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ABSTRACT 

 
English version 

The present work explores the capability of fabbricating low-alloyed metal parts through 

the layer-by-layer Selective Laser Melting (SLM) technique. The alloy used was AISI S2, which 

is a carbide-free tool steel made of 0,49%wt of Carbon. Such kind of steels are not popular as 

for Additive Manufacturing process due to their unpromising welding properties. However, 

obtained results demonstrated the feasibility of printing fully dense, defects-free with good 

surface quality low-alloy steels. A process map containing the optimum set of parameters for the 

realisation of the S2 metal parts will be presented. Later, the printed pieces were subject to 

microstructural investigation under their as-build and heat-treated conditions. The outcomes 

showed a epitaxial grain growth strongly influenced by the scan strategy. Moreover, the 

outermost top layer consisted of supersaturated martensite which was characterized in order to 

gain information about the prior microstructure which was present. Whereas the rest of the cross-

sections of the as-built samples were found to have bands of tempered martensite at various 

degrees of tempering. The cause was related to the complex thermal history of the SLM process. 

In order to achieve all the results several unique techniques have been used such as reverse 

Differential Thermal Analysis, post-processing heat treatment and nanoindentation. The latters 

were used in less common ways to obtain a deeper knowledge of the microstructure of S2 metal 

parts printed through SLM techinque, showing promising results. 

French version 

Le travail présenté explore la possibilité de fabriquer des pièces métalliques faiblement 

alliées alliées en utilisant la technique d'impression 3D "Selective Laser Melting" (SLM) (SLM) 

couche par couche. L'alliage utilisé est l'AISI S2, un acier à outils sans carbure composé de 

0,49% en poids masse de carbone. Ce type d'acier n'est pas populaire pour le processus de 

fabrication additive en raison de ses propriétés de soudabilitéage peu prometteuses. Cependant, 

les résultats obtenus ont démontré la possibilité d'imprimer efficacement des aciers faiblement 

alliés entièrement denses, sans défauts et avec une bonne qualité de surface. Une carte de 

processus contenant l'ensemble des paramètres optimaux pour la production de pièces 

métalliques de S2 sera présentée. Par la suite, les pièces imprimées ont été soumises à une étude 

microstructurale de la microstructure dans leurs conditions de fabrication et de post-traitement 

thermique. Les résultats sur la section transversale ont montré une croissance épitaxiale des 

grains fortement influencée par la stratégie de balayage d’impression. De plus, il a été constaté 

que la couche supérieure la plus externe était constituée de martensite sursaturée, qui a été 



caractérisée afin d'obtenir des informations sur la microstructure antérieure qui était présente. 

Tandis que le reste des sections transversales des échantillons tels qu'ils ont été construits 

imprimés présentait des bandes de martensite trempée à différents degrés de trempe La cause de 

ce phénomène a été attribuée à l'histoire thermique complexe du processus SLM. Afin d'obtenir 

tous ces résultats, plusieurs techniques uniques ont été utilisées, comme l'analyse thermique 

différentielle inverse, le traitement thermique post-processing et la nanoindentation. Ces 

dernières ont été utilisées de manière moins courante pour obtenir une connaissance plus 

approfondie de la microstructure des pièces métalliques S2 imprimées par la technique SLM, 

montrant des résultats prometteurs. 

Italian version 

Il lavoro presentato indaga la capacità di fabbricare parti metalliche basso legate 

attraverso la tecnica di stampa 3D “Selective Laser Melting” (SLM) strato per strato. La lega 

utilizzata è AISI S2, un acciaio per utensili privo di carburi e con il 0,49% in peso di carbonio. 

Questo tipo di acciai non è molto diffuso tra i processi di fabbricazione additiva a causa delle 

loro poco promettenti proprietà di saldabilità. Tuttavia, i risultati ottenuti hanno dimostrato la 

possibilità di stampare efficientemente acciai basso-legati completamente densi, privi di difetti 

e con una buona qualità superficiale. Verrà presentata una mappa del processo contenente 

l'insieme dei parametri ottimali per la realizzazione delle parti in metallo S2. Successivamente, 

i pezzi stampati sono stati sottoposti a un'indagine microstrutturale sia nelle condizioni di 

costruzione sia in quelle di post-trattamento termico. I risultati sulla sezione trasversale hanno 

mostrato una crescita epitassiale dei grani fortemente influenzata dalla strategia di scansione 

utilizzata. Inoltre, è stato riscontrato che lo strato superiore più esterno era costituito da 

martensite super satura, che è stata successivamente caratterizzata per ottenere informazioni sulla 

microstruttura primordiale presente. Per quanto concerne la restante parte delle sezioni 

trasversali dei campioni stampati, sono state rilevate bande di martensite temprata a vari gradi di 

tempra. La causa di questo fenomeno è stata ricollegata alla complessa storia termica del 

processo SLM. Per ottenere tutti i risultati sono state utilizzate diverse tecniche uniche nel loro 

genere, come l'analisi termica differenziale inversa, il trattamento termico post-lavorazione e la 

nanoindentazione. Queste ultime sono state utilizzate in modi poco comuni per ottenere una 

conoscenza più approfondita della microstruttura delle parti in metallo S2 stampate con la tecnica 

SLM, mostrando risultati promettenti. 
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1. INTRODUCTION 
 

Over the past two decades, Additive Manufactuing (AM) has gained remarkable attention 

due to its capability of fabbricate layer-by-layer 3D parts directly from a CAD model [1]. AM 

of metallic components can be carry out through Selective Laser Melting (SLM), a promising 

laser powder bed fusion tecnique which allows the layer-wise manufacturing of metal parts. As 

an AM process, it is able to produce robust near-net-shape pieces with complex geometries and 

inner functional structures [2]. Most steels commonly used with SLM are austenitic stainless 

steels such as AISI 316L, AISI 304L or maraging steels. However, these alloys are not suitable 

for certain applications because of, for istance, their insufficient wear resistance [3]. While tool 

steels with high content of carbon (>0,4 wt.-%) might be a more adequate solution, they are 

considered as unweldable. This is due to the brittle martensitic phase that forms in AM out-of-

equilibrium conditions [3], [4] and because of the presence of a network of solidification carbides 

which decreases both the toughness and the corrosion resistance of the material. However, recent 

promising studies have shown how to mitigate these issues [1], [3], [5], [6], but a more profound 

investigation needs to be achieved. For the latter reason, in this present work a carbide-free AISI 

S2 tool steel have been selected a processed by SLM prior to an in-depth  microstructural 

characterization of the printed pieces.  

 This Master’s thesis consists in a part of a PhD thesis which aims to fabricate new 

innovative alloys, especially made by mixture of powders, using the SLM process. Thus the tool 

steel solely processed by SLM may correspond to an intermediaite stage for which no specific 

application is expected, as the final product will be made of a compound. Nevertheless, the focus 

in this work will be put on multiscale characterization that can help to better understanding what 

occurs for the microstructure evolution during SLM processing. 

Twenty pieces of AISI S2 were fabricated using different combinations of processing 

parameters. From literature it has been known how the volumetric energy density parameter can 

deeply affect the quality of the printed parts [2]–[4], [7]–[11]. Therefore, the different effects 

that the broad range of parameters had generated were investigated, aiming to find the optimum 

set-up to produce defect-free samples which are fully dense in the as-built conditions. 

It has to be aforethought that the information regarding the process and the microstructure 

of the as-fabricated pieces present in literature is lacking on details about the prior microstructure 

yileded by SLM process, especially for AISI S2 tool steel that remains under-studied. In addition, 

AM processes lead to out-of-equilibrium and complex structures that need in-deep studies. 

Indeed, SLM is a process involving heating and cooling cycles, which initiates in situ processes 
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similar to tempering, relaxation or precipitation that in turn affects the microstructure in the 

already solidified previous melt pool [12]. Understanding of these processes and an ability to 

control them is a huge advantage that can provide predictable and tailored microstructures and 

properties in SLM parts [12].  

The microstructural investigation is  carried out using several techniques such as Electron 

Backscattered Diffraction (EBSD) under Scanning Electron Microscope (SEM), reversed 

Differential Thermal Analysis (DTA), nanoindentation and post iso-thermal treatments. Crossed 

analyses performed while combining different characterization methods then allow to achieve 

in-depth understanding of major metallurgical phenomena that occurs either during SLM 

processing, or latter when post thermal treatments are carried out. All these features help to 

understand the microstructural evolution of the studied alloy under SLM processing. These 

innovative ways to investigate could set the ground for future studyings of AM-fabricated metal 

parts. 
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2. STATE OF THE ART 
 

This chapter presents the state of art of the topics needed for the discussion of the results. 

The main treated matters are: (1) Additive Manufacturing (AM) technology, focusing on the 

Selective Laser Melting (SLM) process; (2) the materials mostly utilized in AM and in this 

present study: low-alloyed steel powders; (3) the microstructural elements expected to be found 

and characterization techniques commonly used for AM parts.  

2.1 Additive Manufacturing (AM) 
 

Additive Manufacturing, also known as 3D printing, is a “process of joining materials to 

make objects from 3D model data, usually layer upon layer, as opposed to subtractive 

manufacturing methodologies” [13]. This definition, from ASTM 52900-15 [14], is applicable 

to all kind of materials including metals, ceramics, polymers, biological tissues and composites. 

AM has attracted much attention over the past years due to its immanent advantages, such 

as unrivalled design freedom and short lead times [15]. These techniques have already been 

known for more than 20 years but were at first limited to the rapid manufacturing of porous 

structures and prototypes. More recently, AM has been used to fabricate end-use products in 

aircraft, dental restorations, medical implants, automobiles, and even fashion products [16]. It 

has become possible to reliably manufacture dense parts with certain AM processes for several 

metallic alloys such as steel, aluminium and titanium [17].  

Thus, AM transformed more and more from rapid prototyping to rapid manufacturing 

applications, which require not only profound knowledge of the process itself, but also of the 

microstructure resulting as a consequence of the combination of process parameters utilized and 

consequently of the properties of the fabricated parts. AM technology does not require moulds, 

fixtures or tooling that increase the time production. In addition, AM can guarantee near net 

shaping which can effectively minimize material usage and waste. Not only these benefits, but 

also other advantages come as a product of AM technologies, such as the production velocity, 

green manufacturing, cost saving and design freedom. Moreover, there is a opportunity to increase 

the geometric complexity of the object without increasing  the production cost, weight reduction by 

rethinking the shape, short delivery times, and ultimately some techniques also allow the addition 

of functionalities and one-shot manufacturing of multi-material [18]. 

From the many technologies available, only a few allow producing metallic parts that 

fulfil the requirements of industrial applications [16]. Therefore, recent studies are turning their 

interests in the field of additive manufacturing of metals. The latter term is used to describe 

freeform processes that offer the possibility to produce complex-shaped parts without the design 



4 

 

constraints of traditional manufacturing routes. The process relies on the transfer of a digital file 

to a machine that then builds the three-dimensional component layer by layer from feedstock 

using a laser or an electron beam to fuse the particles together [5]. Over the last decades, the 

numerous progress within the constituent techniques of AM, involving higher energy density 

lasers, additional rational computer code management systems, and additional economical 

powder preparation strategies, boosts it to become a mature and prevalent digital processing 

technology [19]. This technology enables the integration of design freedom, material diversity, 

and green manufacture, making it widely accepted as a new paradigm for the production of high-

end components for critical applications, such as in aerospace, automotive, and health-care fields 

[19]. 

AM system is also classified in terms of the fabric feedstock, energy supply, build 

volume, etc. Table 1 represents a list of different technologies and their equipment. In this table, 

manufacturing systems are divided into three broad categories (while there are many more): 

powder bed systems, powder feed systems and wire feed systems [7]. 

Regarding the powder bed system, a powder bed is created by raking powder across the 

work area (Figure 1). The energy supply (electron beam or laser beam) is programmed to deliver 

energy to the surface of the bed melting or sintering the powder into the required form. Then, 

additional powder is raked across the work space, and the method is repeated to generate the solid 

three-dimensional piece. The advantages include its ability to produce high resolution features, 

internal passages, and maintain dimensional control [20]. 

 

Table 1: Main AM equipment sources and specification [7]. 
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Subsequently, a schematic illustration of an AM powder feed system is shown in Figure 

2. Powder are conveyed through a nozzle on the build surface. A laser is used to melt a monolayer 

or more into the desired shape. The advantages of this type of system include its larger build 

volume and its ability to refurbish worn or damaged components [21]. 

 

 

 

 
With reference to the wire feed systems, in this situation the feed stock is a wire and the 

energy supplier may include electron beam, laser or plasma arc. Firstly, a single bead of material 

Figure 1: Schematic illustration of an AM powder bed system [20]. 

Figure 2: Schematic illustration of an AM powder feed system [21]. 
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is deposited and upon subsequent passes is built upon to develop a three-dimensional structure. 

The wire feed system is well suited for high deposition rate and for large build volumes. However, 

the final product usually requires extensive machining (Figure 3) [22]. 

 

 

 

 
The most popular processes for AM of metals are Laser Beam Melting (LBM), Electron 

Beam Melting (EBM), and Laser Metal Deposition (LMD). LBM process is also known as 

Selective Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Laser CUSING, Laser 

Metal Fusion (LMF) or industrial 3D printing. LMD process is also called Direct Metal 

Deposition (DMD), Laser Engineered Net Shaping (LENS), Laser Cladding (LC) or laser 

deposition welding. Most of these names are trademarks of different machine manufacturers. 

 

2.1.1 Selective Laser Melting 
 

Among Powder-Bed Fusion (PBF) Additive Manufacturing processes, SLM is an 

impressive development of the AM technology as it has the potential to obtain parts with fine 

microstructure and high mechanical properties [23]. The SLM technology uses high-energy laser 

beam which selectively melts the metal powder layer by layer according to the contour data by 

means of layered powder levelling, melting, and solidification. During the layer processing, the 

powder bed drops and the powder feeder is spread with a layer of powder at the same time. 

Differently from traditional metal processing strategies, SLM processing technology usually 

uses ultrafine powder with a particle size of about 30 μm as raw material [11].  

