthening 

phases [67]. 
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Strengthening occurs through interaction mechanisms between dislocations and 

precipitates. The dislocation may shear through a precipitate, causing a certain degree of 

disorder between the matrix and the precipitate. Alternatively, a precipitate can be 

bypassed following the Orowan mechanism of dislocations [52], [67]. 

A related mechanism, called dispersion strengthening, relies on the dispersion of 

non-coherent oxide particles that are introduced into the alloy rather than precipitated 

from the matrix. These particles also obstruct the motion of dislocations, contributing to 

the high-temperature strength [52]. 

Another important strengthening mechanism in superalloys is carbide hardening, 

which arises from the precipitation of carbides within the γ matrix. These carbides form 

through the combination of carbon, which must be present in sufficient percentages, and 

carbide-forming elements such as molybdenum, niobium, titanium, and chromium [67], 

[71]. Primary carbides most often assume the formula MC (Figure 2.5 – Unit cell of MC 

(a), M6C (b), and M23C6 (c) carbides [73]a); however, during prolonged exposure to 

elevated temperatures, they tend to transform into M6C and M23C6 carbides (Figure 2.5b-

c), frequently concentrated along grain boundaries [52], [67]. 

M23C6 carbides are typically enriched in chromium, and their precipitation can 

deplete the surrounding matrix of chromium, enhancing the susceptibility of the alloy to 

environmental degradation [52], [72]. Furthermore, the decomposition of primary 

carbides leads to the release of carbide-forming elements back into the matrix, which, 

over a certain limit, can cause the formation of deleterious phases to the alloy properties 

[72]. 

 

Figure 2.5 – Unit cell of MC (a), M6C (b), and M23C6 (c) carbides [73] 
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Despite these potential drawbacks, carbides normally act by improving the creep 

resistance of the alloy, thanks to their capability of pinning dislocations and grain 

boundaries, thereby inhibiting grain boundary sliding [52], [74]. 

 

 

2.6 Inconel 718 

Inconel 718 is a nickel-chromium-based superalloy belonging to the Ni-Fe family, 

specifically developed for high-temperature structural applications. It exhibits a 

combination of high strength, corrosion resistance, and oxidation resistance, all of which 

are maintained over a wide range of temperatures. This combination of properties makes 

it suitable for demanding environments where components are subjected to high 

mechanical stresses and aggressive environments [41], [75], [76]. 

The exceptional performance of the alloy at elevated temperatures, combined with 

good weldability and relatively low susceptibility to hot cracking compared to other 

superalloys, led to its widespread adoption in aerospace applications — such as turbine 

disks, compressor blades, and casings — as well as in the energy sector for gas turbine 

components, and in the oil industry [77], [78], [79]. 

Furthermore, Inconel 718 can be processed using both conventional methods and 

advanced manufacturing technologies, such as L-PBF. This versatility further increased 

its importance and adoption for high-performance applications. 

 

2.6.1 Microstructure in Wrought Products 

The microstructure of Inconel 718 comprises a matrix (γ phases) and a series of 

secondary phases, each contributing to defining the mechanical properties and the thermal 

stability of the alloy. 

The γ matrix is the primary phase of Inconel 718, and it is an FCC solid solution 

containing mainly Ni, Fe, and Cr elements. This matrix provides a good basis for the 

mechanical performance of the alloy and permits the dissolution of large quantities of 

alloying elements necessary for the formation of secondary phases [52], [80]. 

The γ′ phase (Figure 2.6a), typically composed of Ni3(Al, Ti), has an FCC 

structure. Despite its volume fractions being smaller compared to other Ni-based 

superalloys, γ′ still contributes to precipitation hardening of the alloy [52], [80]. 
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The alloy’s primary strengthening phase is γ′′ (Figure 2.6b), a body-centred 

tetragonal (BCT) metastable precipitate with a disc-like morphology and a composition 

that is Ni3Nb. Its coherence with the matrix inhibits the sliding of the dislocations, thereby 

providing high strength to the alloy up to approximately 650°C. Exposure beyond this 

temperature can trigger its transformation into the δ phases, causing a decrease in strength 

[41], [52]. 

 

Figure 2.6 – TEM micrographs showing γ′ [81] (a) and γ′′ [82] (b) particles 

 

The δ phase (Figure 2.8b) shares the same nominal composition of γ′′ but has an 

orthorhombic structure and is incoherent with the γ matrix. As mentioned Error! 

Reference source not found., it typically precipitates during prolonged exposure to 

temperatures above 650°C, which can cause a reduction in matrix strength. However, in 

some cases, δ precipitation can provide a beneficial effect by pinning grain boundaries 

and controlling grain growth [41], [52], [83]. 

Carbides in Inconel 718 form as MC (Figure 2.7a), M23C6, (Figure 2.7b), and M6C 

(Figure 2.7c), where M can be represented by Nb, Ti, or Mo. Primary carbides of the MC-

type form during solidification and remain stable at high temperatures, enhancing creep 

resistance. With prolonged service, these carbides may decompose into M6C and M23C6 

types [52]. 
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Figure 2.7 – TEM micrographs showing MC [84] (a), M23C6 [85] (b), and M6C [86] (c) carbides 

 

Finally, the Laves phase (Figure 2.8a) can be found in interdendritic regions of 

Inconel 718. This phase, however, is considered detrimental because it both reduces the 

availability of Nb for γ′′ precipitation and introduces brittleness into the microstructure. 

Its presence is strongly affected by cooling rate, Nb content, and processing parameters, 

and it can be dissolved through post-processing treatments [18], [33], [87]. 

 

Figure 2.8 – Micrographs showing the morphology of Laves [88] (a) and δ [89] (b) phases 

 

2.6.2 Inconel 718 Processed by Laser-Powder Bed Fusion 

The extremely high cooling rates inherent to L-PBF promote the formation of a 

non-equilibrium microstructure in Inconel 718, which differs from that observed in 

conventionally cast or wrought alloys. This rapid solidification results in a fine cellular 

structure preferentially aligned with the build direction due to the thermal gradients [41], 

[90]. Moreover, a characteristic feature of L-PBF Inconel 718 is the segregation of Nb at 

interdendritic regions, which often promotes the formation of Laves phases, detrimental 

for the mechanical properties of the alloy [18], [33]. 
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For ensuring the dissolution of the detrimental Laves phases and for 

homogenizing Nb distribution, post-processing heat treatments are typically required 

after the fabrication [91]. Additionally, these treatments promote the precipitation of the 

strengthening γ′ and γ′′ phases, which significantly contribute to enhancing the strength, 

creep resistance, and fatigue life of the component, often bringing the performance closer 

to that of the wrought counterparts [91]. 

A further challenge in L-PBF is the accumulation of residual stresses, which can 

result in cracking, porosity formation, and distortion. Nevertheless, Inconel 718 exhibits 

a relatively low susceptibility to hot cracking, which makes it particularly suitable for 

additive manufacturing processes [2]. Another drawback of Inconel 718 fabricated 

through L-PBF is the development of anisotropy in mechanical properties, which, 

however, can be mitigated with appropriate thermal treatments or hot isostatic pressing 

(HIP) [18], [41]. 

 

2.6.3 Thermal Treatments 

Inconel 718 components, especially when fabricated through the L-PBF 

technique, are prone to critical issues such as porosity formation, residual stresses, and 

distortions, all of which can negatively affect the performance [71]. Consequently, 

thermal treatments during post-processing are crucial for optimizing the properties of the 

built components [4], [79]. To address these issues and enhance the mechanical 

properties, various treatments are employed, such as stress relieving, hot isostatic pressing 

(HIP), homogenization annealing, and aging [91]. 

Stress relieving aims to alleviate the residual stresses induced by the rapid 

solidification inherent to L-PBF. These stresses, if not relieved, can compromise the 

mechanical properties of the alloy. This heat treatment is typically performed at 

sufficiently high temperatures with extended holding times, which can lead to a partial 

recrystallization of the microstructure [7], [18]. 

