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Introduction: In the actual engineering operation, there are some components facing high frequency friction, which have high damage rate and poor direct replacement benefit. In order to achieve sustainable resource utilization and more effective component remanufacturing, research was conducted on the cladding layer of friction components.
Methods: Based on the idea of remanufacturing, taking 42CrMo as the raw material of engine piston pin hole, laser cladding technology and ultrasonic rolling technology are used to prepare the cladding layers of Fe, Ni and Co three different substrates.
Results and Discussion: The experimental results showed that the Co based cladding layer with ultrasonic rolling technology performed best. The surface roughness reduced by 1.02 μm, only 0.14 μm. The microhardness increased by 101.39%, with 795.38 HV. The friction coefficient was 0.051. The friction rate at high temperature decreased by 85.71%, and it was 1.2%. The friction at high temperature was reduced by 79.24%, with 0.9%.
Conclusion: Co based cladding layer combined with ultrasonic rolling technology shows the best performance, which can effectively realize the remanufacturing of engine piston pin hole, providing technical reference and data support for the remanufacturing process of high-frequency friction components.
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1 INTRODUCTION
In the actual mechanical engineering, there are often some components that face long-term friction, even high temperature combined with high frequency friction (Zhou et al., 2021). The operating environment of these components is harsh. They are prone to surface damage or even further structural damage, resulting in component damage, equipment shutdown or even scrapping (Wang et al., 2020). The usual solution is to remanufacture these components with high vulnerability rate, but the remanufacturing process is long, and the cost is high. It is not in line with the sustainable development (Liu et al., 2021). For the gasoline engine, the piston pin hole is a typical high-temperature friction component, which is faced with high load, high temperature, high pressure and high frequency friction environment, so that its service life is seriously shortened, easy to occur abnormal damage and wear (Milojević et al., 2022). Figure 1 shows the schematic diagram of the piston pin hole, which is drawn by the author.
[image: Figure 1]FIGURE 1 | Piston pin hole diagram.
If they are simply and roughly treated by scrapping and replacing, they will not only face huge economic costs and replacement cycles, but also cause a great waste of resources. Remanufacturing technology is a technology to extend the service life and value of products by repairing, improving and remanufacturing. Damaged products or parts are treated and improved through a series of process flows, so that they can regain the function and performance of the original product (Wu et al., 2023). Therefore, based on the basic idea of remanufacturing technology, laser cladding (LC) is used to repair the surface of friction components. The ultrasonic rolling technology is used to further improve the surface properties of materials, so as to realize the remanufacturing and utilization of high-frequency friction components. The innovation of the research is that the remanufacturing process of the high-frequency friction component surface is studied. The ultrasonic rolling technology is used to enhance the surface. The study is divided into four parts. The first part is a summary for the research related fields, namely, laser cladding technology and remanufacturing. The second part is the introduction of preparation methods and analysis methods. The third part is the analysis of the research results. The fourth part is the summary and prospect of the research. The main contribution of this study is the development of a remanufacturing process that combines laser cladding technology with ultrasonic rolling technology for repairing friction parts affected by high frequency friction. Compared with the prior art, the process not only reconstructs the surface of the part, but also significantly improves the surface properties of the material through ultrasonic rolling, and enhances the wear resistance and damage resistance. This study is different in its focus on components in high frequency friction environments, as well as its innovative application of laser cladding combined with ultrasonic rolling in remanufacturing processes. The reason for the research is that the existing method of remanufacturing has high cost and long cycle, which is not conducive to sustainable development, but through remanufacturing technology, the cost can be significantly reduced, the waste of resources can be reduced, and it is in line with the concept of environmental protection.
