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Abstract

:

VDM Alloy 780 is a novel Ni-based superalloy that allows for approximately 50 °C higher operating temperatures, compared to Inconel 718, without a significant decrease in mechanical properties. The age hardenable NiCoCr Alloy combines increased temperature strength with oxidation resistance, as well as improved microstructural stability due to γ′-precipitation. These advantages make it suitable for wear- and corrosion-resistant coatings that can be used in high temperature applications. However, VDM Alloy 780 has not yet been sufficiently investigated for laser metal deposition applications. A design of experiments with single tracks on 316L specimens was carried out to evaluate the influence of the process parameters on clad quality. Subsequently, the quality of the clads was evaluated by means of destructive and non-destructive testing methods, in order to verify the suitability of VDM Alloy 780 for laser metal deposition applications. The single-track experiments provide a basis for coating or additive manufacturing applications. For conveying the results, scatter plots with regression lines are presented, which illustrate the influence of specific energy density on the resulting porosity, dilution, powder efficiency, aspect ratio, width and height. Finally, the clad quality, in terms of porosity, is visualized by two process maps with different mass per unit lengths.
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1. Introduction


In order to meet today’s environmental and climate challenges, both the production processes and the resulting products must have an increased sustainability aspect. Additive manufacturing processes, in this case laser metal deposition (LMD), can make a decisive contribution here, as it enables the production of near-net-shape geometries without significant material waste [1] or graded materials [2], as well as cladding operations [3]. The resulting parts can have advanced properties due to the build-up of parts from various materials.



LMD enables a wide range of applications due to a large product range of available powder materials, such as repair [4,5,6], additive manufacturing [7,8,9] and cladding [10,11,12,13]. Research in this field includes parameter optimizations [14,15], simulation [16,17,18], process monitoring and control [19,20,21,22] and material structure, as well as mechanical properties [23,24,25]. The process variants of laser cladding can be differentiated in terms of the material supplied. A differentiation is made between powder-based and wire-based laser metal deposition [26]. Powder-based LMD uses powder particles that are injected into the process by means of a carrier gas. Typical powder grain fractions are between 50 and 100 μm [27]. The feeding systems of additive materials in powder-based LMD processes can be divided into coaxial-continuous, coaxial-discontinuous and lateral systems [28].



Ni-based superalloys can be used for numerous applications, such as the manufacturing of static and rotating components in aircraft turbines [28,29], repair of gas turbines [30], as well as wear- and corrosion-resistant coatings [31,32,33]. Most research in the field of LMD features Inconel 718 [34,35,36] or Inconel 625 [36,37,38,39]. A novel material that has hardly been used in the LMD process so far is VDM Alloy 780. The age-hardenable NiCoCr superalloy features increased temperature and oxidation resistance, as well as improved microstructural stability due to γ′-precipitation [40,41].



The objective of this work is to create a process map for powder-based LMD of the VDM Alloy 780 on the 316L substrate, to provide a basis for advanced processing applications in cladding or additive manufacturing. Due to the high number of process parameters, a process map is helpful to enable user-friendly production by predicting the quality of the clads [42]. The result of the deposition process depends on various process parameters, such as laser power, feed rate, powder mass flow, nozzle and carrier gas flow, stand-off distance, preheating temperatures, cooling rates and material properties. However, the main process parameters, i.e., laser power, feed rate and powder mass flow, are crucial for a qualitative results [43]. The quality of the clad is evaluated by the degree of dilution [44,45], density [46], cracks [47,48] and the microstructure. Furthermore, economical aspects such as powder efficiency and build rate are considered. In addition, economic aspects, such as powder efficiency and build-up rate, as well as the relationships between process parameters and quality characteristics, are taken into account. Finally, the results consist of multiple scatter plots and two process maps. The scatter plots are provided to show the relationships between quality criteria and specific energy density, while the process maps help in a defect-free deposition of VDM Alloy 780 on 316L.