Hot isostatic pressing (HIP) is widely used to reduce the porosity developed 

during the fabrication and to close internal cracks that may form, thereby densifying the 

component [7], [92]. This treatment often promotes recrystallization and grain 

coarsening, transforming the columnar grains into randomly oriented equiaxed grains 

[91]. However, while HIP contributes to improving the density of the components, it can 
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also reduce the hardness, a result attributed to the possible grain growth and dissolution 

of strengthening precipitates such as γ′′ [18]. 

Homogenization annealing, also called solution treatment, is typically performed 

prior to aging to dissolve undesirable phases such as Laves and δ ones, resulting in a more 

homogeneous and stress-relieved microstructure [41]. This process promotes grain 

coarsening and partial recrystallization [2]. Although solution treatment may initially 

lower the strength, it typically improves the ductility of the alloy through the coarsening 

of the subgrains [91]. 

Finally, aging is a heat treatment that can be performed in either a single or double 

step, and it is fundamental for controlled precipitation of secondary phases, in particular 

γ′ and γ′′, which are the principal strengthening phases in Inconel 718. These 

strengthening nanoprecipitates formed during this process significantly enhance both 

room-temperature and high-temperature strength and hardness of the alloy [7], [41]. 
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Chapter 3 

MATERIALS AND EXPERIMENTAL 

METHODS 

 

3.1 Original Powders 

The powders used to fabricate the samples are gas-atomized Inconel 718 powders, 

supplied by VDM Metals GmbH. The chemical composition is shown in Table 3.1. 

 

Element Ni Cr Fe Nb Mo Ti Al Si 

% wt. 53.92 18.32 R17,90 5.20 2.98 0.96 0.54 0.05 

Element Co C Mn Cu O N S  

% wt. 0.03 0.024 0.02 0.02 0.008 0.006 < 0.001  

Table 3.1 – Chemical composition of Inconel 718 powders 

 

The particle size in Inconel 718 powders varies, a laser diffraction analysis 

performed reveals a D10 value of 23 µm, D50 value of 37 µm, and a D90 value of 55 µm. 

 

 

3.2 Sample Fabrication 

The samples were printed using the Laser-Powder Bed Fusion (L-PBF) additive 

manufacturing technique, with all the specimens fabricated by means of an AconityMIDI 

device. 

 

3.2.1 AconityMIDI Machine 

AconityMIDI machine (Figure 3.1) is a laser-powder bed fusion device used for 

the fabrication of metallic components starting from powders of weldable materials 

compatible with this technology. It enables flexibility in the production, process 
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monitoring, and high-temperature platform preheating up to 500°C. The system relies on 

Aconity Studio Control Software, which allows the modification of all the most important 

process parameters involved in the printing. Furthermore, the machine itself can be 

configured with additional tools that can be implemented in order to enhance the process 

control and of the quality of the final component [93]. 

In Table 3.2, the key technical specifications and features of the machine are 

presented: 

Build Space Diameter 170 mm   x   Height 200 mm 

Laser Configuration Single Mode Fiber 200 W 

Optics Configuration / Spot Size 
F-Theta / 80 μm 

3D Scanning / 80-500 μm 

Preheating Temperature / Build Space 500 °C / Ø 170 mm x H 180 mm 

Layer Thickness Down to 10 µm 

Max Scan Speed 12 m/s 

Inert Gas Type / Pressure 

Argon 4.6 / 6 bar 

Nitrogen / 6 bar 

Vacuum / < 2 mbar 

Inert Gas Consumption 

< 5 l/min during process 

< 60 l/min during purging 

0 - 5 l/min for vacuum 

Residual Oxygen Content < 100 ppm 

Machine Dimensions (W x D x H) 2450 mm x 1500 mm x 2320 mm 

Machine Weight w/o Powder 1450 kg 

Applicable Materials 
All weldable materials due to freely configurable 

process parameters 

Table 3.2 – AconityMIDI technical sheet [93] 

 

Figure 3.1 – AconityMIDI machine [93] 
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3.2.2 Characteristics and Parameters of the Specimens 

To investigate the influence of platform preheating on the characteristics of the 

printed alloy, three different temperatures were selected: 80°C, 300°C, and 500°C, each 

selected according to specific reasons.  

• 80°C: Minimum preheating temperature that ensures the production of 

samples with high density and quality. 

• 500°C: Maximum preheating temperature of the platform achievable by 

AconityMIDI device. 

• 300°C: Intermediate temperature, calculated by averaging the 

aforementioned temperature values and rounding the result to the nearest 

hundred to simplify machine setup before the printing step. 

For each temperature, twenty cubic samples were fabricated across the platform, 

each characterized by a different combination of scanning speed and laser power. The 

printed specimens were characterized by a volume of 1 cm³ (10 x 10 x 10 mm), while 

other fixed parameters were the layer thickness of 30 µm, the hatching distance of 80 µm, 

and a 90°/90° scan strategy, hence with a rotation of 90° of the laser path after each layer 

(Figure 3.3). 

 

Figure 3.2 – Printed Samples with platform preheating of 80°C (a), 300°C (b), and 500°C (c) 

 

Figure 3.3 – 90°/90° scan strategy [94] 

 



26 

 

The selection of the optimal combinations of processing parameters to be studied 

was based on previous studies focused on the characterization of single tracks, keeping 

just the set of parameters ensuring continuous and uniform tracks. This approach was 

used for the 80°C and 500°C preheating temperatures. For the intermediate temperature 

of 300°C, the set of optimal processing parameters was chosen by interpolating between 

the parameters that yielded the best output quality at 80°C and 500°C, with preference 

given to combinations that offered higher productivity, thus characterized by higher 

scanning speed. 

In the following tables are presented all the sets of parameters used for each cube 

fabricated, with the corresponding volumetric energy density (VED), evaluated following 

the expression presented here. 

 
𝑉𝐸𝐷 =

(𝐿𝑎𝑠𝑒𝑟 𝑃𝑜𝑤𝑒𝑟)

(𝐿𝑎𝑦𝑒𝑟 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) ∗ (𝐻𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒) ∗ (𝑆𝑐𝑎𝑛𝑛𝑖𝑛𝑔 𝑆𝑝𝑒𝑒𝑑)
 

(4) 

 

  

  



27 

 

Sample @ 80°C Laser Power [W] 
Scanning Speed 

[mm/s] 

Volumetric Energy 

Density [J/mm3] 

1 200 800 104.17 

2 200 900 92.59 

3 200 700 119.05 

4 200 800 104.17 

5 175 800 91.15 

6 175 900 81.02 

7 175 700 104.17 

8 175 800 91.15 

9 150 800 78.13 

10 150 900 69.44 

11 150 700 89.29 

12 150 800 78.13 

13 125 800 65.10 

14 125 900 57.87 

15 125 700 74.40 

16 125 800 65.10 

17 100 800 52.08 

18 100 900 46.30 

19 100 700 59.52 

20 100 800 52.08 

Table 3.3 – List of process parameters used for the samples fabrication with 80°C preheating, with the samples 

highlighted in red that are those not fully printed 
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Sample @ 500°C Laser Power [W] 
Scanning Speed 

[mm/s] 

Volumetric Energy 

Density [J/mm3] 

1 150 1100 56.82 

2 150 1000 62.50 

3 125 1200 43.40 

4 125 1000 52.08 

5 175 1200 60.76 

6 175 1100 66.29 

7 175 800 91.15 

8 150 1200 52.08 

9 175 1000 72.92 

10 200 900 92.59 

11 175 1400 52.08 

12 175 1000 72.92 

13 200 800 104.17 

14 200 1100 75.76 

15 200 1000 83.33 

16 200 800 104.17 

17 200 1400 59.52 

18 200 1300 64.10 

19 200 1200 69.44 

20 200 1400 59.52 

Table 3.4 – List of process parameters used for the samples fabrication with 500°C preheating, with the samples 

highlighted in red that are those not fully printed 
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Sample @ 300°C Laser Power [W] 
Scanning Speed 

