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Shot peening technology is usually employed to improve the ability of mechanical parts to resist failure due to fatigue and wear. It is often used to strengthen the surface of a target, but the induced residual stress and its distribution with respect to the coverage can affect the performance of the shot peening process. In this study, a comprehensive numerical and experimental study was conducted to overcome these issues. Using numerical simulation we found that both the surface and subsurface residual stress increases with the increase of the coverage before stabilizing. Quantitative analysis using the Entropy Method indicates that under the shot peening parameters considered in the simulation coverage of 200% is best for the shot peening of ZGMn13 High Manganese Steel. The following experimental study agreed with the corresponding numerical data for the residual stresses at varied depths from surface to subsurface with errors of less than 25%. Thus, the related research outcomes can guide the shot peening process to obtain the optimized surface strengthening of the target.
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INTRODUCTION
Advanced manufacturing technologies, including traditional and non-traditional machining technologies (Ji et al., 2022; Zhang et al., 2022), have been extensively employed to fabricate structures on the different kinds of functional materials used in aerospace engineering, information engineering, and microelectronics engineering (Cheng et al., 2022; Hu et al., 2022; Qi et al., 2022). High Manganese Steel possessing excellent wear-resistant performance has been widely used in the industry, but fatigue may occur in the main load-bearing structures under alternating loads during service (Prysyazhnyuk et al., 2022). As such, it is particularly important to improve the fatigue performance of High Manganese Steel by surface strengthening treatment (Syed et al., 2021).
Shot peening technology is a surface strengthening technology that can effectively enhance the ability of mechanical parts to resist fatigue failure and wear failure. It has been widely used in the aerospace automobile industries as well as other fields (Balbaa et al., 2022; Unal et al., 2022; Zhao et al., 2022). Menezes et al. found that the wear resistance of AISI316L steel after shot peening was improved due to the formation of a certain thickness hardening layer on its surface (Menezes et al., 2017). Li et al. found that the shot peening technique can significantly improve the fatigue strength of gear made of 20CrMnMo, thereby increasing its service life (Li and Liu, 2018). Moreover, the shot peening treatment of 17CrNiMo6 steel can introduce higher residual compressive stress and refine the target surface grain, which could improve the target fatigue life. It has also been found that secondary shot peening can further improve the residual compressive stress field, microstructure and surface morphology on the basis of the first shot peening process, to further improve its fatigue life (Sun et al., 2016). Yan et al. found that a certain thickness of the nanocrystalline layer was formed on the surface of ZGMn13 steel after the shot peening treatment, and the grain was refined and the surface was strengthened. After a certain period of shot peening, the wear resistance of ZGMn13 steel is significantly improved. However, if the shot peening time was too long, the wear resistance can decrease due to the formation of microcracks (Yan et al., 2007). According to the above analysis, the fundaments of the shot peening technology are properly investigated.
Shot peening coverage is another important factor affecting the effect of shot peening. Insufficient shot peening coverage cannot achieve the strengthening effect of the workpiece, while excessive shot peening coverage causes burrs on the surface of the workpiece and microcracks (Maleki and Unal, 2018). Furthermore, the influence of shot peening coverage on the evolution of residual stress and surface morphology is not fully clear (Wu et al., 2020; Qin et al., 2022). It is therefore necessary to conduct in-depth research on reasonable shot peening coverage, and to further understanding of the relation between induced residual stress by shot peening and the failure of the target materials. Generally, the surface residual compressive stress (σs), the maximum residual compressive stress (σm), the depth of maximum residual compressive stress (Zm). and the depth of residual compressive stress layer (Z0), as shown in Figure 1, are the four essential factors that affect the performance of the shot peening process. However, further exploration of the best way to comprehensively consider the coupling effects of these values on the shot peening performance with respect to its coverage is needed.
[image: Figure 1]FIGURE 1 | Evaluation of shot peening performance based on distribution of residual stress on target.
In this paper numerical and experimental studies were performed to explore the reasonable coverage of shot peening on ZGMn13 High Manganese Steel. Firstly, a numerical model was developed in ABAQUS to consider the random shot peening process and observe the residual stress both on the surface and subsurface. Then the Entropy Method was employed to evaluate the shot peening performance based on these numerical results. Finally, corresponding experiments were carried out to verify the numerical results and explore the reasonable coverage of shot peening on ZGMn13 High Manganese Steel.
