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Abstract

:

The preparation of a single crystal superalloy surface overlay welding coating to improve its high-temperature mechanical properties is of great significance for prolonging the service life of blades. This work selected two types of welding wire alloys, CoCrMo and CoCrW, to prepare coatings on the surface of a single crystal superalloy. A comparative study was conducted on their mechanical properties, such as tension, compression, fatigue, durability, and wear at a high temperature of 900 ℃, aiming to reveal the high-temperature mechanical properties of the two types of welding coatings. Results showed that the average high-temperature tensile strength of the CoCrMo welded specimen was smaller than that of the CoCrW welded specimen; the average high-temperature duration of CoCrMo welded specimens at 150 MPa was lower than the average duration of CoCrW welded specimens; the high-temperature fatigue life of CoCrMo welded specimens at 220 MPa was 7.186 × 105; and the average high-temperature wear rate of CoCrMo sample was 3.64 × 10−6 mm3·N−1·m−1. The CoCrW alloy was more wear resistant than CoCrMo. The hardness of CoCrMo welded joints gradually increased from the substrate to the heat-affected zone and then to the fusion zone, and was much higher in the fusion zone than in the CoCrW alloy.
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1. Introduction


The low-cost and second-generation single crystal superalloy (DD6) has a high content of high-temperature-resistant elements (W, Mo, Ta, Re, Nb), with a content of approximately 19.5 wt.% [1,2]. Its tensile and creep endurance properties could be comparable to second-generation single crystal high-temperature alloys SC180, René N5, CMSX-4, and PWA1484 [3,4,5]. The yield strength of the DD6 alloy is approximately 981 MPa at 760 °C. Its creep endurance lives are approximately 484 h under conditions of 1093 °C/124 MPa [6]. Due to its excellent high-temperature fatigue performance, the DD6 alloy is widely used as a raw material for high-temperature components such as turbine blades in aircraft engines. However, there is high-temperature and pressure friction between the adjacent serrated crown mating surfaces of turbine blades, which can easily create gaps between the mating surfaces and reduce the efficiency of aircraft engines. Preparing a wear-resistant layer on the surface of DD6 to improve its friction and wear performance is of great significance for prolonging the service life of blades. At present, the preparation of wear-resistant layers mainly adopts manual argon arc welding, plasma spraying, and plasma cladding. The surface strengthening and modification of single crystals mainly focus on laser carbon alloying, nitrogen alloying, boron alloying, and multi-element alloying. Taking the blade of a shot blasting machine as an example, wear and crack initiation and other damages start from the surface of the blade. According to the material and working environment requirements of the blade, high hardness and wear-resistant flux-cored welding wire is usually selected as the welding material. Then, submerged arc welding, gas welding, or equal ion arc welding are used as welding processes to repair the worn part of the blade [7,8].



Overlay welding technology is widely used due to its ability to achieve the combination of the substrate and wear-resistant overlay layer, with a deep bonding layer, high bonding strength, no obvious interface between the substrate and overlay layer, economic advantages, and high production efficiency [9,10,11,12]. All welding processes affect the surface quality of the welding layer, the deposition and quality of the weld seam, and the geometric shape of the weld bead with the same processing principle [13], which largely depends on their process parameters. The common processing parameters that affect the surface quality of the overlay welding process mentioned above are mainly welding current, cooling conditions, interlayer temperature, welding speed, and flux-cored welding wires with different alloy powder compositions. According to the comparison standard of the coating material system, as well as the respective advantages, disadvantages, and application scope of these coating materials, several common self-fluxing alloy powders are shown in Table 1.



Co-based coatings have excellent wear resistance, corrosion resistance, thermal stability, high strength, high hardness, and are easy to form into simple solid solutions, making them one of the ideal coating materials for improving the surface properties of substrates. The Co-Cr-Mo alloy is a solid solution formed with cobalt as the basic component, which generally contains alloying elements such as chromium and molybdenum. The solid solution of molybdenum element with a mass fraction of 5% to 7% in the alloy can refine grain size in the matrix, and the atomic radius of molybdenum is larger than that of cobalt. The solid solution in the cobalt matrix can become a barrier for dislocation flow and, after casting or forging, the strength of the alloy can be effectively improved. The higher chromium content in the alloy can form a thin and dense oxide layer on the surface of the alloy, improving its corrosion resistance and wear resistance [15,16].



