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Abstract

:

The change in microstructure caused by shot peening can strengthen the material and play an important role in improving the fatigue properties of the material. In order to investigate the related properties such as plastic strain anddislocation activity, the microstructure of CoCrFeNiAlx alloy shot peening layer under different processes was studied. The material exhibited a single austenitic phase, and the FCC crystal structure remained unchanged despite variations in shot peening intensity. Microstructure analysis indicates that with the increase in shot peening intensity, the grain size of the shot peening layer decreases obviously, and the content of microscopic distortion on the surface of the shot peening layer is the highest, and gradually decreases with the increase in depth. At the same time, the roughness of the sample surface is also reduced, which can enhance the fatigue strength and life of the sample. A TEM study revealed the microstructure of the shot peening layer. During the impact of shot peening, the twins produced gradually subdivided the initial grain into smaller slices. With the accumulation of plastic strain, dislocation activity begins to dominate the deformation process. The deformation-induced dislocations accumulate gradually in the small pieces and accumulate into dislocations perpendicular to the secondary twins. These results could be conducive to providing reference and theoretical basis for improving and strengthening the mechanical properties of a series of materials such as high-entropy alloy.
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1. Introduction


CoCrFeNi high-entropy alloys with high strength, corrosion resistance, high temperature resistance, abrasion resistance, and many other performance advantages, this alloy exhibits excellent plastic deformation ability when stretched at room temperature [1,2,3,4]. When stretched at a temperature lower than room temperature, due to the gradual reduction of dislocation energy, a more stable HCP phase is formed, which results in better plasticity and has gained extensive attention from researchers [5,6,7]. The AlCoCrFeNi series of high-entropy alloys is currently one of the most extensively researched high-entropy alloy systems. Through composition regulation and thermal–mechanical treatments, diverse microstructures can be generated. By incorporating various strengthening mechanisms, the mechanical properties of the alloy can be adjusted over a broad range. It has been demonstrated that the incorporation of multiple strengthening mechanisms can enhance the strength of alloys, rendering them ideal materials for investigating high-entropy alloy strengthening methods [8]. In this respect, numerous scholars have conducted a series of related studies and achieved significant progress and accomplishments. Wang et al. fabricated a CoCrFeNiAlx high-entropy alloy and observed that the phase structure of the alloy was significantly affected by the Al content, and found that the BCC phase in the as-cast alloy obtained by melting was a nanoscale two-phase structure generated by the mechanism of amplitude modulation decomposition [9]. It can be inferred that the Al content plays a pivotal role in determining the phase structure of CoCrFeNiAlx high-entropy alloy. Subsequent studies have also revealed that different processing methods exert an influence on the alloy’s phase structure. Lyu et al. investigated the microstructure and properties of CoCrFeNiAlx (x = 0.1, 0.5, 1) high-entropy alloys enhanced by laser surface remelting [10]. The results not only showed that the structure of alloys in different states changed from FCC to BCC structure with the increase in Al content, but also found that the phase structure of alloys in different states was not the same. Rao et al. studied the influence of different structures on the relative properties of CoCrFeNiAlx high-entropy alloy [11]. The annealing process resulted in the precipitation of two secondary phases, namely σ phase and θ phase, within the CoCrFeNiAl0.7 alloy. The θ phase is the aluminum-enriched phase. The sample’s tensile mechanical properties were evaluated, revealing that the alloy’s yield strength is attributed to both B2 and σ phases. The higher the Al content in CoCrFeNiAlx high-entropy alloy, the greater its yield strength, but with a decrease in plasticity. Additionally, Al content has a direct impact on the performance of this alloy; for a given cast alloy, increasing Al content results in increased hardness [12]. In addition to elemental composition, the processing technology of high-entropy alloys also significantly impacts their properties. For instance, Wang et al. carried out cold rolling and heat treatment of CoCrFe1.25Ni1.25Al0.25 high-entropy alloy, and found that the alloy had a higher work hardening effect during cold rolling, and the fracture mode of the samples after cold rolling changed from as-cast intergranular fracture to dimple fracture [13]. Cold rolling of the alloy after annealing heat treatment, the annealing softening phenomenon in a high-entropy alloy, yield strength, and hardness were to fall. From research on CoCrFeNiMn high-entropy alloys, it has been discovered that the face-centered cubic (FCC) structure of these alloys exhibits low intensity, while the body-centered cubic (BCC) structure tends to lack plasticity meaning low strength. In addition, high-entropy alloys can be strengthened through high-density dislocation and nanocrystalline boundaries. Therefore, by plastic-hardening (shot peening) on the surface of high-entropy alloy, by selecting different shot peening processes, adjusting surface dislocation and grain boundary density to achieve value-added effects, the surface hardness and the depth of the plastic strain layer can be improved, and the service behavior of the material surface can be improved.



