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Resumo 

A tecnologia Selective Laser Melting (SLM) é um processo de fabrico aditivo que teve um grande im-

pacto, em vários sectores industriais, ao permitir o desenvolvimento e produção de componentes com 

elevada complexidade geométrica. No entanto, esta tecnologia está atualmente limitada ao fabrico de 

peças de pequenas dimensões e em pequenas séries, devido ao elevado tempo de produção por peça 

e limitação dos equipamentos. 

Este trabalho tem como primeiro objetivo, a validação de um novo sistema experimental de deposição 

de pós para a produção de peças de maiores dimensões, com volume útil de produção de 1m3, e com 

taxas de produção mais elevadas. O trabalho consiste numa análise comparativa das propriedades dos 

componentes obtidos pelo sistema experimental, e por um equipamento SLM comercial. Para tal, rea-

lizou-se um estudo quanto à influência dos parâmetros operativos (potência do laser, energy input, 

hatch space e vector size) nas propriedades metalúrgicas e mecânicas das peças. 

O segundo objetivo, é o estudo da influência de cada parâmetro de produção na qualidade final da 

peça, nomeadamente no teor de porosidade e das propriedades mecânicas, permitindo assim desen-

volver uma base para a escolha dos melhores parâmetros de produção a serem aplicados no equipa-

mento experimental. 

Verificou-se, com este trabalho, um aumento da densidade da peça com o aumento do valor de energy 

input e com a redução do vector size, além da influência da direção de fabrico nas propriedades mecâ-

nicas da peça. 

Palavras – chave: Selective Laser Melting (SLM), Vector Size, Hatch Space, Energy Input, Proprie-

dades Mecânicas, Propriedades Metalúrgicas. 
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Abstract 

The Selective Laser Melting technology (SLM) is a specimen manufacture process, with significant im-

pact, which allows the development and production of components with higher geometric complexity. 

However, this technology is limited to manufacture small parts and in small series due to the part pro-

duction rate. 

This work aims, to validate a new powder deposition system for the production of larger pieces with a 

useful volume of 1m3 at higher production rates. This work was submitted to a component properties 

comparative analysis, manufacture by the experimental system and by a commercial SLM equipment. 

For this, it was performed a study, on the influence of the operational parameters (laser power, energy 

input, hatch space and vector size) in the part metallurgical and mechanical properties. 

The second objective is the study on the influence of each of the process parameters on the final part 

quality, such as porosity values and mechanical properties, as well as the basis for the best process 

parameters for the experimental equipments. 

As results, there was a significant increase, in the part density with the increment in the energy input 

value, and with a reduction on vector size, besides the influence of the manufacturing direction on the 

specimen mechanical properties. 

 

Keywords: Selective Laser Melting (SLM), Vector Size, Hatch Space, Energy Input, Mechanical Prop-

erties, Material Properties. 
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Nomenclature 

 

Symbol Definition Unit 

Q  Energy Input J/mm3 

P Laser Power W 

Vs Scanning Speed m/s 

L Layer Thickness μm 

   

   

Abbreviation 

 

3D-CAD Three – Dimension Computer – Aided Design 

AM Additive Manufacturing 

ASTM American Society of Testing and Materials 

CAD Computer Aided Design 

EBM Electron Beam Melting 

EDS Electron Disperse Spectrometry 

Laser Light Amplification by Stimulated Emission of Radiation 

LMD Laser Metal Deposition 

LOF Lack of Fusion 

OM Optic Micrograph 

SEM Scanning Electron Microscope 

SLM Selective Laser Melting 

SS Stainless Steel 
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1. Introduction 

Additive Manufacturing (AM) is a technology that allows production of components layer-by-layer from 

a three-dimensional computer file (3D-CAD). In the beginning, this technique was used for rapid proto-

typing mainly using polymers as source material. 

Nowadays AM technology allows the production of metallic components with high level of complex ge-

ometric shapes, not being possible to produce by conventional techniques (e.g. casting and machining). 

The most used method in additive manufacturing of metallic components is Selective Laser Melting 

(SLM). SLM presents advantages over other metal additive manufacturing methods as dimensional ac-

curacy, part complexity and the different raw materials that can be used.  

SLM equipment’s has low production rates, so the market for this method is components with high ge-

ometric complexity that is very expensive and time consuming to cast and machine. The usual market 

is the automotive, aeronautic and medical industries. New developments in this technique have been 

the increasing in size and productivity allowing to produce bigger components at high production rate, 

however, for that is essential to understand the relationship between the different process parameters 

to be able maximize the production rate without losing quality. 

The aim of this thesis is to validate a new experimental SLM equipment for XL-parts (1000 X 1000 X 

1000 mm powder table). 

It was used two SLM equipment’s, one commercial (M1 Cusing, by Concept Laser) and the experimental 

one (Addcreator, by Adira). The commercial equipment was used to produce specimens with the pur-

pose of studying the mechanical and metallurgical properties of already commercialized products. The 

experimental equipment is under development and so it is essential to understand Concept Laser com-

mercial part quality, to adjust the process parameters and improve the experimental system (Addcreator, 

by Adira). 

This Master Thesis has a Six-chapter structure, being Introduction the first one. 

The Second Chapter, State of the Art, begins with the presentation of different additive technology meth-

ods that can be applied and start the introduction of SLM technique, including fundamentals, applica-

tions and process. Is presented at the end, the mechanical properties obtained in past studies that will 

be the comparison base between the experimental powder deposition system specimens. 

Chapter Three, Methodology, describes the experimental work performed in specimens manufactured 

by SLM method, all the equipment’s and tests that were applied to characterize the samples.  

The Fourth Chapter, Results and Discussion, is subdivided in the results from the commercial equipment 

(M1 Cusing) and the experimental powder deposition (XL-SLM equipment). This chapter presents the 

result analysis from all the applied tests. 

The final chapters, Chapter Five, presents the conclusions and the Chapter Six the future work. 
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2. State of Art 

 

This chapter overview the Additive Manufacturing technologies, specifying the Selective Laser Melting 

Technology. 

2.1.  Additive Manufacturing 

Additive manufacturing (AM), known as Rapid Prototyping was developed in the 1980s and is defined 

by the American Society of Testing and Materials (ASTM) as “The process of joining materials to make 

objects from 3D model data, usually layer- by - layer, as opposed to subtractive manufacturing method-

ologies” [1]. 

According to ASTM, the AM technologies can be classified into the following categories (Table 1): binder 

jetting, material jetting, direct energy deposition, sheet laminations, material extrusion, photo-polymeri-

zation and powder bed fusion [2]. 

Process Categories Technology Materials 

Binder Jetting 3D Printing 

Ink – Jetting 

S-Print 

M-Print 

Metal 

Polymer 

Ceramic 

Direct Energy Deposition Direct Metal Deposition 

Laser Deposition 

Laser Consolidation 

Electron Beam Direct 

Melting 

Metal: 

Powder and Wire 

Material Extrusion Fused Deposition 

Modelling 

Polymer 

Material Jetting Polymer-Jet 

Ink- Jetting 

Photopolymer 

Wax 

Sheet Lamination Ultrasonic Consolidation 

Laminated Object 

Manufacture 

Hybrids 

Polymer 

Ceramic 

Photopolymerization Stereolithography 

Digital Light Processing 

Photopolymer 

Ceramic 

Powder Bed Fusion Electron Beam Melting 

Selective Laser Sintering 

Selective Laser Melting 

Metal 

Polymer 

Ceramic 

Table 1 - ASTM Technique classification (2012) [2] 

Each category includes different processes, but all share the principle of layer-by-layer deposition. In 

terms of materials, it can be used a variety of different materials (Metal, Polymers and Ceramics), but 

the material nature limits the processes that can be applied. 
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2.2. Selective Laser Melting 

Selective Laser Melting (SLM) is an additive manufacturing process developed by Dr. M.Fockele et. al. 

and Dr. G. Andres of Fraunhofer ILT with the purpose of producing metal components from the fusion 

of metal powders. This powder bed fusion process uses a high intensity laser to melt selectively the 

regions in the powder bed, being a process conducted layer by layer, according to computer aided 

design data (CAD) as it can be seen in Figure 1 [3]. 

 

Figure 1- SLM Equipment (Fraunhofer ILT Courtesy) 

 

The SLM process is based on a series of steps from CAD data preparation. Before the data being 

uploaded to the SLM machine form component production the Stereolithography (STL) files have to be 

processed by software, such as Magics, to give structural support for any overhanging features and to 

generate slice data for laser scanning of individual layers [3]. 

The process begins with a thin layer of metal powder on a substrate plate in a building chamber. After 

the powder deposition, a high energy density laser is used to melt the selected area according to the 

cad layer design. Once the layer is finished the building platform is lowered and the powder deposition 

system, drops a new layer of metal powder in the top of the previous layer, and the laser scans a new 

layer, melting it and fusing it to the previous one. The process is repeated for successive layers of 

powder layer until the required components are completely built. [4]. The Figure 2 represents the pro-

cess. 
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Figure 2- (a)-Schematic of the process steps of Selective Laser Melting; (b)- Concept of SLM process. (i) High-

power laser melts selective areas of the powder bed. (ii) Process is repeats for successive layers. (iii) Loose pow-

der removed, and finisher part revealed [3] 

 

The demand for a rapid prototyping technology that allows the production of fully dense components 

encoureged the development of the Selective Laser Melting (SLM) technique. The Figure 3 shows the 

market distribution of different additive manufacturing techniques, and SLM technique owned a 72% 

market share [5]. 

 

Figure 3- Market Distribution of AM processes for metal in 2014.  (Laser Metal Deposition (LMD), Electron Beam 

Melting (EBM), Hybrid - Combination of addictive and substrative techniques) [5] 

 

Although SLM and LMD being additive manufacturing techniques they are not rivals due to the surface 

finishing, tolerances and part size are in different ranges. LMD have been used to pieces of higher sizes 

and SLM technique is choose for pieces with higher geometrical details. 

Although, SLM and EBM are rival technologies because, both presents very resembling technical char-

acteristics, but EBM can only work with electrical conductive materials. 

The Table 2 shows a basic comparison between the three methods. 

 

a) b) 
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Technique Materials Dimen-

sional Tol-

erance (mm) 

Geomet-

rical De-

tail 

Deposition 

rate (mm3/s) 

Roughness 

(ra) (μm) 

Beam Di-

ameter 

(μm) 

Layer 

Thickness 

(μm) 

SLM Limited when 

compared to 

LMD 

>0.1 Near un-

limited 

>7 4-10 30-100 20-100 

EBM Electrical 

conductors 

>0.2 Near un-

limited 

>16 20.3-25.4 >250 50-200 

LMD High diver-

sity 

10 Limited 9-100 10-200 0.3-0.5 0.03-1 

Table 2-Main characteristics of some AM technologies. (Source SLM and LMD - European Powder Metallurgy 

Association (EPMA) /Fraunhofer ILT; EBM - Arcam) 

2.2.1 Applications 
 

The SLM technique presents the advantage of producing complex structures without the need of part-

specific tooling, allowing to make structures that by conventional methods would be impossible for tech-

nical or economic reasons. The Figure 4 shows an inner flower like geometry that would be very difficult 

to make by conventional processes. 

   

Figure 4- Specimen made in Fraunhofer ILT, by SLM. 

 

Siemens uses Selective Laser Melting technique to repair industrial gas turbine up to 60% faster. Sie-

mens also claim the next facts and figures about the SLM technique [6]: 

 30% Reduction of Greenhouse gas emissions; 

 63% Less resources in production process; 

 75% Reduction of development time; 

 ∞ Flexibility for design of parts; 

 60% Faster repairs time; 

 50% Reduction on lead time; 

 60% Hydrogen in the fuel mix. 

Also, Siemens already uses the SLM technique in the following areas of application [6]: 

 Rapid prototyping 

 Rapid repair actions 
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 Rapid manufacturing 

 

  

Figure 5-(a)- Creating gas turbine burner tips using additive manufacturing (Procedure SGT-700), (b) Siemens 

Gas turbine component made by SLM [6]. 

 

Fraunhofer ILT presents applications in the medical technology, mainly because the nature technology 

allows the possibility of design patient-specific implants, defining carefully the porous content to improve 

the osseointegration as well the vascularization is supplied to the implant [7]. 

 

Figure 6- (a)-Individualized cranial implant with interconnected porous structure , (b)- Individualized acetabular 

cup, (c)- Individual coronal caps and bridges for dental application, (d)- Scaffolds out of biodegradable magne-

sium alloy [7]. 

 

In Automotive industry, Ford is a renown automotive company that claimed to save millions of dollars in 

product development costs by choosing to create prototypes using Additive Manufacturing techniques 

as SLM and skipping the need for tooling. Design parts such as cylinder heads, intake manifolds and 

air vents lead to a very time consuming and design costs due to the investment in casting. For example, 

a single component in an engine manifold as cost of development in $ 500,000 and takes about four 

months. But Ford by using AM techniques developed the component in just four days with a cost of $ 

3,000 [8]. 

 

2.2.2 Technique Parameters 
 

The SLM process it’s influenced by manufactured conditions, so it’s essential to understand how these 

parameters influence the process, in the way to be able to make the appropriate process design. To 

simplify the direct impact of each variable the parameters were classify into laser, atmosphere, powder 

process and scan parameters, that will be explain in further detail in the text below [9]. 

a) b) c) d) 

b) a) 
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Laser - The first key element in the SLM technique is the selection of the type of laser radiation source. 

