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Abstract

:

Laser directed energy deposition (LDED) was used with a powder blend comprising 75 wt.% Rene 142 and 25 wt.% of Merl 72 (4275M72) for turbine blade tip repair applications. Sound samples could be deposited at ambient temperature on Haynes 230. The microstructural analyses showed the presence of fine gamma prime precipitates in the as-deposited samples, while after aging, the alloy possessed around 40 vol.% with a bimodal precipitate size distribution. Also, the alloy contained Ta-Hf-W carbides in different sizes and shapes. Tensile testing from room temperature up to 1366 K was performed. The 4275M72 deposits possessed higher tensile properties compared to Rene 80 in this temperature range but lower elongations at the elevated temperatures. The creep properties of 4275M72 samples at 1255 K were superior to Rene 80. Also, the oxidation resistance of deposited 4275M72 was similar to Rene 142. The combination of high mechanical properties, creep behavior, and oxidation resistance of LDEDed 4275M72 makes it a suitable alloy for tip repair of turbine blades.
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1. Introduction


Most high-pressure turbine (HPT) blades of aero and some aero-derivative industrial gas turbine (IGT) engines have been manufactured from single-crystal (SX) materials [1]. Tips of turbine blades manufactured from SX exhibit similar degradation to that of directionally solidified (DS), and equiaxed (EX) materials. Despite the outstanding mechanical properties and high oxidation resistance of SX materials, the degradation results primarily from thermal fatigue cracking, creep, oxidation, and erosion.



Since the 1980s, different materials and techniques have been used for turbine blade tip damage repair such as laser beam welding (LBW) with powder feedstock of Rene 142 (R142; ~46 vol.% γ’) and Rene 80 (R80; ~30 vol.% γ’) as well as Gas Tungsten Arc Welding (GTAW) with R142, R80, and cobalt-based Merl 72 (M72) welding wires [2,3]. Difficulties in the weld repair of turbine blades manufactured from SX materials are due to the high propensity of R142 welds to stress-strain cracking [2,4]. Also, welds of high gamma prime superalloys are prone to the heat-affected zone (HAZ) liquation cracking [5,6,7]. Cracking of R142 welds in SX material, and HAZ liquation cracking in EX and DS materials were reduced by preheating turbine blades to high temperatures prior to welding, also known as superalloys welding at elevated temperatures (SWET welding) [8]. However, SWET welding is a time-consuming and costly process. Additionally, mechanical properties of R142 SWET welds were significantly inferior to R142 EX material and Rene 80 (R80) SWET welds [2]. The mechanical properties of SWET R142, cast R142, and Gas Tungsten Arc Welds (GTAW) Rene 80 and M72 are presented in Table 1. Despite the poor weldability and mechanical properties of R142 SWET welds, it has been used more commonly than R80 for the repair of HPT blades due to its superior oxidation resistance.



In that context, an opportunity to develop and implement new repair processes and materials to further extend the service life of components exists. A new high weldability material that combines the mechanical properties of R80 with the high oxidation resistance of R142 would be the solution. This solution could be further leveraged by using processes that fall under the additive manufacturing (AM) category, such as the laser directed energy deposition (LDED) that uses a laser beam to create a metallurgical bond between the surface of the damaged part (i.e., substrate) and the added repair material [9,10,11]. This technique has lower local heat input compared to the conventional repair techniques such as laser beam welding (LBW) and SWET with welding wire, which leads to smaller HAZ and produces lower distortion. Thus, the process to repair the turbine blade tips of different geometries similar to the schematic presented in Figure 1a can be more precisely controlled to obtain a near net shape deposition at the repair site. In the context of repair of a blade with thin features, LDED has a strong advantage as it has demonstrated the possibility to fabricate thin-walled structures, also, it has been used to repair non-weldable materials or distortion-sensitive components [12,13,14,15,16]. Wilson et al. [17] demonstrated remanufacturing and repair of the turbine airfoil using the LDED process. They presented a successful repair of defective voids in turbine airfoils according to a novel semi-automated geometric reconstruction algorithm and LDED. Also, Bendeich et al. [18] studied the residual stress in a low-pressure turbine blade after repairing by LDED. This process was used to repair the eroded edges of turbine blades.