2. Materials and Methods


2.1. Material Preparation


As additive, the gas-atomized age-hardenable VDM Alloy 780 (VDM Metals, Germany) with a grain size of 53–100 µm is used. It is characterized by an austenitic microstructure, in which several phases can occur. The most important characteristic is the establishment of γ′-precipitation that replaces the γ″-hardening compared to known alloys, such as Inconel 718 [40]. While in Inconel 718 longtime exposure to temperatures above 650 °C leads to the transformation of the metastable γ″-phase and the loss of strengthening effects, VDM Alloy 780 features a higher temperature stability with excellent mechanical properties due to thermodynamically stable γ′-precipitation. The key difference of VDM Alloy 780 is the addition of Co, substituting Fe and Ni. This constrains the solvus temperature of the γ′-phase and consequently decelerates the precipitation [40]. The hardenability results from the alloy elements niobium, titanium and aluminum. Tillack [49] shows that increasing the contents of aluminum and titanium decreases the weldability, but increases the amount of strengthening γ′-precipitation. Studies on other age-hardenable Ni-based alloys with γ′-precipitation, such as Waspaloy [50] and IN 100 [51], have already been carried out. The chemical composition of the VDM Alloy 780 is listed in Table 1.



Figure 1 shows a comparison of the currently most used nickel-based superalloys in LMD. The dashed line indicates when an alloy is considered difficult to weld. As the figure shows, weldability is strongly influenced by the alloying elements aluminum and titanium. Due to its composition of 0.6 wt% Ti and 2 wt% Al, the VDM Alloy 780 exhibits significantly poorer weldability compared to Inconel 718 (IN 718). However, compared to U-700 and IN 100 alloys, it is still in a better weldability range.



As substrate material, an austenitic stainless steel (316L) with a thickness of 10 mm and a milled surface (Ra = 0.8 µm) is used. Due to the excellent corrosion resistance and well-defined mechanical properties, these steels have a wide range of applications. For experimental preparation, the surface of the specimens was cleaned and degreased with ethanol. The chemical composition of 316L is listed in Table 2. The 316L was chosen as a substrate material because of its face-centered cubic lattice structure, as well as the comparable amount of Cr with regards to the VDM Alloy 780.




2.2. Experimental Setup


The experimental setup features a Trumpf TruDisk 4001 solid-state laser as a beam source, with a maximum output power of 4000 W and a wavelength of λ = 1030 nm. A 600 μm fiber optic cable is used to guide this radiation to the optics. For the optics and nozzle, a Trumpf BEO D70 processing optic and an ILT SO 16 three-jet nozzle are used. The imaging ratio of 2:1 and an adjustable collimation allow for focusing the diameters of the laser beam between 1.2 and 8 mm. The SO 16 powder nozzle has a processing distance of 16 mm and a powder focus diameter of 4 mm. Thus, single-track widths of 1.5–7 mm were generated. The transport of the gas and powder to the process is ensured by the GTV PF 2/2 powder conveyor. The conveyor features two powder containers with different conveying volumes. The maximum conveying volume of the main container is 80 g/min. Both containers are operated with up to 12 l/min helium 4.6 as the carrier gas. Argon 4.6 with a flow rate of up to 20 l/min is used as a shielding gas. A KUKA KR 16-2 is used as the handling system for the laser cladding process.




2.3. Experimental Procedure


	
The parameters for the experimental study are defined on the basis of the literature data for comparable materials such as Inconel 718 [29] and 625 [39]. In advance, the laser power is determined by an approximation equation based on literature information [46]. The equation describes the required laser power as a function of machine- and material-specific factors. Radiation losses due to component reflection are not taken into account, since the assumption is made that these are nearly completely absorbed by the powder stream. For an economically optimized application, the following quality requirements are placed on the weld:



	
To ensure that the powder is used optimally, the laser beam is adapted to match the constant powder focus diameter (4 mm), ensuring a nearly complete deposition of the additive.



	
As quality characteristics, an aspect ratio of 4:1 [52] and a low degree of dilution (5–30%) [53] are desired.



