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Abstract:



Recent studies have shown that severe shot peening can be categorized as a severe plastic deformation surface treatment that is able to strongly modify the microstructure of the surface layer of materials, by both increasing the dislocation density and introducing a large number of defects that define new grain boundaries and form ultrafine structure. In this work, conventional shot peening and severe shot peening treatments were applied to 39NiCrMo3 steel samples. The samples were characterized in terms of microstructure, surface roughness, microhardness, residual stresses, and surface work-hardening as a function of surface coverage. Particular attention was focused on the analysis of the microstructure to assess the evolution of grain size from the surface to the inner material to capture the gradient microstructure. Severe shot peening proved to cause a more remarkable improvement of the general mechanical characteristics compared to conventional shot peening; more significant improvement was associated with the microstructural alteration induced by the treatment. Our datas provide a detailed verification of the relationship between shot peening treatment parameters and the microstructure evolution from the treated surface to the core material.
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Highlights

	
Conventional and severe shot peening was performed on a low-alloy varying the surface coverage and keeping Almen intensity constant.



	
The surface state was examined and analyzed in terms of microstructure, roughness, hardness, residual stresses, and surface work hardening.



	
The surface state is strongly influenced by the coverage, even if saturation is noted, when coverage exceeds 5000%



	
It is possible to develop severe shot peening treatments targeted to particular applications.








1. Introduction


Mechanical properties of metallic alloys play an important role in the behavior of components. The microstructure of materials (i.e., grain’s geometry, distribution, and dimension) has a big influence in defining physical and mechanical characteristics of the material. Because of that, during the last few decades, new technics and a lot of heat and mechanical treatments are being developed in order to enhance material properties [1,2,3,4,5]. Regarding grain dimension, structures can be classified as coarse grains, ultrafine grains, or nanocrystals, each inducing different material properties. Ultrafine grains are known for having at least one dimension between 1 µm and 100 nm, whereas nanocrystals present at least one dimension down to 100 nm [6]. The superior characteristics of nanostructured materials are largely related to the high amount of grain boundaries present in their structures (reported to be ranging between 30–50% of the total crystal volume [7,8,9]), which provide the material with a high amount of energy that is responsible for its altered behavior [10].



Keeping in mind that, in most cases, mechanical failures initiate from the surface of the workpiece (e.g., fatigue, wear, etc.) and considering the complications of obtaining bulk nanocrystalline components, especially with large dimensions, severe plastic deformation (SPD) methods that are able to induce surface grain refinement have gained special attention due to their high potential to enhance some mechanical properties of components. Major surface grain refinement is known to lead to high hardness and a low friction coefficient in metals and alloys [11] that enhance wear resistance and tribological behavior, in turn [12,13,14]. Recently several studies have demonstrated that surface nanocrystallized structures show improved fatigue behavior [15,16] despite the relatively high surface roughness [17,18]. There are also some studies reporting that a smaller grain size could accelerate the corrosion process by forming more electrochemical cells between grains [19] and providing more active sites for preferential etching. In another study it is reported that the effect of the grain boundary density on corrosion resistance could be positive or negative, depending on the material composition, corrosion mechanism, and the surrounding environment [20]. Many other features such as diffusivity, electrical resistivity, specific heat, thermal expansion coefficient, and soft magnetic properties are also reported to be influenced directly by grain dimension [21,22,23].



Grain refinement induced by SPD techniques is due to the generation of defects and interfaces (grain boundaries), increasing of polycrystalline free energy, and inducing of grain refinement, through application of high strains at high strain rates. Processes such as ball milling [24,25,26,27], sliding wear [28,29], sand blasting and annealing [30,31], ultrasonic shot peening (USSP) [32,33,34], and severe shot peening (SSP) [17,35,36] are efficient examples of SPD techniques that induce grain refinement on the surface layer of metallic material. However, the application of most of the aforementioned techniques is limited to small scale samples and simple geometries.



Because of this, we have specifically focused our study on SSP as an interesting mechanical surface treatment due to its exclusive simplicity and flexibility in terms of size and geometrical restrictions that can offer high potential for industrial applications. Severe shot peening is derived from classical shot peening. This latter is a cold working process in which small spherical media impact the surface of a metallic part, creating small indentations on the impacted surface. Below the plastically deformed surface layer, the material tries to restore its original shape after the impact, thereby producing a hemisphere of cold-worked region which is highly stressed in compression. These effects induce compressive residual stresses that are useful to stop or prevent crack propagation [37,38]. Severe shot peening differs from classical shot peening mainly because of the higher Almen intensity and the longer time used to complete the process, which means more energy available for the deformation of the material. The Almen intensity is defined as the arc height of an Almen test strip measured at saturation point by using an Almen gauge. Regarding the coverage, it is defined as the percentage of the surface area impacted by shots, commonly referred to as “indentations” or “dimples”. Full (100%) coverage means that the whole surface has been impacted at least one time, while coverage beyond 100% is defined as multiples of the time to achieve 100% [39]. For example, a surface coverage of 1000% requires 10 times the exposure time for obtaining full (100%) coverage.