However, the development of new materials is time-consuming and expensive. Using powder blends from standard powders in lieu of the development of homogeneous powders can significantly reduce the cost of R&D and speed up implementation of new technologies. The high efficiency of this approach was previously demonstrated by the application of a Mar M247–Amdry DF3 powder blend for a repair of nozzle guide vanes (NGV) [19]. This repair example was found effective with a needed application of protective aluminizing and platinum aluminizing coatings as boron reduces the oxidation resistance of superalloys at high temperatures.



In this study, a new powder blend, composed of oxidation-resistant Rene 142 and M72 (4275M72) [20] was studied with LDED for a tip repair of high-pressure turbine (HPT) blades, which due to interference with shrouds are exposed to hot gases without protective coatings. The work focused on the characterization of the microstructure including the quantitative and qualitative analysis of precipitates and carbides in the deposit, hardness, tensile and stress rupture properties, and oxidation behavior of the LDED 4275M72.




2. Materials and Methods


2.1. Powder Preparation and Characterization


The 4275M72 powder feedstock used in this work was prepared by blending nickel-based R142 (75 wt.%) and cobalt-based M72 (25 wt.%) powders. R142 and M72 powders were blended for eight hours using a V-shaped mixer to produce a homogenized powder mixture. The particle size distribution (PSD) of the powders was analyzed using a Horiba laser particle size analyzer (Model LA-920, Horiba, Kyoto, Japan) and the morphology of powders was observed by scanning electron microscopy (SEM) using a Hitachi SU3500 SEM (Hitachi, Tokyo, Japan). The chemical composition of materials, as provided by the certificate of conformity of the supplier, was established by inductively coupled plasma (ICP) mass spectroscopy in accordance with ASTM E1613 is provided in Table 2.




2.2. LDED Procedure


Fabrication of specimens for tensile and oxidation testing was done using a Liburdi automated laser welding system (LAWS1000, Dundas, ON, Canada) equipped with 1 kW CW fiber Ytterbium IPG Photonic laser. The laser beam and coaxial conical stream of powder particles were focused on the surface of substrates as shown in Figure 1b. The powder mix was fully melted then formed a homogeneous deposited layer upon solidification. The chemical composition of deposited alloy was evaluated using inductively coupled plasma (ICP) mass spectrometry analysis.



The fabrication parameters included a deposition head speed of 1.8 mm/s, a laser beam power of 400 W focused to a spot size of 950 µm, and a powder feed rate of 4 g/min. Figure 1c shows a schematic of the 3 mm thick deposited samples. A bi-directional laser scanning strategy was used to fabricate samples for microstructural analysis, tensile and oxidation testing specimens. The samples were deposited on Haynes 230 (H230) substrate. The depositions were 10 cm in length (X), 2.5 cm in height (Z), and 0.2 cm in width (Y).




2.3. Post-Fabrication Heat Treatment


All deposited samples were subjected to post fabricated heat treatment (PFHT) prescribed for turbine blades manufactured from PWA1484 single-crystal material that comprised primary aging at 1353 K (1080 °C) for four hours, followed by secondary aging at 978 K (705 °C) for 24 h. The samples were quenched by argon flow after each heat treatment.




2.4. Microstructural Analysis


Transverse and longitudinal samples for the metallographic examination were extracted from randomly selected areas of depositions. After polishing, samples for optical microscopy were etched using standard Marble’s reagent. Samples for scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were electrolytically etched in 10% chromic acid. The Light Leica DM ILM optical microscope, KEYENCE VHX-5000, (Keyence, Mississauga, Canada), Canada, digital microscope, Hitachi SU-3500 and SU-8000 (Hitachi, Tokyo, Japan), scanning electron microscopes (SEM) equipped with EDS were used to study defects, microstructure, and distribution of alloying elements in the samples in both as-built and heat-treated conditions. Using the micrographs of optical microscopy, pores were quantitatively analyzed then bulk density was calculated. The quantitative analyses of pores and microstructure were performed according to ASTM E1382 employing image analysis using ImageJ version 1.50i software.



The X-ray diffraction (XRD) study was performed using a Bruker D8 Discover diffractometer (Bruker, Germany) with a Co Kα1 radiation (wavelength, λ = 1.78897 Å) running at 35 kV and 45 mA. The XRD scans were performed on the X-Z planes of the polished surfaces of the samples.