The radiation source it will influence the wavelength emitted by the laser source and how the powder 

responds to the incident radiation (due to different behavior of Absorption coefficient with the material 

and wavelength) 

The different absorption behaviour is represented in the Figure 7, 

 

Figure 7- The Absorption of laser output at different wavelength varies according to the materials involved [9] 

 

It should be chosen the laser output that reach the higher absorption coefficient material possible. Higher 

the absorption coefficient, higher will be the amount of incident energy that is converted in to heat (that 

will melt the powder). 

Atmosphere – This variable is related to the type of atmosphere in which the process takes place. A 

poorly protective atmosphere choice can cause decarburization and a change in the material hardness 

that can have a negative effect on the mechanical properties, such as fatigue strength and ductility or 

abrasion resistance. The presence of oxygen in the building chamber can lead to the presence of porous 

in the final material. To try to minimize this effect the building chamber is filled with protective gas such 

Nitrogen, Argon or Helium [9]. 

One important phenomena is the weakening effect of the laser beam by the plasma that can be formed, 

the plasma would inhibit the laser beam absorption by the powder material, and so it is used atmos-

pheres with gas that have a higher ionization potential because inhibits the plasma formation [9].  

 

Powder – The powder material will affect the final mechanical properties because different materials 

leads to different properties. However, the powder grain size is a very important characteristic, in SLM 

the range of layer thickness goes from 20 μm to 100 μm so the maximum powder grain size can´t be 

bigger than the layer thickness. The powder geometry should be spherical to minimize problems of 

obstructing the gravimetric powder deposition equipment (Figure 8). If the powder had an irregular form, 

it will not be possible to create a smooth layer after fusion [9]. 
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Figure 8- Layer deposition: a) spherical powder, b) irregular powder [9] 

 

The principle powder characteristics is the particle shape and the particle size and distribution [9]. 

The particle shape depends on the different preparation methods, where the most used are aerosol 

spherical powder and water atomize powder because presents smaller particle size. The shapes are 

exemplified in Figure 9 [10]. 

 

Figure 9- Morphologies of the starting powder [10]. 

 

In SLM is used the spherical fine powder because presents higher bulk density, leading to lower volume 

shrinkage during melting. Also, the spherical powder presents better wettability and a lower friction co-

efficient contributing to a good fluidity that is essential for SLM technique [10]. 

The particle size and distribution influence the SLM process. Researchers have been showing that a 

wider particle size distribution have a higher density than particle with a single peak distribution. Smaller 

the particle size, higher the fluidity and the thermal absorption by the incident laser due to higher specific 

surface area [10]. 

By pre-heating the powder bed, the temperature gradients is reduced, affecting the process thermody-

namics. Figure 10, shows the effect of preheating powder temperature on the densification of SLM pro-

cess parts under argon atmosphere.  The studied shows a densification rate of 98.6 % without any 

preheating, but by heating the powder to 100ºC the densification rate increases to 99% with interlayer 

pores with 50 μm diameter [11].  

When the preheating temperature was increased to 150ºC and 200ºC, the cross sections exhibited a 

dense homogeneous structure with relative densities of 99.4% and 99.7% [11].  
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Figure 10- Evolution of material density vs pre-heating temperature of the powder bed [11] 

 

The temperature gradient in the part will also affect the internal stresses and volume contraction during 

solidification, so by preheating the powder the dimensional accuracy will be affected. The Figure 11 

shows an evident deformation in the bottom on the tensile test specimens produced without preheating 

where deformation almost reach 15%. However, by preheating the substrate to 150ºC the deformation 

rate decreased to 7% [11]. 

 

Figure 11- Evolution of shape precision versus preheating temperature of the powder bed [11] 

 

Process Parameters 

Process parameters influence the heat balance, building speed, the presence of defects, microstructure 

and the final mechanical properties. 

Energy Input – Q – [J/mm3].  This concept relates the laser power, the exposure time, hatch space and 

point distance with the powder layer thickness. And can be obtain by Equation 1 [12]. 

 

Q =
Laser Power∗(

Exposure Time

 Hatch Space∗Vector Length 
)

Layer Thickness
 (

J

mm3)  (Equation 1) 

 

The Figure 12 explains the variables that will be applied in the Equation 1. 
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Figure 12 - Laser exposure. Process parameters: hatch Spacing or hatch distance; layer thickness, exposure time 

and point distance [13] 

 

Vector Size, is defined as the distance that the laser goes without stopping and the exposure time is 

defined as the time that the laser takes to go through the point distance. 

Sun.et.al [14]  studied the possibility of enhancing the build rates maintaining low porosities. For that 

was used a laser power of 380 W which allows to increase the scanning speed, while keeping the same 

energy input. At 104.52 J/mm3 it was mentioned that this energy input value that delivers the minimum 

porosity percentage, this studied will be address in further chapters. In this studied was used a SLM 250 

HL (SLM Solutions, Germany) with a focus spot size of 80 μm, laser power 380 W, and a layer thickness 

of 50 μm, and an oxygen content in build chamber of 0.05%. The scanning speed and hatch space was 

adjust to keep the energy input close at 104.52 J/mm3. It was made 2 sets, 12 cubes per set, with the 

processing parameters listed in the Table 3. 

Sample Laser Power 

[W] 

Layer Thick-

ness [μm] 

Scanning 

speed [mm/s] 

Hatch spac-

ing [μm] 

Energy Input 

[J/mm3] 

S01 380 50 3000 25 101.33 

S02 380 50 2500 30 101.33 

S03 380 50 2000 35 108.57 

S04 380 50 1750 40 108.57 

S05 380 50 1500 50 101.33 

S06 380 50 1250 60 101.33 

S07 380 50 1050 70 103.40 

S08 380 50 950 80 100.00 

S09 380 50 850 90 99.35 

S10 380 50 750 100 101.33 

S11 380 50 700 110 98.70 

S12 380 50 625 120 101.33 

Table 3- SLM parameters for the fabrication of SS316L sample [14]. 

 

Vector Size 
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The density was measured by Archimedes method and by image analysis, where it was possible to see 

that both methods delivered densities higher than 99% (Figure 13 (a)). However, it is possible to see a 

decreasing trend in density as it moves from S01 to S12 (with the increasing of hatch spacing) [14].  

Another result is the increasing of spherical pores from S01 to S06 (Figure 13 (b) and (c) and the ap-

pearance of vertical cracks after S06, being S12 the sample with more vertical cracks (Figure 13 (d)) 

[14]. 

 

   

Figure 13-(a) Density graphs obtained from Archimedes and image analysis methods. The OM images of (b) S01 

(c) S06 (d) S12 showing the pores [14]. 

 

One of the conclusions from the previous study shows that using a laser power input of 380W, compar-

ing with 100W, the scanning speed can be improved by 3.8 times keeping the same energy input leading 

to a reduction in 41.8% of total build time [14]. 

Laser Power – P- [W]: Laser power determines the choice of other parameters in the process, so it can 

be defined as one of the most important process parameter. The selection of laser power is yet related 

to the size to spot laser focus [9]. 

The laser power influence the warping effect in overhanging surfaces. In the Figure 14 is summarized 

the relationship between the critical laser beam inclined angle and the scanning speed at different an-

gles. It is possible to see that the incline angle is limited by the scanning speed and the laser power.  
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Figure 14-The relationship between critical inclined angle and scanning speed at different laser powers (scanning 

space, 80 μm and layer thickness, 35 μm). a P=120 W. b) P=150 W. c) P=180 W [15] 

 

At each laser power there are two curves, first is the minimum building angle and the second is the 

reliable building angle. Under the minimum building angle for fixed conditions of scanning speed and 

laser power there is a big influenced of warping effect that limits the layer thickness that can be fused 

without any warping (Figure 15). For conditions above the reliable building angle region the laser energy 

input is lower reducing the depth laser penetration influencing the bonding of the adjacent layer leading 

to delamination defects [15].  

 

  

Figure 15- Fabrication of overhanging surfaces with the inclined angle θ ranged from 25° to 50°, scanning speed 

increased from 200 to 1200 mm/s (laser power, 180 W; scanning space, 80 μm; and layer thickness 35 μm). a 

Front view. b Side view [15] 

 

Scanning Speed – Vs - [m/s]: The amount of liquid in the fusion phase depends on the melting temper-

ature that is affected by the energy transferred to the powder. The main parameters that affect the 

transferred energy is the laser power and the scanning speed. Different combinations of the previous 

mentioned parameters lead to different melting mechanism [16]: 

I. No melting: The delivered energy beam was insufficient to melt the powder and so a large 

amount of powder remained in it’s initial state after the production. 

II. Partial melting: Medium beam performance in combination with a low scanning speed (<0.06 

m/s) formed a liquid phase on the particles surface. This phase will bake together the un-melted 

cores of particles into coarsened balls, with about the diameter of the beam after crystallization. 

This surface shows the first type of balling phenomenon. 

III. Melting with the balling phenomenon: At a high laser output and a high scanning speed (≥0.06 

m / s) the shapes made by the melting track, as seen on the surface, were long, thin cylindrical 
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lines, which later split up into rows of coarse beads. This was a result of the reduction of surface 

tension. 

IV. Complete melting: The laser energy was so great that permanent tracks of molten metal material 

were created. The tracks formed continuous lines of fully melted compact solid surface. 

 

The Figure 16 represents graphically the previous states. 

 

Figure 16- (a) Dependency of the structure on the procedural parameters; b) Procedure of the powder laser scan-

ning [16] 

 

Layer Thickness – L - [μm]: The layer thickness depends on the powder characteristics and the laser 

energy input. Layer thickness must be higher than the particle size. However, studies have been showed 

that the layer thickness doesn’t affect the mechanical properties [17] . The effect of layer thickness in 

the mechanical properties is showed in the Table 4. 

Layer thickness (μm) σ 0.2 (MPa) UTS (MPa) EL(%) σ 0.2/UTS 

20 530-551 696-713 32.4-43.6 0.77 

30 519-533 666-687 40.8-41.8 0.78 

40 541-545 694-703 39.0-42.3 0.78 

Table 4- Influence of layer thickness in the mechanical properties 

 

Experiments made in a Renishaw AM250 with a 200W power laser and 70 μm laser spot diameter by 

J. A. Cherry team had the objective of study the influenced of energy input by changing the exposure 

time an point distance making a 3*3 test matrix of 10*10*10 mm3 cubes of 316L steel [12]. 

 Point Distance (μm) 

Exposure Time (μs)  25 50 75 

75 125.42 62.71 41.81 

100 167.23 83.61 55.74 

125 209.03 104.52 69.68 

Table 5- Parameter selection, settings and corresponding laser input energy (J/mm3) [12] 
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The other parameters were maintained at: 180 W Power laser, 50 μm - layer thickness and 124 μm 

hatching space. The build chamber temperature was 21ºC with an atmosphere of argon with 5,000ppm 

maximum of oxygen. The study results show that, the porosity and the balling effect are affected by the 

laser energy input, highlighting that the porosity reaches a minimum when the laser energy input is 

104.52 J/mm3 [12]. 

Scan Parameters 

 

The Scan parameters refers only at scanning level and includes variables such as hatch angle, vector 

length, hatch distance, scanning method. 

Hatch Angle – θ – The hatch angle is defined as the angle between laser scanning directions of con-

secutive layers as can be seen in the Figure 17. For instance, a hatch angle of 90ºC means that after 

the deposition of melted rows in four layers, the orientation of the next melted row will be the same as 

the rows in the first layer. This variable has been discussed that could affect the anisotropy of mechan-

ical properties. Kai Guan et al. show that the mechanical properties vary with the hatch angle chosen, 

obtaining higher mechanical properties with a hatch angle of 105º as can be seen in the Table 6 [17]. 

Table 6-Tensile properties of SLM samples depending on the hatch angle [17] 

Hatch Angle (º) σ 0.2 (MPa) UTS (MPa) EL(%) σ 0.2/UTS 

90 530-551 696-713 32.4-43.6 0.77 

105 566-570 714-717 40.6-42.8 0.79 

120 540-545 682-685 36.5-37.9 0.79 

135 541-556 691-693 36.6-38.4 0.79 

150 534-555 698-703 39.5-40.4 0.78 

 

  

Figure 17- (a) Rotation in lines in neighbouring planes, (b) Diagram of intervals under different hatch angle 

 

Overlap Rate - [%] – This parameter is obtained in percentage and gives the relative area that is affected 

by the repetitive laser scan. Kai Guan et al team show that this parameter doesn´t affect the final me-

chanical properties as can be seen in the Table 7  [17]. 

Table 7- Effect of Overlap rate in Mechanical Properties [17]. 

Overlap Rate (%) σ 0.2 (MPa) UTS (MPa) El (%) σ 0.2/UTS 

0 531-541 682-704 40.1-43.6 0.77 

10 525-561 685-690 36.0-38.0 0.79 

a) b) 
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20 547-556 682-697 38.0-39.2 0.80 

30 525-569 666-713 35.8-38.0 0.80 

40 530-551 696-713 32.4-43.6 0.77 

50 519-561 651-700 31.2-37.2 0.80 

Scanning Strategies – The SLM building orientation can lead to different degrees of densification as well 

microstructures and texture variation. The main scanning configurations are referred as stripe, checker-

board and island pattern. This pattern can be seen graphically in the Figure 18 [18]. 

Stripe Pattern is defined by the scan vector width, and hatch distance between the adjacent tracks as 

well the overlap that can occurs between neighbouring stripes [18]. 

Chessboard pattern, is defined by squares, of two different configurations (like black and white configu-

ration in a chess board). Where each square type has defined the vector length and orientation, hatching 

space and the overall overlap between squares. In this scanning strategies the squares are made by 

type, for instance first all the square with the first configuration are produced and only after that, the 

second configuration squares are made [18].  

Island Pattern is a random version of the chessboard pattern, where a square is randomly printed across 

the layer [18].  