	
At the same time, high build-up rates should be realized in order to achieve an economical process.






Based on the limits of the experimental setup and the material properties of the VDM Alloy 780 and 316L, a laser power of approximately 3670 W at a track width of approximately 4 mm is required. As laser cladding is a multi-parameter problem and a new material pairing is used, a statistical experimental plan helps to efficiently implement the experiments. A design of experiments, based on the approximated initial parameters, is developed to investigate the influence of different energy densities at two constant massper unit lengths (27.9 g/m and 39.3 g/m). The first mass per unit length was based on previously performed tests with Inconel 718 and process parameters selected from literature data [29]. The second mass per unit length was selected due to the poorer weldability of the VDM Alloy 780 compared to Inconel 718.



Based on the conclusion of Tillack [49] that the lower feed rates favor a more stable process, lower feed rates were investigated in the second part of the design of experiments. To ensure the comparability of the results, the specific energy density is retained. This results in a higher mass per unit length and a longer interaction time between the laser and the material.



The process parameters for laser power, feed rate and powder mass flow rate are shown in Table 3. Carrier, as well as shielding gas flow rates are kept constant. The carrier gas flow rate used is 4 l/min, while the shielding gas flow rate is 16 l/min. Additionally, to eliminate external interferences and process errors induced by the system, a block formation with randomization is carried out.




2.4. Metallographic Preparation and Evaluation of Quality Characteristics


All specimens were cut on a cut-off machine, using a cut-off wheel with 250 mm outer diameter. Subsequently, the samples were warm-bedded. The metallographic preparation involved a series of three grinding steps (220, 500 and 1000) for five minutes each. After each grinding process, the specimens are cleaned in an ultrasonic bath with ethanol for five minutes. The specimens are then polished with a 3 µm diamond polish for ten minutes. The polishing wheel is cleaned under water using detergent and a brush after each operation. The etching of the specimens was then carried out with V2A etchant for 45 s at 60 °C, which allows for both microstructural analysis and the investigation of flaws such as pores, bonding defects and cracks. The analysis of the cross-sections was carried out on a light microscope (Leica DM LM). In addition, the microstructure was examined with a scanning electron microscope (SEM) (JEOL 6460L), and energy-dispersive X-ray spectroscopy (EDX) analyses were performed. The quality characteristics considered are porosity, the degree of dilution, aspect ratio, powder efficiency, as well as the height and width of the seam.



The porosity    ε P    provides information on how large the volume of the cavities is compared to the total volume of the clad. Pores and shrinkage cavities are formed during rapid solidification processes in which no outgassing of the molten material takes place and negatively affects the mechanical properties of the clad. The porosity of a welded clad can be calculated using the following Equation (1).    A P    indicates the area of a pore in the cross section and    A T    the total area of the clad [29].


   ε P  =    ∑   A P     A T     



(1)







In addition to porosity, the degree of dilution is an important parameter for assessing the quality of a clad. The degree of dilution indicates the percentage of the additive that does not directly build up the volume, but creates the bond between the substrate and the additive. The degree of dilution,    A D   , of a clad can be calculated according to the following Equation (2).    A 2    indicates the cross-sectional area which does not cause a direct volume build-up and has immersed into the substrate material.    A 1    describes the cross-sectional area that is located above the substrate surface and achieves a volume build-up [54].


   A D  =    A 2     A 1  +  A 2    ∗ 100 %  



(2)







The aspect ratio, AR, provides information on the ratio of the width, W, to the height, H, of the clad and is calculated according to Equation (3). The ratio affects the tool path generation in coating and additive manufacturing applications, as the required overlap and layer height are affected.


  A R =  W H   



(3)







The powder efficiency indicates the percentage of the powder conveyed during the process that was effectively applied. The powder efficiency was calculated as the quotient of the applied mass    m A    and the maximum applicable mass,    m  A , m a x    , according to Equation (4). The maximum applicable mass,    m  A , m a x    , can also be expressed as the product of the clad length,  l , and powder mass flow rate,   m ˙  , divided by the feed rate,  v .