The CoCrW alloy is also known as the Stellite alloy. The stacking fault energy of elemental Co is low, and it is easy to form a large number of stacking fault strengthening matrices. The solid solution of alloy elements such as W and Cr in the matrix will also cause solid solution strengthening. Cr element could improve the corrosion resistance of the CoCrW alloy [17,18]. In addition, the precipitation of hard carbides will cause carbide strengthening. These characteristics of the CoCrW alloy make it have excellent wear resistance, corrosion resistance, high-temperature strength, and hardness [19]. There are two isomers of elemental Co, which are face-centered cubic structures γ-Co and closely packed hexagonal structures ε-Co; the former is a high-temperature stable phase, while the latter is a low-temperature stable phase. ε → γ, the transition temperature is approximately 430 °C, and γ→ε, the transformation temperature of the CoCrW alloy is approximately 390 °C [20]. Due to the fact that alloying elements such as W, Cr, and Mo can alter the stability of the two isomers, the actual transformation temperature of the CoCrW alloy may differ from that of elemental Co, and even differ significantly. During the cooling process, the chemical driving force of transformation is very low, so the main reaction is γ-Co organization at room temperature. The composition phase of the CoCrW alloy is generally γ-Co, M7C3, and M23C6, but when the content of W is higher, the composition phases of the alloy will also include M6C, M12C, Co3W, Co7W6, etc. [21,22].



The preparation of a deposition layer on the DD6 alloy surface using overlay welding technology can effectively improve the friction and wear performance of the alloy surface, but there is relatively little research on the preparation of a CoCr alloy deposition layer on the surface of a DD6 alloy. The influence of a CoCr alloy deposition layer on the surface properties of a DD6 alloy needs further exploration. Based on this, this work prepared the CoCr-based deposition layer on the surface of a DD6 alloy through overlay welding manufacturing technology, studied the effect of heat input on cracks in the heat-affected zone, and analyzed the microstructure characteristics, hardness distribution law, and friction and wear performance of the deposition coating in order to provide a reference basis for the preparation of CoCr-based wear resistant coatings on a DD6 alloy.




2. Test Materials and Methods


The experiment used overlay welding technology for surface modification treatment on the DD6 substrate. The DD6 substrate was cut into a plate, as shown in Figure 1a, with a thickness of 2 mm. The butt weld was cut into a V-shaped groove and the welding wire filled the groove. The welding process parameters were: a welding current of 23–34 A, Ar protective gas flow rate of 10 ± 2 L/min, and diameter of the welding gun nozzle of 8–14 mm. Two types of welding wires were selected for comparative study: Co-Cr-Mo and Co-Cr-W alloys. The diameter of the two types of welding wires was 1.6 mm, and the main chemical composition is shown in Table 2.



After the overlay welding, the mechanical performance was tested. Specimens high-temperature tensile, fatigue, and endurance properties were taken from the welding test plate (Figure 1b). The specimens after being machined are shown in Figure 1c. The tensile test was conducted on an electronic high-temperature universal testing machine, which was equipped with a 1100 °C high-temperature furnace, an environmental box, and a room temperature high-temperature extensometer. The temperature control error was ≤±2 °C and the relative error of the test force indication was ≤±0.5%. The experimental environment was atmospheric. The plate-shaped specimen was clamped onto the testing machine by connecting the pin and the 3 mm hole at both ends of the tensile specimen. The loading rate was 0.1 mm/min (i.e., the strain rate was 1.2 × 10−4 s−1). The high-temperature test involves gradually heating the clamped specimen to the tensile test temperature, holding it for 30 min, and then applying the test load. The room temperature and high-temperature tensile tests were conducted in accordance with the national standards: Metal Materials Room Temperature Tensile Test Method (GBT228.1-2010) [23] and Metal Materials High-Temperature Tensile Test Method (GB/T4338-2006) [24].




