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Abstract

:

In this research, we studied the creep properties of a selective laser melting (SLM)-processed γ′-strengthened IN939 superalloy along the building direction compared to a conventional cast alloy as a reference specimen. In the as-built condition, high-density dislocations were formed as a result of the SLM process due to the generation of the larger thermal gradient. Post-heat treatment was necessary to obtain specific mechanical properties to match industrial requirements. Two heat treatment conditions were used: the first was lower temperature heat treatment (LTH: solution treatment at 1160 °C/4 h + aging at 850 °C/16 h). The second was higher temperature heat treatment (HTH: solution treatment at 1240 °C/6 h + aging at 850 °C/16 h). Creep tests were conducted at 816 °C/250 MPa. The first and second heat treatment conditions were used for the SLM specimens, but only the first condition was used for the cast alloy (cast-LTH). The SLM specimens in the as-built and LTH conditions showed very poor creep life but good elongation. The poor creep life of the as-built specimen was caused by high dislocation density and the small recrystallized grains formed during testing. In the LTH specimen, poor creep life was due to the formation of the undesirable η phase at the grain boundary, as well as the formation of small recrystallized grains during testing. The creep life of the HTH specimen was 2.7 times longer compared to the LTH specimen. This was because these specimens were covered with recrystallized grains that included low-density dislocations, columnar grain morphology with random orientation, improvement in γ′ precipitate size, and elimination of undesirable η phase. The cast LTH specimen showed longer creep life than SLM specimens because of coarser grains with low-density dislocations, γ′ precipitate coarsening during the creep, and the presence of carbides at grain boundaries. In addition, the cast LTH specimen exhibited lower creep strain rate than SLM specimens also helped in creep life improvement.
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1. Introduction


Ni-based superalloys are widely used in aircraft engines and power generation industries because of their excellent properties like tensile, creep, fatigue, corrosion, and also oxidation resistance at extremely higher temperatures (~850 °C) [1]. To obtain these properties at higher temperatures material should survive without failure for a certain period. The conventional cast process is complex and cost-oriented to make intricate shapes like turbine blades in aerospace industries. In addition, this process results in macro segregation due to melt-related problems such as porosity and segregation, which degrade mechanical properties [2]. To overcome this problem a new technology should be designed and developed. The only way to mitigate this problem is through rapid solidification of metal or use of a solid-state sintering process or additive manufacturing process.



Additive manufacturing (AM) technology, also known as 3D printing or rapid prototyping, has gained attention in recent years in various industries including aerospace and automotive. Among various processing methods, the selective laser melting (SLM) process has good features for the AM of nickel-based superalloys. It melts the powder layer by layer with high laser power, resulting in large thermal residual stresses within the parts. Additive manufacturing technology has already been studied and put to practical use in various materials such as stainless steel [3,4,5,6], Ti-based alloys [7,8,9,10], TiAl alloys [11,12,13], and Ni-based superalloys [14,15,16,17].



For high-temperature applications, IN718 is the most commonly used material due to its excellent mechanical properties owing to primary strengthening phases γ″ and γ′. However, the γ″ precipitate is a metastable phase and transforms in to δ (γ″ → δ) above 650 °C [18]. Furthermore, for applications at higher temperatures other alloys are required. One such material is Inconel 939 which is widely studied in the cast and wrought conditions [19]. It is a high-chromium alloy with good mechanical properties and is capable of operating at temperatures up to 850 °C [20].



γ′-Precipitation-hardened Ni-based superalloy IN939 was developed in the late 1960s to meet industrial requirements on mechanical properties, oxidation, and corrosion resistance at temperatures up to 850 °C [21,22,23]. IN939 has been widely used in aircraft engine components that experience intense heat, including gas turbine blades, vanes, fuel nozzles, diffusers, etc. [24]. There are very few studies that have been done on AM of IN939. Kanagarajah et al. studied a SLM-processed IN939 that showed a columnar-grained structure, which led to superior tensile and fatigue properties compared to conventional materials cast at room temperature and 750 °C [22]. Philpott et al. showed the effect of conventional heat treatment on microstructures of the cast and SLM-processed materials [25]. However, in the previous study, only the effect of heat treatment on the microstructure was studied; they did not address the creep property, which is an important characteristic of Ni-based superalloys.