SLM technology is characterized by complete melting and solidification of the metal 

Figure 3: Schematically illustration of an AM wire feed system [22]. 
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material, making it suitable for successfully processing pure metals, alloys, and metal matrix 

composites. Table 2 shows the main metal materials used in this technology and their preparation 

methods. The characteristics of metal powder feedstock such as particle size distribution, particle 

shape, fluidity, oxygen content, and absorption rate of powder materials directly affect the 

processing quality of SLM final parts [11]. 

 

Table 2: Types and characteristics of metal powders used in SLM technology [11]. 
 

Compared to conventional casting and forging processes, the molten pool has a very high 

cooling rate about 103-106 K/s, hence the solidification process is in non-equilibrium and its 

rapid cooling causes a complex thermal history and therefore a microstructure which is hardly 

predictable. Secondly, in the SLM process different energy inputs might be used, their values 

strongly affect the melt pools shapes and conditions. As a consequence to these two aspects, 

parts formed through SLM process present defects such as porosities, cracks and internal stresses 

together with supersaturated phases. 

Although substantial progress has been achieved in comprehending the SLM process and 

fabricating different materials with this process, the industrial application is still restricted [24]. 

Limitations related to the efficient process parameters for different materials and defects on the 

printed parts are some of the main hurdles buried in this method that prevent it from 

manufacturing functional parts [24]. Moreover, there are significant challenges in making high 

performance and reliable products regarding metallic parts, inherently relate to the formation of 

porosity and complex microstructure development in solidification. To address such challenges, 

in addition to many efforts in obtaining insights into processing phenomena, it is necessary to 

have in-depth understanding of complex microstructure development during solidification from 

the single-track to multi-layer depositions with various scan strategies and the influence of 

process parameters to increase the confidence in tailoring the microstructure, and thereby the 

properties of alloys [25]. 
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SLM has received heightened attention from the scientific society thanks to its multiple 

advantages (Figure 4). Its technology overcomes the design limitations of the traditional 

methods. It is capable of fabricating complex, compact structures (density up to 99.9%) by 

metallurgical bonding and provides excellent mechanical properties [26]. Hence, SLM is widely 

used in aerospace, medical and automotive applications. Its technology is particularly suitable 

for the development and even production of single parts and new and single-volume products in 

the aerospace field being a solution against traditional processing methods issues, such as many 

manufacturing processes, long cycles, and difficult-to-form complex structures[11]. 

 

Figure 4: Advantages of SLM technology over conventional methods for biomedical device manufacturing 

[27]. 

 

 

2.2.1.1 Process mechanism 

 

As all AM technologies, The SLM process starts with a CAD model that contains 

information about the areas to be melted in separate layers, the 3D model data is later revolved 

into a 3D near-net functional component. Subsequently, the as-built parts can undergo post-

processing treatments to achieve the final properties, as shown in Figure 5. 
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 Figure 5: SLM schematic working principle [24]. 

 

During the SLM process, 3D components are digitally "cut" into thin 2D layers. Each 

sliced layer is further developed with the appropriate scan paths. Through the scanner mirrors, a 

laser beam selectively scans and melts the powders that are previously paved on the substrate 

[9]. At this point in the powder bed, the cohesion of the particles is achieved via a high-

performance laser that exposes the contours and surfaces of the 2D layers, causing the powder 

to melt and bond locally at these points The process is formed by the interaction between the 

laser and the powder which includes a series of physical and chemical processes, together with 

energy transfer and physical state changes. After a layer is finished, the building platform is 

lowered by an amount equal to the layer thickness, and a new layer of powders is paved (Figure 

6). The process repeats until the completion of the whole part and the components can now be 

separated from the platform. Heat treatment is suitable as post-processing in order to eliminate 

thermal stresses [28] as it will be deeper explained in the paragraph 2.2.1.3. 
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Figure 6: SLM schematic working procedure inside the sealed chamber [28]. 

 

2.2.1.2 Influence of process parameters and defects 

 

Selective Laser Melting is a technology for which the mechanical properties of printed 

metal parts are highly dependent on the printing parameters. Indeed, given the presence of a wide 

spectrum of custom-made and commercially available SLM systems, the manufacturing of parts 

is affected by a large number of different deposition parameters, at least 130 according to 

Yadroitsev [29]. As a consequence, the tailoring of the proper process parameters is paramount 

for the manufacturing of SLM parts, especially in order to achieve fully dense parts with 

minimized defects such as porosity, incomplete fusion holes, and cracks [24]. Achieving full 

density in final parts is, for instance, one of the most  desired outcomes in additive manufacturing 

(AM) since the retention of even minimal amounts of residual porosity seriously degrades 

mechanical properties [30]. 

Researchers have often presented their results on final part porosity using an approach 

based on the volumetric energy density (𝐸𝑑), finding that in many cases when deposition occurs 

in a specific energy density range, final porosity can be minimized [30]. Therefore, 𝐸𝑑 is a 

parameter of crucial importance for the fabrication of SLM pieces. This parameter reflects the 

laser beam’s energy transmitted to a volumetric unit of powder material and correlates with 
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several relevant laser and scan parameters, from the empirical equation:  

𝐸𝑑 (
𝐽

𝑚𝑚3) =
𝑃

𝐷ℎ∙𝐷𝑠 ∙𝑣𝑠
                             Equation 1 

 

Where P is the laser powder (W), which is the energy intensity of the laser beam; 𝑣𝑠 is 

the scanning speed (mm/s), the traverse speed of the laser beam; 𝐷ℎ is the hatch distance (mm) 

which is the gap between two head-to-head scan pathways; and 𝐷𝑠 layer thickness (mm): the 

thickness of a layer that equals one incremental amount of the powder bed. The graphical 

representation of the track parameters is shown in Figure 7 [31]. In addition, the value of energy 

density differs from material to material and a value greater than the materials specific energy 

density range leads to a wider and deeper melt pool [24]. This means that the building job can 

be modified by changing the different parameters which indirectly and/or directly affect the 

quality of the melted area [30].  

 

Figure 7: Graphical representation of SLM process parameters [31]. 

During the SLM process a high-power laser with a distinctive pattern melts the powder 

and creates 3D parts. In this stage, powder particles absorb energy when the high energy laser 

beam irradiates on the powder bed. A transient temperature field with high temperature and rapid 

cooling rate will occur, both of the events will deeply affect the microstructure and mechanical 

properties of the specimens [31]. Therefore, the Ed value becomes really influential with regards 

to the overall quality of the as-fabricated pieces. 

Indeed, based on different laser energies and residence times, the metal powder 

undergoes corresponding state changes by absorbing different laser energies. For instance, when 

the laser energy is low or the residence time is short, the metal powder absorbs less energy, thus 

only the surface temperature of the metal particles rises and the material softens and deforms, 

still exhibiting a solid state. While if the laser energy is high, the temperature of the metal powder 
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exceeds its own melting point, and then the metal particles appear to be in a molten state. When 

the laser energy disappears instantaneously, the molten metal cools rapidly to form fine-grained 

parts [11].  

A few studies analysed the effects of the tailoring of process parameters in SLM 

technologies. For example Zhang, et al. [9] studied the defect formations in the SLM process, 

and they concluded that the energy density process parameters could control defects in the SLM 

process. Additionally, most of the defects are found at the scan track endpoint and between two 

adjacent tracks, meaning that scan strategy is influential parameter for the location distribution 

of defects [24]. 

Parameter optimization enhances the printed part quality; however, understanding each 

process parameter imparts a good quality product. All the process parameters are significant 

based on the study response, therefore, increasing or decreasing the magnitude of parameter 

levels must depend on the material properties and the required properties of the specific case 

study.  

As previously mentioned, besides the volumetric energy density parameters, a 

combination of an ideal scanning strategy can significantly enhance the mechanical properties 

of the printed part. The  two most common scan strategy used for SLM processes are shown in 

Figure 8 [31]. Among them, the so called “cross-hatching” scan strategy (Figure 8a) can make 

the entire laser energy input more balanced in the whole layers, which effectively prevents defect 

accumulation and propagation [9]. 

 

Figure 8: a “Cross-hatching” scanning strategy (the rotation of the scanning direction by 90°). b The 

rotation of the scanning direction by 67° [31]. 

Defect formation is a critical problem in the SLM processes and it has a significant 

influence on the real-world application of the SLM fabricated parts. For the latter reason, it is 
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necessary to have an in-deep knowledge of the defects structure and formation.  

3D printed SLM parts often contain porosity that can lead to changes in the local thermal 

field and therefore alter the solidification microstructure. In these technologies, porosity can be 

categorized into three groups based on the mechanism of formation: key-holes, entrapped gases 

and lack of fusion [25]. Key-hole occurs when excessive power density is used in melting the 

material, leading to the penetration of the power beam deep into the beneath layers (Figure 9a). 

Lack of fusion occurs when there is insufficient molten metal to flow to fill gaps, leading to 

irregular pores (Figure 9b). Pores formed due to entrapped gases are either from pre-existing gas 

inside powder or vaporized material during fusion. These pores are usually spherical and 

typically smaller than keyhole pores and lack-of-fusion pores (Figure 9d). The presence of pores 

can cause disruption to crystal growth depending on the size of pores [25]. Indeed, small 

entrapped gas bubbles do not cause any significant changes in solidification microstructure. 

Meanwhile big pores can serve as thermal insulation, leading to reductions in both the thermal 

gradient and the cooling rate in the regions above pores [25]. 

Besides porosities, cracks can also occur within 3D SLM printed parts which  need to be 

taken into account. Among the many reasons for cracks  formation of in SLM printed parts, there 

are collisions between specimens and the powder recoating machine and high thermal stresses 

associated with the manufacturing SLM process, the latter leading to which delamination from 

the base plate (Figure 9c) [31]. 

 

Figure 9: illustrative examples of SLM typical defects. a) Keyhole porosity b) Lack of fusion c) Cracks 

d) Gas porosities. 

 

A source of macroscopic defects like cracks and a reason for achieving a bad surface 

roughness is the balling effect (Figure 10). The surface roughness is one of the most important 

b 

a 

c 

d 
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features of complex geometry in AM production, usually originated from insufficient melting of 

the powder particles on the powder bed or balling effect.  

The reasons for balling effect are multiple [31]. Firstly, when the laser power is above a 

certain value, there is evaporation and splashing into the molten metal pool, the splashed liquid 

will fall into the molten pool and form a small spheroidizing area. Excessive laser energy input 

causes a steep temperature gradient between the centre and the edge of the entire surface, 

resulting from the surface tension gradient and the resulting Marangoni effect [32]. As a result 

of the Marangoni effect, the melt has a tendency to flow radially inward to the centre of the melt 

pool rather than outwards on the surface below. As well as a high laser power, a low one can 

causes a balling effect too. Laser sintering is a line-by-line process in which the powder particles 

absorb energy as the solidus sintering temperature decreases with the laser power, which results 

in the amount of liquid reducing. This causes the rearrangement of liquid flow, thus the molten 

material in the focused spot area of each point tends to aggregate into a single coarsening sphere, 

whose diameter is approximately the diameter of the laser beam. Regarding the scanning speed, 

if it is high, the melt droplet is easier to splash from the surface of the molten track, thereby 

producing longitudinal cracks in the finally solidified tracks. On the other hand, a very low laser 

scanning also results in a balling effect. The interaction time between laser and powder is 

relatively long with a slow scanning speed, which leads to an excessive local liquid. Due to the 

too large molten pool, the powders around it are sucked into the pool, resulting in the shortage 

of powder in the original position. As a consequence, cracks and surface roughness caused by 

the balling effect are the major macroscopic characteristics [31].  
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Figure 10: Schematic representation of balling effect in SLM technology [31].  

Another issue with SLM fabrication is that the metal powders solidify quickly after 

melting in the presence of high-energy laser beams. Additionally, the complicated heat 

conduction process is usually accompanied by spattering, which greatly influences the stability, 

energy utilization of the fabrication process, and quality of the fabricated structures [33]. 

Spattering is very common in laser manufacturing. During the processes the laser beam that is 

applied to the processed material can have a very high volumetric energy density. For the latter 

reason the surface of the material is melted and at times, vaporized into plasma to help the 

material absorb the laser. Under the blow off impulse pressure, the melted material is compressed 

to cause some liquid material to leave the molten pool at a certain speed, thereby forming the 

spatters [26]. Observing and analysing dynamic variations of spatters by varying energy inputs 

reveals a close relationship between the formation mechanisms of spatter and the volumetric 

energy density. Therefore, spattering is greatly attributed to thermodynamic, dynamic, and 

metallurgical instability of the small molten pool. As shown in Figure 11, the surface of the liquid 

deforms and is sunken under the vaporization pressure, therefore the one in the molten pool at 

high elevation instantly collapses due to the force of gravity [26]. The recoil pressure associated 

with extreme expansion of the gas phase causes the metal jet (type-I spatter). Meanwhile, in 

order for surface energy to reduce in the presence of surface tension, the jetted liquid metal 

stretches during its flight and decomposes into small drops, causing droplet spatter (Type-II 

spatter). Simultaneously, non-melted powder particles splash at the front of the molten pool 
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(Type-III spatter) [26]. The presence of such defect as spatters obstruct the printing process until 

the point that it might impede it, leading to failure. The control of the volumetric energy density 

input can help mitigate similar situations. 

 

Figure 11: Formation mechanism of spattering and graphical representation of the three types of 

spatters [26]. 

 

In conclusion, macroscopic characteristics of steels produced by SLM lie in the correct 

process parameters that lead to the proper volumetric energy density value, mainly laser scanning 

speed and laser power. Since defect formation has a significant influence on the mechanical 

properties of the SLM fabricated parts, which restricts the application of the SLM technique, the 

quality control in an SLM process relies on defect detection and elimination. For high quality 

SLM fabrications, defect monitoring, simulation and modelling, as well as real-time defect 

elimination become necessary [9]. 