3. Results and Discussion


3.1. Microstructure of CoCrMo and CoCrW


3.1.1. CoCrMo Welding Wire


The matrix phase composition of the CoCrMo welding wire was composed of the α and ε phase. The α phase had a face-centered cubic (FCC) structure and was a non-equilibrium phase. The ε phase had a dense hexagonal (HCP) structure and an equilibrium phase [25]. As different overlay welding methods, there was a significant difference in the proportion of solid solution phases between α and ε in CoCrMo alloys. Within the same chemical composition range, the different content of alloy phases resulted in significant differences in the properties of CoCrMo alloys produced by different manufacturing methods [26]. The tensile strength, yield strength, and elongation of the CoCrMo alloy with higher non-equilibrium structures α were significantly higher than those of the CoCrMo alloy deposited by overlay welding.



The microstructure of the CoCrMo alloy is shown in Figure 2. Based on the distribution of components, the phase composition of the organization can be determined. It could be determined that the white and coarse phase in the microstructure was the equilibrium structure CoCr phase of the CoCr alloy, as shown in Table 3. The black coarse phase was a non-equilibrium CoMo phase, and a large number of twin structures with flat interfaces were formed between these phases. The microstructure of the CoCrMo alloy was equiaxed, with an average grain size of 2 µm. The carbide phase appeared in a gray discrete irregular block shape with relatively low content. Grain size and distribution in two directions showed uniformity, as shown in Figure 3.




3.1.2. CoCrW Welding Wire


The CoCrW alloy was mainly composed of Co, CoCr, and CoWC phases, as shown in Figure 4 and Table 4. In the transverse direction, CoCr phases were distributed uniformly in the matrix and most of shapes were elliptic. In the longitudinal direction, the deformation and distribution with a certain direction were formed due to the preparation and rolling action, and the CoCr was mutually flat. The CoCrW alloy was mainly composed of equiaxed crystals, and a large number of twin crystals were locally formed in the CoCrW matrix. The large white CoCrW phase was the equilibrium CoCr alloy CoCrW phase. The black coarse CoCr phase was the non-equilibrium phase, and these phases also formed a large number of twin structures, as shown in Figure 5.





3.2. Microstructure of Overlay Welding on the DD6


3.2.1. CoCrMo Overlay Welding


The microstructure of the cross-section of the CoCrMo alloy overlay could be divided into four regions: heat-affected zone, diffusion layer of cellular crystals and columnar dendrites with certain directions, and planar crystal zone (fusion zone).



Diffusion zone. The transition layer between the overlay layer and DD6 substrate was not obvious, and columnar dendrites with certain directions were formed at the interface. The melted welding wire and partially melted substrate diffused with each other, resulting in good metallurgical bonding. When observing the microstructure at the interface at high magnification, it was found that a relatively regular and featureless ‘white bright band’ was formed, namely the fusion zone, which was a regular planar crystal. Diffusion occurred near the fusion line, with Fe, Cr, and Co main elements, as shown in Table 5. The content of Fe gradually decreased as it moved away from the interface, while the content of Cr and Co increased as it approached the overlay layer, indicating good metallurgical bonding at the interface. The diffusion layer was approximately 0.2 mm, and the phase angle between the layer γ′ phase and blade substrate γ′ was less than 15°, and no cracks or recrystallization was found.



In the fusion zone. The dendritic structure near the surface of the stack layer was fine and dense due to the multiple heat dissipation channels near the surface, fast cooling speed, and an unstable growth direction. The columnar dendritic zone in the middle of the overlay layer was characterized by columnar dendritic growth that was generally oriented perpendicular to the interface. The main composition phase of the overlay layer was y-Co. According to the crystal growth theory, y-Co grew preferentially along the <100> direction [27]. Due to the fact that the molten pool mainly relied on the base material for heat dissipation at the bonding interface, the heat flow direction at the bottom of the molten pool was basically parallel to the (1001) universal direction of the FCC crystal. The eutectic structure was mainly composed of Co dendrites and carbides of Cr, which contained substitution elements of Cr containing Co, W, and Fe.



The direction of the flat and elongated melt pool was similar, and there were layered structures with different directions penetrating the melt pool. The width of the elongated molten pool was approximately 80~120 µm. This complies with the laser spot size of 100 µm. The width of the melt pool was less than 100 µm, because there was some overlap in the molten pool, and the width of the molten pool was greater than 100 µm due to the thermal effect of the laser. Based on Figure 6, the longitudinal section of the specimen was composed of melt pools with similar sizes, and the width, height, and distance between adjacent centerlines of the melt pool were approximately 100 µm, 40 µm, and 50 µm.