In this study, we consider the effect of heat treatment on the microstructure and creep characteristics of the SLM-processed IN939 alloy at the practical temperature of 816 °C. Solution and aging heat treatments were conducted on SLM-processed materials. The solution heat treatment was done at 1160 °C and 1240 °C, followed by aging heat treatment at 850 °C/16 h/AC. The microstructural and creep properties were studied. The solution heat treatment at 1160 °C/4 h was used to homogenize the microstructure, while the solution heat treatment at 1240 °C was used to get the fully recrystallized grains, which will prevent the recrystallization during heat treatment and creep.




2. Materials and Methods


A batch of gas-atomized IN939 powder (EOS Nickel Alloy IN939) was used as test material for the SLM process; its typical chemical composition is given in Table 1. A block with dimensions of 45 × 45 × 45 mm3 was built by the EOS M290 SLM machine (EOSINT M290; EOS, Robert-Stirling-Ring 1, 82152, Krailling, Bavaria, Germany) in a protective argon atmosphere. The SLM IN939 block was separated from the base plate and sliced into thin plates (3.1 mm thick) by using an electro-discharge wire cutting machine (Brother HS-300, Tokyo, Japan) and creep specimens were cut from the plates.



A conventionally cast IN939 alloy was used as the reference material. Two kinds of heat treatments were conducted in this study. In the first condition, solution heat treatment was performed at 1160 °C/4 h in an Ar atmosphere (homogenization of γ matrix, dissolution of γ′ and η phases), followed by furnace cooling (FC), an aging heat treatment at 850 °C/16 h, and then air-cooling (AC) (for growth of primary γ′ precipitate and carbides). In the second condition, solution treatment was conducted at 1240 °C/6 h/FC (the aim is to eliminate residual stresses and to improve grain size which is beneficial for good creep properties), followed by aging heat treatment at 850 °C/16 h/AC. The first and second condition heat treatments were used for SLM specimens; however, in the case of the cast IN939 alloy, only the first heat treatment condition was used, as shown in Table 2.



Microstructural evolution observations were carried out with a scanning electron microscope (SEM) and transmission electron microscope (TEM). Electro-discharge (ED) wire cutting was used to cut SEM specimens for microstructure observation. The surface was ground with emery paper and polished with 9 μm and 3 μm diamond pastes, and colloidal silica. An etchant containing 20 vol.% phosphoric acid and 80 vol.% water was prepared for electro-etching. The electro-etching was carried out at 2.0 V and 0.2 A current. SEM (S-3700N, Hitachi, Tokyo, Japan) observation and electron backscatter diffraction (EBSD) images (Oxford Instruments, Oxfordshire, UK) used an accelerating voltage of 15 kV. TEM (JEM-3200FS, JEOL, Tokyo, Japan) was used to observe the microstructure. As-built blocks were cut using a wire ED machine (EDM) in cross sections parallel to building direction with dimensions of 15 mm long, 5 mm wide and around 0.325 mm thick. These samples were then polished starting with #120 to #1200 grit size emery paper. After the final polishing step (1200 grit size emery paper), slab thickness was ~60–65 μm. From these slabs, 3 mm diameter disks were cut using a disk punch. Thereafter, electrolytic polishing was carried out using a twin-jet electropolishing apparatus with 10% perchloric acid and 90% ethanol as an electrolytic solution. Parameters for electro-polishing are electrolyte temperature: −30 °C; voltage: 20 V; current: 15 mA. Creep test samples were cut with a wire EDM, and the gage length dimensions of each sample were 19.6 × 2.8 × 3.0 mm3 [2] (Figure 1). The creep test was carried out at 816 °C/250 MPa.