[mm/s] 

Volumetric Energy 

Density [J/mm3] 

1 100 1000 41.67 

2 100 1200 34.72 

3 100 1400 29.76 

4 125 1000 52.08 

5 125 1100 47.35 

6 125 1200 43.40 

7 125 1400 37.20 

8 150 1000 62.50 

9 150 1100 56.82 

10 150 1200 52.08 

11 150 1400 44.64 

12 175 1200 60.76 

13 175 1300 56.09 

14 175 1400 52.08 

15 200 800 104.17 

16 200 900 92.59 

17 200 1000 83.33 

18 200 1100 75.76 

19 200 1200 69.44 

20 200 1400 59.52 

Table 3.5 – List of process parameters used for the samples fabrication with 300°C preheating, with the samples 

highlighted in red that are those not fully printed 
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Figure 3.4 – Distribution of printing parameters for samples printed with 80°C (a), 500°C (b), and 300°C (c) 

preheating 

 

Samples marked in red in the tables above correspond to those not completely 

fabricated, as the fabrication process was intentionally stopped due to poor quality that 

could have compromised the printing of the adjacent cubes. Specifically, the formation of 

excessive surface roughness or super-elevated edges could have hindered the uniform 

spreading of the powders across the build platform, thus affecting the quality of 

successive layers. 

Among the successfully fabricated samples, just two cubes per preheating 

condition were selected for further analyses, other than density assessment, which was, 

instead, performed on all the samples. 
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3.2.3 Sample Preparation 

The cubes in the as-built conditions are normally bonded to the platform, as no 

supports were implemented in the printing file, in order to minimize the occurrence of 

stresses within the structure and to ensure good heat transfer from the preheated platform. 

As a consequence, the removal of the cubes from the build platform was performed by 

means of an Electro Discharge Machining (EDM) device, which cuts the samples by 

generating electrical discharges between an electrode and the workpiece. The cubes in 

this condition were used for preliminary density analysis performed through a 

pycnometer, while for the subsequent analyses, the cubes were then cut mechanically in 

the middle in a direction parallel to the building one, as illustrated in Figure 3.5 – 

Illustration showing the cutting line, in red, and the building direction of the cubes. 

 

Figure 3.5 – Illustration showing the cutting line, in red, and the building direction of the cubes 

 

Specimens were then mounted in cylindrical bakelite blocks using Struers® 

Citopress-1 machine (Figure 3.6a), which applies heat and pressure to the bakelite 

powders, ensuring their polymerization. After the embedding step, the samples were 

polished down to 1 µm using a Struers® Tegramin-30 polishing machine (Figure 3.6b) to 

achieve mirror-like and plane surfaces adequate for microscope analysis. This polishing 

step consists of circular movements of the specimens on a disc of abrasive paper, which 

progressively removes the more superficial layers. 



32 

 

 

Figure 3.6 – Struers Citopress-1 [95] (a) and Struers Tegramin-30 [96] (b)  

 

Prior to SEM observation, a final polishing with an Oxide Polishing Suspension 

(OPS), composed of colloidal silica, was performed in order to remove the strain-

hardened surface layers and reveal phases and L-PBF-associated features. 

 

Figure 3.7 – Polished samples after preparation with carbon-based paint and exhibiting hardness indentations 

 

 

3.3 Microstructural Characterization  

The microstructural characterization of the cubes was performed using both 

Optical Microscope (OM) and Scanning Electron Microscope (SEM). 
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3.3.1 Optical Microscope (OM) and ImageJ Analysis 

The sections of the polished samples were examined by means of an Olympus® 

BX60 microscope (Figure 3.8) at 2.5x, 5x, and 10x magnifications, while overview 

pictures of the entire cross-section were taken, with a 2.5x magnification, using Olympus 

Stream Analysis® Software, which allows image acquisition and processing. 

 

Figure 3.8 – Olympus BX60 microscope [97] 

 

3.3.2 Scanning Electron Microscope (SEM) 

Samples with the highest density were observed using Tescan® Clara Ultra-High 

Resolution SEM (Figure 3.9), allowing a more detailed analysis thanks to its capability 

to achieve much greater magnifications. Before imaging, the selected specimens were 

first polished with a colloidal silica suspension and then mounted on appropriate sample 

holders. To prevent issues of charge accumulation during imaging, the surface of each 

specimen was connected to the sample holder by means of a carbon-based conductive 

paint, which permitted charge dissipation (Figure 3.7). 

The observations of the surface and of the defects present on the surface of the 

samples were performed using both Secondary Electrons (SE) and Back-Scattered 

Electrons (BSE) detectors. The combination of the two permitted gathering more precise 

information about the observed surface. From each sample, micrographs of different 

regions, in particular those presenting defects or inclusions, were taken with 

magnifications of 300x, 3000x, and 10,000x. 
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To complete the SEM analysis, Bruker® Energy Dispersive Spectroscopy (EDS) 

was also performed to better understand the distribution of elements throughout different 

regions of the cross-section of the samples, with particular focus on the regions close to 

defects and inclusions to better characterize them. 

 

Figure 3.9 – Tescan Clara Ultra-High Resolution SEM [98] 

 

 

3.4 Density Measurements  

The evaluation of the density of all the samples was performed preliminarily with 

a pycnometer in order to have a general overview of the quality of each cube, and 

subsequently by analyzing the optical micrographs through appropriate software. 

Different measurement approaches give distinct definitions of density. In 

particular, it is possible to distinguish between: 

• True density, which refers to the density of the solid material itself, 

excluding any contribution from porosity, voids, or cracks that may be 

present. It is typically obtained by techniques such as gas pycnometry. 

• Apparent density, which is a measure accounting for the volume of the 

material together with eventual closed voids that may be present within 

the solid. This is calculated with techniques such as Archimedes’ method. 

• Measured density, corresponding with the density evaluated from 

micrographs, where the total surface area of the porosities is subtracted 

from the bulk material area. 
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3.4.1 Density Assessment with Pycnometer 

A first assessment of the density of the as-built cubes was performed through 

AccuPyc® II Series 1345 gas pycnometer (Figure 3.10). This non-destructive method for 

density measurement uses an inert gas that fills the chamber in which the sample is 

contained. By knowing the mass of the sample and evaluating the gas displacement, the 

device is able to determine the density of the analyzed specimen. For increased accuracy, 

the machine repeats the measurement five times for each sample, and the density is taken 

as the average of the results given by the device. 

 

Figure 3.10 – AccuPyc II Serie 1345 Pycnometer [99] 

 

3.4.2 Density Measurement with Micrographs 

Since the accuracy of the pycnometer can be affected by the presence of closed 

porosities, which are not filled by the gas, the assessment of the density was also carried 

out by analyzing micrographs obtained with the optical microscope. 

The overview pictures of each specimen, corresponding to a vertical cross-section 

parallel to the building direction, taken with a magnification of 2.5x with the optical 

microscope, were examined through ImageJ® software (Figure 3.11 – Example of 

thresholding performed with ImageJ® software for the evaluation of the density). On the 

acquired greyscale micrographs, a threshold value was applied to distinguish porosities 

(dark regions) from dense material (light regions), allowing the evaluation of the area of 

pores. 
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Figure 3.11 – Example of thresholding performed with ImageJ® software for the evaluation of the density 

By comparing the surface area of porosities and the total area observed, it was 

possible to estimate the density value for each specimen. 

 

 

3.5 Hardness Tests 

On the samples with the highest quality, an evaluation of macro-hardness and 

micro-hardness was also performed. 

 

3.5.1 Macro-Hardness and Micro-Hardness 

The indentations performed for the evaluation of the hardness of the samples were 

obtained using a Falcon 500G2 machine by Innovatest (Figure 3.12), equipped with an 

electronic cell force and a closed-loop regulation. Such a device is made of an automatic 

system that permits the exchange between lenses and indenter, supports a fully automated 

test cycle, and provides automatic lens focusing. The machine allows, in addition, 

automatic image evaluation to establish the value of hardness for each indentation. The 

location of each indentation was manually set to form a grid pattern, and the indenter used 

was a Vickers-type [100]. 