Heat-affected zone. The γ′ phase size was small and blurry, the matrix structure was uniform, and the high-magnification structure was mainly composed of γ and γ′ phase composition, where γ′ was approximately 0.4~0.5 µm; no abnormalities were found. The cross-sectional shape of the elongated molten pool extended into the DD6. These elongated molten pools had two types of microstructures: cellular and columnar crystals, with a diameter of approximately 1 µm. The compound at the grain boundary was a honeycomb-like precipitate, which also existed in the Al-Si alloy [28], 316L stainless steel [29], and 18Ni-300 martensitic aging steel [30]. The honeycomb precipitate was confirmed to be M23C6 (M = Cr, Mo, Co) carbide [31,32,33].



Figure 6f shows a schematic diagram of the crystal plane and orientation index in the cubic crystal system. The OO′, OA, and OC in the figure were [001], [100], and [010] crystal directions, respectively. The bottom OABC was the (001) crystal plane, and the plane O′ A′ BC formed by the red border was the (011) crystal plane. The shaded O′ AC plane enclosed by the blue dashed line was the (111) crystal plane.




3.2.2. CoCrW Overlay Welding


The weld seam width of the CoCrMo welding joint was approximately 4.6 mm, and the welding fusion zone was highly granular and had a dendritic casting structure. The diffusion layer was less than 0.2 mm, and the phase angle between the γ′ phase and blade substrate γ′ was less than 15°; no cracks or recrystallization were found. The γ′ phase size in the microstructure of the heat-affected zone was small and blurry, the matrix structure was uniform, the high-magnification structure was mainly composed of γ and γ′ phase composition, where the γ′ phase size was approximately 0.4~0.5 µm, and no abnormalities were found, as shown in Figure 7.



According to the graph, the four phases were respectively rich Co matrix phases: rich in Co, Cr small dendrites, rich in W phase, and rich in Cr large dendrites. The rich Co matrix phase was γ-Co. Rich Co and Cr phases were CrCo, which were intermetallic compounds of CrCo. Rich W phase was M6C, and the rich Cr phase was Cr23C6.



There were many Ni elements at the bottom of the sedimentary layer, indicating that the dilution rate of Co-based alloys at the bottom of the sedimentary layer was relatively high. During the deposition process, the melted components of the matrix entered the sedimentary layer through convection in the melt pool. The content of Co element increased along the deposition height direction, indicating that there was a large amount of matrix phase in the middle and top of the deposition layer during the rapid melting and solidification process γ-Co and CrCo intermetallic compound phase formation. The content of Cr, W, and C elements in various regions of the sedimentary layer was relatively stable, and Cr, W, and Co dissolved under laser deposition γ-Co produce lattice distortion and high hardness carbides M6C and Cr23C6.



The distance selected between the center of any indentation and the edge of the specimen should be at least 2.5 times the average diameter of the indentation, and the distance between the centers of two adjacent indentations should be at least three times the average diameter of the indentation as the qualification criterion for hardness testing. Two metallographic specimens were selected for both CoCrMo and CoCrW welded joints. The microhardness gradient was tested on the metallographic specimens from left to right, with a measurement point spacing of 0.1 mm. The test results are shown in Figure 8. The hardness of CoCrMo welded joints increased in the heat-affected zone, while there was a slight decrease in the fusion zone. The hardness range of the fusion zone of the weld was approximately 430~520 HV. The hardness of CoCrW welded joints gradually increased from the substrate to the heat-affected zone and then to the fusion zone, reaching its highest point in the middle of the fusion zone. The hardness range of the fusion zone of the weld was 550~800 HV, which was much higher than that of the CoCrMo welded fusion zone.





3.3. Mechanical Properties of DD6 Overlay Welded Joints


3.3.1. High-Temperature Tensile Performance of Overlay Welded Joints


Figure 9a shows the comparison of room temperature tensile results between CoCrMo and CoCrW welded specimens. It can be seen that the average tensile strength of CoCrMo welded specimens was 832 MPa, which was lower than that of the CoCrW welded specimens, whose average tensile strength was 860 MPa. The average elongation after fracture of CoCrMo welded specimens was 3.9%, which was lower than that of the CoCrW welded specimens, whose average elongation after fracture was 11.3%. The tensile strength deviation value of the CoCrMo room temperature tensile specimen was 24, which was greater than that of the CoCrW specimen, which was 7. The deviation value of elongation after fracture for CoCrMo room temperature tensile specimens was 1.2, which was smaller than that of the CoCrW specimens, which was 2.4.