 

2.2.1.3 Post-processing Thermal Treatments 

 

SLM is a promising technique, however, as it has been described in the previous 

paragraph, it has greater issues which can occur, such as evaporation, balling, spattering, 

porosities, cracks and thermal stress deformation that can seriously affect its practical 

application. Besides the process parameters and scan strategy control, it is possible to consider 

the use of post-processing heat treatments to eliminate part defects, extend service life, and 
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improve the overall performance of the parts. Common heat treatments methods include hot 

isostatic pressing (HIP), cold isostatic pressing (CIP), annealing, and solid solution strengthening 

[11]. The selection of the post-processing process depends on the type of materials, geometry, 

and types of required surface quality.  

One of the most used post-processing method is the isostatic pressing technology, which 

ensures higher densities (up to 100%) of the part while also ensuring uniform microstructure and 

good mechanical properties. Therefore, powder metallurgy additive manufacturing technology 

and isostatic pressing can be combined to produce parts with complex shapes and high density 

without the use of complex metal sheaths. Isostatic pressing can be divided into hot isostatic 

pressing (HIP) and cold isostatic pressing (CIP) according to the temperature at which it forms 

and consolidates [11]. Afterwards, the SLM parts have more uniform microstructure, exhibiting 

excellent elongation and fatigue properties [11]. 

Common annealing processes include stress-relief, recrystallization, and full annealing 

processes. Among these, the stress relief annealing can help improving the unevenness of the 

microstructure in the micro-melting pool, and eliminate the huge residual thermal stress in the 

processed part due to rapid melting/solidification, thereby improving the anisotropy of the 

processed part and reduce the possibility of being subject to cracking phenomena (Figure 12). 

While the recrystallization annealing process can eliminate the anisotropy of the mechanical 

properties of SLM parts, but the overall tensile strength will be reduced, and the grain orientation 

will no longer have obvious directionality. For the full annealing process, it can change the 

microstructure of the processed part, leading to either dissolution and recrystallization under 

heating, or precipitation or solid state transformation during cooling. However, grains with 

significantly coarse microstructure may cause deterioration of the mechanical properties of the 

SLM parts [11]. 
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Figure 12: SLM prints surface morphology before (A) and after (B) annealing [11]. 

 

The third most-commonly used SLM post-processing treatment is solid solution 

strengthening. This method can help achieving a certain type of hardening which corresponds to 

the inclusion of substitution elements within the matrix to increase its strength [34]. In 

postprocessing, the solute atoms incorporated into the solid solution cause lattice distortion, 

which increases the resistance of the dislocation motion, making it difficult for the slip to 

proceed, thereby increasing the strength and hardness of the alloy solid solution [11]. Through 

adjustment of the solid solution parameters, the grain size of the steel can also be controlled to 

soften the structure of the steel [11]. 

In addition, one of the major challenges in the metal AM process is the surface quality of 

the manufactured component. The as-fabricated parts generally exhibit inadequate and poor 

surface quality in the as-built configuration. The surface imperfections and defects ranging from 

staircase effect due to the layer by layer nature of the deposition techniques, partially fused 

feedstock material, balling effects, spatters, or inadequate fusion lead to a notably irregular 

surface morphology [35]. This high surface roughness can significantly deteriorate the 

performance of the additive manufactured parts imposing a substantial limit on their prospective 

applications; for instance, fatigue performance, wear and scratch resistance [35]. A great effort 

has been lately dedicated to developing post-treatments for improving the surface quality of 

additively manufactured metallic parts [35]. Laser polishing, magnetic field-assisted finishing, 

grinding, blasting, polishing, and other post-processing techniques have been used with the 

additive manufactured metallic components to increase surface quality and regulate surface 

integrity characteristics [24]. 
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2.2 Materials involved in AM processes 
 

AM technology has completely changed the way and principle of traditional 

manufacturing, which is a subversion of the traditional manufacturing model [36]. At present, 

AM materials have become the main bottleneck restricting the development of AM, as well as 

the key and difficult point of making breakthrough in AM technology [36]. Only by developing 

more new materials can the application field of AM technology be expanded. Currently, AM 

materials mainly include polymer materials, metal materials, ceramic materials and composite 

materials [36]. As the present work deals with the fabrication and characterization of metal parts, 

this chapter will focus on the production of AM metal materials. 

Metal additive manufacturing (AM) is, among the AM processes, one of the most 

impactful. Metallic components are created through the accumulation of metallic materials in 

the form of powders, wires, or sheets via a layer-by-layer manner using various energy sources 

[19]. The two main forms of feedstock for metal AM are wire and powder, their characteristics 

play an important role in influencing the processing windows or the functionalities and properties 

of fabricated components [19]. 

Wire feedstocks are generally welding wires produced from casting, roll bonding, 

drawing, or extrusion techniques. For this kind of feedstocks, contaminants and defects on the 

wire surface such as cracks and scratches may result in porosity in the fabricated components. 

Wires used for AM are typically range from 0.45 to 1.2 mm [19]. 

Powder feedstocks, which are the ones used in the current study, are mainly produced 

using atomization methods [19]. For metal powders, key characteristics are particle size 

distribution (PSD), particle shape, high bulk density, flowability, and chemical composition. 

These characteristics play a vital role in either the processing window establishment or the 

functionalities and properties of printed products [19]. The atomization method mainly includes 

water atomization and gas atomization, which is also the methos utilized for producing the metal 

powder of this work. The powder prepared by gas atomization has the advantages of high purity, 

low oxygen content, controllable powder particle size, low production cost and high sphericity, 

and has become the main development direction of high performance and special alloy powder 

preparation technology [36]. The main principle of all atomization technologies is the 

fragmentation of a stream of molten metal by the impact of water, gas, oil or by mechanical 

dispersion [37]. During this process, molten metallic material is broken up into fine particles by 

impingement with gas or water. The atomization of metals can also be done by utilizing 

centrifugal force to disintegrate the melt into small powder particles [38].  

Figure 13 shows the schematic illustration of powder manufacturing via gas atomization 
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processing. In the commonly used gas atomization process, a melt of elemental alloyed material 

passes through an orifice, and struck by a high pressure gas stream, before falling into a chamber 

where it cools and solidifies as it falls [20]. The powder is then collected and subsequently 

annealed to make it ready for use in manufacturing [20]. While in liquid atomization of molten 

metals, the melt stream is generally interrupted by spraying a high-pressure liquid, which rapidly 

cools and solidifies the melt droplets. Compared to gas atomization, liquid atomization results 

in less porous, smaller, and higher purity particle with wider particle size distributions [39]. On 

the other hand, with water atomization process, particles have irregular shape, while powders 

obtained by gas atomization process present a spherical or near to spherical shape (Figure 14).  

 

 

Figure 13: Schematic illustration of gas atomization process for metal powder manufacturing [38]. 
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Figure 14: Low alloy steel powders produced by different atomization processes: (a) gas atomization, (b) 

water atomization [40]. 

The gas atomization processing is characterized by its high mass flow rate, and it is 

therefore frequently used for the production of metal powders with a mass median diameter 

ranging from 10 to 100 μm. However, the wider particle size distributions of metal powders and 

the higher consumption of specific gases are major limitations of this process, as a wide particle 

size distribution of the raw metal powder correlates to a lower productivity [41]. Moreover, there 

are still two unavoidable issues in gas atomization-prepared powder particles. The first issue is 

that a substantial amount of satellite particles are generated when solidified metal particles 

rebound from the bottom of the chamber and collide with the falling molten particles. The other 

issue is the formation of gas pores or bubbles within the metal particles when the partial high-

pressure gas applied is trapped and retained in the molten particles. These gas-trapped pores will 

remain and decrease the densities of printed components, which are detrimental to the 

mechanical properties of printed components, especially fatigue properties [19].  

Metal materials used for AM include iron-based alloys, nickel-based alloys, aluminium-

based alloys, and titanium-based alloys [42]. Iron-based alloys are rich in resources, which are 

widely used in industrial production and life. They can be subdivided into three categories: 

stainless steel, high-strength steel, and die steel; 304 and 316 austenitic stainless steel powders 

[36].  However, these alloys are not suitable for certain application because of, for instance, their 

insufficient wear resistance [3]. While tool steels with high content of carbon (>0,4 wt.-%), 

which is the case of AISI S2 tool steel used in this present study, might be a more advanced 

solution. Nevertheless they are considered as unweldable due to the brittle martensitic phase that 

forms in AM out-of-equilibrium conditions [3], [4], more recently there have been successfully 

applied to AM technology several researches showing how to mitigate these problematics [1], 

[3], [5], [6]. 
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2.2.1 Low-alloy Steel  
 

Steel is a critical material for modern society. It is by far the most produced type of 

structural metallic alloy, about 30 times more in weight than the second-ranking aluminium 

alloys [43]. Moreover, steel holds a key role in addressing two of the most pressing challenges 

faced today: climate change and natural resource exhaustion. It is ideally suited for numerous 

transportation and energy applications given the abundance and the even distribution of most of 

its base minerals. Its other key advantage is its unmatched versatility, as subtle tuning of its 

composition and its thermomechanical processing that can yield a wide range of microstructures 

and corresponding mechanical properties [44].  

Most common steels are usually carbon steels with the addition of one or several alloy 

elements to improve their properties quality. A big section of the steel is occupied by low-alloy 

steels, in which the total alloy elements content is less than 5%. This type is the case of AISI S2 

tool steel which was utilized in the current study.  

Commercial low-alloy steel grades commonly include four or more alloying elements 

from about a dozen usual ones (B, C, N, Al, Si, Ti, V, Cr, Mn, Ni, Cu, Nb, Mo, W…), resulting 

in a many dimension design space. Designing enhanced-recyclability grades involves an even 

more complex space as trace elements from scrap metal must be accounted for as well [45]. The 

yield stress of steel determines how big stress that steel can suffer and does not cause any 

deformation, for low-alloy steel is at the range of 310-345 MPa. Regarding corrosion properties, 

some low-alloy steel has great inoxidizability and the presence of copper, phosphorus, silicon, 

chromium, nickel, molybdenum can raise the corrosion resistance. 

Low-alloy steel has great technological properties such as machinability, cold and hot 

processing properties and heat treatment properties. Low-alloy steel can indeed make a huge 

impact on the development of one material, thus the size, weight, properties and etc of industry 

products can be improved [46]. It is widely used in the industries as the engineering plant, ships, 

bridges, buildings, automobiles and etc.  

However, low-alloy steels present specific challenges regarding welding and fabrication. 

The complexity of the weldability is as varied as the alloy steel composition and its application 

[47]. With increasing carbon or alloy content, low-alloy steels generally become more difficult 

to weld as the heat affected zone hardness increases [48]. Generally, in welding processes, 

localized concentrated heat is applied to melt and join the work pieces together. Due to the rapid 

heating and cooling cycles, the work piece is subjected to steep temperature gradients that lead 

to microstructural changes in the welded areas, followed by residual stresses and deformations 

in the welded components [49].  It becomes a safety critical issue when a welded steel component 

https://www.sciencedirect.com/topics/engineering/alloy-steel
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undergoes fatigue environment. This is because, the fatigue strength of the weldment is related 

to that of the heat affected zone. It has been reported that ~ 80% of mechanical failures are fatigue 

related [50]. One of the major factors that deteriorate this property of welded joints is residual 

stress. The combined effects of defects and residual stress contribute significantly to the limit of 

load that can be imposed on the structural member.  

Although the unpromising weldability of such steels, an increasing interest on low-alloy 

carbon steel for additive manufacturing has been developed within the last years. The reasons 

lay into the broadening of AM application fields by using different kinds of materials. However, 

compared to classical processes of PM, 3D printed alloy steels were found so far to have poor 

mechanical properties [7]. One reason is the hard brittle martensite phase which the high carbon 

content tends to generate. Moreover, carbon is prone to react with oxygen in the laser molten 

pool, forming carbon monoxide and dioxide gas bubbles and latter phenomenon leads to not only 

the loss of C but most-likely also to the generation of pores in the fabricated alloy steels.  

Regarding the powder production of low-alloy steel additive manufacturing, gas 

atomized and plasma atomized (PA) powders are commonly used in LPBF due to their chemical 

purity and near-spherical shape, which enables easier material distribution over the powder bed 

for laser processing [51].  

While studying as-built additive manufactured low-alloy steels, it is important to take 

into account the fact that the microstructure is very sensitive to the influence of heat. After 

solidification, austenite, pearlite, bainite, and martensite may form under different cooling 

conditions. These microstructures also undergo phase transformation when heated and so 

tempered martensite, recrystallized ferrite, tempered bainite and tempered sorbite may form at 

different heating temperatures [52]. Indeed, as-built samples were found to show microstructure 

with alternate layers of untempered (hard) and tempered (soft) martensite, as the result of the 

multiple thermal cycling effects [1].  

Hence, to fabricate and characterize low-alloy steel parts generated through SLM, a big 

effort to mitigate the issues due to the presence of defects and to investigate the microstructure 

is needed. 

 

2.3 Microstructural characterization  
 

The current study aimed to face the challenges of printing low-alloy steels above 

mentioned and analysing as many aspects of the as-printed 3D parts as possible. One goal was 

to be able to analyse the supersaturated phases of low-alloyed steels together with the complex 

thermal history typical of SLM printed pieces. To do so, a microstructural investigation has been 
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performed using several common and others innovative techniques. 

To begin with, it is important to consider that the AM process is characterized by high 

cooling rates that bring to a fine structure. The laser processes lead to solidification in metals that 

is more cellular dendritic instead of the classical columnar dendric owned by the casting routes as 

Y. Lee et al. [53] reported (Figure 15). 

 

Figure 15: Correlation between Temperature gradient (G), Solidification rate (R) and the 

microstructure [53]. 

 

 

Moreover, as in SLM the 3D part is fabricated layer by layer, the changes of temperature 

field during the process as well as the heat input and heat accumulation have a significant impact 

on the  microstructure, resulting in a complex final microstructure. The phase transformations 

associated with the thermal cycling process are affected by the imput parameters (Figure 16, 

Figure 17). Thus, different microstructures are finally obtained at different values of volumetric 

energy density (Ed) [52], gaining a big anisotropy and inhomogeniety and, as consequences, the 

mechanical properties of the final parts are affected.    
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Figure 16: Molten pool morphologies and corresponding microstructural SEM images of SLM low-alloy 

steel samples grown with different Eds: (a,d) Ed=284 J/mm2; (b,e) Ed=71 J/mm2; (c,f) Ed=29 J/mm2 [52]. 