   

Figure 18-Representation of 3 different scanning strategies (a)Stripe Pattern; (b)Chessboard Pattern; (c)Island 

Pattern [18]. 

 

There are other scanning strategies such zigzag, spiral-in or spiral-out pattern but all of them present a 

lower degree of thermal homogeneity than the stripe pattern due to the reduction of vector length [19]. 

Recent research with Harvard collaboration show the effect of four different scanning pattern (Figure 

19) in the effect on the porosity [20]. 

a) b) c) 
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Figure 19-Graphic representation of 4 different scanning pattern [20] 

 

The main porosity results from this studied is that the scanning pattern with alternate layer orientation 

and the scanning pattern with double laser scanning presents higher relative densities as can be seen 

in the Table 8. 

 

Scanning method 

I II III IV 

92.48% 96.04% 86.91% 96.04% 

Table 8- Relative densities according to the different scanning pattern [20]. 

 

Laser Remelting – LSR – In 2011 Yasa et al [21] studied the influence in surface quality and porosity if 

the remelting strategy were applied. The team used a Concept Laser M3 Linear machine with a maxi-

mum laser power of 105 W, a spot diameter of 180 μm, scan spacing of 125 μm and a scan speed of 

380 mm/s to study the influence of re-melting in 316L parts manufactured. 

The remelting strategy in study was also a variable, being able to study how the porosity would change 

if it were applied one or three remelting scans. The density is enhanced with laser remelting as can be 

seen from the experiments results (Figure 20). The remelting strategy allows to reduce the porosity 

content in more than 17 times, in the worst case, allowing manufactured pieces with only 0.036% po-

rosity if the parameters were properly selected [21]. 
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Figure 20 - (a) Improvement of surface quality when laser re-melting (50 mm/s, 85 W, a1=0.1) is applied after the 

SLM process on top layer (top); (b) cross-sectional OM images of samples without laser re-melting (top), and with 

laser re-melting with different parameters [21]. 

 

The remelting strategy also affects the microstructure. Without remelting the SLM part presents a typical 

fine cellular/dendritic structure (Figure 21), as result of higher cooling rates, being also possible to see 

clearly the scan tracks, with the arrows indicating the scan direction (Figure 21) [21]. 

 

Figure 21 - SEM images of cross - section of a SLM part without laser remelting 

 

  

Figure 22 - OM images of a SLM part without laser re-melting (polished and etched) a) top surface b) cross-sec-

tional view 

 

Adopting a remelting strategy, the lamellar structure inside has a lower thickness than the normal SLM 

parts (without remelting), erasing at same time the scan tracks contours visible before, leading to more 

uniform and smooth layers (Figure 23).  

a) b) 
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Figure 23 - Cross-sectional views of parts with different laser re-melting parameters applied after each layer to-

gether with a SLM part with no re-melting (38 A = 100 W of laser power whereas 35 A = 85 W of laser power) 

 

The Figure 23 also reveals that a higher number of scans on laser remelting leads to a significantly fine 

lamellar structure. The layers are presented in the cross section by the horizontal dark lines. In Figure 

24, is clearly show the lamellar structure without irregular pores that were eliminated due to remelting.  

 

 

Figure 24 - SEM images of two SLM part with laser re-melting at different parameters showing almost full density 

a) 35 A (85 W power laser) 

 

Yasa et. al. [22] in 2015, also studied the influenced of laser re-melting scan technique, in the surface 

quality, and porosity in 316L parts. Yasa et. al. shows the part surface quality improvement with a re-

duction of average and total roughness (Ra ad Rt), for all applied values of laser re-melting. The study 

shows that the laser re-melting parameters influence the surface roughness showing lower surface 

roughness with scanning velocities between 200-400 mm/s with 98W power laser, as can be seen in 

the Figure 25 [22]. The curve of SLM only refers specimens where it was not performed any re-melting 

treatment. 

Higher scan spacing factors (0.4 and 0.7), were testes with the same previous conditions (98 W laser 

power and the same scan speed ranges), where the results showed a reduction in roughness, although 
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lower, where the author justify the results by a lower amount of localized energy input that wasn’t enough 

to fully melt the peak and fill the valleys completely [22].  

 

Figure 25 - Roughness results of ten layers of LSR for a scan spacing of 0.1 X spot size 

 

2.2.3 Defects 
 

The SLM process parameters have a direct impact in defect formation if any of these parameters were 

improperly chosen, an example of this parameters are: Laser power, scan speed, hatch distance, layer 

thickness, chamber atmosphere. The most common defects are porosities, incomplete fusion holes and 

cracks [23] 

 

Porosities 

The porosities usually present a spherical shape and comes from 2 origins. 

The porosities first origin comes from metal powders packing density. If it were lower than, e.g., 50% 

the gas that surrounds the powder particle shape, tends to be dissolve in to the molten pool, and due to 

high cooling rate, in the solidification process, the dissolved gas can’t get out before solidification takes 

place, creating porosities. This origin is yet amplified if the piece being made is hollow because present 

higher surface contact with the atmosphere [23]. 

The second origin comes from gas bubbles induced by the vaporization of low melting point constituents 

within an alloy far beneath the surface at the bottom of molten pool, and not having enough time to rise 

and escape they are entrapped in the solid molten pool [23]. 

So spherical porosities are generally result from entrapped gases in the molten pool due to the excessive 

energy input or unstable process conditions, these spherical porosities are usually randomly distributed 

in the fabricated part and are difficult to completely erase [23]. 

J.A.Chery et. al. studied the influence of laser energy density in the part porosity and presented the 

results in the Figure 26 [12]. 
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Figure 26- Porosity versus laser energy density for builds, data points are measured values of porosity from opti-

cal microscopic images on one of the sides face (black circles) and top face (white circles) of the cubes which is 

build direction [12] 

 

The results show that, it was obtained a minimum of porosity at laser energy density of 104.52 J/mm3. 

At low energy density (41.81 J/mm3) scan tracks presented are discontinuous and gaps were visible 

between tracks. Balls with ellipsoidal and spherical shape of variable size but smaller than 50 μm were 

cohered to surface of the tracks and within the gaps resulting in a poor surface finish (Figure 27). Low 

laser energy density generates a limited molten pool temperature and small contact area between the 

molten pool, metal powder particle and substrate. It was also showed that balling effect rises with the 

combination between incomplete melting and unfavourable wetting characteristics at low energy. The 

porosity presents a peak of 8.84% (Table 9) and are uniformly dispersed with an irregular shape and 

interconnected with a defined orientation. The porosity is characterized by large cavities as big as 220 

μm with loosely held particles with size of 5-45 μm, that induces un-melted particles (Figure 28). The 

reason for this is, that a lower laser energy density the size of melt pool is smaller, and the powder 

particles don’t have enough heat to fully melt and ensure a sufficient bonding between layers due the 

low penetration laser depth [12]. 

Laser Energy Den-

sity (J/mm3) 

Porosity Sides Top 

41.81 8.84% 

  

104.52 0.38% 

  

209.03 6.51% 
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Table 9-Optical images showing the best and worst examples of porosity [12] 

 

An increase in laser from 41.81 J/mm3 to 104.52 J/mm3, results in merging the scan tracks and a smooth-

ing effect in the surface. At this energy density fewer spherical balls were visible on the surface (Figure 

27). It was showed that at this energy density the melt pool is very stable with favourable surface tension 

and wetting characteristics due to an increase in molten materials temperature resulting in smooth scan 

tracks free of balling. At this energy density the porosity is decreased to 0.38% (Table 9). Studies have 

shown that an increase in laser energy density allows an increase in temperature that eases the liquid 

flow to fill the pores. The pores presented mostly a spherical shape and the smaller voids have been 

reported to be as result of gas voids and solidification shrinkage [12]. 

 

 

Figure 27-SEM images showing topography of top surface of builds manufactured using three different laser en-

ergy densities: a 41.81 J/mm3, b 104.52 J/mm3 and c 209.03 J/mm3 [12]. 

 

 Finally, at energy density of 209.03 J/mm3, tracks were continuous, but the balling effect also increased 

(Figure 27), when compared to the samples with 104.52 J/mm3. This increase was attributed, to a 

change in composition of the molten material and subsequent increase in surface tension due to reduc-

tion in sulphur content. At the higher energy density, the porosity increases to 6.51% (Table 9) and the 

pores increase in size (Figure 28). It was reported that the high laser density could cause vaporization 

of low melting elements that become entrapped leaving the pores behind. At higher energy density there 

is a tendency to create bigger grain size with big and irregular melt pools that are more susceptible to 

micro shrinkage [12]. 

   

Figure 28-SEM images of polished surfaces to show internal porosity (a) 41.81 J/mm3;(b)104.52J/mm3 ; 

(c)209.03 J/mm3 [12]. 
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According to Kurzynowski et.al.  [24]The density of a SLM part can also be influenced by phenomena 

(Figure 29): 

 Start point effect – Occurs when the process starts, and it is connected to line scans. At a begin-

ning of a scan track, the neighbouring powder particle are attracted to the melt pool creating a 

larger ball; 

 Balling effect- It occurs when the energy density deliver is too small; 

 Satellites – Solid powder grains connected to the melt pool, creating a structure of powder grains 

surrounded by liquid metal 

 Pores – The formation mechanism were already mention and presents the problem with higher 

impact in the mechanical properties 

 Effect of first layer – The melted powder on the first layer on the support structures sinks in to the 

free powder. 

 

Figure 29- Five phenomena in the SLM process: a) effect of start point; b) balling; c) satellites; d) pores; e) effect 

of first layer 

 

Incomplete Fusion Holes 

Incomplete fusion holes or also name lack-of-fusion (LOF) defects, have a main origin on lack of energy 

input. LOF defects have two origins: (1) poor bonding defects due to insufficient molten metal during 

solidification as Figure 30 (a) shows, and (2) defects from un-melted metal powders in Figure 30 (b) 

[23]. 

  

Figure 30- Optical images of LOF defects in SLM fabricated parts: (a) poor bonding defects; (b) LOF defects with 

un-melted metal powders [23] 

 

If the laser energy is low, the molten pool width is smaller having a lower overlap between scan tracks 

leading to insufficient overlap and formation of un-melted powders between scan tracks [23]. 
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Cracks 

The powders used in SLM experienced a short melting and solidification time under a high energy den-

sity laser, which induces a big temperature gradient and a large residual thermal stress in the part lead-

ing to a possible crack initiation and their propagation. Stainless Steel having a low thermal conductivity 

and a high thermal expansion coefficient are more susceptible to crack generation [23]. 

To solve the crack problems the substrate can be pre-heated, reducing the temperature gradient [23]. 

 

2.2.4 Microstructure 
 

The allotropy of iron-based alloys in combination with the high temperature gradients, that SLM delivers, 

offers the potential to generate unique microstructures. The process parameters  are carefully chosen 

because it affects the cooling rate leading different phase compositions, e.g. martensite or retained 

austenite [25]. 

During the SLM technique, an element volume of powder material is subjected to a complex thermal 

cycle. This thermal cycle involves a rapid heating above the melting temperature with a rapid solidifica-

tion of the molten pool after the laser passage. However, the same element volume will be affect by 

other neighbour’s passage leading to multiple re-heating and re-cooling processes when adjacent or 

upper layers are deposited [25]. 

In parts obtained by SLM is usual to observe a fine-grain structure when comparison to e.g. casting. 

The microstructure is affected by the process parameters and part geometry and may vary from the bulk 

material to the surface area. Heat conduction in build direction (Z) is typically higher than in the other 

spatial directions (X, Y), as result of the solidified material from lower previously built layers [25]. At 

higher magnification is possible to see that melt pools presents a typical cellular structure (Figure 31), 

being a characteristics structure of high cooling rates under non-equilibrium solidification conditions [26]. 

 

Figure 31- Representative optical images of 316L-SLM samples with different building direction: (a) 45º, (b) 90º 

[26] 

 

The Figure 32 shows a microstructure from a sample made using a scanning velocity of 0.3m/s and a 

100W laser power. The typical layers microstructure can be observed in Figure 32 (a) and Figure 32 (b). 

Figure 32 (a) also shows a homogeneous microstructure without any interlayer pores. Using high mag-

nification, cell of single-phase austenite are reveal with a size range between 5 μm to 10 μm, which 

grows nearly perpendicular to the bottom boundary of the bead (Figure 32 (c) and (d)) [11]. 
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Figure 32-Optical microscopy images showing characteristic microstructures of the cross-section of a SLM pro-

cessed 316L SS powder with a laser beam scanning velocity of 0.3m/s and a laser power of 100 W [11] 

 

The temperature gradient between the bottom of the molten pool and the surface can provide a driving 

force for grain growth, however the crystal development of austenite is restricted due insufficient time 

for grain growth [11].  

2.2.5 Mechanical Properties 
 

The mechanical properties will be a consequence of the previous mentioned technique parameters or 

part characteristics (porosity, cracks, inclusions, and microstructure). So, there isn’t a fixed theoretical 

value for the mechanical properties, because different set ups and different part characteristics will 

change the mechanical properties values. 

However, it is possible to establish which are the main factors that affect the mechanical properties, how 

these factors influenced and what is the distance between the mechanical properties values from an 

SLM part and a conventional casting part. 

 One factor that influences the mechanical properties is the part placement. The placement can be ver-

tical or horizontal as the Figure 33 (a) exemplifies [11]. 

 
 

Figure 33 -(a) -3D view of the tensile test specimens; A vertical build-up; B horizontal build-up; (b)- Stress - Strain 

curves of the SLM processes 316 L SS tensile test specimens [11] 

 

a) b) 
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The vertical placement is the most used because it allows to increase the number of parts being made 

in the base plate when compare to horizontal placement that although it reduces the number of pieces 

that can be made but reduces the production time because the part has less layers [11].  