Figure 9b shows the comparison of the high-temperature tensile results of CoCrMo and CoCrW welded specimens at 900 °C. The average high-temperature tensile strength of CoCrMo welded specimens was 290 MPa, which was smaller than that of the CoCrW welded specimens. The elongation after fracture of CoCrMo welded specimens was 6.5%, greater than that of the CoCrW welded specimens, which was 4.5%. The average tensile strength deviation of CoCrMo was 18, less than that of the CoCrW specimens, which was 43. The deviation of the average elongation after fracture of the CoCrMo high-temperature tensile test was 1.8, greater than that of the CoCrW specimens, which was 0.69.



Figure 10a–c show the fracture of CoCrMo room temperature tensile specimens. From the overall judgment of the fracture surface, it presented a mixed fracture model of ductile and fragile. The surface was bright, and there was no obvious oxidation on the cross section, and the fracture was located in the middle of the weld position. The plastic deformation was not obvious, and the fracture microstructure was mainly characterized by cleavage and quasi cleavage, with some showing layered fracture characteristics. Slippage traces could be seen on the larger side of the shear plane. Figure 10d–f show the fracture analysis of CoCrW room temperature tensile specimens. The surface was bright, and they were all fractured at the weld position. There was no obvious oxidation on the fracture surface, and the plastic deformation at the fracture surface was obvious, with visible necking. The microstructure of the fracture surface was mainly characterized by cleavage and quasi cleavage, with many small shear planes.



Figure 11 shows the fracture of CoCrMo and CoCrW high-temperature tensile specimens, all of which are located at the weld seam. The surface of the high-temperature tensile specimens displayed oxidation. The obvious necking fracture morphology was mainly ductile dimples, with a small amount of cleavage.




3.3.2. High-Temperature Compression Performance of Overlay Welded Joints


The true stress–strain curves of CoCrMo and CoCrW overlay joints are shown in Figure 12a. The trend of flow stress with deformation temperature during high-temperature compression deformation was the same; that is, with the increase in temperature, the flow stress gradually decreased. The trend of rheological stress variation with strain in the two types of joints was basically the same: after compression begins, with the increase in strain, the true stress growth rate was very fast, in a straight-line state and raised at a high slope. When a certain peak was reached, with the increase in true strain, the growth rate of rheological stress slowed down and the magnitude of stress value hardly changed much. At this point, the rheological stress no longer changed linearly. As the strain continued to increase, the curve showed a downward trend and gradually stabilized, reaching a relatively stable value, which was the steady-state stress. The reason for its formation was generally believed to be the result of the combined effect of strain hardening and recrystallization dynamic softening during high-temperature deformation, and the relationship between softening and hardening was reflected in the true stress–strain curve. In the early stage of deformation, the dislocation density inside the grains continuously increased, leading to work hardening and a rapid increase in rheological stress. After work hardening, the material was in an unstable state, and the increase in internal energy provided a driving force for dislocation slip. The material began to undergo dynamic recovery, and the effect of work hardening was gradually offset, leading to dynamic recrystallization and material softening. When work hardening and recrystallization softening reached equilibrium, the flow stress reached its maximum value. As the deformation continued to increase, softening occurred over a large range, strain hardening and dynamic recrystallization softening reached dynamic equilibrium again, and the rheological stress entered a stable state.



According to GB/T 7314-2017 [34], the room temperature (RT), 930 °C, 970 °C, 1030 °C, 1060 °C, and 1100 °C compressive strengths of the overlay weld joints were tested. The number of specimens at each temperature point was not less than three, and the morphology characteristics of the wear-resistant layer at both ends of the specimens were observed after the test. Figure 12b,c show the high-temperature compression performance and modulus of CoCrMo and CoCrW overlay joints.