 

Figure 17: Microstructures of SLM low-alloy steel samples grow with different Ed s:  (a) Ed =142 J/mm2; 

(b) Ed =71 J/mm2; (c) Ed =47 J/mm2; and (d) zoomed-in image of (b). GB: granular bainite; M-A: martensite–

austenite; LB: lower bainite; BF: bainitic ferrite [52]. 
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Recent studies already aimed to characterize low-alloy steels produced by AM techniques. 

For instance, Liu et al. [54] investigated the microstruture evolution of 3D printed pieces finding 

that the as-deposited microstructure of the as-deposited samples is mainly the mixture of 

martensite and acicular bainite (Figure 18). To do so, OM and SEM observations have been 

performed, together with microhardness tests. From the SEM photos, the study observed that 

martensite is composed of many laths that are roughly parallel to each other. This has been found 

as a typical microstructure features of the additive manufactured low alloy steel parts [55], [56]. 

In the latter explained work the hardness evaluation was not used to evaluate the mechanical 

properties of the printed specimen, it was instead used to help the characterization of the phases. 

Indeed, different values of hardness can be correlated to different microstructural phases. This 

innovative technique will be utilized in this present study as well. 

 

 

Figure 18: Microstructure of the as-deposited parts: (a) Low magnification image; (b) high 

magnification image; (c) SEM photo [57]. 

 

Other studies, such as Saewe et al. [58], investigated the solidification structure of the 

top layer of the specimen. Thanks to the use of OM and SEM obeservations, together with ESBD 
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and EDS analysis, they found both columnar dendritic structure close to melt pool boundaries 

and equiaxed structure in the centre of the melt pool. In particular, the cross-consideration of 

Energy dispersive X-ray (EDS) analysis (composition) and Electron Backscattered Diffraction 

(EBSD) analysis (information about lattice) appears as very promising to overcome the 

limitations specific to each of these techniques considered separately [59]. Their outcomes 

showed that dendrites are created by the rapid solidification and strong constitutional 

supercooling of the melt during the process, while the areas with an apparently equiaxed 

solidification structure in the middle of the melt pool may be caused by a locally reduced 

temperature gradient [58]. This sub-grain structure was found to be characterized by very fine 

dendrites and interdendritic areas (Figure 19). The equiaxed solidification structure is shown 

representatively in Figure 19d, where equiaxial precipitates are visible along interdendritic 

regions. 

 Moreover, Pham et al. [25] used again microscope observations together with EBSD and 

EDS analysis to show that perturbations on the sides of cells (or dendrites) facilitate crystals to 

change growing  direction  by  side-branching  along  orthogonal  directions  in  response to 

 

Figure 19: SEM micrographs of a melt pool (a-b) and details of columnar dendritic (c) and equiaxed 

dendritic solidification structures (d) at the top layer of as-built samples [58]. 
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changes in local heat flux. While the continuous epitaxial growth is responsible for slender 

columnar grains confined to the centreline of melt pools, side-branching frequently happening 

on the sides of melt pools enables crystals to follow drastic changes in thermal gradient across 

adjacent melt pools, resulting in substantial broadening of grains [25]. Furthermore, the study 

found that the variation of the scan strategy could interrupt the vertical columnar microstructure, 

but promote both in-layer and out-of-layer side-branching.  

 Another unique technique which has been used to achieve information about the 

microstructure of AM metal parts is the reverse differential thermal analysis. The latter consists 

in a common Differential Thermal Analysis (DTA) test which is carried out at a moderate and 

constant heating scan speed until complete remelting. However, the outcomes of the analysis are 

used to allow linking each of the endothermic or exothermic reactions peaks observed in the 

DTA curve to a related phase transformation that had occurred during the initial solidification in 

the spin-casting process [59]. Nevertheless the very high achievable cooling rates (50°C/min), 

these remain several orders of magnitude lower than those achieved under industrial casting 

processes. DTA is thus useful to build phase diagrams, in equilibrium conditions or close to 

equilibrium, however, because the cooling rate strongly influences both undercooling and solute 

partitioning during solidification, the crystallization behaviour achieved under DTA hardly 

corresponds to the actual solidification sequence which occurs during industrial casting 

processes [59]. Indeed, subsequently the reverse DTA, if combined to other microstructure 

investigation technique such as SEM/EDS–EBSD, constitutes in an innovative relevant approach 

to understand the phase transformations during complex casting processes with relatively high 

solidification [59].
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 3. MATERIALS AND EXPERIMENTAL METHODS 
 

 

3.1 Original Powders 

The powders used to create the samples are gas-atomized AISI S2 powders, supplied by 

Sandvik Osprey Ltd., U.K.. In Figure 20 their morphology and in Table 3 their chemical 

composition is shown. 

 

 

 

 
Figure 20: SEM micrographs of the S2 powders. 

 

Element C Si Mo Mn Fe 

%wt 0,49 1,2 0,6 0,6 Bal. 

 

Table 3: Chemical composition analysis of the S2 powders. 

 

The particles size in the S2 powder varies, the Laser Diffraction Analysis reveals a D10 

value of 20,6 µm, D50 value of 31,0 µm and a D90 value of 47,5 µm. Moreover, AISI S2 steel 

powders have an apparent density of 7,806 gr/cm3. 

 

3.2 Samples fabrication 

The additive manufacturing technique utilized to fabricate the samples was Selective 

Laser Melting (SLM). The samples have been produced by the company “Aconity 3D” and the 

machine used was the AconityMIDI. 

3.2.1 SLM Machine 

The Aconity Midi machine is displayed in Figure 21. It represents Aconity3D's approach 

towards a flexible production system equipped with process monitoring and high temperature 

preheating up to 1200°C. This machine has also an optional second process chamber, which 
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allows parallelizing setup times while the main system is still producing [60]. As for all Aconity 

systems, the Aconity Midi is equipped with the control software Aconity Studio which allows to 

have access to all relevant process parameters and machine components. The Aconity Midi is 

also available as Dual-Laser system for further maximized productivity. Additionally, it may be 

equipped with the unique vacuum option and Micro-SLM configuration [60]. 

 

 

This Selective Laser Melting machine has many attributes, its main technical 

specifications are explained in Table 4. 

 

Build Space Diameter of 170 mm 

Height of 250 mm 

Optional Build Spec reduction Diameter of 100 mm x height of 250 mm 

Diameter of 55 mm x height of 250 mm 

Laser configuration Single Mode Fibre 400W / 1000W 

 

 

Figure 21: AconityMIDI SLM Machine [60] 
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Optics configuration/ Spot size F-Theta/ 80 micron 

3D Scanning/ 80-500 micron 

Preheating Temperature/ Heated Area 500°C/ Diameter of 170 mm x Height of 180 mm 

800°C/ Diameter of 100 mm x Height of 180 mm 

1200°C/ Diameter of 70 mm x Height of 150 mm 

Fully adaptable process parameters Maximum flexibility for application development 

Layer Thickness Down to 10 micron 

Inert gas Type/ Pressure Argon 4.6/ 6 bar 

Nitrogen/ 1 mbar 

Optional inertization system Vacuum/ 1 mbar 

Optional Additional build chamber and 

setup station 

Parallelized machine setup 

Inert Gas Consumption <5 lt / min during processing 

<30 lt /min during plugging 

Residual Oxygen content <100 ppm 

Pressurized air Type/  Pressure ISO 8573-1:2010 [1:4:1]/ 6 bar 

Pressure Air Consumption < 50 lt/min 

Machine dimensions (width x depth x 

height) 

2170 mm x 1590 mm x 2340 mm 

Machine weight without powder 1385 kg 

 

Table 4: Technical specifications of Aconity Midi [60]. 

 

3.2.2 Parameters for the realization of the samples 

Twenty samples have been built using different processing parameters as listed in Table 

5. The laser spot size used was of 80 µm with a Gaussian laser distribution for all the built 

samples and the layer thickness was set at 30 µm for all the cubes. The scanning strategy that 

was used was of 90°/90°, hence rotating the laser orthogonally after each layer deposition, as 

displayed in Figure 22 [61]. 

Sample Laser Power 

[W] 

Laser Scan Speed 

[mm/s] 

Volumetric Energy Density 

[J/mm^3] 

1 100 400 104,2 

2 100 600 69,44 

3 100 800 52,08 
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Figure 22: Scanner Stretegy of 90°/90° [61]. 

 

The samples used for this work are showed in Figure 23. The pieces have cubic shape 

and their dimension is of 1 cm3 (10 x 10 x 10 mm). Among them, five could not be used for the 

analysis since they were not fully printed. Therefore a total amount of 15 samples were studied, 

each one was used for the microstructural characterization, while only four of them were selected 

for the Differential Thermal Analysis, Differential scanning calorimetry and the Hardness tests. 

Moreover, profilometer observations were carried out on all the fifteen samples. 

4 100 1000 41,67 

5 100 1200 34,72 

6 150 500 125,0 

7 150 750 83,33 

8 150 1000 62,50 

9 150 1250 50,00 

10 150 1500 41,67 

11 200 500 166,7 

12 200 750 111,1 

13 200 1000 83,33 

14 200 1500 55,56 

15 200 2000 41,67 

16 250 500 208,3 

17 250 750 138,9 

18 250 1000 104,2 

19 250 1500 69,44 

20 250 2000 52,08 

Table 5: List of process parameters used for the samples fabrication. In red the samples that 

could not be fully printed. 
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Figure 23: Samples used in this work. a) one of the six samples that could not be fully printed; b) the 

three selected samples used  for further characterization. 

 
 

3.3 Microstructural Characterization 
 

Further characterization concerning the microstructure was held using both Optical 

Microscope (OM) and Scanning Electron Microscope (SEM) combined with Electron 

Backscatter Diffraction (EBSD). For all the samples, the internal cross-section at mid-thickness 

that is parallel to the building direction was considered. 

3.3.1 Samples preparation 

All the as-built samples were cut by Spark Erosion Machine to obtain parallelepiped 

shape samples (Figure 24a) for thermal analyses or different cross-sections available for the 

microstructural characterization. 

In the case of thermal analysis such as Differential thermal Analysis (DTA), precise 

a b 
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dimensions are required for the samples to appropriately fill the crucible. For the latter reason, 

from the parallelepipedal cut samples of 10 mm height (Figure 24a), smaller pieces of 9 mm 

height and 3 mm width (Figure 24b) were extracted via electro erosion, eliminating the substrate.  

  

Figure 24: Cutting of the samples a) for the Microscope Observations; b) for the DTA Analysis. 

 

The samples needed a preliminary preparation to achieve mirror-like sections that help 

to check for both infernal and surface defects using optical microscope and electron microscope. 

As-polished samples were also used for the analysis of Vickers hardness and nanoindentation. 

Therefore all the cut sections were hot-mounted and polished down to 1 µm. 

Firstly, they were embedded in a bakelite cylinder using a Struers Citopress-1 (Figure 25) 

[62]. The bakelite cylinder is obtained by pressing at high temperature the bakelite powder, 

which then allows the polymerization. After embedding the samples in the phenolic resin, they 

were polished down to 1 µm using a Struers Tegramin-30. This latest process is required to 

obtain a clean and plane surface. Indeed, a plane surface is necessary for the microscope analysis. 

The Struers Tergamin-30 owns a disc of  300 mm  of diameter. The polishing process consists 

in circular movements of the samples on a wear paper using also lubricant liquid. Finally, the 

samples have been treated with an Oxide Polishing Suspension (OPS), that is composed of 

colloidal silica, as super finishing preparation for EBSD analyses under SEM to identify phases 

from their crystal lattices. 

The cut sections were prepared with different techniques. For specific uses the OPS was 

held for 5 or 20 minutes. Moreover, in order to observe the differences among the 

microstructure’s phases, an etching of 3% Nital was applied on some of the samples as well. 

a b 

1 mm 1 mm 
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STRUERS Citopress-1 
 

 

 
 

STRUERS Tegramin-30 
 

 
 

Figure 25: STRUERS equipment [62]. 

 

In Figure 26 are visible the samples after all the steps of the preparation. 

 

 

 

3.3.2 Optical Microscope (OM) and Stream Analysis Software 
 

Optical Microscope observations were performed on all the cut sections with an Olympus 

BX60 Microscope (Figure 27) [63]. Analyses were done at magnifications of 2.5x, 5x, 10x and 

20x. Overviews of the entire cross-section were obtained at 2.5x magnification. 

 
Figure 26: Samples after preparation. 
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Figure 27: Olympus BX60 [63]. 

 

The Stream Analyse Software was used to analyse the overviews obtained from the 

Optical Microscope and to assess samples porosity. In this study, the software was utilized to 

calculate the percentage of porosity of the cross-section, together with the investigation of the 

dimensions and the distribution of the pores present in the samples. Indeed, the overviews were 

processed to understand the position of the particles in the deposit, along Y direction, where Y 

represents the direction parallel to the building direction of the “as built” sample. Moreover, the 

results that were computed were used to compare the different medium values of the particle size 

distribution (D50) among the samples and therefore to investigate about the dimensions of the 

pores. 

3.3.3 Scanning Electron Microscope (SEM) 

Observations were carried out with a Tescan Clara Ultra-High Resolution (UHR) SEM 

displayed in Figure 28 [64] in order to observe better the cross-sections of the cut samples thanks 

to the higher resolution of the machine.  

In the case of using this microscope, an additional sample preparation was required. 

Therefore the samples that were examined were treated with a silver painting to bond the real 

sample with the bottom of it (resin part) [Figure 29]. 
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Figure 28: Tescan Clara Ultra-High Resolution [64] 

 

Figure 29: Samples after preparation with silver paint. 

Selected profiles and specific points’ composition were obtained with EDS (Energy 

Dispersive Spectrometry) to better understand the chemical composition of different zones in the 

cross-section. 