2.5. Mechanical Testing


Vickers microhardness test was performed using a Clark CM-100AT (Sun-tec, Novi, USA) automated microhardness equipment with 500 gf load with a 10 s dwell time.



Subsized samples for tensile and stress rupture tests were manufactured as per ASTM E8. After machining, samples were subjected to a radiographic inspection as per ASTM E1032 to meet the acceptance criteria as part of AWS D17.1/D17.1M:2010 Class A.



Tensile testing of samples at room temperature was conducted as per ASTM E8. Tensile tests were performed using a Tinius Olsen, USA machine equipped with stress–strain records and strain pacer via AMDET QUATTRO software. High-temperature tensile testing was done according to ASTM E21. The stress rupture testing was performed in accordance with ASTM E139. The dwell time at each test temperature was 30 min, and stress was kept constant during the test. Three sets of samples were manufactured, tests were repeated at each temperature using the manufactured samples, then an average value is reported in this manuscript.




2.6. Oxidation Testing


Cyclic oxidation testing of pins of 5 mm in diameter and 25.6 mm in length were manufactured from 4275M72, R80, and R142 welds of 7 × 7 × 60 mm in size. Cyclic oxidation testing of the first group of samples was conducted in still air at 1268 K (995 °C) for 1000 h to simulate service conditions of turbine blades of industrial gas turbine engines (IGT). One cycle duration was 100 h for a total test time of 1000 h (10 cycles). The second group of samples was subjected to cyclic oxidation at 1393 K (1120 °C) to simulate the takeoff condition of an aero turbine engine. The cycle exposed the second group of samples to 1393 K (1120 °C) for 50 min followed by cooling and reheating back to 1393 K (1120 °C) for 10 min. The full testing campaign was 500 h. The weight of each group of samples was measured every 100 h.





3. Results and Discussion


3.1. Powder Characterization


Figure 2 shows the PSD analysis and morphology of R142 and M72 powders used to prepare the 4275M72 powder blend. An average particle size of 76 and 96 µm was measured for R142 and M72 powders, respectively. R142 powder showed a narrow spread of particle size compared to the M72 powder. Detailed quantification of PSD analysis is presented in Table 3. Also, particles of both powders mainly possessed spherical shape with some satellites on the particles. M72 particles had more satellites and particles with irregular shapes compared to the R142 powder.




3.2. Compatibility of 4275M72 with LDED


A typical multi-layer 4275M72 LDED built on the H230 substrate in the as-built condition is shown in Figure 3a. Figure 3b shows the polished cross-section of a deposited sample, which was used for image analysis to measure the bulk density of the as-deposited sample. Spherical pores with an average diameter of 65 µm were observed in the builds which were scattered through the build. The smallest pore diameter was around 15 µm and the largest was 135 µm. The average porosity of as-built samples was around 0.8%. Considering the pores as the dominant defects that reduce the density, then the expected density in these parts is 99.2% (±0.1). The micrographs confirmed the accomplishment of crack-free and sound deposition of 4275M72 with the selected LDED parameters.




3.3. Microstructure


The epitaxial grain growth resulted in a formation of a microstructure shown in Figure 4. Generally, in LDED, the formation of columnar grains occurs epitaxially from the substrates and the orientation of the grains is tied to the laser scanning direction [21]. The optical micrograph showed that dendrites grew directionally along the build direction, yet they were contained within the layer and did not grow across the layer interfaces, which resulted in a zigzag fashion grain morphology in the build and the grains had a wide range of intersection angles due to the bi-directional deposition process [22,23,24]. At some interfaces, some grains became fully horizontal, i.e., parallel to the movement of the heat source, which is typical for the solidification of laser depositions [25].



The chemical composition of the 4275M72 samples is presented in Table 4. Also, Figure 5 shows the XRD pattern of deposited 4275M72 after the dual-aging heat treatment. The presence of three phases is evident; a (Ni, Cr, Co)-based phase which denotes the γ matrix of the alloy, an Ni3Al (γ’) precipitate, and a carbide phase of Ta and W (MC type).