In more detail, recent studies have successfully revealed that SSP treatment, performed in classical shot peening machines, can generate ultrafine and nanosize grained structures in the surface layer of treated parts [36,40,41,42,43] by increasing the impact energy of the processes. This fact could be really interesting since the machines are widely used and are really versatile, making the application of this treatment possible to most of the industrial components.



As already mentioned, although several studies have demonstrated that SSP treatments are able to improve some mechanical and physical properties, there are few studies on the influence of SSP treatment on microstructural changes [41]. Thus, the aim of this work is to study the effect of very high surface coverage at a fixed Almen intensity to get grain refinement. The microstructural evolution of quenched and tempered low-alloy steel 39NiCrMo3 is analyzed after SSP treatments with different surface coverage (100%, 5000%, and 10,000% coverage) while keeping the Almen intensity constant. These treatments have been performed on a laboratory shot peening machine, and the coverage percentages have been chosen to clearly differentiate conventional from severe shot peening.



Samples were analyzed with a field emission gun scanning electron (FEG-SEM) microscope using the electron backscatter diffraction (EBSD) technique. Grain size determination, thickness evaluations of the layer affected by shot peening, and topography modification, as well as distribution of residual stresses and work hardening, were studied after the applied treatments. The results are critically discussed to evidence the role of surface coverage in microstructural evolution induced by severe shot peening and to draw possible developments of the severe shot peening process.




2. Experimental Procedure


2.1. Material and Samples


Prismatic samples of 16 × 10 × 6.5 mm3 were made of quenched and tempered low alloy steel 39NiCrMo3, the nominal chemical composition of which is shown in the Table 1. This steel is commonly used in mechanical parts of machines and in the automotive industry.



Table 1. Nominal chemical composition 39NiCrMo3 steel (wt %).
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2.2. Shot Peening Treatment


Shot peening treatments were performed by means of a GUYSON Euroblast 4 PF laboratory machine. Three different series of samples were treated using cut wire steel shots of 0.7 mm diameter and an Almen intensity of 19 A but varying the surface coverage level. One series was treated with 100% coverage, considered as the conventionally shot peened series (CSP series) and two other series were severely treated with 5000% and 10,000% coverage, referred to as the SSP5 and SSP10 series, respectively. It is important to clarify that these treatments have been performed using a laboratory shot peening machine. We use these high coverage levels with the aim to transmit a large amount of energy to the treated material; however, in the industrial scale, the same quantity of energy can be induced at lower coverage levels, using a higher Almen intensity.



The Almen intensity was determined according to SAE J443 standard [39]. The time required to perform the treatments with 100% surface coverage (CSP treatment) was determined using the Avrami equation [44], assuming that a statistically random shot particle arrives at the component’s surface at a constant rate and creating circular indents of similar size [45]. The treatment time to get 5000% and 10,000% coverage is 50 and 100 times the time to get 100% coverage, respectively.




2.3. Surface Roughness


Surface roughness measurements were performed on all samples using a Diavite DH-6 roughness tester. Measurements were performed in eight random positions and directions over a length of 4.8 mm using a cut-off length of 0.8 mm.




2.4. Microstructure


The microstructure after different treatments was characterized by a Nikon EPIPHOY 200 optical microscope. One sample of each series was cross sectioned, impregnated in mounting resin, ground sequentially with a range of SiC papers up to 1000 scratch size, subsequently polished using soft cloths with diamond paste abrasives (grain sizes of 6 µm and 1 µm), and chemically etched with a 2% Nital etching solution.



In order to estimate the grains dimension and the depth of grain-refined zone, samples were also analyzed by means of a FEG-SEM (Ultra Plus, Carl Zeiss) equipped with an EBSD system (HKL Channel 5) of Oxford Instruments. For EBSD analysis, the samples were subjected to a similar preparation going through different grinding stages and, subsequently, polished with polycrystalline diamond water-based suspensions of 9 and 3 μm using a neoprene cloth with a colloidal silica suspension of 0.25 μm. This last polishing step was prolonged for several minutes with the aim of eliminating the superficial deformations originating during the previous metallographic preparations. Inverse pole figure (IPF) maps were obtained using a potential of 20 keV, with 10.5 mm working distance and 70° of inclination between the sample and the beam.