Moreover, EBSD (Electron  Back Scattered Diffraction) was used to recognize the 

different crystallographic lattices of the different zones. In this case silver painting is required to 

enhance the evacuation of electrical charges during EBSD analysis. For this observation, the 

samples were placed on a special support, to ensure that the sample does not move when it is 

tilted to an angle of 70°. 
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3.4 Profilometer Analysis 

The Alicona InfiniteFocus G5 that is shown in Figure 30 was used to analyse the top 

surface of each as-built samples. This machine uses a non-contact, optical, three-dimensional 

measurement principle based on Focus-Variation. The main component of the system is a 

precision optics containing various lens systems that can be equipped with different objectives, 

allowing measurements with different resolution [65]. The instrument objectives magnification 

is up to 100x. This machine allows to perform 3D images that very well show the surface parts, 

as well as being capable of measuring depth of the valleys which were visual. This way one 

image of the top surface of each sample was taken in order to compare the different surface 

qualities. 

 

Figure 30: Alicona InfiniteFocus G5 profilometer [65]. 

 

3.5 Thermo-Physical Analysis 

The samples have been characterized in terms of their thermal and physical properties. 

The density was computed as one of the aims of the project was to print fully dense metal parts. 

In the case of the DTA, it was used to perform the solidification sequence of the pieces during 

the process. Moreover, several isothermal heat treatment were performed using the DTA 

technique in order to obtain better results during the EBSD analysis. 

3.5.1 Density Measurements with the Pycnometer 

As in this study it is the most important physical property, the density of each as-built 
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bulk sample (1 x 1 x 1 cm) is computed. To do so, an AccuPyc II Serie 1345 Pycnometer (Gas 

pycnometer) was used (Figure 31) [66]. Once the experiment is initiated, 10 measurements on 

each sample are performed, and every time the density of the material is displayed. 

 

Figure 31: AccuPyc II Serie 1345 Pycnometer [66]. 

Gas pycnometry is recognized as one of the most reliable techniques for obtaining true 

apparent volume and density. This non-destructive technique utilizes the gas displacement 

method to measure the volume of a material. Density determinations from the gas displacement 

method are more accurate, reproducible, and faster than the traditional Archimedes water 

displacement method [66]. 

 

3.5.2 Differential thermal Analysis (DTA) 
 

The DTA tests were performed with a NETZCH STA 449C Jupiter DTA (Figure 32) [67] 

following standard DIN 51 007. There were performed several tests on the optimum sample 

(Sample 13) in his as-built conditions after being properly cut (section 3.3.1). One up to 1500°C 

to use as “reverse” DTA and obtain an idea of the solidification sequence which occurred during 

the process. DTA was indeed used to investigate the possible solid state transformation during 

heating of the cut parallelepiped samples. It is important to notice that the scanning speed used 

during the DTA tests (5°C/min for the heating and 20°C/min for the cooling) is many times lower 

than the steep thermal gradients achieved during SLM process. This device can observe the mass 

changes, oxidation/reduction behaviour, decomposition and corrosion studies. It can operate 

under a high vacuum or under protective atmosphere [67]. The difference of temperature 

between the sample and the standard is measured by means of thermocouples and expressed in 
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µV (thermal voltage). When several peaks are overlapped in the same temperature range, a 

deconvolution allows to distinguish these peaks, [68].  

 

DTA technique was used to perform isothermal heat treatment tests on the selected cut 

sample (sample 13) as well. The different parameters of the treatments are listed in Table 6. The 

isothermal treatments were performed until 300, 600 and 900°C with 1h of holding time. The 

latter tests were used as a stress-relief treatment to the piece. The aim was to reach a deeper 

understanding on the microstructure, looking at the different transformations of phases which 

occurred under different heating treatments.  Moreover, they were used to gain better results at 

the EBSD analysis thanks to the less oversaturated microstructures produced.  

 

 

 

Figure 32: NETZCH STA 449C Jupiter for DTA tests[67]. 
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Sample 

Heating 

Rate [°C/min] 

Range 

Temperature 

[°C] 

Isothermal 

for 1h 

Cooling 

Rate 

[°C/min] 

13 5 25-1550  20 

13 5 25-300 X 20 

13 5 25-600 X 20 

13 5 25-900 X 20 

Table 6: DTA Test parameters. 

After thermal analyses, the microstructures of the samples have been observed, following 

same procedure as for the “as built” samples. Indeed, direct observations with SEM through 

Secondary Electrons (SE) and EDS analyses were carried out. 

 

3.6 Hardness Tests 

 Macro and nanohardness tests were performed on the same cross-sections of three selected 

samples. 

3.6.1 Macrohardness Test 

Hardness indentation were performed on the selected samples, using EMCO M1C 010 

(Figure 33) [69]. This machine is considered a digital low-load hardness testing machine. DIN EN 

ISO, ASTM E- 92 HV 30 were used in this study. The hardness tester is equipped with an 

automatic tool which permits the exchange of lens and indenter, fully automatic test cycle, 

automatic lens focusing, leading-edge high- resolution CCD camera, fully automatic image 

evaluation and manual cross slide. 

 

Figure 33: EMCO M1C 010 [69]. 
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In this work the location of each indentation was set manually. It was obtained an 

indentation grid (Figure 34) on the left side of the cross-section of each sample, where every mark 

was 0,4 mm aside of the following one. The aim was to reach a complete macrohardness 

characterization of the sample tested. Indeed, afterwards, it was possible to calculate the hardness 

value, in Vickers scale, by measuring the distances between the rhombus edges with an 

appropriate software for the image analysis, ecos010/image. 

 

Figure 34: OM micrograph showing the macrohardness indentation grid. 

 

3.6.2 Nanohardness Test 

The nanohardness was evaluated with a TI 950 Triboindenter nanoindenter by Hysitron 

(Figure 35a) [70]. The machine works in two modes: load control modality and displacement 

control modality. 

Nanohardness indentation grids (200 x 200 µm2), as shown in Figure 35b, were carried out 

in order to understand the nanohardness evolution in different part of the cross-section. A 

controlled displacement equal to 150 nm using a Berkovich indenter tip on a low load transducer 

was used. The load was continuously monitored. A minimum distance of 4 µm was maintained 
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between the indents to avoid overlapping of their affected volumes. The data then generates a 

“Force-Displacement” curve, which can give a mechanical fingerprint of the sample’s properties. 

 

 

 

Figure 35: (a) TI 950 Triboindenter by Hysitron [70] and (b) OM micrograph showing the nanohardness 

indentation grid. 

 

  

a) b) 
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4. RESULTS 
 

4.1 Pycnometer density evaluation 
 

Thanks to the use of the pycnometer, it was possible to obtain the density values of each 

fully printed sample. These values were very useful for the creation of the process map since 

they give a very important indication of the quality of the 3D printed parts.  

Comparing the values obtained (ρ) with the density of AISI S2 (Annex), which is 7,806 

gr/cm3 (ρbulk), the percentage of density was computed as follow: 

% 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝜌∙100

𝜌𝑏𝑢𝑙𝑘
                                              Equation 2 

All the specimens were found to have a percentage of density above 96% (Table 7). In 

Figure 36, the correlation between the volumetric energy density values of the printed pieces and 

the percentages of density is displayed. 

Sample Density (gr/cm3) % Density 

04 7,53882 96,577 

05 7,57492 97,040 

07 7,75504 99,347 

08 7,77464 99,598 

09 7,76741 99,506 

10 7,76303 99,450 

12 7,77855 99,648 

13 7,76336 99,454 

14 7,75002 99,283 

15 7,69372 98,562 

16 7,76562 99,483 

17 7,78430 99,722 

18 7,79693 99,884 

19 7,74477 99,216 

20 7,65605 98,079 

Table 7: Density and percentage of density values for each fully printed sample computed. 
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Figure 36: Graphical correlation between Ed values and percentages of density of all the fully printed as-built 

samples. 

 

4.2 Surface Characterization 
 

Using the profilometer, the surface quality of all the samples was evaluated. The surface 

quality of the pieces could be correlated to the process parameters values, as shown in Figure 37.  

The specimen created using a high Ed (Figure 38e), exhibited large spatter particles 

distributed along the surface. While in the samples with low Ed together with high laser scanner 

speed (above 1250 mm/s) and low laser power (below 150 W), a lot of irregularities were 

detected (Figure 38a). These irregularities were mainly short peaks and valleys in a sizeable 

quantity, enhancing the surface roughness. The selected pieces (Figure 38b,c,d) for which 

hardness tests and microstructure investigation were held, showed a low presence of the two 

events. Therefore, they were to have a better surface quality. These pieces had a medium value 

of Ed and medium values of laser power and laser scanner speed.  
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Figure 37: Process parameters of each samples correlated with the presence of specific surface defects. 

 

 

a)  
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b) 

 

c) 

 

d) 
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e) 

 

Figure 38: Surface roughness of the samples at increasing volumetric energy density from a) low Ed (Sample 

05: 34,72 J/mm3) to b,c,d) medium Ed (Sample 08: 62,5; Sample 12: 83,33; Sample13: 111,1 J/mm3) and e) 

high Ed  (Sample 16: 208,33 J/mm3). 

 

 

4.3 Cross-section overviews  
 

Figure 39 shows the overviews of the cross-section (1 cm x 1 cm) of each samples, before 

(left) and after (right) etching with Nital.  

These micrographs were used to observe the defects present within the pieces and to 

check the closed porosity that were not considered by the pycnometer analysis. The porosities 

percentage was evaluated by Stream Analysis Software.  

Moreover, the cross-section overviews after etching were used to observe the top layers 

of the pieces (light etched area at the top of each cross section). Further explanations are given 

in the next chapters.  
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4.3.1 Internal Defects Analysis 
 

Figure 40 shows the most common type of porosity which was found in all the cross-

sections (Figure 39): gas porosities. This kind of porosity consisted of  very little spherical gas 

bubbles trapped inside the microstructure. 

 

 

 

 

Figure 39: Overviews of all the cross-sections of the fully printed samples, taken with a 2,5x magnification. 
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Another type of porosity which was detected during the microscope examinations is the 

Lack of Fusion (LOF) porosity, shown in Figure 41. This kind of defect was established to have 

no specific shape and some virgin powders has been observed inside of it (Figure 41c).  

Differently from gas pores, LOF porosity was not detected in all the specimens,  but only 

in the samples with  high (above 150 J/mm3) or low (below 70 J/mm3) volumetric energy density 

together with extreme combinations of laser power and laser scanner speed. Indeed, the samples 

which were affected by this kind of porosity were localized in the outermost points of the graph 

(Figure 43): high laser power-high laser scanner speed, low laser power-low laser scanner speed 

and high laser power- low laser scanner speed. 

 

 

Figure 40: Gas porosity illustrations a) OM micrograph (pores are highlighted in the red boxes) b) SEM 

micrograph. 
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Only in a few specimens was also possible to find Key-hole defects, as displayed in 

Figure 42. This kind of porosity showed a specific “vase” shape. Their presence could not be 

correlated to specific parameters ranges.  

 

Figure 42: OM micrograph showing a key-hole defect. 

 

In Figure 43, the effect of different sets of parameters on the presence of porosities of 

different kinds is displayed.  

   

Figure 41: Lack of Fusion pores illustrations: a) OM micrograph of a porous area filled with lack of fusion 

holes b) OM micrograph after etching of a big-sized lack of fusion pore c) SEM micrograph of b) showing 

unmelted powder particles inside the pore. 
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Figure 43: Combination of the two variable process parameters used to create the fully printed samples in relation 

to zoomed parts of the overviews to highlight the presence of porosities. 

 

In many samples, cracks on the sides of the cross-sections were identified, as it is shown 

in Figure 44. As well as for the key-hole defect, it was not possible to correlate their presence to 

a combination of process parameters. 

 



55 

 

 

Figure 44: Side crack SEM micrographs. On the right a zoom-in of the centre of the same crack showing powder 

particles underneath. 
 

Lastly, on the top part of some of the cross-sections, it was possible to see big spatters 

(Figure 45). Their presence was correlated to the presence of trapped porosities below them and 

to a very high volumetric energy density of the laser beam. 

 

 

Figure 45: OM micrograph of a surface spatter. 

 

In order to deeper analyse the porosity inside the cross-sections of the samples, a 

quantification was held using Stream Analysis Software. Thanks to the overview before-etching, 

it was possible to identify the porosities and to quantify them. In Table 8 are shown the 

percentage values of porosities of each as-fabricated piece which were computed by the software. 

These values were only an indication of the level of porosities inside the whole piece, considering 
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that they had been only calculated in one single cross-section, not in the entire volume. However, 

they were really useful once compared to the density values (Table 7) from which it was possible 

to find a remarkable correlation, proving the quality of the density measurements. 

 

Sample % of porosity % of density  

04 6,220 96,577 

05 4,893 97,040 

07 0,422 99,347 

08 0,040 99,598 

09 0,031 99,506 

10 0,071 99,450 

12 0,033 99,648 

13 0,039 99,454 

14 0,221 99,283 

15 1,423 98,562 

16 0,377 99,483 

17 0,062 99,722 

18 0,039 99,884 

19 0,708 99,216 

20 2,205 98,079 

Table 8: Values of percentage of porosities and density of each fully printed as-built sample. 

 

Moreover, the software quantification of porosities was useful to obtain a distribution of 

the pores on the Y-axis and on the pore sizes. This analysis was made for all the cross-sections 

but only three representative ones will be shown. They stand for three stages of volumetric 

energy density: sample 05 as low Ed (34,72 J/mm3), sample 13 as medium Ed (83,33 J/mm3) and 

sample 16 as high Ed (208,33 J/mm3). 

In the case of the distribution along the Y-axis, shown in Figure 46, the pores are 

considered all equal in terms of size and they are all represented by simple dots. From the 

outcomes it is clear that there is no such correlation between Ed and the porosity distribution.  
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 In the case of the different pore size, shown in Figure 47, the equivalent diameter (which 

is defined as the diameter of a circle with an equal aggregate sectional area) of the pores, 

computed by the software, was used.  In axis X and Y the cross-section is displayed, while on 

the axis Z the different sizes of the pores are visible. From the images it was clear that too-low 

and too-high Ed provoke higher values of such diameters. Nevertheless, in all the situations most 

of the pores are settled in the small-sized pores area (below 40 μm). 

