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Abstract

:

Repair-welding of a cast Mar-M004 superalloy by gas tungsten arc welding was performed. Liquation cracks of the heat-affected zone (HAZ) in a Mar-M004 weldment were closely related to the presence of low-melting constituents along the solidified boundaries in the weld. The metal carbides (MC), M3B2 and M5B3 borides, Ni7(Hf,Zr)2 intermetallic compounds, and γ-γ′colonies were found at the interdendritic boundaries. Fine boride precipitates mixed with intermetallic compounds in lamellar form were more likely to liquate during repair-welding. The melting of borides and intermetallic compounds in 1180 °C/4 h treated samples confirmed the poor weldability of the Mar-M004 superalloy due to enhanced liquation cracking. In addition to boride formation, fractographs of liquation cracks revealed strong segregation of B element in carbides and intermetallics, which might further lower the solidus temperature of the repair weld.
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1. Introduction


Commercial Ni-based superalloys have been extensively applied in extreme environments at elevated temperatures, such as rotors, blades, and critical components in aircraft engines and land-based power plants. These superalloys possess high-temperature strength, excellent oxidation/corrosion resistance, and optimal thermal properties. Precipitation-hardened Ni-based alloys are strengthened through a high-volume fraction of fine γ′ particles [1,2,3,4,5]. The stable creep strength of the Mar-M004 (Hf-modified cast IN713) superalloy during long-term applications at an elevated temperature are the result of the Ni3(Al,Ti)-γ′ precipitates [6]. Microsegregation and non-equilibrium solidification assist the formation of complex solidification products, including primary the metal carbides (MC) carbides, MC/γ eutectics, γ-γ′ eutectic, M5B3 borides, and σ and η phases at the interdendritic boundaries in the cast Ni-based superalloys [7,8,9,10,11,12]. To lower the costs associated with component replacement in land- and air-based gas turbine engines, repair-welding of aeronautic components made of Ni-based superalloys to extend their service lifetime has become increasingly prevalent. In general, the welding/repair-welding of Ni-based superalloys is successfully carried out by electrical arc [13,14], laser beam [15,16,17], electron beam [18], laser powder deposition [19,20], and diffusion bonding [21].



The weldability of precipitation-hardened Ni-based superalloys is known to be very poor, especially for those alloys with high equivalent contents of Al and Ti [22]. Liquidation cracks in the heat-affected zone (HAZ) are the major concern during welding/repair-welding of such superalloys [23]. Semi-coherent interfaces between γ′-γ and negative lattice misfit cause fracture in the HAZ of an IN 713C weld [24]. Constitutional liquation of primary strengthening γ′ precipitates with a high-volume fraction contributes significantly to grain boundary liquation [13]. Furthermore, HAZ liquation in Ni-based superalloys is attributed to the early stage melting of Cr-Mo borides, MC carbides, γ-γ′ eutectics, and Ni-Zr intermetallic compounds along dendritic boundaries [25,26,27]. Additionally, γ-M6C or γ-M23C6 eutectics in lamellar form are also seen in the HAZ of Ni-based superalloy welds [28,29]. To reduce the cracking susceptibility of precipitation-hardened Ni-based superalloys, proper welding parameters and/or the selection of suitable fillers are suggested. With preheating at 300 °C and optimal welding variables, cracking of the IN 792 DS superalloy can be avoided during electron beam welding [18]. Increasing the preheat temperature causes a significant decrease in total crack length in IN738LC fabricated by the laser solid forming process [30]. Preheating IN738LC at a sufficiently high temperature can prevent the weld from cracking [31]. For IN 738LC gas-tungsten arc welds, decreasing the amounts of Al and Ti in fillers can ameliorate the crack susceptibility of the weld [32].



The cast Mar-M004 substrate was repaired by tungsten-inert gas (TIG) arc welding. Causes of the HAZ liquation cracking in the weld were investigated. Microstructures were unveiled with the aid of a field emission scanning electron microscope (FESEM). An electron backscatter diffraction (EBSD) detector was used to perform structural analyses of microconstituents along grain boundaries. The effects of microstructural features on the hot cracking sensitivity of the cast Mar-M004 superalloy were evaluated in the experiment.