Figure 6 shows SEM images of three different sections of the LDED 4275M72 sample in the as-built condition. The as-built samples contained four microstructural features: γ matrix, very fine γ’, γ/γ’ eutectics, and carbide-based particles. The presented phases are in agreement with the XRD analysis. Quantitative analysis of the micrographs, according to ASTM E1382, showed a variation of size and percentage of γ’ in three different sections of the build. The size of γ’ was 39 nm ± 1 in the top section, 64 nm ± 6 in the middle, and 50 nm ± 5 at the bottom part of the build. The volume fraction of γ’ was measured to be around 33% ± 4, 42% ± 3, and 38% ± 2 in the top, middle, and bottom sections, respectively. In the present analysis, the upper deposited layer was not evaluated since this layer is normally removed during the post-fabrication processes. The evaluated top section was around 0.5 mm from the top surface. Cyclic reheating of built layers during multi-pass deposition resulted in precipitation of ultrafine γ’ phase in the as-built condition. The top layers experienced a smaller number of reheating cycles thus the size of precipitates is smaller compared to the rest of the build. The middle section showed the largest precipitates, but at the bottom, although a greater number of reheating cycles was experienced, the size of precipitates was smaller than the middle section. This can be due to the quick sinking of the heat through the substrate adjacent to this section.



Figure 7 shows the microstructure of the build after aging heat treatment. The microstructure of the build after aging consisted of three phases, i.e., γ matrix, γ’ precipitates, and carbide-based particles. When compared with the as-built, the eutectic features were no longer present after the heat treatment, which has been reported in other heat-treated Ni-based superalloys [26]. In general, the microstructure in all three sections of the build after aging seemed more homogenous compared to the as-built sample. These samples showed bimodal size distribution of precipitates including larger secondary γ’ precipitates and very fine tertiary γ’ precipitates. The quantitative analysis of the micrographs showed that the volume fraction of γ’ precipitates after aging was very close to the as-built sample resulted in 37% ± 4, 35% ± 5, 37% ± 4 at the top, middle, and bottom sections, respectively. However, during aging, secondary γ’ precipitates grew and formed larger particles. The average primary γ’ precipitates size was 354 nm ± 41 in the top, 315 nm ± 51 in the middle, and 341 nm ± 23 in the bottom sections. On average, the size of secondary γ’ precipitates in the heat-treated sample was around eight times larger than the γ’ precipitates in the as-built condition. The growth rate of secondary γ’ precipitates under the same heat treatment condition depends on the Al content available in the matrix. More Al was available around smaller γ’ precipitates (in the as-built sample) than that around larger γ’ precipitates. Accordingly, during the aging step, the number of formation elements diffusing into larger γ’ precipitates was less in the areas with larger γ’ [27].



Very fine tertiary γ’ precipitates ranging in size from 20 to 70 nm were observed in the γ-matrix channels as illustrated with arrows in Figure 7c,e. These ultrafine tertiary precipitates represent roughly 3 vol.% of the sample. Generally, the round tertiary γ’ precipitates form during the cooling after solution treatment and aging [28] and similarly to the secondary γ’ precipitates, they contribute to the strengthening.



The shapes of γ’ precipitates can be quantitatively assessed using shape parameter ratio, η, as is graphically shown in Figure 8a. Values of η = 1 and η = 0, represent a cube or sphere shape, respectively [29]. To obtain η in different regions of the cross-section, a minimum of 40 precipitates in each region of the cross-section were analyzed. Where the shape of the precipitate was irregular, two rectangles in two different orientations of each precipitate were drawn, then an average of A and B for the precipitate was taken into account. Figure 8b shows a comparison between η of the top, middle, and bottom sections of the aged sample. The result indicated that all sections possessed secondary γ’ precipitates shaped closer to a cuboidal geometry. Considering the standard deviations of the measurements, there was no significant difference between the shape of the precipitates in different sections. None of the sections possessed a single mode of precipitate shape but large standard deviations of η values show a variation of precipitate shapes in all sections. Changes in the shape of precipitates have been described in the literature as γ’ dissolution behavior in Ni-based superalloys [30,31]. Wang et al. [31] observed precipitates of cubical, cuboidal, and spherical morphology and explained the determination of precipitate morphology due to a competition between the interfacial energy and elastic energy components.



