

  jmmp-08-00089




jmmp-08-00089







J. Manuf. Mater. Process. 2024, 8(3), 89; doi:10.3390/jmmp8030089




Article



Reducing Oxidation during Direct Metal Deposition Process: Effects on Ti6Al4V Microstructure and Mechanical Properties



Dominik Keller * and Konrad Wegener





Institute for Machine Tools and Manufacturing, ETH Zurich, Leonhardstrasse 21, 8092 Zurich, Switzerland









*



Correspondence: keller@iwf.mavt.ethz.ch







Citation: Keller, D.; Wegener, K. Reducing Oxidation during Direct Metal Deposition Process: Effects on Ti6Al4V Microstructure and Mechanical Properties. J. Manuf. Mater. Process. 2024, 8, 89. https://doi.org/10.3390/jmmp8030089



Academic Editor: Andrea Ghiotti



Received: 17 March 2024 / Revised: 23 April 2024 / Accepted: 23 April 2024 / Published: 28 April 2024



Abstract

:

The production of materials with a high affinity for oxidation using the direct metal deposition (DMD) process requires an extended process examination that goes beyond the usual, purely energetic consideration, with the aim of providing sufficient energy to melt the substrate and the powder material supplied. This is because the DMD process does not allow any conclusions to be drawn as to whether it and its respective selected parameters result in an oxidation critical process. To assess this, a superposition of the temperature field with the existing spatial oxygen concentration is required. This work uses this approach to develop an oxidation model that reduces oxidation during the DMD process. In addition to the numerical model, an analytical model is derived, with which the temperature of a material element can be calculated analytically and the resulting boundary oxygen concentration calculated using Fick’s 2nd law. The model also takes into account two-stage oxidation kinetics for Ti alloys. The effect of too high a travel speed (with the same specific energy of the other experiments) is shown visually in the numerical calculation of the temperature field. However, if the process model is taken into account, the components do fulfil the specified requirements. Finally, the effect of oxidation on the microstructure, microhardness, ultimate strength, yield strength and elongation at failure of Ti6Al4V structures produced using DMD is also investigated, and further supports our conclusions regarding the effectiveness of the proposed model.
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1. Introduction


Additive manufacturing (AM) represents a pioneering field in manufacturing, distinct from traditional processes, offering novel research avenues and industrial potentials. The advantages of additive manufacturing processes lie in the areas of customisability, quantity, flexibility and geometric design freedom [1,2]—the latter also known as “complexity for free”, as geometrically complex components can be realised without additional process time, costs and assembly, compared to conventional manufacturing processes (e.g., milling, turning, drilling, casting, etc.). Additive manufacturing processes can be differentiated on the basis of the feedstock and the energy source that is available as a heat source for processing. An overview of the categorisation of the individual manufacturing processes can be found in the work of Dass and Moridi [3].



This paper deals with the direct metal deposition (DMD) process, in which a melt pool is created on a substrate using a laser, and the material to be deposited, which is in powder form, is fed in using a powder nozzle. The focus of research has been on finding process windows and specifying the microstructure and mechanical properties for Fe- and Ni-based alloys [4,5,6,7], but not in creating a nearly oxidation-free process. This is important, however, as Ti alloys and, surprisingly, steels such as the martensitic steel 1.4313 exhibit strong oxidation under uncontrolled conditions [8]. A process window can be found by varying the primary process parameters of laser power, travel speed, mass flow rate and laser spot diameter. The introduction of the line energy     E   l     is as follows:


    E   l   =   P   v    



(1)




where P is the laser power and   v   is the travel speed. The quotient of the line energy can be extended by the laser spot diameter   s  , so that the specific energy     E   s     (the energy input per area with the unit J/mm2) can be calculated as follows:


    E   s   =   P   s · v    



(2)







A sufficiently high specific energy is necessary to avoid the lack of fusion between the substrate and the additive structure and reduce the porosity of the additive structure [9]. For oxidation-critical materials (e.g., Ti and its alloys, Al and its alloys, and some steels, e.g., soft martensitic stainless steels (1.4313)), finding a process window from an energetic perspective alone is insufficient, as oxidation worsens the mechanical properties of these materials (e.g., the embrittlement of titanium [10]). Titanium, in particular, has a high affinity for oxygen; therefore, the oxidation behaviour of this material and its alloys must be investigated in more detail.



Due to the high reactivity of titanium with oxygen, a well-adhering oxide layer (OL), a few nanometres thick, forms on the surface, even at room temperature [11]. This leads to good chemical resistance in corrosive media and makes titanium, with its biocompatible properties, suitable for medical technology [12]. The surface oxide usually has the composition TiO2 [13,14,15,16]. Gurappa’s work shows that a hard, brittle oxygen diffusion zone (ODZ) forms under the oxide layer, which leads to low fatigue resistance and the reduced tensile strength of the titanium deposit [17]. The oxidation kinetics that result from parabolic oxidation can be described with an oxide–metal diffusion model, according to Wallwork [18]. The oxide formed during oxidation has the thickness   d  , which is proportional to the square root of the time   t   and the diffusion coefficient     D   O x     of oxygen within the surface oxide layer formed. This means that the thickness of the oxide layer can be mathematically described by the following equation:


  d = 2 ·    D   O x   · t  .  



(3)







An oxygen gradient is present in the oxide layer, which decreases from cOx0 to c0x1. The interstitial concentration of oxygen dissolved in the titanium structure can be described by the error function, whereby the maximum oxygen concentration at the oxide–metal interface corresponds to the maximum solubility of oxygen in the metal     c   M 1    . The mathematical representation of the spatial and temporal evolution of the dissolved oxygen in the titanium structure follows the below equation:


  c   x , t   =   c   M 1   + b   1 − e r f   x   2 ·    D   M   · t       



(4)




where   b   is a constant,   x   is the distance to the metal–oxide interface and     D   M     is the diffusion coefficient for oxygen within the metal. It should be noted that these formulae only apply to oxidation after the formation of an oxide layer. Guleryuz and Cimenoglu have investigated the oxidation kinetics of Ti6Al4V for temperatures in the range of 600–800 °C and oxidation times in the range of 0.5–72 h [19]. The oxidation kinetics can be described by the following equation:


    ∆ W   A   = K ·   t     1   n        



(5)




where     ∆ W   A     is the normalised weight gain with regard to the oxidation surface,   K   is a rate constant,   t   is the oxidation time and   n   is the reaction index. For temperatures below 700 °C, a parabolic oxidation (  n   equals 2) is observed, and, for temperatures above 700 °C, a linear oxidation kinetic (  n   equals 1) is observed. The results of this study are supported by various studies. Yu et al. observed an increased, linear oxidation rate at 700 °C after 20 h due to the failure of the oxide layer [20]. Coddet et al. [21] also showed that the adhesion strength of the oxide layer is nearly zero for temperatures higher than 700 °C, leading to increased oxidation rates.