2. Materials and Experimental Procedures


Figure 1a shows the macro-view of the vacuum-casted Mar-M004 turbine. The Mar-M004 test plate was wire-cut from the central portion of the cast turbine as illustrated in Figure 1b. Table 1 displays the chemical composition of Mar-M004 in wt. %. Stress relief heat treatment at 1050 °C for 5 h was applied to the Mar-M004 turbine in a vacuum of 5 × 10−3 Pa before wire cutting. The size of the specimen used in the repair-welding test was about 60 L × 35 W × 6 T in mm. Several blind holes were machined on the specimen. Figure 1c shows the joint geometry; each blind hole has a bevel angle of 90°, a depth of 1.5 mm, and a root of 2 mm at bottom of the hole to simulate the repair-welding of both surface and sub-surface defects in the Mar-M004 turbine. IN625 wire was used as the filler for TIG arc welding, and the macro-view of the repair weld is shown in Figure 1d. Cross sections of the weld were made either perpendicular or parallel to the top weld surface after repair-welding. A standard metallographic procedure to inspect microcracks in the HAZ and the fusion zone (FZ) of the weld was carried out.



Micro-hardness measurements in various regions of the weldment were performed by using an MVK-G1500 Vickers hardness tester (Mitutoyo, Kawasaki, Kanagawa, Japan) with a load of 300 gf and a duration time of 10 s. At least five measurements at different sites were made, which were located at a specific depth away from the weld interface. Microstructural evolution in the FZ, HAZ, and base metal (BM) was examined by JSM-7100F SEM (JEOL, Tokyo, Japan). Quantitative chemical analyses of different phases/structures in the samples were made either with an X-MaxN energy dispersive spectrometer (EDS, Oxford Instruments, Abingdon, UK) or a JXA-8200 electron probe micro-analyzer (EPMA, JEOL Ltd., Tokyo, Japan). Fracture features of selected samples with cracks were examined using an SEM. Crystallographic analyses of grain boundary microconstituents were analyzed using the NordlysMax2 EBSD detector (Oxford Instruments, Abingdon, UK) attached to an SEM.




3. Results and Discussion


3.1. Metallographic Observations and EPMA Analyses


Figure 2 shows the cross-sectional view of a repair weld with IN625 as the filler metal. The FZ revealed that the microstructure was finer and more uniform than that of the cast BM with white solidified products at the boundaries (Figure 2a). The liquation cracks were more likely to propagate along the white phase in the HAZ of a Mar-M004 weldment as illustrated in Figure 2b. The hardness distribution from the FZ to the cast BM of the weld is displayed in Figure 2c. The hardness of the FZ, in which was deposited IN625 filler, was about HV 265. The cast Mar-M004 BM had a hardness of about HV 365. The HAZ near the fusion boundary had a slightly higher hardness than did the other zones. It was deduced that the welding heat caused the dissolution of coarse γ′ precipitates during the heating cycle and enhanced the formation of fine γ′ in the subsequent cooling cycle, resulting in the increased hardness therein.



Back-scatter electron (BSE) images were used to sort or characterize distinct solidification products according to the image brightness or the contrast of the possible solidification products. The typical microstructures in the cast Mar-M004 superalloy are shown in Figure 3. The MC carbides were the main second phase dispersed in the matrix and along the dendrite boundaries (Figure 3a,b). The MC carbides were present in distinct shapes, including island-like, blocky, and Chinese-script. Moreover, some MC carbides displayed the vague features of a lamellar structure at higher magnification. Thus, the segregation of carbide formers facilitated the formation of MC carbides or the occurrence of an MC-γ eutectic reaction. The γ-γ′ eutectic colonies could be seen frequently at the interdendritic boundaries (Figure 3b). As the solidification proceeded, the residual liquid naturally enriched the alloy elements, which promoted the formation of complex constituents at the boundaries. Those low-melting constituents included the lamellar intermetallic compounds (Figure 3c) and borides (Figure 3d) as confirmed in the following analysis.