2 RELATED WORKS
Laser cladding technology is an advanced surface repair and coating technology, which uses the laser beam to melt the powder material and fuse with the substrate to form a dense metal alloy coating. This technology is mainly used to repair and strengthen the surface of metal components to improve their mechanical properties, wear resistance and corrosion resistance. Zhu et al. successfully prepared Co based composite coatings with different proportions on Cr-Zr-Cu alloy by laser cladding technology. The test showed that the coating had better hardness performance, effectively improving the wear resistance and corrosion resistance of the substrate (Zhu et al., 2022). Kai and Zhi successfully prepared Ni based reinforced coating based on Q235 steel by laser cladding technology. The morphology, composition, hardness and wear resistance of the composite coating were tested. The test results showed that the coating enhanced the hardness of steel. The microstructure of the cladding layer was strengthened. The coating had good wear resistance, which could effectively strengthen the strength of components made of Q235 steel and prolong the service life (Kai and Zhi, 2020). For the damaged carbon steel components, Chen et al. prepared TiC-TiB2 composite coating by laser cladding technology. The morphology, composition and mechanical properties of the samples were tested. The test results showed that the composite coating could effectively fill the milling groove on the surface of the component. It had good bonding with the substrate. The hardness of TiC-TiB2 was strengthened and the wear resistance of the material was greatly improved. TiC-TiB2 was a good remanufacturing material for damaged parts (Chen et al., 2022). Deng et al. improved the original porous bioactive ceramic coating in the artificial joint implants. The porous ceramic coating with bioactivity was successfully prepared by adding hydroxyl multi walled carbon nanotubes into it by laser cladding technology. The coating effectively improved the bioactivity of the original matrix, effectively realized the bone integration between the artificial joint implant and the original bone, and promoted the development of the biomedicine and materials science (Deng et al., 2022). Liu et al. successfully prepared the composite reinforced coating for Ti811 titanium alloy components by laser cladding process. In the test of the coating, the composite coating formed a good metal bond with the substrate. Due to the different cooling rate, it showed different structural characteristics, which effectively improved the nano hardness (Liu et al., 2022). Hao et al. applied high-speed laser cladding technology to coat the surface of H13 hot work mold with IN 718, and then applied ultrasonic surface rolling treatment (USRP). The experimental results showed that USRP caused severe plastic deformation of the coating, significantly refined the surface microstructure and particle size, and thus increased the dislocation density and grain boundary density. Enhance the yield strength and high temperature wear resistance of the coating (Hao et al., 2023). Aiming at the surface roughness problem after laser cladding, Shen et al. proposed three surface strengthening processes: normal temperature ultrasonic rolling (URB), warm thermal ultrasonic rolling (UWB) and warm thermal ultrasonic rolling continuous heat treatment (UWB/HT). The experimental results show that UWB/HT has the best performance in improving the surface finish, adhesion behavior and corrosion resistance of laser cladding (Shen et al., 2021). Stojanovic et al. aiming at the friction problem of timing belt drive, proposed the friction characteristics analysis of belt teeth and belt wheel teeth, and proved that rolling and wear would lead to the increase of belt tooth spacing, which would lead to a sharp reduction in life and transmission failure (Stojanovic et al., 2009). In view of the limitations of laser cladding, Mohsan et al. proposed ultrasonic vibration assisted laser cladding (UVALC) technology. The experimental results show that UVALC optimizes the surface quality and grain distribution of the coating (Mohsan et al., 2023). Skulic and Bukvić proposed a kinematic-tribological analysis of piston mechanism based on the wear process of piston-cylinder group in internal combustion engine. Studies have shown that the wear of piston rings, especially the first ring, is the most significant, and is directly affected by pressure, temperature, fuel and combustion products (Skulić and Bukvić, 2016).
Remanufacturing technology is a technology to extend the service life and value of waste products, parts or materials by repairing, improving and remanufacturing. It mainly recycles waste components, evaluates and repairs them, and finally forms remanufactured products with original product functions and performance. Zhang et al. discussed the effects of different ZrC ratios on the reaction process and reaction products. The effects of different ratios on the efficiency of ZrC synthesis and remanufacturing were discussed. The experimental results showed that the C/Zr ratio had a great influence on the synthesis. The control of C/Zr ratio could effectively improve the product synthesis rate and the remanufacturing efficiency of ZrC (Zhang et al., 2021). Qi et al. prepared a new Fe based composite coating based on TiC and CeO2 for high value vulnerable parts of shield machine. The wear performance of the components was improved by adding nano tic and CeO2 with different contents. The test results showed that the strengthened coating could effectively repair the macro defects of the worn components, and effectively enhance the hardness and wear resistance of the components. It provided technical and data support for the preparation of modified Fe based coatings with good performance (Qi et al., 2022). Liu et al. used the laser cladding process to remanufacture and repair the damaged and failed machine tool shaft parts. The experimental results showed that the laser cladding treatment could effectively improve the hardness of the components. It had good friction coefficient and excellent corrosion resistance (Liu L. et al., 2022). The waste lead-acid batteries with serious pollution had poor performance in recycling and remanufacturing lead oxide. By adding nano lead sulfate carbon composites, the cycle life of high rate charging was effectively improved. The experimental results showed that the cycle reversibility of the battery was improved by increasing the active area of the lead carbon electrode. The research results provided technical support for the recovery and utilization of lead resources (Li et al., 2022). Ma et al. repaired and remanufactured the thermal fatigue crack of ductile iron brake disc by laser remelting. The test results showed that laser treatment could effectively restore the thermal fatigue resistance and tensile strength of the material. Compared with the untreated samples, the tensile properties of the samples were improved by 20% (Ma et al., 2020).