The typical stress-strain curves of tensile test obtained from 316L are exhibited in Figure 33 (b) where 

the young modulus range is from 150GPa to 200GPa and UTS range from 500 MPa to 600MPa, with a 

deformation at breaking point that exceeds the 10%. This test also shows the effect of preheating the 

powder bed in the final mechanical properties [11]. 

Table 10 - Tensile test results [11] 

 Tensile 

Strength (MPa) 

Young’s modulus 

(GPa) 

Model A under room 

temperature 

501.1 ±8.3 151.5 ± 13.1 

Model B under room 

temperature 

547.6±4.9 193.1 ± 4.1 

Model A with 150ºC Preheating 549.9 ±35.2 194.8 ± 14.5 

Casting SS 316L 500-550 200 

 

Hardness is another mechanical property that will be affected by the process parameters. Kuznetsov et. 

al. [27] show a tendency in the hardness, proving that the same increase with energy input. It was 

produced specimens with different laser power, with all the other parameters in constant state. The 

results are shown in Table 11 [27]. 

Table 11- Hardness HB of 316L SS produced with different technologies [27] 

Technology Laser Power (W) 

175 180 190 

SLM 212-215 (~214) 215-221 (~218) 220-230 (~224) 

ASTM A240 >217 

 

The increase in hardness was attributed by the author has having an origin in the thermal microstresses 

developed in the rapid cooling phase [27]. 

However post-heat treatments can help in the relaxation of the previously mentioned microstresses and 

with that in mind Kamariah et.al studied the influence of three different heat treatments in the hardness 

in an SLM part. The heat treatments are described in Table 12 [28]. 

Table 12- Heat treatment condition to SLM 316L stainless steel compacts [28].  

Compact Heat treatment cycle 

As - Built No heat Treatment 

HT 1 650ºC for 2h, furnace cooling 

HT 2 950ºC for 2h, furnace cooling 

HT 3 1100ºC for 2h, furnace cooling 
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The studied show a structure of melt pools and a fine cellular dendrite microstructure, being usual for 

parts made by SLM due to because of rapid solidification rate in the melted region. The results show a 

higher hardness values in the as - built or HT 1 parts (Figure 34) due a fine-grain microstructure. This 

microstructure makes it difficult for slip motion along the grain boundaries, increasing its strength and 

resistance towards deformation [28].  

The parts subjected to HT 2 and HT 3 no longer shows a cellular dendrite microstructure and the melt 

pool boundaries seem to be dissolved, leading to a reduction in hardness of the samples (Figure 34).The 

same studied also shows that building direction might have a small impact in the hardness values but 

need more studied to fully understand it [28]. 

 

Figure 34- Results of average hardness values (HV) for SLM 316L with different building direction and heat treat-

ments [28]. 

 

To have a reference point is interesting to see the mechanical properties of commercialized 316L SS 

sheets (Table 13) with different heat treatments and compare them to the mechanical properties obtain 

by the SLM technique. 

Table 13 - Theoretical mechanical properties from 316L SS with different heat treatments [36] [37] [38] 

 𝝈 Yield 

(MPa) 

UTS Eng 

(MPa) 

e Rupture 

Eng (%) 

 

E 

(GPa) 

Eagle Brass 316L Annealed 172 483 >40 193 

Eagle Brass 316L, 1/8 Hardened 379 689 >30 193 

Eagle Brass 316L, 1/4 Hardened 517 862 >10 193 

Eagle Brass 316L, 1/2 Hardened 758 1030 >6 193 

Eagle Brass 316L, Full Hardened 965 1280 >1 193 
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3. Experimental Work 

 

This chapter describes the experimental work performed to validate the new XL- SLM System. It is 

explored the methodology to study the mechanical and material properties of samples by each SLM 

systems. It is described the powder material, the techniques and equipment used to produce analyse 

the mechanical and material properties. 

3.1. SLM Equipment’s 

The SLM specimens were manufactured by two different equipment’s. The first equipment was the 

M1 Cusing by Concept Laser, that is an already commercialized equipment. The M1 Cusing was used 

to produced pattern specimens, to allow the comparison between samples made by different SLM 

equipments and the 316L cast theoretical values. 

The second SLM equipment is the one being under development (Addcreator by Adira). This equip-

ment is characterized for being the largest SLM equipment in the market, allowing to manufactured 

pieces with 1m3 size. The specimens made by this equipment need it will be compare with the previous 

equipment to validate the sample quality. In the next sub chapters it will be addressed in further detail 

both equipment’s and the building conditions. 

 

3.1.1 Commercial SLM equipment (M1 Cusing) 
 

In this sub chapter, is addressed the commercial machine characterization. The commercial equipment 

is the M1 Cusing from Concept Laser (Figure 35) that has the following characteristics [29]: 

 Building envelope: 250*250*250 mm3 (X,Y,Z); 

 Laser System: Fiber laser 200 W or 400W 

 Layer thickness: 30 μm 

 Focus Diameter 50 μm 

 Atmosphere: Argon 

 

Figure 35-M1 Cusing Concept Laser [32] 

 

Figure 36- Stages of laser passage 

The Laser System uses different power and velocity scan according to the region. Generally, the piece 

is split in three different regions: 
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1. Place to support the piece; 

2. Contour region; 

3. Planar region, or part body. 

The specimens made by the previous equipment was made with the conditions displayed in the Table 

14.  

Table 14 - Power and Scan Speed in different piece region 

 Power (W) Velocity Scan (mm/s) 

Region [W] [m/s] 

1 130 1600 

2 180 1000 

3 200 800 

 

  

3.1.2 Experimental SLM Equipment (Addcreator) 

 

In this sub chapter, is addressed the XL experimental equipment mechanism. Figure 37 shows a sche-

matic top view from the experimental equipment. 

 

Figure 37 - Top View Experimental XL Equipment 

 

The equipment has a powder table of 1000 * 1000 mm with a possible 1000 mm height, being the 

powder tank in one table side. The powder tank drops the powder to the powder deposition system that 

releases the powder on the other side of the table. The powder deposition system has a set of brushes 

all along, standardizing the powder thickness all over the powder table.  
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The laser chamber is composed by a 250*250*250 mm chamber with a Fiber laser inside. The chamber 

is bottomless and has a mechanism of gas input (Argon or Nitrogen) in one side to reduce the Oxygen 

content level inside the chamber. 

This equipment adopted the Tiled technology that divides the powder bed in smaller segments or tiles, 

which are processed sequentially until the entire piece is made. At the end, it is possible to obtain one 

big part or several small ones.  

 

The equipment used was the Adira Addcreator SLM machine (Figure 38). 

 

Figure 38 - Add creator by Adira 

 

3.2. Material and powder characteristics 

For sample manufactured, it was used austenitic stainless steel EN 1.444 / AISI 316L (EN standard 

name: X2CrNiMo17-12-2). Austenitic stainless steel is an iron-based alloy with chromium Cr (16-26% 

wt) that delivers anti-corrosion properties. AISI 316L is a non-magnetic material that can be magnetized 

when machined [30]. 

This material has a variety of applications due to the industry need for corrosion-resistant materials for 

example in biomedical, automotive and aerospace industries. The powder used presents a spherical 

shape with the size powder particle distribution in the Figure 39, showing that 90% of the particle with a 

particle diameter less than 46.7 μm [30]. 

 

Figure 39- Granulometric distribution of AISI 316L [30] 
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3.3. Materials Properties 

Material properties is a physical property that does not depend on the material amount. The properties 

are measured by standardized test methods that are published in international methodologies, such as 

ASTM International. Scanning electron microscopy, magnetic permeability measurement, metallog-

raphy’s, hardness and induced current tests are some typical test that allow a broad material character-

ization. 

3.3.1  Scanning electron microscopy 

 

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to generate a 

variety of signals from solid specimens. The electron-sample interactions reveal information about the 

sample, e.g. external morphology, chemical composition or crystalline structure and material orientation 

[31].  

These signals come from the following particle [31]: 

 Secondary electrons, responsible for SEM images production; 

 Backscattered electrons(BSE) and diffracted backscattered electrons (EBSD), that are used to 

determine the crystal structure and mineral orientation; 

 Photons (e.g. characteristically X-ray) for elemental analysis. 

 

3.3.2 Magnetic permeability measurement test 

This test consists in the electric impedance measurement of induced current with the objective of com-

plement the SEM-EDS results. This test is extremely sensitive to the presence of any magnetic material 

and because the study focus is the stainless steel 316L, the objective is to study the presence of ferrite.  

It will be putted side by side to samples, one of casted 316L and other of 316L obtain from SLM tech-

nique to see the differences between both. 

It was used a helicoidally probe of induced current Olympus Nortec p/100-500 KHz/90.5/6 with a XY 

movement system with maximum resolution of 0.043mm, with an impedance measurement equipment 

(Olympus Nortec 500C) 

  

Figure 40- (a) XY Movement Systems; (b) Olympus Nortec 500C 

 

a) b) 
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It was as parameters a frequency of 100kHz, an angle of 356º and a total gain of 55dB in a 5*30mm 

analysed surface with 0.5mm resolution in both directions. 

 

3.3.3 Metallographic analysis 

The metallography is based on the study of the microstructure of metallic alloys. It can be also defined 

as the discipline of observing and determining the constituent’s spatial distribution, chemical and atomic 

structure, inclusions, pores or phases in metallic alloys [32].  

Samples need to be usually prepared for metallographic microscopy by setting them into an epoxy pot-

ting compound followed by surface polishing to a level that can be etched. After this is performed a 

chemical or electrochemical etching when the grain structure is interesting. The grain boundaries due 

to a highly energetic region are preferentially attacked during the exposure to the etchant, delivering a 

two-dimensional grain structure clearly seen [32]. 

According to the type of material under analysis or the objective of the analysis (if the objective is to see 

the presence of an element or only the presence of grain boundaries) it must be carefully chosen a 

specific etchant. For stainless steels, it can be used between others the etchants in the Table 15 [32]. 

In this Study it was use the Vilella’s Reagent, because the material under study was the 316L Stainless 

Steel, where is importante to see  the presence of carbides, sigma phase and ferrite presence 

 

Etchant Conc. Conditions Comments 

Villela Reagent 

Ethyl Alcohol 

Hydochloric acid  

Picric Acid 

 

95ml 

5ml 

1g 

Immerse a few seconds to 

minutes 

Reveal the ferrite-carbide structure 

Etch martensitic stainless steels, tool 

steels 

Outline stainless steels: delta ferrite, 

sigma phase, and carbides. 

 

Carpenter 300 Series  

Stainless Steel Etchant 
Ferric chloride 

Cupric chloride 

Alcohol 

Hydrochloric acid  

Nitric acid 

 

 

 

8.5 g 

2.4 g 

122 ml 

122 ml 

6 ml 

Immerse for several seconds. 
A nice etchant for 300 series, austen-

itic, duplex stainless steels 

 

Kalling' No. 2 

 

Cupric chloride 

Hydrochloric acid 

Alcohol 

 

 

 

12 g 

20 ml 

225 ml 

Immerse or swab - seconds 

to minutes 

For 400 series or martensitic stain-

less steel 

 

Modified Murakami's 

 

K3Fe(CN)6 

Potassium hydroxide 

Distilled water 

 

 

 

30 g 

30 g 

150 ml 

1 second to several minutes 

by immersion or swabbing 

Mix potassium hydroxide into water 

before adding K3Fe(CN)6. 



44 
 

 

Hydrochloric acid 

Selenic acid 

Ethyl alcohol 

 

20-30 ml 

1-3 ml 

100 ml 

Immerse at room tempera-

ture for 1-4 minutes 

Colour etching. Colours carbides 

and gamma prime phase in heat re-

sisting steels 

 

Ammonium bifluoride 

Potassium metabisulfite 

Distilled water 

 

20 g 

0.5 g 

100 ml 

Immersion at room tempera-

ture for 1-2 minutes 

Color etching. Etching of austenitic 

stainless steel and welds. Reveals 

delta ferrite in welds. 

Table 15- Typical reagents used in Stainless Steel etching [32] 

 

3.3.4  Hardness test 

The hardness test uses an indenter probe that is moved against a surface under a specific load. The 

indentation has a defined dwell time, and the size and depth of indentation is measured with the objec-

tive to determine the material hardness [33]. 

Microhardness test is applied with loads under 10 N and is applied in smaller samples or thin specimens. 

The most common microhardness techniques are Vickers and Knoop hardness tests [33]. 

Vickers Hardness is a technique that uses an indenter in quadrangular pyramided shape, who applies 

a force for 10 seconds. Vickers hardness test cannot be applied for coat with thickness under 60 μm 

The Knoop hardness technique uses a different indenter with a shape more elongated or rectangular. 

The Knoop tests is usually applied with lighter loads in microhardness tests [33]. 

Different metallographic phases present different hardness values, so the hardness studies can deliver 

information about the metallographic phases in the sample and their homogeneity. 

 

3.3.5 Induced current test 

The test is based in the material electric conductivity measurement, using a non-destructive test being 

usually applied to detect superficial and sub-superficial defects, as cracks, inclusions or pores by the 

difference in the electric conductivity. This technique allows also to evaluate the microstructure homo-

geneity by the differences in the electric conductivity.  

The penetration depth δ [mm] of the induced current is defined as the distance at which the intensity is 

reduced by a factor of e-1 =0.367 (~36.7%) the original depth. This can be obtain by the Equation 2, 

where ƒ is the excitement frequency [s-1 ], 𝜇 𝑟 is the relative magnetic permeability ( 𝜇 𝑟 =  
𝜇

𝜇0 
 ) and 𝜎 

[% IACS] is the electric conductivity express in % of international pattern. 

