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Abstract

:

In this study, a typical γ′ phase precipitation-strengthened Ni-based superalloy DZ411 was repaired using an LMD-based repairing technique with an IN738LC superalloy, and crack-free samples were acquired. The mechanical properties and microstructure of different areas inside the repair sample were investigated, including the IN738LC deposit, the DZ411 substrate, and the interface between these two parts. The differences in mechanical properties between different areas were explained via analyzing fractography and KAM maps. It was found that the coarse carbides of the DZ411 substrate might lead to rapid cracking of grain boundaries, resulting in the worst mechanical properties of the DZ411 substrate. The IN738LC deposit demonstrated significantly superior mechanical properties in comparison to the DZ411 substrate. Its tensile strength exceeded that of the substrate by over 250 MPa, while its relative elongation after fracture was twice as great as that of the substrate. The excellent mechanical properties of the IN738LC deposit could be attributed to its fine microstructure, which resisted rapid cracking and generated a large number of GNDs during the plastic deformation process. For the interface between the deposit and substrate, although its hardness before the tensile test was low, it could also generate many GNDs during the plastic deformation process, hence exhibiting commendable mechanical properties. The research results show that using an LMD-based repairing technique with IN738LC superalloy to repair γ′ phase precipitation-strengthened Ni-based superalloy DZ411 is a feasible solution.
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1. Introduction


Precipitation-strengthened Ni-based superalloys are frequently used as turbine blade material in gas turbines, which operate in high-temperature, high-pressure, and high-speed environments, thereby making them susceptible to wear, cracking, and other damages [1,2,3]. The laser melting deposition (LMD) technique is an advanced technique that utilizes laser energy to melt metal powder, enabling the gradual formation of components via layer-by-layer stacking [4,5]. This technique provides the advantages of low heat input and high material availability, as well as the ability to ignore the complexity of structure, which makes it well-suited for repairing damaged blades [6,7].



However, achieving the successful reparation of precipitation-strengthened Ni-based superalloys is a considerable challenge. The primary factor contributing to this challenge is the poor weldability of the most precipitation-strengthened Ni-based superalloys, which leads to solidification cracks [8,9], liquation cracking [10], or some other defects [11] in the alloys during the repair procedure. Researchers have tried many methods to reduce the defect sensitivity of precipitation-strengthened Ni-based superalloys during LMD processing, including heating the substrate [10,12] and reducing heat input [13,14]. Despite extensive research efforts, the manufacturing of large-sized precipitation-strengthened Ni-based superalloys utilizing LMD remains difficult primarily because of the significant residual thermal stress inherent in the LMD process [14,15].



Due to the size limitation caused by residual thermal stress, there are only a few investigations on the mechanical properties of precipitation-strengthened Ni-based superalloys repaired or directly manufactured by LMD [16,17,18]. Xu et al. [16] manufactured the IN738LC superalloy using LMD, which had higher tensile strength compared with the as-cast IN738LC superalloy. Yu et al. [17] added pure Hf powder during the manufacture of IN738LC superalloy by selective laser melting, which successfully inhibited cracks and improved the mechanical properties of the alloy. Ci et al. [18] repaired DD32 single-crystal superalloy and investigated the relationship between the tensile behavior of the repaired DD32 superalloy and its microstructure. Within these small amounts of existing research, the mechanical properties of the interface between the deposit and substrate were frequently not investigated. For repaired superalloys, the mechanical properties of the interface are also important.



The heterogeneous interface often exhibits considerable compositional and microstructural gradients, resulting in distinctive mechanical properties. Fang et al. [19] designed a dual heterostructure brass that overcame the strength–ductility trade-off and possessed a superior combination of strength and ductility. This comprehensive strengthening effect was attributed to the generation of geometrically necessary dislocations (GNDs) at the heterogeneous interface during plastic deformation [20]. Tan et al. [21] also found that the gradient microstructures in additive-manufactured Ti–6Al–4V could enhance elongation by suppressing strain localization. However, the heterogeneous interface may not always strengthen the alloys. For example, during the melting joining process of two alloys with different compositions, brittle intermetallic compounds might be generated at the interface position, which reduces the interface performance and even induces cracks [22]. Therefore, it is necessary to investigate the mechanical properties of the interface of the repaired superalloy.