To sum up, the current remanufacturing field lacks the repair and utilization of high-frequency friction components. The laser cladding technology is extremely suitable for the remanufacturing and utilization of this component. Therefore, based on the basic idea of remanufacturing, the preparation method of LC cladding layer for friction parts is proposed. The ultrasonic rolling technology is further combined to enhance the surface properties of materials. It is expected to realize the remanufacturing and utilization of high-frequency friction components, improve the economy and environmental friendliness, and implement the basic idea of sustainable development.
3 PREPARATION AND ANALYSIS METHOD OF FRICTION LAYER IN LC CLADDING TECHNOLOGY
In general, high-frequency friction components also face high temperature and high pressure working environment. The harsh environment shortens the working life of components, resulting in abnormal damage or wear. To improve the recycling rate of damaged parts, LC technology is selected for remanufacturing. The ultrasonic rolling technology is further used to strengthen the surface, meeting the performance requirements of the components. The piston pin hole of the engine is used as a typical component example. The Fe, Ni and Co are used as cladding materials. The surface of the three cladding layers are characterized and analyzed. Then it is compared with the piston pin hole in practical application, so as to explore the optimal cladding material.
3.1 Preparation materials
In the actual engineering operation, generally, the material of the engine piston pin hole is 42CrMo. Therefore, this material is selected as the base material to simulate the piston pin hole. According to the actual engineering application, 42CrMo is processed by lathe. The cylinder is processed into several [image: image]. Before LC cladding process, acetone bath is used for ultrasonic cleaning for 15 min, and then dried for standby. According to the actual engineering application requirements and the characteristics and economic requirements of the matrix powder, the self melting alloy powder is selected. The base are Fe, Ni and Co respectively. The cladding powder is dried before the experiment to remove the moisture in it, so as to ensure the quality of the powder. The main element composition of piston pin hole base material, Fe base powder, Ni base powder and Co base powder has been tested, as shown in Table 1. Fe is the most economical option, while Ni and Co are more expensive due to scarcity and higher mining costs.
TABLE 1 | Base material and cladding powder element composition.
[image: Table 1]3.2 Preparation process
3.2.1 Preparation of LC cladding layer
The preparation equipment of LC cladding layer is six axis robot laser cladding workstation (MobiMRO-S). The cost problem of laser cladding technology is mainly focused on the high equipment investment, significant operating costs, and material expenses. The equipment itself is expensive, and the energy consumption during operation is large, and the maintenance cost is not low. According to many practices, the optimal parameter setting of LC cladding is obtained, which is the product of independent research. The specific parameter settings are as follows. The power is 2000 W, the laser spot diameter is set to 3.2 mm, and the scanning speed of the equipment is set to 1500 mm/min. The delivery efficiency of the matrix powder is set to 29 g/min. The powder feeding method is set to synchronous powder feeding. Argon is selected as the protective gas for operation. The flow rate of protective gas is set to 5 L/min. To ensure the quality of the cladding coating, the synchronous powder feeding method is adopted to ensure that the cladding material powder can be melted before the process flow. Before cladding, the surface of the base material is polished to remove the oxide layer on the surface of the material and maximize the cladding efficiency. The cladding powder is dried to remove moisture. The schematic diagram of laser cladding process for synchronous powder delivery is shown in Figure 2, which is drawn by the author.
[image: Figure 2]FIGURE 2 | Laser cladding technology schematic diagram.