3. Results


3.1. Microstructural Characterization


3.1.1. As-Built Specimen


Figure 2 shows the SEM micrographs of the as-built specimen. It clearly shows the arch-shaped molten pool boundaries (MPB) resulting from the layer-by-layer processing (Figure 2a) [26,27]. At higher magnification, Figure 2b shows the dendritic and interdendritic structure, which demonstrates that the microstructure of the SLM material would be highly influenced by heat flux during layer-wise manufacturing, and consequently anisotropic microstructural features prevail.



Inverse pole figure (IPF) micrographs of the as-built specimen showed columnar grains with a preferential alignment of <100> along the building direction (Figure 3a). This is because of epitaxial grain growth during the SLM process, and it leads to strong bonding between the layers [28]. The recrystallization map of the as-built specimen shows some of the grains are highly deformed, which signifies higher residual stored stresses (Figure 3b). Grain size and recrystallization fraction were calculated using Channel 5 software. It classifies grains into three types, i.e., deformed, substructured, and recrystallized. If the average angle in a grain exceeds the user-defined minimum angle (in this case 15°), it is considered a deformed grain. Some grains consist of subgrains whose internal misorientation is under 15°, but the misorientation from subgrain to subgrain is above 15°; these are called substructured. All the remaining grains were classified as recrystallized grains. In the as-built specimen, the average grain size and recrystallization fractions were 32 μm and 5.75%, respectively.



TEM observation was conducted for the as-built specimen. High dislocation density and precipitates rich in Ti, Ta, Nb, and C were observed (Figure 4). These results are also observed with conventionally cast IN939 alloy [29].




3.1.2. Heat-Treated Specimens


After the LTH treatment, the specimen showed a slight decrement of <100> orientation but the grain morphology did not change (Figure 5a). Furthermore, the small equiaxed grains formed between the columnar grains were found to be recrystallized grains by use of the recrystallization map (Figure 5d). In the LTH specimen, the average grain size and recrystallization fractions were 27 μm and 12.8%, respectively. Table 3 shows that there was no significant change in grain size before and after LTH treatment. The generation of residual stresses and dislocation density during the SLM process ultimately led to the nucleation of new recrystallized grains between columnar grains (Figure 5a). In the LTH specimen, TEM observation showed phase γ′ (44 nm size) and the rod-shaped (which are rich in Ni/Ti) η phase (Figure 6a,b). Electron Probe Micro Analysis (EPMA) analysis in the LTH specimen showed the dendritic structure; M23C6 carbides enriched in Cr, W, and C distributed along the columnar grain boundaries; and MC carbide enriched with Ti and C (Figure 7).



After HTH treatment, specimen texture became random (Figure 5b) and dislocation density decreased. As a result, the recrystallization fraction increased to 66% (Figure 5e) compared to the LTH specimen, which showed 12.8% recrystallization fraction. The grain size of the HTH specimen was about twice that of the LTH specimen because of grain growth. In Figure 5b, the IPF map of the HTH specimen showed columnar grains even after solution treatment at the higher temperature. TEM observation was carried out for the solution-treated specimen at 1240 °C/6 h. It revealed that the interdendritic regions completely disappeared, but MC carbides remained in round shapes with an average size of 100 nm (Figure 8a). It is known that MC carbides are stable up to 1300 °C. This suggests that carbide pinning has a significant effect on grain growth resistance in the lateral direction, which finally results in the formation of columnar crystals (Figure 5b).



In the HTH specimen small M23C6 carbides were uniformly distributed at the grain boundaries but heterogeneously distributed within the grain (Figure 9a). Miskovic et al.’s study on a conventionally cast IN939 alloy showed that M23C6 carbides segregate at the grain boundaries discretely with a bigger size [29]. TEM observation showed γ′ precipitates in cuboid shape, as well as cell-like substructures inside the columnar grains (Figure 9b). The reason for the formation of cell-like substructures is unknown; similar observations were reported by Kanagaraja et al. [22]. The γ′-precipitate size was measured from TEM micrographs. The HTH specimen showed an average size of 53 nm, whereas the LTH specimens were approximately 44 nm in size.



