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Abstract

:

Inconel 625 nickel-base alloy was modified by electron beam surface alloying (EBSA) with TiC as the coating at different scanning speeds (80 mm/min, 100 mm/min, and 120 mm/min). Its microstructure evolution and friction and wear evolution were characterized using electron backscatter diffraction (EBSD), a microhardness tester, and a friction and wear tester (RTEC). The results indicated that the FCC phase in the microstructure of the Inconel 625 nickel-base alloy is island-shaped after EBSA. At different scanning speeds, the austenitic texture types will eventually form primarily S-texture accompanied by Goss texture and Brass texture of varying strengths. With an increase in scanning speed, the surface hardness of nickel-base alloys decreases. The highest surface hardness was 457 HB at 80 mm/min, and the surface hardness was 1.936 times higher than that of the base material. With an increase in scanning speed, the wear resistance of the nickel-base alloy plates decreased gradually. At the scanning speed of 80 mm/min, the wear volume and wear rate were the lowest, which were 0.9131 mm3 and 3.0437, respectively, and the wear rate decreased by 30.48%.
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1. Introduction


Mechanical equipment often faces extreme load conditions during service processes, such as high temperature and heavy load. Its surface is prone to wear, corrosion, collapse, and even fatigue fracture. Among these, wear is the most common failure form and is also one of the important reasons for material and energy loss in the industrial field. According to statistics, the failure of parts caused by wear and corrosion accounts for approximately 90% of the total number of discarded parts, and 230 million tons of metal are lost every year worldwide due to corrosion, resulting in hundreds of billions of dollars in losses [1]. Therefore, understanding the production and preparation technology of wear-resistant materials is significant for the wear resistance of the workpiece surface.



Nickel-base superalloys have excellent high-temperature mechanical properties, such as high-temperature oxidation resistance, heat corrosion resistance, ablation resistance, etc. Because of its high strength and plasticity in high-temperature working environments, it is widely used in hot end components, such as aeroengines and industrial gas turbines [2,3]. However, when nickel-base alloy is used as a turbine blade, gas transmission pipe, and oil transmission pipe in a power plant, due to long-term high-temperature oxidation and gas corrosion, the surface of the nickel-base alloy material is vulnerable to corrosion damage, which may affect the normal operation of the equipment [4]. In view of the fact that nickel-base alloys may be used for a long time under harsh working conditions, such as high temperature and high pressure, high-speed gas corrosion, mechanical load, cyclic load, vibration, a high thrust-to-weight ratio, and so on, this can cause volumetric damage, such as ablation and peeling, as well as surface damage, such as wear and peeling. Therefore, relevant scholars suggest adding a protective coating on the alloy surface for remanufacturing to improve its thermal corrosion resistance and oxidation ability, which ensures the long-term stability of its mechanical properties [5].



The use of adhesives, supersonic spraying, plasma thermal spraying, and other preset powder technologies to prepare a certain thickness of alloy powder coating on a material surface is known as scanning electron beam surface alloy technology. The coating is well connected to the surface of the workpiece, and then the workpiece coated with the alloy layer is treated using scanning electron beam welding technology. By adjusting the process parameters of the electron beam welding machine, the coating layer and the substrate surface can be melted at the same time. It can achieve a metallurgical bonding state, forming a new alloy reinforcement layer on the surface of the workpiece while maintaining good toughness and forming in the center. Therefore, the surface hardness, wear resistance, and corrosion resistance of the workpiece are greatly improved [6,7]. Scanning electron beam surface modification treatment technology has heating and cooling speeds that can reach     10   8     °C/s. This great temperature gradient can change the microstructure and chemical characteristics of the workpiece, thus improving its mechanical properties [8,9,10]. The scanning electron beam alloying technology can be used on various metal materials with special performance requirements so as to improve the wear resistance and corrosion resistance of the material surface [11]. After precoating different alloy powders, the properties of the alloying layer obtained are also different. The addition of W, Ti, B, Mo, and carbonitride can significantly improve the wear resistance of the material [12,13,14,15]. Adding Ni and Cr to the alloy can significantly increase the corrosion resistance of the material surface [16,17,18], and the addition of Co, Ni, Si, and other elements can also improve the alloying effect [19,20,21,22]. In order to enhance the wear resistance and corrosion resistance of the SUS 304 stainless-steel surface, Zhang Mankui et al. [23] prepared a Cr-CrB2 layer with laser surface alloying. The results showed that the alloy layer with a dense structure and fine grains formed a metallurgical bond with the matrix. The corrosion resistance of the alloy layer was improved, and the corrosion rate was reduced. The polarization curve of the alloyed layer had a long activation–passivation interval, and severe grain boundary corrosion and pitting corrosion occurred in the stainless-steel matrix. S. W. Huang [24] et al. used a pulsed laser to clad a WC/Ni coating on a H13 steel surface and explored the influence of laser-pulse energy, spot shape, transverse velocity, WC particle volume fraction, and other parameters on the formation and performance of the cladding layer. The results showed that, without any preheating, a thick (more than 0.5 mm), dense, and crack-free WC/Ni cladding layer could be formed on the H13 substrate. The average microhardness of the sample was as high as 800 HV, and the wear resistance of the cladding layer was 2–3 times higher than that of the H13 substrate steel.