   η P  =    m A     m  A , m a x     =    m A  ∗ v   l ∗  m ˙     



(4)









3. Results and Discussion


3.1. Metallographic Analysis


Figure 2 shows a cross section of a specimen with the lowest porosity of 0.091%, an aspect ratio of 3.8, 30% dilution, 1.38 mm height and 5.25 mm width. The specimen was fabricated using a laser power of 3500 W, a feed rate of 612 mm/min and a powder mass flow rate of 24 g/min. Spherical pores, but no cracks or bonding defects, were observed. The largest pore measured 17.2 µm in diameter and no local concentration of pores could be detected in the entire cross section. The etching with V2A etchant for 45 s at 60 °C reveals a columnar grain structure characterized by elongated, epitaxial grain growth. A solidification structure with elongated grains growing in a normal direction to the substrate material was observed across all specimens. Additional bright interdendritic phases can be detected. These were further investigated by SEM analyses. Figure 3 presents the SEM micrographs of the microstructure of an as-deposited VDM Alloy 780 clad. Light gray precipitations that were analyzed using EDX show high amounts of Nb (approx. 22%). This phase is similar to the Laves phase and usually precipitates in alloys containing high amounts of Fe. EDX analyses of the dark-colored regions (γ-Matrix) show high amounts of Fe (approx. 10 to 15%) due to the intermixing of the substrate and the additive.




3.2. EDX Linescan Analysis


Similar to Inconel 718, VDM Alloy 780 is a Nb-bearing, nickel-based superalloy. During LMD, the non-equilibrium solidification of the local molten pool leads to microsegregations of a high concentration of refractory elements such as Nb and eutectic Laves phases [55].



If different materials are used as substrates and additives, the mixing of the materials occurs in the dilution zone. Therefore, it is necessary to ensure that the mixing of the elements does not have a negative influence on the mechanical or chemical properties of the materials. A higher Fe content in Ni-based alloys, for example, promotes the formation of a Laves phase [56]. These brittle phases are crack-propagating, especially if they are precipitated in a chain-like manner [55].



Figure 4 shows that in the dilution zone, the amount of Fe changes. It can be observed that due to the LMD process, an increase in Fe within the additive has taken place. With a higher specific energy density, higher Fe contents can be detected in the additive. This value also strongly correlates with the dilution (Figure 5b). In order to achieve a low degree of dilution, lower specific energy densities are needed. This enables less mixing of the alloying elements, but results in higher porosity (Figure 5a). For the parameter sets applied, an increased amount of iron in the additive was detected in each specimen. The lowest Fe content (7.1%) was determined for a specific energy density of 5.45 kJ/g. The highest Fe content was observed at a specific energy density of 10 kJ/g, at 22.3%. EDX-based area determinations are averages, and local values may be higher. The Fe content in the LMD clad initially decreases steeply with the distance from the substrate, until a constant value is reached.




3.3. Statistical Analysis


The microscopic analyses of the clads show that there were no bonding defects, as well as cracking in the specimens. Figure 5 shows scatterplots of the results for the quality characteristics porosity (a), dilution (b), powder efficiency (c), aspect ratio (d), width (e) and height (f). While a–e are mainly influenced by specific energy densities, f seems to be mainly influenced by the used mass per unit length. The regression analyses for c to f, on the other hand, show a linear relationship. A higher specific energy density results in a lower porosity (a) for both mass per unit lengths, which asymptotically approaches a value of 0.1% in this experimental study.



The degree of dilution (b) increases with a higher specific energy density, but converges to 38.2% for 27.9 g/m and 37% for 39.3 g/m for >10 kJ/g. In coating applications, low mixing is desirable to avoid different chemical properties. In contrast, a higher degree of dilution has a positive effect on the bonding quality in additive manufacturing applications. High intermixing of the substrate and the additive leads to unstandardized alloys, in which phases and precipitates can form, which have a negative influence on, for example, the strength and corrosion resistance.