The 4275M72 contains 0.19 wt.% C that drives the formation of carbide precipitates with the refractory elements. Figure 9 shows EDS analysis of the middle section of the build after heat treatment. The carbides were found to be rich mostly in refractory elements (Ta, Hf, and W). These particles were in blocky, cuboidal, and elongated shapes from sub-micrometer up to 3 µm in size.



The heat treatment resulted in a formation of a partially homogenized γ–γ’ structure as shown in Figure 7. However, qualitative EDS analysis showed that the average Al content in γ’ precipitates was 2.5–3 times greater than in γ-matrix.




3.4. Mechanical Properties


The microhardness test was performed on the XZ plane of the as-deposited and aged samples. Figure 10 shows the average microhardness values on several lines from top to bottom along the deposition direction. In the as-deposited sample, the hardness values were similar along the build direction although a slight variation in the hardness was observed that can be attributed to the observed variation in the volume fraction and size of precipitates. The contribution of γ’ precipitates to the strength and hardness of the alloy is related to the size, volume fraction, and shape of the precipitates [32,33]. In the as-deposited samples, although the size of precipitates changed along the build direction, the change in the volume fraction of precipitates somehow compensated this size variation and resulted in a more homogenous hardness distribution across the build. In the aged samples, more homogenous average hardness values were observed as it was expected since the size and volume fraction of γ’ precipitates were more homogenous in different areas of the aged sample. However, the average hardness value of the aged sample (385 Hv) was around 13.5% lower than the maximum hardness in the as-deposited sample (445 Hv), which could be related to the formation of the oversaturated solid solution during cooling of welds and differences in the size of γ’ precipitates. As it was shown in the microstructural analysis, the average volume fraction of γ’ precipitates in both as-built and aged sample were very close (around 40%) and the ultrafine tertiary precipitates in the aged samples only possessed around 3 vol.% of the sample, however, the average size of the precipitates after aging was eight times larger than the as-built condition. Finer precipitates of γ’ in the as-deposited sample and potentially higher Al content in the oversaturated solution of gamma matrix can be the main cause of higher hardness in this sample.



Tensile testing was performed on the aged samples since this alloy is a precipitate hardened alloy and practically should be used only after aging post-weld heat treatment. Table 5 shows the tensile properties of LDEDed 4275M72 from room temperature up to 1366 K (1093 °C). The strength of 4275M72 was superior to R80 (see Table 1) in almost the entire test temperature range. At room temperature, the ultimate tensile strength (UTS) and yield strength of 4275M72 were 26% and 22% higher than those of R80, respectively, when it demonstrated 50% higher ductility. However, at elevated temperatures R80 possessed higher ductility compared to 4275M72.



The superior strength of 4275M72 deposits when compared to R80 tensile properties provided in Table 1 can be attributed to higher volume fraction of γ’ precipitates (around 40 vol.% compared to 28 vol.%), Re solid solution strengthening [34], and precipitation of a larger amount of carbides due to higher carbon content. Re can effectively lower the coarsening rate of the γ’ precipitates, which is mostly due to its very slow diffusion rate in nickel. Additionally, the presence of Re in the solid solution is believed to increase the activation energy of dislocation motion in the matrix [35].



Fracture analysis of tensile samples at room temperature showed carbides linked by areas of ductile dimple fracture as shown in Figure 11a,b. These fractographs exhibit ductile fracture characteristics with dimples and decohesion being the main features in these fractured surfaces. The backscattered electron image in Figure 11b showed the presence of brittle carbide particles, which were cracked, within and between the dimples (bright particles). The fracture mode varied with the increasing of the test temperature, resulting in a fracture transformation from 100% dimple transgranular at room temperature to 100% interdendritic decohesion at 1255 K (982 °C). Figure 11c,d shows that quasi-cleavage and decohesion are the main characteristics in fractured surfaces of the samples tested at 1255 K (982 °C). It seems that at this temperature the interdendritic region softened and broke but there was no sign of cracks in the carbides thus the weakened interdendritic provided a crack propagation path, which resulted in dendritic characteristic exhibition in the fractured surface of these samples [36]. This fracture behavior can be attributed to a lower content of aluminum in an interdendritic γ-Ni-Co-Cr-Re-based solid solution of welds that did not undergo homogenization solution heat treatment, which will be studied and discussed in following publications. Also, the high content of Co in this solid solution weakened boundaries at high temperatures resulting in the alternation of a fracture to an interdendritic mode.