𝛿 (ƒ,𝜇,𝜎) =  
661

√ƒ  𝜇𝑟 𝜎
 (Equation 2) 

 

To test the 316L samples it was used a frequency of 20 kHz, the stainless steel relative magnetic per-

meability (1004 [-]) and an electric conductivity of 3.5% IACS, having a penetration depth of 79 μm. 
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3.4. Mechanical Properties 

To understand the mechanical behaviour is important to subject the samples to compressive and tensile 

tests. These mechanical tests are tools to understand the deformation mechanisms and also the me-

chanical properties values that this samples can endure. 

3.4.1 Compressive Strength Test 

It is a mechanical test that measures the maximum amount of compressive load that a material can 

withstand before cracking. The test sample can be in the form of cylinders, cubes or prisms and is 

compressed between the compressive test machine plates that apply an increasing load [34]. 

Brittle material, as ceramics and cast-iron exhibit great compressive strength but they fracture above 

certain load.  Ductile materials, such stainless steel, have great compressive strengths, but can be dif-

ficult to measure, because the ductile materials deform elastically up to a certain load, where above that 

value, the material starts the plastic deformation. If it is applied high loads, the ductile materials can be 

completely flattened without any fracture value obtain [34]. 

The compressive strength test was performed in a Instron Satec Series with a cell load of 1200KN 

(Figure 41). It was applied Molybdenum disulphide as lubricant in both faces of the compressive speci-

men to reduce the friction effect. The test was applied until obtain 4 cm height deformation. 

 

Figure 41 - Instron Satec Series 

 

3.4.2. Tensile test 

Also known as tension test, is the most common mechanical test that can be used to perform on a 

material. The test sample presents a typical geometry with two zones. One is to proportionate the proper 

grip and a middle and constant cross section where the load will be conducted due to a lower cross 

section than the grip region [35]. 

From this test is possible to obtain the Ultimate Strength, Young’s modulus, Yield strength, Rupture 

stress and strain. These mechanical properties give information about the material mechanical behav-

iour allowing to understand their behaviour under tensile stresses [35]. 
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In the tensile test was used the Instron 5900R coupled with 2 digital camera (Figure 42) that determine 

by the pixels position the specimen displacement. 

 

Figure 42 - Instron 5900R 

 

3.5. Density 

The density tests are a useful tool to understand the mechanical behavior of each specimen. It becomes 

essential to understand how the manufacturing parameters influence the specimen’s quality and density 

and how they will influence the mechanical behavior.  

 

3.5.1 Density Teste by Archimedes Principle Method 

Archimedes' principle states that the upward buoyant force that is exerted on a body immersed in a fluid, 

whether fully or partially submerged, is equal to the weight of the fluid that the body displaces and acts 

in the upward direction at the center of mass of the displaced fluid [36]. 

Therefore, it is possible to state the Equation 3 and 4 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑂𝑏𝑗𝑒𝑐𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑓𝑙𝑢𝑖𝑑 𝑊𝑒𝑖𝑔ℎ𝑡  (Equation 3) 

 

𝑂𝑏𝑗𝑒𝑐𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐹𝑙𝑢𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦∗𝑂𝑏𝑗𝑒𝑐𝑡 𝑊𝑒𝑖𝑔ℎ𝑡

𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝐹𝑙𝑢𝑖𝑑 𝑊𝑒𝑖𝑔ℎ𝑡
 (Equation 4) 

 

Using a scale like the density meter from Rich Industrial Co (Figure 43) to weight the immersed body, it 

is possible to determine the object density.  
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Figure 43 - Density meter scale by Rich Industrial Co 

 

It was applied the following procedure: 

 Polish the sample surface to erase the surface defects 

 Register the sample weight outside the liquid 

 Put the sample in the support that is emersed in ionized water 

 Burst all the bubbles in the sample and support surfaces 

 Register the sample weight immersed in water 

 

3.5.2 Relative Density Test by Imaging Method 

 

The imaging method consists in taking specimen metallographic photos with imaging software (Fiji – 

ImageJ) help that measures the area of each porosity and the total photo area. 

Considering the Equation 5, the Equation 6 can be obtained: 

∑ 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑎𝑟𝑒𝑎 + 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑎𝑟𝑒𝑎 = 𝑝ℎ𝑜𝑡𝑜 𝑎𝑟𝑒𝑎 (Equation 5) 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (%) = (1 − [
(𝑝ℎ𝑜𝑡𝑜 𝑎𝑟𝑒𝑎−∑ 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑎𝑟𝑒𝑎)

𝑝ℎ𝑜𝑡𝑜 𝑎𝑟𝑒𝑎
]) ∗ 100 (Equation 6) 

 

The relative density is a good indicator to understand the porosity content in each sample, knowing that 

the increase in porosity content will increase the porosity area and with that a reduction in Relative 

Density 

The procedure applied can be split in two: The sample preparation and The relative density measure-

ment: 

1. Sample Preparation: 

 Mark the dimensional planes in each surface with different markers; 

 Divide the sample at three-thirds height (Z plane) and cut it; 

 Cut each piece in half, to obtain a X and Z surface; 

 Put the 2 surfaces of each one of the third pieces in a support immersed with epoxy resin; 

 Polish the surface until obtain a perfect polish surface; 

 Applied Villela reagent to enhance the grain boundaries; 



48 
 

 Take at least 5 photos from the microscope; 

 

2. Relative Density Measurement: 

 Import the photo to the Fiji image software; 

 Draw a line with the scale size presented in the image and standardize the distance; 

 Install the macro wanda (a macro that measures areas) ; 

 Define the image as 8 bit color type, and adjust threshold to create a black and white image 

defying the porosities as with color and the samples as black. 

 Use the macro to measure the area from each porosity and the sample size. 

 Sum all porosity area and applied the following equation to obtain the relative density 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑟𝑒𝑎− ∑ 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝐴𝑟𝑒𝑎

𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑟𝑒𝑎
 × 100 (Equation 7) 

 After obtaining the relative density from one picture, use the same approach to obtain, from 

every image, the relative density values, from each sample, and determine the average sample 

relative density and the standard deviation. 
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4. Results and Discussion 

 

This chapter presents and discusses the specimen’s mechanical and material properties for the com-

mercial SLM equipment and the experimental XL equipment, presenting in the end the comparison be-

tween the results from both equipment. Although the mechanical properties is one type of material prop-

erties, it was make the choice of splitting the two, because the mechanical test results it will be a con-

sequence from the material properties and defects. 

4.1. Commercial Equipment’s Results (M1 Cusing, Concept Laser) 

 

In this sub-chapter is addressed the different material and mechanical properties results obtain from the 

different tests applied.  

4.1.1 Material Properties Results 

The analysis began with the specimen surface quality (Figure 44) from M1 Cusing and by the analysis 

of superficial defects.  

 

Figure 44- Specimen after production 

 
 

 

 

 

 

Figure 45 - Superficial specimens defects: (a) presence of burr and superficial porosities in discs; (b) Burs and 

Warps on tensile specimens; 

 

a) 
b) 

\ 
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The defects presented in the  

Figure 45 (a) and (b) are the presence of burrs and warps, mainly as thermal effect that results in accu-

mulated residual stresses in the production phase. 

 

 

  

 

 

  

 

Figure 46 – Effect of laser misalignment in different specimens 

 

The misalignment of material happened due to an error in the optic laser system, that lost in a certain 

height, the reference points leading to, at that time, the laser starts to melt the powder with a little devi-

ation in the X axis. This error has a big impact in the superficial look that can be seen in the Figure 46. 

All specimens were machined to remove all the surface defects, to allow the proper analysis.  

Scanning Electron Microscopy (SEM) 

 

SEM allows to see a defined solidification structure with dimensions between 40-70 μm, being possible 

to see the different solidification orientation (Figure 47). In the grain interior is possible to see a fine 

structure with submicrometric characteristics, however it was not possible to see submicrometric struc-

tures, but was possible to see some lack of connection between successive material layers.  

  

b) a) 

a) 

b) 

c) 
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Figure 47- SEM images with different amplifications 

 

It was made a EDS linear analysis for the presence of Cr, Ni, Fe and Mn (Figure 48) 

 

 

Figure 48- EDS Analysis in two different positions 

 

Magnetic permeability measurement test 

 

The magnetic permeability test will complement the SLM results, allowing to differ the presence of ferrite 

or austenite due to the difference in the electric impedance, what comes from the difference in magnetic 

permeability between both metal phases. 

  

 

Figure 49- Representation of magnetic permeability results: (a) 3D View; (b) 2D View 

 

The Lift-Off effect is the local region between samples and so must be ignored. The results show a clear 

difference in the electric impedance of both samples, this result comes from the differences in magnetic 

permeability between both samples. This result allows to infer the presence of a small volumetric fraction 

ferrite in the sample produced by SLM, what shouldn’t be because 316L is an austenitic steel. 

d) c) Solidification orientation 

SLM Part 

Lift – Off Effect 

Pattern Sample 

a) b) 

20μm 20μm 
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Metallographic analysis 

 

Perpendicular face to the X, Y and Z axis were metallographic analyse, being represented in the Figure 

50 where porosities with variable dimensions can be seen. 

 

  
 

Figure 50- Samples Metallography: (a) Normal to X axis; (b) Normal to Y axis; (c) Normal to Z axis 

 

In this analysis, it was possible to identify two different regions in the specimens: The contour (at right 

edges) and the inner zones. In the Figure 50 is possible to see an aligned and higher content of porosity 

in the intermediate region (between contour and central zones) than in the central zone. 

The Figure 51 presents the porosities observed in the 3 analysed faces, where was possible to see 

pores with size between 5 μm - 40 μm. This analysis showed that size and content is the same in the 

three faces, allowing to infer that the porosity didn’t depend the building orientation. 

 

   

Figure 51- Micrographs without etching: (a) normal to X axis; (b) normal to Y axis; (c) normal to Z axis 

 

This analysis also allows to show the specimens microstructure, and as expected the microstructure 

depends with the building direction. The specimens built normal to the axis X and Y, show a stratified 

structure corresponding to the different powders melt (Figure 52 (a) and (b)). In these specimens is 

possible to see that the pores are located between powder layers, suggesting the presence of un-melted 

powder. 

a) c) b) 

a) b) c) 

2mm 2mm 
2mm 
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Figure 52- Specimen Microstructure: (a) Normal to X axis; (b) Normal to Y axis; (c) Normal to Z axis 

 

Thru tensile tests it was possible to confirm that this structure induces anisotropic mechanical properties, 

highlighting the reduction of yield and rupture stress when the specimen is exposed to tensile stresses 

in the Z axis. 

K.Saedi, et al [37] identify the presence of sub-microstructure thru SEM images in 316L SS produced 

by Laser Melting. It was identified in that sub - microstructure a decay in nickel content in the intergran-

ular region when compared with the content in the grain middle. According to Schaeffler diagram and 

knowing that Cr and Ni are austenite phase stabilizers elements, the decay in nickel content in a specific 

region justify the presence of ferrite (regions 1 and 3 of the Figure 53), justifying the mechanical prop-

erties obtained in further chapters.  

 

Figure 53 - Phase identification through SEM 

 

A metallographic analysis was also performed in three specimens of 316L SS, where only was changed 

the hatch space between 90 μm ,100 μm ,110 μm (Figure 54),  where it was possible to see an increment 

in pores size in the increasing of hatch distance. 

   

Figure 54- Metallography of specimens with different hatch space: (a) HT= 90 μm, (b) HT=100 μm, (c) HT= 110 

μm 

 

a) b) c) 

a) b) c) 
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The Figure 55 show the specimens, previously mentioned, etched where is possible to see the increas-

ing in hatch spacing and the increasing in pores content. 

   

Figure 55- Specimens etched with different hatch distance: (a) HT= 90 μm, (b) HT=100 μm, (c) HT= 110 μm 

 

Hardness test 

 

To evaluate the structural homogeneity of SLM specimens, a made microhardness tests in the faces 

perpendicular to X, Y and Z axis (Figure 56). It was possible to obtain a microhardness value of 267± 

19 HV, that is higher than the reference value for the casted 316L SS (217 Hv) [27]. These results can 

be justified by the higher microstructure refinement due to higher cooling rates associated to have a 

laser as energy source. 

 

 

Figure 56- Micro hardness test in the faces perpendicular to X, Y and Z axis. 

 

Induced current test 

 

This test is relevant to verify the presence of superficial and sub-superficial defects as cracks, inclusions 

and pores. The test was performed in three different specimens with different building directions. 

Through calculus previously mentioned, the depth penetration is 79 μm, being in the presented the 

analysis made in three cubic samples with three different building directions. 
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Figure 57- 3D Representation in the electric conductivity in the face perpendicular to the axis: (a) X, (b) Y, (c) Z. 

 

From Figure 57 is possible to see a continuous profile with electric conductivity varying from 3.4 - 3.6 

%IACS what shows some degree of homogeneity in the microstructure in all the specimens. 

However, this technique has depth limitations that does not allow to identify the small pores that can be 

present in the samples. 

 

4.1.2 Mechanical Properties 

 

Mechanical tests take place to understand how the material properties would affect the mechanical 

behaviour and how these specimens react to different kinds of load. Tensile and compressive tests were 

made to acquire the typical mechanical properties values such as yield strength and young modulus 

between others. To identify the specimens for the different tests it was used the next nomenclature: 

 Letter (C (compressive) or T (tensile)) to identify the mechanical test 

 Character (X (building in X axis), Y (build in Y axis), Z (build in Z axis) or 45 (build with 45º with 

the X, Y, Z axis)  

 Number (1 or 2, serial specimen number) 

To exemplify, the specimen C_45_2, is the second specimen for compressive tests build with 45º angle 

with X, Y, Z axis. 