For the cast-LTH specimen, EBSD observation was done at a higher magnification than for SLM specimen. It showed that grain size was on average 200 µm (Figure 5c) and recrystallization fraction was almost 100% (Figure 5f). The cast LTH specimen exhibited a grain size approximately 4 times larger than HTH specimen (Table 3). The cast LTH specimen showed carbides at grain boundaries, particularly M23C6 of various sizes from 1 to 10 µm. A curved shape grain boundary covered with fine carbides was observed (Figure 9c). TEM observation of the cast LTH specimen showed γ′ precipitates (41 nm) cuboid in shape and dislocations (Figure 9d). The γ′ precipitate sizes were the same between LTH and HTH specimens.





3.2. Creep Properties


Figure 10 shows the creep curves at 816 °C/250 MPa. The as-built specimen showed a creep life of 66 h with a creep strain of 3%, whereas the LTH specimen showed 3 times longer creep life, 203 h, and elongation (2.7 %) that was almost the same (see Table 4). The HTH specimen showed good creep life of approximately 554 h, 2.7 times higher than that of the LTH specimen, but the elongation (0.8%) decreased drastically (see Table 4 and Figure 10). The cast LTH specimen exhibited superior creep life to the SLM specimen. It showed creep life (931 h) 1.6 times higher than the HTH specimen, but the elongation (1.9%) was poor compare to the LTH specimen (Table 4).



The fracture surface of the as-built, LTH, HTH, and cast LTH specimen is shown in Figure 11. In the as-built and LTH specimen, the entire fracture surface showed transgranular cleavage fracture. The HTH specimen showed a clear intergranular brittle fracture (Figure 11c), where cracks were present along the grain boundary. The cast-LTH fracture mode was comparable to the HTH specimen. It also exhibited a grain boundary brittle fracture (Figure 11d), and 1 µm M23C6 carbides along the grain boundaries (Figure 11d). Figure 12 shows the specimen-side microstructures near the creep-fractured surface. The LTH specimen showed carbides (MC and M23C6) and undesirable phase η at grain boundaries (Figure 12a). TCP phase η was aligned perpendicular to the stress axis. The HTH specimen showed small carbides and cracks propagating along the grain boundary (Figure 12b). Figure 12c shows crack nucleation and propagation through the grain boundaries in the cast LTH specimen. M23C6 carbides are acting as barriers against crack propagation at the grain boundary in the cast LTH specimen because the carbides were ~1–10 µm in size, and could thus easily stop crack propagation (Figure 12c).





4. Discussion


4.1. The Effects of Recrystallization on Creep Properties of SLM Specimen


Columnar grain formation in additive manufactured materials is a natural phenomenon. This has been proved by many researchers in different alloys [26,27]. The columnar grains are mainly attributed to epitaxial grain growth, a consequence of the layer-by-layer formation with rapid heating and cooling during the SLM process [2]. The as-built specimen showed columnar grain morphology in which grain boundaries are parallel to the loading axis (Figure 3). In general, the single crystal and columnar-grain alloy show better creep properties than the equiaxed-grain alloy. The <001> oriented columnar grain was observed in the as-built condition (Figure 3a). Therefore, good creep properties were expected of the specimen with <001>-columnar grain; however, the creep result was unexpected (Figure 10). The as-built specimen exhibited a very short creep life (66 h) compared to other specimens, although the creep strain was good (3%). This was mainly due to recrystallization during heat treatment, as a result of small grains formed at the columnar grain boundaries. The driving force for recrystallization comes from residual stress and high dislocation density, which occurred during the SLM process.



After the LTH heat treatment, the specimen maintained the columnar morphology (Figure 5a), but small recrystallized grains were formed between columnar grains (Figure 5d). A similar phenomenon was previously observed by several researchers who reported that both temperature and dislocation density were high enough to cause the recrystallization [30,31]. According to Messe et al., recrystallization will occur through conventional thermomechanical processing above recrystallization temperature, but will also take place in additive manufactured specimens when solution treatment is conducted above 1100 °C [27,32].