The powder efficiency (c), as a function of specific energy density, indicates the largest deviation in the regression analysis (Pearson correlation r = 0.763 for 27.9 g/m and r = 0.627 for 39.3 g/m). Due to the low material deposition in relation to the substrate weight, the deposited mass can only be determined inaccurately. Nevertheless, it is observed that as the specific energy density increases, the powder efficiency also increases. In a, b and c, the mass per unit length is significantly responsible for the steepness of the regression line.



The aspect ratio (d) is an important characteristic for coating applications and additive manufacturing [45]. In pure coating applications, it has a decisive influence on the path calculation of the surface to be coated (overlap ratio). In the production of volumes, important path planning parameters are based on the aspect ratio in order to create near-net-shape geometries and be able to design the post-processing efficiently. The aspect ratio can be predicted for both mass flows via the regression equation, with an r = 0.913 for 27.9 g/m and r = 0.893 for 39.3 g/m.



With a mass per unit length of 39.3 g/m, an ideal ratio of 4:1 is achieved with a specific energy density of 8.5–10 kJ/g. In addition, a low porosity and high powder efficiency can be observed.



If the width (e) and height (f) are considered as separate characteristics, the resulting characteristic can be predicted more accurately for lower mass per unit lengths. The regression lines in d, e and f are parallel to one another. Here, the mass per unit length mainly influences the Y-axis intercept, and defines the start and end values for the selected mass flows. Based on the regression analyses and the requirements for a high quality clad, a target optimization can be defined, which suggests the processing of the VDM Alloy 780 with ≥8.5 kJ/g. At the same time, a larger mass flow results in higher build-up rates.



However, the maximum processing parameters, such as laser power, feed rate and powder mass flow, are system-dependent and must therefore be adapted to the existing system with reference to the available specific energy density.



The determined parameters of the single-track tests are only suitable to a limited extent for adaptation in the generative build-up of thin-walled structures or volumes. The temperature gradient generated during the additive manufacturing process has a detrimental effect on the microstructure and the residual stresses. Furthermore, shape deviations, as a result of local heat accumulation, are possible. However, the single-track experiments provide geometrical and metallurgical properties of the clad, which save time and materials for further investigations.
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Figure 5. Scatterplots of quality characteristics vs. specific energy densities with 27.9 g/m (blue) and 39.3 g/m (red): (a) Porosity; (b) dilution; (c) powder efficiency; (d) aspect ratio; (e) width; (f) height. 
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3.4. Process Map Definiton


Figure 6 and Figure 7 show two process maps for laser metal deposition of the VDM Alloy 780 using different mass per unit lengths. The investigations show that higher specific energy densities in combination with lower feed rates result in a lower porosity. Efficient deposition is possible with a higher mass per unit length, since lower porosity values can be achieved at the same build rate using a lower feed rate. The process window in Figure 7 already starts to open at a mass per unit length of 39.3 g/m from a level of 3400 W, allowing porosity values of less than 0.3% to be achieved. With a mass per unit length of 27.9 g/m, on the other hand, only a process window can be glimpsed in the upper left corner of Figure 6. Presumably, this window will open further by increasing the energy density; in other words, by increasing the laser power higher than P = 4000 W or reducing the feed rate. Contrary to this, a reduction of the feed rate is also undesirable, since this would result in economic losses. Considering the build rate of the process additionally, an increase in the mass per unit length seems reasonable, since this keeps the build rate constantly high and a further reduction of the porosity can presumably take place at lower energy densities.





