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INTRODUCTION 
 

The present thesis addresses two areas of interest for the scientific and industrial community, 

namely the prediction and optimization of the characteristics of nickel-based superalloys through 

computational methods and their manufacture by advanced technologies.  

Currently, worldwide the researches in the material science field focus on the characterization of 

additive manufactured materials to validate and integrate this technology in leading industrial fields, 

such as aerospace and aeronautics. Although the first additive manufacturing method was developed in 

the 1980s and subsequently multiple methods were developed, its integration in these fields was not 

possible because the limitations induced by this technological process were not overcome. 

The main challenges identified in the case of additive manufacturing technology of metal 

products are related to the quality and integrity of the resulting material, aiming to obtain materials 

characterized by a high level of densification simultaneously with a reduced anisotropic degree. To 

achieve these goals, the world's scientific communities are investing more and more in the field of metal 

additive manufacturing research. This fact was proved by the upward technology evolution. Forecasts 

regarding the additive manufacturing products and services were provided by the 2019 Wohlers Report, 

they forecast that the additive market will reach $ 15.8 billion by 2020, $ 23.9 billion by 2022, 

respectively $ 35.6 billion by 2024. 

Globally, the research in the field of additive manufacturing is limited to a reduced number of 

metallic materials, due to the production costs of raw material and the fact that not all metallic materials 

are suitable for this technology. Moreover, given the general costs involved in making a product by 

metal additive manufacturing, the use of this technology is only justified if the product is characterized 

by high complexity and cannot be produced by other conventional manufacturing methods. Generally, 

the products intended for additive manufacturing are prototypes, unique parts, or intended for top fields. 

Metallic materials used for additive manufacturing include Ni-based superalloys. This category 

of alloys is characterized by the fact that it can withstand mechanical stresses during operation in extreme 

environments (at high temperatures, in corrosive/oxidizing environments). Until relatively recently, Ni-

based superalloys products were manufactured using conventional processes such as forging (forged 

superalloys), conventional casting (superalloys with an equiaxed crystal structure), directional casting 

and solidification (superalloys with columnar or monocrystalline structure), and methods specific to 

powder metallurgy (sintered superalloys).  
In the last two decades, researches have been directed towards the production of superalloy 

products by additive manufacturing technology through methods that use metal powders as raw material. 

Additive manufactured metallic materials stand out by the manufacturing process induced 

characteristics, presenting superior mechanical characteristics to materials manufactured by 

conventional methods. Researches in the field have led to a large number of factors that can significantly 

influence the characteristics of additively manufactured metallic materials, from the properties of the 

raw material to multiple process parameters and the post-processing conditions. 

In the current context, the thesis scientific research activity was directed to the additive 

manufactured Ni-base superalloy, IN 625, intended for gas turbine engine components. Based on the 

fact that nowadays, new product development without computer-aided planning and calculation methods 

is not possible, and computational methods have been developed to predict different characteristics of 

products manufactured by conventional methods, the need to study the capabilities of computer models 

adapted to additive manufactured products is justified. These statements underlie the general objective 

of the thesis.  

The general objective of the thesis was to integrate into an innovative way, analytical and 

thermodynamic calculations based on the CALPHAD method in case of the IN 625 superalloy, with 

tools based on the cellular automaton finite element model (CAFE) adapted to additive materials for 

prediction and optimizing its microstructural characteristics, with experimental research.  

Given the current state of the art in the field of additive manufactured Ni-based superalloys, to 

achieve the general objective of the thesis, several specific objectives have been established: 
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1. to ascertain the characteristics of the raw material used for the additive manufacturing process and to 

determine the influence of the recirculation process on its characteristics; 

2. prediction and optimizing the microstructural characteristics of the additive manufactured IN 625 by 

computational methods; 

3. experimental validation of the results obtained by computational methods; 

4. determination of the volumetric energy density influence on the densification degree of the SLM 

manufactured IN 625; 

5.  determination of the microstructural anisotropy influence on the tensile characteristics of additively 

manufactured IN 625; 

6. evaluation of high-temperature oxidation behavior of SLM manufactured IN 625. 

To achieve the objectives, a research methodology was developed, which integrates new and 

varied methods, techniques, and programs applied for predicting, optimizing, and characterizing the IN 

625 manufactured by an advanced method, typical to additive manufacturing technology. The results 

obtained by computational methods were compared with experimental results obtained during the Ph.D. 

period and with results obtained by other researchers. 

 

CHAPTER 1. GENERAL ASPECTS REGARDING THE METAL POWDER 

ADDITIVE MANUFACTURING 
 

Chapter 1 presents the state of the art in the field of metal powder additive manufacturing 

technology. In this chapter are described the methods specific to additive manufacturing technology, the 

limitations of the selective laser melting method (applied in experimental research), is presented the state 

of the art in the field of Ni-based superalloys for additive manufacturing, but also the state of the art in 

the field of computational methods used internationally for predicting the characteristics of additively 

manufactured metallic materials. 

 

CHAPTER 2. METHODS AND EQUIPMENT USED FOR MANUFACTURING 

AND CHARACTERIZATION OF ADDITIVE MANUFACTURED IN 625 

SUPERALLOY 
 

Chapter 2 presents the software, materials, methods, and equipment used to perform the 

computational and experimental research. The goal of the thesis was to conduct computational and 

experimental research in the field of metal powder additive manufacturing of IN 625 material. 

The experimental research was initiated with the study of the raw material characteristics and 

their evolution over time. Afterward, it was proceeded with the study of the SLM manufactured 

material's properties, combining computational methods using PandatTM and ANSYS Additive Suite 

software, Additive Science module (Microstructure) with experimental research performed on additively 

manufactured IN 625 using Lasertec 30 SLM equipment produced by DMG MORI and powder 

purchased from LPW Technology Ltd. 

The experimental researches were focused on analyzing the microstructure development, phase 

development, and the influence of process parameters on the material's properties. Figure 2.13 shows 

the research plan. 
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Figure 2.13. Research flowchart 

 

CHAPTER 3. EXPERIMENTAL RESEARCH  
 

3.1 Experimental research on IN 625 powder and the evolution of its characteristics over 

time 

 

The characteristics of the powder lot UK81572, used to additive manufacture all specimens, were 

measured to achieve the research's goal. The characteristics were determined both at the time of the 

acquisition, before starting of the experiments (virgin powder characteristics), and after their use and 

recirculation (recirculated powders characteristics).  