3.2.2 Ultrasonic rolling surface treatment
Ultrasonic rolling (UC) is an advanced processing method, which improves the quality and efficiency of rolling processing by using ultrasonic vibration (Liu et al., 2022). The cost of ultrasonic rolling technology is mainly concentrated on the price of the equipment, the equipment price is high, and the operation and maintenance cost is relatively low. This technology is usually used to process metal products, especially steel and aluminum materials. The potential is to improve material strength, reduce defects and prolong material life. The principle of ultrasonic rolling technology is to apply high-frequency vibration to metal materials during rolling, which can promote the rearrangement of material microstructure, so as to improve the fatigue life and strength. Compared with traditional rolling, ultrasonic rolling can further improve the surface quality of materials (Zhu et al., 2022). The ultrasonic rolling surface processing equipment (USP-300) is used for processing. According to the practice, obtain the best UC machining technology operating parameter settings. The setting parameters of ultrasonic rolling processing are follows. The ultrasonic frequency is set to 20 kHz, and the amplitude is set to 7 μm. The feed rate is set to 10 mm/min, the force is set to 320N, and the speed is set to 160 rpm. As shown in Figure 3, it is the schematic diagram of the principle of ultrasonic rolling processing, which is a self-drawn schematic diagram. To further compare the effect of ultrasonic rolling treatment on the samples, Basic represents the basic 42CrMo sample, Fe-No represents the sample with Fe based powder and only LC cladding. Fe-UC represents the sample with ultrasonic rolling treatment. Similarily, Ni-No, Ni-UC, CO-No and Co-UC represent the samples treated by the corresponding technology.
[image: Figure 3]FIGURE 3 | Schematic diagram of ultrasonic rolling technology.
3.3 Analysis method
3.3.1 Surface topography analysis
The surface morphology has an important influence on the friction and wear performance of high frequency friction components. By analyzing the surface morphology, the concavity and the micro characteristics of the surface are learned. This is helpful to judge the friction coefficient, wear mechanism and possible wear of components, so as to predict and improve the life and reliability of components. The surface morphology of the samples is tested by scanning electron microscope (SEM). According to the actual situation, the model of scanning electron microscope is FE-SEM-Sigma360.
3.3.2 Roughness analysis
Roughness refers to the roughness of the material surface, which is usually used to describe the surface quality. It is of great significance to analyze the surface roughness of high frequency friction components. Through the analysis of roughness, the flatness and microscopic characteristics of the surface are learned, so as to judge the wear resistance and friction resistance of the material. This is very important for predicting and improving the life and reliability of components. Rough surfaces may cause high friction coefficient and energy loss, reduce the efficiency of components, and may cause overheating and damage. By analyzing the surface roughness, it can be determined whether surface treatment measures need to be taken to improve the lubrication performance. The white light interferometer was used to test the roughness of the sample. According to the actual situation, the model of the white light interferometer was Atometrics-EX230.
3.3.3 Residual stress analysis
Residual stress refers to the internal stress formed in the material manufacturing. The compression or tensile deformation caused by it exceeds the elastic recovery ability of the material itself. The residual stress may cause irreversible bending or deformation of components (Ming et al., 2023). This may lead to the instability of the component size, and even cause the coordination between components, affecting the joint condition and connection quality of components. The blind hole method is used to analyze the residual stress of the sample. The model of residual stress tester used is HK21b. In the test of blind hole method, the sample is cleaned and dried first. Then the strain gauge and the sample are fixed with a unified adhesive. The connecting wire of the tester and the strain gauge are welded. Then the preset hole of the strain gauge is drilled. At this moment, the residual stress on the sample surface is released slowly and input into the residual stress detector. Figure 4 shows the schematic diagram of the residual stress test by the blind hole method, which is self-drawn by the author.
[image: Figure 4]FIGURE 4 | Schematic diagram of residual stress measurement by blind hole method.
3.3.4 XRD analysis
XRD analysis can determine the phase composition of high frequency friction components. The composition of the coating layer on the sample surface can be effectively analyzed by analyzing the XRD spectrum of the material. Before XRD analysis, the sample is ultrasonically cleaned with anhydrous ethanol water bath to remove impurities on the sample surface, and then dried for standby. The model of X-ray diffractometer is Bruker, Jordan Valley, Delta-X. According to the actual situation and practical experience, the best XRD test parameters are obtained. The XRD test parameters are set as follows. The diffraction angle is [image: image], the scanning speed is [image: image], the current parameter is 45 kV and 40 mA, and the ray source parameter is [image: image].