The surface modification of high-entropy alloys can improve their wear resistance and corrosion resistance, which is expected to replace the traditional wear-resistant material of high manganese steel due to insufficient plastic hardening, resulting in reduced wear resistance, chromium cast iron is difficult to process, and can also be quickly prepared by spraying method.



Shot peening (SP) is one of the most typical deformation-strengthening methods, which can effectively prolong the fatigue life of products and parts. In the process of shot peening, plastic deformation occurs on the surface and sub-surface of the component through continuous percussion of the high-speed pellet. In this way, special cold hardening of the metal is generated on the plastic surface. High residual compressive stress is introduced, and the microstructure of the material is optimized [14,15,16,17,18]. The residual compressive stress field distribution and microstructure enhancement of the shot peening layer can effectively retard microcrack propagation, thereby enhancing resistance to fatigue fracture, stress corrosion, and high-temperature oxidation [19,20,21]. After undergoing the appropriate shot peening process, the residual compressive stress field distribution within the shot peening layer is optimized, resulting in finer crystal blocks and an increased content of micro-distortion and dislocation density. Nickel-based superalloy components typically operate under high temperatures and high load conditions. The residual compressive stress and microstructure of the shot peening layer will relax and change under these conditions, resulting in a reduction in the fatigue strength and yield strength of the materials. Therefore, it is crucial to study relaxation behavior for the safe use of parts during service overcharging. In this study, the wear behavior and mechanism of CoCrFeNiAlx high-entropy alloy with FCC and BCC duplex alloys under casting conditions were investigated. Shot peening treatment was conducted to explore the distribution of residual stress in different shot peening processes, as well as the evolution of microstructure in the composite shot peening layer. Finally, a discourse on the reinforcement mechanism is achieved through the amalgamation of mechanical properties inherent in the shot peening layer.




2. Experimental


2.1. Material Preparation


In this paper, the strengthening behavior of CoCrFeNiAlx system high-entropy alloys was studied, and five groups of CoCrFeNiAlx system high-entropy alloys containing 0 at.%, 1 at.%, 2 at.%, 3 at.%, and 4 at.% Al were prepared. In this study, high-purity Fe, Co, Cr, Ni, and Al elemental metals (purity: 99.99 wt.%) were proportioned according to a certain atomic ratio by vacuum arc furnace melting. The specific ratio is shown in Table 1. Under the protection of Ar gas for melting, in order to make the composition mixed evenly, the alloy after 5 times of repeated melting formed, to ensure the alloy composition mixed evenly.



The specific smelting process, parameter control, and precautions are as follows: (1) Ingredients: for massive metal raw materials, use an electric wire brush to remove the oxide layer on the metal surface; granular metal raw materials, using dilute hydrochloric acid (concentration 5–7%) to remove the surface oxide layer. After grinding and pickling, raw materials need to be placed in anhydrous ethanol for cleaning with an ultrasonic device, washed and dried, and metal weighing and batching are carried out with precision balance (Sartorius BS 223S) according to the alloy ratio. The prepared alloy materials are put in a drying oven for reserve. (2) Loading: the weighed and dried raw materials are placed in the copper crucible in a conical shape according to the principle of small pieces under, large pieces on, and granular materials in the gap. The bulk material is placed in the arcing position to melt it and then flows down to wrap the conical material pile to reduce the oxidation of the alloy. (3) Vacuum extraction: The master alloy ingot is prepared by non-consumable arc melting under the protection atmosphere of high-purity argon. A tungsten electrode is used and the furnace cavity was vacuum-pumped to 3.0 × 10−3 Pa by a two-stage pump, and 99.99 wt.% of high-purity argon is pumped into the furnace to a surface pressure of −0.05 MPa. (4) Melting: Under vacuum conditions with argon protection, arc melting is performed at a current of less than 500 A. The first melt involves sponge titanium or a high-purity Zr block deoxygenation washing furnace to further reduce the partial pressure of oxygen in the melting atmosphere for a duration of 2–5 min. When ingot casting, after the complete melting of raw materials, turn on the electromagnetic stirring device for full stirring and perform alloy ingot melting 3–5 times to ensure uniform composition. After each smelting process, the ingots are flipped using a sampling spoon to ensure consistent composition. Prior to each smelting process, titanium sponge or high-purity zirconium is melted once in order to decrease the oxygen partial pressure within the furnace. The smelting process lasted for 2–5 min, followed by cooling the samples to room temperature. Each ingot weighed between 50 and 80 g. Through repeated turning and melting, the composition of the alloy ingot was homogenized until all elements were evenly distributed. The surface of the ingot appeared uniformly colored. Then, the high-entropy CoCrFeNiAlx alloy components underwent appropriate shot peening treatment. The specific experiment was conducted in the following steps: (1) sample cutting. Select a single component of A2 sample 20 × 15 × 4 mm3 divided into 4 small samples, 10 × 15 × 2 mm3. (2) Shot peening test. Three samples were shot peening with different strengths (0.1, 0.2, 0.3 mmA, and compound shot peening with 0.3 + 0.1 mmA single side for 20 s; teinforced with cast steel shot.




