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One of the most common defects during the operation of turbine blades is wear of the blade tip, which can lead to scrap of the blades. Additive Manufacturing (AM) offers the possibility to avoid a cost-intensive replacement of the complete blade with repair processes via Laser Material Deposition (LMD, also known as Direct Energy Deposition, DED) processes. Due to the industrial relevance of the application, only limited information regarding the exact deposition strategy and the process parameters used for the LMD process is available. The blade geometry used in this study is characterized by the variation of the profile cross-sections over the height of the blade. In addition, the profiles are rotated around the center of their skeleton line, which is known as twist. Furthermore, the profiles are shifted along their tendon line towards the leading edge, which is referred to as the forward sweep. First, a suitable set of process parameters is determined with which pore-and crack-free basic probes with IN718 can be manufactured. In order to transfer these parameters to the turbine blade, various process strategies are investigated which take into account both the sensitive blade geometry and the kinematics of the production system used. These strategies include the adjustment of contour and hatch tracks, design of suitable fly-in and fly-out strategies, as well as measures for the production of the overhang. The shape accuracy after the process is assessed by comparing the repaired blade with its target geometry with optical measurements. In summary, the threedimensional build-up strategy used enables a stable reproduction of the twist and forward sweep and achieves a sufficient oversize for machining. Thus, the developed process represents a basic solution for the near-net-shape repair of blade tip damage of complex blade geometries, which can be applied to other blade geometries.

Introduction

In turbomachinery manufacturing, there is potential for savings in the manufacture and repair of compressor blades installed in the various components. Due to their use at high speeds, high temperatures and high pressure, the turbine blades must be manufactured from robust and high-temperatureresistant materials. The processing of these materials is associated with high costs. The above-mentioned operating conditions favor the occurrence of damage to the turbine blade. One of the most common defects is wear at the blade tip. In order to avoid cost-intensive replacement of the complete blade, a repair process consisting of several work steps is carried out. This includes the removal of the damaged areas, the restoration of the missing volume, the mechanical reworking and a final heat treatment. Laser Material Deposition (LMD) offers a suitable process for the effective repair of turbine blades due to its process-specific advantages, such as the high precision of the welding and the low heat input into the component [START_REF] Kelbassa | Qualifizieren des Laserstrahl-Auftragschweißens von BLISKs aus Nickel-und Titanbasislegierungen[END_REF]. A process schematic with powder based additive material is shown in Figure 1. Consequently, this process is the additive manufacturing (AM) process commonly applied for the repair of turbine blades and therefore part of various research and publications in the aerospace and energy sectors.

An approach for the turbine blade repair based on scan data is described by Zhang: First, the damaged blade is captured and digitized with a 3D scanning system. Based on scan data, a CAD model of the damaged blade is created. This model is compared with a target geometry to detect damaged areas. Following the removal of the damaged areas, the CNC paths of the LMD process head are created with a CAM software. [START_REF] Zhang | Damage detection and reconstruction algorithm in repairing compressor blade by direct metal deposition[END_REF] Due to warpage or wear during the operation of the blades, a nominal CAD model generally differs from a corresponding damaged model and therefore cannot be used for alignment. Hence, some publications focus on creating a nominal, undamaged alignment geometry that is reconstructed from the digitized geometry data of the damaged part. [START_REF] Gao | Investigation of a 3D non-contact measurement based blade repair integration system[END_REF][START_REF] Jones | Remanufacture of turbine blades by laser cladding,machining and in-process scanning in a single machine[END_REF][START_REF] Gao | An integrated adaptive repair solution for complex aerospace components through geometry reconstruction[END_REF] The approach of integrating all process steps necessary for the repair of turbine blades into one system is presented. Both the material application with the LMD process and the recontouring are carried out using a machining process within a single plant environment. This is intended to reduce the process time and inaccuracies caused by clamping and positioning the blades in different systems. [START_REF] Boehm | Hybrid Manufacturing of Turbine Components[END_REF] In the publications considered, the authors limit themselves to the repair of straight turbine blades with a constant profile cross-section. Here, the CAD model is cut with a constructed plane in an undamaged area. The resulting cross-section is then extruded using CAD software. Hence, a model of the original geometry can be restored. This model is then used to plan the CNC paths of the machining head. However, this procedure cannot be used for turbine blades with variable profile crosssections that are to be repaired as part of this work. Furthermore, detailed information regarding applied deposition strategies and process parameters of the LMD process are restricted available due to the industrial relevance of the application. In order to maintain their competitive advantage, companies from the energy sector or aviation, as well as their partners from research or industry, retain their knowledge. [START_REF] Denkena | Engine blade regeneration : A literature review on common technologies in terms of machining[END_REF] Two exceptions are the publications of Qi et al. [START_REF] Qi | Adaptive toolpath deposition method for laser net shape manufacturing and repair of turbine compressor airfoils[END_REF] and Penaranda et al. [START_REF] Penaranda | An adaptive laser cladding methodology for blade tip repair[END_REF]. The authors emphasize the necessity of using variable melt pool widths and associated variable track widths in the repair of complex geometries such as turbine blades. In [START_REF] Qi | Adaptive toolpath deposition method for laser net shape manufacturing and repair of turbine compressor airfoils[END_REF] a method is therefore developed by which the melt width is represented as a function of the laser power, the feed rate and the laser beam diameter. The authors verify their method by producing a blade geometry by LMD. They select a build-up strategy consisting of a contour and a center track. First, the contour is applied with a constant track width. In order to achieve a constant track overlap, the required melt pool widths are calculated at previously defined points along the center track and converted into process parameters using the transfer function.

