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Abstract 

While the general characteristics of various peening techniques have been established, there have been 

few comparative studies. Here we compare the variation of the residual stresses and microstructural 

characteristics with depth for 316L austenitic stainless steel treated by cavitation peening (CP), shot 

peening (SP) and laser peening (LP) all peened to similar intensity levels. While the plastically affected 

depths were similar in all cases (~400 μm), the SP specimen showed the most extensive near surface 

plastic deformation, deformation twinning, dislocation density and compressive residual stress. To 

counterbalance this, the compressive residual stresses extended deeper for the LP and CP. Across the 

three treatments, a similar dependency was found between diffraction peak broadening and hardness. 

The dislocation density at the surface determined by the diffraction line profile analysis (LPA) for the 

SP specimen (4.9×1015 m−2) was approximately 2.5 times that for the CP and LP specimens (2.0×
1015 and 2.1×1015 m−2). Electron backscatter diffraction (EBSD) shows that the extensive work 

introduced by the SP had generated planar defects near to the surface. The increase in yield stress 

estimated from the hardness corresponded with the increase in dislocation density obtained by the LPA. 

 

Keywords: stress/strain measurements, X-ray analysis, iron alloys, hardness, work hardening, surface 

treatment 

 

1. Introduction 

Peening is used to introduce compressive residual stresses and microstructurally alter and harden the 

near-surface region of many components. This has been shown to have significant benefits in terms of 



performance. For example, in many cases peening treatments have been found to increase the fatigue 

limit and number of cycles to failure [1–5]. The peening treatment not only modifies the near surface 

stress state, but also alters the mechanical properties and local microstructure due to the plastic 

deformation that is introduced [6–8]. After crack formation the near surface stress and microstructure 

changes can also affect the crack growth rate [9–11]. In addition, the associated increase in hardness 

can also improve the wear resistance [12,13]. The corrosion resistance has been reported to be affected 

by the residual stress [14,15] which means that peening can also be effective in suppressing stress 

corrosion cracking [2,16–18]. 

There are many different ways to peen a surface. Shot-peening (SP) is most commonly used, being 

deployed across numerous applications [19–25], e.g. coil springs for automotive [19]. Over the last 

two decades, laser-peening (LP) and cavitation-peening (CP) have been proposed and are finding 

increasing application [26–32]. Since each peening method modifies the surface in a different way and 

to different depths, it is critical to select the most appropriate treatment depending on the particular 

requirements. However, while the general characteristics of different peening techniques have been 

established, few comparative studies of the effects have been published [5,33–35] and most of these 

do not compare the treatments at similar peening intensities making proper comparisons difficult. 

Therefore, in order to understand the characteristic features of each peening technique a direct 

comparison is required. This is important if the most appropriate peening method is to be selected, 

rather than simply selecting the best peening conditions for a given treatment method for a given 

application. For these purposes, it is important to evaluate the stress state and surface microstructure 

for each peening method as a function of depth from the surface. 

In this study, various measurements on the surface and subsurface were performed to characterise the 

near surface modified zone for shot, laser and cavitation peening. To better understand the near surface 

changes in microstructure and residual stress introduced by the peening methods, we examine 

specimens peened to similar intensities. In each case the residual stress is depth profiled, the surface 

hardness quantified and the microstructure evaluated by electron backscatter diffraction (EBSD). In 

addition, diffraction line profile analysis (LPA) is used for quantitative characterisation of lattice defect 

densities.  

 

2. Experimental 

2.1 Specimen 

Austenitic stainless steel (JIS SUS316L) was used for the peening experiments. The 0.2% proof stress, 

tensile strength, and elongation of this steel are 308 MPa, 572 MPa, and 53%, respectively. The CP, 

SP, and LP were performed on one side of 6 mm thick plate-shaped samples, with the dimensions 200 

× 50 mm2 for the CP, 120 × 30 mm2 for the SP, and 30 × 30 mm2 for the LP. Additionally, an unpeened 

specimen, was prepared to act as a reference. To facilitate a comparison of the different methods, each 



peening condition was selected to achieve a similar level of curvature along the longitudinal direction 

of the sample. The processing times were four times that needed to induce curvature of 1.4 m-1. The 

set up for the CP is described in more detail elsewhere [35]; in essence, a water jet was applied at a 

pressure of 30 MPa with a flow rate of 3×10-2 m3/min. The cavitation number was 0.0033, and the 

standoff distance was 222 mm [5,35,36]. The number of scans was 20 with a scanning speed of 1 mm/s. 