In macro-hardness testing, a grid of 9 different indentations covering 6x6 mm of 

the cross-section was set, with each point separated from the adjacent one by a distance 

of 3 mm. Vickers macro-hardness tests were performed by using a load of 10 kgf (HV10). 
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For micro-hardness, instead, a smaller grid of 9 points, distanced 0.3 mm from 

each other and appropriately distanced from macro-hardness indentations, was used. The 

location of this smaller grid remained consistent in each sample tested. In particular, this 

smaller grid was defined within the top right quadrant obtained by the macro-hardness 

grid (Figure 3.13). The load used for micro-hardness Vickers indentations was 300 gf 

(HV0.3). 

 

Figure 3.12 – Innovatest Falcon 500G2 hardness tester [100] 

 

 

Figure 3.13 – Schematic of indentation grid for macro-hardness and micro-hardness 
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Chapter 4 

RESULTS 

 

4.1 Density Assessment 

4.1.1 Pycnometer Density 

A preliminary evaluation of the “true” density of the as-built cubes was performed 

by using a gas pycnometer. The obtained values allowed us to identify the samples with 

the highest quality and also to start drafting the processing maps correlating sample 

quality with the process variables. 

The true density results provided by the pycnometer were expressed in g/cm3; 

thus, for facilitating comparison with the densities obtained by micrograph analysis, the 

values were converted into density percentage by comparing the true density with the 

typical density of Inconel 718 alloy ((5), which is 8.24 g/cm3. 

 
% 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 =  

𝝆 ∙ 𝟏𝟎𝟎

𝝆𝒃𝒖𝒍𝒌
 (5) 

 For all platform preheating conditions, the measured true densities of all the 

samples exceeded 95 %, with the only exception of sample 9 printed at 80°C, which 

exhibited a slightly lower density. The data about density obtained through the gas 

pycnometer are presented in Tables Table 4.1, Table 4.2, and Table 4.3. 

  



40 

 

Sample @ 

80°C 

Laser 

Power [W] 

Scanning 

Speed 

[mm/s] 

VED 

[J/mm3] 

((4) 

Density 

[g/cm3] 

Density 

[%] 

1 200 800 104.17 8.23 99.82 

4 200 800 104.17 8.21 99.65 

5 175 800 91.15 8.14 98.79 

6 175 900 81.02 8.22 99.71 

8 175 800 91.15 8.14 98.80 

9 150 800 78.13 7.82 94.86 

10 150 900 69.44 8.09 98.22 

11 150 700 89.29 8.20 99.57 

13 125 800 65.10 8.08 98.05 

14 125 900 57.87 8.09 98.19 

15 125 700 74.40 8.02 97.35 

16 125 800 65.10 8.17 99.14 

17 100 800 52.08 8.09 98.17 

18 100 900 46.30 8.14 98.80 

19 100 700 59.52 7.98 96.89 

20 100 800 52.08 8.10 98.31 

Table 4.1 – Pycnometer density for the samples printed with 80°C preheating 
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Sample @ 

300°C 

Laser 

Power [W] 

Scanning 

Speed 

[mm/s] 

VED 

[J/mm3] 

((4) 

Density 

[g/cm3] 

Density 

[%] 

1 100 1000 41.67 8.07 97.94 

2 100 1200 34.72 8.16 98.98 

3 100 1400 29.76 7.96 96.58 

4 125 1000 52.08 8.21 99.58 

5 125 1100 47.35 8.08 98.01 

6 125 1200 43.40 7.93 96.30 

7 125 1400 37.20 8.10 98.36 

8 150 1000 62.50 8.19 99.41 

9 150 1100 56.82 7.88 95.67 

10 150 1200 52.08 8.16 99.07 

11 150 1400 44.64 8.21 99.62 

13 175 1300 56.09 8.16 99.03 

14 175 1400 52.08 8.20 99.47 

17 200 1000 83.33 8.19 99.43 

20 200 1400 59.52 8.21 99.59 

Table 4.2 – Pycnometer density for the samples printed with 300°C preheating 
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Sample @ 

500°C 

Laser 

Power [W] 

Scanning 

Speed 

[mm/s] 

VED 

[J/mm3] 

((4) 

Density 

[g/cm3] 

Density 

[%] 

1 150 1100 56.82 8.10 98.30 

2 150 1000 62.50 8.07 97.90 

3 125 1200 43.40 7.95 96.51 

4 125 1000 52.08 7.99 97.01 

6 175 1200 66.29 8.27 100.33 

7 175 1100 91.15 8.08 98.01 

8 175 800 52.08 8.21 99.66 

10 200 900 92.59 8.14 98.74 

11 175 1400 52.08 8.21 99.67 

13 200 800 104.17 8.17 99.19 

14 200 1100 75.76 8.23 99.88 

17 200 1400 59.52 8.23 99.88 

20 200 1400 59.52 8.21 99.62 

Table 4.3 – Pycnometer density for the samples printed with 500°C preheating 

 

 

4.1.2 Density Measurement through Micrographs 

To get a more accurate estimation of the cubes' densities, the micrographs of the 

cross-section of the specimens were analyzed using ImageJ® software. This method 

allowed the definition of the total porosity area, from which the density was calculated. 

Moreover, the analysis permitted the recording of individual pore sizes on the surface. 

The results are presented in Tables Table 4.4, Table 4.5, and Table 4.6, along with 

graphs illustrating the correlation between measured density and volumetric energy 

density (VED). 

  



43 

 

 

Sample @ 

80°C 

Laser Power 

[W] 

Scanning 

Speed [mm/s] 

VED [J/mm3] 

((4) 
Density [%] 

1 200 800 104.17 99.88 

4 200 800 104.17 99.92 

5 175 800 91.15 98.84 

6 175 900 81.02 99.95 

8 175 800 91.15 98.10 

9 150 800 78.13 91.98 

10 150 900 69.44 97.68 

11 150 700 89.29 99.65 

13 125 800 65.10 85.16 

14 125 900 57.87 88.62 

15 125 700 74.40 97.13 

16 125 800 65.10 99.30 

17 100 800 52.08 97.47 

18 100 900 46.30 83.88 

19 100 700 59.52 92.89 

20 100 800 52.08 92.27 

Table 4.4 – Density measured from micrographs for samples printed with 80°C preheating. Values highlighted in 

green correspond to samples with a density higher than 99.7%. 

 

Figure 4.1 – Variation of sample density as a function of VED for specimens printed with 80°C preheating 
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Sample @ 

300°C 

Laser Power 

[W] 

Scanning 

Speed [mm/s] 

VED [J/mm3] 

((4) 
Density [%] 

1 100 1000 41.67 82.30 

2 100 1200 34.72 85.67 

3 100 1400 29.76 96.16 

4 125 1000 52.08 96.19 

5 125 1100 47.35 90.41 

6 125 1200 43.40 97.07 

7 125 1400 37.20 98.73 

8 150 1000 62.50 99.90 

9 150 1100 56.82 93.28 

10 150 1200 52.08 98.98 

11 150 1400 44.64 99.93 

13 175 1300 56.09 99.40 

14 175 1400 52.08 99.98 

17 200 1000 83.33 99.96 

20 200 1400 59.52 99.94 

Table 4.5 – Density measured from micrographs for samples printed with 300°C preheating. Values highlighted in 

green correspond to samples with a density higher than 99.7%. 

 

 

Figure 4.2 – Variation of sample density as a function of VED for specimens printed with 300°C preheating 
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Sample @ 

500°C 

Laser Power 

[W] 

Scanning 

Speed [mm/s] 

VED [J/mm3] 

((4) 
Density [%] 

1 150 1100 56.82 84.15 

2 150 1000 62.50 85.56 

3 125 1200 43.40 95.35 

4 125 1000 52.08 96.38 

6 175 1200 66.29 92.18 

7 175 1100 91.15 98.63 

8 175 800 52.08 99.72 

10 200 900 92.59 97.90 

11 175 1400 52.08 99.81 

13 200 800 104.17 98.50 

14 200 1100 75.76 99.86 

17 200 1400 59.52 99.64 

20 200 1400 59.52 99.72 

Table 4.6 – Density measured from micrographs for samples printed with 500°C preheating. Values highlighted in 

green correspond to samples with a density higher than 99.7%. 