At present, the research on the surface alloying of workpieces mostly uses the method of laser beam surface alloying, while the research on electron beam technology is less. Due to the low energy-conversion rate and poor controllability of the laser beam, protective gas is required during the processing to slightly improve the material properties [25,26,27]. However, electron beam technology has the advantages of high energy density, controllable local treatment, and no pollution discharge during processing. Therefore, in this paper, the surface of nickel-base superalloy Inconel 625 was modified by electron beam surface alloying (EBSA) with TiC as the coating to improve the surface hardness and wear resistance. The electron beam surface evolution law, the evolution microstructure, and the surface friction evolution laws of nickel-base superalloys were explored with SEM, EBSD, and the friction–wear test, which would provide a test basis for improving the surface hardness and tribological properties of Inconel 625.




2. Materials and Methods


Figure 1 shows the experimental flowchart of this study. To begin, a vacuum electron beam welding machine scanned the electron beam of the nickel-base alloys. Secondly, EBSD experiments were carried out on the cross-section of the treated material to analyze the evolution of its microstructure. Then, the surface of the material was tested for microhardness. Finally, the friction and wear experiment on the surface was carried out to explore its wear properties and wear mechanism.



2.1. Sample Preparation


Inconel 625 nickel-base alloy was used as the base material in this study (the main components are shown in Table 1), and TiC powder (particle size 2–4 μm) was an additive. Using the Electrical Discharge Machining (EDM), the nickel-base alloy was cut into 100 mm × 100 mm × 10 mm alloy samples. First, polyvinyl alcohol was added at 2% (mass fraction) into the TiC powder and was wet with 65 °C warm water. It was evenly coated on the surface of the Inconel 625 substrate. The coating thickness was 0.3 mm, and it was measured with a micrometer after each application to ensure that the coating thickness was consistent. Finally, it was placed in a 120 °C drying oven and baked for 30 min for electron beam surface modification.




2.2. Electron Beam Surface Alloying Treatment


In this test, the Inconel 625 nickel-base alloy was surface alloyed (EBSA) with vacuum electron beam scanning, as shown in Figure 1. As shown in Table 2, under the premise of keeping other parameters unchanged, the scanning speed was changed to explore its influence on the microstructure and mechanical properties of the nickel-base alloy. Under the action of the magnetic lens, the electron beam forms a focused near beam. Through the movement of the electron gun, the electron beam current carries out surface treatment at the preset scanning track and scanning speed. According to the different scanning speeds, the samples were marked as C80, C100, and C120. The original specimen was marked as the base metal material (BM).




2.3. Microhardness and Friction and Wear Test


The microhardness of the alloy layer surface was measured with a Vickers hardness tester (HV, Huayin, China, HVS-1000) with a load of 3 N and a loading time of 15 s. Each position was repeated three times to reduce the error.



Using the Electrical Discharge Machining (EDM), the sample was cut into a 20 mm × 20 mm × 10 mm square. The friction and wear test was conducted at dry room temperature using the reciprocating sliding friction and wear module of the RTEC (MFT-5000) friction and wear tester. A YG10 tungsten steel ball with a diameter of 6.35 mm was selected as the friction pair. Before the test, the surface of the specimen was ground and polished to keep the roughness of all the specimens within Ra 0.05 mm. The test sliding speed was 12 mm/s, the stroke was 12 mm, the normal load was 50 N, the contact form of the friction pair was a spherical point contact, and the friction mode was linear reciprocating motion. The sliding time was 30 min. Under the dry friction condition, the test was started by stably clamping the sample onto the test platform. Before and after each test, the sample and test platform was cleaned with absolute ethanol to avoid the impact of wear debris left from the previous test on the subsequent test results.