The powder characteristics were monitored over 17 months, when were performed multiple 

manufacturing cycles, according to the data presented in Table 3.1. At the end of the 17 months, it was 

estimated that the powder was recirculated approximately 26 times. 
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Table 3.1. Powders used for research 

Powder type Cod Observații 

Virgin powder V - 

Recirculated 

powder 

R1 Sampled after 4 manufacturing cycles were performed  

R2 Sampled after 19 manufacturing cycles were performed 

R3 Sampled after 28 manufacturing cycles were performed 

R4 Sampled after 37 manufacturing cycles were performed 

R5 Sampled after 48 manufacturing cycles were performed 

R6 Sampled after 95 manufacturing cycles were performed 

  

 The powder characteristics that were determined were: 

- Physical properties: 

o Powder particles’ morphology; 

o Powder particles’ surface quality; 

o Powder particles’ dimensional evolution; 

o Powder size distribution; 

- Technological properties: 

o Apparent density; 

o Tapped density; 

o Rheological properties – determined based on powder flowability determined by 

measuring the powder flow rate, the Hausner ratio, Carr index and angle of repose.   
 

Experimentally, it was found that the virgin powder falls within the particle size range specified 

by the technical specification and complies with the recommendations of the Lasertec 30 SLM 

equipment manufacturer. However, as the powder was recirculated, the particle size range D90, D50, and 

D10 narrowed, which shows that during each manufacturing process, the number of particles at the upper 

limit of the particle size range decreases, these particles being either molten or covered with splashes of 

molten material (forming satellite particles) and can no longer pass through the mesh of the equipment’s 

sieve.  

These results are consistent with the results obtained by other authors who have conducted 

studies on the characteristics of metal powders for additive manufacturing, before and after their 

recycling [126, 129, 240, 241]. 

Although there has been a decrease in the mean values D90, D50, and D10 of the powder size 

range, it is not significant. The D90 value decreases only by 10% compared to the value registered in the 

case of the virgin powder, respectively 5% compared to the minimum value recommended by the 

equipment manufacturer DMG MORI.  

The morphology of virgin powder particles is typical to powders obtained by metal melting in a 

vacuum furnace followed by gas atomization. The majority of particles are characterized by a regular 

spherical morphology, with a smooth surface, but also by spherical particles with satellites resulting 

from the gas atomization process (Figure 3.4). 
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 (a)  (b)  (c) 

Figure 3.4. SEM representative images with the IN 625 virgin powder particles a) powder particles – 

magnification 400x; b) spherical powder particle – magnification 5000x; c) spherical powder particle 

with satellites – magnification 5000x 
    

(a) (b) (c) 

Figure 3.5. SEM representative images with the IN 625 recirculated powder particles a) powder 

particles – magnification 400x; b) spherical powder particle – magnification 5000x; c) spherical 

powder particle with satellites – magnification 5000x 

 

Based on the analysis performed on SEM images it was found that there are no significant 

differences between the morphology of the virgin powder particles and that of the recirculated powder 

particles. The recirculated particles are characterized by a spherical morphology, but there were also 

observed particles with satellites formed either from gas atomization or from the detachment of splashes 

from the melt pool during the SLM process (Figure 3.5). In addition to these satellite particles, elongated 

particles were also observed. The dimensional analysis of the powders showed that both the virgin 

powder particles and the recirculated powder particles show deviations from the ideal circularity, 

deviations more pronounced after multiple recirculation stages. 

The recirculated powders have higher values of both the apparent and tapped density compared 

to the virgin powders, this may be caused by the morphology of the powder particles. Besides, in the 

case of recirculated powders, many small particles (˂10 μm) were observed – solidified spatter that 

covers the voids between larger particles. 

Similar to density, an increase in HR and C values was identified as the powder is recirculated, 

but the calculated values are in the accepted ranges found in the literature (HR <1.25; C <15), indicating 

that the powders do not present very high cohesive forces but have a good capacity to form compact 

layers. 

No significant differences were observed in the flow rate of virgin and recirculated powders, 

both types of powder have values of approximately 8 s / 150g (± 0.2 s) values according to the technical 

specification of the powder (<10 s / 150 g). The natural slope angle determined for the two types of 

powder has values below 40°, which indicates a good flow capacity of the powder [121]. 
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3.2 Microstructural development in additive manufactured IN 625 by SLM 

 

3.2.1 Crystallization of the superalloy 

 

The microstructure of additively manufactured IN 625 developed following the heterogeneous 

germination at the powder particles/support material - melt pool interface and crystals grow along the 

highest thermal gradient direction. The growth process is completed after the growth of all germs from 

the last added layer. Due to a high ratio between the undercooling and high solidification rate, the 

structure developed in the additive manufactured IN 625 has a cellular morphology in some areas and a 

dendritic morphology in other areas. Microstructural details can be observed in the scattered electrons 

SEM images shown in Figure 3.12, but also in the optical microscopy images shown in Figure 3.13. 

 

    
(a) (b) (c) (d) 

Figure 3.12.  SEM images with microstructural details of the microstructure of SLM 

manufactured IN 625 in as-built state: a) cellular structure; b) dendrite; c) heat affected zone (HAZ) 

that separates two layers; d) microstructure with cellular and columnar morphology  

 

 
Figure 3.13. 3D representation of microstructural characteristics of SLM manufactured IN 625 in as-

built state (magnification 100x) 

 

The microstructure of the additive manufactured IN 625 is similar to the welded parts 

microstructure; the layer boundaries and the HAZ (also found in welded structures) can be observed. In 

the optical microscopy images, the deposited layers that can be observed in the YOZ and XOZ planes, 

they are similar to the fish scales welding microstructure, while on the XOY plane, the laser path and 

the melt pool trace can be observed. 
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3.2.2 Analysis of the compositional variation influence on transformation temperatures and 

phase development 

 

The thermodynamic calculations were performed to determine the influence of the main alloying 

elements composition from IN 625 on the transformation temperatures and phase development. The 

research was performed using the Pandat™ software (Computherm LLC.) with the PanNi2020_TH 

database (from the National Research and Development Institute for Gas Turbines COMOTI), a program 

based on the CALPHAD method. 

By changing the concentration of the alloying elements in the range accepted by the standard for 

the IN 625 superalloy, according to the matrix with three factors and three levels applied (matrix 33, Cr 

= 20 - 23%wt., Mo = 8 - 10%wt., Nb = 3.15 - 4.15%wt., where 0 is the minimum concentration of the 

element, 1 is the average concentration of the element, 2 is the maximum concentration of the element), 

the liquidus temperature changes. This temperature is in the range of 1392.2 ° C - 1377.6 ° C (14.6 °C), 

and the liquidus temperature values calculated according to the predefined matrix are presented in Table 

3.5. 

Not only the liquidus temperature is influenced by the concentration of the three alloying 

elements, but they also have a significant influence on the solidus temperature. The solidus temperature 

varies between 1350.5 ° C - 1323 ° C (27.5 ° C), according to the data presented in Table 3.6. 
 