2.2. Characterization


The phase composition analysis of the processed composite ceramic materials was carried out by the Rigaku Mini Flex benchtop X-rays diffraction (XRD) technique using CuKα radiation by increasing the diffraction 2θ angle in the range of 10° to 120° with a step size of 0.03°. With the XRD measurement data, the crystal structure was further investigated by Rietveld refinement using the Global Sustainability Assessment System software (GSAS-II, Los Alamos National Laboratory Report LAUR 86-748, Los Alamos, NM, USA). The four samples were tested by SEM after shot peening. A scanning electron microscope (JEOL Ltd., Tokyo, Japan) (working distance: 20 mm, working voltage: 20 kV) was used to compare the surface morphologies of high-entropy alloy strengthened by different shot peening processes.



In order to study the influence of shot peening technology on the surface morphology of the sample, the cross-section structure was observed using the optical microscope Zeiss Axio Observer A1 (Zeiss, Jena, Germany). The surface roughness of samples subjected to different shot peening intensities was measured using a TR220 surface roughness instrument (Zhongzhong Intelligent (Jining) Design and Research Institute, Jining, China). The changes in roughness before and after shot peening were characterized by two parameters, namely the contour arithmetic mean deviation Ra and micro-roughness ten-point height Rz, to determine the impact of various shot peening processes on the surface roughness of high-entropy alloy. The surface layer of the composite was analyzed in detail using the JEOL JEM-2100F transmission electron microscope (JEOL Ltd., Tokyo, Japan) to observe and analyze the microstructural effects of shot peening, as well as to monitor the evolution of dislocation configuration on the shot-peened surface. In the TEM measurement process, the thin foils went through slicing, flat-stone milling, nailing, and ion thinning.





3. Results and Discussion


3.1. XRD Analysis


During the shot peening process, the material’s surface layer undergoes repeated plastic deformation, resulting in microstructural changes that alter its mechanical properties. Compared to other analytical methods, X-ray diffraction linear analysis requires minimal sample preparation and yields reliable statistical results. The change in the microstructure of the material causes the change in the width and intensity of the diffraction peak. By analyzing the XRD profile of the material, the microstructure information of the corresponding crystal plane, such as the crystal block size, micro-distortion, and dislocation density, can be calculated without destroying the original structure of the part.



The X-ray diffraction patterns of samples subjected to various shot peening conditions are presented in Figure 1. As depicted, the material exhibited a single austenite phase and the FCC crystal structure remained unchanged despite variations in shot peening intensity. However, a meticulous analysis of the atlas revealed that shot peening under varying conditions led to distinct alterations in peak position, intensity, and half-peak width corresponding to different crystal faces within the sample structure. This indicated that diverse intensities of shot peening caused changes in material microstructure. As depicted in Figure 2, the (111) crystal surface of the sample exhibited an inclination toward higher angles with a continuous increase in shot peening intensity (0.1~0.3 mmA, from 43.65 to 43.78 degrees), indicating a gradual rise in residual stress within the sample as shot peening intensity increases. When the sample underwent composite shot peening (0.3 + 0.1 mmA), the peak position corresponding to the (111) crystal surface shifted to the left (43.63 degrees) compared with the angle corresponding to 0.3 mmA peening, indicating that composite shot peening can effectively improve the surface state of the material and relieve the excess residual stress on the material surface, as reported in reference [22].