In order to evaluate grain size evolution as a function of surface coverage, an area of 400 μm (depth) × 30 μm (along the surface) was scanned using a step size of 200 nm. This step is higher than the one recommended by the ISO Standard 13067 (10% of the average grain size) for individual grain analysis. However, since the purpose of this analysis is to observe the overall grain size evolution as a function of surface coverage over quite a large area, this step size was chosen by prioritizing the size of the overall scan area and considering the extremely high scanning duration for smaller step sizes. Nevertheless, to obtain more precise information of grain size in the top surface layer, surface analysis was also performed over an 8 (depth) × 6 (along the surface) µm2 area using smaller step size of 25 nm in both vertical and horizontal directions.




2.5. Microhardness


The applied treatments are aimed at increasing the dislocation density and at decreasing the grain size [46]. Both effects have a direct relationship with the hardening process. In order to observe this effect, the microhardness trend from the surface to the inner core of the samples was studied in a transversal section using a HV Buehler 2100 microhardness tester with a 200 gf load and 10 s dwell time, up to a depth of 700 μm. Three measurements were performed at each depth.




2.6. Residual Stresses and Full Width at Half Maximum


The residual stress field induced by the applied treatments was measured by means of an X-ray diffraction technique. The distance between different crystalline planes measured with a diffractometer provides information about the residual stress field caused by shot peening treatments based on sample deformation and its Young modulus. X-ray diffraction (XRD) residual stress measurements were performed with an AST X-Stress G3R portable X-ray diffractometer using CrKα radiation (Kα alpha = 2.2910 Å) source. The sin2(Ψ) method was used to analyze the data collected at a diffraction angle (2θ) of 156.4° corresponding to {211}-reflex scanned with a total of five tilts in the range of −45° to 45° along three rotations of 0°, 45°, and −45°. The collimator used was 2 mm diameter and the exposure time was 20 s.



These measurements provide the full width at half maximum (FWHM) parameter, which is related to grain distortion, dislocation density, and residual microstress state and can be considered as a work hardening index [47].



To perform measurements in depth, material was removed from the surface before each measurement by electro-polishing, using a potential difference of 45 V and a reactive agent of 96% acetic acid and 4% perchloric acid.





3. Results and Discussion


3.1. Roughness


High surface roughness is a generally undesired side effect of shot peening that can decrease the fatigue life of the treated part [17]. That is why, normally, special attention is paid to the surface topography after shot peening. Previous studies have clearly indicated that SSP treatment, in general, increases surface roughness of treated materials [17,18]. Table 2 presents the average values of the most representative roughness parameters (Ra, Rz, and Rmax) of treated samples, measured following DIN Standard 4786. Also, in our study, roughness of samples submitted to SSP treatments were higher compared to the CSP samples due to the higher impact energy of the peening process. However, it seems that roughness tends to stabilize after a high level of coverage, as the roughness values of SSP5 samples are quite similar to those of the SSP10 ones.


Table 2. Roughness values of samples submitted to different shot peening treatments.


	Series
	Coverage (%)
	Ra (μm)
	Rz (μm)
	Rmax (μm)





	CSP
	100
	5.84 ± 0.50
	27.94 ± 2.62
	34.30 ± 4.01



	SSP5
	5000
	7.05 ± 0.89
	33.75 ± 3.31
	44.37 ± 5.81



	SSP10
	10,000
	6.58 ± 0.51
	31.71 ± 2.47
	44.83 ± 8.41










3.2. Microstructure


3.2.1. Optical Analysis


Optical analysis was performed on CPS, SSP5, and SSP10 samples along a transversal section with the aim to analyze the evolution of the microstructure from the surface to the inner layers as shown in Figure 1. Microstructural observations reveal a highly deformed surface layer that is more evident and deeper in the case of SSP treatments. This is due to the higher plastic deformation generated by the larger number of high kinetic energy impacts in these series. According to our previous observations, this densely deformed layer indicates the grain refinement of the surface microstructure [35]. However, it is not possible to note a significant difference between SSP5 and SSP10 samples with optical microscopy, apart from a slight difference in the thickness of the dark surface layer.