Table 3.5. Cr, Mo, Nb concentration influence on liquidus temperature  

Mo Nb Cr 

0 1 2 

0 0 1392,2°C 1389,3°C 1386,3°C 

0 1 1388,0°C 1385,1°C 1382,0°C 

0 2 1383,8°C 1380,8°C 1377,7°C 

1 0 1392,1°C 1389,2°C 1386,2°C 

1 1 1387,8°C 1385,0°C 1382,0°C 

1 2 1383,5°C 1380,7°C 1377,7°C 

2 0 1391,8°C 1389,1°C 1386,2°C 

2 1 1387,6°C 1384,8°C 1381,9°C 

2 2 1383,3°C 1380,5°C 1377,6°C 

IN 625  (SLM)                   TL = 1386°C 
 

 

Table 3.6. Cr, Mo, Nb concentration influence on solidus temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The values obtained for the liquidus and solidus temperatures are close to the values obtained 

experimentally by Cieslak et. al. [247] for various compositional ranges of the alloy IN 625 

manufactured by conventional methods. Regarding the thermodynamic calculations performed for the 

Mo Nb Cr 

0 1 2 

0 0 1350,5°C 1346,3°C 1341,9°C 

0 1 1342,2°C 1337,9°C 1333,4°C 

0 2 1333,8°C 1329,4°C 1325,0°C 

1 0 1349,5°C 1345,3°C 1341,1°C 

1 1 1341,1°C 1336,8°C 1332,6°C 

1 2 1332,6°C 1328,3°C 1324,0°C 

2 0 1348,5°C 1344,4°C 1340,3°C 

2 1 1339,9°C 1335,8°C 1331,6°C 

2 2 1331,3°C 1327,2°C 1323,0°C 

IN 625  (SLM)                   TS = 1339°C 
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specific chemical composition of the material used for additive manufacturing, a liquidus temperature 

of TL = 1386°C and two solidus temperatures were predicted, one for solidification under equilibrium 

conditions (TS = 1339°C), respectively a much underestimated one related to the solidification in non-

equilibrium conditions (TS = 1195°C) - Figure 3.23. 

 

 
Figure 3.23. Solidification path in equilibrium and non-equilibrium conditions determined based on the 

chemical composition of the IN 625 alloy used for additive manufacturing 

 

Also, the formation of the γ phase was predicted, followed by the δ phase (at a solid fraction fs 

= 0.969, respectively T = 1240ºC) and the primary carbides of M6C type (at fs = 0.948, respectively T = 

1255ºC). An advantage of the Scheil method used to predict the solidification of the alloy is that it allows 

the analysis of how the alloying elements are redistributed in the solidification front (Figure 3.24). 
 

 
Figure 3.24. Prediction of the alloying elements redistribution in the solidification front  

 

The diagram that shows the prediction of the redistribution of the alloying elements in the 

solidification front shows that Nb has the highest tendency of redistribution in the liquid phase, hence 

preferentially segregating in the interdendritic spaces at the end of the solidification process. 
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To confirm this hypothesis, compositional analyses were performed by EDS in microvolumes in 

an area with cellular structure. The determinations were performed both in the center of the cells and the 

intercellular area (Figure 3.25). Based on the average chemical compositions acquired, the partition 

coefficient Ks was calculated for the main elements identified for this superalloy (Table 3.8). 
 

 
Figure 3.25. Microvolumes of EDS quantitative analysis in cellular areas and in intercellular spaces  

 

Table 3.8.  Alloying elements concentration in cellular and intercellular areas  

 Chemical composition, [%wt.] 

Point  Nb  Mo  Ti  Cr  Fe  Co  Ni 

1 2.55 6.73 0.17 22.36 3.86 0.1 64.12 

2 2.25 5.86 0.17 22.41 3.76 0.11 65.34 

3 2.56 6.94 0.16 22.3 3.9 0.11 63.9 

4 3.14 7.49 0.17 22.15 3.88 0.11 62.9 

5 2.43 6.06 0.17 22.5 4.04 0.1 64.58 

6 2.36 6.35 0.17 22.29 3.91 0.11 64.69 

7 2.97 7.5 0.18 21.88 3.96 0.11 63.27 

Average 2.61 6.70 0.17 22.27 3.90 0.11 64.11 

8 4 9.53 0.17 21.42 3.72 0.1 60.84 

9 4.39 10.21 0.17 21.11 3.76 0.1 60.04 

10 4.27 10.64 0.16 20.77 3.66 0.09 60.13 

11 3.99 9.53 0.18 21.15 4 0.1 60.84 

12 3.72 9.21 0.17 21.75 3.97 0.1 60.9 

13 4.94 10.99 0.18 20.94 3.69 0.09 58.88 

14 4.01 9.79 0.18 21.28 3.89 0.1 60.55 

Average 4.19 9.99 0.17 21.20 3.81 0.10 60.31 

Experimental Ks  0.62 0.67 1.00 1.05 1.02 1.10 1.06 

Computational 

Ks 
0.42 1.18 0.40 1.03 0.99 0.94 1.01 

  

The experimentally determined Ks coefficients demonstrate that the elements Nb and Mo have 

a strong tendency to segregate in the intercellular area even in the case of very rapid cooling as it occurs 

when the material is additive manufactured, demonstrating the material anisotropy.  

The analysis of the partition coefficients indicates that the elements Cr, Co, and Ni present a value 

slightly higher than one, demonstrating a more pronounced tendency of segregation in the center of the 

cells, while Ti and Fe can be considered neutral, having coefficients very close to unity.  
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Comparing the experimentally determined Ks coefficients to those predicted by PandatTM, the 

software's limitation was observed; it predicts correctly the segregation of Nb, Cr, Fe, Co, and Ni, but it 

doesn't predict the proper segregation of Mo and Ti. This is justified by the proportions in which these 

elements are found in the superalloy IN 625 (high Mo content, low Ti content).  
Thermodynamic calculations performed to predict the fraction of phases developed, by using the 

chemical composition of the material intended for additive manufacturing, show that under equilibrium 

conditions (favorable conditions such as those of casting, where a reduced solidification rate is 

registered), in IN 625 can develop several phases. First of all, the main phase γ develops, which is found 

in a proportion of 100% up to about 1120 ° C, then precipitating the M6C primary carbides.  
At lower temperatures (approximately 960°C), the phase fraction γ is reduced, solid-state 

transformations take place, and phase δ precipitates. Besides, the σ phase and topologically compact 

compounds, such as Laves (noted by P_phase in the diagram in Figure 3.27), can precipitate. 

Also, a reduction in temperature (about 800°C) can lead to the transformation of M6C primary 

carbides to M23C6 type carbides. γ phase, carbides, and topologically compact phases (Laves) have been 

identified by other authors in the case conventionally manufactured superalloy IN 625  [247, 251, 252]. 
 

 
Figure 3.27. Prediction of phase fraction evolution in conventional manufactured IN 625 

 

The solidification conditions experienced in case of the additive manufactured IN 625 are 

different, the solidification range is very short, and the material melts and solidifies very fast. For this 

reason, the unconventional manufactured material does not show solid-state transformations. Except for 

the γ phase, the M6C primary carbides can precipitate directly from the liquid, but in very small ratios 

(less than 1%). Therefore, the phase fraction in the additive manufactured IN 625 material is shown in 

Figure 3.28. 