3.1.1. Voigt Approximate Function Method for Linear Analysis


It is widely acknowledged that the broadening effect caused by microscopic strain can be approximated by a Gaussian function, while the linear broadening resulting from block size refinement can be approximated by a Lorentzian function. The Voigt method is based on this principle. To analyze XRD patterns using the Voigt function, the Voigt curve representing the ideal diffraction line of Kα1 can be constructed by providing the peak position of the diffraction peak 2θ, test interval, Gauss function peak height Ig, background height Ib, calculated step size and integral width of Gauss and Lorentz components. The mathematical expression for Voigt is as follows:
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The Voigt function fitting diagram of diffraction peaks (111) is presented in Figure 2, illustrating the effect of different shot peening intensities.



According to the formula:
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where f, h, and g represent the physical line, measured line, and instrument line respectively. The grain size and microdistortion content can be calculated by integral broadening. The results of Voigt approximation function method calculations on the (111) crystal surface of the material are presented in Table 2. Following various intensity shot peening treatments, significant changes are observed in the crystal size, micro-distortion, and dislocation density of the material surface. With the increase in shot peening intensity, the crystal block size on the material surface decreases from 17.6 nm (0.1 mmA) to 16.8 nm (0.3 mmA), while the number of microdistortions increases from 5.9 × 10−3 (0.1 mmA) to 6.3 × 10−3 (0.3 mmA). However, the surface crystal block size and micro-distortion number of the material showed small changes after composite shot peening (0.3 + 0.1 mmA), measuring at 16.5 nm and 6.3 × 10−3, respectively.



The dislocation density content can be obtained by combining the crystal block size and microdistortion content with the following formula [23]:


  δ =   2  3        b  →              ε   2       1 / 2     D    



(6)







Increasing dislocation density leads to intensified mutual delivery of dislocation in motion within the material, resulting in fixed barriers such as step cutting and dislocation entanglement, which increase the resistance of dislocation motion and cause increased deformation resistance, making it difficult for the material to continue plastic deformation, thus improving the strength σ of the sample metal [24,25]. According to the formula:


  Δ σ = α b G   δ   1 / 2    



(7)







The strength is proportional to the half power of the dislocation density δ, and the larger the Burgers vector b of the dislocation, the more significant the strengthening effect. As shown in Table 2, the results showed that the dislocation density content increased from 4.1 m−2 (0.1 mmA) to 4.9 m−2 (0.3 mmA), which greatly increased the mechanical strength of the material. However, the dislocation density of compound shot peening (0.3 + 0.1 mmA) is not much different from that of the sample strengthened with 0.3 mmA shot peening, indicating that the coverage of shot peening on the surface of the sample tends to be saturated.




3.1.2. Rietveld Full Spectrum Analysis


As we all know, although the single-peak Voigt method can quickly determine the changes in the microstructure of the shot peening layer, due to the limitations of the data and the over-dependence on the intensity of the peak shape and the background, the results are greatly affected by the single peak shape. As is widely acknowledged, the single-peak Voigt method can rapidly identify variations in the microstructure of shot peening layers. However, due to data limitations and an excessive reliance on peak shape intensity and background, results are significantly impacted by a singular peak shape.



By comparing the calculated and experimental values point by point through a computer program, and adjusting the structural parameters and peak shape parameters, Rietveld full spectrum analysis can obtain the exact crystal structure, and thus obtain the grain size and micro-strain of the material.



When analyzing the entire diffraction pattern data with Rietveld, the X-ray spectrum can be regarded as consisting of 2θi and diffraction intensity data columns at a certain equal spacing [26,27,28]. In the case of a known crystal structure, the intensity corresponding to each 2θi is calculated based on structural and peak shape parameters. The least squares method is then employed to iteratively adjust various parameters in order to minimize the difference M and obtain accurate crystal structure parameters and peak shape information, as expressed by the following formula:
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Yoi represents the measured strength, Yci denotes the theoretical strength, S is the scale factor, Lk stands for the product of Lorentz factor, bias factor, and multiplicity factor, Pk refers to the preferred orientation function, A*(θ) represents the reciprocal of sample absorption coefficient, Fk indicates structural factor, while Ybi signifies back bottom strength.