In this investigation, we repaired the DZ411 superalloy via LMD with IN738LC superalloy as the filler material, and some crack-free samples were obtained. The mechanical properties of the deposit, the substrate, and the interface between them were next measured, and an investigation was conducted to figure out the factors contributing to the variations in their mechanical properties.




2. Material and Methods


2.1. Materials


DZ411 superalloy is a typical γ′ phase precipitation-strengthened Ni-based superalloy that is extensively utilized in turbine blades [23]. This alloy is also susceptible to damage, such as cracks, but due to its high Al and Ti content, it is difficult to use this alloy to repair itself directly [24]. The LMD technique utilized for the IN738LC superalloy has reached a considerable level of development [16,17]. In addition, the chemical composition and physico-thermal properties [25] of IN738LC superalloys are very similar to those of DZ411 superalloys, as shown in Table 1 and Table 2. Therefore, it is a feasible method to repair the DZ411 superalloy by using the IN738LC superalloy as the filling material.




2.2. Repair Process


The schematic diagram of the repair procedure is shown in Figure 1a. In this study, a carbon dioxide laser CP4000 was employed as a heat source. Although the heat input of the LMD to the substrate was relatively low, a pulsed laser was employed as the heat source to further minimize the heat input and limit the tendency of the sample to crack during the repair process [7]. The specific laser parameters were as follows: a power of 2000 W, a laser spot diameter of 2 mm, a laser spot interval of 0.7 mm, a pulse width of 0.16 s, and a pulse interval of 0.3 s.



In the repairing process, the substrates were 3 mm thick DZ411 superalloy plates, which were manufactured by directional solidification method and subjected to the standard heat treatment of 1225 °C 2 h/AC + 1120 °C 2 h/AC + 850 °C 24 h/AC. The IN738LC superalloy powder (the powder morphology is shown in Figure 2) was fed directly into the molten pool by a nozzle using coaxial powder feeding technology. After melting, it was deposited layer by layer on the substrates, with the depositing direction aligning with the solidification direction of the substrates. After the repairing process, samples were subjected to a post-repairing heat treatment of 1120 °C 2 h/AC + 850 °C 24 h/AC, which referred to the standard heat treatment of IN738LC [26]. To compare the mechanical properties between the deposit and substrate, extra substrate plates were also subjected to post-repairing heat treatment. The typical photograph of the repaired sample and extra substrate plate is shown in Figure 1b. No cracks were found in all the repaired samples.




2.3. Microstructure Characterization and Tensile Test


To characterize the microstructure, the samples were polished and etched using an acid reagent (2.5 g CuCl2, 50 mL HCl, and 50 mL H2O). The microstructure of the repaired samples was characterized via optical microscopy (OM, LEICA-DM4000, Bruker, Billerica, MA, USA) and scanning electron microscopy (SEM, ZEISS-Gemini 300, ZEISS Group, Oberkochen, Germany).



In order to investigate the mechanical properties of each area of the repaired sample, tensile samples were taken from each area, with the main axis of the tensile sample being perpendicular to the depositing direction, as shown in Figure 1a. Tensile sample D is composed entirely of the IN738LC deposit; tensile sample S is composed entirely of DZ411 substrate; and tensile sample D + S is composed of both deposit and substrate. Three tensile tests were conducted on each type of tensile sample.



In addition, in order to analyze the changes in mechanical properties of local areas of the sample during the tensile test, the microhardness of the fractured samples was measured. The distribution of microhardness sampling points is depicted in Figure 3. These hardness values were compared to the undeformed repaired sample at the corresponding position to reflect the change in hardness between before and after the tensile test. An HAZ-1000 semiautomatic Viker tester was used for the microhardness test, and the test parameters were as follows: dwell time of 10 s and test load of 500 g.





3. Results


3.1. Microstructure


The microstructure of the repaired sample is shown via OM and SEM in Figure 4. Apart from a tiny number of pores in the deposit, no additional visible defects were discovered in the repaired sample. The growth direction of the dendrites in the substrate stayed parallel to the solidification direction. Even though the dendritic width of the deposit was considerably lower than that of the substrate, most dendrite development directions were still inherited from the substrate. The refinement of dendrite width was a result of the quick cooling rate during the LMD process [8], and the consistency of growth direction was a result of the significant temperature gradient along the depositing direction during the LMD process [9]. A few equiaxed grains could also be observed near the interface, which might be formed by recrystallization.