3.3.5 Microhardness analysis
Microhardness test is a method for measuring the hardness of materials, which can be used to evaluate the compressive properties and wear resistance of materials (Cai et al., 2023). In microhardness testing, the commonly used method is to use microhardness tester (such as Vickers or Knoop) to measure the micro indentation of materials. The instrument model used in the study is Caikon, HV-10. Microhardness testing is more stringent for the surface roughness of samples. Therefore, to ensure the test accuracy, the sample surface is polished with sandpaper before hardness test. According to the actual situation and practical experience, the best microhardness test parameter setting was obtained. The microhardness test parameters are set as follows. The pressure is 500 gf, the ballast time is 10 s, and the test interval is 50 μm.
3.3.6 Mechanical properties
Because the research object is high-frequency friction components, the mechanical properties need to be tested to ensure that the remanufactured components meet the actual engineering requirements (Cao et al., 2022). Based on the actual engineering requirements, the mechanical properties of the samples are tested, including the load-displacement curve. The test instrument is a nano indentation instrument, and the instrument model is FT-MNT03. Berkovich indenter is used for testing. According to the actual situation and experience, obtain the best mechanical property test setting parameters. The test parameters are as follows. The maximum load is 30 mN, the ballast time is 10 s, and the unloading rate after ballast is set to 15 mN/min.
3.3.7 Friction performance analysis
To simulate the working environment of engine piston pin hole, the high temperature friction performance of the sample is analyzed. Before the experiment, to fit the tester, the sample is processed into a uniform shape sample. The oxide layer on the sample surface is removed with sandpaper. Then ultrasonic cleaning is carried out with anhydrous acetone for 10 min. The high temperature friction tester is used to simulate the high temperature and high frequency friction environment of the sample. The model of the high temperature friction tester is Anton Paar-THT. Based on the actual situation and experience, obtain the best setting parameters of high temperature friction test. The high temperature friction test parameters are set as follows. The temperature is 200°C. The friction mode is reciprocating type, the friction distance is 5 mm, the friction ballast force is 150N, the time is 30 min, the frequency is 5 Hz, and the test data reading time interval is 1 s. The friction raw material is Si3N4 sphere with a diameter of 6 mm. In the experiment, to more conform to the actual operating conditions of the engine, the engine oil labeled CH4/15w-40 is added for lubrication treatment.
4 TEST RESULTS ANALYSIS OF LC CLADDING LAYER FOR FRICTION PARTS
4.1 Surface morphology analysis of LC cladding layer for friction parts
Figure 5 showed the surface morphology of the samples treated by different processes, the figure is obtained from the actual electron microscope and is an independent research result. In Figures 5A–D, the sample surface without ultrasonic rolling technology had very obvious cutting marks. In Figures 5E–G, the ultrasonic rolling technology effectively flattened the surface morphology of the sample, which had a more smooth surface morphology. Through ultrasonic rolling technology, the surface performance of the sample was effectively enhanced. The surface defects of the sample were reduced.
[image: Figure 5]FIGURE 5 | Surface topography image of engine piston pinhole samples.
Table 2 showed the proportion of main elements in the cladding layer 1 of the processed sample. Combined with Figure 5, from Table 2, the most obvious element was element C. Table 2 shows the actual test results and independent research results. The ultrasonic rolling technology effectively removed part of the carbon element in the cladding layer of the sample. The porosity of the sample surface was reduced. The physical properties of the sample surface were enhanced.
TABLE 2 | The proportion of elements in cladding layer of samples treated by different processes.
[image: Table 2]4.2 Roughness analysis of LC cladding layer for friction parts
Figure 6 showed the surface roughness of samples treated by different processes, the figure is the result of the actual roughness test and is the result of independent research. From Figure 6, the roughness of 42CrMo was 1.20 μm. The surface roughness of Fe-No, Ni-No and Co-No is 1.11, 1.18, and 1.19 μm respectively. The surface roughness of Fe-UC, Ni-UC and Co-UC with ultrasonic rolling technology was 0.16, 0.15, and 0.14 μm, respectively. UC technology could effectively reduce the surface roughness of about 81.27%–89.56%. It effectively flattened the surface of the sample, eliminated surface defects, and enhanced the surface strength.