4. Conclusions


The aim of this work was to create a process map for single-track clads of the VDM Alloy 780 on the 316L substrate. The main process parameters, such as laser power, feed rate and powder mass flow rate, are used in the design of the experiments to investigate the influence of different specific energy densities at constant mass per unit lengths. The results of the investigation show that a high-quality clad with <0.15% porosity can be achieved with 27.9, as well as 39.3 g/m. While the process window for economically efficient quality cladding is rather small at 27.9 g/m, higher mass per unit lengths seem to be advantageous for processing with lower specific energy densities. Optimization with masses per unit length > 39.3 g/m will further improve the economic efficiency of the process, as higher build rates can be realized. The most significant conclusions from the present study are as follows:




	
In powder-based laser metal deposition of the VDM Alloy 780 on the 316L substrate, higher masses per unit length improve the overall porosity values.



	
Higher mass per unit lengths are beneficial, since the degree of dilution is reduced at high specific energy densities with low porosity values [57]. In addition, the intermixing of the substrate and the additive must be kept low to avoid different chemical properties of the VDM Alloy 780 clads.



	
A mass per unit length of 39.3 g/m with 8.75 kJ/g achieves high clad quality (0.091% porosity, aspect ratio of 3.8 and 30% dilution).



	
The appearance of the Laves phase in deposited clads occurs due to the intermixing of the substrate and the additive.



	
EDX analyses show that the Fe content strongly depends on the specific energy density of the process. The lowest Fe content of 7.1% was determined for a specific energy density of 5.45 kJ/g. The highest Fe content was observed at a specific energy density of 10 kJ/g, at 22.3%.



	
In order to further reduce the porosity (<0.1%) and the Fe content in the clad, higher mass per unit lengths with lower feed rates should also be considered.
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Figure 1. Weldability comparison of the most commonly used Ni-based superalloys in LMD [49]. 
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Figure 2. VDM Alloy 780 clad with a porosity of 0.091%, aspect ratio of 3.8, 30% dilution, 1.38 mm height and 5.25 mm width, etched with a V2A etchant (45 s at 60 °C). 
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Figure 3. SEM image of a VDM Alloy 780 microstructure as built: (a) light gray precipitations are Nb-rich; (b) transition zone between the substrate and the applied material, no cracks can be detected. 
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Figure 4. EDX linescan analysis of specimens with 6.67 kJ/g and 27.9 g/m, quantitative distribution of the iron content along the cross-section. 
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Figure 6. Process map of the VDM Alloy 780 regarding the feed rate and laser power, using a mass per unit length of 27.9 g/m. 
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Figure 7. Process map of the VDM Alloy 780 regarding the feed rate and laser power, using a mass per unit length of 39.3 g/m. 
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Table 1. Chemical composition (wt%) of the VDM Alloy 780.
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	Ni
	Cr
	Fe
	C
	Mn
	Si
	Cu
	Mo
	Co
	Nb + Ta
	Al
	Ti
	B
	P
	S





	bal.
	18
	≤4
	≤0.1
	≤0.5
	≤0.3
	≤0.5
	3
	24
	4–6
	2
	0.6
	≤0.02
	≤0.03
	≤0.015
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Table 2. Chemical composition (wt%) of the 316L substrate.
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	Ni
	Cr
	Fe
	C
	Mn
	Si
	Mo
	P
	S





	12.5
	17.5
	bal.
	0.03
	2
	1
	2.5
	0.045
	0.03
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Table 3. Design of experiments to investigate the influence of different specific energy densities at a constant mass per unit length: (a) feed rates for 27.9 g/m; (b) feed rates for 39.3 g/m.
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Laser Power [W]

	
Feed Rate [mm/min]

	
Powder Mass Flow Rate [g/min]

	
Specific Energy Density [kJ/g]




	
(a)

	
(b)