The three-dimensional (3D) surface profiler based on white light interferometer scanning was used to measure the three-dimensional topography of the wear surface. The Gwyddion image analysis software was used to calculate the wear volume. In order to reduce the error, each group of tests was repeated three times, and the results were averaged. The (ZIESS SIGMA FE-SEM (ZIESS, Jena, Germany)) scanning electron microscope equipped with an energy dispersive spectrometer (EDS) was used to observe and analyze the morphology and chemical composition of the worn surface of Inconel 625.




2.4. Microstructure Characterization Test


The samples for electron backscatter diffraction (EBSD) were finely mechanically polished with diamond powder and electropolished for 20 s under 10 V of voltage in a 100 mL perchloric acid solution. The scanning electron microscope (SEM, Zeiss Sigma300, Germany) equipped with an EBSD sensor (Oxford Instrument, Abingdon, UK) was applied in a distance of 0.8 μm of the step size to capture the original data, and commercial Channel5 software was used to analyze the data.





3. Results and Discussion


3.1. Microstructure Analysis


Figure 2 shows the SEM morphology and EDS results of the cross-section of the alloy area at the scanning speed of 80 mm/min. On the macroscale, three subregions are selected on the sample section as shown in Figure 2a, including the base metal (BM), heat-affected zone (HAZ), and alloy zone (AZ). Obviously, the microstructure of the alloy zone has changed after adding the TiC powder. Figure 2b shows a rapid directional solidification structure around the bonding area between the alloy layer and the substrate, and the growth direction of the columnar crystal is perpendicular to the interface. As can be seen in Figure 2c, there is a narrow transition zone between the alloy layer and the base metal. This is related to the undercooling solidification parameters, specifically the thermal gradient (G) and solidification rate (R) [28,29]. The bonding zone between the alloy layer and the substrate has a very large G and a very small R. As a result, because G/R tends to infinity, planar crystals grow from the substrate. Through the backscatter image, Figure 2d, it can be seen that granular TiC is uniformly distributed in the alloy layer with a volume fraction of approximately 12%. Interestingly, some particles appear in the alloy layer, and the measured particle size is approximately 8–15 μm. The results of the EDS (Figure 2e,f) show that the content of Ti and C elements is significantly higher than that of other elements. Figure 2g shows the scanning results for point A, and strong peaks for Ti and C can be observed. The content of the Ti element is 79.2 wt%, and the content of the C element is 19.5 wt%. Taking into account the EDS spectra and quantification, it can be reasonably inferred that the particles are TiC. P.F. Jiang et al. found a similar phenomenon in the preparation of TiC-reinforced, high-entropy alloy coatings with laser surface alloying [30].



Figure 3a–f shows the cross-sectional morphology and element distribution of the alloy layer interface. It can be clearly seen that a narrow transition zone appears at the interface between the alloy zone and the base material, achieving good metallurgical bonding between the base and the alloy layer. This is consistent with the phenomenon observed in Figure 2c. For Figure 3d–f, the element content changes significantly from the alloy layer to the interior of the substrate, especially in the transition zone. It can be judged from the EDS results that the elements are fully diffused in the molten pool during the process of EBSA. This is mainly due to the extremely high energy-conversion rate in the process of the scanning electron beam surface treatment. It can be seen that, for the 80 mm/min sample, the Ti and C elements in the alloy area are higher than the other two samples. This may be attributed to the phenomenon of “powder blowing” during electron beam scanning. That is to say, the scanning speed of 100 mm/min and above blow away TiC particles and affect their fusion with Inconel 625. With the increase in scanning speed, the heating time of the TiC powder on the surface becomes shorter, and the phenomenon of powder splash is more serious, which leads to a reduction in the content of Ti and C elements in the alloy area. The aggregation of the partially unmelted TiC can also be seen in Figure 3b,c. Based on the above analysis results, it is concluded that a good TiC coating can be prepared with electron beam surface alloying.