NUMERICAL STUDY
Model Development
This study used ABAQUS Software to conduct the numerical study. The geometry of the target is modelled as shown in Figure 2A with the dimensions 5 mm × 5 mm × 2.4 mm. Zone I is the coarsening mesh and Zone II is the refined mesh used for the shot peening. The mesh independence test was conducted in the Zone II with mesh sizes of 0.04, 0.03 and, 0.02 mm, respectively. We found that the difference of numerical results between adjacent mesh densities is less than 3.2%. A mesh size of 0.04 mm in Zone II with dimensions of 2 mm × 2 mm × 2.4 mm was selected for the model to achieve an accurate solution and reduce the computation time.
[image: Figure 2]FIGURE 2 | Model geometry and boundary conditions. (A) Target model, (B) Multiple balls impact model.
The balls used for the shot peening in the simulation can be randomly generated up Zone II by defining the related functions in ABAQUS. The constitutive model for the target, ZGMn13 High Manganese Steel, is Johnson-Cook model and its parameters are shown in Table 1. In the simulation, the ZGMn13 high manganese steel was considered as the target material, whose density is 7.98 × 10−6 kg/mm3, Elastic Modulus is 210 GPa and Poisson ratio is 0.3, and the Steel Cut Wire Shot, with density of 7.8 × 10−6 kg/mm3, Elastic Modulus of 210 GPa and Poisson ratio of 0.3, was used to model the shot peening ball. The boundary conditions are as follows: the top face of the target is set free, which is impacted by the shot peening balls, while the other five exterior faces of the target are set at zero freedom in both translational and angular velocities. This paper used a shot peening ball size of 0.6 mm, and the its impact speed and angle were 80 m/s and 90°, respectively.
TABLE 1 | J-C model parameters of ZGMn13 High Manganese Steel (Teng, 2011).
[image: Table 1]The coverage of shot peening was defined as the ratio of the total area of the impacting ball on the target to the whole area of the target. According to previous studies, the ratio needs to be changed often by using different numbers of shot peening balls, but it is hard to quantitatively obtain the relation between the number of balls and coverage. In this study this relationship was quantitatively given as follows: firstly, the pit diameter of the shot peening ball on the target was calculated by modeling the single ball impact on the target with the above-mentioned parameters, as shown in Figure 3A. This value can be measured as 0.3 mm, seen in Figure 3B. Then, inside the impact area with dimensions of 1.6 mm × 1.6 mm, the random circles with a diameter of 0.3 mm were generated by responding to the number of balls, as shown in Figure 3C, and the coverage was also taken. Finally, by repeating this calculation more than 1,000 times, the relation between the number of balls and the coverage was calculated, as shown in Table 2. The numerical work was carried out according to the parameters in Table 2, and the effect of the coverage on the target residual stress was analyzed to explore the reasonable coverage of shot peening of ZGMn13 High Manganese Steel.
[image: Figure 3]FIGURE 3 | Calculation of the pit diameter of the shot peening ball on the target. (A) Simulation of single ball impacts, (B) Measurement of pit diameter, (C) Calculation of coverage with respect to the number of balls.
TABLE 2 | The relation between the number of balls and coverage.
[image: Table 2]Results and Discussion
A typical distribution of residual stress on target is shown in Figure 4 under the coverage of 100%. It can be seen from this figure that the shot peening process mainly induces the residual compressive stress on the target, and a layer of residual compressive stress may be formed due to the impact of many balls, where the maximum residual compressive stress can be found in the subsurface of the target. It is also interesting to notice from the target surface that the residual tensile stress is observed due to the interaction of shot peening balls, and in the target subsurface, the residual tensile stress was also found to achieve a balance.
[image: Figure 4]FIGURE 4 | Distribution of residual stress on target after shot peening with coverage of 100%.
Figure 5 shows the different distributions of the surface residual stress for coverage from 23 to 250%. We found that the surface residual stress increases with the increase of the coverage from 23 to 100%. When the coverage is more than 100% there is almost no variation of surface residual stress, which indicates that this value was stable. Moreover, it is noteworthy that the surface residual tensile stress had a coverage of 100%, and can be reduced by further increasing the coverage.
[image: Figure 5]FIGURE 5 | Distributions of the surface residual stress for coverage from 23 to 250%. (A) 23%, (B) 40%, (C) 64%, (D) 87%, (E) 100%, (F) 150%, (G) 200%, (H) 250%.