EPMA quantitative chemical analyses were used in order to measure compositions of the complex constituents along interdendritic boundaries. Although the precise chemical compositions of the different phases might not be obtainable due to the interference with the surrounding matrix, the acquired information was helpful in identifying the terminal solidification products. Table 2 lists the chemical compositions (in at. %) of the EPMA results for distinct solidification products as indicated by arrows in Figure 3. The MC carbides (Figure 3a,b, at sites 1 and 2) were rich in Nb with extra Hf and Ti, which naturally revealed high brightness in the BSE image. The lamellar structure (site 3), with high brightness (Figure 3c), consisted of a certain amount of Hf and Zr. The low alloy contents of this measurement resulted from the high yield volume of the electron beam relative to the width of the lamellar structure. However, the co-segregation of Hf and Zr to the lamellar structure could not be neglected. The gray blocky product (site 4), composed of high concentrations of B, Cr, and Mo, could be reasonably concluded to be Cr-Mo borides.




3.2. EBSD Crystallographic Analyses


In Figure 4, different microstructures in the cast Mar-M004 were observed by SEM with the BSE mode and identified with the aid of EBSD analyses. The BSE image supported that the irregular bright phases with distinct morphologies (Figure 4a) were MC carbides, as further confirmed by their compositions (listed in Table 3) and EBSD identifications (Figure 4b). The EBSD map revealed that the yellow phases with different morphologies were all MC carbides, which were composed of significantly high Nb and Hf concentrations. It was noticed that few residual white phases could be seen ahead of the γ-γ′ eutectic colonies (Figure 4a,c). Such events indicated that those white phases solidified at a temperature lower than the γ-γ′ eutectic colonies. It has been reported that complex grain boundary constituents, such as MC carbides, M2SC sulphocarbides, Cr-Mo borides, Ni-Zr intermetallic compounds, and γ-γ′ (Ni3(Al,Ti)) eutectics, were obtained in IN738/IN738LC superalloy [13,14,16,25,26]. The EBSD map (Figure 4d) shows that the blocky gray product in Figure 4c was M3B2 boride, which was checked by EPMA measurements as listed in Table 3. The M3B2 boride consisted of very high Cr and Mo concentrations. White eutectic constituents in Figure 4c were proven to be Ni7Hf2 intermetallic compounds by the EBSD analysis shown in Figure 4d. Furthermore, fine M5B3 borides were inter-dispersed in the lamellar Ni7Hf2 compounds. The presence of borides at the interdendritic boundaries inevitably depressed the terminal solidification temperature, thus deteriorating the weldability of the cast superalloy.



As shown in Figure 3c, lamellar eutectics and solidification products in gray color are present ahead of γ-γ′ eutectic colonies, which are expected to be the terminal solidification products. Further analyses were oriented to understand the constituents of grain boundary products. Figure 5 presents micrographs showing the morphology, distributions of alloy elements, and phase constituents at the solidification boundary. The BSE image (Figure 5a) was useful in distinguishing the possible solidification products according to the image contrast. The EPMA maps (Figure 5b) displayed the distributions of distinct alloy elements. In addition, the EBSD map (Figure 5c) was able to identify the phase constituents of the solidification products. As shown in Figure 5a, several different products, namely irregular white phase, lamellar bright phase, and blocky gray phase, formed near the grain boundary. The Al distribution map indicated that the γ-γ′ eutectic colonies were rich in Al, but co-segregation of Ti was not found as a result of its low concentration. By contrast, co-segregation of Al and Ti was noticed in the γ-γ′ eutectic colonies of IN738 superalloy. The C map could be used to indicate the carbide sites. The results displayed that the C, Nb, and Hf maps showed the same trend of distribution. This meant that the carbides were rich in Nb and Hf. The irregular island-like white phase, indicated by an arrow in Figure 5a, was expected to be MC carbide. The Ti and Zr maps also revealed that Zr and Ti tended to participate in the carbides. Moreover, some fine carbide particles were inter-dispersed along the profile of the lamellar white phase. The EBSD map confirmed that the MC carbides formed in those sites of high C, Nb, and Hf concentrations (Figure 5c). The B map showed the distribution of B, which could be linked to the boride locations. The gray blocky product (Figure 5a), which enriched in B, Cr, and Mo in the corresponding maps in Figure 5b, was proven to be M3B2 boride (Figure 5c). The Zr and Hf maps displayed that the lamellar eutectic (indicated by an arrow in Figure 5a) was rich in Hf and Zr, which naturally showed high brightness in the BSE image in Figure 5a. The lamellar white phase in Figure 5a at the grain boundary region was identified as Ni-Hf-Zr (Ni7Hf2) intermetallics in Figure 5c. Moreover, it was found that M5B3 and M3B2 borides could be inter-dispersed in the Ni7Hf2 intermetallics as shown in Figure 5c.