For the SP, spherical SUS440C shot media having a 3.2 mm diameter were used [5]. The shots were 

bombarded using a water jet system (see [37]). The processing rate was 0.667 s/mm. The submerged 

laser peening method was used without a coating [38]. The LP was performed using a Q-switched Nd: 

YAG laser having a wavelength of 1064 nm, pulse energy of 0.35 J, pulse width of 6 ns, and frequency 

of 10 Hz. The diameter of the beam spot size on the work surface was 0.8 mm[5]. The pulse density 

was 20 pulses/mm2. 

 

2.2 X-ray stress measurement 

For the stress measurements, the CP and SP samples were cut into five and three pieces respectively 

to give 50 × 40 mm2 and 30 × 40 mm2 coupons; comparable in size to the LP samples. In each case, 

one piece was used for the residual stress depth profiling using an X-ray stress measurement system 

with two detectors (iXRD, PROTO). Mn-Kα characteristic X-rays without Kβ filter and their γFe311 

reflections were used for the measurement. The stresses were obtained using the sin2ψ method [39,40]. 

The stress constant was −303 MPa/deg. Depth-profiles were obtained by incremental layer removal 

through repeated cycles of electropolishing and stress measurements. The electropolishing was 

performed with a solution of 10% perchloric acid and 90% methanol on a partial circular area, 

approximately 10 mm in diameter. Finer polishing steps (~10 µm) were used closer to the peened 

surface than in the deeper regions. However, the depth of material removed by electropolishing cannot 

be controlled precisely, and as such the polishing steps vary somewhat (see Fig.1). The depth of 

material removed by each polishing step was recorded using a micrometer. 

 

2. 3 Surface profilometry, hardness testing, and EBSD analysis 

The surface topographies arising from the surface treatments were mapped by a laser confocal 

microscope (VK-X200, Keyence). In order to observe a large area, four maps were collected using the 

x20 objective lens and merged to form a composite map. 

For depth-profiling of the hardness, nanoindentation was performed on the cross-section of each 

specimen. After cutting the specimen perpendicular to the peened surface, the cross-sections were 

polished using SiC grinding paper (up to P4000), diamond paste (3, 1 and 0.25 μm), and colloidal 

silica solution. The hardness variation was measured using a nanoindentation tester (Nano Indenter 

XP, MTST), operating with an indentation depth of 1000 nm, a strain rate of 0.05 s-1 and a peak hold 

time of 10 s. Vickers hardness tests were also performed in the matrix (the deeper regions) of the three 



samples by a Matsuzawa MMT-X7A indenter for the general benchmark. For this test, the load was 

9.81 N (100 gf), and the holding duration was 10 s. 

To identify the microstructures beneath the peened surface, EBSD analysis was performed on the 

cross-sections, which were first re-prepared using the same grinding and polishing method as for the 

nanoindentation tests. EBSD was conducted on a FEI Magellan 400 scanning electron microscope 

equipped with a Nordlys EBSD detector, running Aztec (Oxford Inst.) acquisition software. For each 

map, patterns were obtained using a beam energy of 15 keV, beam current of 1.6 nA, step size of 

0.1 µm and 4x4 detector binning. 

 

2.4 X-ray diffraction line profile analysis 

In order to characterise the dislocation density, X-ray diffraction line profile analysis was performed. 

The line profiles for each specimen were measured using an X-ray diffractometer (SmartLab, Rigaku) 

with Bragg–Brentano geometry and a 1-D detector. The Kα line from a copper target was used, with 

a Nickel filter to eliminate the Kβ line. The scanning conditions were chosen such that the peak height 

from the background of each reflection was approximately 10,000 counts in the diffraction angle (2θ) 

between 38 to 145°. 400 reflections were eliminated due to their weak intensities. Lanthanum 

hexaboride powder (SRM660c, NIST) was used as a standard specimen to deconvolute peak 

broadening from instrumental factors. The CMWP software [41,42] was used for the line profile 

analysis. The lattice constant is 0.36469 nm [43], and the Burgers vector on <110>{111} is 0.25788 nm 

in length. The averaged contrast factor for the h00 reflection was 0.297, which was obtained via 

ANIZIC [44] with the elastic stiffness [45]. 