Creep life of the LTH specimen (203 h) was 3 times better than that of the as-built specimen, but creep strain (2.7%) was almost the same. In the LTH specimens, the recrystallized grains also decreased creep life (Figure 10). During the creep, the small grains at grain boundaries induced grain-boundary sliding and crack nucleation sites (Figure 13a). At high temperature, recrystallization allows the material to deform extensively so that deformation becomes localized in the neck, and failure eventually occurs. Crack propagation in the LTH specimen occurred along the direction transverse to the loading axis, which caused an intergranular ductile fracture (Figure 13a).



The HTH specimen demonstrated a creep life 2.7 times higher (554 h) than the LTH specimen, but creep strain (0.8%) was decreased drastically (Figure 10). The HTH specimen maintained columnar grains morphology (Figure 5b), and the average grain size was 50 μm after higher temperature solution treatment (1240 °C/6 h). Using high-temperature heat treatment, we obtained a fully recrystallized microstructure, and creep life was obviously improved by HTH treatment. The creep rate of the HTH-treated specimen was reduced and became roughly comparable with the cast specimen (Figure 10). The reason why the HTH specimen maintained a columnar structure was discovered in the TEM results (Figure 8). The small round MC carbides (where M is Ti, Nb, and Ta) prohibited grain growth in the lateral direction. Similar phenomena have been observed in carbon steel, and it has been shown that grain boundary movement is inhibited in carbides of 800 nm or less in size [33]. The grain morphology of the HTH specimen was similar to the directionally solidified (DS) Ni-base superalloys [34]. Grain boundaries normal to the stress axis are usually the crack initiation sites in the conventionally cast superalloy; therefore, the columnar grain morphology would improve the creep life. Crack nucleation and propagation in the HTH specimen through grain boundaries resulted in intergranular brittle fracture (Figure 13b).



The cast LTH specimen exhibited 1.6 times higher creep life compared to the SLM-HTH specimen (Figure 10; Table 4). It also displayed a grain size 4 times larger (200 µm, Figure 5c) than the HTH specimen, with lower dislocation density, which would mainly be responsible for the longer creep life. In Ni-based superalloys at high temperature, grain size controls creep properties [35]. Crack nucleation and propagation in the cast LTH specimen was similar to the HTH specimen, which caused intergranular brittle fracture (Figure 13c).




4.2. The Effect of Precipitates and Dislocation Density on Creep Properties


The γ′-precipitate (L12) is a main strengthening phase in IN939. γ′-precipitation has been confirmed in cast, wrought [17,33] and AM [22] IN939 alloys. The higher the volume fraction of the γ′ (Ni3 (Al, Ti)) precipitate in Ni-base superalloys, the better the strength because of the interaction of complex faults. The γ′-precipitate volume fraction increases with an increase in the amount of Al and Ti. Unfortunately, long exposures at temperatures above ~650 °C cause the γ′ precipitate to transform into TCP phase η with coarse platelets (HCP DO24) [36]. This transformation is closely associated with loss in strength, because it allows incoherency with the matrix phase-γ.



In the present study, the creep life of the LTH specimen (203 h) was 3 times higher than that of the as-built specimen because it possessed γ′ phase 44 nm in size (Figure 6a). Further, the creep life of the LTH specimen was shorter compared to the HTH and cast LTH specimens because it maintained the η-phase before and after the creep test (Figure 6b and Figure 12a). Figure 14a shows the TEM microstructure of the LTH specimen after the creep test. TEM results revealed a lot of dislocation entanglements around γ′-precipitates, which grew to an average of 71 nm in LTH specimen after the creep test (Figure 14a). Another reason for the shorter creep life in the LTH specimen would be the higher dislocation density (Figure 14a).