 

 

Figure 4.3 – Variation of sample density as a function of VED for specimens printed with 500°C preheating 
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The measured density is observed to increase with increasing volumetric energy 

density (VED), particularly for preheating temperatures of 80°C and 300°C. At 500°C, 

however, this trend is less pronounced, and the density slightly decreases at the highest 

VED used. 

The correlation between measured density and volumetric energy density of each 

sample reveals different optimal ranges for VED depending on the platform preheating 

condition used: 

• At 80°C, the optimal energy density is significantly higher, spanning between 

80 and 105 J/mm3. 

• At 300°C, the optimal VED ranges over a broader interval between 45 and 85 

J/mm3. 

• At 500°C, the range is similar to that of 300°C but narrower, as the one 

obtained at 80°C. The optimal energy density spans from 50 to 75 J/mm3. 

This shift in the optimal VED range with preheating temperature can be clearly observed 

in Figure 4.4 – Variation of the optimal VED range for the different preheating 

temperatures. 

 

Figure 4.4 – Variation of the optimal VED range for the different preheating temperatures 

 

4.1.3 Processing Maps 

Figure 4.5 shows the process maps corresponding to the three different platform 

preheating temperatures, where the best samples with the best measured density are 
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highlighted in green, while the specimens that were not successfully printed are marked 

with red crosses. 

From the charts, it can be seen that, regardless of the preheating temperature, 

specimens with the highest measured density (greater than 99.5%) are primarily located 

in the regions characterized by a greater volumetric energy density, which is directly 

proportional to laser power and inversely proportional to scanning speed. Conversely, the 

partially printed specimens were typically associated with the highest laser powers among 

those used. 

 

Figure 4.5 – Process map for 80°C (a), 300°C (b), and 500°C (c) platform preheating 

 

Based on the density results that were obtained and the critical size of the defects 

(discussed in chapter 4.2.2 Porosity Critical Size), a subset of two samples for each 

preheating temperature was selected to undergo further analyses. These additional 

investigations included SEM observations, EDX analysis, and hardness measurements. 

The selected specimens are those summarized in Table 4.7. 

  



48 

 

Preheating 

Temperature 

Sample 

No. 

Laser 

Power [W] 

Scanning 

Speed 

[mm/s] 

VED 

[J/mm3] 

((4) 

Designation 

80°C 
4 200 800 104.17 80-S4 

6 175 900 81.02 80-S6 

300°C 
14 175 1400 52.08 300-S14 

17 200 1000 83.33 300-S17 

500°C 
14 200 1100 75.76 500-S14 

20 200 1400 59.52 500-S17 

Table 4.7 – List of the samples selected for further analyses 

 

 

4.2 Internal Defects 

4.2.1 Porosity Morphologies 

The porosities detected on the different samples exhibited different dimensions 

and, in particular, different morphologies, which are closely related to the specific 

mechanism responsible for their formation. 

The most diffused pore type identified within the analyzed samples was gas 

porosity. These kinds of defects are typically small in size compared to other porosity 

types and originate from the entrapment of gases during the solidification of the melt 

pool. Gas pores generate defects that are generally highly spherical, as illustrated in 

Figure 4.6. 
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Figure 4.6 – Gas porosity morphology observed with an optical microscope at 2.5x magnification (a) and with SEM 

at 300x magnification (b) 

  

 A certain degree of deviation from perfect circularity of gas porosities was 

observed at higher magnifications with SEM micrographs. In several cases, material 

protrusions were observed growing towards the inside of the porosity. The small features 

detected around these porosities were not correlated with any element peak in EDX 

profiles (Figure 4.7b), confirming that they are simply portions of the original pore 

partially filled by the ingrowing material. 

 

Figure 4.7 – SEM micrograph showing the selected EDX line for the analysis of some features observed close to a 

porosity (a) and the corresponding mass percentage profile of the elements along the line (b) 

 

 In specimens with the lowest quality, the predominant porosity type was, instead, 

lack-of-fusion (LOF) porosity. These defects typically exhibit geometries that are more 
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elongated and irregular, and in some cases enclose unmelted powders (Figure 4.8b). As 

illustrated in Figure 4.8, LOF defects can reach considerable dimensions when the 

combination of process parameters is not good. 

 LOF porosities were primarily detected in the samples fabricated with the lowest 

volumetric energy densities for each platform preheating temperature. Such low-energy 

conditions are associated with the combination of low laser power and high scanning 

speed, which prevents complete fusion between adjacent layers. 

 

Figure 4.8 – Lack-of-fusion porosity morphology at 2.5x magnification (a), with unmelted particles highlighted in red 

(b) 

 

Finally, in the surface layers of some cubes, the presence of spatter particles was 

highlighted, often accompanied by entrapped porosities located just beneath these 

protrusions (Figure 4.9). Spatters are molten metal droplets ejected from the melt pool 

during processing, which solidify in flight and subsequently redeposit on the surface of 

the material. Their presence can affect subsequent layer deposition and promote the 

formation of defects during the following laser scans. 
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Figure 4.9 – Spatter particle, highlighted in red, on the surface of a sample, with the corresponding underlying 

defects indicated in green 

 

4.2.2 Porosity Critical Size 

The density of the fabricated cubes is not sufficient to fully establish the quality 

of the specimens; it is also fundamental to evaluate the sizes of the largest pores. 

During the micrograph-based density analysis, the area of every porosity in each 

sample was recorded. This made it possible to evaluate an equivalent diameter for the 

pores, which can then be compared to a critical threshold to determine whether they might 

affect the mechanical properties of the component. For this purpose, the estimation of the 

equivalent diameter is based on (6). 

 

𝑫𝒆𝒒 = 𝟐√
𝑨

𝝅
 (6) 

The data about the size of the largest pores detected in each sample are 

summarized in Table 4.8 – Equivalent diameter of the largest porosity in each printed 

sample for the three different preheating temperatures. 
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Sample 

@80°C 

Defect Size 

[µm] 

Sample 

@300°C 

Defect Size 

[µm] 

Sample 

@500°C 

Defect Size 

[µm] 

1 71 1 1277 1 1149 

4 36 2 841 2 805 

5 309 3 339 3 315 

6 35 4 217 4 185 

8 481 5 967 6 596 

9 670 6 87 7 279 

10 391 7 274 8 321 

11 285 8 205 10 501 

13 1127 9 688 11 50 

14 759 10 272 13 353 

15 381 11 35 14 62 

16 391 13 274 17 329 

17 438 14 31 20 71 

18 750 17 30 - - 

19 378 20 50 - - 

20 301 - - - - 

Table 4.8 – Equivalent diameter of the largest porosity in each printed sample for the three different preheating 

temperatures 

 

The equivalent diameters of the largest pores in each sample were all greater than 

30 µm. Under preheating conditions of 80°C and 300°C, the smallest critical defects 

exhibited restrained dimensions below 40 µm, whereas for the 500°C preheating 

condition, the best sample still presented the largest pore of 50 µm. 

 

 

4.2.3 Hot Cracks 

The analysis at higher magnifications carried out with SEM revealed the presence 

of some hot cracks (Figure 4.10 – SEM micrograph, with 300x magnification, showing a 

hot crack (a) and atomic percentage profile of the elements along an EDX line passing 

through the crack (b)a), which formed during the solidification stage of the alloy. To 



53 

 

further investigate these defects, an EDX line profile was acquired across one of these 

cracks, in order to assess any possible segregation of elements along its path. The analysis 

showed no detectable variation in chemical composition in correspondence with the crack 

(Figure 4.10b). 