	
3000

	
1183

	
840

	
33

	
5.45




	
3250

	
1183

	
840

	
33

	
5.91




	
3500

	
1183

	
840

	
33

	
6.36




	
3750

	
1183

	
840

	
33

	
6.82




	
4000

	
1183

	
840

	
33

	
7.27




	
3000

	
1075

	
762

	
30

	
6.00




	
3250

	
1075

	
762

	
30

	
6.50




	
3500

	
1075

	
762

	
30

	
7.00




	
3750

	
1075

	
762

	
30

	
7.50




	
4000

	
1075

	
762

	
30

	
8.00




	
3000

	
968

	
690

	
27

	
6.67




	
3250

	
968

	
690

	
27

	
7.22




	
3500

	
968

	
690

	
27

	
7.78




	
3750

	
968

	
690

	
27

	
8.33




	
4000

	
968

	
690

	
27

	
8.89




	
3000

	
860

	
612

	
24

	
7.50




	
3250

	
860

	
612

	
24

	
8.13




	
3500

	
860

	
612

	
24

	
8.75




	
3750

	
860

	
612

	
24

	
9.38




	
4000

	
860

	
612

	
24

	
10.00

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jmmp-07-00086


  
    		
      jmmp-07-00086
    


  




  





media/file8.jpg
B |

Substrate |






media/file11.png
-
L
s
o]
Q.
-
O
1]
©
-

1000 1050
Feed rate [mm/min]

1100

Porosity [%]
< 015

0.15
0.30
0.45
0.60
0.75

0.30
0.45
0.60
0.75
1.00
1.00






media/file6.jpg
LaVes-phase ®

7

Matrix

e
Substrate






media/file1.png
Porosity [%]

Powder efficiency [%]

Width [mm)]

Scatterplot of Porosity [%] vs Specific energy density [kJ/g]

12 lg/m]
—ip— 2749
-4&- 393

0.8

0.6

0.4

0.2

0.0
5 6 7 8 9 10
Specific energy density [kJ/g]

(a)

Scatterplot of Powder efficiency [%] vs Specific energy density [kJ/g]

100.0 lg/m]
—8— 279
-4- 353

97.5-
95.0

92.5-

875

5 & 7 8 9 10
Specific energy density [kl/g]

(c)

Scatterplot of Width [mm)] vs Specific energy density [kJ/g]

5.75 fa/m]
—— 279
-~ 393

5.50
5.25
5.00

4.75

5 6 7 8 9 10
Specific energy density [k)/g]

(e)

Dilution [%)]

Aspect ratio

Height [mm]

35

30

25

20

i
tn

o
=)

0.9

Scatterplot of Dilution [%] vs Specific energy density [kJ/g]

6 7 8
Specific energy density [kJ/g]

(b)

Scatterplot of Aspect ratio vs Specific energy density [kJ/g]

6 7 8
Specific energy density [kJ/g]

(d)

Scatterplot of Height [mm] vs Specific energy density [kJ/g]

Specific energy density [k)/g]

()

[g/m]
27.9
39.3





media/file13.png
Laser power [W]

4000

3800

3600

3400

3200

3000 M—

650

P

700 750
Feed rate [mm/min]

Porosity [%]

< 0.15
0.15 - 0.30
0.30 - 045
0.45 - 0.60
0.60 - 0.75
0.75 - 1.00

> 1.00





media/file10.jpg
B
H
g
g

1000 1050
Feed rate [mm/min]

Porasiy [%]
w0

o1
0%
B ois
= a0
078

03
o3
08






media/file7.png
%

o

1SR

e
5
P -2,
.
c.®
e

X3, BAaA

S

§
i

1]

44 BEC

15kU

ArBaa

A RO
b =

Substrate

11 44 BEC






media/file12.jpg
Laser power [W]

3200

200 BB P
650 o 7 r
Feed rate [mm/min]





media/file9.png
P s

Tatoett— 1

100






media/file5.png
-'ﬁ‘ {;gfvfg ; .-:;f; »

.? fﬁ ” ! *‘{ ':“.,‘.f.
I AT N

- .'
L RN
33 g

¥ >
Sty L
LY oy

o &

N '
e’é‘?
f .'.’». ¢
‘“-
%r






media/file3.png
Aluminum [wt%]

3 4
Titanium [wt%]





media/file4.jpg





media/file0.jpg





media/file2.jpg
IN 100

(]
u-700

9
R
[ I
E)
<

IN718

[%Mm] wnuunyy

Titanium [wt%]