A similar method is described in [START_REF] Penaranda | An adaptive laser cladding methodology for blade tip repair[END_REF]. In the context of the publication equations are developed, by which the required laser power to reach a desired track width and thus a required oversize is calculated. The actual width of the blade profile at each point is taken into account. The other process parameters remain constant. These equations are validated by repairing a blade mock-up. Here, a single weld track with variable width is used to build up the missing volume. In the publications mentioned above, methods are described with which the width of the molten pool within a track can be adapted to a geometry with variable profile cross-sections. The possibility of achieving a suitable track overlap and a required oversize by adaptive track planning with several tracks is neglected.

Bi and Gasser describe the improvement of the contour accuracy during the construction of thin walls by regulating the laser power [START_REF] Bi | Restoration of Nickel-Base Turbine Blade Knife-Edges with Controlled Laser Aided Additive Manufacturing[END_REF][START_REF] Bi | Characterization of the process control for the direct laser metallic powder deposition[END_REF]. During the deceleration of the processing head at the ends of the wall, more energy and powder is introduced into the process at these positions. If there is no control, the melt pool size and temperature are increased. At the same time, the melt pool temperature increases with each layer during the process. These effects result in an accumulation of material at the ends and shrinking of the ends towards the inside. By means of an adaptive laser power control with reduced laser power at these critical areas, the melt pool size is kept almost constant. This reduces material build-up and shrinking, thus improving shape accuracy. [START_REF] Bi | Restoration of Nickel-Base Turbine Blade Knife-Edges with Controlled Laser Aided Additive Manufacturing[END_REF][START_REF] Bi | Characterization of the process control for the direct laser metallic powder deposition[END_REF] 

Setup and Material

Robotic system setup

Process testing and machine measurements were conducted on a robotic cell based on a Reis Robotics 6-axis serial kinematic industrial robot with a LMD head with a motorized Fig. 2. Robot based LMD setup collimation. A Fraunhofer ILT continuous coaxial powder delivery nozzle of the D40 type was used. Beam source is a disc laser with an emission wavelength of 1030 nm and a maximum output power of 4000 W. The robotic cell is shown in Figure 2.

Powder material

The material used, In718 from AP&C Advanced Powders & Coatings Inc. is a precipitation hardening nickel-based superalloy. In Table 1 the alloy composition of Inconel 718 according to Special Metals Corporation is shown [12]. A particle size distribution between 15 and 45 µm is used. 