The reliability of the fitting results is calculated by the reliability factor, namely the R-factor (usually Rp and Rwp as reference standards):
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The calculated results are shown in Figure 3 and Table 3. It can be observed that both Rp and Rwp are below 10%, indicating a high degree of map fitting and accurate and reliable data results.
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The Popa model was used to analyze the Rietveld-fitted atlas, and the integral widths of Gauss and Lorentz components were computed by substituting <Rh> and <ε2hh> into the formula [29,30]. Subsequently, convolution of the Voigt function with the instrument peak shape function was performed to obtain anisotropic characteristics of block size and microdistortion for different crystal faces of the material. The results are presented in Table 4.



The maximum numerical degree of crystal block size was located on the (111) crystal plane, primarily due to its high resistance to slip compared with other planes. As shot peening intensity increased, the amplitude of variation in the crystal size gradually decreased in all directions on the sample surface, indicating that the shot peening coverage approaches saturation. As shown in Table 5, the distribution of microdistortion was opposite to the size of the crystal block, indicating a large variation in the (220) crystal plane with a value of 7.9 × 10−3. The finer the grain size, the larger the grain boundary area, according to the Hall–Patch formula [31,32]:


    σ   s   =   σ   0   + k   d   −   1   2      
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The smaller the average grain diameter d, the higher the yield strength σs.





3.2. Surface Morphology Analysis


The surface morphologies of CoCrFeNiAlx high entropy samples were analyzed under various shot peening conditions. The scanning electron microscope was used to amplify the sample surfaces by 500 times, and the resulting morphologies are presented in Figure 4. It can be seen from the surface morphology that the strength difference of shot peening has a significant effect on the surface structural difference of the samples. As depicted in Figure 4c, conspicuous concave and convex traces were observed on the surface of the sample, resulting in cooling and hardening during plastic deformation, which prompted the emergence of a residual stress layer. In this way, the surface strength, fatigue strength, and stress corrosion resistance of components can be improved. Compared with the surface topography characteristics in Figure 4c, the composite shot peening with 0.3 + 0.1 mmA showed uniform distribution of surface topography and small roughness. Although the sample underwent a high-strength shot peening of 0.3 mmA, it can be observed that secondary shot peening with low strength effectively reduced material surface roughness and promoted a more uniform distribution of the surface structure in the sample. The flat and smooth surface can effectively inhibit the tip enrichment of external stress and further enhance the mechanical strength of the material surface.



The metallographic structure of the sample section was observed using the Carl Zeiss Observer microscope. Through shot peening, the residual compressive stress was introduced into the outer surface layer of the member, while the residual tensile stress was generated in the subsurface layer, which led to the corresponding changes in the microstructure of the surface layer of the material.



Figure 5 shows the sectional metallographic diagram of the high-entropy CoCrFeNiAlx alloy shot peening layer. It can be observed that, as the intensity of shot peening increased, the grain size on the sample surface gradually decreased, while the depth of the plastic deformation zone was gradually deepened. After 0.3 + 0.1 mmA combined shot peening treatment, the crystal blocks of the shot peening layer were refined obviously, and the content of microscopic distortion on the surface was the highest, which gradually decreased with the increase in depth. After the optimization of low strength shot peening, the flat residual stress layer is beneficial to reduce the actual tensile stress level of the material, delay the fatigue crack propagation, and improve the local fatigue strength of the material. The strengthening effect of microstructure is generally believed to primarily manifest in inhibiting the initiation of fatigue microcracks, while the optimization effect of residual stress can mitigate the propagation of such cracks, thereby enhancing both fatigue strength and life.




3.3. Surface Roughness Characterization


Figure 6 shows the surface roughness profile of high-entropy CoCrFeNiAlx alloy samples after different shot peening optimization. From 0.1 to 0.3 mmA, the sample surface gradually increased with the increase in shot peening intensity. The values of Ra and Rz increased from 1.35 and 7.19 (0.1 mmA) to 2.78 and 12.22 (0.3 mmA), as shown in Table 6. In addition, it can be seen from the analysis data that compared with 0.1–0.2 mmA, the increase in roughness of the 0.2–0.3 mmA samples was significantly reduced, which also confirmed from the side that the plastic deformation caused by shot peening gradually tended to the saturation state, which is consistent with the conclusion of XRD and SEM data above. Although shot peening introduce stress strengthening and fine grain strengthening into the specimen, the increase in specimen surface roughness leads to stress concentration, accelerates surface crack expansion, and greatly reduces the fatigue life of the specimen. After the combined shot peening, it can be seen that the values were reduced to 2.17, 10.71 (0.3 + 0.1 mmA). It can be seen that combined shot peening can effectively reduce the increase in specimen surface roughness caused by single-shot peening, and thus increase the fatigue life of the specimen.