 

Figure 4.10 – SEM micrograph, with 300x magnification, showing a hot crack (a) and atomic percentage profile of 

the elements along an EDX line passing through the crack (b) 

 

 

4.3 Microstructure 

4.3.1 Cellular Structure 

One of the most distinctive microstructural features revealed through the 

combination of OPS polishing and SEM observation is the typical cellular structure of L-

PBF Inconel 718. In Figure 4.11, it is possible to observe the cells, constituting the grains 

of the alloy, whose morphology depends on the orientation of the subgrains with respect 

to the surface of the cross-section. 

The analysis of the micrographs obtained for all the analyzed samples allowed a 

general estimation of the subgrain sizes. On average, the cellular structure exhibits 

subgrains with sizes of approximately 0.5 microns for all the samples, with some cells 

reaching dimensions up to 1 micron. No significant variations were highlighted among 

specimens fabricated at different preheating conditions. 
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Figure 4.11 – Micrograph showing the cellular structure of L-PBF Inconel 718 

 

4.3.2 Oxide Inclusions 

To investigate the possible presence of secondary phases, the selected specimens 

were examined using EDX analysis, which allowed the evaluation of the chemical 

elements’ distribution. An initial mapping of the elements (Figure 4.12) was performed 

in a region not presenting any observable feature, revealing an overall chemical 

uniformity throughout the matrix. This observation suggests the absence of significant 

element segregation within the bulk alloy, which could be associated with the limited 

spatial resolution of EDX. 

 

Figure 4.12 – SEM micrograph of the analyzed region (a) and EDX mapping of the elements (b) 

 

Subsequent EDX investigations on the selected specimens were then focused on 

line profiles across defects and inclusions to achieve a more detailed chemical 
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characterization of them. The oxide inclusions observed across the different samples 

exhibited two distinct morphologies: some appeared as discontinuous and irregular 

(Figure 4.13a) in shape, while others were instead smoother and sharp-edged (Figure 

4.13b). 

 

Figure 4.13 – SEM micrographs showing irregular (a) and sharp-edged inclusions, indicated with the red arrow (b) 

 

The EDX line profile analysis of these oxide inclusions revealed different 

chemical compositions associated with the two different morphologies. The irregular 

inclusions, in many cases located in proximity to porosity sites, exhibited a high content 

of Si and O, indicating they are silica (SiO2) inclusions. This can be observed by the peaks 

for Si and O elements in the EDX profiles (Figure 4.14b). 

 

Figure 4.14 – SEM micrograph showing the selected EDX line for the analysis of an irregular inclusion (a) and the 

corresponding atomic percentage profile of the elements along the line (b), with the red box highlighting Si and O 

peaks 
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 Conversely, the sharp inclusions were found to be rich in Al, O, and Ti, suggesting 

the formation of mixed oxides combining the presence of both Al and Ti. In this case, the 

EDX profiles clearly display peaks for Al and O elements, accompanied by a smaller Ti 

peak, as can be seen from Figure 4.15b. 

 

Figure 4.15 – SEM micrograph showing the selected EDX line for the analysis of a sharp-edged inclusion (a) and the 

corresponding atomic percentage profile of the elements along the line (b), with the red box highlighting Al, O, and Ti 

peaks 

 

 

4.4 Mechanical Characterization  

4.4.1 Macro and Micro Hardness 

The macroscopic Vickers hardness tests, carried out with a load of 10 kgf (HV10), 

yielded hardness values ranging from 295 to 325 HV. As illustrated in the chart in Figure 

4.16, the highest hardness was generally measured for the samples fabricated with the 

lowest preheating temperature, whereas the samples produced under higher platform 

temperatures, 300°C and 500°C, exhibited comparable hardness levels. 
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Figure 4.16 – Macroscopic hardness results of the analyzed samples 

 

 The microscopic Vickers hardness analysis, performed with a load of 300 gf 

(HV0.3), provided significantly higher hardness values than the macro-hardness tests. 

Moreover, the trend observed in HV10 tests was not completely replicated at the 

microscale: the samples fabricated with 80°C preheating again showed higher hardness 

than those printed at 300°C, while the two analyzed samples produced with 500°C 

preheating displayed more variable results. Specifically, sample 500-S14 was 

characterized by a hardness slightly above that of the 300°C specimens, while sample 

500-S20, in some cases, reached values exceeding even those of the samples printed with 

80°C platform preheating. 

 

Figure 4.17 – Microscopic hardness results of the analyzed samples 
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Sample HV10 
Standard 

Deviation 
Sample HV0.3 

Standard 

Deviation 

80-S4 318.63 5.73 80-S4 342.52 4.99 

80-S6 316.84 3.37 80-S6 340.23 10.61 

300-S14 305.27 4.62 300-S14 325.67 6.69 

300-S17 307.09 6.91 300-S17 326.02 8.46 

500-S14 304.87 5.03 500-S14 332.01 7.89 

500-S20 304.54 7.52 500-S20 347.80 9.40 

Table 4.9 – Macro hardness and micro hardness average values for each sample 
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Chapter 5 

DISCUSSION 

 

5.1 Limitations of VED and Effect of Preheating on 

Process Map and Output Quality  

In additive manufacturing technologies such as laser-powder bed fusion (L-PBF), 

which was the technique used for fabricating the samples in this study, the mechanical 

properties of the printed components are strongly influenced by the process parameters, 

whose effect is closely related to the volumetric energy density (VED) [14], [101]. 

Achieving high-quality components, therefore, requires the definition of an optimal 

process window encompassing the most suitable combination of parameters [3]. To 

establish this window, it is essential to investigate the as-built specimens. 

In this study, the quality of the fabricated samples was evaluated under three 

different platform preheating temperatures to investigate their influence on the 

mechanical properties of the printed components. For each preheating condition, a total 

of 20 samples were produced using two variable parameters — laser power (P) and 

scanning speed (vs) — whereas layer thickness and hatching distance were kept constant. 

Because the effect of preheating on the energy input per unit volume is indirect and 

complex, the preheating temperature is normally not taken into account in the general 

VED equation [4]. Consequently, VED is conventionally expressed only as a function of 

the variables P and vs. 

Most of the cubes were successfully printed and subsequently evaluated in terms 

of density, defect type and size, inclusion content, and hardness. However, a few 

specimens experienced a premature build interruption due to process conditions that did 

not ensure their proper fabrication, nor that of the adjacent cubes. 

The analysis of the prematurely stopped during the fabrication revealed that they 

were concentrated in the region of high laser powers, specifically above 175 W. This 

behavior can be attributed to the transition from conduction to keyhole melting mode, 
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occurring at high VEDs, where the turbulence of the melt pool increases, favoring the 

insurgence of defects in the alloy [31]. 

The excessive energy input responsible for the turbulence can result in the 

entrapment of gases during solidification, as well as surface swelling, where material 

locally rises out of the printing plane, hindering uniform powder spreading of subsequent 

layers [102]. In addition, high turbulence promotes the ejection of spatters, which are 

typically larger than the powders constituting the bed. When redeposited, these particles 

may not fully melt during successive laser scans, leading to increased roughness [103]. It 

is also noteworthy that spatters can affect adjacent cubes. This can help explain why some 

cubes with only moderate VED values still require premature interruption. 

On the other hand, low laser powers, and therefore reduced volumetric energy 

density, were associated with the formation of specimens exhibiting the lowest densities, 

primarily due to the development of lack-of-fusion porosities. When insufficient laser 

power is combined with high scanning speeds, the powder layer is not completely melted 

during the laser scan, preventing proper bonding between adjacent layers and causing the 

formation of large and irregular porosities [14]. 