 
Figure 3.28. Phase fraction evolution in as-built additive manufactured IN 625 
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Nevertheless, following the application of heat treatments (stress relieving at 875 °C and solution 

treating at 1000°C), the precipitation of the δ phase is possible. Operation at high temperatures of the 

material can lead to the transformation of M6C primary carbides into M23C6 complex carbides. Based on 

microscopic analysis different morphologies in the as-built IN 625 were observed, which led to the 

assumption that different phases developed during the solidification process.  

Although the microstructure of the as-built material has different morphologies, after 

solidification, by EDS it was observed that a single phase was formed - the solid solution γ. 

Morphological differences are caused by the parameters used for the manufacturing process. X-ray 

diffraction analysis was also performed to confirm this partial conclusion. 

The diffractometric analysis showed that the main phase developed is the γ phase that crystallizes 

in the FCC system with a network parameter a = 3,601 Å, and the secondary phases proportion recorded 

for the additive manufactured material in the as-built state was less than 1%. 

The experimental results obtained from the X-ray diffraction are in a good agreement with the 

result obtained by thermodynamic calculations performed with PandatTM software. Based on all 

researches it was concluded that the SLM manufactured IN 625 is characterized by a strong 

microstructural anisotropy in the as-built state. 

 

 

3.3. SLM process parameters’ influence on the properties of IN 625 

 

The experimental research on the SLM process parameters' influence on the properties of the IN 

625 superalloy was performed using an iterative method that involves manufacturing specimens during 

several manufacturing cycles, and afterward, they were analyzed. 

 

3.3.1. Iteration no. I – parameters’ influence on the densification degree 

 

The experimental research started using the optimum process parameters suggested by the 

equipment manufacturer, DMG MORI, for the material in question. The first batch of 15x10x10mm 

prismatic specimens was manufactured. The specimens were manufactured using a 90° scanning strategy 

with a change in the scanning direction by 90° after each layer. Representative images with prismatic 

specimens during the manufacturing process and after the SLM process are shown in Figure 3.34. 

 

(a) (b) (c) 

Figure 3.34. Representative images with the specimens manufactured during the first iteration: a) 

image during the manufacturing process; b, c) additive manufactured IN 625 specimens  

 

After finishing the SLM process, the specimens were mechanically detached from the building 

plate, the support material being also mechanically removed (by grinding on abrasive paper). The density 

of specimens manufactured during Iteration no. 1 was in the range of 8430– 8450 Kg/m3, which 

represents relative densities of 99.29% - 99.53%. Although there were differences between the 

specimens’ density, the difference between them is smaller than the repeatability range r = 0.025 g/cm3 

accepted in the SR EN ISO 3369: 2010 standard [236]. Experimental research on the densification level 

of additive manufactured IN 625 material was performed by Gao et. al. [254] and Terris et. al. [255], 

obtaining different values of relative density in the range of 95.5 - 99.8%. 
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3.3.2. Iteration no. II – VED influence on the densification level 

 

In this case, the experiments were performed based on the idea supported by several authors that 

there is a connection between the values of the volumetric energy density (VED) transmitted to the metal 

powder and the density of the additive manufactured material. Therefore, nine different values of the 

VED were defined based on a simplified model (a simplified matrix with three parameters - laser power, 

scanning speed, hatch distance on three levels).  

The specimens were placed in the form of six groups composed of nine prismatic specimens, the 

specimens being manufactured using the specific parameters for each case. Each specimen 

corresponding to the same VED value was positioned identically for each group (Figure 3.36), and all 

groups were placed at the top of the building plate. A 90° scan strategy was applied for this iteration 

with the change in the scan direction by 90°. 

 

(a)  (b) 

Figure 3.36. Specimens’ placement for Iteration no. 2: a) RDesigner image; b) specimen’s placement 

on the building plate 

  

 It was found that the use of a 39 J/mm3 VED value ensures the lowest results, the lowest density 

values were recorded in the case of group A (the relative densification level was even below 99%). The 

other VED values ensure the achievement of relative densification levels higher than 99% and within 

the limits of the repeatability interval imposed by the standard. 

 For this matrix, a microstructural analysis with finite elements was performed using the ANSYS 

Additive Suite program, the Additive Science module (Microstructure), R1 / 2020 edition. This program 

is based on the cellular automaton finite element method and can provide meaningful information on 

how the microstructure of an additive manufactured material develops. 

 The results of the microstructural simulations showed that the material’s microstructure is 

textured, and it is strongly influenced by VED. It was observed that both the size of the equiaxed grains 

and columnar grains increases as the VED value increases (Figure 3.38.). 

 

 (a)  (b) 
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         (c) 

Figure 3.38. Representative images with the textured microstructure of the additive manufactured 

material using three values of the volumetric energy density: a) 39 J/mm3; b) 69 J/mm3; c) 97 J/mm3 

 

 Using the values of the cooling rate determined by computational methods and the values of the 

primary dendrite arm spacing (λ1) experimentally determined, the evolution of this morphological 

parameter was analyzed. In the scientific literature is mentioned that λ1 may have different values 

depending on the cooling rate, for example in the case of large castings where the cooling rate is in the 

range of 10-4 - 10-2 K/s, λ1 = 200 - 5000 μm, while in the case of laser melting/electron beam melting 

where the cooling rate is in the range of 103 - 109, λ1 = 0.5 - 5 μm [257].  

 It was found that the value of λ1 depends on the volumetric energy density, and representative 

SEM images with the dendritic structure identified for the additive manufactured IN 625 material, using 

different VED values are shown in Figure 3.40. 

 

(a)  (b) (c) 

Figure 3.40. Representative SEM images with the dendritic microstructure identified in the additive 

manufactured IN 625 material: a) VED = 39 J/mm3; b) VED = 69 J/mm3; c) VED = 97 J/mm3 

 

3.3.3. Iteration no. III – VED and scanning strategy influence on the material’s properties 

 

Starting from the results recorded in the case of Iteration no. 2, the same simplified matrix was 

used to manufacture a new specimen batch, this time applying a 67 ° scanning strategy. 

 
Figure 3.42. Comparative graphic representation of medium relative densities determined for the 

Iteration no. 2 and 3 (90° and 67° scanning strategies) as a function of volumetric energy density 
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The best relative density values were obtained for the highest VED value - 97 J / mm3 (relative 

density of 99.60% for the 90° scanning strategy, the relative density of 99.62% for the 67° scanning 

strategy). The lowest relative density values were recorded at the lowest VED value - 39 J / mm3 (relative 

density of 99.09% for the 90° scanning strategy, the relative density of 98.33% for the 67° scanning 

strategy).  

Of the two scanning strategies, the 67° scanning strategy provides both the lowest relative density 

value and the highest relative density value. The low level of densification recorded at low VED values 

is a result of the material presented lack of fusion defect, LOF being identified in the surface of the 

specimens. The proportion of these defects decreases as the VED value increases (Figure 3.43). 