3.3. HAZ Microcracks


Mar-M004 welds were subjected to a standard metallographic procedure to reveal internal defects. Figure 6 shows SEM micrographs of microcracks in the HAZ next to the FZ of the repair weld. Obviously, microcracks propagated along interdendritic region of the HAZ (Figure 6a). The induced microcracks were clearly in association with the inherently metallurgical factors of the cast Mar-M004 superalloy. As reported in previous works [16,23,25,26], constitutional liquation of MC carbides, M3B2 borides, M2SC sulfocarbides, γ′ particles, and γ-γ′ eutectic accounts for the HAZ liquation cracking of IN738 superalloy welds. The cracks were found to be more likely to propagate along the interfaces between the MC carbides and the matrix (Figure 6b) owing to the substantial amounts of MC carbides in the cast Mar-M004 superalloy. The imposed shrinkage stress on the liquated phases promoted the occurrence of HAZ cracking of the Mar-M004 weld. Liquation cracking was also found to initiate and propagate along the boundaries between the γ-γ′ colonies (Figure 6c), wherein some minor phases in between might dominate the cracking. Inspection at higher magnifications showed that complex microconstituents in lamellar forms also played an important role on the HAZ liquation cracking as shown in Figure 6d.




3.4. SEM Fractographs of Liquated Cracks in the HAZ


After immersion in liquid nitrogen for a short time, the existing microcracks in the HAZ of the Mar-M004 weld were opened by applying a bending force. The fracture appearance of those microcracks was inspected by SEM in the BSE image, and EPMA maps were used to determine the chemical compositions of the coverings as shown in Figure 7. The fracture surface revealed the typical feature of hot cracking of a weld, i.e., solidified liquid droplets and eutectic constituents on the fracture surface (Figure 7a). The coverings on the fracture surface had different morphologies, including blocky, lamellar, and arrayed fine precipitates (Figure 7a,b). A few fine cracks were found to propagate through those solidification products, indicating the ease of cracking or brittleness of the solidification products. The high brightness of the eutectic constituents also implied the aggregation of high atomic weight elements. The EPMA maps (Figure 7c) indicated that the smooth fracture surface was enriched in Al but lean in other alloy elements. The cobble-like features enriched in Al were could be the separation between the γ-γ′ colonies. Additionally, the distributions of C and B were used to sort the types of microconstituents. The C map was used to identify the formation of isolated carbides or γ/MC eutectics. The results clearly showed the strong partitioning of Nb and Hf to the MC carbides in blocky or lamellar shapes. The B map indicated that the low-melting constituents on the fracture surface consisted of high B, Cr, and Mo concentrations, implying the formation of Cr-Mo borides. Moreover, a high tendency of B to segregate to those zones of carbides and intermetallics was noticed. It was also seen that the co-segregation of Hf and Zr (strong carbide formers) did not need to be accompanied by C segregation to form MC carbides simultaneously. Without the participation of C, the co-segregation of Hf and Zr shown in the EPMA maps would facilitate the formation of Ni-(Hf,Zr) lamellar intermetallic compounds instead of MC carbides.



It was obvious that localized melting of the grain boundary constituents during welding led to HAZ liquation cracking. The greater amount of carbides than that of other grain boundary constituents accounted for the higher trend of liquation cracking along the MC carbides than along other phases in the Mar-M004 weld. In addition, the terminal solidification temperature could be further depressed by the presence of other grain boundary products, such as borides and intermetallic compounds. Borides [10,11] are reported to liquate at lower temperature and extend the brittle temperature range, so the susceptibility of liquation cracking in the HAZ is increased [25,26]. In this work, the weldability of cast Mar-M004 superalloy is greatly impaired by the segregation of B to the grain boundary carbides and intermetallics along with the formation of M3B2 and M5B3 borides.