 

 

Figure 46: Graphic illustrations of the distribution of the pores along the Y-axis of their cross-sections for three 

different situations of volumetric energy density: a) low (34,72 J/mm3) b)medium (83,33 J/mm3) and c) high 

(208,33 J/mm3). 
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Figure 47: Graphic illustrations of the distribution of the pore size (z-axis) along the cross-section (x and y-axis) 

for three different situations of volumetric energy density: a) low (34,72 J/mm3) b)medium (83,33 J/mm3) and c) 

high (208,33 J/mm3). 
 

4.3.2 Layer Characterization 
 

The evaluation of the melt pool morphology has been made using the cross-sections of 

the as-built specimens, considering once again the three symbolic ones: sample 05 as low Ed 

(34,72 J/mm3), sample 13 as medium Ed (83,33 J/mm3) and sample 16 as high Ed (208,33 J/mm3).  

In general, within a single layer, bright and dark etched regions could be observed, 

representing the different areas of the Heat Affected Zone (HAZ). They represented the 

beginning and the end of each layer: the laser track boundaries resulted as thin and dark etched, 

whereas the centre of the melt pools was seen as large and bright etched. In addition, the 

overlapping of the layers was also analysed in order to correlate the various situations with the 

presence of defects between the layers.  

As it is possible to notice in the picture, the sample with the lowest energy density (Figure 

48a) had a bad overlapping the laser track lines. A similar situation was visible in the as-printed 

piece with high Ed (Figure 48c), while the case of medium Ed (Figure 48b) showed a situation of 
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regularity and good overlapping corresponding to a very well distribution of the layers. 

 

 

Figure 48: OM micrographs of the layer distribution for three different situations of volumetric energy density: a) 

low (34,72 J/mm3) b)medium (83,33 J/mm3) and c) high (208,33 J/mm3). 

Moreover,  the average values of the top layer and of the "apparent” melt pool depth of 

each sample were obtained, as explained in Figure 49d. Indeed, the original melt pool was only 

visible in the top layer, as it had been the last one to be deposited, while the rounded bright etched 

areas between the dark etched track lines are only “apparent melt pools”.  

As it is possible to see from Figure 49d, a remarkable correlation between the Ed and the 

size of the top layer was established, demonstrating that a higher Ed results on a bigger depth. 

Whereas, in the case of the “apparent melt pools” depth, its average value was found to be close 

to 30 µm, in accordance with the layer thickness set in the SLM Process (section 3.2.2). 

Together with the depth, also the shape of the top layer was identified to be changed 

because of an increased value of Ed (Figure 49). Indeed, for the sample with low Ed (Figure 49a) 

the top layer was almost not recognisable and the original melt pools were very rounded. 

Whereas in the case of high Ed (Figure 49b), the top layer was much thicker and much less 
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rounded. The situation of the medium Ed (Figure 49c) resulted as an intermediate situation 

between the two. 

 

Figure 49:OM micrographs of the top layers for three different situations of volumetric energy density: a) low 

(34,72 J/mm3) b)medium (83,33 J/mm3) and c) high (208,33 J/mm3); d) Graphic correlation between volumetric 

energy density and top layer depth of all the fully printed samples. In b) illustrations of the top layer depth and the 

“apparent melt pool” depth can be found as well. 
 

 

4.3.3 Microstructure of as-built samples 
 

To investigate deeply on the microstructure evolution, only three specimens have been 

ultimately considered and analysed in these terms. Indeed, as it will be explained in Chapter 5, 

three samples (sample 08, 12, 13) which had the best overall qualities, were selected. These 

pieces had slightly different values of Ed and different combinations of parameters as shown in  

Table 9.  

 

Sample Laser Power 

[W] 

Laser Scanner Speed 

[mm/s] 

Volumetric Energy Density 

[J/mm3] 

8 150 1000 62,50 
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12 200 750 111,1 

13 200 1000 83,33 

Table 9: Process parameters of the three selected samples. 

A deeper understanding of the microstructure situation is displayed in Figure 50. Indeed, 

taking into account the micrographs obtained after etching, it was clear that there were two 

different regions which will be called untempered and tempered (dark etched) martensite, as 

shown in Figure 50. From the micrographs it was possible to see also the original melt pools 

(Figure 50b). The depth of the top layer region along the Y-axis of the cross-sections was 

evaluated as well. The top layer depth, as previously mentioned, strongly depended on the values 

of Ed, but as for the selected samples its average value was in within the range of 150-250 µm.  

Furthermore, it was identified that there was a part inside the top layer that had a different 

microstructure as shown in Figure 50b and c. This area was called “austenitization zone”. 
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Figure 50: OM micrographs after etching: (a) showing the two regions with different macrohardness value and 

(b) zoomed-in imagine over the untampered region where the melt pool boundaries are visible; (c) image 

obtained using the scan mode of the nanoindenter showing the top layer region and the two different 

microstructures inside of it: untempered martensite and  austenitization zone. 

 

With regards to the tempered region, it was also possible to identify two different 

microstructures, type A and type B (Figure 51). The two different areas were easy to detect as 

after etching they showed a different chromaticity. The martensite type B is the dark brown 

etched part, while the martensite type A is light brown etched area. 
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Figure 51: OM micrograph of the tempered region with a focus on the three different microstructures which were 

found. 

The different zones detected in the as-built samples, were not only detected in the OM 

analysis, but in the SEM one as well, as shown in Figure 52. 

 

a) 
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Figure 52: SEM micrographs showing the four different areas at the top layer (a) and in the middle of the 

cross-section (b). 
 

EDS analysis were performed on the different microstructures to investigate about their 

atomic compositions. As shown in Figure 53a, in the case of the tempered martensite type B, 

inside the microstructure there were various segregations and dark plates of martensite. Only in 

the situation of tempered martensite type A (Figure 53b), also an abundance of precipitates was 

detected. Indeed, as well as the tempered type B, in the untempered martensite no precipitates 

were found (Figure 53c). As the EDS outcomes show, both segregation and precipitates had 

higher content of carbon. The first ones were large bright areas, while the precipitates analysed 

in the type A were detected as small white spots within the martensitic lath.  

b) 
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Figure 53: EDS atomic compositions of martensite: tempered type B (a), tempered type A (b) and untempered 

(c); comparison between segregation, dark plates and precipitates compositions with the one of the overall 

area profile. 
 

Moreover, OM micrographs revealed a columnar growth of the central grain starting from 

the deepest point every melt pool track line (Figure 54). These fine columnar grains kept growing 

across multiple layers without changing their growth direction.  
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Figure 54: OM micrographs of the cross-section of one sample before (a) and after etching (b) with 

illustrations to highlight the visible growth of the central columnar grain. 

 

Through the SEM investigation on the as-built samples it was seen that on the sides of 

the central columnar grain, several grains were growing following a different direction. Inside 

of these grains dendritic arms were present (Figure 55a). Indeed, a side branching phenomenon 

was visible, as it shown in Figure 55b, leading to epitaxial growth misaligned with the vertical 

grain. In addition, between two adjacent melt pools, the grains were found to be aligned at 90° 

each one (Figure 55c). 

 

a 
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Figure 55: SEM Micrographs showing the presence of dendritic arms inside of the side grain (a) the 

different growth directions of the grains within one melt pool (b) and two adjacent ones (c). 

4.3.4 Microstructure of heat-treated samples 
 

Sample 13 was chosen among the three best samples for DTA analysis, due to its medium 

value of Ed and its overall good characteristics. 

A primary DTA analyse was performed up to 1550 °C to reach complete fusion. Figure 

56 shows the heating curve. The endothermic peak at 760°C corresponded to the transformation 

c 

b 
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of martensite into austenite, followed by the reverse peritectic transformation (1400 – 1500 °C) 

where austenite is transformed into δ ferrite and liquid. From this curve, three temperatures were 

selected to perform a specific heat treatment. These temperatures were 300, 600 and 900°C. For 

each temperature, an isothermal heat treatment of 1 hour was performed. The treatments were 

necessary in order to have a deeper knowledge of the microstructure of the SLM as-printed 

pieces. 

 

 

Peak Start Temperature 

[°C] 

End Temperature 

[°C] 

Reaction or phase 

transformation 

H1 750 820 Martensite to Austenite 

H2 1450 1490 Austenite to δ-Ferrite 

H3 1500 1530 δ-Ferrite to liquid 
 

Figure 56: DTA heating curve of the AISI S2 as-built, the three arrows highlight the location of the temperatures 

chosen for the isothermal heat treatments. Explanation of the principal heating peaks detected. 
 

The first treatment was held until 300°C. The result was a stress-relieved microstructure, 

which allowed a good detection through EBSD. The bright regions in the Pattern Quality 

corresponded to the well indexed phases.( Figure 57a). These area was the untempered 

martensite type B, while the areas that were badly detected were dark etched and they 

corresponded to the austenitization zone (Figure 51). As the Phase Map displays (Figure 57b), 

the only phase used for the analyse was Iron alpha BCC, that corresponds to the bright areas of 
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the Pattern Quality. While looking at the IPFZ map (Figure 57c) it was possible to notice that 

within any two parallel track line, a slender vertical columnar grain was growing in the direction 

perpendicular to the build plate. This is the situation that was detected before as well, through 

the OM micrographs of the as-built samples (Figure 54). 

 

 

Figure 57: EBSD analysis results of the heat-treated sample until 300°C: a) Pattern Quality, b) Phase Map 

and c) IPFZ map with its colours legend. In the Phase Map, the red dots correspond to Iron BCC phase. 

 

 

The second treatment was held until 600°C (Figure 56). As an outcome, the 

microstructure showed a higher quantity of precipitates and segregations (Figure 58c), which 

were also larger (0,3-0,4 μm) if compared to the situation in the as-built samples (0,1-0,2 μm) 

(Figure 53). The precipitates were still presented as white spots within the laths, whereas the 

carbon segregation were found to be more in the form of with lines separating the martensitic 

laths. 
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Figure 58:OM (a) and SEM (b) micrographs of the top part of the cross-section after treatment up to 600°C; 

c) EDS atomic compositions of different elements detected in the microstructure. 
 

The treatment allowed to obtain a better indexed EBSD than the one of 300° (Figure 57). 

Indeed, in the Pattern Quality (Figure 59a) the bright areas corresponded to the whole 

untempered martensite, therefore this area was larger after treatment up to 600°C. Whereas, the 

areas that were badly detected once again correspond to the austenitization zone (Figure 51). The 

bright areas of the Pattern Quality corresponded to Iron BCC (Figure 59b) Whereas one big 

difference was the fact that it was not possible anymore to see the slender vertical columnar grain 

growth by looking at the IPFZ map (Figure 59c).  
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Figure 59: EBSD analysis results of the heat-treated sample until 600°C: a) Pattern Quality, b) Phase Map 

and c) IPFZ map with its colours legend. In the Phase Map, the red dots correspond to Iron BCC phase. 
 

The third isothermal treatment was held until 900°C. From SEM micrographs it was clear 

that another microstructure had been formed (Figure 60). This means that austenitization was 

reached and recrystallization has happened.  

 

 

Figure 60: a) SEM micrographs of the cross-sections of the piece after the heat treatment until 900°C; b) 

zoom-in on the microstructure. 
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4.3.5 Hardness analysis 
 

In order to obtain a deeper understanding of the mechanical properties of the samples, 

hardness tests were performed, both on macro and nano scale. These tests were made only to the 

three selected specimens based on the Ed: 08, 12 and 13.  

The outcomes of the macrohardness tests showed no significant differences along the 

cross-sections of the samples. However, among all of the three tested pieces, a much higher value 

of Vickers hardness was obtained in the area of the top layer, as it is shown in Figure 61. 

Moreover, the outcomes of the comparison between the three specimens macrohardness is 

displayed. 

 

 

Figure 61: Graphic results of the macrohardness tests on the three selected samples (a,b,c) and graphic 

comparison between their overall hardness on the cross-section and top layer (d). 
 

Regarding the nanohardness tests, it was held as well to the same three samples (sample 

08, 12, 13), one symbolic graph will be shown in Figure 62. In the graph, it was possible to 

identify four different areas of hardness, which were correlated to four different microstructures, 

as it has been described in the section 4.2.3. 
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Figure 62: Nanohardness test results on the as-built sample. 

However, some little differences of the hardness values of each of the four areas were 

identified. The latter ones are displayed in the graph of Figure 63. 

 

 

Figure 63: Different values of Nanohardness among the three selected as-built samples. 

 

Furthermore, the nanohardness evaluation was held to the samples which were subject to 

the isothermal treatment until 600°C (Figure 64a) and 900°C (Figure 64b). 

From the results it was possible to see that in both of the cases the heat treatment caused 
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a reduction on the hardness value. This reduction was higher in the specimen heat treated until 

900°C (average of 4,07 GPa) than in the one up to 600° (average of 5,56 GPa). Moreover, from 

the outcomes it was clear that the different areas which had been detected in the as-built samples 

(Figure 62) were no longer visible. 

 

 

Figure 64: Nanohardness test results on the heat treated samples a) until 600°C b) until 900°C. 

 

4.4 Summary of the results 
 

In order to reach a clearer understanding of the above illustrated results regarding the 

microstructure, a brief resume will be given in this paragraph.  

To begin with, due to the bidirectional laser scan strategy of 90° in the x-y plane, as the 

analysis on the microstructure of as-fabricated samples showed, a layered appearance of melt 

pool structures (Figure 48). On the top part of the cross section, the thickest layer was present, 

containing the original melt pool, which showed a stark contrast with the layers below in all 

kinds of micrographs (OM, Figure 49 and SEM, Figure 52). The rest of the cross-sections was 

occupied by layers of melt pools. The different parts were distinguished by the clear different 

chromaticity they had at the OM and at the SEM, showing bright etched and dark etched areas. 