The elastic modulus is an anisotropic property that varies depending on the orientation of the grains that in turn significantly affects the creep-life of the Ni-based superalloys. In the stereographic triangle domain, <111>, <110>, and <100> orientations exhibit the highest, intermediate, and low elastic modulus, respectively. The higher modulus resembles higher creep resistance [37]. In the present study, the LTH specimen shows preferred orientation <100>, which results in low creep resistance due to its lower elastic modulus. However, when the texture changes from the preferred orientation of <100> (LTH specimen) to random (a mixture of <111>, <110>, and <100>) orientation (HTH specimen), the Young’s modulus increases and thus the HTH specimen revealed better creep resistance with loss in ductility. Incompatibilities of the slip systems at the grain boundary would be another reason for the poor ductility while also giving very good creep resistance.



In the HTH specimens, only γ′-precipitates and carbides were observed. The creep life of the HTH specimen was superior to the LTH specimen, mainly because it was covered with recrystallized grains and the resultant columnar grain morphology (Figure 5b). In addition, the elimination of the undesirable η-phase, decrease in dislocation density, and increment of γ′-precipitates size (53 nm) (Figure 9b) were effective. Moreover, creep life improvement in the HTH specimen may have been due to the γ’ precipitate (132 nm) growth during the creep test (Figure 14b). Nevertheless, the HTH specimen exhibited very poor creep elongation (brittle fracture) because of the lack of carbides at the grain boundaries, which results in a lack of coherency between the neighboring grains (Figure 13c). The cast LTH specimen showed the longest creep life because of the largest grain size (Figure 13c), low dislocation density (Figure 14c), and γ’ precipitate growth from 41 nm (Figure 9d) to 156 nm (Figure 14c) during the creep test. In addition, the steady-state creep rate is very low as compared to SLM processed specimens, which also helped in creep life improvement in the cast LTH specimen as compared to the SLM specimens.



The driving forces for precipitate coarsening during the creep test are significantly affected by the temperature and stresses, which are associated with the coherency strains at the γ/γ′ interface [37]. In addition, the presence of grain boundary carbides (M23C6) in discrete fashion at the grain boundaries helps resist boundary sliding and crack propagation (Figure 12c), which aids in creep life enhancement in the cast LTH specimen.





5. Conclusions


In this study, we examined the microstructures and creep properties of the as-built, LTH, and HTH conditions of SLM and referent conventional cast materials of an IN939 Ni-based superalloy. The following results were obtained.




	
The as-built SLM material showed a columnar grain structure due to the epitaxial growth of dendrite structure. The dislocation density of the as-built condition was high. At the interdendritic region, Ti, Nb, Ta, and C elements were segregated during the solidification.



	
In the LTH condition, small, recrystallized grains formed between the columnar grains; as a result, the rupture elongation was large and the creep life was poor. The formation of harmful phases like η also decreased the creep life.



	
The creep life of the HTH specimen was 2.7 times longer than that of the LTH specimen due to attaining full recrystallization. In addition, γ′ precipitate size increment during the creep also improved creep life, but ductility was very poor compared to the LTH specimen.



	
The cast-LTH specimen showed longer creep life than SLM specimens, mainly because of low creep strain rate, larger grain size, and γ′-phase coarsening during the creep test. In addition, the small size of M23C6 carbides remaining discretely at grain boundaries also improved creep life.
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Figure 1. Creep specimen orientation and dimensions (in mm). 
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Figure 2. Scanning electron microscope (SEM) micrographs of the as-built condition at (a) lower and (b) higher magnifications. 
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[image: Metals 10 01016 g002]







[image: Metals 10 01016 g003 550] 