The above-mentioned results of the oxidation kinetics of titanium show only limited suitability for the DMD process. This can be explained by the following typical DMD process characteristics:




	
High-temperature oxidation in the range of the melting point of Ti, i.e., at 1670 °C and higher, can only be determined for oxidation times of several minutes or hours for isothermal oxidation. However, the DMD process does not exhibit isothermal temperature fields, but transient temperature fields with high cooling rates.



	
The temperature fields are influenced by various process characteristics (e.g., laser power, travel speed, mass flow, etc.) and material parameters such as the thermal conductivity of the material. The temperature field of the DMD process is characterised by the fact that a material element is exposed to rapidly and strongly changing temperatures, which also results in a change in the local diffusion coefficient.








The aim of this work is to model the oxidation of the DMD process at typical DMD temperature fields. These must be superpositioned with local spatial oxygen concentration distributions. For this purpose, temperature fields are calculated numerically, with which an oxidation model can be created with the help of the oxygen concentration simulation and oxygen measurement, according to [22], and the resulting oxygen uptake, which is described in the work of Keller et al. [23]. Furthermore, the effect of oxidation on the microstructure, microhardness and mechanical properties is analysed.




2. Materials and Methods


The experiments were carried out with a Ytterbium-YAG llaser (TruDisk 3001). This has a wavelength of 1030 nm with a maximum output power of 3 kW. The specification of the wavelength is important for the numerical simulation in the next Section, as the absorption of a material depends on the wavelength. The absorption coefficient is one of the input parameters for the numerical simulation. Ti6Al4V substrates are used, onto which Ti6Al4V powder is fed into the process using a ring slit nozzle (ILT (Institute for Laser technology) Coax 40 S). Ti6Al4V belongs to the class of titanium alloys known as alpha–beta alloys. These alloys contain of a mixture of both alpha (α) and beta (β) phases at room temperature. The addition of aluminium and vanadium promotes the formation of both phases, contributing to the alloy’s desirable combination of mechanical properties. The chemical composition of the powder, which was produced by Oerlikon Metco, is shown in Table 1.



The powder was transported to the powder nozzle by means of a powder feeder via antistatic hoses using a carrier gas flow. The stand-off between the powder nozzle and the substrate was 7 mm. The powder was produced using a gas atomisation process and its particles were mostly spherical, as shown in Figure 1.



Argon was used as a carrier gas and shielded gas species. The impurities of the argon gas consisted of H2O (5 bar) < 3 ppm, O2 < 2 ppm, N2 < 10 ppm, CH4 < 1 ppm and CO2 < 1 ppm. The measurement of the particle size distribution was conducted through laser diffractometry using the Bettersizer S2 instrument. The results of the measurements are shown in Figure 2.



The methodology follows a similar approach to the experiments conducted by Keller et al. [23]. However, only those experiments performed using a ring slit nozzle were selected. The process parameters of the respective experiments are presented in Table 2.



To explore the impact of travel speeds, their values were changed. In order to achieve constant deposit conditions according to the literature, the line energy or specific energy, as per Equations (1) and (2), were kept constant. For this purpose, the laser power was adjusted accordingly, ensuring that the specific energy for all experiments was 30.6 J/mm2 and the line energy was 91.7 J/mm. Additionally, the powder deposition mass per unit length,     m   P    , was kept constant at 5.5 g/m across all experiments, maintaining as consistent deposition conditions as possible. The powder deposition mass was calculated using the following equation:


    m   P   =     m  ˙    v     ,  



(6)




where     m  ˙    represents the mass flow rate in g/min and   v   denotes the travel speed in mm/min. A schematic representation of the experimental setup for the DMD experiments is depicted in Figure 3.



Twelve singletracks were built next to each other with an overlap of 50%, resulting in one layer. Four layers were built up on top of each other to achieve a sufficient height for the microhardness measurement and the necessary dimensions for the tensile samples.



The Qness Q10 microhardness tester was used to measure the microhardness. To obtain a statistically significant hardness measurement across the substrate and the deposit, three microhardness curves were measured. The measurement scheme can be found in Figure 4.



The Vickers hardness HV0.3 was measured in accordance with the DIN EN ISO 6507 [24] standard, to enable the determination of a hardness profile with a sufficiently fine resolution. The distance from the specimen edge was 3d and 6d (where d is the length of the impression diagonal) between the individual test points and corresponded to the defined minimum distance of the DIN EN ISO 6507 standard, thus avoiding any influence on the hardness test due to work hardening.



To determine the tensile strength and ductility of the individual Ti6Al4V samples, specimens were cut from the deposit using electrical discharge machining (EDM). In each case, three samples were cut in the build-up direction and three samples at 90° to the build-up direction, to investigate the directional influence of the DMD process. A schematic representation can be found in Figure 5.



The width of the individual specimen was 1 mm and the thickness was 0.3 mm. The principle and performance of micro tensile tests were explained, and the suitability of this measurement method for micro tensile specimens was demonstrated, in Beerli et al. [25]. Before measuring the tensile strength, the width of all individual samples was measured using the Keyence VHX-7000 digital microscope to analyse the microstructure, and Kroll etching was used to visualize it. An overview of the methodology described is illustrated in Figure 6.



The numerical model is presented in the next Section.




3. Numerical Simulation


The temperature fields were simulated numerically with the Comsol Multiphysics 6.1 software. Two different models were developed for the calculation of these, differing only in that, in one model, the melt pool flow was considered and, in the other, it was not, in order to achieve a higher computational efficiency, as mentioned in Soffel et al. [26]. Detailed information on the simulation approach is described in Wirth and Wegener [27] and can be taken from there.