Figure 6 shows the different distributions of subsurface residual stress concerning coverage from 23 to 250%. In general, a layer of residual compressive stress was generated under the impact zone. To be specific, the subsurface residual compressive stress increases with the increase of coverage from 23 to 100%, while when the coverage is more than 100% there is almost no variation of subsurface residual compressive stress that demonstrates that this value was stable. The subsurface residual tensile stress increases with an increase of the coverage up to 100%, but this trend stabilizes when the coverage is more than 100%. Furthermore, by comparing Figures 6A–H it is interesting to note that all the maximum residual compressive stress occurs in the subsurface of the target, except the condition with coverage of 250%, where its maximum residual compressive stress is found to be at the target surface. This indicates that further increasing the coverage could result in the failure of the target material, which is not expected in shot peening.
[image: Figure 6]FIGURE 6 | Distribution of subsurface residual stress with respect to coverage from 23 to 250%. (A) 23%, (B) 40%, (C) 64%, (D) 87%, (E) 100%, (F) 150%, (G) 200%, (H) 250%
The surface residual compressive stress (σs), the maximum residual compressive stress (σm), the depth of the maximum residual compressive stress (Zm), and the depth of the residual compressive stress layer (Z0) are the four essential factors that affect the performance of the shot peening process. As mentioned in the introduction, their relations concerning coverage can be numerically summarized, as shown in Figure 7. This figure shows that the surface residual compressive stress, the maximum residual compressive stress, and the depth of the residual compressive stress layer all increase by increasing the coverage. To be specific, the variation of the maximum residual compressive stress and the depth of the residual compressive stress layer is larger when the coverage is less than 100%. While the depth of the maximum residual compressive stress gradually increases from 0.119 to 0.121 mm concerning the coverage from 23 to 100%. It then gradually reduces to 0 when the coverage is 250%. This demonstrates that with an increase in coverage, the position of the maximum residual compressive stress could move to the target surface gently and that further increasing coverage may induce the surface damage and result in the failure of the target.
[image: Figure 7]FIGURE 7 | Effects of the shot peening coverage on the (A) σs, (B) σm, (C) Zm, and (D) Z0.
To assess the performance of the shot peening process considered in this study, further quantitative analysis is conducted based on the distribution of the residual compressive stress concerning the corresponding coverage. The original simulation results of the σs, σm, Zm, and Z0 can be obtained as shown in Table 3. These data are then treated as dimensionless values (see Table 4), which are convenient for the following comparisons. The Entropy Method is a commonly used weighting method that measures value dispersion in decision-making. The greater the degree of dispersion, the greater the degree of differentiation, meaning more information can be derived. Meanwhile, higher weight should be given to the index, and vice versa (Zhu et al., 2020). Thus, it is employed to process these dimensionless values to evaluate the weight of the residual compressive stress for different corresponding coverages (Li et al., 2022), the scores are given in Table 5. According to the rule of the Entropy Method the higher the score the better the performance. Under the shot peening parameters considered in the simulation, the coverage of 200% is found to be best for the shot peening of ZGMn13 High Manganese Steel.
TABLE 3 | Original simulation results.
[image: Table 3]TABLE 4 | Dimensionless values.
[image: Table 4]TABLE 5 | Scores from entropy method.
[image: Table 5]EXPERIMENTAL STUDY
Experiment Work
ZGMn13 High Manganese Steel with dimensions of 5 mm × 5 mm × 6 mm is selected as the target, that is, fixed in the central impact zone (20 mm × 20 mm) as shown in Figure 8, and the major material properties of the target are given in Table 6. In the experiment, all tests were carried out on a pneumatic shot peening machine (SP1200-V20/1/2X) with the procedure shown in Figure 9. In terms of the performance of this shot peening machine, the processing parameter settings considered in the experiment are given in Table 7, which corresponds to the numerical study in this paper.
[image: Figure 8]FIGURE 8 | Schematic of the position of the shot peening target in the experiment.
TABLE 6 | Material properties of ZGMn13 High Manganese Steel (by mass%) (Teng, 2011).
[image: Table 6][image: Figure 9]FIGURE 9 | Experimental machine and procedure.
TABLE 7 | Experimental processing parameters.