The comparison of Larson–Miller plots of R80 and 4275M72 presented in Figure 12 shows that stress rupture properties of LDEDed 4275M72 were superior to R80.




3.5. Oxidation Properties


Figure 13 shows cyclic oxidation resistance test results at 1120 °C (1393 K), a comparison of LDEDed 4275M72 with R142 and R80 welds. Deposited 4275M72 samples demonstrated superior oxidation resistance over standard R80. The oxidation resistance of 4275M72 was very competitive compared to R142, and showed a very similar behavior until 200 h of test duration, and then after this R142 possessed slightly higher resistance compared to 4275M72 up to 500 h of test duration. After 500 h of oxidation test, R142 lost 0.002 g/cm2, 4275M72 lost 0.003 g/cm2 while mass loss of R80 sample exceeded 0.49 g/cm2. A similar trend was observed when the samples were tested at 1269 K (995 °C) for 1000 h. At this temperature 4275M72 lost 0.0006 g/cm2 in 500 h and the loss of R80 was 0.0065 g/cm2, which was not as drastic as at 1393 K (1120 °C).



The 4275M72 deposits inherited high oxidation resistance from R142 and M72, which was attributed to a high content of Al and Cr while low oxidation resistance of R80 at 1393 K (1120 °C) was attributed mostly to a high content of Ti.





4. Conclusions


The quickness and precision of the turbine blade repair process are major advantages of the LDED process compared to the conventional repair techniques. This technique gives the opportunity to the end-users to redesign and repair components without the intervention of any external supplier by using their own experience and knowledge. In the presented work, a 4275M72 powder blend comprising of 75 wt.% of Rene 142 and 25 wt.% of Merl 72 powders demonstrated good weldability and produced sound LDED welds at an ambient temperature which is a major advantage compared to using homogeneous superalloys with a similar chemical composition that are prone to cracking and require preheating to temperatures exceeding 1173 K (900 °C) to produce crack-free welds. The proposed process showed the capability of producing high uniformity without any cracking. The manufacturing freedom as a result of using LDED process can lead to turbine tip repair applications such as squealer tip repair, solid tip cap repair, and even full tip replacement. All these applications have been practiced at Liburdi Turbine Services Inc. with accommodation of the LDED flexibility and material performance presented in the current work.



Mechanical properties of 4275M72 deposits were superior to mechanical properties of Rene 80 welds due to the precipitation of 40 vol.% of gamma prime phase in the ductile Ni-Co-Cr-Re based gamma matrix as well as interdendritic and intergranular W-Ta-Hf-C carbides. Also, oxidation properties of 4275M72 were superior to R80 welds at temperatures up to 1394 K (1120 °C) due to the high content of aluminum in the titanium-free weld metal. Based on a combination of good weldability with sufficient mechanical and oxidation properties LDED with the 4275M72 powder blend can be recommended for a tip repair of turbine blades in lieu of a tip repair with Rene 80 and Rene 142 welding materials. Due to the lower cost of M72 powder compared to R142, the 4275M72 powder blend costs 10–15% less than an R142 powder supply for a repair application.