The SEM images reveal that both the deposit and substrate exhibited a typical microstructure consisting of the γ phase as the matrix and the γ′ phase as the predominant strengthening phase [27,28]. All areas contained a small number of carbides, and no intermetallic compounds were found to be generated at the interface. Low-magnification SEM images demonstrate a considerable difference in carbide morphology among different areas. The carbides in the deposit and interface were primarily tiny and possessed either a round or square shape, with an average diameter of less than 0.5 μm. However, the carbides in the substrate were significantly coarser and had an irregular shape, with an average diameter of more than 4.0 μm. This discrepancy in the morphology of carbides between the two areas was due to the different cooling rates during the manufacturing process of the two areas [10]. Compared to the substrate, during the manufacturing process of the deposit, the cooling rate was faster, the degree of element segregation was lower, and the morphology of the carbide was finer and more uniform. High-magnification SEM images reveal the bimodal shape of the γ′ phase in each area of the repaired sample. The size of the fine γ′ phase was comparable across all areas, measuring approximately 0.06 μm in diameter. The coarse γ′ phase exhibited a consistent and progressive increase in size from the deposit to the substrate, with a side length of 0.28 μm in the deposit, a side length of 0.31 μm at the interface, and a side length of 0.38 μm in the substrate. According to Jackson and Reed [29], the coarse γ′ phase was the phase that was not entirely dissolved in the solid solution treatment, whereas the fine γ′ phase was the phase formed during the cooling process following the solid solution heat treatment. The substrate had undergone heat treatment before and after the repair procedure, so its coarse γ′ phase had a longer growth time, resulting in a larger size and higher volume fraction of the coarse γ′ phase [11].




3.2. Mechanical Properties


The stress–strain diagram and typical photograph of three types of tensile samples are shown in Figure 5. Due to the square shape of the tensile section of the samples, there was stress concentration at the corners of the sample. During the tensile testing, when the samples experienced pronounced localized plastic deformation, they might fracture rapidly from their corners. Hence, the sample photographs revealed a limited extent of plastic deformation, and the stress–strain curve for the period following necking was entirely absent.



The tensile test results are shown in Table 3. In terms of ultimate tensile strength, it could be observed that D samples possessed the highest strength, while S samples possessed the lowest strength, with a notable disparity that exceeded 250 MPa between the two. The elongation values for both the S samples and the D + S samples were very similar, with both being about 6%. However, the D samples possessed an elongation value approximately twice as large as the previous two samples. The tensile test results indicated that the deposit had better mechanical properties than the substrate. Additionally, it could be noted that the D + S samples possessed the highest yield strength. According to the Hall–Petch relation [30], the large area grain boundary of fine equiaxed grains could hinder dislocation slip and increase the required driving force for dislocation slip, thus improving the yield strength of the alloy. Therefore, the high yield strength of the D + S samples might be attributed to the fine recrystallized equiaxed grains at the interface. Based on Table 3, it could also be found that the disparity in the ultimate tensile strength was much more significant than the disparity in the yield strength among the three types of samples. This indicated that the three types of samples exhibited a considerable difference in the work-hardening effect. The work-hardening effect of the D sample was the best, followed by that of the D + S samples, and that of the S samples was the worst.



Figure 6 demonstrates the change in average hardness values of samples before and after the tensile test. The hardness values of the interface and the 0.2 mm area near the interface in the D + S sample are considered as the hardness of the interface. The hardness values of the remaining sampling points are defined as the hardness values of the deposit and the substrate in the D + S sample. Before the tensile test, it was seen that the hardness at the interface exhibited the lowest value, mostly because the recrystallized grains near the interface released internal stress, hence decreasing their hardness values. After being away from the recrystallization position, the hardness values increased. After the tensile test, the hardness values of all the samples increased, and there was a significant disparity in the hardness increment between different samples. Furthermore, the disparity in the hardness increment for each sample surpassed the disparity in hardness before the tensile test, indicating the disparity in hardness increment as the determining factor for the disparity in hardness after the tensile test. The observed increase in hardness could be attributed to the work-hardening effect of the samples, and the increment in hardness could serve as an indicator of the work-hardening effect [31]. In Figure 6, the hardness values of the D sample before the tensile test were comparable to those of the S sample, but the hardness increment of the D sample was greater than that of the S sample, resulting in the D sample having a higher hardness value than the S sample. This demonstrated that the work-hardening effect of the D sample was superior to that of the S sample, which was consistent with the analysis of the tensile test result. In the D + S sample, the deformation degree of each region was identical, and the hardness increment of the deposit was greater than that of the substrate, indicating that the work-hardening efficiency of the deposit was greater than that of the substrate. It was worth noting that the hardness of the interface in the D + S sample also increased greatly, indicating that the work-hardening efficiency of the interface was also high. Due to the high work-hardening efficiency of the deposit and interface in the D + S sample, the D + S sample could have a higher hardness value than the S sample under a similar degree of plastic deformation.