 

Compressive strength tests 

The samples for compressive tests showed superficial defects (Figure 58 a), they need to be polish to 

remove the defects (Figure 58 b) and cut it to the desire size (Table 16).  

 

 

 

a) b) c) 
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Table 16- Compressive sample diameter and height 

 Diameter Height 

Sample [mm] [mm] 

C_X_1 16.04 16.03 

C_X_2 16.05 16.05 

C_Y_1 16.03 16.22 

C_Y_2 16.03 16.03 

C_Z_1 16.05 16.11 

C_Z_2 16.07 16.03 

C_45_1 15.88 16.03 

C_45_2 15.91 16.07 

 

 

 

 

Figure 58- Compressive samples: (a) as-built; (b) Machined before test; (c) Machined after test 

 

After the compressive test, the samples showed an isotropic deformation, showing that the building 

direction did not affect the sample macro mechanical behaviour as can be seen in the Figure 58 c. 

 

The mechanical curve behaviour of each compressive specimen is in the (Appendix Fig 1- Compressive 

Strength Curves of compressive specimens made with different directions: (a) X axis; (b) Y axis; (c)Z 

axis; (d) 45º axis) on the appendix. The Figure 59 shows the compressive mechanical behaviour of the 

four specimens to evaluate if the direction building influences the mechanical behaviour. 

a) b) 

c) 
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Figure 59- Comparison between the average compressive stress and strain (True) curves of the different 

specimens 

 

The results showed, that the specimens build in X and Y direction had a higher yield stress, but all the 

samples showed a similar plastic mechanical behavior. 

The compressive strength test allows to predict that the sample mechanical behaviour is not influenced 

by the building directions. 

 

Tensile Test 

 

The specimens for tensile tests showed the same building problems than the previous mentioned for 

the compressive tests, as it can be seen in the Figure 60 (a). All the tensile specimens were machined 

Figure 60 (b) to removed surface defects that could act as stress concentrator reducing, the mechanical 

resistance.  

  

Figure 60- Tensile test specimens: (a) As- built; (b) After machining. 

 

The Table 17 shows the tensile specimens dimension. 
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Table 17- Tensile specimen dimensions. 

 Width 

(mm) 

Thickness 

(mm) 

Length 

(mm) 

T_X 12.69 3.82 90.00 

T_Y 13.49 3.76 86.08 

T_Z 12.74 2.90 118.03 

T_45 12.71 3.30 104.08 

 

The stress/strain tension curves for which specimen are presented in the Appendix Fig 2 

It is possible to see the tensile stress vs strain curves from the different specimens in the Figure 61 

being the mechanical properties values describe in the Table 18. 

 

Figure 61 - Comparison of tensile stress vs strain (True) curves between all specimens 

 

The Figure 61 shows very similar curve behaviour. T_Z and T_45 samples exhibited lower yield strength 

levels. 
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T-Z 580 0.0090 772 0.203 1240 0.768 65 

T-45 553 0.0085 826 0.216 1120 0.637 65 

Table 18- Stress and Strain values from tensile tests 
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Thru Table 18 is possible to identify that the specimen made in the building direction of 45º with all axis, 

has the lowest yield stress between all the specimens, being the T_Z with close yield stress values, 

these specimens (T_Z and T_45) showed lower UTS and rupture tension values 

This result may be related to, grain orientation in the solidification phase presenting a preferential de-

formation path, decreasing the resistance to crack propagation.  

Table 18 shows a lower Young modulus for the T_Z and T_45 samples being the Young modulus ob-

tained from the tensile curve slope in the linear section.  

The Table 13 in the 2.2.5 Mechanical Properties, page 36 to page 39, gathers the Young mod-

ulus form 316L SS with different heat treatments. With these theoretical values is possible to infer that: 

 The experimental young modulus is lower than the theoretical; 

 The experimental yield stress of all the specimens shows an intermediate value between the 

characteristic values from a 316L ¼ Hardened and a 316L ½ Hardened; 

 The experimental rupture strain is similar to the 316 full hardened rupture strain values; 

 The UTS experimental value are a middle value from 316 1
8⁄   hardened and 316 ¼ hardened 

theoretical values 

To resume the mechanical behaviour from the different specimens exposed graphically the comparison 

between the compressive and tensile curves from each specimen with different building directions (Fig-

ure 62). 

 

Figure 62- Comparison between the compressive and tensile stress vs strain (True) curves for all the specimens 

 

The Figure 62 shows a very similar mechanical behaviour for each specimen with different mechanical 

tests, supporting the results reliability. 
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4.2 Experimental Equipment Results (AddCreator, Adira) 

 

In this section it will be addressed the XL experimental equipment the material and material properties 

obtained from specimens made by this equipment.  

To achieve the perfect piece is essential to understand how each set parameter in the building phase 

will affect the final piece. For that was necessary to make specimens, with different set parameters and 

submit these specimens to a series of tests allowing the fullest material characterization possible. 

With that in thought, it was purposed to split this part in two sections, the material characterization that 

contents hardness test, induced current tests, X-ray diffraction and density characterization with density 

results achieved by Archimedes method and the trough imaging methods. 

The SLM manufacturing process has many variables that has to be taken in to control.  

According to the bibliography, the part quality and mechanical resistance it will be affected by the energy 

input. Knowing that this process parameter can be fix, despite changing other scan parameters, has 

vector size, hatch space, laser power and scan speed it was produced a set specimens with Energy 

input equal to 67.5 J/mm3, 76.5 J/mm3, 84.38 J/mm3 and 135 J/mm3
, in order to achieved the minimum  

porosity content. These values of energy input were choosen because they set in the minimum porosity 

content range, according to bibliography and the Figure 26 [12] 

It was selected a 1 cm3 cube format to study the surface and corners quality, as well the influenced of 

Argon and Nitrogen atmosphere.  

As previously mentioned some set parameters change from specimen to specimen, although others 

were kept constant, this constant set parameters are display in Table 19. 

 

Set Parameter Value 

Scan Speed 800 (mm/s) 

Spot laser size 80 (µm) 

Layer thickness 50 (µm) 

Particle size distribution 

D90 

46 (µm) 

Table 19 - Constant Set Parameters used in Addcreator 

 

In this study, it was produced 49 valid specimens in the Addcreator machine with the manufactured 

conditions and final results exhibited in the Appendix Table 1. The 49 specimens can be arranged in 15 

different Specimen Group, according with the different set parameters.  

The Table 20 gathers the different specimen series according to the different set parameters under 

study.  
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Specimen 

Group 

Energy 

Density 

J/mm3 

Laser 

Power 

(W) 

Hatch 

Spacing 

(mm) 

Vector 

size 

(mm) 

Atmosphere 

1 67,50 270 0,10 1 Argon 
2 67,50 270 0,10 1 Nitrogen 
3 67,50 270 0,10 5 Argon 
4 67,50 270 0,10 5 Nitrogen 
5 67,50 270 0,10 10 Argon 
6 67,50 270 0,10 10 Nitrogen 
7 67,50 270 0,10 15 Argon 
8 67,50 270 0,10 15 Nitrogen 
9 76,56 245 0,08 15 Argon 

10 84,38 270 0,08 15 Argon 
11 84,38 270 0,08 15 Nitrogen 
12 135,00 270 0,05 10 Argon 
13 135,00 270 0,05 10 Nitrogen 
14 135,00 270 0,05 15 Argon 
15 135,00 270 0,05 15 Nitrogen 

Table 20 - Specimen group with different set parameters 

 

4.2.1 Material Properties 

 

To evaluate the specimen quality is necessary to submit them to a set of tests to scrutinize the surface 

quality of each specimen, with the objective of find the perfect set of parameters that guarantee a piece 

with a minimum quality equals to the quality of the already commercialized SLM equipment’s (p.e. Con-

cept Laser) pieces. 

Surface Quality 

 

The Selective Laser Melting technique allows to make 3D parts with a layer by layer technique with a 

80um spot size, this small spot size diameter allows to make pieces with higher level of precision.  

However, the piece prior to machining shows a rough surface has can be seen in the Figure 63, the 

samples as built can show an oxidize surface or a clear surface, depending on the oxygen content 

present at the time. 

It was seen that the air (oxygen) entrapped between the powder is released during the melting, increas-

ing the chamber oxygen content. The chamber by injecting continuously the protective atmosphere, 

allows the oxygen content reduction. 

The oxidation phenomena can be reduced by purging the O2 between the powder particles, but that 

would be a costly process that need to be re-think. 

This phenomena is more visible at the final layer because, theoretically when the laser melts the new 

layer, some of the previous layer is remelted, releasing oxygen to the chamber atmosphere.  
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Figure 63 –Adira Raw as-built specimens 

 

In this experiment, it was not possible to understand how this phenomena can be reduced, however this 

oxidation layer it was not found in the inner layers. This phenomenon allows to imply that this can be a 

final layer phenomenon and need more studies to understand how this can be solved. 

The Figure 63 presents a sample group with different set parameters in the laser chamber where is 

possible to see some surface oxidation signs. The axis X and Y represents the same axis used in the 

equipment. 

 

 

In the Appendix is presented all the samples as-built make by the Addcreator SLM machine, where is 

possible to see oxidation signs in all samples (Appendix Fig 7 to Appendix Fig 13) 

This final layer oxidation effect was also present in the samples produced by the commercial equipment 

(Concept Laser), implying that more studies are needed to reduce costs from surface treatments.   

 

Gas Protection Entry 

Powder blade movement 

Figure 64 - Illustration of Adira specimens surface irregularities 
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Hardness Test 

 

To achieve the perfect piece is essential to understand how the building set parameters will influence 

the piece at microscopic level. Since the objective is the study of 316L stainless steel, it becomes inter-

esting to identify the phases (ex: austenitic or ferritic phases) since the 316L is a specific austenitic steel. 

 

In this experiment it was used a LPW 316 L Stainless Steel [38], that is a similar material to the previous 

one used by the other commercial SLM equipment (CL 20 ES). 

 

 

Specimen 
Group 

 
 

Energy 
Density 
J/mm3 

 

Hatch 
Spacing 

(mm) 
 

Vector 
size 

(mm) 
 

Atmosphere Hardness 
(Hv) 

 
 

Standard 
Deviation 
Hardness 

(Hv) 

1 67,5 0,1 1 Argon 211 9,9 
2 67,5 0,1 1 Nitrogen 201 8,3 
3 67,5 0,1 5 Argon 208 10,7 
4 67,5 0,1 5 Nitrogen 206 7,6 
5 67,5 0,1 10 Argon 211 10,1 
6 67,5 0,1 10 Nitrogen 208 6 
7 67,5 0,1 15 Argon 211 11,2 
8 67,5 0,1 15 Nitrogen 208 10 
9 76,56 0,08 15 Argon 205 5 
10 84,38 0,08 15 Argon 213 9,1 
11 84,38 0,08 15 Nitrogen 204 5 
12 135 0,05 10 Argon 209 8,3 
13 135 0,05 10 Nitrogen 203 3 
14 135 0,05 15 Argon 206 8,6 
15 135 0,05 15 Nitrogen 200 16 

Average 
    

207 8,6 

Table 21 - Series specimen group according to the different set parameters and the average hardness results 

 

The Table 21, gathers 15 different specimen groups, made with different set parameters, and the aver-

age hardness test results of each group.  With this test, it was possible to achieve a hardness medium 

value of 207.1 Hv with a margin of error 8.6 Hv. Remembering that the experimental commercial spec-

imens achieve 267 Hv ± 19 it and the theoretical value for typical 316L cast is 217 Hv [27]. The medium 

grain size were about 90 µm. 

Through the comparison between both specimens and the theoretical value, the specimen from the 

Addcreator machine showed hardness values closer to the theoretical value than the already commer-

cial equipment. This different behaviour is related to the microstructure grain size, knowing that accord-

ing to the bibliography, the hardness values decreases with the grain size increment.  

Although both photos doesn’t seem very different in the Figure 65, it is necessary to be taken in to 

account that the difference in scale is 2.5 times higher in the Figure 65b than in the Figure 65a. In first 

approximation the concept laser specimen grain size is 2.5 times smaller than the Addcreator grain size 

specimen. 
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Figure 65 - Micro photos of Z plane specimen from: a) Addcreator specimen with 500 um scale; b) Concept laser 

specimen with 200 um scale  

Other important detail is to see if the specimen hardness changes along the laser chamber area. It was 

manufactured a specimen series with the same manufactured conditions (Series 4, 1S – 9S specimens), 

only changing the place in the laser chamber where the specimen were produced. The hardness values 

and the micrographs are in the Figure 66.  

 

 

Figure 66-Series 4, Z Face Micrographs and their Hardness Values 

 

It is possible to see that the hardness change from specimen to specimen (including the stand-

ard deviation). This results allows to identify homogeneity problems along the laser chamber since all 

manufactured condition were kept constant, changing only the location. 

This homogeneity problem was attributed to laser calibration problems, not being able to solve 

in this stage. However, the results obtained is accordingly to theoretical results expectation. In the Ap-

pendix Fig 3 to Appendix Fig 6 is displayed micrographs with the hardness values from the group series 

2, 3 and 4.  

With the Figure 66, is possible to identify that this problem in the laser induces porosities with 

different size and special distribution. However is possible to see that the mainly, the porosities are 

located in the end of each scan line. 

a) b) 
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Induced current Test 

 

This test is valuable to verify the presence of superficial and sub-superficial defects as cracks, inclusions 

and pores. The test were performed, in Z direction in all samples to evaluate the inner piece quality. The 

Figure 68 shows the induced current test graphic results from the specimen in the Figure 67. 