3.1. Model Domain


The model domain has a rectangular cross-section with a length of 11 mm, a width of 5 mm and a height of 3 mm. The laser beam is fixed in the model domain at the position x = 4.5 mm and y = 0 mm and applies its energy to the substrate at z = 0 mm. The model domain with the associated coordinate system is shown in Figure 7.




3.2. Heat Source Definition


The input of laser power is simulated by means of a surface heat source   Q   x , y    . The heat source can be described as follows:


  Q   x , y   = I ( x , y ) ·   α   W P    



(7)




where   I ( x , y )   is the spatial intensity distribution and     α   W P     is the absorption coefficient of the work piece. The spatial intensity distribution   I ( x , y )   can be described as a circular heat source, as follows:


  I   r   =   2 P   π   r   L   2       e   − 2     r   2       r   L   2        



(8)




where   P   is the laser power and     r   L     is the radius of the laser spot. The assumption is made that the intensity distribution of the laser beam is bivariate Gaussian. The heat source is fixed at the position of x = 4.5 mm and y = 0 mm in the model domain. The radial distance r can be calculated using the following equation:


  r   x , y   =    ( x − 4.5 m m )   2   +   y   2     



(9)







A plot of the intensity distribution is shown in Figure 8.



For     r   L    , 1.5 mm was chosen, as this corresponds to the laser beam radius on the surface of the substrate with which the experiments were carried out.




3.3. Heat Conduction Model


The governing equation is the three-dimensional, simplified heat conduction equation that follows:


  ρ   c   p     ∂ T   t   − ∇ ·   k ∇ T   = 0  



(10)




where   ρ   is the density,     c   p     the isobaric heat capacity,   k   the thermal conductivity of the material,   T   the temperature and     ∂ T   t     its time derivative. Heat losses due to convective heat transport and thermal radiation are not considered—the former to fulfil the pure heat conduction character and the latter because it has a negligible influence on the melt pool geometry.




3.4. Fluid Flow Model


In the fluid flow model, heat convection within the melt pool flow is considered, and heat loss is taken into account by means of convection. The relevant equations that are solved consist of the continuity equation, as follows:


  ∇ ·   u  _  = 0  



(11)






  ρ   c   p     ∂ T   t   + ρ   c   p     u  _  · ∇ T + − ∇ ·   k ∇ T   = 0  



(12)




where     u  _    is the velocity vector of the fluid flow. The heat conduction equation which describes the convective heat transport, and finally the Navier–Stokes equation for incompressible flows, is given by the following:


  ρ     ∂   u  _    ∂ t   +   u  _  ·   ∇ ⊗   u  _      = ∇   − p     I  ¯   ¯  + μ   ∇ ⊗   u  _  +     ∇ ⊗   u  _      T       +   F  _  ,  



(13)




where   p   is the pressure,       I  ¯   ¯    is the unit tensor and     F  _    is the volume force vector, via which buoyancy and gravitational effects of the fluid flow are taken into account. However, it should be noted that the melt pool flow and the heat loss due to convection lead to an extension of the computational time of a factor of 60, with negligible changes to the melt pool geometry and the temperature field. This is also described in the work by Soffel et al. [26]. For this reason, only the heat conduction model is considered in Section 4 and Section 5. Furthermore, by neglecting the heat loss due to convection in the subsequent oxidation model, a more secure estimate is obtained, as the temperature field is extended by considering heat conduction alone.




3.5. Material Properties


For the specification of the material properties, the literature was analysed for constant and temperature-dependent material properties. The constant material properties used for the simulation of the temperature field of Ti6Al4V during the DMD process can be found in Table 3, and the temperature-dependent material properties can be found in Table 4.



The temperature dependence of the surface tension is calculated as follows:


    σ   S t   = 1.65 − 2.4 ·   10   − 4   K  



(14)




where the first term is the surface tension from Table 3 and the second term is the product of the surface tension coefficient from Table 3 and the temperature   T  .





4. Results and Discussion


In a study by Keller et al. [23], the oxygen content was determined in weight percentage using hot carrier gas extraction for the experiments in Table 2. The values are listed in Table 5.



The powder used has an average oxygen content of 565 ppm with a standard deviation of     σ   P     = 3.13 ppm, and the Ti6Al4V substrate has an oxygen content of 1160 ppm with a standard deviation of     σ   S u b     = 15.4 ppm. The influences of the different degrees of oxidation on the microstructure, microhardness and tensile strength are shown in Section 4.1, Section 4.2 and Section 4.3.



4.1. Microstructure Analysis


Figure 9 shows different grain structures in the deposited material and the substrate.



Area ② shows a grain change due to the absorbed laser power and the heat conduction of the hot melt pool towards the deeper substrate material, area ③ shows columnar growth of β grains and area ① shows the grain structure of the thermally unaffected substrate area. The macroscopic structure of DMD-deposited Ti6Al4V is characterized by the epitaxial growth of substantial columnar prior β-grains, extending consistently across the deposited layers. This subdivision of the microstructure into three parts appears to be independent of the degree of oxidation. In order to gain a more precise insight into the microstructure, detailed images of the individual areas were taken. These can be seen in Figure 10.



Figure 10b shows an α-Widmanstätten structure in higher layers of the build-up. The columnar grain growth in the build-up results from the high temperature gradients present in additive processes, which allow directional solidification over the height. The presence of the α-Widmanstätten structure can be explained by the complex thermal history of the DMD process. With increasing layer height, heat accumulates and the temperature gradient, G, decreases [34]. As a result, the ratio G/R (R describes the solidification rate), which is decisive for the morphology of the microstructure, decreases. As the ratio of G/R decreases, diffusion-driven processes are increasingly present, leading to the formation of the α-Widmanstätten structure. This is in agreement with the statements of Fan et al. [35], who reported α-Widmanstätten structures when the cooling rate fell below 410 K/s. Figure 10c shows a completely different characteristic of the microstructure in the HAZ. This zone experiences a rapid cooling rate at the beginning of the DMD process. This results in the formation of an α’ (martensite) microstructure, which is characterised by diffusionless folding. The microstructure of the thermally untreated substrate can be seen in Figure 10d. This zone shows α equiaxed, α elongated grains, β equiaxed and β elongated grains and results from the combined production process using rolling and subsequent annealing. The rolling process leads to elongated grains, whereas the annealing process leads to recrystallisation, resulting in equiaxed grains. There is no change in the microstructure when the same laser power and travel speeds and spot diameters are used (experiments 1–7). This shows that the degree of oxidation has no influence on the microstructure, as experiment 3 shows a significantly higher oxidation, but the formation of the microstructure results solely from the thermal history (e.g., G/R ratio).