[image: Figure 6]FIGURE 6 | Surface roughness of samples treated by different processes.
4.3 Residual stress analysis of LC cladding layer for friction components
In the residual stress test results of the sample surface treated by different processes were shown in Figure 7, the figure is the result of the actual residual stress test and is the result of independent research. From Figure 7, there were certain residual stresses on the surfaces of all samples. 42CrMo, Fe-No, Ni-No and Co-No were mainly residual tensile stresses, with values of 403.62, 568.15, 574.26, and 118 MPa, respectively.
[image: Figure 7]FIGURE 7 | Residual stress of samples treated by different processes.
4.4 XRD analysis of LC cladding layer for friction components
Figure 8 showed the XRD images of samples under different processing technologies, this figure is the result of actual XRD test and is the result of independent research. From Figure 8, different processing technologies had no significant impact on the phase of the cladding layer.
[image: Figure 8]FIGURE 8 | XRD diffraction images of samples treated by different processes.
4.5 Microhardness analysis of LC cladding layer for friction components
Figure 9 showed the microhardness distribution curves of samples treated by different processes at different depths. This figure is an actual microhardness test result and is the result of independent research. From Figure 9, in general, the microhardness of Co cladding layer was the best, and the surface microhardness reached 795.38 HV. The second was Fe, and the microhardness reached 493.27 HV. Finally, the microhardness of Ni reached 452.61 HV. Among them, the microhardness performance of the samples with ultrasonic rolling technology was obviously better than that of the samples without this technology. With the increase of testing depth, the microhardness of the sample near the substrate showed a rapid decline trend.
[image: Figure 9]FIGURE 9 | Microhardness of samples treated by different processes.
4.6 Load-displacement curve analysis of LC cladding layer for friction components
Figure 10 showed the load displacement curves of samples under different processing technologies. hmax represents the maximum deformation of the material. This figure is the result of actual load-displacement test and is the result of independent research. From Figure 10, the ultrasonic rolling technology effectively reduced the indentation displacement distance of the material, improving the strength performance of the material. Among them, the Co based cladding layer had the best indentation displacement performance. The displacement performance was the smallest. The second was Fe based cladding layer, and the last is Ni based cladding layer.
[image: Figure 10]FIGURE 10 | Load-displacement curves of samples treated by different processes.
4.7 Friction coefficient analysis of LC cladding layer for friction components
Figure 11 showed the friction coefficient of samples under different processing technologies. The figure is the result of the actual friction coefficient test and is the result of independent research. From Figure 11, the ultrasonic rolling technology effectively reduced the friction coefficient of all samples. The best performance was Co-UC. The final friction coefficient was 0.051. Compared with 42CrMo, Fe-UC and Ni-UC, it was decreased by 0.052, 0.037 and 0.024 respectively.
[image: Figure 11]FIGURE 11 | The friction coefficient of samples treated by different processes.
4.8 High temperature friction performance analysis of LC cladding layer for friction components
Figure 12 showed the high temperature wear depth and high temperature wear rate test of samples under different processing technologies. This figure is the result of actual high temperature friction performance test and is the result of independent research. From Figure 12A, the wear depth of all cladding layers was reduced compared with 42CrMo. The wear depth of the samples treated by ultrasonic rolling technology further reduced. From Figure 12B, the Co-UC sample had the best wear performance. It showed the best high temperature friction performance. The wear depth was the lowest, the wear rate and wear amount were the best, and the hardness performance was the best. In conclusion, Co-UC samples had the best hardness performance. Co combined with ultrasonic rolling technology could effectively improve the surface strength, durability and friction properties of the material.
[image: Figure 12]FIGURE 12 | High temperature friction performance of LC friction coating samples treated with different processes.
As shown in Table 3, the comprehensive performance test details of the material are compared. It can be seen that the preparation method proposed in this study can effectively enhance the comprehensive performance of the material.
TABLE 3 | Comparison of comprehensive properties of materials.