When comparing the three preheating temperatures investigated, increasing the 

platform temperature from 80°C to 300°C resulted in a higher number of specimens with 

measured densities exceeding 99.5%. Conversely, with a preheating of 500°C, the optimal 

processing window narrowed again, and the samples fabricated at this preheating 

temperature failed to achieve measured densities above 99.9%, in contrast with the other 

preheating conditions. In addition, they exhibited gas porosities that were both more 

numerous and larger. This is also highlighted by the data on maximum pore size, which 

show values of at least 50 microns for these samples. Preheating generally reduces the 

solidification rate of the molten alloy, allowing longer times for gases to escape, thereby 

favoring a reduction in the porosity [104]. However, extended solidification times can 

also promote the coalescence of gas bubbles, which can eventually increase the pore size 

[105]. Furthermore, visual inspection of the build chamber revealed a color change in the 

powders spread on the platform at higher preheating temperatures, particularly at 500°C. 

One possible hypothesis could be that, despite the reduced oxygen content in the build 

chamber, some powder oxidation occurs, releasing gases during the melting step and 

thereby increasing porosity formation. Consequently, the non-linear trend observed for 
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density and porosity across different preheating conditions should be the result of these 

competing mechanisms. 

Another important observation from the results is that the cubes with the highest 

quality and those prematurely stopped during fabrication occupy very similar VED 

ranges. This outcome confirms the limitations of volumetric energy density in reliably 

predicting the final quality of L-PBF samples. Indeed, VED considers only a limited set 

of process parameters and cannot capture the complex phenomena governing the behavior 

of the melt pool [106]. Consequently, while VED can be useful for general predictions, it 

should not be used as the only criterion for quality assessment. More reliable quality 

predictions can be achieved by combining VED with in-process monitoring, which offers 

more detailed information on melt pool dynamics during fabrication [8]. This can also be 

complemented by theoretical indices — such as Fourier, Peclet, and Marangoni 

dimensionless numbers — that correlate material properties and process parameters with 

the melt pool behavior [31]. 

This consideration is further confirmed by the variation of the optimal VED range 

based on the three different preheating conditions. Specifically, at lower preheating 

temperatures, the optimal energy density is significantly higher, spanning between 80 and 

105 J/mm3, which aligns with other studies on Inconel 718 alloy reporting an optimal 

VED window of approximately 50 to 100 J/mm3 [33], [44]. This behavior can be 

explained by the fact that platform preheating provides an additional energy input, which 

contributes to the melting process, but it is not taken into account in the standard VED 

formulation [107]. At a preheating temperature of 500°C, the optimal VED range was 

approximately similar to that of 300°C preheating, although slightly narrower. A plausible 

explanation for this behavior is that the used process parameters did not produce energy 

densities below that of the optimal range, leaving open the possibility that high-quality 

specimens could still be obtained at lower VEDs, consistent with the previous discussion. 

To assess the eventual influence of build location on the quality of the printed 

component, a certain number of parameter combinations, for preheating temperatures of 

80°C and 500°C, were duplicated. Thus, identical sets of process parameters were used 

to fabricate cubes in different regions of the platform. The analysis of the density revealed 

that, for parameters ensuring optimal density, the influence of the position was minimal. 

For instance, samples 80-S1 and 80-S4 and samples 500-S17 and 500-S20 exhibited 
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comparable density values. However, when non-optimal parameters were considered, 

strong differences in density emerged. A striking example was observed for samples 80-

S13 and 80-S16, which were produced with the same parameters but exhibited densities 

of 85% and 99%. These findings suggest that the build location can affect the overall 

quality of the samples, in particular under non-optimal process conditions. Explanations 

include spatter deposition in preferential regions depending on the direction of inert gas 

flow, which can additionally alter the spreading of the powders of subsequent layers [16]. 

 

Figure 5.1 – Process maps for 80°C (a), 300°C (b), and 500°C (c) preheating temperatures. Samples highlighted in 

green boxes combine high measured density (>99.5 %) with defects not exceeding the critical size, whereas samples 

in orange boxes also exhibit high measured density but contain large defects 
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 The process maps clearly show that, for each preheating condition considered, the 

optimal processing window always includes combinations of the highest laser powers and 

scanning speeds among the parameters investigated. Other samples exhibiting high 

measured density, highlighted by orange boxes in Figure 5.1, are located outside this 

optimal window; however, these specimens typically contain defects with dimensions 

exceeding the critical threshold, which could compromise the mechanical performance of 

the component. 

  

 

5.2 Defect and Inclusion Evolution  

In some of the highest-quality samples investigated through SEM, solidification 

cracks were detected. These defects are typically irregular in morphology, and their 

formation occurs during the final stages of the solidification process [14]. They originate 

when the solidifying layer contracts due to both solidification shrinkage and thermal 

contraction, while being constrained by the underlying substrate or previously deposited 

layers, which are typically at lower temperatures. This constraint causes the rise of tensile 

stresses within the solidifying layer; when these stresses exceed the strength of the metal, 

solidification cracks form [6], [108]. The inherently high cooling rates of the L-PBF 

process contribute to the intensification of thermal gradients within the material, thereby 

increasing the thermal stresses and promoting crack initiation [14]. 

Particularly, the occurrence of these defects was identified exclusively in the 

samples produced with a platform preheating of 80°C, corresponding to the lowest 

preheating condition. This observation suggests that increasing the preheating 

temperature reduces the likelihood of crack formation. This is consistent with findings 

reported in the literature, where preheating is described as one of the techniques used for 

crack mitigation [4], [6]. As previously discussed, preheating reduces the severe cooling 

rates typical of L-PBF technology, thereby lowering the thermal stresses generated within 

the material. In addition, it enhances the backfilling ability of the residual liquid metal, 

which has sufficient time to fill any cavities that may form during the final stages of 

solidification [105], [109]. 
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Another critical microstructural feature identified in the analyzed specimens was 

the presence of oxide inclusions. These were generally non-spherical shaped and, due to 

their brittleness compared to the bulk alloy, can act as crack initiation sites, thereby 

reducing the overall strength and fatigue resistance of the material [6], [110]. 

Two distinct types of oxide inclusions were observed. The first type, with a 

needle-like morphology, exhibited EDX line profile peaks in Al and O, indicating the 

presence of Al2O3 particles. Such inclusions are commonly reported in Inconel 718 alloy 

produced by L-PBF, as other studies describe them, suggesting a great affinity of oxygen 

for aluminum, promoting the formation of alumina particles [111]. The second type 

consisted of segmented and irregularly shaped inclusions, with EDX profiles showing 

peaks in Si and O and a minor peak in Ti. While this chemical characterization suggests 

the presence of SiO2 or more complex oxides containing possibly titanium. While no 

specific literature was found describing such inclusions in L-PBF Inconel 718, their 

morphology and composition indicate they may form through the segregation of Si and 

Ti during the solidification. These inclusions often aligned along grain boundaries, 

weakening them. Moreover, SiO2 inclusions appeared distributed close to each other, 

forming sequences of particles that can act as crack initiation sites when subjected to 

applied stresses. The exclusive occurrence of cracks in samples fabricated with 80°C 

preheating could be explained by the combined effect of these inclusions and residual 

stresses. At higher preheating temperatures, reduced residual stresses may prevent these 

inclusions from initiating cracks, even if present. 

In terms of size, the two types of inclusions exhibited distinct characteristics. The 

needle-like Al2O3 tended to be more compact, with dimensions up to 10 µm, whereas the 

segmented ones were generally smaller but often formed sequential arrangements 

extending to lengths up to 40 µm. Variations in platform preheating temperature did not 

significantly influence the occurrence or size of these inclusions; however, in samples 

fabricated at the highest preheating temperature, SiO2 inclusions tended to coalesce, 

forming more compact structures. 
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Figure 5.2 – SEM micrograph showing the coalescence of SiO2 inclusions in a sample fabricated with 500°C 

platform preheating (a) and the corresponding atomic percentage profile of the elements along the EDX line (b), with 

the red box highlighting Si and O peaks 

 

 

5.3 Influence of Process Parameters on Subgrain 

Boundaries and Size 

The final polishing step, carried out with a colloidal silica suspension (OPS), 

allowed the removal of the surface strain-hardened layer, thereby enabling the SEM 

observation of the typical cellular substructure characteristic of alloys produced by L-

PBF, without the necessity of etching. This morphology is generated as a consequence of 

the extreme cooling rates inherent to the process — typically in the range of 105 to 107 

K/s — which induce constitutional supercooling ahead of the solidification front, leading 

to the development of this fine cellular structure [14], [33]. The visibility of these 

subgrains is enhanced by the different chemical composition between the cell boundaries, 

which are typically enriched in Nb, Mo, and Ti, and the Ni-rich γ-matrix [102]. 