 

(a) (b) (c) 

Figure 3.43. VED influence on the LOF defects: a) VED – 39 J/mm3; b) VED – 69 J/mm3; c) VED – 

97 J/mm3 
 

In addition to LOF defects, certain combinations of parameters led to an instability of the metal 

melt, which causes splashes to be ejected from the melt pool during the scanning process. These splashes 

can in some cases drag along powder particles from the powder bed; they attach to the side surfaces of 

the specimens and solidify in this area. These phenomena lead to an increase in the roughness of the 

material (Figure 3.44). 

 

(a) (b) (c) 

Figure 3.44. VED influence on the balling effect: a) VED – 39 J/mm3; b) VED – 67 J/mm3; c) VED – 

97 J/mm3 

It was found that the surface roughness increases simultaneously with the increase of the VED 

value. High VED values ensure the highest surface roughness. Analyzing the results according to the 

applied scanning strategy, it was determined that the 67° scanning strategy results in higher roughness 

compared to the roughness determined in the case of the batch manufactured using the 90° scanning 

strategy (Figure 3.45). 
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Figure 3.45. Lateral surfaces roughness evolution as a function of volumetric energy density 

 

Given the fact that the batch manufactured applying the 67° scanning strategy has a higher level 

of surface defects additional analyses were performed to identify other types of defects that occur in the 

case of these specimens. Therefore, determinations of the porosity level and dimensional analysis were 

performed. 

The results obtained in the case of porosity demonstrate that VED has a significant influence on 

the porosity level (Figure 3.46). As the VED value increases, the pore degree decreases. Using low VED 

values there is a sudden increase in porosity mainly due to LOF defects. 

 

 
Figure 3.46. Roughness presented as a function of the volumetric energy density  

 

Except for surface defects, such as balling and LOF, it was found that in the XOY plane, the 

specimens were deformed at the edges and corners, so the top surface of all specimens in this batch was 

3D scanned to determine the influence of process parameters on the degree of deformation. As the value 

of the volumetric energy density increases, so does the width of the distorted area near the edges of the 

specimens. The variation of the distorted width is shown graphically in Figure 3.50. In addition to the 

distorted area near the edges, there was also an increase in the height of the corners and edges (Figure 

3.51), also dependent on the VED value. 
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Figure 3.50. Changes in edge width as a function of VED 

 

 
Figure 3.51. Changes in corner and edge heights as a function of VED 

 

By using high VED values (high laser power, low scanning speed) a large amount of heat is 

produced, the melt pool becomes unstable, and it is pushed to the side of the specimens. As the energy 

increases, the level of surface deformation increases. To ensure a balance between all the phenomena 

that occur and to maintain the stability of the melt pool, laser powers in the range of 250 - 320 W and 

scanning speeds of 0.6-0.8 m / s should be used. 

Similar to the results registered in the case of finite element microstructural simulations 

performed for the batch of specimens manufactured by using a 90° scanning strategy, it was found that 

in the case of applying a 67° scanning strategy, the microstructure is textured and strongly influenced 

by the volumetric energy density value. By computational methods, it has been found that both the size 

of the equiaxed grains and the size of the columnar grains increase as the value of the volumetric energy 

density increases (Figures 3.52). 

   
(a) (b) (c) 

Figure 3.52. Representative images with the textured microstructure of the additive manufactured 

material using the 67° scanning strategy and three different VED values: a) 39 J/mm3; b) 69 J/mm3; c) 

97 J/mm3 
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The 67° scanning strategy ensures lower λ1 values compared to the 90° scanning strategy. It was 

found that λ1 respects the relations λ1 = 153.88 · (R) 0.388 (for the material manufactured applying the 90 

° scanning strategy) and λ1 = 151.98 · (R) 0.385 (for the material manufactured applying the 67 ° scanning 

strategy). The obtained relations are close to the theoretical relation of λ1 = ct. (R) (0.3 ± 0.03), but also to 

the relation obtained by Matache et.al. [216] λ1 = 151.98 · (R) 0.34 for a Ni-based superalloy manufactured 

by conventional methods. 

 

3.3.4. Investigations on microstructural anisotropy and the influence on tensile mechanical 

property 
 

Microstructural anisotropy was highlighted both experimentally by light microscopy analysis 

and by computational methods (Figure 3.57). Given the limitations of the software, simulations were 

performed in the case of specimens manufactured parallel to the OZ axis, applying process parameters: 

hatch distance of 0.11 µm, the layer thickness of 40 µm, laser power of 250 W, scanning speed of 750 

mm / s, the temperature of the building plate of 80°C, laser focus 80 µm and the two scanning strategies: 

at 90°, 67° with changing the scanning direction by 90°. 

(a) (b) 

Figure 3.57. Additive manufactured material’s microstructure developed by appling a 90° scanning 

strategy (a), respective 67° scanning strategy (b) 
 

From the images presented in Figure 3.57 it can be seen that applying a 90° scanning strategy, 

columnar grains develop in the XOZ and YOZ planes, they are growing on multiple layers, while in the 

XOY plane equiaxed grains were obtained. It can be noticed that the scanning strategy affects the way 

the as-built microstructure develops. These morphological differences are caused by the differences in 

the thermal gradient and cooling rate. The software predicts a cooling rate of 470.161 K / s and a thermal 

gradient of 4.409.697 K / m when the 90 ° scanning strategy is applied, while a cooling rate of 505.644 

K / s and a thermal gradient of 5.392.682 K / m are registered when the 67 ° scanning strategy is applied. 

The experimental morphological analysis of the grains in the as-built state is difficult, so it was 

preceded to the microscopic analysis of the additive manufactured material after heat treatment (stress 

relieving 870°C / 1h, air cooling, solutionizing heat treatment 1000 °C/1h - oil quenching). By applying 

these heat treatments it is aimed to reduce the material’s high internal stress that was induced during the 

manufacturing process and to improve the material’s workability (IN 625 manufactured additive has a 

low ductility in the as-built state and is difficult to machine).  

After the heat treatment was applied, the material’s recrystallization takes place and the 

similarities between the experimental and computational results are observed (Figure 3.59). Columnar 

grains that grew on multiple layers were identified for both scanning strategies (view in the YOZ and 

XOZ planes) and equiaxed grains developed on the XOY plane for specimens manufactured using both 

scanning strategies.  

After heat treatment, besides microstructure recrystallization, packaging defects (annealing twins 

and growth twins) were also observed. Such defects have been identified by other researchers both in 

the case of the material manufactured by conventional and additive methods [97, 260, 261]. 
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(a) (b) 

Figure 3.59. Images with the additive manufactured IN 625 microstructure after heat treatment, 

obtained using the scanning strategy at: a) 90°; b) 67° 

 

The microstructural anisotropy is maintained even after heat treatment, and according to the 

literature, this anisotropy affects the mechanical properties. Thus, batches of specimens were designed 

for tensile testing, specimens build parallel to the OX, OY, and OZ axes, by applying the two scanning 

strategies at 90 ° and 67 ° with the scanning direction change by 90 °. 