[image: Table 3]5 DISCUSSION
Ultrasonic rolling technology significantly enhances the surface quality of cladded layers. Typically, the cladding process leads to a rough and uneven surface due to droplet deposition and solidification. However, with ultrasonic rolling, the surface roughness decreases markedly, resulting in a smoother and more refined micro-topography. This technology utilizes high-frequency mechanical vibrations and pressure, causing plastic deformation on the microscopic level, which corrects the original surface irregularities and diminishes defects. Furthermore, it may facilitate the release of carbon elements from the surface, potentially reducing internal stress and improving the material’s physical properties. The effectiveness of ultrasonic rolling is evident in the improved surface smoothness of various samples, such as 42CrMo, Fe-UC, Ni-UC, and Co-UC, with the latter three experiencing substantial surface roughness reductions. This underscores ultrasonic rolling’s capability in mitigating microscopic surface defects and enhancing the material’s finish. Residual stress tests reveal distinct differences in stress levels, with Co-NO exhibiting the least residual tensile stress due to its tight crystal structure, which helps minimize pore-related defects. Contrastingly, Fe-UC, Ni-UC, and Co-UC samples primarily exhibit residual compressive stresses at −317.26, −402.29, and −361.37 MPa, respectively. These stresses, induced by ultrasonic rolling, contribute to grain refinement and a reduction in tensile stress performance. Residual compressive stress is beneficial, as it improves surface strength, deters the propagation of micro-cracks, and augments material durability and wear resistance. X-ray diffraction (XRD) analysis indicates that ultrasonic rolling does not alter the cladding phase but reduces the diffraction peak intensity, suggesting surface lattice distortion and increased micro-strain. This outcome confirms that ultrasonic rolling induces plastic deformation and grain refinement without phase transformation, thus reinforcing the material’s surface strength. In terms of microhardness, Co cladding layers top the chart, followed by Fe and Ni, signifying resistance to deformation—a critical factor in engineering. Ultrasonic rolling treatment enhances microhardness beyond that of untreated samples, likely due to the cold work hardening effect introduced by the process. Load-displacement measurements show that ultrasonic rolling samples undergo less displacement under the same load, indicating increased hardness and compression resistance, with Co-based cladding layers performing exceptionally well. Friction tests demonstrate that ultrasonic rolling effectively reduces friction coefficients, with the most notable decrease seen in Co-UC samples. This reduction is crucial for minimizing wear, conserving energy, and prolonging component lifespan. Lastly, high-temperature wear tests show that ultrasonic rolling improves wear resistance under thermal friction conditions. Co-UC samples excel here, suggesting their potential for high-temperature applications in sectors like automotive, aerospace, and energy, where maintaining robust physical properties is essential.
6 CONCLUSION
Direct replacement of some vulnerable components has poor economic benefit and long time cycle. Therefore, it is of great significance to explore an efficient remanufacturing process. To improve the remanufacturing efficiency of engine piston pin hole and improve the economy of damaged parts, based on the material 42CrMo of engine piston pin hole, Fe, Ni and CO are selected to prepare LC cladding layer on the surface. UC technology is used to strengthen the surface. Then the mechanical properties are discussed. The experimental results showed that the Co based cladding layer with ultrasonic rolling technology had the best performance. The surface morphology was smooth. The roughness was excellent, only 0.14 μm. The surface residual stress was compressive stress, which was −361.37 MPa. The microhardness was 795.38 HV. Compared with the Fe based and Ni based cladding layers, it increased 302.11 HV and 342.77 HV. The friction coefficient was 0.051. It showed good high temperature friction performance. Compared with 42CrMo, the high temperature wear rate and wear loss were reduced by 85.71% and 79.24%, respectively. It can be observed that there has been a significant decrease in surface roughness, microhardness, and friction coefficient, and the experimental results are consistent with expectations. Therefore, the Co based cladding layer combined with ultrasonic rolling technology can effectively improve the surface strength and durability of the piston pin hole. It can provide data and technical support for the remanufacturing process of friction components. However, the cost of the ultrasonic rolling technology used in the study needs to be optimized, and the cost of the materials used needs to be further optimized if they are put into mass production. In the future research, the cost and benefits of related technologies should be further optimized for this problem, and the application possibilities of more coating materials should be explored.
In summary, the Co based cladding layer prepared by the research combined with ultrasonic rolling technology shows the best mechanical properties. The microhardness is 795.38 HV. In terms of high temperature friction properties, the Co-based cladding layer reduces the high temperature wear rate and wear amount of piston pin holes by 85.71% and 79.24%, respectively, showing a significant durability improvement.
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