  

Figure 67 - Optical image of Series 4: a) Sample 1; b) Sample 8 

 

 

  

Figure 68 - 3D representation of electrical conductivity measured in the 4 series samples: a) Sample 1; b) Sample 

8 

 

The Figure 68 a) shows a constant electrical conductivity field coming from the absence of defects in 

the sample that is in accord with the Figure 67 a). However in the Figure 67 b) is possible to see some 

porosities in the peripheral region that is represented in the Figure 68 b) with the variations in the elec-

trical conductivity field. 

X-Ray Diffraction Test 

 

It was performed a X-Ray diffraction test to try to find where the specimens made by the Addcreator 

would be located in the iron carbon phase diagram. 

According to the powder manufactured the powder used has the chemical composition described in the 

Table 22, with a equivalent Chromium and Nickel of 20% and 12.9%. Using a Shaeffler diagram in the 

Figure 69 it is possible to identify the powder phase composition.  

a) b) 

a) b) 
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 Chemicall  (wt. %) 

  

AISI 316L 

Powder   

Fe Cr Ni Mo C Others 

Balance 18 12 2 <0.03 <1.0 

Table 22 - Chemical powder composition 

 

 

Figure 69 - Schaeffler Diagram 

 

According to the diagram, the powder has a composition of 95 % of austenite with near 5% of ferrite 

delta, being these values in the acceptable values range. 

To confirm these results, it was performed the X-ray diffraction test to assess the theoretical presence 

of ferrite in the composition. 

The results are displayed in the Figure 70, were possible to verify the presence austenite and ferrite, 

not being able to quantify the latest.  

 

Figure 70 - X-Ray diffraction test of a AISI 316L Powder 
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Density Characterization  

 

The density measurement is a good indicator of the specimen building quality. The presence of porous 

will influence the mechanical properties because it will work as a stress concentration point or a prefer-

ential path for crack growing. The presence of porous it will decreased the final piece density due to the 

increased of apparent volume. 

 It was used the Archimedes density method and a imaging method, to from the first technique under-

stand the global porosity content of each specimen and with the second technique, to see the porous 

size distribution and the possible origin causes. The Table 23 gather the Archimedes and Optic Relative 

density from the different 15 sample groups. 

 

Table 23 – Relative Density Results from the 15 series sample 

 

With the Archimedes method, was possible to see that average relative density was near 99.10% (Table 

23) with a 0.21% of standard deviation value. 

The Imaging method, was applied without any surface method, but how is possible to see in the Figure 

71, the majority of defects is located in the periphery. To try to understand how the porosity content 

would change with some polishing technique, the rectangular section in the Figure 71 was cut-out. 

Specimen 
Group 

 
 

Energy 
Density 
J/mm3 

 

Hatch 
Spac-

ing 
(µm) 

 

Vector 
size 

(mm) 
 

Atmosphere 

Rel. 
Density 

Archimedes 
(%) 

Rel. 
Archi. 

Density 
Standard 
Deviation 

(%) 

Rel. 
Density 
Optic 
(%) 

Rel. 
Optic. 

Density 
Standard 

Deviation (%) 

1 67,5 0,1 1 Argon 99.4 0.01 99,769 0,194 

2 67,5 0,1 1 Nitrogen 99.74 0.05 99,931 0,05 

3 67,5 0,1 5 Argon 99.64 0.01 99,835 0,13 

4 67,5 0,1 5 Nitrogen 99.10 0.02 99,88 0,121 

5 67,5 0,1 10 Argon 99.19 0.01 99,783 0,193 

6 67,5 0,1 10 Nitrogen 99.10 0.03 99,764 0,028 

7 67,5 0,1 15 Argon 98.63 0.042 99,788 0,19 

8 67,5 0,1 15 Nitrogen 98.8 0.21 99,838 0,112 

9 76,56 0,08 15 Argon 99.1 0.5 99,722 0,129 

10 84,38 0,08 15 Argon 99.00 0.56 99,785 0,102 

11 84,38 0,08 15 Nitrogen 99.50 0.18 99,955 0,025 

12 135 0,05 10 Argon 98.50 00.55 99,755 0,244 

13 135 0,05 10 Nitrogen 98.63 0.2 99,996 0,105 

14 135 0,05 15 Argon 99.00 0.54 99,752 0,24 

15 135 0,05 15 Nitrogen - 0.23 99,932 0,032 

Average     99.10 0.21 99,83 0,13 
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Figure 71 - Micrograph of Series 4 Sample: a) as taken; b) with Imaging method 

 

The final Imaging density results are above in the Table 23, where is possible to see that the average 

relative density is near 99.83 % with a standard deviation of 0.13 (%). 

To allow better analysis detail, it was choose one sample from each sample group to be the representa-

tive one. This specimen was cutted in 2 different planes (X and Z), and made 3 cuts in the Z axis, 

allowing to have 4 different cut planes with a minimum of 5 photos in each one of them. The optic relative 

density was the average from all obtain photos. 

In comparison between all the samples is possible to see the following tendencies: 

 As the laser power is reduced, the energy input is decreased and the presence of defects as 

porosities as lack of fusion is increased. 

 It was not noted any influenced, by now, from the protection atmosphere variation (Argon and 

Nitrogen). 

 The Relative Density value increases with the increment in Volumetric Energy Input, as can be 

seen in the Figure 72 by the comparison between different energy input samples. This param-

eter by gathers different parameters (ex: laser power, scan velocity, hatch space and vector 

size), allowing to generalized one variable with the general relative density content.  

a) b) 
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Figure 72 - Relative Density (%) Vs Energy Input (J/mm3). (Increasing the energy input by the hatch space pa-

rameter reduction), (9º, 10º and 14 Group Sample) 

 

The Table 24 gathers the manufactured conditions and density results from the specimens under anal-

ysis. 

 

Sam-
ple 

Group 

Sam-
ple 

Hatch 
spac-
ing 

(µm) 

Energy 

Den-
sity 

J/mm3 

Vec-
tor 

size 
(mm) 

Group 

Arch 

Rel. 
Density 

(%) 

Group 

St.D 

(%) 

Sample 

Óptic. 
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Density 

(%) 

Group 

Óptic. 

Rel. 
Density 

(%) 

Sample 

St.D. 

(%) 

Group 

St.D 

(%) 

9º 4.C1 0,08 76,56 15 99.1 0.51 99,595 99.722 0,140 0.129 

10º 4.A1 0,08 84,38 15 99.00 0.57 99,827 99.79 0,184 0.1 

14º 4.8 0,05 135,00 15 99.10 0.54 99,897 99.75 0,079 0.24 

Table 24 - Sample and Group Sample under analysis, Density results from Archimedes and Optic method, and 

the standard deviation 
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The same analysis were applied with the Archimedes method, however it was not possible to see the 

energy input influence mainly due to the big standard deviation values.  

 

 

 The Relative Density decreases, with the increment in the vector size value as can be seen in 

the Figure 74 in the Sample Relative Density Curve, mainly due to possible overheating in the 

scan line, that leads to a higher cooling time allowing the gas captation, however this phenom-

ena needs a deeper study. The difference in behavior between the group and sample curves is 

related to the wide sample results dispersion, that increases the standard deviation value.  

 

Figure 74 - Rel. Density (%) Vs Vector Size (mm), keeping the other variables constant (2º, 4º, 6º 8 Group Sam-

ple) 

 

The Table 25 gathers the manufactured conditions and density results from the specimens under anal-

ysis. 
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Figure 73 - Relative Density (%) Vs Energy Input (J/mm3). (Increasing the energy input by the hatch space pa-

rameter reduction), (9º, 10º and 14 Group Sample) 
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Sample 
Group 

Sample 

Hatch 
spac-
ing 

(µm) 

Energy 

Density 
J/mm3 

Vec-
tor 

size 
(mm) 

Group 

Arch 

Rel. Den-
sity 

(%) 

Group 

St.D 

(%) 

Sample 

Óptic. 

Rel. 
Density 

(%) 

Group 

Óptic. 

Rel. 
Density 

(%) 

Sample 

St.D. 

(%) 

Group 

St.D 

(%) 

2º 3.4 0,1 67,50 1 99.44 0.010 99,850 99,931 0,081 0,050 

4º 3.7 0,1 67,50 5 99.64 0.007 99,814 99,880 0,049 0,121 

6º 2.1 0,1 67,50 10 99.19 0.042 99,764 99,764 0,028 0,028 

8º 1.3 0,1 67,50 15 98.63 0.510 99,749 99,838 0,167 0,112 

 

Table 25 - Sample and Group Sample under analysis, Density results from Archimedes and Optic method, and 

the standard deviation, changing the vector size values, keeping all the rest constant 

 

The decreasing in Relative density is also possible to be study using the Archimedes method. Where is 

possible to see the tendency on density reduction with the vector size increment. 

 

 The increment in hatch spacing leads to higher relative density values, as the Figure 76 shows. 
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Figure 76 - Rel. Density (%) Vs Hatch Space (um), keeping the other variables constant (14º, 10º and 7º Group 

Sample) 

 

The Table 26 gathers the manufactured conditions and density results from the specimens under anal-

ysis. 

Sample 
Group 

Sample 
Hatch 

spacing 
(µm) 

Energy 

Density 
J/mm3 

Vector 
size 

(mm) 

Group 

Sample 

Archi 

Rel. 
Density 

(%) 

Group 

St.D 

(%) 

Sample 

Óptic. 

Rel. Density 

(%) 

Group 

Óptic. 

Rel. 
Density 

(%) 

Sample 

St.D. 

(%) 

Group 

St.D 

(%) 

14 8 0,05 135,00 15 99.00 0.54 99,897 99.752 0,080 0.24 

10 9 0,08 84,38 15 99.00 0.56 99,955 99.785 0,025 0.10 

7 3 0,1 67,50 15 98.63 0.042 99,950 99.788 0,037 0.19 

 

Table 26 - Sample and Group Sample under analysis, Density results from Archimedes and Optic method, and 

the standard deviation, changing the Hatch Space values, keeping all the rest constant 

 

Using Archimedes method, it was not possible to see the tendency previously mentioned, mainly due to 

the big standard deviation errors that can mislead the conclusions (Figure 77).  

 

 

The porosity content decreases with the increasing in the energy input values; this tendency is in line 

with the bibliography (Figure 26).  

If all the variables were, keep constant except the hatch distance and the vector size is possible to 

realize that: 

 For the same vector size value, the specimens with lower hatch space values presented less 

porosities.  

 For the same hatch distance value, the specimens with higher vector size presented higher 

porosities content 
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The Imaging density method, present results with lower standard deviation values because it was pos-

sible to have multiple photos from each plane. Knowing that all samples were sliced to have in 2 and 4 

different planes, it was possible to minimize some result deviation to the average value. However, with 

the Archimedes method it was only possible to weight the un-cut pieces, and so, the standard deviation 

increases because it was measured less pieces from each specimen group. 

The difference in the porosities content, between each sample set is lower than the standard deviation, 

so it would be necessary more time and samples to develop a deeper study to understand the influence 

of each of these scan parameters in the final porosity content 

In the Figure 78 presents metallographic from specimen 1 and 9 from the set sample 2, were is possible 

to see that the porosities is mainly presented between welding seams (Figure 78 a) and the sample 

surface (Figure 78 b).These porosities come from gas inclusions in the cooling phase with a porous size 

ranging from 40 – 60 um. 

  

Figure 78 – Metallurgic images from: a) 2.1 and b) 2.9 sample. 

 

With this experiment was possible to see some drawbacks, still presented in this technique as: 

 High surface roughness, (this drawback can be solved by re-fusion and by polishing techniques) 

 Non – Homogeneous porosities size and dispersion (Higher porosity concentration in the sur-

face than in the inner piece) 

 The samples with lower vector size presents lack of fusion between adjacent layers, as can be 

seen in the Figure 79 

  

Figure 79 - Figure Lack of Fusion micrograph 

 

a) 
b) 
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The lack of fusion porosity has a specific space distribution. The Figure 80 a) and b) show micrographs 

from the Z production axis, where is possible to see that the porosities are mainly located at the end of 

the scan line. This lack of fusion porosity comes from a shorter overposition laser scan, leading the 

powder that is between scan lines, not to be fully fused. 

The Figure 80 c) and d) shows micrographs from the X production axis, where is possible to see that 

the porosity content is typical lower than in the Z production axis, and the porosities are located between 

powder layers.  

  

  

Figure 80 - Metallurgic images from: a1) and a2) in the Z axis; b1) and b2) in the X axis 

 

 

 

 

 

 

 

 

 

 

 

 

 

a2) a1) 

b1) b2) 
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4.2.2 Mechanical Properties 

 

To complete the Adira specimens validation, it was performed compressive mechanical test, to obtain 

information about the mechanical behavior, and how the previous material properties (density, defects, 

hardness) influence the mechanical properties. The specimens under analyses were specimens from 

the 9º and 10º group built in the Z direction, because were the specimen groups with the same hatch 

space and vector size and protective atmosphere but have different input energy density values due to 

different laser power 

 

The compressive test showed that, both samples presented a similar plastic mechanical behavior 

Speci-
men 

Group 

Hatch 
Spac-

ing 
(µm) 

En-
ergy 
Den-
sity 

(mm3) 

Powe
r 

Laser 
(W) 

Vec-
tor 

Size 
(mm) 

Atmos-
phere 

Hard-
ness 

St. D. 
Hard-
ness 

Rel. 
Density 

Archime-
des 
(%) 

St. D. 
Rel. 

Density 
Archi 
(%) 

Rel. 
Density 
Optic 
(%) 

St. D. 
Rel. 