Reference blade geometry

The reference blade geometry (cf. Figure 3) to be repaired is the central subject of this work. For this reason, the geometrical aspects of the blade relevant for tip repair are described in more detail below. These are considered in the development of the process parameters and design. A Controlled Diffusion Airfoil profile is selected as the initial profile shape. The function of this profile type is, among others, to keep the compression surge at the transition to sound velocity low in transonic flow fields [START_REF] Hobbs | Development of Controlled Diffusion Airfoils for Multistage Compressor Application[END_REF]. The profiles are varied along the height of the blade geometry. In the hub area, profiles with greater curvature and thickness are used in comparison to the housing area. In order to achieve a given flow coefficient, the profiles are rotated around the centre of their skeleton line. This constructive measure is called twist. The angle of rotation of the twist is determined using the free-vortex method. With this computer-aided numerical method the flow field at the turbine blade can be simulated. In addition, the profiles in the area of the blade tips are shifted along their chord line towards the leading edge. This offset is called forward sweep and favors the stability of the flow at the blade tip. An extension of the chord at the tip also has a supporting effect and is adapted for the blade design [START_REF] Passrucker | Effect of forward sweep in a transonic compressor rotor[END_REF].

The intended LMD process is designed to repair tip damage of the reference blade geometry. To emulate the repair use case for this blade, a to be repaired section is of the blade is defined, herein referred as tip repair volume (cf. Fig. 3) a tangential plane is formed at the highest point of the reference blade. This plane is then shifted vertically downwards by 5 mm. The displaced plane is referred to as the first processing plane within the scope of the work. Hence the height of tip repair volume is 5 mm. The geometric details and the profile in the blade tip area are illustrated in Figure 4. These details must be taken into account during process development for the LMD build-up of the tip repair volume, both when selecting the parameter set and during path planning of the LMD process head. In the first processing plane, the profile has a maximum width of 2.20 mm and a length of 53.56 mm (measured from leading edge to trailing edge). The twist angle changes along the repair area under 1°. The continuation of the lateral shift in the form of the forward sweep is much more significant. The lateral overhang at the leading edge from the first working plane to the upper corner is approx. 1.89 mm.

Methodology

In turbomachinery manufacturing, the repair of turbine blade tips using the LMD process is an important part of research. At the same time, the literature contains little information on the exact design strategy and the process parameters used. Therefore, the test series carried out within the scope of this paper are part of a process development in order to establish suitable parameters and build-up strategies for the repair of complex turbine blade geometries. An essential part of this is the consideration of the complex geometry of the reference blade. Possibilities are to be shown to reproduce the existing twist and forward sweep at the leading edge using the LMD method. Here, a stable material deposition of the tip repair volume shall be achieved by a suitable choice of the parameter set and the build-up strategy. The LMD manufactured tip repair volume should be applied as close to the final contour as possible in order to ensure the economic efficiency of the developed process through low material consumption and low post-processing requirements. Nevertheless, the built up volume should have a suitable oversize to allow for a machining finishing. In the literature, oversizes in the range of 100 µm to 200 µm are specified for near-net-shape repair [START_REF] Penaranda | An adaptive laser cladding methodology for blade tip repair[END_REF].

First, suitable process parameters for the manufacture of single tracks, layers and cuboids are developed, taking into account the geometric details of the repair use case as described in Figure 4. By varying the process parameters, individual tracks of varying width and height are welded and measured with a microscope. Subsequently, a layer is welded by applying weld tracks next to each other. Cuboid probes are manufactured by overlapping several layers of layers. Information relevant to the layer, such as the build-up height per layer, is determined. In addition, cross sections of the built up volumes are made. These are examined for connection errors, cracks and pores and verified for use in the further steps. After determining the parameter set, the ILT CAM software LMD-CAM2 is used for path planning of the LMD process head. The selected parameters and build-up strategies are verified by build-up of abstract tip repair volume, which corresponds to the straight build-up of a volume with the cross section of the first processing plane without twist and forward sweep. These tests are conducted on substrate plates. For verification the results carried out on substrate plates are then transferred to mock-ups. The volumes built up on the mock-ups are digitized with the 3D scanner GOM ATOS 5, and then evaluated for compliance with the shape accuracy by comparison with the original CAD geometry. Afterwards, the geometric features of twist and forward sweep of the tip repair volume is integrated in the process strategy. This is again verified on substrate plates first. In the final phase, the parameters and process strategy are transferred to a demonstrator blade. Finally, an optical measurement of the volume built up on the blades is used to compare the nominal and actual geometry and to check whether a suitable interference fit has been achieved.