4.2. Microhardness Analysis


Figure 11 shows the result of the microhardness measurement of the individual experiments.



The location is specified on the x-axis, where zero is the substrate level, values < zero are measured values in the substrate and, therefore, values > zero are hardness measurement points in the build-up area. The microhardness shows a clear difference between the individual experiments with different oxidation rates in the build-up material. Since the microstructure is independent of the degree of oxidation, as described in Section 4.1, it can be concluded that the increase in hardness in the build-up can be explained primarily by the different degree of oxidation. This change in hardness applies in substrate areas close to the surface (<150 µm) and in the build-up area. However, the difference in hardness cannot be explained by the oxygen content in the microstructure alone. For example, experiment no. 8 shows higher hardness values than the more oxidised experiments 1, 6 and 7. This means that there must be another hardness increase mechanism that cannot be described by the oxygen content alone. Solidification or precipitation hardening is unlikely, as neither deformation took place nor was an additional phase recognisable in the microstructure. The increase in hardness could therefore be caused by solid solution hardening and, thus, by dissolved, hardness-increasing elements. In addition to the diffused oxygen, the two elements nitrogen and hydrogen are also present. Above all, the increase in hardness in areas close to the surface (x almost 2 mm) through the diffusion of hydrogen into the titanium microstructure due to its small atomic radius appears logical. A stable formation of a surface rutile layer would act as an inhibitor for the diffusion of hydrogen [11]. However, as this does not show any real adhesion at temperatures >700 °C and these temperatures are exceeded with DMD, the assumption of hydrogenation of the microstructure, which leads to an increase in hardness, is logical. Hydrogenation can also be used to explain the hardening in substrate areas close to the surface (<150 µm). Due to the slower process of experiment 8 (travel speed of 510 mm/min instead of 720 mm/min compared to experiments 1, 3, 6 and 7), the diffusion of hydrogen through the ambient atmosphere inside the substrate can take place over a longer period of time. This can explain the onset of hardness of the experiment 8 of approximately 30 HV at the location x = −150 µm. This explanation can be supported by the lowest hardness values measured in the build-up areas near the surface (≤2 mm) of experiment 7. This experiment was carried out inside a shielding gas chamber and the hardening of the edge area by diffusion of hydrogen or nitrogen cannot take place or can only take place to a small extent. As a result, no hardening takes place here and experiment 7 shows the lowest hardness values for build-up areas near the surface. However, a longer diffusion time (see above explanation of the increase in hardness of experiment 8) cannot explain the increase in hardness of experiments 3 and 9, as experiment 3 was carried out at the same travel speed as experiments 1, 6 and 7 and experiment 9 was even at an increased travel speed. The increase in hardness in experiments 3 and 9 can therefore be explained purely by solid solution hardening due to diffusing oxygen and the formation of the oxygen-enriched solid solution (referred to in the literature as the α case [28]). In experiment 3, the α case forms due to unfavourable process parameters with regard to the carrier to shield gas volume flow ratios. By exceeding a ratio value of 0.3 in this case, a sufficient shielding gas atmosphere is not formed according to the work of Keller et al. [22]. In experiment 9, solid solution hardening by oxygen occurs due to an unfavourable temperature field with regard to the spatial oxygen concentration present. A detailed explanation can be found in Section 4.4.




4.3. Tensile Tests


Figure 12 shows the stress–strain diagram of experiments 1, 3 and 4.



As can be seen from Figure 12, experiment 1 and experiment 4 show a significantly different stress–strain curve compared to experiment 3. This can be explained by the very different degree of oxidation (experiment 1 has a degree of oxidation of 1320 ppm, experiment 3 of 4920 ppm and experiment 4 of 1110 ppm). Experiment 3 in Figure 12b shows a strong embrittlement due to the high oxidation, which leads to an increased ultimate tensile strength (UTS) with strongly reduced ductility. This is also shown by the lack of necking in experiment 3 when performing the tensile test, as can be seen in Figure 13.



Figure 12a,c shows a UTS > 920 MPa and an elongation at failure of >5%. Experiment 4 shows higher values of elongation at failure compared to experiment 1. This can also be explained by the lower degree of oxidation in experiment 4 compared to experiment 1. No uniform statement can be made regarding the orientation of the test sample regarding the build direction. For example, there is no difference between the sample orientation and the UTS. No clear tendency can be determined based on the elongation either. Experiment 1 shows a greater elongation at failure in the 90° direction, whereas experiment 4 shows a reduced elongation at failure in the 90° direction compared to the 0° direction. This study closes the knowledge gap that was not analysed by Bambach et al. [36], who investigated the tensile properties parallel and perpendicular to the build-up direction in a thin-walled structure, meaning that characterisation perpendicular to the build-up of a layer (in the present study: 90° orientation) could not be investigated. It can, therefore, be concluded that the sample orientation, as defined in this paper in Figure 5, plays a negligible role.



Finally, the tensile properties must be compared with the requirements defined in standards. For Ti6Al4V components, these are defined in the standards DIN 17,864 (for forged parts) and DIN 17,865 (for cast parts). The comparison of the values is shown in Table 6.



As can be seen from Table 6, experiments 1, 2, 4, 5, 6 and 7 fully meet the requirements regarding yield strength (YS), UTS and elongation at failure, in accordance with DIN 17,865. In comparison to the requirements for forged parts, this only applies to the YS and UTS, but the experiments show insufficient ductility. Experiment 7 is the only experiment that also fulfils all the requirements of DIN 17,865. The reason for this is that this experiment was set up inside a shielding gas chamber and thus, in addition to a low oxygen content, less nitrogen and hydrogen can diffuse into the microstructure, which has a positive effect on the ductility of this sample. Experiment 3 shows strong embrittlement due to its high oxygen content. This is reflected in the high YS and UTS, but the elongation at failure is insufficient. Experiment 8 shows sufficient strength properties at low oxygen content, but with insufficient elongation at failure. The cause of this phenomenon lies in the presence of porosity or insufficient fusion, as evidenced by microscopy images. This condition restricts the ductility observed in this experiment. Although this experiment was set up with constant specific energy and powder section mass, as mentioned in Section 2, the application conditions change. The numerical simulation, the results of which are described below, should provide clarity on this. Experiment 9 fulfils the requirements of DIN 17,864 and DIN 17,865 with regard to YS and UTS, but the elongation at failure cannot be met with sufficient certainty, due to embrittlement caused by the excessive degree of oxidation.