4. Discussion


The fractography of the three types of tensile samples is used to aid in the analysis of the mechanical property differences among the three, as shown in Figure 7. The fracture morphology of the S sample revealed that the S sample fracture mode was a brittle fracture mode that cracks along the grain boundary. On the fracture surface, there were numerous holes created by the carbide separated from the grain boundary, and under magnification, the remaining broken carbide could be observed. This phenomenon demonstrated that the coarse and irregularly shaped carbides in the S sample might result in mechanical property deterioration in the grain boundary. During the tensile test, micropores might develop at the boundary of these carbides, or generate from the directly broken carbides, which grew and finally linked to form cracks [32]. These cracks resulted in the rapid fracture of the S sample, which was the reason for the low relative elongation of the S sample.



The fracture morphology of the D sample indicated that it had a mixed fracture mode (Figure 7b). On the fracture surface of the D sample, two morphologies could be observed. One was a grain boundary cracking surface similar to that of the S sample but with a considerably smaller area, which might be attributable to the reduced grain size of the D sample. The other fracture morphology was a typical equiaxed dimple fracture, with tiny carbide particles in the middle of the equiaxed dimples. The size of carbides in the D sample was significantly smaller than that in the S sample, and the shape was more regular, resulting in less deterioration of the mechanical properties of the D sample. Hence, the superior ductility of the D sample might be a result of its fine grain and fine, uniform carbides.



The D + S sample had a more complicated fracture morphology. As shown in Figure 7c, the fracture of the D + S sample had two morphologies, which were found on the substrate side and the deposit side, respectively. The interface could clearly separate the two morphologies. The morphology of the substrate side was quite similar to that of the S sample, both of which were cracks along grain boundaries, and there were holes left by separated carbides and broken carbides on the surface. On the deposit side, a great number of tearing edges formed from the interface were spread, and there were still some dimples on the surface of the tearing edges. This morphology showed that the crack initiation of the D + S sample was similar to that of the S sample, that is, the cracks formed by the broken coarse carbides or the separation of carbides from the matrix. Therefore, D + S samples and S samples exhibited similar relative elongation.



The work-hardening effect of alloys is related to the density of geometrically necessary dislocations (GNDs) generated during plastic deformation [33]. EBSD kernel average misorientation (KAM) maps can illustrate the distribution of the density of GNDs in alloys. In the KAM map, the KAM values represent the local misorientation, which has a positive correlation with the density of GNDs [34]. Figure 8 shows the KAM maps of the three types of fractured samples near the fractured surface, and the thin white solid lines in Figure 8 represent the grain boundaries identified by the software. Figure 8a shows that the fractured D sample had the highest density of GNDs. This phenomenon might be attributed to the largest plastic deformation experienced by the D sample, leading to the generation of a large number of GNDs. In Figure 8b, for the D + S sample, the interface and nearby recrystallized grains (RG) had the highest KAM value. Due to the inconsistent mechanical properties of the deposit and the substrate in the D + S sample, there was a maximum strain gradient at the interface during the deformation of the D + S sample, promoting the generation of GNDs [35]. In addition, the grain size of the RG at the interface was very small, hence inhibiting the dislocation slip efficiently and hindering the dislocation annihilation during the plastic deformation process. Therefore, the interface and nearby RG had the maximal density of GNDs in the D + S sample after the tensile test, improving the hardness of the interface and its surrounding positions. It can also be noted that the deposit in the D + S sample had a higher density of GNDs than the substrate in the D + S sample, which might be because the microstructure of the deposit in the D + S sample was more refined than the substrate in the D + S sample. In Figure 8c, dislocations were primarily concentrated near carbides in the S sample. This phenomenon demonstrated that the carbides in the S sample had the ability to inhibit dislocation slipping. However, due to their large size and irregular shape, these carbides were prone to breaking, and their adhesion to the metal matrix was poor. When dislocations piled up at the boundary of these carbides, the carbides might directly break or separate from the matrix, which led to rapid fracture. Therefore, the diminished mechanical properties of the S sample could be attributed to the coarse carbides in the sample.