[image: Table 7]After each test, the surface and subsurface residual stress were measured using X-ray diffraction (XRD), which is one of the most extensively used techniques for the evaluation of residual stress due to its accurate, effective, and non-destructive measurement (Alhumaidan et al., 2015). In this study, the GNR EDGE Residual Stress-Retained Austenite XRD was used to measure the residual stress. However, the penetrability of this machine into the ZGMn13 High Manganese Steel is limited, and the surface residual stress alone cannot reflect the distribution of the residual stress for the thickness. Electrolytic polishing etching was needed to treat the target surface layer by layer since this process does not induce the mechanical force, which means it does not induce new residual stress and that it cannot affect the measurement results. Therefore, under different coverages, i.e., 100, 150, 200, and 250%, the residual stresses were measured at 0, 30, 60, 90, 120, 240, and 360 μM from surface to the subsurface, respectively.
Results and Discussion
The overall observations of the target surface morphologies after the shot peening process are shown in Figure 10. When the coverage is 100%, the distribution of the pits caused by the impacts seems to be uniform without obvious uplift and depression. With an increase in coverage, the uplift and depression become more obvious, which induces larger plastic deformations. A comparison between Figures 10C,D indicates that when the coverage reaches approximately 200% the surface morphology seems to be stable even by further increasing the coverage as per the numerical results.
[image: Figure 10]FIGURE 10 | The overall observations of target surface morphologies under different coverages. (A) 100%, (B) 150%, (C) 200%, (D) 250%.
A quantitative comparison was then carried out. Table 8 shows that the experimental results are in general in agreement with corresponding numerical data for the residual stresses at varied depths from surface to subsurface with errors of less than 25%. It is also interesting to notice that some errors are larger than 100%. These were mainly caused by the experimental measurements and these results have not been considered in further analysis. As can be seen from Figure 11, for each coverage the overall residual compressive stress increases with an increase of the depth from the surface until reaching the maximum value, and then it gradually reduces. The surface residual compressive stress and the maximum residual compressive stress show an increasing trend with the increase of the coverage. It can therefore be deduced that the depth of the residual compressive stress layer should have a similar trend. Moreover, the depth of the maximum residual compressive stress first increases in terms of coverage to 150% before then reducing gradually. These findings show the overall trend with corresponding numerical results. Figure 11 also indicates 11 that when the coverage is 100% the overall value of the residual compressive stress from the surface to the subsurface is larger than that with other coverages, which indicates that in this situation further increasing the coverage can increase the shot peening performance. However, when the coverage is more than 150% the overall values of the residual compressive stress from the surface to the subsurface are similar, which demonstrates that in this situation further increasing the coverage may not improve the shot peening performance but induce the failure of the target. Therefore, considering the processing parameters in this study and its effect on the distribution of the residual compressive stress, it can be that reasonable coverage in the shot peening of ZGMn13 High Manganese Steel is between 150 and 200%, which agrees with the numerical study.
TABLE 8 | Comparison of experimental results and numerical data.
[image: Table 8][image: Figure 11]FIGURE 11 | Relations between residual stress and depth from the surface to subsurface under different coverages.
CONCLUSION
Shot peening technology is a surface strengthening technology that can effectively enhance the ability of mechanical parts to resist fatigue failure and wear failure, but the influence of shot peening coverage on the evolution of residual stress and surface morphology is not fully clear. In this study, a comprehensive numerical and experimental study were conducted to explore the reasonable coverage of shot peening on ZGMn13 High Manganese Steel. The quantitative relation between the number of balls and the coverage were obtained in simulation and from the numerical study, indicating that both the surface and subsurface residual stress increases with the increase of the coverage before stabilizing. By using the Entropy Method the quantitative analysis has been conducted to explore the effects of the surface residual compressive stress, the maximum residual compressive stress, the depth of the maximum residual compressive stress, and the depth of the residual compressive stress layer on the performance of the shot peening process, which indicates that under the shot peening parameters considered in simulation the coverage of 200% is found to be best for the shot peening of ZGMn13 High Manganese Steel. Finally, a corresponding experimental study was carried out to verify the numerical results, and the results agreed well with the corresponding numerical data for the residual stresses at varied depths from the surface to the subsurface with errors of less than 25%. These research outcomes provide guidance on the shot peening process in obtaining the optimized surface strengthening of the target.
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Parameters Values

Shot peening ball diameter 0.6 mm (Steel: 55-62 HRC)
Pressure 052 MPa

Flow rate 3-5 kg/min

Number of shot peening gun 1

Distance between gun and target surface 160 mm

Coverage 100, 150, 200, 250%

Pieces of target 8 (Each group 4)