In general, these experiments show the high potential of DMD for the production of components. For example, without a shielding gas chamber (experiments 1, 2, 4, 5 and 6), Bambach et al. achieved similar or in some cases better values for the elongation at failure of the wire arc manufacturing experiments, which were carried out inside a shield gas chamber [36]. Experiments 1, 2, 4, 5 and 6 thus show a superposition of the temperature field with the spatial oxygen concentration, which makes the DMD process non-critical for oxidation. This is described in more detail in Section 4.4 and Section 4.5.




4.4. Numerical Simulation


Figure 14 illustrates the results of the numerical simulation for calculating the temperature field.



Figure 14 demonstrates that at constant specific energy, the results differ greatly. This indicates that the specification of the specific energy alone, as is usual in the literature, is not completely sufficient. At constant specific energy, Figure 14b shows a clear difference in the spatial expansion of the temperature field compared to Figure 14c. The slower travel speed increases the time it takes for the substrate material to dissipate heat from the hot melt pool region via its thermal diffusivity. With a reduced travel speed, this results in smaller melt pool dimensions and a smaller temperature field.



A higher travel speed leads to an extension of the temperature distributions of the hot, oxidation-critical temperatures above 700 °C for Ti alloys and to increasing overheating with each additional track applied. To create an oxidation model, the lateral dimension in the drawing plane (minus z-direction) of Figure 14 must also be taken into account in a subsequent step. This is shown in Figure 15, which illustrates that the lateral expansion in the minus z-direction of the hot temperatures is significantly lower than in the trailing temperature field in x direction. This means that the expansion of the temperature field in the z-direction is less critical for oxidation.




4.5. Oxidation Model


4.5.1. Sources of Oxidation


The possible sources of oxygen in the DMD process are summarised in Figure 16 and are taken into account in the model.



Figure 16 divides the sources of oxidation into the following four possible main causes:




	
The powder: The powder has a different degree of oxidation depending on the manufacturing process. With an equivalent diameter, a spherical shape has the lowest surface energy. This leads to a reduced surface area and thus to a reduced oxide layer on the powder compared to the blocky powder, whose structure is based on the hydride–dehydride (HDH) process. Hot carrier gas extraction measurements showed a degree of oxidation that was increased by a factor of two. The spherical powder produced by the gas atomisation process used in this work has an oxygen content of 500 ppm, whereas the HDH powder has an oxygen content of 1000 ppm.



	
The substrate: The substrate may have some contamination in the form of an oxide layer on its surface. For titanium, this oxide layer forms at room temperature. Optical measurements have shown that, at room temperature, the oxide layer thickness is 17 Å after 2 h, around 35 Å after 40 days, 50 Å after 70 days, 75 Å after 545 days and around 250 Å after 4 years [37,38,39,40]. Up to about 800 °C, the oxide layer consists exclusively of TiO2 with a rutile structure, whereby the titanium is enriched with oxygen at the titanium/oxide phase boundary [41,42,43] and follows a curve according to Equation (4). Above 800 °C, an additional formation of TiO and Ti2O3 is observed in [44,45]. However, the proportions of the individual phases were not specified there in more detail. These depend primarily on the rate of formation, i.e., on the disordered structure of the phases and the diffusion rate of the oxygen atoms through the oxide layer [46]. For the following calculation of the amount of oxygen that can be dissolved from the oxide layer, a complete TiO2 composition of the oxide layer is assumed. Assuming a thickness of the substrate oxide layer of 75 Å and the lateral oxide layer dimensions of 18 mm width and 60 mm length (which corresponds to the coating area during the DMD experiments), this results in an oxide volume of 0.081 mm3. Using the density of rutile of 4.28 g/cm3 [47] results in an oxide layer mass of 3.47∙10−4 g. The weight fraction of oxygen in rutile totals, from the ratio of the molar masses of oxygen (32 g/mol) to titanium dioxide (79.9 g/mol) [48], approximately 0.4, resulting in a mass that can be extracted from the oxide layer of 1.38∙10−4 g. An average build-up volume, which is available for dissolving the calculated oxygen mass results from the coating area and the layer height of 3 mm to a volume of 3240 mm3. With the density Ti6Al4V according to Table 4, the mass of the build-up is 14.6 g. This means that the oxygen contained in the oxide layer could increase the weight proportion of oxygen in the build-up material by around 1.38∙10−4 g/14.6 g = 9.45∙10−6 wt.% = 0.095 ppm. This means that the proportion of oxidation due to the dissolution of oxygen in the oxide layer is negligible.



	
The atmosphere: As shown in the studies by Keller et al. [22,23], a shielding gas atmosphere against oxidation is only given with sufficient certainty at a carrier gas volume flow to shield gas volume flow ratio of <0.2. According to Keller et al. [22], this shows a spatial extension of the inert gas bell of around 10 mm in diameter, regardless of the nozzle type. This diameter is used in the following oxidation model.



	
The process parameters: The process parameters influence the temperature field. This means that higher specific energies, according to Equation (2), result in an energy input into the material (neglecting attenuation). This is a common assumption for conventional laser cladding, as almost all of the laser energy is absorbed by the substrate. This also tends to increase the temperature field in the substrate, making the process more oxidation-critical. For this reason, the subsequent oxidation model provides sufficient certainty, as the temperature fields, according to Figure 14, were calculated without attenuation by the powder. As described in the introduction to this study, the temperature of 700 °C or 973 K is used as the critical oxidation temperature, as, above this temperature, no protective oxide layer adheres to the substrate and the transition from parabolic to linear oxidation behaviour occurs for Ti6Al4V.