3.4. Transmission Electron Microscope Analysis


After shot peening with an intensity of 0.3 + 0.1 mmA, the metallographic diagram reveals that the sample surface exhibits conspicuous slip bands and fine crystal features. However, metallography alone was insufficient to determine the microstructure evolution of the samples. Therefore, high-resolution transmission electron microscopy (HRTEM) was utilized for detailed analysis of the sample structure in order to ascertain the effect of shot peening on material microstructure.



According to previous studies, because the stacking fault energy (18.3~30 mJ m−2) of the sample alloys was relatively low, dislocation slip and deformation twins occurred during shot peening, both of which contributed to grain refinement. According to prior research, the relatively low stacking fault energy (18.3~30 mJ m−2) of the sample alloys led to dislocation glide and deformation twins during shot peening, both of which contribute to grain refinement. Based on bright field transmission electron microscopy (TEM) analysis of the sample surface (Figure 7), it was evident that the material underwent significant surface slip. When combined with the pattern diffraction in the illustration, it can be observed that the slip plane of the sample was oriented along (111), accompanied by twinning phenomena. Moreover, according to the dark field TEM of the sample in Figure 6b, obvious deformation in twin beams and dislocation channels formed by dislocation stacking can be observed. In addition to dislocation, high-density dislocation channels, and shear bands, twin beams also exist in the matrix grains, forming T-M slats with alternating distribution of twins and matrix. Further HRTEM analysis of the sample surface (Figure 6) proved that these high-density dislocation channels were slip lines on the surface of face-centered cubic crystals. It is speculated that during the initial shot peening, the twins produced and subdivided the initial grain into thin slices in one direction. Next, secondary twins perpendicular to the former continued to subdivide the lamella into smaller sizes. With the accumulation of plastic strain, dislocation activity became dominant in the deformation process. Deformation-induced dislocations accumulated in small wafers and piled up to form perpendicular dislocations to the secondary twin. According to the modified Hall–Patch formula (16), we can know that dislocation strengthening and fine grain strengthening contribute significantly to the final strength of alloy samples [33,34]:


    σ   0.2   =   σ   0   + M α G b  δ  + K     d   s   − 1 / 2   +   d   τ   − 1 / 2      



(15)




where σ0.2 represents the yield strength, σ0 denotes lattice resistance, δ signifies dislocation density, ds refers to slip bandwidth, dτ indicates twin width, and all other variables are constants.





4. Conclusions


In this chapter, the microstructure distribution of the shot peening layer in a high-entropy CoCrFeNiAlx alloy strengthened by different shot peening processes was studied in detail using XRD and TEM. The conclusion can be drawn that: (1) As shot peening intensity increases, the range of microdistortion variation on sample surfaces gradually reduces. Shot peening can reduce the surface roughness and enhance the fatigue strength and life of the sample while ensuring the fine crystallization and micro-distortion of the sample surface. (2) The result of the Rietveld full spectrum indicates that different shot peening processes lead to slippage of the crystal surface. The (111) crystal plane is difficult to slip, while the (220) crystal plane shows a maximum change with a value of 7.9 × 10−3. (3) During the impact of shot peening, the microstructure of the high-entropy CoCrFeNiAlx alloy shot peening layer the twins produced gradually subdivided the initial grain into smaller slices. With the accumulation of plastic strain, dislocation activity gradually became dominant in the deformation process. The deformation-induced dislocations gradually accumulated in small wafers and formed perpendicular dislocations to secondary twins.
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Figure 1. XRD patterns of the samples with different shot peening treatments. 
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Figure 2. Fitted results of shot peened samples (111) by Pesudo–Voigt method: (a) 0.1 mmA, (b) 0.2 mmA, (c) 0.3 mmA and (d) 0.3 + 0.1 mmA. 
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Figure 3. XRD patterns of shot peened samples by Rietveld method: (a) 0.1 mmA, (b) 0.2 mmA, (c) 0.3, mmA and (d) 0.3 + 0.1 mmA. 
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Figure 4. SEM of the samples with different intensities of shot peening: (a) 0.1 mmA, (b) 0.2 mmA, (c) 0.3, mmA and (d) 0.3 + 0.1 mmA. 
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Figure 5. Metallographic microscope of the samples with different intensities of shot peening: (a) 0.1 mmA, (b) 0.2 mmA, (c) 0.3 mmA, and (d) 0.3 + 0.1 mmA. 
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Figure 6. Roughness of variously shot peening: (a) 0.1 mmA, (b) 0.2 mmA, (c) 0.3 mmA and (d) 0.3+0.1 mmA. 
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Figure 7. TEM bright field (a) and dark field (b) micrographs of the sample with 0.3 + 0.1 mmA shot peening, (c) HRTEM. 
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Table 1. Composition of high-entropy alloy prepared by vacuum melting (at.%).
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	Samples
	Fe
	Co
	Cr
	Ni
	Mo
	Al