3.3.3. Fatigue Performance of Overlay Welded Joints


At the high temperature of 900 °C and the stress level of 150 MPa, the average endurance time of CoCrMo welded specimens was 1.17 h, which was lower than that of CoCrW welded specimens, which was 5.33 h. When the stress level increased to 200 MPa, the average duration of CoCrMo welded specimens was only 0.42 h, which was lower than that of CoCrW welded specimens, which was 2 h, as shown in Figure 13.



Figure 14a–c show the fracture analysis of high-temperature endurance specimens of CoCrMo welded specimens. The surface of the endurance specimen displayed oxidation, and the fracture was located in the middle of the working section without obvious necking. Figure 14d–f show the fracture of high-temperature persistent specimens of CoCrW welding, all of which also were located at the weld seam. The surface of the persistent specimen also experienced oxidation, and the fracture was located in the middle of the working section without obvious necking. It fractured along interdendritic boundaries in a layered manner, with ductile dimples as the main microstructure and a small amount of cleavage planes visible. From the overall judgment of the fracture surface, it presented a fracture model of ductile.




3.3.4. High-Temperature Fatigue and Wear Performance of Overlay Welded Joints


Table 6 shows the fatigue results of the stress ratio R = −1 for two types of welding wire specimens, CoCrMo and CoCrW, at 900 °C, at 220 MPa, 180 MPa, and 150 MPa. The wear performance was not an inherent characteristic of the material but related to the working conditions during the wear process (such as load speed, temperature, environmental factors, etc.), the material properties, and interactions. The evaluation of the room temperature wear performance of two Co-based alloy overlay layers was based on DD6 as the “standard”, and wear tests were conducted under the same conditions. The weight-loss method was used to evaluate the resistance of the three cobalt-based alloy overlay layers, that is, the relative wear resistance of the three alloy overlay layers. The wear resistance of materials was usually expressed as the reciprocal of the wear rate. Namely, ε = 1/W. In the formula, ε was the wear resistance of the material, W was the wear rate generated by the material within a unit time or unit movement distance and also the amount of wear rate. The relative wear resistance was the ratio of the wear resistance of the test material to the “standard” material under the same operating conditions.



Table 7 shows the comparison of wear rate and volume between the base material and overlay layers. It can be seen that under different dry friction and wear losses of different welding layers at different times, the wear amount of the two cobalt-based alloy overlay welding layers was much smaller than that of DD6. As the wear test was carried out, under stress, the worn surface undergoes a work hardening phenomenon, and the wear loss weight of all alloy layers gradually decreased over time. It can be seen that the average high-temperature wear rate of CoCrMo specimens was 3.64 × 10−6 mm3N−1m−1, which was higher than that of CoCrMo specimens (2.83 × 10−6 mm3N−1m−1), indicating that CoCrW was more wear resistant than CoCrMo at 900 °C.






4. Conclusions


A comparative study was conducted on their mechanical properties such as tension, compression, fatigue, durability, and wear at the high temperature of 900 °C, aiming to reveal the high-temperature mechanical properties of the two types of welding coatings:



	(1)

	
The average room temperature tensile strength of CoCrMo welded specimens was 832 MPa, which was lower than CoCrW welded specimens. The average high-temperature tensile strength of CoCrMo welded specimens at 900 °C was 290 MPa, which was smaller than that of CoCrW welded specimens;




	(2)

	
At 900 °C and 150 MPa, the duration of CoCrMo welded specimens was 1.17 h, which was lower than that of CoCrW welded specimens. At 900 °C and 200 MPa, the duration of CoCrMo welded specimens was lower than that of CoCrW welded specimens by 2 h;




	(3)

	
The fatigue life of CoCrMo welded specimens at 900 °C and 220 MPa was lower than the fatigue life of CoCrW welded specimens at 9.432 × 105. The average high-temperature wear rate of CoCrMo specimens was higher than that of CoCrW specimens, indicating that CoCrW was more wear resistant than CoCrMo at 900 °C.
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Figure 1. DD6 overlay welding CoCr-based coating: (a) schematic diagram of the structure of wear-resistant coating stacked on the substrate; (b) schematic diagram of microstructure observation of stacked wear-resistant layer; (c) size of endurance performance test specimens. 
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Figure 2. Microscopic structure of CoCrMo welding wire. Horizontal observation: (a) low-magnification and (b) high-magnification microstructure; (c) composition analysis. Longitudinal observation: (d) low-magnification and (e) high-magnification microstructure; (f) composition analysis. 