4.5.2. Temperature Field Evolution


As can be seen from the above considerations, in addition to the use of a powder with a low oxygen content, the generation of a suitable shielding gas atmosphere with the superposition of a matching temperature field is of crucial importance for an oxidation-uncritical process. A suitable atmosphere can be achieved by maintaining a carrier gas volume flow to shield gas volume flow ratio of <0.2 as measured in [22]. The temperature field must be designed in such a way that the oxidation-critical temperature of the respective material (for titanium alloys this is 700 °C) lies within the inert gas bell. For the measurements of the three-jet nozzle and the coaxial nozzle, this oxygen gradient is approximately 5 mm from the centre of the nozzle [22]. This means that the diameter of the inert gas bell is approximately 8 mm. If the oxidation-critical temperature is located outside the inert gas bell or in the area of the sharp oxygen gradient, the oxygen concentration rises rapidly. Measurements have shown an oxygen concentration of 1000 ppm at a distance of 5.5 mm from the centre of the nozzle and, 8 mm from the nozzle, the oxygen concentration is already 14,500 ppm [22].



The simulated temperature field, as shown in Figure 14, must now be superimposed with the spatial oxygen concentration. A superposition of the temperature field with the spatial oxygen concentration is shown in Figure 17.



Figure 17 indicates that the temperature fields of the experiments with 1100 W and 720 mm/min travel speed and 797 W and 510 mm/min are not oxidation-critical, as the critical oxidation temperature of 700 °C for Ti6Al4V lies within the inert gas bell in these experiments (Figure 17a,b). In contrast, in the experiment with 1268 W and 830 mm/min, the critical oxidation temperature is outside the inert gas bell and the material oxidises strongly (4100 ppm without heat sink and 2240 ppm with heat sink, as described in Section 2). In contrast, the experiments in Figure 17a,b show an oxygen content of 1320 ppm and 874 ppm. This demonstrates the validity of the assumption of a critical oxidation temperature of 700 °C, which, together with the spatial specification of the oxygen gradient, results in a simple, geometric oxidation model. If the mathematical relationship below is not met, the process is not critical for oxidation.


    r   i g b   >   r   T o x , c r    



(15)




    r   i g b     is the radius of the inert gas and     r   T o x , c r     is the radius of the critical oxidation temperature (in each case related to the centre of the nozzle or the centre of the laser beam).



To describe the temperature distribution   T ( x , t )   in the x-direction, the heat conduction equation below has to be solved:


    ∂ T   ∂ t   = α   ∇   2   T  



(16)




where   α   is the thermal diffusivity of the substrate material. As can be seen from Figure 17, the temperature distribution in the x-direction is critical for oxidation in the opposite direction to the travel speed. This simplifies the heat conduction equation in the x-direction to the one-dimensional form of the following:


    ∂ T   ∂ t   = α     ∂   2   T   ∂   x   2     .  



(17)







The intensity distribution of the laser is proportional to the energy applied to the surface of the substrate. Therefore, the power of the laser over a surface can be used as the source term in the heat conduction equation. The power absorbed by the substrate is as follows:


  P   x   =   α   W P   · I   x   · A =     α   W P   · I   0     e   −     x   2         r   L     2       · A ,  



(18)




where   A   is the cross-sectional area of the laser focus. This gives the heat input   Q   per volume, as follows:


  Q   x   =   P   x     A   = I   x   .  



(19)






    ∂ T   ∂ t   = α     ∂   2   T   ∂   x   2     +   I   0     e   −     x   2         r   L     2        



(20)







This is used as the source term in the heat conduction equation and the result is given above (Equation (20)).



Taking into account the constant travel speed   v  , the heat conduction equation to be solved to determine T(x,t) is as follows:


    ∂ T   ∂ t   = α     ∂   2   T   ∂   x   2     +   I   0     e   −     ( x − v t )   2         r   L     2       .  



(21)







Due to the non-linearity of the heat source, the above equation can only be solved numerically, as shown in Section 4.4. An analytical solution in the non-closed form of Equation (21) is known, which is as follows [49]:


  T =   T   0   +     q   m     π ρ   c   P    4 π α      ∫  0   t        t −   t   ′       2 α   t −   t   ′     +     r   L     2       e         x − v   t   ′       2   +   y   2     4 α     t −   t   ′       2   + 2     r   L     2     −     z   2     4 α   t −   t   ′           d   t   ′   .  



(22)







In this work, however, we use the numerical solution of Equation (21), as described in Section 4.4, as this provides more precise results than Equation (22), since Equation (22) does not consider temperature-dependent material properties, whereas the described numerical simulation does.




4.5.3. Oxidation Kinetics


The diffusion process can be described by Fick’s second law using the following equation:


    ∂ c   ∂ t   =   ∂   ∂ z     D   ∂ c   ∂ z     ,  



(23)




which establishes a relationship between the temporal concentration gradient     ∂ c   ∂ t     and the spatial concentration gradient     ∂ c   ∂ z    . This also allows the case of transient diffusion processes to be represented. In order to be able to give an analytical solution to Equation (22), a constant diffusion coefficient is assumed, and Fick’s second law is simplified to the following:


    ∂ c   ∂ t   = D     ∂   2   c     ∂ x   2     .  



(24)







The initial and boundary conditions are defined as follows:




	
  c ( z , 0 ) =   c   0    ;



	
  c ( 0 , t ) =   c   R 0    ;



	
    ∂ c   ∂ z     x = L   = 0   (no flux on the lower side of the substrate thickness).








In order to specify the second boundary condition more precisely, the measured oxygen concentration distribution of the coaxial nozzle from Keller et al. [22] was used. To obtain a function of the boundary oxygen concentration, a regression was carried out which fits the data points with a high degree of agreement (R2 = 0.995). The data points, as well as the fitting function, can be seen in Figure 18.



As can be seen from Figure 18, the boundary oxygen concentration follows the function shown below:


    c   R 0   ( x ) = 151551 ·   e   −   e   ( − 0.442 · ( x − 9.69 ) )     .  