In order to study the grain morphology and optimize the growth orientation and related crystal structure, the alloy layer was further characterized with EBSD. Figure 4 shows the IPF, recrystallization, and KAM images of the alloy area at different scanning rates.



The matrix grains are mainly austenite equiaxed grains with an average size of approximately 20 microns accompanied by a large number of straight twins (Figure 4a). The grain orientation is relatively dispersed, and there is no obvious preferential orientation. There are mainly island grains and no columnar particles in the 80 mm/min sample [31]. The average grain size is approximately 45 μm. This is due to the fact that the TiC points are dispersed, and the heat flow distribution is relatively more uniform. Figure 4d shows that there are few columnar crystals in the microstructure. They are uniformly distributed and have fine equiaxed crystal structures [32]. When the scanning speed reaches 100 mm/min, the grains in the microstructure of the alloy layer become larger; however, it is still dominated by island grains, and the average grain size is approximately 70 μm (Figure 4h). With the increase in scanning speed, a large number of columnar crystals appear in the microstructure of the alloy layer, and the average grain size is approximately 90 μm (Figure 4k). It can be observed that the TiC particles are preferably formed at grain boundaries, and the pinning effect caused by TiC precipitation around the grain boundary leads to a limited grain growth process. Therefore, the introduction of TiC into nickel-base alloys can play a role in grain refinement.



Figure 4b,e,h,k shows the recrystallization images of the nickel-base alloy microstructure under EBSA treatment at different scanning speeds. The red represents the deformation area, the blue represents the recrystallization area, and the yellow represents the substructure area. The original sample has a large distortion area and a small amount of recrystallization area. However, after EBSA treatment, the distortion area of the sample is reduced. The area of yellow substructure gradually increases. This is mainly because the material surface rapidly heats up and melts, and recrystallization occurs in the process of EBSA. However, due to the extremely high cooling rate, some grains do not complete recrystallization and remain in the substructure stage. In addition, with the increase in scanning speed, the blue recrystallization area increases significantly. This may be due to the increasingly serious phenomenon of “powder blowing” caused by the increase in scanning speed, fewer low-temperature TiC points dispersed in the alloy area, more concentrated heat flow, and more complete recrystallization.



The KAM image is a qualitative representation of the degree of non-uniformity of material molding deformation and defect density distribution with the help of the kernel average misorientation algorithm in EBSD. The grain substructure and reaction strain are studied through the kernel average misorientation (KAM) measured with EBSD. The KAM image shows different areas of poor orientation in the sample with different colors reflecting the degree of strain concentration. The red area in the image represents the area with a large orientation difference in the grain, that is, the area with high strain concentration, while the opposite blue area represents the area with low strain concentration.



Figure 4c,f,i,l shows the KAM images of the microstructure of a nickel-base alloy treated with EBSA at different scanning speeds. The overall dislocation density of the original sample is high, and there is a high concentration of dislocation defect density in the local area. The overall dislocation density of the EBSA-treated samples is low, and only some grain boundaries have a high dislocation defect density. In addition, with the increased scanning speed and recrystallization degree, the dislocation defect density tends to decrease, and there is basically no high KAM value at 120 mm/min. The results show that EBSA treatment can reduce the stress concentration in the subsurface layer.




3.2. EBSD Texture Analysis


Figure 5 depicts the original Inconel 625 sample as well as the sample after electron beam surface alloying from 80 mm/min to 120 mm/min, as well as the ODF screenshot (φ2 = 0°, 45°, 60°). The Euler angle is obtained from the ODF intercept graph and then converted into the corresponding plate texture to represent the distribution of the austenite texture. According to Figure 5, the austenite texture is relatively dispersed but primarily concentrated in the Copper{112}<111> and S{123}<634> with a trace of Brass{110}<112> and Rotated Cube{001}<110>. When the scanning speed is 80 mm/min, the texture orientation becomes concentrated, mainly focusing on the Brass{110}<112> and S{123}<634> texture orientations. With the scanning speed increasing to 100 mm/min, the preferred orientation of the grains is further enhanced, and the textures are concentrated in Brass{110}<112> and S{123}<634> textures accompanied by Goss{011}<100> textures of a certain strength. When the scanning speed is 120 mm/min, the texture intensity is weakened, and the texture mainly focuses on the Brass{110}<112> and S{123}<634> texture orientations. After EBSA treatment, the Copper{112}<111> texture is significantly weakened, while the Goss{011}<100> texture and the S{123}<634> texture are significantly enhanced. When the scanning speed reaches 100 mm/min, the Goss{011}<100> texture and S{123}<634> texture strength reach the highest value.