5. Conclusions


Using an LMD-based repairing technique, crack-free repair samples with γ′ phase precipitation-strengthened Ni-based superalloy DZ411 as substrate and IN738LC alloy as deposit were manufactured. The microstructure of the repaired samples was characterized, and the mechanical properties were measured. The main conclusions are as follows:



(1) Owing to the rapid cooling rate and high-temperature gradient during the LMD process, the microstructure in the deposit was evidently refined compared to that in the substrate, and the growth direction of the dendrite could be approximately consistent with the substrate.



(2) The S samples exhibited poor mechanical properties, as demonstrated by its ultimate tensile strength of 942 MPa and relative elongation of 5.8%. The reason for this is that large-sized carbides were prone to breaking, and their adhesion to the metal matrix was poor, which caused the S samples to fracture rapidly during the tensile test.



(3) Among the three types of samples, the D samples had the greatest mechanical properties, with an ultimate tensile strength of 1240 MPa and a relative elongation of 10.7%. These fine microstructures in the IN738LC deposit enhanced the ductility of the alloy, enabling it to generate more GNDs during the larger plastic deformation process, thereby strengthening the alloy.



(4) The crack initiation mechanism in the D + S sample exhibited similarity to that of the S sample, so the relative elongation of the two samples was equivalent, both below 6%. However, due to the greater work-hardening efficiency exhibited by the interface and deposit of the D + S sample, the D + S sample had greater strength and hardness after the tensile test than the S sample.



The research results show that using an LMD-based repairing technique with IN738LC superalloy to repair γ′ phase precipitation-strengthened Ni-based superalloy DZ411 is a feasible solution and can provide some references for future research.
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Figure 1. (a) Schematic diagram of the repairing process and the situation of the tensile samples; (b) typical photograph of repaired sample and extra substrate plate. 
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Figure 2. The morphology of IN738LC powder. 
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Figure 3. Schematic diagrams of the distribution of microhardness sampling points of (a) the tensile section of fractured D sample and S sample and (b) the tensile section of fractured D + S sample. 
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Figure 4. Microstructure of repaired sample. 
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Figure 5. Stress–strain diagram and typical photograph of three types of tensile samples. 
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Figure 6. The change in average hardness of D sample, D + S sample, and S sample. 
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Figure 7. Fractography of three types of tensile samples: (a) S sample, (b) D sample, and (c) D + S sample. 
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Figure 8. The KAM maps of (a) fractured D sample, (b) fractured D + S sample, and (c) fractured S sample. 
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Table 1. Chemical composition of IN-738 superalloy and DZ411 superalloy.
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	Alloy
	Ni
	Cr
	Co
	W
	Mo
	Ti
	Al
	Nb
	Ta
	C
	Si





	IN738LC
	bal
	16.07
	8.6
	2.56
	1.83
	3.36
	3.48
	0.83
	1.82
	0.12
	0.05



	DZ411
	bal
	13.78
	9.64
	3.98
	1.40
	5.06
	3.22
	–
	2.82
	0.10
	0.012










 





Table 2. Physico-thermal properties of IN-738 superalloy and DZ411 superalloy [25].






Table 2. Physico-thermal properties of IN-738 superalloy and DZ411 superalloy [25].





	Alloy
	Heat Conductivity

[W/(m·°C), 1000 °C]
	Specific Heat Capacity

[J/(kg·°C), 1000 °C]
	Thermal Expansivity [106 °C−1), 20–1000 °C]





	IN738LC
	22.1
	582
	16.1



	DZ411
	22.5
	575
	15.9










 





Table 3. Tensile test results of three types of tensile samples.
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	Samples
	Ultimate Tensile Strength

(MPa)
	Yield Strength

(MPa)
	Elongation

(%)





	D
	942 ± 6
	905 ± 11
	5.8 ± 0.3



	D + S
	1102 ± 55
	986 ± 40
	6.0 ± 0.7



	S
	1240 ± 45
	957 ± 37
	10.7 ± 2.0
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