Figure 1. Surface microstructure of 39NiCrMo steel after shot peening treatment (1000×): (a) CSP (100% coverage), (b) SSP5 (5000% coverage), and (c) SSP10 (10,000% coverage).
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3.2.2. FEGSEM Analysis


The EBSD technique was used to perform qualitative and quantitative microstructural analysis in samples submitted to different shot peening treatments in order to evaluate the grain size evolution from the surface layer down to a depth of 400 μm and to analyze the influence of the surface coverage on the grain refinement process.



Figure 2a–c shows the grain size evolution of samples submitted to different shot peening treatments. These maps were obtained considering a misorientation between grain boundaries equal or superior to 15°, in an area of 400 × 30 μm2. The as-received material is quenched and tempered steel with an average grain size of around 10 μm showing, in some areas, grains as large as 20 μm as it can be observed at higher depths of the CSP sample (Figure 2a). The data obtained from this analysis presents a clear grain refinement of different depths from the surface of the shot peened samples, as evidenced by the color scale in Figure 2. The inset images of Figure 2 (shown on the right), obtained with a smaller step size of 25 nm, provide more detailed information on the structure of surface grains, evidencing that all grains are smaller than 4 μm on the surface layer of all treated samples and, more specifically, smaller than 2 μm for the SSP10 (sample with the highest surface coverage). In all cases the straightening of the grains took place in the direction perpendicular to shot peening because of the impact strain. The presence of the nanograins on the top surface layer of all samples can also be confirmed considering the scale bar of 500 nm for the inset. Table 3 shows the quantitative analysis performed on the inset images of Figure 2, highlighting that surface grain refinement is a direct function of surface coverage.


Figure 2. Grain size evolution in shot peened samples with a misorientation of >15°, a scan area of 400 × 30 μm2, and a step size of 200 nm. The inset is corresponding to an 8 × 6 μm area scanned with a step size of 25 nm. The arrows are indicating the shot peening direction. (a) CSP, (b) SSP5, and (c) SSP10.
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Table 3. Grain size distribution of treated sample surfaces calculated from the inset images of Figure 2.


	Serie
	Coverage (%)
	Average Grain Size in Surface Layer (μm)
	Max. Diameter (μm)
	Total Number of Grains





	CSP
	100
	0.292 ± 0.471
	3.9398
	346



	SSP5
	5000
	0.28 ± 0.363
	3.6772
	477



	SSP10
	10,000
	0.185 ± 0.182
	1.9633
	752









It is interesting to note that the thickness of the most evident refined layer is directly affected by surface coverage, estimated to be around 64 μm, 190 μm, and 215 μm for CSP, SSP5, and SSP10 samples, respectively (marked in Figure 2 with vertical solid lines). While SSP treatment is inducing a notable increase in the depth of the grain-refined layer compared to the CSP treatment, the thickness of the affected layer by SSP5 and SSP10 treatments are quite similar, suggesting the existence of a limit for the deformation of the treated material.



Figure 3 shows the IPF of the shot peened samples, which are normally used to analyze the material texture. Here, we are using this figure to provide a much clearer illustration of different zones in the refined layer, highlighting the individual grain size and orientation, considering a misorientation between grain boundaries equal to or greater than 15°. Two distinct layers with different extents of grain refinement can be easily separated with boundaries between them, as shown in Figure 3 for each individual sample. The thickness of the first zone with notable grain refinement is estimated to be around 35 μm, 46 μm, and 80 μm for CSP, SSP5, and SSP10 samples, respectively. These extremely refined layers are followed by another, less refined underlying layer with the estimated thickness of 29 μm, 144 μm, and 135 μm for CSP, SSP5, and SSP10 samples, respectively. It is to be noted that, even at higher depths down to 400 μm, a clear grain refinement can be observed for both SSP samples compared to CSP samples, which is representing the as-received grain structure at such high depths.


Figure 3. Inverse pole figure (IPF) of shot peened samples with a misorientation of >15°, a scan area of 400 × 30 μm2, and a step size of 200 nm. The arrows are indicating the shot peening direction, (a) CSP, (b) SSP5, and (c) SSP10.
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Even if the indexing degree in the analysis of SSP samples does not exceed 75–80% on the surface, it can be considered acceptable given the high density of grain boundaries that exist in this area, which emphasizes the small size of the surface grains. The indexing degree increases up to 85–90% in the inner core material.