The measured subgrain dimensions averaged approximately 0.4 microns, with 

maximum values reaching 1 µm, thus confirming their sub-micrometric extension, in 

agreement with previous studies on Inconel 718 alloy produced through L-PBF [33], 

[112]. Although the number of micrographs analyzed was insufficient to provide 

statistically robust data for a detailed comparison across different preheating conditions, 

a qualitative trend was observed: the dimensions of the subgrains appear to increase 

slightly with higher preheating temperatures. This behavior can be attributed to the 
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reduction in cooling rate associated with higher preheating, which allows the coarsening 

of the subgrains [6]. 

The typical segregation of Nb at subgrain boundaries — widely reported in the 

literature and linked to the high cooling rates characteristics of the L-PBF process [33], 

[102], [113], [114] — was only slightly discernible in the EDX mapping, which instead 

revealed an overall chemical uniformity. This can be the consequence of a non-optimal 

spatial resolution for capturing such fine segregation. However, this does not imply that 

segregation is absent, but rather that it occurs at a scale below the detection capabilities 

of the used technique. Similar observations have been made by Bryndza et al. (2025), 

who reported Nb and Mo segregation in the as-built condition and identified it as a 

precursor to the formation of out-of-equilibrium detrimental phases, such as δ and Laves 

ones, along subgrain boundaries [115]. 

 

 

5.4 Impact of Parameters and Preheating on Hardness  

The behavior of the hardness in the analyzed samples was evaluated through both 

macro-hardness and micro-hardness testing. Macro-hardness provided an average 

characterization of the bulk material, enabling a general comparison among different 

samples, while micro-hardness focused on localized measurements to capture potential 

microstructural changes. 

Macro-hardness values range from 295 HV to 325 HV, coherently with typical 

ranges reported for L-PBF Inconel 718 in the as-built condition [18], [84], [116]. Micro-

hardness measurements, instead, were generally higher and exhibited greater variability, 

ranging from 315 HV to 360 HV. This increase can be attributed to the indentation size 

effect, whereby smaller indentations tend to yield higher hardness values due to several 

factors [117]. 

When examining the effect of preheating temperature, macro-hardness results 

showed a decreasing trend: the average value dropped from 318 HV with 80°C platform 

preheating to around 305 HV for both 300°C and 500°C preheating. This reduction can 

be explained by the already mentioned slower cooling rates induced by higher preheating, 

which provides more time for grains and subgrains coarsening [14] Additionally, 

preheating facilitates stress relief by increasing atomic diffusion, allowing dislocation 
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rearrangement [84]. Both phenomena contribute to the softening of the material, thus 

resulting in a reduced measured hardness. 

For micro-hardness, the trend was initially similar, but the two samples produced 

with 500°C preheating displayed notable differences. One exhibited hardness values 

slightly higher than those of the 300°C specimens, while the other exceeded even the 

values of the 80°C specimens. This behavior suggests that preheating can trigger the 

precipitation of strengthening phases within the bulk alloy, thereby increasing the 

hardness [18], [84]. The magnitude of this effect likely depends on the different process 

parameters used, which can influence in a different way the extent of precipitation. 

Regarding the type of precipitates, Chen et al. (2023) found an improvement of 

material strength due to MC carbide precipitation when increasing preheating temperature 

(from 200°C to 700°C) [108]. In addition, in the review published by Bryndza et al. 

(2025), heat accumulation during AM processing was reported to lead to in-situ aging 

with possible co-precipitation of γ′ and γ′′ structural intermetallic compounds that 

enhance strength [115]. Therefore, the precipitates responsible for the maximum micro-

hardness achieved under preheating of 500°C can be intermetallic compounds, carbides, 

or both simultaneously. In all cases, the precipitation hardening achieved at 500°C 

preheating may be due to nanometric phases that are not detected by SEM observation. 

Overall, these results indicate that increasing preheating activates two competing 

mechanisms, which act in opposite ways to determine the final hardness of the material. 
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Chapter 6 

CONCLUSIONS 

 

After having studied the processing of L-PBF Inconel 718 alloy and checked for 

the influence of preheating temperature on internal soundness and microstructure of 

printed specimens in the as-built conditions, the following conclusions can be drawn: 

• The VED ranges related to specimens with optimal quality (measured 

density greater than 99.5 %) overlapped with those of specimens that 

experienced premature interruption during the fabrication process. This 

overlap confirms the limitations of volumetric energy density in predicting 

the final quality. More accurate predictions require integrating VED and 

its correlated process parameters with additional tools, such as in-process 

monitoring and theoretical indices that take into consideration a broader 

range of influencing factors. 

• A non-linear relationship between density and preheating temperature was 

observed, reflecting the activation of competing mechanisms, such as gas 

escaping and gas coalescence. Increasing platform preheating from 80°C 

to 300°C expanded the number of parameter combinations yielding 

densities greater than 99.5 %. In contrast, at 500°C preheating, porosity 

size increased, likely due to oxidation-related gas formation, limiting the 

maximum achievable density to values below 99.9 %, even for the best 

parameter combinations. 

• Two distinct types of oxide inclusions were identified in the samples: 

needle-like Al2O3 particles, typical of L-PBF Inconel 718 alloy, and 

segmented SiO2 inclusions, occasionally containing Ti and often located 

along grain boundaries. Both types likely originate from a combination of 

segregation occurring during the solidification and subsequent oxidation. 

• Cracks were detected both in the presence and absence of Si-rich oxide 

inclusions, suggesting that they form due to limited backfilling during the 

solidification process and from the combination of residual stresses and 
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oxide inclusions, which act as initiation crack sites due to their 

morphology and distribution. Moreover, these cracks occurred exclusively 

in samples fabricated at the lowest preheating temperature, which was 

insufficient to effectively relieve thermal stresses. 

• All the samples exhibited the fine cellular microstructure typical of L-PBF 

Inconel 718 alloy, with subgrain sizes averaging 0.4 µm. Qualitative 

observations suggested a slight coarsening of the subgrains with higher 

preheating temperatures, consistent with the effect of reduced cooling 

rates at higher temperatures. 

• Macro-hardness values decreased with increasing preheating, most likely 

as a consequence of grain and subgrain coarsening and stress relief. Micro-

hardness followed a similar trend; however, some specimens produced at 

500°C displayed elevated values, suggesting localized precipitation of 

strengthening phases. 
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Chapter 7 

PERSPECTIVES 

 

The findings and criticalities identified in this work can be used as starting points 

for future research aimed at better understanding the observed phenomena. Some 

suggestions for the following studies can be: 

• Further studies to assess how the positioning of samples on the build 

platform affects their final quality when fabricated under identical process 

parameters. 

• Visual inspection during the preheating stage revealed color changes in 

the powder bed, leading to the hypothesis of possible oxidation occurring 

at higher preheating temperatures. A comparison between the chemical 

composition of original powders and those extracted from the powder bed 

after preheating could confirm whether oxidation has occurred. 

• Adjusting VED formulation to include preheating temperature 

contribution and extended printing tests to help predict the modification 

of process maps location with preheating temperature evolution. 

• Investigation of Si segregation occurrence, associated with Si-rich oxide 

inclusions, along grain boundaries, which leads to hot cracking when 

residual stresses are high enough (low preheating temperature). Further 

EBSD analyses on the samples exhibiting these features would enable 

precise mapping of their position relative to the grain structure. 

• Consideration of more adapted techniques to better understand and 

identify the phases responsible for the precipitation hardening when 

increasing the preheating temperature. 
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