3.5. Pre-Weld Heat Treatment


In prior work [33], premature melting of final solidification products, such as γ-γ′ colonies, MC carbides, Cr-Mo borides, and Ni-Hf intermetallic compounds at the dendrite boundaries, accounted for the HAZ cracking of a Mar-M004 weldment. Pre-weld heat treatments were performed to eliminate those harmful microstructures and thereby improve the weldability of the cast superalloys [16,27,31,34]. In this work, pre-weld heat treatment was carried out at 1180 °C/4 h in hard vacuum followed by Ar-assisted cooling to room temperature. After metallographic preparations, the initial microstructures of the sample were inspected by SEM in BSE images, with special attention paid to the grain boundary microconstituents. After solution treatment, the same sample was examined again to reveal the variation in microstructures at the same site. Figure 8 illustrates the evolution of microstructures before/after pre-weld heat treatment. In Figure 8a, MC carbides, borides, and lamellar intermetallics were present in the sample before pre-weld treatment. After solution treatment at 1180 °C/4 h in high vacuum, the borides and lamellar intermetallics ahead of γ-γ′ colonies liquated unexpectedly. This event caused the formation of micro-pores in the sample (Figure 8b). The MC carbides still resisted melting during this solution treatment. After the damaged sample was polished, the surface morphologies of the solution-treated sample were investigated in BSE images and subjected to EBSD analysis; the results are shown in Figure 8c,d. The figures revealed that those regions ahead of γ-γ′ colonies liquated preferentially (Figure 8c). The EBSD map (Figure 8d) showed that liquation cracking was strongly related to the melting of borides and lamellar intermetallics.



The MC carbides were the major second phases of the cast Mar-M004 superalloy, thus cracks were more likely to propagate along the γ-MC carbide interface. In fact, the borides and lamellar intermetallics were formed ahead of γ-γ′ colonies, which were more likely to melting during welding. In this work, attention was paid to the premature liquation of the borides and lamellar intermetallics. To improve the weldability of the cast Mar-M004 superalloy, those low-melting microconstituents needed to be reduced by a proper pre-weld heat treatment. It was obvious that solution-treatment at 1180 °C was too high to remove harmful phases from the Mar-M004 alloy. A proper pre-weld heat treatment should be conducted on the first priority if refurbishment of the turbine needs to be applied. It also implied that local overheating of the investigated alloy above 1180 °C during welding or service would introduce microcracks into the components. Further work to eliminate those two harmful phases by proper heat treatments is planned to improve the weldability of Ni-based superalloys. In addition to repair welding, turning and milling are also crucial operations in refurbishing such a turbine blade. Fortunately, these key manufacturing processes have been successfully developed by using multitasking and/or super-abrasive machine centers [35,36]. The combination of the above manufacturing processes will make a great achievement in the refurbishment of such turbine blades.





4. Conclusions


	(1)

	
Liquation cracks in the HAZ of a repaired Mar-M004 weld resulted from low-melting constituents along solidification boundaries. Premature melting of final solidification products, such as γ-γ′ eutectic colonies, MC carbides, Cr-Mo borides, and Ni-Hf intermetallic compounds at the dendrite boundaries, were responsible for the HAZ liquation cracking of the weld.




	(2)

	
Cracks were more likely to propagate along the interface between γ and MC carbides because the MC carbides were the major second phase of the cast Mar-M004 superalloy. Moreover, the borides and lamellar intermetallics formed ahead of γ-γ′ colonies were melted preferentially at a much lower temperature during welding.




	(3)

	
Fractographs of liquation cracks displayed solidified droplets and eutectic constituents. The smooth fractured surface was enriched in Al but lean in other alloying elements, which was associated with γ-γ′ colonies. Nb/Hf combined with C to form blocky MC carbides or assist the γ/MC eutectic reactions. Without the participation of C, co-segregation of Hf and Zr enhanced the formation of Ni-(Hf,Zr) intermetallics in lamellar form. In addition to the formation of Cr-Mo borides, the fractured surface contained a certain amount of B, which implied a strong tendency of B segregation to the final solidification products.