Results and Discussion

Process parameter development

In the first step of process development, suitable parameters for the LMD process are elaborated. The geometric details of the tip repair volume (cf. Figure 4) are taken into account for the specification of the weld tracks. Following challenges were considered for the process parameters and the process strategy:  Weld track overlap in 30% to 50% range  Accumulation of material at the blade edges and at the start and end point of weld tracks  Melting of leading edge (forward sweep)  Contour stability With a suitable overlap of the individual tracks, the missing volume should be built up at the widest point without undersize and voids between the tracks. At the same time, a stable material deposition with a suitable oversize in the thinner tip area should be ensured by selecting a suitable parameter set. First, single tracks are welded on a planar substrate and evaluated metallographically. For the final parameter determination, layers and cuboids are built with the selected parameter sets. A layer is welded consisting of 12 overlapping weld tracks. Here, a track overlap of 50% of the respective individual track width is selected. The cuboids consist of ten layers. The height of the respective layer is selected for the offset of the LMD process head per layer in z-direction.

Afterwards examination with regard to typical material defects is carried out using cross-sectional images of the single tracks, layers and cuboids. The porosity of the built-up volume are determined. A built-up sample is considered dense if the porosity is less than 0.05%. Additionally the occurrence of cracks and bonding are evaluated.

Within the scope of parameter development, the feed rate, the powder flow rate and the laser beam diameter are varied. By increasing the feed rate, the melt pool is moved at a higher speed in the processing plane. As a result, the material deposition per line element and the line energy are reduced. This results in a decreasing track height and track width. By increasing the powder mass flow, more additive material is fed into the melt pool. This allows the track height and width to be increased. The reduction of laser beam diameter results in a smaller melt pool. The primary consequence of this is a decrease in width of the individual tracks. For all experiments, the laser power is set at 250 Watts. This laser power represents the lower power limit of the used beam source. In addition, the use of a low laser power is intended to prevent distortion of the reference blade geometry. The feeding gas flow remains constant at 3 litres per minute and the shielding gas flow constant at 7 litres per minute. By measuring the single tracks under the microscope, the parameter window is restricted to the parameter set shown in Table 2. The corresponding cross sections of the single track and of the cuboid are shown in Figure 5.The focus of this paper will be on the process strategy for the deposition of the tip repair volume. For this reason, the finally validated parameters and the corresponding samples are presented here.

Specimen welded with this parameter setting show a porosity that are not measurable with a microscope. In addition, no cracks or connection errors are detected in the cross section of the specimen. 

Process strategy development for abstract tip repair volume (constant-profile tip repair)

Using the selected parameter set, the process strategy is first developed for the abstract reference tip corresponding to the straight build-up of a volume with the cross section of the first processing plane. To ensure an approximately constant track overlap, the required number of individual tracks is first determined. The maximum width of the profile of 2.2 mm and a track overlap of 50% of the individual track width of approx. 0.42 mm are taken into account. In addition, an edge offset of 20% of the track width (approx. 0.17 mm) is selected for the outer contour track. This is intended to reduce particle build-up and melting of the surface of the blade geometry by laser radiation outside the edge. Taking the restrictions into account, one contour track and three filling tracks are defined. If the centre of the welding track (laser beam axis) is exactly aligned with the edge, the edge offset is 0 mm. If the center of the welding track is shifted in the direction of the workpiece, the shift is called edge offset >0 mm. By varying the edge offset, the overhang of the material can be changed with a constant parameter set. This influences the stability of the process and the oversize of the built up volume.In order to avoid too much overlap and thus accumulation of material at the start and end points of the individual welding tracks and at the edges, the weld tracks are offset along the profile chord. In addition, the contour track is interrupted at both edges and consequently divided into two outer welding tracks. It is taken into account that a minimum track overlap of 30% of the individual track width must be guaranteed at each point in order to allow a minimum necessary overlap of the weld tracks. Furthermore, fly-in and fly-out paths are created for the contour tracks. These paths extend the traverse paths of the processing head beyond the ends of the component. The laser is switched off at the edge of the component. This avoids braking the LMD process head at the ends and moves it to the track extension. This procedure is illustrated in Figure 6 and Figure 7 (left). For the programming of the fly-in and fly-out paths for the abstract tip repair volume, the vector between the last two points of the contour tracks is calculated and extended by approx. 30 mm (cf. Figure 7, left). The LMD process head is thus moved beyond the blade at a constant feed rate tangential to the profile edge at the edges. The laser power is switched off at the last point of the contour tracks. The material accumulations in front of the edges as well as the melting of the edges are thus reduced. A further advantage is that vibrations of the processing head caused by braking and restarting during welding are avoided. In Figure 7 (right) the initial path planning taking into account the basic concept ideas is illustrated. The paths in the right part of the picture correspond to the traverse paths of the processing head with the laser switched on. The build-up strategy is first tested on substrate plates. A first result is shown in Figure 8. Afterwards the process strategy for the build-up of the constant profile blade tip is tested on a mock-up geometry (cf. Figure 9). The mock up is an extrusion of the first processing plane with a height of 10 mm. To examine the shape accuracy of the abstract tip repair volume, the repaired mock-ups are scanned with the ATOS Compact Scan 5M and compared with a nominal geometry. The target geometry is a mock-up extruded around the target height of the volume to be built up (5 mm). Within the scope of the comparison, the degree of deviation can be determined and color-coded (cf. Figure 10). By applying the explained process strategy, a stable material application is achieved with all edge offsets. All samples show an excess of pressure and suction side in comparison to the nominal geometry. At the edges, the mock-up show local deviations from the nominal geometry. The lateral accumulations of material at the edges and the tendency to increase oversize at the suction side compared to the pressure side are due to a slightly twisted orientation of the mock-ups. With regard to near-net-shape production, the built-up volume has a suitable oversize of up to 0.3 mm on the pressure and suction side. The occurrence of undersize at the edges can be counteracted by extending the contour tracks.