A slender central columnar grain was detected crossing all the layers (Figure 54). Such 

cell was confined to the centre of the melt pool and being vertical. Moreover, starting with the 

OM micrographs, it was possible to observe that the grains along the centreline of two 

subsequent layers kept their epitaxial growth across the two melt pools without changing the 

growth direction. It is significant that this strong phenomenon was visible through OM analysis 

even before etching (Figure 54a) and through the IPFZ Map performed with the EBSD analysis 

(Figure 57c). However, among the two EBSD analysis which had been performed, this 

phenomenon was visible only in the heat-treated sample up to 300°C. Indeed, in the sample 
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which underwent isothermal treatment until 600°C, no sign of the slender central columnar grain 

was detected neither in the OM micrographs nor in the EBSD investigation, as well as for the 

melt pool boundaries and the top layer (Figure 58a, b).  

Furthermore, it was observed that at the sides of the central columnar grain within the 

melt pools, a side-branching phenomenon occurred (Figure 55b). At the side of two adjacent 

melt pools it was possible to notice a 90° angulation between the side grains, as visible in Figure 

55c. Moreover, it was observed that the dendritic arms did not cross the grain boundaries (Figure 

55a).  

Furthermore, to deeply investigate on the microstructure of the original state and on the 

HAZ, hardness tests were used as well. From the macrohardness outcome, a strong dissimilarity 

between top layer and HAZ was observed (Figure 61). While the nanohardness tests presented 

even more interesting details, confirming a higher hardness in the top layer as well as showing 

three different levels of hardness within every melt pool of the HAZ (Figure 62). Thereby 

matching with what it was possible to see already from microscope observations. Indeed, the 

different areas characterized by similar value of nanohardness corresponded to the different 

ecthed parts of the OM and SEM micrographs (Figure 50, Figure 51, Figure 52) 

Starting from the top layer region, a spike of 9,9 GPa was observed in the as-printed 

specimen, which was the highest value that occurred (Figure 62) and can be correlated to 

martensite phase in an untempered state. The presence of martensite matrix was confirmed by 

the EBSD analysis, where the phase map indicated that the detection was mainly of Iron BCC 

(Figure 57b and Figure 59b). The EBSD analysis was not possible to achieve using the as-printed 

samples because of the supersaturated microstructure with distorted crystallographic lattices, 

indeed these outcomes were held on the heat-treated samples. The martensitic structure was also 

confirmed by the solidification sequence held after reverse DTA (Figure 56). It had a distinct 

needle-like morphology (Figure 52a). The overall matrix resulted as highly supersaturated, 

therefore only a few segregation were possible to be detected (Figure 53a). Moroever, inside of 

this untempered region of the as-fabricated samples, it was possible to distinguish the melt pool 

area and another portion of untempered martensite below the melt pool boundary (Figure 50b). 

While further away from the melt pool boundary, alternating layers of various degrees of 

tempered martensite were observed, showing anisotropic nanohardness. The two different areas 

within the melt pool which were distingiueshed were called “tempered martensite type A” and 

“tempered martensite type B”. The latter one presented a reduction of hardness of the 30%, while 

the type A only of the 13% (Figure 62), if compared to the untempered state. The differences 

between the two tempered areas were also detected in terms of microstructure (Figure 51, Figure 
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52b). As the EDS analysis proved, in the tempered region white nano-scale precipitates were 

observed within the laths of martensite, especially in the martensite type A (Figure 53b). 
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5. DISCUSSION 
 

5.1 Determination of the Process Map 
 

As previously explained in the section 2.2.1.2, Selective Laser Melting is a technology 

for which the mechanical properties of printed metal parts are highly dependent on the printing 

parameters that influence the value of the laser energy density. As a consequence, the tailoring 

of the proper process framework is very important for the manufacturing, reason why a deep 

investigation on the quality of the as-fabricated parts was held.  

The 20 samples utilized for this study were printed using two variable parameters and 

two fixed ones (section 3.2.2). Indeed, the power (P) and the laser scan speed (vs) were combined 

differently in each samples. Thus, in total the process had three parameters which varied during 

the printing procedure: P, vs and Ed.  

Considering the results obtained, all the 15 fully printed samples were compared in terms 

of density, presence of defects, pores distribution, tracks overlapping and surface quality. The 

other 5 specimens could not be processed until the desired height, therefore the causes for such 

failure were investigated as well.  

From the outcomes it was seen that combinations such as low laser scan speed and low 

laser power (samples 1, 2, 3, 6, 11), were found to generate pieces which could not be fully 

printed (Figure 23a). Indeed, being both the vs and P very low, the process could not ensure that 

the melt pool was large enough for receiving and melting the metallic powders [71]. Moreover, 

in the situation of Ed higher than 100 J/mm3 (samples 1, 6, 11), spattering phenomena becomes 

crucial for the un-processability of the samples. If the spatters adhere to the surface of the printed 

parts and are larger than the layer thickness (30µm), these particles impede the circulation of the 

new powders, thus generating an inhomogeneous layer of powders. Therefore, during the 

subsequent passage of the laser the phenomenon increases until reaching printing-failure since 

the process cannot go on anymore. In addition, this excessively high energy input was reported 

to yield increased crack densities due to intensified residual stressed [4], which may also be a 

cause of the impossible processability. However, considering the whole broad range of Ed (52-

166 J/mm3)  this cannot be the unique explanation. The printing process led to failure because of 

unforeseeable excessive presence of defects such as lack of fusion porosity, cracks, gas porosities 

and key-holes. Ultimately this situation results in the un-processability through this set of 

parameters and therefore should not be pursued. 

On the other hand, the combinations of low laser power and medium-high laser scan 

speed, showed the lowest values of density (Table 7, sample 04,  05,  07, 10). The high presence 
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of defects and porosities is due to a bad overlapping of the track lines (Figure 48a), as 

consequence of a low Ed. Especially regarding the realisation of sample 04 and 05, the low Ed 

(respectively, 41,67 and 34,72 J/mm3), led to a little and unstable melt pool Figure 49d), resulting 

in lack of fusion areas. Indeed, the melting ability of the powder decreases with low energy input 

[10]. Moreover, if together with fast laser scan speed, the cooling rate of the melt pool will be 

accelerated leading to the realising of gas bubbles which cannot be discharge and therefore will 

turn into gas porosities [10]. Although among the samples the majority of the porosity had D50 

values below 40 µm, they all presented several pores with a D50 above 300 µm as well (Figure 

47a). In addition, as low energy input results in poor laser remelting, it can significantly enhance 

the level of surface roughness present because the un-melted particles are less likely to be re-

absorbed [72] (a). All in all, these combinations of process parameters showed unpromising 

effects in the printed pieces properties. 

Furthermore, the combination of high laser power and high laser scan speed revealed a 

relatively low density too (Table 7, sample 14, 15, 19, 20), according to a quite high level of 

porosity identified (Table 8, Figure 43). This level of porosity is presumably related to the poor 

overlap quality between the melt pools in addition to the balling phenomena, which is enhanced 

by the high laser power input [72]. For the latter reasons, there were detected many microscopical 

powder balls, leading to the presence of numerous irregularities such as peaks and valleys on the 

top surfaces. Despite the fact that a couple of bigger pores with a D50 of 100 µm were detected 

in every piece, their average diameter was around 30 µm. Therefore, this investigated process 

window brings about a not enough decent level of quality. 

The combinations of high laser power and low scan speed resulted as having a high 

density value (above 99,5%, Table 7). Despite this, especially in sample 16 and 17 due to their 

very high volumetric energy density input (respectively, 208,33 and 138,89 J/mm3),  the original 

melt pool size resulted as very large (Figure 49c) and unstable (Figure 48c). As a consequence, 

as it has been already explained, the spattering behaviour was found to be extremely stronger 

(Figure 38e) than in the other pieces. Not only the spattering intensity increased, but also did the 

number of powder spatters (Figure 45). When the layers are stacked to produce parts, the 

spattering impurities between layers cannot be removed, therefore, they accumulate and 

contribute to internal defects within the parts until the top surface is reached [26]. Indeed, the 

pieces presented all kinds of defects (Figure 43, sample 16, 17, 18). The pores detected had an 

average D50 of 20 µm, however they presented sizeable pores as well with a D50 up to 500 µm 

(Figure 47c). Therefore, by using high laser power and low laser scan speed as process 

parameters, highly dense parts can be printed, however they will present large spatters. 
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Ultimately, the combination which resulted as having the best properties was 

characterized by a medium value of Ed (from 50 to 111,11 J/mm3) and limited defect content 

(Figure 43, sample 08,  09, 12, 13). In this investigated process window, no remarkable issue 

was identified regarding the cross-section and top surface quality of the pieces (Figure 38 b, c, 

d). Indeed, only in this situation the scan tracks properly overlapped (Figure 48b), as a 

consequence a very regular medium-size top layer was analysed (Figure 49b). The porosities 

which were detected in the cross-sections were only present in the form of gas porosities, indeed 

the average size of the pores resulted as being 15-20 µm with the biggest pores not exceeding a 

D50 of 70 µm (Figure 47b). It is important to recall that this kind of porosity, differently from 

lack of fusion pore or keyholes, do not affect the development of the microstructure [25]. The 

pieces resulted as basically defect-free, indeed no crack or spatter was detected. However, 

considering the nature of SLM technology as a layer by layer stacking powders process generated 

by a fast-moving laser, a minimum amount of surface roughness is always to be found (Figure 

38 b, c, d), but it should not represent any concern. All in all, these sets of parameters were 

therefore considered as optimum for the realisation of AISI S2 metal parts through SLM 

technology. For the latter reason, these samples were used for the following microstructure 

investigation and hardness evaluation.  

Cracks (Figure 44) on the side of the cross-sections were found in a few samples. The 

reason might be related to the high carbon content of AISI S2, which guarantees a transformation 

from austenite to carbon martensite and the latter is of course susceptible to cracking due to its 

low ductility [4]. However, the presence of cracks might also be caused by the support structure 

to the base plate, which can trigger cracks because of a notch effect. Another reason can be the 

force of cutting tool used to prepare the samples, which can cause inner tensions to initiate cracks. 

At this point, based on the above mentioned considerations obtained from the 

macroscopic characterization of 15 samples while considering defects occurrence (within the 

bulk, or on cross sections), Figure 65 was drawn out. This figure is ascribed to a process map 

which gives an idea about the optimized parameters used to achieve the realization of fully 

printed SLM metal parts with high density, low porosity and zero presence of defects. 
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The above-shown prosses map can also be used as indication to other 3D-printing 

processes, by simply applying justified shifts.  

To begin with, other kind of alloys printed by SLM seem to present the same kind of 

defects as the ones found in this work, following slightly equal attitude towards the values of the 

process parameters. For instance, in the situation of alloys with higher content of Carbon, an 

optimum laser energy density of 70-100 J/mm3 was found to be pursued [3], [73]. While Fe-rich 

alloys showed a situation where a volumetric energy density around 60 J/mm3  was needed [1], 

[2]. This allows to conclude that by increasing the carbon content, the optimum process area 

might have to be slightly shifted to the low-right. While by decreasing it, it should be moved to 

the top/top-left part of the graph. In the different situation of high-silicon alloys, the energy 

density required was found to be around 40 J/mm3, therefore shifting optimum process window 

to the top-left [10]. While for stainless steel the process map should be moved towards values 

closer to 130 J/mm3 in the bottom-right [74]. 

Not only the initial powder used, but also the way it was produced might influence the 

optimum process area location. For instance, if the powders are produced through Water 

 

Figure 65: Process map with regards to the printing of AISI S2 metal parts through SLM technology. 
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Atomization (WA) instead of Gas Atomization (GA) as they were in the current work, they will 

reach an irregular morphology and, even more relevant, they will acquire a higher content of 

oxygen [51]. As a result, high densification of WA powder requires slightly higher laser power 

than when processing GA materials. Therefore, the optimum process window will need to be 

shifted to the right side of the graph. 

Meanwhile, the use of a different scan strategy will strongly influence the analysis as 

well. In this present work a strategy of 90/90° was used for all the samples. However, in literature 

is more common to find printing processes which make use of a 67° strategy since it brings out 

a helical growth [25] which is less-likely to encounter cracking. Indeed, scan strategy has an 

important influential role in controlling texture, residual stresses and cracking behaviour [25]. 

This feature includes many aspects to be taken into account, however, previous studies found 

approximately the same optimum process windows as the one developed in this work [2], [75]. 

All in all, the determination of the process map shown in Figure 65 can give a good 

indication of what to expect when performing printing procedure by SLM, in terms of density 

and defects. Moreover, although the map was generated from the analysis of AISI S2 steels with 

certain fixed conditions, it was demonstrated that the equal can be used for other kinds of 

processed material or in other printing conditions as well, by simply applying proper shifts. 

 

 5.2 Microstructure evolution during the SLM process 
 

 Despite the benefits that SLM techniques offers, there is limited use of this process to 

print low-alloyed steel. One of the reasons is the little understanding of the as-built prior 

microstructure of the pieces [3]. It is indeed a complex mix of supersaturated phases together 

with distorted crystallographic lattices that form, which it is not straightforward to deeply 

characterise. In the situation in which an EBSD analysis was attempted, no clear results were 

firstly obtainable, due to the complex heterogenous microstructure. Only after a stress-relief heat 

treatment it was possible to achieve useful results. 

The SLM conditions in which the metal parts are fabricated are out-of-equilibrium, with 

temperatures above the melting point and rapid cooling rates. These conditions provoke a 

microstructural and chemical inhomogeneity inside the pieces [76]. The characterization of the 

microstructure aims to establish the nature of the phases present and the possible phase 

transformations which could have taken place during the fabrication. A wider knowledge might 

indeed help mitigate the effects of this large anisotropy on the properties of the as-built parts and 

perhaps enhance the feasibility of using such metal alloys with high carbon content in industrial 

applications. 
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Furthermore, being this technology a layer by layer deposition process, numerous cycles 

of re-heating occur, which induce an intrinsic heat treatment that progressively tempers the 

material in situ [73]. It is indeed paramount to firstly characterize the original untempered state, 

since it is the only way to understand how the primary microstructure purely was. These findings 

will later help to fully understand the tempering phenomenon of such kind of microstructure. 

The latter analysis of the induced heat treatment on the as-built pieces is very important 

for the current study because it can provide the prediction and tailoring of the microstructure 

[12]. Therefore, it also holds the potentiality to alleviate the need for post-processing of high 

carbon content alloys and help expand the production capability of SLM [73]. 