Figure 6 shows the content of the austenite texture in the original Inconel 625 sample and the sample in the AZ area after 80–120 mm/min EBSA treatment. It can be seen from Figure 6 that the texture distribution of the original sample is relatively dispersed. Under different scanning speeds, the austenitic texture types change to some extent but eventually form the enhanced Goss{011}<100> and S{123}<634> textures. Therefore, the structure is mainly S texture {123}<634> accompanied by Goss {011}<100> and Brass {110}<112> with a certain strength.



Figure 7 is the ODF image of the FCC phase in different areas of the Inconel 625 original sample after 80 mm/min EBSA treatment. It can be seen from the figure that FCC also has some textures in the BM part. These textures are relatively dispersed with Cube{001}<100>, Rotated Cube{001}<110>, and Copper{112}<111> textures, and S{123}<634> textures. In the HAZ area, a strong texture is formed, concentrated on the {101} plane with Rotated Cube{001}<110> and Rotated Goss{011}<110>. In the AZ area, certain textures are also formed in the austenite, and these texture components are mainly Goss{110}<001> and S{123}<634> textures accompanied by a certain strength of the Rotated Cube{001}<110> texture. This is mainly because there are a large number of TiC particles in the AZ region. It leads to more complex heat flow directions during the EBSA process and weakens the formation of the texture. X. Cui, X. Wang, et al. found similar phenomena in previous studies [33,34].




3.3. Microhardness Analysis


Figure 8 shows the microhardness of the surface at different scanning speeds. It can be seen that the surface hardness of the material after EBSA is higher than that of the base material (236 HB) and reaches the maximum value of 457 HB in C80, 1.936 times that of the base material. The microhardness decreases with the increase in scanning speed. This is because with the increase in the scanning speed, the “powder blowing” phenomenon in the EBSA process becomes more serious, resulting in the decrease in the TiC hard phase in the AZ alloy layer and the decrease in the surface hardness. It can be noted that the microhardness of 80 mm/min differs greatly from that of 120 mm/min, which may also be related to internal defects and non-uniform microstructures in local areas. Similar phenomena were also found in the research of Zhou et al. [35]. In addition, the results show that TiC strengthening particles play an active role in improving the microhardness of nickel-base alloys. The improvement in microhardness of the TiC coatings can be explained by the following two aspects: on the one hand, the TiC particles that precipitated in the alloy layer serve as the strengthening phase distributed in the solid solution phase, and the increase in the TiC particle volume fraction leads to a higher dispersion strengthening contribution. On the other hand, the TiC powder refined the grains of the alloy layer [36].



Figure 9 shows the backscattering images of the specimens at different scanning speeds. The TiC particles are relatively small and evenly distributed in the C80 image. As the scanning speed increases to 100 mm/min, the size of the TiC particles increases to 30 µm, and the TiC particles become unevenly distributed. In the C120 image, partial TiC enrichment occurred. This is because the too fast scanning speed makes some TiC “splash”. This may also be the reason for the reduced surface hardness and large fluctuations in the surface hardness of C120.




3.4. Analysis of Friction and Wear Behavior


3.4.1. Friction Coefficient


Figure 10 shows the friction coefficient–time curves of the test specimens at different scanning speeds. The coefficient of friction increases rapidly during the operating phase, then gradually decreases and stabilizes after a period of time, entering the stabilization phase. Among them, the running-in time of the base metal is significantly higher than that of other materials. It can be seen that the friction coefficient of the base material fluctuates approximately 0.63 in the stable stage, while the friction coefficient of the sample after EBSA treatment is lower than that of the base material and fluctuates between 0.5 and 0.57. The decrease in the average friction coefficient of the sample surface after EBSA treatment is due to the TiC strengthening phase increasing the surface hardness of the material [37]. In addition, the friction coefficient increased slightly with the increase in scanning speed in the later stage of the test. This may be due to the decrease in the TiC content deposited on the substrate surface with the increase in scanning speed.