Based on the results of the tensile tests, it was found that all the average values obtained for Rm, 

Rp0,2, Z, and A5, regardless of the scanning strategy applied or the orientation at which the specimens 

were manufactured, are higher than the minimum values accepted by the active standards for 

conventionally manufactured IN 625 (Rm = 485 MPa, Rp0,2 = 275 MPa, Z and A5 30% according to 

ASTM B443 [239]) as well as for the material manufactured by powder bed methods (Rm = 758 MPa, 

Rp0,2 = 379 MPa, Z and A5 30% according to ASTM F3056 [98]). The comparative analysis of the results 

according to the orientation on the building plate is presented in Figure 3.63. 

 

 

  
(a) (b) 



Prediction and optimizing advanced nickel-base superalloys features by computational methods 

 

22 
 

  
(c) (d) 

 (e) 

Figure 3.63. Tensile test results as a function of the building orientation: a) Rm; b) Rp0,2; c) E; d) Z; e) 

A5 

 

Studying the charts from Figure 3.63, it was found that the building orientation has a significant 

influence on the tensile strength of SLM manufactured IN 625. Specimens manufactured in a vertical 

position (parallel to OZ axis) have the lowest tensile performance, while specimens manufactured in the 

XOY plane have higher tensile strengths than those manufactured in a vertical position. No significant 

differences were observed between the specimens manufactured parallel to the OX and OY axis. The 

same trend was registered in the case of the Rp0,2 and E values. The specimens manufactured in vertical 

position show the highest values of area reduction and elongation. The comparative analysis of the 

results is presented graphically in Figure 3.64. 

 

  
(a) (b) 
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(c) (d) 

(e) 

Figure 3.64. Tensile test results as a function of the applied scanning strategy: a) Rm; b) Rp0,2; c) E; d) 

Z; e) A5 

 

The scanning strategy influences the mechanical characteristics, the highest values of tensile 

strength, and yield strength are recorded in the case of manufactured specimens applying a 67° scanning 

strategy. The 90° scanning strategy ensures the lowest room temperature tensile performances, 

regardless of the orientation on the specimen building orientation. 

The values recorded indicate a highly evident anisotropy level of the additive manufactured 

material parallel to the OX or OY axes relative to the material manufactured in the vertical position. This 

anisotropic character is caused by the applied tensile stress direction relative to the material’s grains 

growth direction (Figure 3.65). 

In the case of specimens manufactured in the OZ axis, the stress is applied parallel to the growth 

direction of columnar grains, while in the case of specimens manufactured on the OX and OY axis, the 

tensile stress is applied perpendicular to the growth direction of columnar grains. 

The SLM manufactured IN 625 superalloy was fractured in a complex way, which is a 

combination of ductile and brittle fracture. Matt fibrous areas specific to ductile rupture and bright 

crystalline areas specific to brittle fracture have been identified. These results are in good agreement 

with those obtained by other authors for the same material in a heat-treated state [262]. 

 

3.4 High temperature exposure influence on the oxidation behavior of SLM melted 

manufactured IN 625 superalloy 

 

The IN 625 material is commonly used for the manufacturing of gas turbine components that 

currently operate at temperatures up to 900 ° C and for short periods at higher temperatures in oxidizing 

environments. Based on these facts, it is necessary to study the behavior of the additive manufactured 

material following exposure to high temperatures in an oxidizing environment and to carry out a 

comparative study between the behavior of the conventional manufactured material and advanced 

method manufactured material. Research on the influence of high-temperature exposure on the oxidation 
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behavior of SLM manufactured IN 625 was performed at two temperature values (900 ° C, 1050 ° C) 

during 96 h. 

The experiments carried out to determine the influence of prolonged elevated temperature 

exposure to the additive manufactured IN 625 consisted of: 

- test specimens manufacturing; 

- conducting experimental research on the oxidation process kinetics; 

- conducting experimental research to characterize the oxide scale developed; 

- conducting experimental research on the influence of high-temperature exposure on tensile strength. 

 

3.4.1 Experimental research on the oxidation process kinetics 

 

The mass gain analysis of specimens exposed to high temperatures showed that the oxidation 

process at both temperatures follows a parabolic law. IN 625 oxidized at 1050 ° C shows a much higher 

mass gain compared to 900°C oxidized material. Although the oxidized material at 900°C follows a 

parabolic law, at exposure times longer than 24 h, the process appears to be more linear. This observation 

is consistent with the results obtained by other researchers in the case of Ni-based superalloys exposed 

to various oxidation processes, which comply with a sub-parabolic law at temperatures up to 900°C and 

a parabolic law at higher temperatures [147, 264-266]. 

 

3.4.2. Characterization of the oxide scale developed 
 

The EDS analysis of specimens’ surfaces revealed that after a total of 96 h of high-temperature 

exposure, the process led to the formation of mainly chromium oxide scales. Based on the analysis 

realized on oxidized specimens at 900°C besides O and Cr small traces of Mo, Nb, and Fe were 

identified, while only small traces of Nb and Fe were identified in the case of oxidized specimens at 

1050°C (Figure 3.72). 

 

(a) (b) 

Figure 3.73. EDS spectra on the top surfaces of oxidized specimens at 900 °C (a) and 1050 °C (b) 

[263] 

 

In order to determine which chemical elements, react with oxygen during its diffusion in the 

baseline material and whether a reduction in the overall metal at the specimen’s surface is registered, an 

EDS analysis was performed in four microareas (three in the oxide scale and one in the base material 

under the interface with the oxide layer) in the specimen’s cross-section. 

The quantitative chemical analysis of the specimen surface shows that after the first 24 h of the 

oxidation process at 900°C, the oxide scale contains, besides Cr, different amounts of other oxide 

forming alloying elements, such as Ni, Nb, Mo, and Fe. Thus, it can be concluded that the oxide scale 

consists of chromium oxide and other spinels or oxides containing these elements. 

Different chemical compositions were determined for the specimens oxidized at 900°C and 

1050°C. At 1050°C, the specimens’ surface is practically free of significant amounts Mo and Fe, with 
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small amounts of Nb and Ni being present apart of Cr. The high temperature oxidation process ensures 

the formation of mainly chromium oxide starting from the incipient maintenance cycles. 

In order to identify the alloying elements reparation as oxides or other phases, both oxidized specimens 

were analyzed by X-ray diffraction.  

The isothermal oxidation at 900 °C and 1050 °C for small periods of time promotes the 

precipitation of δ phase ((Mo, Nb) Ni3) (phase predicted also by thermodynamic calculations), an Ni-

rich intermetallic (MoNi4), and complex carbides ((Cr, Fe, Mo, etc.)23C6). The oxide scale formed within 

24 h at 900°C consists mainly of Cr2O3 followed by the spinel (Ni,Fe)Cr2O4, while at 1050°C it consists 

mainly in spinel (Ni, Fe)Cr2O4, followed by Cr2O3. Moreover, in case of oxidation at higher temperature 

(1050 °C) another oxide characterized by a rutile-like structure (((Cr+3(Nb, Ta)+5)(1−x)/2,(Ti+4)x)O
−2

2) was 

identified. 