	(4)

	
Pre-weld heat treatment of the cast superalloy at 1180 °C/4 h resulted in melting of borides (M3B2 and M5B3) and lamellar intermetallics (Ni7Hf2) ahead of γ-γ′ colonies. In contrast, MC carbides were more resistant to melting during the pre-weld heat treatment.




	(5)

	
To achieve a crack-free weld, a proper pre-weld heat treatment for such a cast superalloy should be customized on the first priority if refurbishment of the turbine is required.
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Figure 1. (a) The macro-view of the cast turbine; (b) the tested sample cut from the turbine; (c) the joint geometry of the repair weld; and (d) the macro-view of the repair weld. 
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Figure 2. (a) Cross-sectional view of the repair weld; (b) liquation crack in the heat-affected zone (HAZ) of the weldment; (c) microhardness indentations from the fusion zone (FZ) across the weld interface to the base metal (BM). 
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Figure 3. SEM images illustrating the cast microstructures of the Mar-M004 superalloy: (a) the metal carbides (MC) carbides in different shapes; (b) a γ-γ′ eutectic at the boundaries; (c) lamellar eutectics and MC carbide at the boundaries; and (d) the presence of borides at the boundaries. 
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Figure 4. The analysis of solidification products in the cast superalloy: (a) back-scatter electron (BSE) image of MC carbides and their associated (b) electron backscatter diffraction (EBSD) map; (c) BSE image showing the boundary microconstituents and related (d) EBSD map showing the presence of borides and lamellar intermetallics. 
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Figure 5. The identification of complex grain boundary microconstituents: (a) BSE image showing the interdendritic microconstituents ahead of γ-γ′ colonies; (b) the elemental maps of the boundary microconstitutents determined by electron probe micro-analyzer (EPMA); and (c) the EBSD map to distinguish the MC carbide, borides, and lamellar intermetallics. 
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Figure 6. (a) The occurrence of liquated cracks in the HAZ of the Mar-M004 weld; (b) crack growth along the interface between the MC carbide and matrix; (c) lamellar white phases and carbides ahead of liquated crack; and (d) complex microconstituents ahead of liquation crack. 
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Figure 7. (a,b) SEM fractographs of liquated cracks and (c) the associated elemental mappings determined by EPMA. 
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Figure 8. (a) BSE image of the cast microstructure; (b) the microstructural change of the (a) sample after solution-treatment at 1180 °C for 4 h; (c) BSE image of the liquated sample after metallographic preparation; and (d) EBSD map of the (c) sample. 
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Table 1. The chemical compositions of Mar-M004 in wt. %.
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	Alloy/Element
	Al
	B
	C
	Cr
	Hf
	Mo
	Nb
	Ti
	Zr
	Ni





	Mar-M004
	5.95
	0.015
	0.05
	12.0
	1.3
	4.5
	2.0
	0.6
	0.05
	Bal
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Table 2. Chemical compositions in at. % of solidification products displayed in Figure 3.
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	Location/Element
	Al
	B
	C
	Cr
	Hf
	Mo
	Nb
	Ti
	Zr
	Ni





	Site 1
	1.20
	—
	44.52
	0.57
	5.06
	4.23
	29.10
	5.96
	0.41
	Bal



	Site 2
	0.27
	3.37
	44.85
	1.29
	3.86
	6.54
	27.93
	7.38
	0.20
	Bal



	Site 3
	1.57
	—
	8.26
	4.57
	7.40
	2.11
	1.81
	0.80
	3.79
	Bal



	Site 4
	0.54
	40.93
	0.01
	21.47
	0.26
	27.21
	2.24
	0.18
	0.08
	Bal
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Table 3. Chemical compositions in at. % of the solidified phases as displayed in Figure 4.
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	Phase/Element
	Al
	B
	C
	Cr
	Hf
	Mo
	Nb
	Ti
	Zr
	Ni





	MC
	0.03
	—
	44.34
	0.77
	18.74
	3.69
	23.37
	3.52
	1.70
	Bal



	M3B2
	0.02
	25.43
	1.03
	31.81
	0.09
	33.85
	2.38
	0.30
	—
	Bal
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