Process strategy development for tip repair volume

The following sections describe the procedure for integrating the twist and forward sweep into the process strategy for the manufacture of the tip repair volume. Due to the reduced heat dissipation compared to the mock-up and the horizontal offset between the layers, a melting of the material at the overhang structure of the leading edge is expected. Therefore different measures to ensure a stable material application at the leading edge are explained. Subsequently, the results of transferring the final build-up strategy to the demonstrator blade are presented and evaluated. The tip repair volume is divided into layers in the CAM software starting from the first processing plane (cf. Figure 4). The process parameters again correspond to the values validated during process parameter development (cf. Table 2). The process strategy verified in the previous section is adapted in order to manufacture the tip repair volume including the twist and forward sweep. The selected track overlap, the minimum distance between the support points and the edge offset are taken into account. In addition, the vectors of the fly-in and flyout paths are calculated for each layer and programmed. Furthermore, the orientation of the individual welding tracks is changed. The start of the material application is defined for the contour tracks and the outer filler tracks on the trailing edge. This is intended to increase the build-up stability at the leading edge through already existing material. In addition, possible delays caused by switching on the laser are eliminated. First, the build-up strategy on substrate plates is tested. The result is shown in Figure 11. A rounding of the welded-on material is visible at the leading edge. The build-up of the overhang structure of leading edge does not succeed. A possible explanation for this is a too large horizontal offset from the leading edge. Between two layers this is approx. 0.3 mm. As a result of a too large offset, the bonding surface between two layers is no longer sufficient to ensure a stable material application beyond the blade edge. Hence additional measures are necessary. Therefore, additional contour tracks are programmed in between the layers to improve the build-up stability. This reduces the lateral offset from 0.3 mm to approximately 0.15 mm. This principle of this measure is illustrated in Figure 12. An additional solution is to increase the volume applied to the leading edge. The additional material increases the bonding surface between the layers. Consequently, the laser beam is no longer guided beyond the blade edge at the leading edge. This improves the build-up stability at the leading edge and enables the build-up of the overhang. The increase in volume is achieved by a weld spot on the leading edge. For this purpose, a short laser pulse is applied to the outermost point of the contour track with the powder switched on. This creates additional volume at the tip of the leading edge. This process is repeated before the start of each layer. The underlying path planning and the process parameters used for this are not changed. In Figure 13 the result using a laser power of 300 Watts and a pulse time of 0.3 seconds are illustrated. With the examined weld spot, a stable build-up of the overhang is possible both on the substrate and on the mock-up. The increase of the built up volume is visible by the slight thickening at the leading edge. With the chosen approach a significant improvement in the structure stability at the leading edge can be achieved. Consequently, it is used for the transfer of the process to the reference blade geometry (cf. Figure 14). The 3D scan results of the tip repair volume build up on the reference blade geometry are illustrated in Figure 15.