	A0
	25.7
	22.74
	23.99
	23.23
	4.34
	0



	A1
	25.7
	22.74
	23.99
	23.23
	3.34
	1



	A2
	25.7
	22.74
	23.99
	23.23
	2.34
	2



	A3
	25.7
	22.74
	23.99
	23.23
	1.34
	3



	A4
	25.7
	22.74
	23.99
	23.23
	0
	4
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Table 2. Microstructure of variously shot peened samples (111) calculated by Voigt method.
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	(111)
	0.1
	0.2
	0.3
	0.3 + 0.1





	Crystal block size (nm)
	17.6
	16.3
	16.8
	16.5



	Microdistortion (10−3)
	6.0
	6.2
	6.5
	6.3



	Dislocation density (×1010 (m−2))
	4.1
	4.3
	4.9
	4.6
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Table 3. The values of R for variously shot peened samples.
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	Reliability Factor
	0.1
	0.2
	0.3
	0.3 + 0.1





	Rp
	1.49
	1.43
	1.66
	1.5



	Rwp
	1.96
	1.89
	2.28
	1.97
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Table 4. Domain size of variously shot peened samples by Rietveld method (unit: nm).
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	(hkl)
	0.1
	0.2
	0.3
	0.3 + 0.1





	(111)
	15.59
	15.81
	14.28
	14.48



	(200)
	10.24
	9.20
	9.04
	9.18



	(220)
	12.19
	9.75
	6.67
	7.30
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Table 5. Microstrain of variously shot peened samples by Rietveld method (×10−3).
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	(hkl)
	0.1
	0.2
	0.3
	0.3 + 0.1





	(111)
	5.98
	5.89
	6.53
	6.23



	(200)
	7.91
	8.81
	8.97
	8.56



	(220)
	4.69
	5.86
	8.56
	7.93
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Table 6. The values of roughness for variously shot peened samples.
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	Heading
	0.1
	0.2
	0.3
	0.3 + 0.1





	Ra
	1.35
	2.69
	2.78
	2.17



	Rz
	7.19
	11.87
	12.22
	10.71
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Intensity / a.u.

intensity / a.u.

(@

W= 025488
w,_=0.40349 ¢

k9

XRD Curve
Vogit Simulation

G

430 435 440
26 / degree

T S
445 450 455

o

5 %

L~

g

wg = 0.25771
w, = 0.41481

¥

N

XRD Curve
Vogit Simulation|

T M T M 1
430 435 440

260 / degree

—
425

—_—
445 450

Intensity / a.u.

intensity / a.u.

XRD Curve
Vogit Simulation

(®)

We = 0.22166
w, =0.47533

R 0.

T
445 450

420 425 430 435 440 455
26 / degree
(d) = XRD Curve
@‘g - - -~ Vogit Simulation
¥
G
& a
& a2
we=020183 5 &
A
w_=0.4326 » 9
I %
& 2
X 4
& ko]
g
5}(&5’ (é-",;l._*ﬂ)\ )
ey -‘_J m N .-( _.’ ’53’:,:.\(}
420 425 430 435 440 445 450 455
26 / degree





nav.xhtml


  metals-13-01441


  
    		
      metals-13-01441
    


  




  





media/file2.png
[ T———

0.3
0.2

0.3&0.1

0.1

90

80

70

20 / degree

60

|
[
[
l
50

‘n'e ; Alsuaju|

40





media/file5.jpg
Intensity (a.u.)