3.4.2. Macro Morphology of Wear Scar, Wear Volume, and Wear Rate


After the friction and wear test, a three-dimensional (3D) surface profiler based on white light interferometer scanning was used to measure the three-dimensional morphology of the worn surface of the sample. Figure 11 shows the three-dimensional morphology and wear-scar section curve of the sample’s worn surface under the same load and different scanning speeds. It can be seen that the substrate material is most severely worn with the largest width and depth of wear marks reaching 125 μm at the deepest point. The wear of the EBSA-treated samples was improved. According to the different wear macro-morphologies, the process parameters have a greater impact on the wear scar. The maximum wear depth increases with the increase in scanning speed. The depth of the wear scar in the 80 mm/min sample is the minimum, and the depth of the wear scar is 103 μm. The depth of the wear scar in the 120 mm/min sample is the largest, and the depth of the wear scar is 112 μm.



The wear volume was calculated with Gwyddion image analysis software. The formula for calculating the wear rate is:


W = V/F·S



(1)




where W represents the wear rate (    m m   3   / ( N · m )  ), V represents the wear volume (    m m   3    ), F represents the normal load (N), and S represents the sliding distance (  m  ). As shown in Figure 12, the minimum wear volume at 80 mm/min is 0.9131     m m   3    , and the maximum wear volume at the matrix is 1.3135     m m   3    . Compared with the matrix, the 80 mm/min wear volume decreased by 30.48%. The minimum wear rate at 80 mm/min is 3.0437, and the maximum wear rate of the matrix is 4.3783. Compared with the matrix, the wear rate of the 80 mm/min sample also decreased by 30.48%.



Figure 13 presents the wear profile of the test specimens with SEM. The original specimen wear surface is distributed with different shades and areas of spalling pits. This reflects the mechanism of fatigue wear. A thin and shallow furrow parallel to the sliding direction indicates weak abrasive wear. The abrasive particles around the spalling pit increase, and the abrasive wear increases; therefore, obvious cracks and spalling pits can be observed in Figure 13a, and the surface roughness increases. However, in Figure 13b–d, the pear groove was more obvious, and no large-scale spalling pits were observed; this indicates a decrease in the fatigue wear of the material. During the wear process, the degree of wear of the TiC alloy layer alloyed on the surface of the vacuum electron beam is reduced. This phenomenon is due to the pinning effect near the grain boundary, which improves the performance of the material. In addition, the uniform fine structure gives the coating good toughness and strength and good anti-delamination and peel resistance [38,39]. Therefore, the reinforced phase of the TiC can give full play to its wear resistance in nickel-base alloys.






4. Conclusions


The Inconel 625 nickel-base alloy was treated with vacuum electron beam surface alloying with a TiC coating at different scanning speeds, and the effects of the scanning speeds on the microstructure and wear properties were studied. The results are as follows:



(1) In the process of EBSA, the elements fully diffused in the molten pool. This was mainly due to the extremely high energy-conversion rate in the process of the scanning electron beam surface treatment. It could be seen that the 80 mm/min sample and alloy area Ti and C elements were higher than the 100 mm/min and 120 mm/min samples. The scanning speed of 100 mm/min and above blew away TiC particles and affected their fusion with Inconel 625. With the increase in the scanning speed, the heating time of the TiC powder on the surface became shorter, and the powder splash was serious. Then, the content of Ti and C in the alloy zone decreased, and the aggregation of the partially unmelted TiC could be seen. A good TiC coating was prepared with electron beam surface alloying.



(2) The C80 sample mainly contains island particles with an average grain size of approximately 45 μm. There are a few fine equiaxed columnar crystals in the microstructure. This is because the TiC particles are dispersed in it, and the heat flow distribution is relatively uniform. When the scanning speed reached 100 mm/min, the grains in the microstructure of the alloy layer became larger, still dominated by island grains, and the average grain size was approximately 70 μm. When the scanning speed reached 120 mm/min, the grains in the microstructure of the alloy layer became larger, and a large number of columnar crystals appeared with an average grain size of 90 μm.