3.3. Microhardness Measurements


Figure 4 shows the microhardness trend on the cross section of the treated samples. The results indicate that higher coverage levels, i.e., higher exposure time, results in a greater increase of surface layer hardness compared to 100% coverage in the CSP sample. This microhardness increment in surface layers can be due to the grain refinement and increased dislocation density, as confirmed by the microstructural observations [43]. There is not a remarkable difference between the values obtained on SSP5 and SSP10 samples, again confirming the limited work hardening capacity of the material at excessively high surface coverage levels. On the other hand, the thickness of the hardened layer (approximately 200 μm for all samples) does not seem to be directly affected by the coverage level, as will be confirmed later with the FWHM diagram in Figure 5. We postulate that the increase of the depth of the affected zone becomes almost constant after a certain plastic deformation, although higher coverage results in slightly higher surface hardness values. The depth of the affected layer after SP treatments is not constant, and it depends on the SP parameters and material characteristics [48,49].


Figure 4. Microhardness trend of CSP, SSP5, and SSP10 samples.
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Figure 5. (a) Residual stress and (b) Full Width at Half Maximum trend for CSP, SSP5, and SSP10 samples.
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3.4. XRD Measurements


3.4.1. Residual Stresses


One of the main effects of shot peening treatments is the generation of a compressive residual stress field on the surface layer of the material, which is mainly responsible for fatigue life improvement [17,35,36]. Figure 5a shows the in-depth residual stress trend of the treated samples after X-ray diffraction analysis. The maximum stress value is quite similar for all samples, measured at around −450 MPa, while the thickness of the layer with compressive residual stresses is higher for SSP samples compared to CSP samples; however, there is just a slight difference between the trend of SSP5 and SSP10 samples. A potential justification for the similarity of stress distribution in SSP5 and SSP10 samples can be the limited work hardening capacity of the material, as was also evidenced in microhardness measurements.




3.4.2. Full Width Half Maximum Measurements


FWHM trends shown in Figure 5b indicate a greater surface work hardening on samples submitted to SSP treatments in comparison with the CSP samples. This confirms that higher coverage increases hardening through larger accumulated plastic deformation, with respect to conventional treatment. Similar trends were obtained for SSP5 and SSP10 samples, showing that further increasing the coverage does not induce additional hardening. A similar effect has been found in microhardness trends (Figure 4).






4. Conclusions


Three shot peening treatments, with conventional and severe parameters, were applied to 39NiCrMo3 low alloy steel samples in order to investigate the evolution of microstructural and mechanical characteristics by variation of surface coverage ranging between 100%, 5000%, and 10,000%, while keeping the Almen intensity constant.



The results indicate that surface roughness increases in all cases after shot peening, but higher values were found for the two severe treatments compared to the conventional one.



The shot peening treatments also increase microhardness in all cases. It was observed that higher exposure time resulted in a greater microhardness increment compared to conventional treatment (100% surface coverage), while there is almost no difference between the depths of the hardened layer after the two severe shot peening treatments. This fact can be indicative of a limit in the deformation of the 39NiCrMo3 steel surface layer.



X-ray diffraction measurements reveal higher residual stress in the case of severe processes compared to conventional shot peening, but slight differences between the two SSP treatments were observed.



Studying surface layer microstructure using the EBSD technique allowed for the development of a reliable analysis of the grain size distribution. The results showed a clear grain refinement in the surface layer of all treated samples. The extent of both grain refinement and thickness of the refined area were directly related to the exposure time, i.e., surface coverage. Maximum average grain size was measured to be smaller in severe treatments with higher thickness of the refined layer. Non-homogeneous grain size distribution was observed in all cases, while a slightly more homogeneous grain size distribution was found in the case of the 10,000% coverage.



In summary, it is possible to affirm that while roughness, hardness, and residual stresses greatly improves from 100% to 5000% coverage, no appreciable difference can be found when considering going from 5000% to 10,000% coverage. This makes it possible to affirm that the trend of the latter quantities are asymptotic, and the saturated value is obtained at a coverage of less than 5000%. This means that intermediate values of coverage should be investigated.



On the contrary, with regards to grain refinement, the depth affected by the treatment is not yet saturated at 10,000% coverage. A slight decrease of the grain size and a thicker affected zone is noted if the coverage increases. This indicates that the material has not been saturated from a grain refinement point of view.



The results of the present study also show that, by tuning the coverage and by using an appropriate Almen intensity, it is possible to obtain a surface state with controlled characteristics in terms of roughness, hardness and surface work hardening, residual stresses, and microstructure. This, thus, opens a view on targeted shot peening treatments that considers the final application of the treated part and the characteristics needed to emphasize particular required characteristics.
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