(25)







However, this spatial boundary oxygen concentration can be used for DMD processes with a carrier gas to shielding gas volume flow ratio of 4/15. With this specification of the boundary oxygen concentration, a significant distinction is made from the literature [17,18,19,20,21], which allows the titanium samples to oxidize in atmospheric air (e.g., an infinite reservoir of diffusing oxygen). Since the boundary oxygen concentration is non-linear, no closed analytical solution of Equation (24) can be found using the separation of variables approach. A Taylor series expansion, with which the fitting function according to Equation (25) could be approximated linearly, also makes no sense, as the same oxygen concentration would then be obtained for all radial distances   x  . A different approach is therefore used for modelling the oxidation kinetics. If the oxidation-critical temperature     T   o x , c r .     for materials is within the inert gas bell (  x   < 5 mm), oxidation can be neglected as a first approximation. If, on the other hand, the oxidation-critical temperature     T   o x , c r .    , at which there is no sufficient adhesion of a protective thin oxide layer such as with Ti alloys, is outside the inert gas bell (  x   > 5 mm), the oxygen concentration adsorbed by the metal results from the integral of the nozzle-specific boundary oxygen concentration     c   R 0    . This integral is given as follows:


    ∫  0     x     T   o x , c r .   .        c   R 0     x     d x    



(26)




where     x     T   o x , c r .   .     is the location at which the oxidation-critical temperature is present on the surface of the substrate (  z   = 0). This atmospheric concentration still needs to be converted into a resulting oxygen concentration in the material. This can be undertaken with the help of stochiometry. The oxygen transfer coefficient Ψ introduced here results from the product of the solution from Equation (25) and the molar mass ratio of the oxygen and the oxygen-absorbing material and is calculated according to the following equation:


  Ψ =     ∫  5     x     T   o x , c r .   .        c   R 0     x     d x     ·     M   O       M   S u b      



(27)




where     M   O     is the molar mass of the oxygen is and     M   S u b     is the molar of the substrate material.



As shown in Section 4.5, the numerical calculation of the temperature field, by solving Equation (21) using the finite element method or the numerical solution of Equation (22) and the subsequent superposition of the spatial oxygen concentration can be used to describe the significant increase in oxidation with the same specific energy input. This way, titanium alloys can be produced with the DMD process that fulfil the oxidation limits and the requirements for the mechanical properties. This means that the oxidation rate can be minimised using the oxidation model presented and can serve as a future guideline for the production of Ti components using DMD. In the future, it is logical to extend the application of the oxidation model and the observed distribution of boundary oxygen concentration to additional materials prone to oxidation, such as aluminium alloys. To achieve this, a heat conduction simulation, akin to the one detailed in this study, would be required, incorporating the specific material parameters (e.g., thermal diffusivity, absorptivity) and identification of the critical temperature for oxidation.






5. Conclusions


The production of Ti6Al4V components using DMD requires suitable process control, not only with regard to the usual process windows considered, which are characterised purely energetically by the supply of a sufficiently high energy input into the substrate, so that a lack of fusion (interlayer porosity) and porosity in the build-up is avoided. This study shows that a holistic approach is required, which, in addition to the exact specification of the temperature field, requires superposition with the spatial oxygen concentration. It is shown that reduced travel speed at the same specific energies increasingly shifts the oxidation-critical area into the region of low oxygen concentration. The present work can be used for the production of components from oxygen affine materials or generally to minimize oxidation during the DMD process. In summary, the following results were achieved in this work:




	
The microstructure analysis shows different structures in different areas. This change is due to the different thermal history. The thermally unaffected substrate shows elongated grains, α martensite present in the HAZ and an α-Widmanstätten structure present in columnar β grains. The microstructure shows no dependence on the degree of oxidation.



	
Heavily oxidized samples show the highest hardness values, which, however, have insufficient ductility properties.



	
Tensile tests show that, by adhering to the oxidation model presented in this work, Ti6Al4V components can be produced using DMD that fulfil the requirements defined in the relevant standards.



	
Specific energy is not a sufficient parameter for the production of oxidation affine materials. At the same specific energy, a higher travel speed leads to increasing overheating.



	
The varying levels of oxidation can be determined by overlaying the spatial distribution of oxygen concentration at the boundary, with the temperature field calculated numerically using the heat conduction equation. It is important to emphasize that the oxygen concentration profile described by Equation (25) is applicable only under specific conditions: a carrier gas flow rate of 4 L/min and a shielding gas flow rate of 15 L/min. These conditions are critical for establishing an adequate shielding gas environment. From an energetic standpoint, it becomes evident that, for a given specific energy input, reducing the travel speed has a beneficial impact on minimizing oxidation to the lowest extent possible. By meticulously adjusting parameters such as the carrier gas flow rate, shielding gas flow rate, laser power and feed rate, it becomes feasible to mitigate oxidation effectively.
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Figure 1. Scanning electron microscope (SEM) image (image taken at 400× magnification) of the used Ti6Al4V powder for the DMD experiments [23]. 
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Figure 2. Particle size distribution of the powder used for the experiments. Cumulative percentage (Cum%) refers to the proportion of particles smaller than a particular micron size. On the other hand, the term “differential percentage” (Diff%) denotes the proportion of particles that have exactly that micron size. 
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Figure 3. Experimental set-up for the DMD experiments: (a) conventional set-up, (b) with shield gas chamber and (c) with heat sink. 
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Figure 4. Schematic methodology for conducting a series of microhardness measurements. 
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Figure 5. Extraction of micro-tensile specimens through EDM. To determine the directional dependence of the direct metal deposition (DMD) process, samples were machined from the deposit in various orientations. (a) Schematic representation, (b) real specimens. 
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Figure 6. Schematic representation of the methodology. First, the influence of the gas flow settings, travel speed, protective gas chamber and a heat sink on the degree of oxidation was investigated. Based on this, the influence of the degree of oxidation on the microstructure, microhardness and tensile properties was examined. Finally, an oxidation model was developed which, based on a numerical temperature field simulation, showed a way of reducing oxidation. 
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Figure 7. The model domain with fixed beam source for the temperature field calculation. 
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Figure 8. Intensity distribution of the laser beam, defined as a surface heat source. 
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Figure 9. Overview of the microstructure of substrate ①, heat-affected zone (HAZ) ② and build-up ③. (a) Experiment 1 with an oxidation level of 1320 ppm and (b) Experiment 3 with the highest oxidation level of 4920 ppm. 
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Figure 10. Detailed images of the individual microstructure areas of experiment 1. (a) Zone ① shows the substrate thermally unaffected by the DMD process, zone ② shows the heat-treated area in the substrate with equiaxed grains and zone ③ shows the DED build-up with columnar grain growth, (b) microstructure of the build-up, (c) microstructure of the HAZ, (d) microstructure of the substrate. 
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Figure 11. Microhardness measurement of the individual experiments with different oxygen contents. 
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Figure 12. Stress–strain curves for different experiments. (a) Experiment 1, (b) experiment 3 and (c) experiment 4. The engineering stress and the engineering strain could be determined for only one of six tensile tests, as the remaining five tensile specimens of experiment 3 did not show any plastic behaviour and, therefore, it was not possible to create the diagram. 
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Figure 13. True strain map for various experiments. (a) Experiment 1 and (b) experiment 3. Experiment 1 shows a present necking ①, whereas experiment 3 does not and is a sign of a brittle fracture. 
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Figure 14. Numerical results of the transient simulation of the temperature fields as a result of heat conduction. All experiments were carried out with constant specific energy and a laser spot diameter of 3 mm. The laser power and travel speed were varied as follows: (a) laser power: 1100 W, travel speed: 720 mm/min, (b) laser power: 797 W, travel speed 510 mm/min and (c) laser power: 1268 W, travel speed 830 mm/min. 
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Figure 15. Numerical results of the transient simulation of the temperature fields (top view). All experiments were carried out with constant specific energy and a laser spot diameter of 3 mm. The laser power and travel speed were varied as follows: (a) laser power: 1100 W, travel speed: 720 mm/min, (b) laser power: 797 W, travel speed 510 mm/min and (c) laser power: 1268 W, travel speed 830 mm/min. 
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Figure 16. Oxidation sources of the DMD process. The oxidation sources in the Ishikawa diagram summarise the causes for the oxidation (effect) of Ti6Al4V during the DMD process. The powder has a different structure depending on the powder production process, as can be seen in the SEM images on the left. 
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Figure 17. Superposition of the inert gas bell with the temperature distribution. All experiments were carried out with constant specific energy and a laser spot diameter of 3 mm. The laser power and travel speed were varied: (a) laser power: 1100 W, travel speed: 720 mm/min, (b) laser power: 797 W, travel speed 510 mm/min and (c) laser power: 1268 W, travel speed 830 mm/min. 
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Figure 18. Fitting the boundary oxygen concentration     c   R 0     with respect to the radial distance of the nozzle. The nozzle is located at x = 0. 
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Table 1. Chemical composition of the substrate and powder material in weight percentage.
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	Ti
	Fe
	C
	H
	O
	N
	Al
	V