Density 
Optic 
(%) 

9 0,08 76,56 245 15 Argon 205,7 5,0 99.10 0.50 99.722 0,129 
10 0,08 84,38 270 15 Argon 213,1 9,1 99.00 0.56 99.785 0,102 

 

Table 27 - Group Sample under analysis, Density results from Hardness tests and Archimedes and Optic density 

method, and the standard deviation. 

 

To allow the mechanical behavior result comparison between the Adira and Concept Laser equipment, 

the Figure 82 presents the mechanical behavior curves from each equipment. 

 

 

 

Figure 81 - Comparison of compressive stress vs strain (True) curves between samples from 9º and 10º Group 
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The results showed, that the Concept Laser specimens had a higher yield stress than Adira specimens, 

however all the samples showed a similar plastic mechanical behavior. 

The compressive strength test, allows to identify that the samples with higher hardness values (Concept 

Laser), presented higher yield stress than Adira specimens that showed lower hardness values. 

The Concept Laser specimens, also presented a shorter resilience domain than the Adira specimen. 

These results, can be related to the metallurgical grain size from each specimens. The Concept Laser 

specimens presented smaller grain sizes, leading typically to higher hardness values and more brittle 

mechanical behaviour (smaller resilience domain). On the other hand, the Adira specimen presented 

higher grain size values, which leads to smaller hardness values and higher plastic deformation re-

sistance (less brittle).  

 

 

 

 

 

 

 

 

 

Figure 82 - Comparison between the average compressive stress and strain (True) curves between the concept 

Laser and Adira Specimens 
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5. Conclusion 

 

This thesis focused on the validation of a new experimental metal deposition system Addcreator (by 

Adira), through the comparison between the state of art bibliography and the commercial equipment 

(Concept Laser) with the parts produced by the experimental equipment.  

Therefore, it was manufactured specimens from the Concept Laser equipment, with proper size and 

shape, to be tested for material and mechanical properties, and it was produced cubic format specimens 

from the Adira equipment. 

The experiments had the purpose to test which set parameters in the Addcreator machine would deliver 

the closets properties, to the properties obtained from the Concept Laser equipment or from the theo-

retical casted 316 L parts. 

One interesting result was the influence on the vector length and the hatch distance in the density part. 

Where it was possible to notice that, a small vector length and higher hatch distance value, results in a 

high volumetric energy input that is required to melt the powder material, and to achieve the smallest 

porosity content possible.  

Another porosity related conclusion, is the heterogenic porosity content along the specimen. Where it 

was possible to see that the porosity content is higher in the specimen periphery. However, this outer 

region can be erased by polishing the surface. The lack of fusion related porosity is mainly in the end of 

the scan line in the Z direction. This surface porosity content needs more time to be understand the 

porosity origin and how these phenomena can be reduced. 

The density results, shows generally the same tendency for the group specimens as well for the repre-

sentative samples. The Archimedes density method allow to identify that the Adira equipment manufac-

ture specimens with relative density values higher than 99%. However, the standard deviation is higher 

than the difference in the Relative density result values between the specimens under analysis, it be-

comes is necessary more studies to confirm these conclusions and reduced the standard deviation 

values, however it was possible to confirm the influence of vector size parameter in the density values. 

The influence of energy density and hatch space it was not possible to confirm because the standard 

deviation were higher than the density results from each group specimens. 

The experiments also shows, a final layer oxidation problem in the experimental equipment, due to the 

entrapped air between the powders that is released to the laser chamber atmosphere promoting the 

surface oxidation. This problem was noted in the Concept Laser and in the Adira equipment. 

As the surface quality, both equipment’s exhibit specimens with high roughness texture, therefore, be-

fore sending to the final customer, would be needed a final polishing surface treatment. It was also 

studied the influence in the atmosphere type, where it was manufactured specimen under different pro-

tective atmosphere (argon and nitrogen gas). However, this variation in the gas atmosphere didn’t show 

any impact in the surface quality or in the mechanical or material properties. 
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The induced current and X-ray test, allows to find a small content of ferritic phase, however by the 

Schaeffer diagram and the content of equivalent Nickel and Chromium, this phase in lower than 5% in 

content. 

The hardness tests, allow to infer that the variation in the volumetric energy input change the hardness 

values and the grain size. The specimens from the Addcreator machine delivered hardness values very 

close to the casted 316 L hardness values. However, the concept laser parts showed an increment in 

near 40-50 Hv, due to the reduction in 2.5 times the grain size. 

According to the mechanical tests the properties values obtained from the concept laser specimens, it 

was noticed a difference in the mechanical behavior according to the building direction. Where the spec-

imen built aligned with the Z and 45º degree direction, exhibited lower mechanical resistance. This is 

related, to the grain size orientation, which by applying a tension force in the Z direction through the 

tension test, allowing the grain oriented to the Z and 45º direction, to deform more easily and the cracks 

to propagate with less effort than in the X and Y building direction specimen, because has less grain 

boundaries. This samples also presented a young modulus lower than the theoretical 316 L casted part, 

and the mechanical properties showed values similar to the casted 316 L parts with different thermal 

treatment degree (between 1 8⁄   and ½ hardening). These values allow the deduction that the big gradient 

temperature between heat cycles, leads to thermal hardening effect. 

The compressive tests also allowed to identify the relation between the grain size, hardness values and 

the mechanical resistance. Being that, Adira samples presented a higher resilience domain but at lower 

yield stress than Concept Laser specimens.  

This thesis allows to validate the specimens produced by the Adira equipment. It was produced speci-

men with material properties more similar to the cast 316L parts than the specimen manufactured with 

Concept Laser equipment. 

This thesis permitted to go further in the influence of manufactured conditions in the final mechanical 

properties. In the manufactured conditions it was possible to study the impact on variation of just one 

manufacture parameter, keeping all the other constant. This study part allowed to understand the influ-

ence of each parameter on the integrated production system and how this, will affect the final mechanical 

properties. 

Generally this thesis allowed, to understand the influence of each manufactured condition (p.ex: direc-

tion building, laser power, hatch space, vector size and atmosphere) in the specimen material properties 

and defects and how they will affected the mechanical properties. 
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6. Future Work 

 

In future work, it will be necessary to perform tensile tests in the specimens from the Addcreator 

equiqment. and compare it to the commercial equipment specimens and the theoretical 316 L mechan-

ical properties. 

It would also be interesting to make a new sample groups, with the same volumetric energy input, but 

with higher powder thickness, and higher lase power and velocity to test the increasing in production 

rate. 

In the future, it would be curious to test the influence in the scan strategies, for instance zig – zag, island 

or chess deposition strategies, to try to understand how the scan strategies influence the final mechan-

ical properties. 

Finally, it would be intriguing to develop a computer simulation to determine the energy input required 

to fully melt a specific unit powder volume in the shortest time possible. 
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8. Appendix 

  

  

Appendix Fig 1- Compressive Strength Curves of compressive specimens made with different directions: (a) X 

axis; (b) Y axis; (c)Z axis; (d) 45º axis 
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Appendix Fig 2 - Tensile Strength Curves for tensile specimens made with different directions: (a) X axis; (b) Y 

axis; (c) Z axis; (d) 45º axis 
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Appendix Fig 3 - Series 2, Z Face Micrographs and their Hardness Values 

 

 

Appendix Fig 4 - Series 3 in Argon atmosphere, Z Face Micrographs and their Hardness Values 
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Appendix Fig 5 - Series 3 in Nitrogen Atmosphere, Z Face Micrographs and their Hardness Values 
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Appendix Fig 6 - Series 4 ,Z Face Micrographs and their Hardness Values 
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Appendix Fig 7 - Illustration of the surface irregularities of the sample set 2 

 

 

Appendix Fig 8 - Illustration of the surface irregularities of the sample set 3 in Argon Atmosphere 
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Appendix Fig 9 - Illustration of the surface irregularities of the sample set 3 in Nitrogen Atmosphere 

 

 

Appendix Fig 10 - Illustration of the surface irregularities of the sample set 4 
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Appendix Fig 11 - Illustration of the surface irregularities of the sample set 4 

 

Appendix Fig 12 - Illustration of the surface irregularities of the sample set 4 
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Appendix Fig 13 - Illustration of the surface irregularities of the sample set 4 
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Group 

Specimen 
Unit Sample Laser Power (W) Scan speed (mm/s) Hatch spacing (mm) Energy Density  (J/mm3) Vector size (mm)  Atmosphere 

1 1 4 270 800 0.1 67.50 1  Argon 

1 1 6 270 800 0.1 67.50 1  Argon 

1 3 4 270 800 0.1 67.50 1  Argon 

1 3 6 270 800 0.1 67.50 1  Argon 

1 4 4 270 800 0.1 67.50 1  Argon 

1 4 6 270 800 0.1 67.50 1  Argon 

2 2 4 270 800 0.1 67.50 1  Nitrogen 

2 2 6 270 800 0.1 67.50 1  Nitrogen 

3 1 5 270 800 0.1 67.50 5  Argon 

3 1 7 270 800 0.1 67.50 5  Argon 

3 3 5 270 800 0.1 67.50 5  Argon 

3 3 7 270 800 0.1 67.50 5  Argon 

3 4 5 270 800 0.1 67.50 5  Argon 

3 4 7 270 800 0.1 67.50 5  Argon 

4 2 5 270 800 0.1 67.50 5  Nitrogen 

4 2 7 270 800 0.1 67.50 5  Nitrogen 

5 1 1 270 800 0.1 67.50 10  Argon 

5 3 1 270 800 0.1 67.50 10  Argon 

5 4 1 270 800 0.1 67.50 10  Argon 

6 2 1 270 800 0.1 67.50 10  Nitrogen 

7 1 3 270 800 0.1 67.50 15  Argon 

7 3 3 270 800 0.1 67.50 15  Argon 

7 4 3 270 800 0.1 67.50 15  Argon 

8 2 3 270 800 0.1 67.50 15  Nitrogen 

9 7 C1 245 800 0.08 76.56 15  Argon 

9 7 C2 245 800 0.08 76.56 15  Argon 

9 7 C3 245 800 0.08 76.56 15  Argon 
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9 7 C4 245 800 0.08 76.56 15  Argon 

9 7 C5 245 800 0.08 76.56 15  Argon 

9 7 C6 245 800 0.08 76.56 15  Argon 

9 7 C7 245 800 0.08 76.56 15  Argon 

9 7 C8 245 800 0.08 76.56 15  Argon 

9 7 C9 245 800 0.08 76.56 15  Argon 

9 7 C10 245 800 0.08 76.56 15  Argon 

9 7 C11 245 800 0.08 76.56 15  Argon 

9 7 C12 245 800 0.08 76.56 15  Argon 

9 7 C13 245 800 0.08 76.56 15  Argon 

9 7 C14 245 800 0.08 76.56 15  Argon 

9 7 C15 245 800 0.08 76.56 15  Argon 

9 7 C16 245 800 0.08 76.56 15  Argon 

10 1 9 270 800 0.08 84.38 15  Argon 

10 3 9 270 800 0.08 84.38 15  Argon 

10 4 9 270 800 0.08 84.38 15  Argon 

10 5 A1 270 800 0.08 84.38 15  Argon 

10 5 A2 270 800 0.08 84.38 15  Argon 

10 5 A3 270 800 0.08 84.38 15  Argon 

10 5 A4 270 800 0.08 84.38 15  Argon 

10 5 A5 270 800 0.08 84.38 15  Argon 

10 5 A6 270 800 0.08 84.38 15  Argon 

10 5 A7 270 800 0.08 84.38 15  Argon 

10 5 A8 270 800 0.08 84.38 15  Argon 

10 5 A9 270 800 0.08 84.38 15  Argon 

10 5 A10 270 800 0.08 84.38 15  Argon 

10 5 A11 270 800 0.08 84.38 15  Argon 

10 5 A12 270 800 0.08 84.38 15  Argon 

10 5 A13 270 800 0.08 84.38 15  Argon 
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10 5 A14 270 800 0.08 84.38 15  Argon 

10 5 A15 270 800 0.08 84.38 15  Argon 

10 5 A16 270 800 0.08 84.38 15  Argon 

10 6 B1 270 800 0.08 84.38 15  Argon 

10 6 B2 270 800 0.08 84.38 15  Argon 

10 6 B3 270 800 0.08 84.38 15  Argon 

10 6 B4 270 800 0.08 84.38 15  Argon 

10 6 B5 270 800 0.08 84.38 15  Argon 

10 6 B6 270 800 0.08 84.38 15  Argon 

10 6 B7 270 800 0.08 84.38 15  Argon 

10 6 B8 270 800 0.08 84.38 15  Argon 

10 6 B9 270 800 0.08 84.38 15  Argon 

10 6 B10 270 800 0.08 84.38 15  Argon 

10 6 B11 270 800 0.08 84.38 15  Argon 

10 6 B12 270 800 0.08 84.38 15  Argon 

10 6 B13 270 800 0.08 84.38 15  Argon 

10 6 B14 270 800 0.08 84.38 15  Argon 

10 6 B15 270 800 0.08 84.38 15  Argon 

10 6 B16 270 800 0.08 84.38 15  Argon 

11 2 9 270 800 0.08 84.38 15  Nitrogen 

12 1 2 270 800 0.05 135.00 10  Argon 

12 3 2 270 800 0.05 135.00 10  Argon 

12 4 2 270 800 0.05 135.00 10  Argon 

13 2 2 270 800 0.05 135.00 10  Nitrogen 

14 1 8 270 800 0.05 135.00 15  Argon 

14 3 8 270 800 0.05 135.00 15  Argon 

14 4 8 270 800 0.05 135.00 15  Argon 

15 2 8 270 800 0.05 135.00 15  Nitrogen 
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Appendix Table 1 - Addcreator production conditions and results from each specimen 

 

 

 

 

 

 

 

 

 

 

 

 