Secondary phases as δ, Ni-rich intermetallic and complex carbides were identified by other 

authors [256,260, 270,271]. After prolonged temperature exposure at 900 °C only the complex carbides 

dissolves, the γ and δ phases were still present along with the MoNi4 intermetallic while the prolonged 

higher temperature exposure led to the dissolution of the δ phase, MoNi4 intermetallic, and carbides. 

Optical microscopy analysis revealed microstructural changes caused by the material’s high temperature 

exposure (Figures 3.76, 3.77). 

 

    
(a) 24h (b) 48 h (c) 72 h (d) 96 h 

Figure 3.76. Optical microscopy images showing the SLM manufactured IN 625 microstructure after 

900°C (XOZ plane) 

 

    
(a) 24h (b) 48 h (c) 72 h (d) 96 h 

Figura 3.77. Optical microscopy images showing the SLM manufactured IN 625 microstructure after 

1050°C (XOZ plane) 

 

Exposure to 900°C led to a material’s recrystallization, and the formation of a structure similar 

to the microstructure observed when applying the pre-established heat treatment for additively 

manufactured IN 625. The microstructure does not change during the 96 h of exposure at 900°C because 

the temperature is within the heat treatment temperature range of the material. Microscopic analysis 

performed in the same plane in the case of 1050°C oxidized specimens shows recrystallization of the 

material, the columnar grains transformed into equiaxed grains. The morphology of the equiaxed grains 

formed in the first stages of isothermal oxidation at 1050°C does not change after increasing the duration 

of exposure, the only difference being the number of annealing twins, prolonged exposure led to an 

increase of twins. 

The morphologic evolution of the oxide scale was assessed based on SEM analysis and different 

morphologies were observed for the oxides developed at the two high temperatures. The oxide scale 

formed at 900 °C presents a more angular morphology compared with the rounder morphology observed 
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in the case of the oxide scale formed at 1050 °C. Moreover, the oxide scale formed during oxidation at 

1050 °C looks more porous than the oxide scale formed at lower temperatures, which is more compact. 

The evolution of oxide scale during the exposure time at the high temperature was assessed by 

thickness measurements. A parabolic evolution of the oxide scale thickness as a function of time was 

registered in both types of oxidation processes. A significant difference between the oxide scale’s 

thicknesses for the two temperatures was registered. The thickness of the oxide scale formed at 1050 °C 

is almost double when compared with the oxide scale formed at 900 °C. The oxide scale thickness 

increases fast during the first 24 h of exposure, then the increase is more moderate between 24–96 h at 

both temperatures. During the exposure between 24–96 h, the oxide scale thickness increases at 900 °C 

is lower than at 1050 °C. 

As it was noticed in the case of mass gain and oxide thickness evolution analysis, oxidation for 

longer periods over 72 h at 1050 °C generates a decrease in the oxide’s thickness, along with a reduction 

of the specimen’s mass gain. This reduction of the scale thickness recorded after 72 h of exposure is 

caused by the oxide scale spallation. This was observed in case of specimens oxidized at 1050 °C, the 

oxide scale spallation was not observed in the case of specimens oxidized at 900 °C, the oxide scale 

formed in this case being denser and more even than the scale formed in the case of oxidized specimens 

at higher temperatures. A similar behavior was reported by N'dah et.al. [268] for 900°C oxidation of 

conventional manufactured IN 625 exposed for 50 h. Voids and cavities were observed in the porous 

scale formed at 1050 °C, consistent with the defects also found by other researchers in case of the IN 

625 superalloy manufactured by conventional methods [268, 278]. After the 10th cycle a specimens’ 

weight decrease was recorded, it being caused by oxide scale spallation. Oxide scale spallation and mass 

gain decrease were also noticed by other authors [265, 267, 277]. However, the oxygen diffusion 

continues, and an increase of the specimen’s weight was recorded during the following oxidation cycles. 

 

3.4.3 Experimental research regarding the high temperature exposure influence on the tensile 

strength 

 

In as-built state, the additive manufactured material parallel to the OX axis has a value of Rm = 

900 MPa, Rp0.2 = 595 MPa, Z = 20%, A5 = 27%. Comparing the results obtained in the case of as-built 

specimens manufactured parallel to the OX axis with those obtained for the heat-treated specimens, 

manufactured parallel to the OX axis, it was found that the tensile strength and the yield strength are not 

significantly affected by the heat treatment. Significant differences are observed in the case of elongation 

and area reduction, in the as-built state the alloy shows lower values compared to the values recorded 

after heat treatment, the heat treatment cycles increasing the ductility of the material. 

Repeated exposure to 900°C does not significantly affect the tensile strength and yield strength 

of the SLM manufactured IN 625 superalloy. As the microstructure of the material does not change 

during the 96 h exposure at 900°C, no significant changes were recorded regarding the mechanical 

properties determined by the tensile test. 

If no major changes were recorded after repeated exposure at 900°C, a different situation was 

recorded for the material exposed at higher temperatures. Exposure for 24 h at 1050°C led to a sudden 

reduction of Rm and Rp0.2 by 10% (from 900 MPa to 807 MPa) and 39% (from 595 MPa to 362 MPa), 

respectively. Subsequently, the material does not register significant changes in the values Rm and Rp0,2.  

The 24 h exposure at 1050°C ensures an increase in Z and A5 (an increase of 60% was recorded 

for Z - from 20% to 33%, respectively an increase of 63% in the case of A5 - from 27% to 44%), and 

then no significant changes occurred. The reduction of tensile strength and yield strength after exposure 

for 24 hours at 1050 ° C is the result of changes in grain morphology, the high strength of the additive 

manufactured material parallel to the OX axis being ensured by the tensile load perpendicular to the 

columnar grains growth direction, and the high-temperature exposure alters the grain morphology. 
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CONCLUSIONS 
 

 Within this thesis, theoretical and experimental researches were carried out regarding the 

prediction and optimization of the characteristics of the Ni-based superalloy, IN 625, manufactured by 

the advanced additive manufacturing technology from metallic powder, selective laser melting method. 

 ►The experimental researches performed regarding IN 625 powder’s characteristics evolution in 

time, as a result of its recirculation, led to the conclusion that there are no significant changes in the 

physical and technological powder’s characteristics. All results support the hypothesis that IN 625 

powder intended for additive manufacturing may be used/reused during several manufacturing cycles. 

Sieving the powder between manufacturing cycles doesn’t influence the characteristics of the products 

manufactured by this method. 

 ► Thermodynamic calculations in multicomponent systems were realized using PandatTM 

software, based on the CALPHAD method. It was concluded that changing the compositional range of 

IN 625 main alloying elements – Nb, Mo, Cr - has a significant influence on the transformation 

temperatures and its phase ratio (even within the chemical limits accepted by the standard). The results 

obtained employing PandatTM for IN 625 manufactured by conventional methods were extrapolated to 

the additive manufactured material. 