The adapted welding spots prevent the rounding of the applied material at the leading edge and enable a stable buildup of the overhang. The oversize at the leading edge decreases with increasing height. This finding indicates that the rounding of the built-up volume is not fully compensated by the adjustment of the welding spots. No deviations from the target geometry are detected at the trailing edge. The required body height is achieved over the entire profile length. The particle adhesion is due to an asymmetrical powder focus. Compared to the nominal geometry, the repaired demonstrator blade has the oversize of 0.1 mm in almost all areas, both on the pressure side and on the suction side. An exception is the local nominal deviations on the pressure side near the leading edge. In these areas, the oversize of 0.1 mm required for machining is undershot. The maximum deviation is -0.1 mm. Together with the tendency towards a larger oversize on the suction side, this observation points to a slightly incorrect alignment of the demonstrator blade. 

Conclusion

The aim of this work is the development of an LMD process for the near-net-shape repair of turbine blade tips. First, the process parameters used are developed from tests on single tracks, layers and cuboids. The geometry of the reference blade profile is taken into account. A parameter set is validated on the basis of a suitable weld track parameter set, a defect-free cross sectional evaluation of test specimen and low porosity. In the following step the build-up strategy for a constant profile cross section is developed. A stable material application achieved here is the prerequisite for integrating the twist and forward sweep into the track planning. For this purpose, basic conceptual ideas for process strategies are first of all defined:

Based on the geometry of the profile cross section and the track geometry, one contour track and three fill tracks are programmed in. A staggered arrangement of the filling tracks ensures an almost constant track overlap and reduces material build-up at the start and end points of the filling tracks. Furthermore, the contour track is cut at the edges and fly-in and fly-out paths are programmed into the machine script. This prevents the processing head from slowing down at the edges and thus the increase of the melt size and temperature. The build-up strategy is tested on substrate plates and validated on a mock-up. For the integration of the twist and forward sweep, additional measures are implemented, building on the previously validated strategy, to enable the build-up of the leading edge overhang. Therefore, additional contour weld tracks between two layers are conducted and the volume built up at the leading edge is increased. To do this, a short laser pulse is applied to the leading edge with the powder switched on. With the selected measures, the demonstrator blade can be successfully repaired. Finally, the shape accuracy is assessed by comparing it with the target geometry.

With the defined process parameters and the developed build-up strategy, a near-net-shape repair of the turbine blade tip is possible. This ensures a stable reproduction of the twist and forward sweep. In one area of the built-up volume, the oversize (0.1 mm) required for machining is slightly undercut (maximum undersize: -0.1 mm).

For further investigations without the welding spots used, the extension of the 3-axis path planning to a 5-axis path planning is suitable. By using a turn/tilt table, the demonstrator blade can be tilted during the process. This allows the build-up direction to be adapted to the angle of the overhang at the leading edge. This would enable the build-up in the direction of the forward sweep and a stable reproduction of the forward sweep could be achieved even without welding spots. The increase in the number of degrees of freedom and the continuous interaction between processing head and rotary/tilt table requires collision control and advanced path planning. Consequently, the programming effort is significantly increased compared to the existing process.

Furthermore, process monitoring could be considered in further investigations. With a pyrometer the melt pool temperature at the edges could be measured and the influence of a variation of the process parameters such as laser power or feed rate could be detected and quantified. The results could provide information about possible adjustments of the process parameters in the area of the edges.
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Table 1 .

 1 Chemical Composition of IN718 (as in datasheet[12])

	Chemical Element		Ni	Cr	Fe	Nb	Mb
	Weight	Min	50	17	Bal.	4.75	2.80
	Share [%]	Max	55	21	Bal.	5.50	3.30
	Chemical Element		Ti	Al	Co	Mn	Si
	Weight	Min	0.65	0.20	0.00	0.00	0.00
	Share [%]	Max	1.15	0.80	1.00	0.46	0.35

Table 2 .

 2 Composition of chosen LMD process parameter

	Feed rate	Powder mass flow Laser beam diameter
	600 mm/min	1 g/min	1.1 mm
	Laser Power	Feeding gas flow	Shielding gas flow
	250 Watts	3 l/min	7 l/min
	Track distance	Layer offset	
	0.41 mm	0.42 mm