(3) The austenite texture in the original sample was relatively dispersed, focusing primarily on the Copper {112}<111> and S {123}<634> textures with a trace of Brass {110}<112> and Rotated Cube {001}<110>. When the scanning speed was 80 mm/min, the texture orientation became concentrated, mainly focusing on the Brass {110}<112> and S {123}<634> texture orientations. The preferred orientation of the grains was further enhanced in the C100 sample, and the textures were concentrated in Brass {110}<112> and S {123}<634> accompanied by Goss {011}<100> textures of a certain strength. When the scanning speed was 120 mm/min, the texture intensity was weakened, and the texture mainly focused on the Brass {110}<112> and S {123}<634> texture orientations. After EBSA treatment, the Copper {112}<111> texture was significantly weakened, while the Goss {011}<100> texture and the S {123}<634> texture were enhanced.



(4) The surface hardness of the material after EBSA was higher than that of the base material (236 HB) and reached the maximum value of 457 HB at 80 mm/min, 1.936 times that of the base material. Because the TiC strengthening phase made the surface hardness of the material increase, the average friction coefficient of the surface decreased. With the increase in scanning speed, the decrease in TiC content deposited on the substrate surface led to a decrease in hardness and a slight increase in the friction coefficient. The minimum wear volume was 0.9131     m m   3     at 80 mm/min, and the maximum wear volume was 1.3135     m m   3     at the matrix. Compared with the matrix, the 80 mm/min wear volume decreased by 30.48%. During the wear process, the wear degree of the TiC alloy layer alloyed on the surface of the vacuum electron beam decreased. This was because the pinning effect near the grain boundary enhanced the properties of the material. In addition, the uniform fine structure of non-equilibrium solidification made the coating have good toughness and strength and good anti-delamination and anti-stripping properties.
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Figure 1. Experimental Flow Chart. 
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Figure 2. SEM morphology and EDS results of a cross-section of the alloy zone at C80: (a) SEM image; (b,c) Locally enlarged SEM image; (d) the backscatter image; (e,f) Results of EDS polygon scans; (g) A spot EDS point scan results. 
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Figure 3. Alloy zone (AZ) and heat-affected zone (HAZ) line scan images: (a,d) C80, (b,e) C100, (c,f) C120. 
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Figure 4. IPF, recrystallization, and KAM of Inconel 625 under EBSA treatment at different scanning speeds: BM (a–c); C80 (d–f); C100 (g–i); C120 (j–l). 
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Figure 5. Corresponding pole image, reverse pole image, and ODF image of each area of the sample after 80 mm/min to 120 mm/min electron beam scanning (φ2 = 45°). 
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Figure 6. Austenite Texture Content of the Original Inconel 625 Sample and Specimens Treated with EBSA at Different Scanning Speeds. 
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Figure 7. Corresponding pole image, reverse pole image, and ODF image of each area of the sample after 80 mm/min electron beam scanning (φ2 = 45°). 






Figure 7. Corresponding pole image, reverse pole image, and ODF image of each area of the sample after 80 mm/min electron beam scanning (φ2 = 45°).



[image: Metals 13 00275 g007]







[image: Metals 13 00275 g008 550] 





Figure 8. Surface hardness of the specimens treated with EBSA at different scanning speeds. 
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Figure 9. The backscatter image of the specimens at different scanning speeds. (a) C80, (b) C100, (c) C120. 
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Figure 10. Friction coefficient–time curves of the test specimens. 
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Figure 11. Three-dimensional morphology and cross-section curve of the wear surface after EBSA treatment at different scanning speeds: (a) BM, (b) C80, (c) C100, (d) C120. 
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Figure 12. Wear Results of the Nickel-Base Alloy at Different Scanning Speeds after EBSA: (a) Wear Volume; (b) Wear Rate. 
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Figure 13. The wear profile of the test specimens (a) BM, (b) C80, (c) C100, (d) C120. 
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Table 1. Inconel 625 chemical composition (mass fraction, %).
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	Ni
	Cr
	Mo
	Nb
	Fe
	C
	N
	Ti
	Al





	61.9
	22.8
	8.4
	3.4
	2.2
	0.9
	0.1
	0.1
	0.1
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Table 2. Electron beam scanning process parameters.






Table 2. Electron beam scanning process parameters.





	Beam

Current
	Focusing Current
	Accelerating Voltage
	Scanning Speed





	7 mA
	720 mA
	60 KV
	80 mm/min



	7 mA
	720 mA
	60 KV
	100 mm/min



	7 mA
	720 mA
	60 KV
	120 mm/min
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