 ►Both computational and experimental methods demonstrated the tendency of the alloying 

elements to segregate preferentially, even in the case of very fast solidification of the additive 

manufactured material, and the proportion of phases resulting in raw printed material was predicted. 

 ►By computational methods, the material’s secondary phases that can precipitate following 

operation of additive manufactured IN 625 components at high temperatures or after material’s high 

temperature exposure were predicted. This conclusion has been confirmed by experimental research 

realized to analyze the influence of high temperatures exposure on the additively manufactured 

material’s behavior. 

 ►Typical microstructural characteristics for additive manufactured materials were highlighted by 

using the ANSYS Additive Suite software and experimental methods. The microstructural anisotropy of 

SLM manufactured IN 625 with different process parameters was demonstrated. 

►It was experimentally proven that SLM process parameters have a significant influence on the IN 

625’s characteristics. The volumetric energy density (VED) is a parameter that can be used to 

control/manage the material’s characteristics as VED values have a significant influence on the material 

density level, primary dendrite arm spacing, internal and external defects. 

 ►It was concluded that to obtain additive manufactured products by SLM with a maximum 

densification degree and minimum defects, are required laser powers within the range of 250-320 W and 

scanning speeds within the range of 0.6-0.8 m/s. 

 ►It was established based on the experimental researches that SLM manufactured IN 625 has a 

higher tensile strength than its conventional manufactured counterpart. To obtain the IN 625 with the 

highest tensile strength the parts should be laid on the building plate in a position that allows a 

preferential development of the microstructure to a certain direction and the subsequent mechanical 

stress should occur perpendicular to the growth direction of the columnar grains. 

 ►The results obtained from the research conducted on the determination of high-temperature 

exposure in an oxidizing environment on the additive manufactured IN 625 superalloy showed that there 

are significant differences between the behavior of the additive manufactured IN 625 as compared with 

the behavior of the same material manufactured by conventional methods. 

 The general conclusion regarding the application of computational methods for prediction and 

optimization of characteristics of Ni-based superalloys, manufactured by advanced methods such as 

additive manufacturing technology, is that current programs using such methods are not sufficiently 

advanced, but they can provide meaningful information on phase development and microstructure. 

Further experimental research must be done to adjust the existing software databases for additive 

manufactured materials and to develop new databases for several types of additive manufacturing alloys. 
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However, the advantages of computational methods are very obvious as they can greatly reduce both the 

characteristics optimization time of additive manufactured materials and material losses. 

 

PERSONAL AND ORIGINAL CONTRIBUTIONS 
 

 For the development of the current state of the art in the field of additive manufactured Ni-based 

superalloys by SLM method and in the field of computational methods used for prediction and 

optimization of characteristics of additive manufactured materials, I’ve had the following personal 

contributions: 

Ni-based superalloys manufactured additive by SLM method and computational methods for forecasting 

and optimizing the characteristics of additive manufactured materials, we had the following personal 

contributions: 

1. I have conducted researches in the scientific literature that allowed me to identify the current state 

of the art in the field of additive manufacturing and computational methods used to predict and optimize 

the characteristics of metallic materials manufactured by advanced methods such as the SLM method. 

The research led to the elaboration of a work plan and a methodology that involved two well-known 

computational methods in the field of prediction and optimizing the structure of metallic materials 

manufactured by conventional methods and usual analysis methods that were applied to characterize 

additive manufactured IN 625 material. 

2. Putting together thermodynamic calculations in multicomponent systems with the prediction of 

microstructure formation in additive manufactured materials by the cellular automaton finite element 

method and experimental research is an original approach used to achieve the thesis objectives, being a 

national novelty and a priority of the international scientific community. 

3. The recycling of metal powders intended for additive manufacturing is an internationally debated 

topic, and it was also addressed during the Ph.D. thesis. An evaluation method was defined to determine 

the IN 625 powder characteristics evolution in time after recirculating it. The method integrates powder 

metallurgy specific methods used for powder characterization with software used for microscope image 

processing. The method was used to highlight the fact that additive manufacturing IN 625 powder can 

be used/reused during several manufacturing cycles without changing its characteristics. 

4. Originally I have combined a statistical model (matrix 33) with the CALPHAD computational 

method, to determine the concentration of main alloying elements of IN 625 superalloy - Nb, Mo, Cr, 

influence on the transformation temperatures and the phase ratios. The results obtained for IN 625 

manufactured by conventional methods were extrapolated to the additive manufacturing situation.  

5. Based on the thermodynamic calculations performed, I have identified a limitation of the 

thermodynamic database of the PandatTM software (PanNi2020_TH) regarding the analysis of the 

segregation tendency of Mo, Ti alloying elements. 

6. Originally, I have put together a simplified statistical model with the computational research based 

on the cellular automaton finite element method and the experimental research. These results highlighted 

the microstructural anisotropy of IN 625 material additive manufactured by the SLM method. 

7. I have experimentally demonstrated that the volumetric energy density parameter – VED can be 

used to control/manage the characteristics of the additive manufactured IN 625 superalloy. 

8. I have narrowed the range of the main additive manufactured process by selective laser melting – 

SLM in terms of laser power and scanning speed to the range of 250-320W, respectively 0.6-0.8 m/s. 

Different combinations of values can be applied within the optimized ranges to obtain the IN 625 

material with maximum densification degrees and minimum defects by using Lasertec 30 SLM 

equipment. 

9. I have demonstrated by computational and experimental methods that the IN 625 material 

manufactured by the SLM method is characterized, in both as-printed and heat-treated state, by a strong 

microstructural anisotropy that influences the mechanical tensile strength. 

10. I have shown, based on the mechanical test performed for IN 625 manufactured using two 

scanning strategies and three building orientations that the specimens manufactured in vertical position 
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have the lowest mechanical tensile strengths regardless of the scanning strategy applied. However, the 

additive manufactured material using Lasertec 30 SLM equipment exceeds both standard specifications 

with the minimum requirements for both conventional and additive manufactured material. 

11. I have conducted experimental research regarding the influence of high temperature exposure 

influence on additively manufactured IN 625, and the material’s behavior was analyzed after exposure. 

The selected temperatures were similar to those in which the material operates (components of gas 

turbine engines). The research on the influence of isothermal oxidation on the material's characteristics 

is a topic of interest for the international scientific community and has been conducted originally. The 

results obtained showed that there are no significant differences between the behavior of the additive 

manufactured material and that of the manufactured by conventional methods. 

 The original results and contributions obtained in the thesis were used to write scientific papers 

that have been / will be published in specialized journals. Also, the research results were disseminated 

in scientific events. 

 The results obtained during this thesis are considered input data for future researches to fathom 

the knowledge in the field of additive manufactured metallic materials and in the field of additive 

manufacturing of components characterized by complex geometry that operate under severe conditions. 
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