Intensity (a.u.)

_® =4
S g
S@ W)
- BT PN
. Brgg [3
e
2 =8
8 23
| 59
S

12,000 0

6,000

0 50 60 70 80 40 50 60 70 80
20 (degree) o 20 (degree)
G
<@ T
Ydiff |~ Ydiff
Boide pend
S
28
59
i

20

0 50 60 70 8 40 50 60 70 80
20 (degree) 20 (degree)





media/file3.jpg
Intensity / a.u.

intensity / a.u.

T XRD Curve

@ = XRD Curve ®r -
Vogit Simul 3.&‘ = Vogt Simulator
x%m é
EE O O O O O R O A O
201 cegree 201 degree
fer = XRD Guve @ R0 Curve
s Vet Vogit Simuiation
2% é
we=025771  § % 5
W= 0.41481 g H K
E O O O O O O R O O O O O

20/ degree

20/ degree





media/file1.jpg
90

03&0.1

T
70

T
80

T
60

J__ ---J.yk./.l

‘n'e / Ausuaju|

40

26/ degree





media/file7.jpg





media/file10.png
¢

~ 200pm

AN
¢
¢
@@
-~
N ?;
: 58
\ 25
r, A ., ~ \
) _ ,
_ : 844 > { <
o AR
2 . X
) (s
\ \ -
s ’
'\ G
. '
"
1 ¢ |
.u 3 < X
: . : ,
< :
3! $ $
y “\ " R
y : g
. N TN,

A 1 Sfos . A%y ).Mvw.wl mu“%\ﬁ/ M‘l V.(\ ‘)J\I).A

e I o

. ' & Am S kol 0.4& ,
Y R ..Tw. 7 s .\,”.\,, s . . ..f_wu,w.“ ;

Y

3 ,»wu,..ww”_ SR

e .|
GAPN 7 Wi By s NN
XY Ao S ﬁvm 72 :
St LI A\wk__\_\mv rvf,






media/file12.png
micron

micron

micron

micron

ol

A

RRRITRDRNAR

L‘.’JU

L L B L B L IR |
104.5 105.0 105,85 106.0 108.5

L B B L L B L B I
107.0  107.5 108.0 108.5 109.0 108.5

mm

LI DL LA L L
110.0 110,85 111.0 111.5

A LA L R B L L B |
112.0 112.5 1130 113.5 114.0 114.5

i(b)

|

I8

o

mH
|

LI NN BN L
w7.0  107.5 108.0  108.5

— T
109.0  108.5

L DL I AL L LI B
110.0  110.5  111.0  111.%

mm

— T
112.0  112.5

LU B L L R L L L
113.0 11558 114.0 114,65 115.0 116.5

L L B L L RN
116.0  116.5 117.0

m,mf\ A

/\!\Mnﬂ/\

-10 -

-15 —

A

VAARTAGY,

I e e e e e O S L B e e i S
1W09.0  109.5 110.0 110.5 111.0 111.5

mm

I I I e e o e o o e e o e e B N BN B e e e e e e
112.0 1125 1150 1155 114.0 114.5 116.0 1155 116.0 116.5

— T T T T
117.0  117.5 118.0 118.5 119.0

T L o o
114.0 114,58 11650 1165 118.0

116. 5

mm

T T
117.0 117.5 1180 118.5 119.0 118.5 1200 120.5 121.0

B HL B B B B
121,85 1220 122,56 1230 123.5 124.0





media/file9.jpg





media/file0.png





media/file14.png





media/file8.png





media/file11.jpg
o)

. TR BTH R
§ RN R L

: T

o) i

E
=5
b
>
>
L
=






media/file6.png
S

< Yob

A (a) _Y(():e_llsc
. Ydiff |~
> >
S S
28 &
n O g
5 O o
= =

At b | A e e g Y g

0 50 60 70 80

= 20 (degree)

g‘“’(c) / ¥0bls
- YA |~
- - Bragg | =
S S
23 z
72! C.Dh w
5 O 5
< =

WMJMMmmAWh

20 50 60 70 80

20 (degree)

- 6,000

o\ ' , '

40 50 60 70 80

S 20 (degree)

~(d - Yob

a ( ) Y(():alsc
Ydiff
Bragg

-

S

S

"

A e T ket
20 50 60 70 80

20 (degree)