In future work, the development of an alloy such that its composition will be identical to the overall 4275M72 powder blend composition can be carried out. Also, a more comprehensive high-temperature mechanical testing and creep behavior investigation, as well as studying the adhesion bonding of the deposition and the substrate and its interface will be part of future studies.
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Figure 1. (a) Schematic of a typical turbine blade tip with a squealer rim, inset shows cross-section of the tip and hypothetically repaired squealer tip (b) schematic of LDED head with coaxial powder feeding, and (c) schematic of a bi-directionally deposited sample and orientation of extracted tensile specimen in respect to the build direction. 
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Figure 2. PSD analysis and powder morphology of (a,b) R142, and (c,d) M72 powders. 
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Figure 3. (a) A multi-layer 4275M72 deposition on an H230 substrate using LDED, and (b) polished cross-section of deposited layers showing pores. 
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Figure 4. Optical micrographs of (a) bi-directionally deposited sample, and (b) higher magnification of the selected area in panel (a). 
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Figure 5. XRD patterns of LDEDed 4275M72 after heat treatment. The PDF numbers of matching phases are shown in parentheses. 
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Figure 6. (a) Typical microstructural features of LDEDed 4275M72 in the as-built condition, and evolution of γ’ precipitates in (b–d) 0.5 mm from the top, (e–g) 15 mm from the top of the build (middle), and (h–j) 2 mm from the substrate interface (bottom). 
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Figure 7. (a) A typical back-scattered electron image of aged 4275M72 deposition, and evolution of γ’ precipitates after aging in (b,c) 1 mm from the top, (d,e) 15 mm from the top of the build (middle), and (f,g) 2 mm from the substrate interface (bottom). 
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Figure 8. (a) Definition of shape parameter ratio (η) to quantitatively evaluate γ’ shapes, and (b) average values of η in three sections of aged 4275M72 LDEDed sample. The error bars represent standard deviations of the values. 
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Figure 9. (a) The 4275M72 deposits produced from the powder blend after PFHT depicting precipitation of γ’ phase and Ta-Hf-W-based carbides in the γ-matrix, (b–d) EDS spectra of phases indicated in panel (a), and (e) EDS elemental maps of carbides in panel (a). 
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Figure 10. Vickers microhardness measurement results in as-deposited and aged 4275M72 samples along the build direction from the top layer towards the substrate. 
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Figure 11. Fractographs of tensile testing samples of LDEDed 4275M72 depicting (a) a secondary electron (SE) image and (b) a backscattered (BSE) image of samples tested at room temperature, and (c) SE image and (d) BSE image of the sample tested at 1366.5 K. 
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Figure 12. Larson–Miller plot of 4275M72 compared to R80 [37]. 
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Figure 13. Cyclic oxidation resistance of LDEDed 4275M72 compared to R142 and R80 welds at 1120 °C (1393 K). 
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Table 1. Tensile properties of M72, R80, and R142 materials [3].
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Material

	
Test Temp.

K

	
UTS,

MPa

	
YS,

MPa

	
ε

%






	
M72 Welds

	
1255

	
129

	
108

	
86.8




	
1366.5

	
81

	
59

	
55.8




	
R142 Cast Rods

	
1255

	
491

	
486

	
1.0




	
1366.5

	
284

	
215

	
2.4




	
R142 SWET Welds

	
1255

	
240

	
-

	
2.7




	
1366.5

	
139

	
137

	
5.3




	
Rene 80 GTAW Welds

	
294

	
1035

	
817

	
8.0




	
589

	
703

	
555

	
19.4




	
1255

	
381

	
313

	
16.5




	
1366.5

	
253

	
168

	
8.8
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Table 2. Chemical composition of materials used in this work in wt.%.
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	Co
	Cr
	Mo
	W
	Nb
	Ta
	Al
	Hf
	Re
	Zr
	Ti
	B
	C
	Ni





	R142
	12
	6.8
	1.5
	4.9
	-
	6.3
	6.1
	1.2
	2.8
	0.02
	-
	0.015
	0.12
	Bal.



	M72
	Bal.
	20
	-
	9.0
	-
	3
	4.5
	1.0
	-
	0.2
	0.45
	-
	0.4
	15



	R80
	9.5
	14
	4
	4
	-
	-
	3
	-
	-
	0.015
	5
	0.015
	0.12
	Bal.
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Table 3. PSD analysis of R142 and M72 powders.
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	D10 (µm)
	D50 (µm)
	D90 (µm)





	R142
	53
	76
	101



	M72
	63
	96
	150
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Table 4. Chemical composition of deposited 4275M72.
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	Co
	Cr
	Mo
	W
	Ta
	Al
	Hf
	Re
	Zr
	Y
	B
	Fe
	C
	Ti
	Ni





	20
	10
	1.0
	5.6
	5.2
	5.7
	1.1
	2.2
	0.015
	0.11
	0.011
	0.01
	0.19
	0.12
	Bal.
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Table 5. Tensile properties of LDEDed 4274M72.
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Material

	
Temp. (K)

	
UTS, (MPa)

	
YS, (MPa)

	
ε, (%)






	
4275M72

LDEDed

Metal

	
294

	
1303

	
999

	
12.0




	
589

	
792

	
720

	
3.1




	
1255

	
463

	
429

	
8.8




	
1366.5

	
216

	
174

	
5.0








UTS: ultimate tensile strength, YS: yield strength, δ: elongation.
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