5.2.1 Solidification sequence  
 

As in this paragraph will be fully explained, thanks to the analysis of the OM, SEM and 

ESBD images, it was possible to investigate the solidification structure of the as-built samples.  

In the molten region, the original microstructure after solidification is fully austenitic 

which, upon rapid cooling, transforms completely into martensite. The use of a reverse DTA 

analysis (Figure 56) allowed to restore the solidification sequence that occurred during the 

fabrication process and it confirmed the presence of martensitic structure. The analysis showed 

that the peritectic transformation (1400 – 1500 °C), where δ ferrite and liquid transformed into 

austenite, took place. The peritectic transformation resulted in the nucleation and growth of 

austenitic grains which grew epitaxially within the melt pool. These grains consist of a cellular 

dendritic microstructure, due to the high ratio G/R of SLM processes (Figure 15). The reverse 

DTA curve showed a peak at 760°C which was correlated to the transformation of austenite into 

martensite, as a consequence of the high cooling rates (105-106 K/s).  Moreover, the high cooling 

rates led to the formation of distorted lattice due to the presence of more elements within the 

conventional lattice compared to equilibrium conditions. This means that a supersaturated 

martensite was formed upon cooling. 

The so called ‘epitaxial grain growth’ occurs due to the continuous growth of grains from 

a previous melt pool to a new melt pool. Indeed, the scan strategy used in this SLM process 

indicates that columnar growth was favoured and epitaxial growth as with cellular dendritic 

structure was dominant because of the G/R value [25]. More precisely, the growth develops as 

columnar grains with different orientations following the building direction and shortly after 

these grains become very slender and elongated towards the same direction of orientation (Figure 

54). Indeed, during the solidification, the grains tend to grow towards the centre of the melt pool 

in the travel direction of the laser beam, which corresponds with the direction of the maximum 

temperature gradient and hence maximum heat extraction. 
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It is significant that among the two EBSD analysis which had been performed, this 

phenomenon was visible only in the heat-treated sample up to 300°C, because in the case of 

600°C the heat treatment caused a new crystallographic arrangement, not only a minor stress 

relief situation. Indeed, in the sample which underwent isothermal treatment until 600°C, no sign 

of the slender central columnar grain was detected neither in the OM micrographs nor in the 

EBSD investigation, as well as for the melt pool boundaries and the top layer (Figure 58a, b). 

This is due to the temperature reached that resulted in a higher change of the microstructure. 

Furthermore, it was observed that at the sides of the central columnar grain within the 

melt pools, a side-branching phenomenon occurred, as the existing grains followed the direction 

of thermal gradient. Therefore, while the epitaxial growth is responsible for the slender columnar 

grains confined to the centreline of melt pools, side-branching enables crystals to follow drastic 

changes on their orientation at the side of melt pools [25]. Indeed, if the growth direction of 

existing crystal cells is misaligned to G, cells are still able to epitaxially grow, but with a change 

in their growth direction [25]. However, while the building direction does not change across the 

cross-section, G, in contrast, gradually changes direction when approaching the sides of the melt 

pools, not anymore being vertical but instead oblique. The micrographs that were analysed of 

the as-produced samples (Figure 55b), clearly show the change on the growth direction between 

the sides and the centre of the melt pools. This confirms the strong relationship between heat 

flux and growth direction of the grains. 

A sketch of the microstructure evolution during the different stages of the process is 

provided in Figure 66. This aims to highlight how the building direction used, which was 

perpendicular to the build plate, was able to cause drastic changes on the growth direction of 

crystal within the melt pools. 
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Figure 66: Sketch of the process of melt pool solidification. (a) Melt pool with molten powders after the laser travels 

by; (b) primary nucleated grains following the orientation of the building direction within the melt pool border (c) 

epitaxial growth with side-branching phenomenon of the nucleated grains (d) addition of a new powder layer (e) the 

process new step, which affects the microstructure of the layers below. 

 

Moreover, starting with the OM micrographs (Figure 54), it was possible to observe that 

the grains along the centreline of two subsequent layers kept their epitaxial growth across the 

two melt pools without changing the growth direction, as explained above. A sketch of this 

situation was provided in Figure 67a. Meanwhile, at the side of two adjacent melt pools it was 

possible to notice a 90° angulation between the side grains, as illustrated in Figure 67b and visible 

in Figure 55c. 

 

 

 

Figure 67: Sketches of two features of epitaxial growth: (a) of columnar grain growth which stays in the same 

direction along subsequent layers (b) of the side-branching phenomenon between two adjacent melt pools forming 

a 90° angulation. 

Moreover, a post treatment up to 900°C was also performed, as to look for confirmation 

of the theories which were until this point made. As expected, too high temperatures, above the 

austenitization peak, led to recrystallization (Figure 60). This outcome demonstrates how SLM 

process involves out-of-equilibrium conditions which generate a microstructure that is far distant 

from the conventional methods one. Indeed, the cooling rate strongly influences both 

undercooling and solute partitioning, therefore a different value turns into much difference 

microstructure. On the other hand it was relevant to see in the case of future perspectives how 

the hardness value on the heat-treated samples significantly decreased (Figure 64). This proves 

that for specific applications, a desired hardness value might be reached by applying 

straightforward isothermal treatments up to specific temperatures.  
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5.2.2 Effect of in-situ thermal cycle 
 

Due to the layer-wise manner building of SLM, as explained in the previous sketches, 

parts develop in different directions and present anisotropies in both microstructure and 

mechanical properties [71]. This is because solidified layers below the new melt pool are affected 

by the repetitive cyclings of heating and cooling. For the latter reason, the area below the melt 

pool is called Heat Affected Zone (HAZ). In this work, the prior microstrucutre present in the 

top layer area and the HAZ of the optimum samples (sample 08, 12, 13, Figure 65)  was 

investigated.  

What the heterougenous microstructure and hardness distribution revealed is a mixture 

of tempered and untempered martensite bands in the as-printed parts. These bands were 

attributed to the thermal cycling effects of the layer by layer deposition associated with SLM 

process, which is characterized by a really complex thermal history. Every time that a new layer 

is deposited, the out-of-equilibrum conditions strongly affect a certain amount of layers below. 

Bright and dark regions are observable in the as-built micrographs and represent varying degrees 

of tempering in the specimen, as the hardness evaluation confirms. Indeed, in the HAZ, 

metastable phases with mixed compositions formed at high cooling rates dissociate in more 

stable phases due to local reheating up to the solidus temperature. 

Starting from the untempered region, since no layers are deposited above the top layer, 

tempering does not happen as in the rest of cross sections does. Besides this, another important 

factor is that certain alloying elements like Cr, W, Mo, C and Co impede precipitation of carbides 

in martensite by affecting the diffusion rate of carbon in the supersaturated solid solution so that 

martensite can retain up to 450–500 °C [12]. Altough the S2 is a low-alloyed steel, it contains a 

certain amount of Si, Mo and C. It was therefore assumed that in the upper layers the martensitic 

structure remained virtually unaffected due to the presence of these alloying elements and the 

kinetic factor [12].  

Moroever, inside of the untempered region of the as-fabricated samples, it was possible 

to distinguish another portion of untempered martensite below the melt pool boundary (Figure 

48b). When this area will be affected by a new layer deposition, it will be exposed to 

temperatures above the austenization temperature, leading to re-austenization of this part. For 

the latter reason this section was called “austenization zone”, an area which will later trasform 

back into tempered martensite but experiencing a little reduction of hardness if compared to the 

other tempered areas.  

While further away from the melt pool boundary, alternating layers of various degrees of 

tempered martensite were observed. Indeed, here the material experienced high temperature but 
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below the critical point, therefore leading to simple tempering of the existing martensite. 

Tempering causes softening of martensite owing to the diffusion of carbon out of the martensite 

lattice, indeed nano-scale precipitates were observed within the laths of martensite. However, 

because of the short cycle times the diffusion was limited. Apparently, carbon atoms could 

diffuse short distances and along more defected areas, in this case the cell boundaries [12]. It is 

also possible that cementite precipitates were present in the as-built condition, due to the thermal 

cycling and effective tempering, but they were probably too fine to be observed under SEM. 

Within the tempered region inhomogeneity was again detected resulting also in anisotropic 

nanohardness. The two different areas within the melt pool which were distingiueshed were 

called “tempered martensite type A” (13% hardness reduction) and “tempered martensite type 

B” (30% hardness reduction). These two areas represent the effect of a solid-state solution 

trasformation. It was assumed that the trasformation corcerned dessaturated martensite phase 

only, but as the nanohardness values varied a lot it is very likely that bainitic and retained 

austenite phases were present as well. 

Whereas after the isothermal heat treatment up to 600°, the microstructure seemed much 

more stress-reliefed, indicating that the diffusion of carbon from the supersaturated matrix 

affectively happened (Figure 58c). Indeed, small inclusions were observable as bright white 

spots. Martensitic laths found in the heat-treated condition were thinner than those obseved in 

as-printed materials, suggesting that grain refinement took place as well. Moreover, it is 

important to highlight that after the isothermal treatment, the top layer was no longer made of a 

different microstructure nor a different hardness value, meaning that the treatment effectively 

affected all the cross-section. This outcome proves that the heat treatment which occurs during 

the SLM process is a tempering up to 600°C. 

Another relevant result was that after the macrohardness test, the HAZ presented a 

decrease on the level of hardness of the 18% in the conditions of medium-low Ed, up to the 30% 

with higher Ed (Figure 61). The nanohardness of all the four areas seemed to slightly grow its 

value with increasing input of Ed. The only expection was the tempered region type B, which 

seemed to rather vary than simply increasing at different values of Ed (Figure 63). Similar 

situation of the type B, was detected in the macrohardness evolution of HAZ (Figure 61d). It is 

paramount to undestand how the properties like hardness change their value at different input 

parameters, in order to allow not only the microstructure investigation but also the tailoring of 

the mechanical properties as well.  

In the framework of the printing of high carbon steels through the SLM technology, the 

in situ tempering can allow the reduction of the need for post-processing and therefore enhance 
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such production capability. Reason for which, a sketch of the solid-state solution detected in the 

printed samples is provided in Figure 68. 

 

 

Figure 68: Model of the in-situ tempering effect. 
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6. CONCLUSIONS 
 

In the present study several experiments have been carried out to investigate the 

properties of the processed AISI S2 parts printed by SLM in the as-built conditions and after 

post isothermal heat-treatment. From the outcomes of the latters, the following conclusions can 

be drawn out: 

• AISI S2 powders can be successfully printed using SLM process while properly 

tunning the processing paremeters, especially the laser power and laser scan 

speed. 

• Based on  the volumetric energy density input, which is the result of the 

combination of the main processing paremeters, a process map can be drawn out. 

Tha latter gives an overview of the fields achieved regarding flaws distribution, 

leading to defect-free or fully dense parts obtained after using optimized 

processing parameters. The optimum parameters range was between 150 and 200 

W for the laser power, and between 750 and 1250 mm/s for the laser speed scan, 

thus leading to a Ed of 50-110 J/mm3. This outcome provided the ideal process 

window to produce AISI S2 metal parts through SLM. 

• Ed values below 50 J/mm3 develop severe levels of porosity (lack of fusion, key-

holes and gas porosities), while values above 110 J/mm3 enhance the spattering 

phenomenon.  

• The as-built samples showed a layer-wise microstructure that is due to the 

scanning  strategy. The microstructure is made of columnar epitaxial grains  with 

cellular dendritic structure. There is a variation of the macrostructure depending 

on the location within the initial melt pool. Grains grew vertically following the 

thermal gradient direction in the centreline of each melt pool, while at the sides 

of the centreline, the misalignment of the thermal gradient promoted a side-

branching phenomenon. 

• The solidification path during SLM processing may involve formation of prior 

delta ferrite as the first solid prior to a peritectic reaction which leads to austenite 

that is later transformed into martensite in the solid state. This occurs under high 

thermal gradients and under out-of-equilibrium conditions. Restoring the 

solidification sequence has been achieved using the reverse DTA approach. 

• The structure observed at a macro scale as regards to Vickers hardness 

measurements, looks homogeneous. Nevertheless, the same structure when it is 
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considered at a lower scale level seems heterogeneous, because of the existence 

of alternative bands of both tempered and untempered martensite. The matrix 

within the centreline of the melt pool in the as-built conditions is made of a highly 

supersaturated martensite. This supersaturation is still present within the top layer, 

while in contrast, HAZ still exhibits martensite, but with a lower nano-hardness 

compared to that of the centreline and with a more stress-released microstructure. 

• Two distinct HAZs are present, the first one been located at melt pool boundaries, 

and the second one being located beneath each layer/track, on the upper part or 

the melt pool zone. Those two HAZs have got lower nano-hardness compared to 

the centreline, the decreasing of the hardness was found to being due to the 

relative reheating cycle that occurs at a local scale during SLM processing. 

• The microstructure achieved within the as-built SLM samples still corresponds to 

out-of-equilibirum structures, that are different from the close-to-equilibrium 

ones obtained after conventional post thermal treatments carried out using DTA. 

This suggests that steep thermal gradients that exist during SLM process strongly 

influence transformations kinectics. 

  



91 

 

7. FUTURE PERSPECTIVES 
 

As this Master’s thesis consists only in a part of a PhD thesis which aims to fabricate new 

innovative alloy using the SLM process, surely some future following works can be pursued. 

Here some suggestions will be presented: 

 

• XRD and additional EBSD cross-analysis could be performed in order to investigate 

deeper in the solid-solution phases which generated upon re-heating during the process. 

• Significant studies showed the feasibility of compounding SS316L steel with SiC to 

improve the alloy properties. In these terms, it could be interesting to generate a mix of 

the same carbide with the S2 instead in order to see if the printed parts quality can also 

be improved thanks to the compounding. 

• Wear and fatigue tests can be performed on the S2 as-printed parts, in order to compare 

this properties with the S2 generated by conventional methods. 

• In order to have a wider overview of the following works, the developing of a finite 

element model to predict the thermal history and the melt pool dimension evolution of 

the pieces could be really interesting. Moreover, the numerical results could be later 

correlated with the experimental outcomes of this work.  
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