Figure 2. Microscopic structure of CoCrMo welding wire. Horizontal observation: (a) low-magnification and (b) high-magnification microstructure; (c) composition analysis. Longitudinal observation: (d) low-magnification and (e) high-magnification microstructure; (f) composition analysis.



[image: Coatings 14 00892 g002]







[image: Coatings 14 00892 g003] 





Figure 3. Grain-size analysis of CoCrMo welding wire. Horizontal observation: (a,b) low-magnification microstructure and grain orientation texture; (c) grain-size statistics. Longitudinal observation: (d,e) low-magnification microstructure and grain orientation texture; (f) grain-size statistics. 
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Figure 4. Microscopic structure of CoCrW welding wire. Horizontal observation: (a) low-magnification and (b) high-magnification microstructure; (c) composition analysis. Longitudinal observation: (d) low-magnification and (e) high-magnification microstructure; (f) composition analysis. 
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Figure 5. Grain size of CoCrW welding wire observed horizontally: (a,b) low-magnification microstructure and grain orientation texture; (c) grain-size statistics. 
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Figure 6. Microstructure of CoCrMo overlay welding: (a) fusion zone; (b) enlarged view of fusion zone; (c,d) diffusion layer; (e) heat-affected zone; (f) DD6. 
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Figure 7. Microstructure of CoCrW overlay welding: (a) fusion zone; (b) enlarged view of fusion zone; (c,d) diffusion layer; (e) heat-affected zone; (f) DD6. 
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Figure 8. Hardness distribution of CoCrMo and CoCrW welded joints. 
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Figure 9. (a) Room temperature tensile properties of overlay welded joints; (b) high-temperature tensile properties of overlay welded joints. 
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Figure 10. (a–c) Room temperature tensile fracture of CoCrMo overlay joint; (d–f) room temperature tensile fracture of CoCrW overlay joints. 
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Figure 11. High-temperature tensile fracture of (a–c) CoCrMo overlay joint and (d–f) CoCrW overlay joints. 
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Figure 12. High-temperature compression performance of overlay welded joints: (a) stress–strain curves, (b) compression strength, and (c) modulus of CoCrMo and CoCrW overlay joints. 
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Figure 13. High-temperature endurance performance test of overlay welded joints under different stress levels. 
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Figure 14. High-temperature persistent fracture: (a–c) CoCrMo and (d–f) CoCrW overlay joint. 
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Table 1. The characteristics and applications of several common self-fluxing alloy powders [14].
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	Alloy Type
	Main Categories
	Main Characteristics
	Application





	Fe-based alloy
	Austenitic stainless steel;

High chromium cast iron
	Low cost, but poor oxidation resistance and poor self melting of the alloy.
	Situations where the requirements are not strict.



	Ni-based alloy
	Ni-B-Si series;

Ni-Cr-B-Si series
	High wear resistance, good high-temperature stability, corrosion resistance, and high toughness, poor impact resistance, and high-temperature performance is not as good as Co-based alloy powder.
	Widely used and commonly used for surface welding in severely corrosive medias.



	Co-based alloy
	Co-based wear-resistant alloy;

Co-based high-temperature-resistant alloy;

Co-based corrosion-resistant alloy
	The high-temperature resistance is the best, the comprehensive performance of all kinds of surfacing alloys is the best, with high hardness, and wear resistance, impact resistance, corrosion resistance, and oxidation resistance are good, but the price is expensive.
	Suitable for working at a high temperature of 600~700 °C, with oxidation resistance, corrosion resistance, and wear-resistant surfaces.










 





Table 2. Main chemical composition (wt.%).
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	C
	Si
	Cr
	Mo
	W
	Fe
	Ni
	Co





	CoCrMo
	0.08
	3.0~3.8
	16.5~18.5
	27.0~30.0
	
	
	
	Bal.



	CoCrW
	0.9~1.4
	≤2.0
	26.0~32.0
	≤1.0
	3.0~6.0
	≤3.0
	≤3.0
	Bal.










 





Table 3. Composition analysis of CoCrMo welding wire (wt.%).