Figure 3. Orientation and characteristics of electron backscatter diffraction (EBSD) inverse pole figure (IPF) maps of as-built selective laser melting (SLM) specimens. (a) IPF map and (b) recrystallization fraction maps along building direction. The EBSD observation was done along the building direction, and the IPF color code is also shown. 
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Figure 4. Scanning transmission electron microscopy (STEM) micrograph and elemental maps of the as-built specimen. 
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Figure 5. Orientation and characteristics of EBSD IPF maps of (a) lower temperature heat treatment (LTH); (b) higher temperature heat treatment (HTH); and (c) cast-LTH. specimens. Recrystallization fraction maps of (d) LTH, (e) HTH, and (f) cast LTH specimens. The EBSD observation was done along the building direction, and the IPF color code is shown. 
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Figure 6. STEM micrographs of the LTH specimen showing (a) γ′ precipitates and (b) η phase. 
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Figure 7. Electron Probe Micro Analyzer (EPMA) micrographs of 2 types of carbides (M23C6 and MC) in the LTH specimen. 
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Figure 8. (a) STEM micrographs of the solution-treated (1240 °C/6 h/FC) specimen in which the interdendritic layer completely disappeared, and (b) Energy Dispersive X-Ray Spectroscopy (EDS) mapping of MC carbides, where M is Ti, Nb, and Ta. 
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[image: Metals 10 01016 g008]







[image: Metals 10 01016 g009 550] 





Figure 9. (a) M23C6 at the grain boundary. (b) γ′ Precipitates, cuboid in shape, and cell-like substructures in the HTH specimen. (c) M23C6 at the grain boundary. (d) Dislocations and γ′ precipitates in the cast LTH specimen. 
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Figure 10. Creep curves of SLM specimens at 816 °C under 250 MPa. 
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Figure 11. Fracture surfaces of creep-ruptured (a) as-built, (b) LTH, (c) HTH, and (d) cast LTH specimens crept at 816 °C/250 MPa. 






Figure 11. Fracture surfaces of creep-ruptured (a) as-built, (b) LTH, (c) HTH, and (d) cast LTH specimens crept at 816 °C/250 MPa.



[image: Metals 10 01016 g011]







[image: Metals 10 01016 g012 550] 





Figure 12. Precipitates and crack propagation in the creep-ruptured (a) LTH, (b) HTH, and (c) cast LTH specimens crept at 816 °C/250 MPa. 
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Figure 13. Orientation and characteristics of EBSD IPF maps of creep fractured (a) LTH, (b) HTH, and (c) cast LTH specimens. 
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Figure 14. STEM micrographs show γ’ precipitate growth after creep test at 816 °C/250 MPa: (a) LTH, (b) HTH, and (c) cast LTH specimens. 
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Table 1. Nominal composition of the gas-atomized IN939 powder (in wt.%).
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	Elements
	Cr
	Co
	Ti
	Al
	W
	Ta
	Nb
	C
	Fe
	S
	Mg
	Ni





	powder
	22.5
	19
	3.7
	1.9
	2.0
	1.4
	1.0
	0.15
	-
	-
	-
	Bal



	cast
	22.5
	19.0
	3.6
	1.9
	2.0
	1.4
	1.0
	0.2
	0.1
	0.0002
	0.0012
	Bal.
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Table 2. Heat treatment conditions and samples codes.
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	Specimen
	Heat Treatment
	Condition
	Abbreviation





	SLM
	1160 °C/4 h/FC+ 850 °C/16 h/AC
	lower temperature heat treatment
	LTH



	SLM
	1240 °C/6 h/FC+ 850 °C/16 h/AC
	higher temperature heat treatment
	HTH



	Cast
	1160 °C/4 h/FC+ 850 °C/16 h/AC
	lower temperature heat treatment
	Cast-LTH
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Table 3. Grain size and recrystallization fraction in the specimens.
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	Specimen Condition
	Average Grain Size (µm)
	Recrystallization Fraction (%)





	LTH
	27
	12.8



	HTH
	50
	66



	Cast-LTH
	200
	99.9
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Table 4. Creep lives and creep strain.
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	Specimen
	Creep Life (h)
	Strain (%)





	As-built
	66
	3



	LTH
	203
	2.7



	HTH
	554
	0.8



	Cast-LTH
	931
	1.9











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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