	Substrate
	Bal.
	0.17
	0.013
	0.002
	0.115
	0.0045
	6.25
	4.09



	Powder
	Bal.
	0.24
	0.002
	0.002
	0.05
	0.004
	6.34
	4.25










 





Table 2. Experimental plan for investigating the effects of gas flow settings, shield gas chamber utilisation, travel speed and a heat sink (as shown in Figure 3) on oxidation during the DMD process.
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	Laser Power [W]
	Travel Speed

[mm/min]
	Powder Mass Flow [g/min]
	Laser Spot Diameter [mm]
	Carrier Gas Flow [L/min]
	Shield Gas Flow [L/min]
	Shield Gas Chamber
	Heat Sink





	1100
	720
	4
	3
	4
	15
	no
	no



	1100
	720
	4
	3
	4
	30
	no
	no



	1100
	720
	4
	3
	8
	15
	no
	no



	1100
	720
	4
	3
	8
	30
	no
	no



	1100
	720
	4
	3
	2
	15
	no
	no



	1100
	720
	4
	3
	2
	30
	no
	no



	1100
	720
	4
	3
	8
	15
	yes
	no



	797
	510
	2.8
	3
	4
	15
	no
	no



	1268
	830
	4.6
	3
	4
	15
	no
	yes










 





Table 3. Constant material properties of Ti6Al4V for the simulation of the temperature field.
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	Property
	Value





	Solidus temperature
	1878 K [28,29]



	Liquidus temperature
	1933 K [28,29]



	Latent heat/melting enthalpy
	3.65  ·  10−5 J/kg [30]



	Absorptivity
	0.34 [31]



	Volume expansion coefficient
	8.9  ·  10−6 1/K [32]



	Density
	4420 kg/m3 [32]



	Viscosity
	3.2  ·  10−3 kg/m s [33]



	Surface tension
	1.65 N/m [33]



	Surface tension coefficient
	−2.4  ·  10−4 N/m K [33]










 





Table 4. Temperature-dependent material properties of Ti6Al4V for the simulation of the temperature field. All data are taken from Lu et al. [32].
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	Temperature [K]
	Thermal Conductivity [W/m K]
	Heat Capacity at Constant Pressure [J/kgK]





	293
	7
	546



	478
	8.75
	584



	773
	12.6
	651



	1268
	22.7
	753



	1373
	19.3
	641



	1473
	21
	660



	1873
	25.8
	732



	1923
	83.5
	831



	2273
	83.5
	831










 





Table 5. Oxygen concentration within the microstructure of the different build-ups. Four cubes were extracted from each sample to quantify the oxygen concentration.
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	Experiment
	Oxygen Content [ppm]
	Standard Deviation [ppm]





	1
	1320
	120



	2
	1120
	95.2



	3
	4920
	533



	4
	1110
	74.8



	5
	1320
	134



	6
	1230
	101



	7
	1010
	21.6



	8
	874
	29.3



	9
	2240
	437










 





Table 6. Comparison of oxygen content, yield strength, tensile strength and elongation at failure for samples with different oxygen contents.
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	Experiment
	Oxygen Content [ppm]
	Yield Strength, YS

[MPa]
	Tensile Strength, UTS [MPa]
	Elongation at Failure, [%]





	1
	1320
	859 ± 9.5
	952 ± 20.1
	6 ± 0.5



	2
	1120
	842 ± 6.2
	922 ± 15.7
	7 ± 0.6



	3
	4920
	1267
	1370
	1.5



	4
	1110
	839 ± 7.2
	915± 16.9
	7 ± 0.4



	5
	1320
	836 ± 6.2
	921± 17.1
	6 ± 0.7



	6
	1230
	865 ± 11.7
	968 ± 19.4
	8 ± 0.6



	7
	950
	862 ± 15.5
	952 ± 30.5
	11 ± 0.8



	8
	874
	840 ± 12.1
	958 ± 22.3
	3 ± 0.8



	9
	2240
	862 ± 21.5
	969 ± 40.3
	5 ± 0.8



	Cast DIN 17,865
	-
	≥785
	≥880
	≥5



	Forged DIN 17,864
	-
	≥830
	≥900
	≥10
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