 

3. Results 

3.1 Residual stress depth-profiles 

Fig.1 shows the variation of the in-plane stresses and full-width at half-maximum (FWHM) of X-ray 

diffraction as a function of depth for the 3 surface treatments. Each value of FWHM was the average 

of FWHMs at all sin2ψ on one of the detectors. On the CP and SP specimens, the residual stresses in 

x and y directions agreed at every depth. On the other hand, in the LP specimen, the residual stresses 

differed notably at small depths. Anisotropic stresses have been reported previously and explained due 

to unidirectional processing[16]. The FWHM values along the two directions were similar in all 

specimens suggesting an absence of in-plane microstructural anisotropy. 

 



 

Fig. 1. In-plane residual stress (top) and FWHM depth-profiles (bottom) recorded in the x and y 

directions for a) CP, b) SP and c) LP by X-ray diffraction using γFe 311 reflections. 

 

The residual stress depth-profiles for each treatment are compared alongside that for the unpeened 

sample in Fig.2. The residual stresses for the unpeened specimen are small at all depths (average of 

12 ± 7 MPa). For the CP treatment, the residual stress is largest (−470 MPa) at the surface and 

decreases monotonically reaching zero at a depth of around 1200 μm. By contrast, the peak 

compressive stresses on the SP and LP specimens are located subsurface (100 μm and 50 μm beneath 

the surface respectively). In comparing these profiles, it is important to remember that the treatments 

were applied to give approximately the same extent of specimen curvature. Although the surface 

stresses for the SP and LP specimens are −455 MPa and −230 MPa respectively, the peak stresses of 

−575 MPa and −530 MPa, respectively, are both in excess of the maximum stress (−470 MPa) 

introduced by the CP. Despite the similar peening intensities, the compressive residual stress depths 

are different: the depth for the SP process extends 100’s of microns beneath the surface (~700 μm) 

whereas the compressive zone for the LP and CP extend to greater depths (~ 1200 μm). 

 



 

Fig. 2. Comparison of residual stress depth-profiles each specimen measured by X-ray diffraction. The 

data points represent the average of stresses in the two orthogonal directions. The error bars 

are estimated from the sin2ψ curves.  

The averaged FWHM depth-profiles are summarised in Fig.3. It is well known that diffraction peak 

broadening is affected by microstructural features, such as dislocation density and crystallite size [46–

48]. The FWHM has often been used as a measure of the dislocation density introduced by work 

hardening caused by local plastic deformation. In common with previous observations, the FWHM is 

the largest at the surface for all the conditions [33]. Given the different residually stressed depths, it is 

perhaps surprising that the depth of the increased FWHM is similar for all the surface treatments, 

suggesting a similar depth of plastic deformation. This suggests significant plasticity to a depth of 

around 400 μm in each case. A substantially higher level of diffraction peak broadening is introduced 

by the SP process than the CP and LP processes. 

Although the plastic deformation zone appears to extend only to a depth of 400 μm from the surface, 

tensile residual stresses were recorded by the layer removal method even after removing material to a 

depth of 1500 μm. This is likely because the residual stresses arising from sample curvature are 

retained through stress transfer from the material surrounding the crater introduced by the 

electropolishing method. To confirm this, the surrounding material was removed, and the stresses at 

1500 μm depth measured again to clarify the origin of the stresses. After this the residual stresses in 

the CP, SP, and LP specimens were, −54, 20 and 12 MPa, respectively, indicating that the plastically 

generated eigenstrain introduced over the first 400 μm is indeed responsible for the whole stress profile. 



 

Fig. 3. Diffraction peak FWHM as a function of depth for each surface treatment as determined by X-

ray stress measurement. 

 

3.2 Surface morphology 

Fig.4 shows the surface topographies of each of the peened samples, observed by laser confocal 

microscopy, are markedly different. 

 

Fig. 4. Surface morphologies after a) CP, b) SP and c) LP treatments observed via laser confocal 

microscopy showing the laser intensity image (top) with the greyscale indicating the reflected 

laser intensity at each point and as a height map (bottom), with the colours denoting the sample 

height. 



 

To facilitate quantitative comparison, height profiles along horizontal lines on across the laser height 

maps were extracted from Fig.4 and are shown in Fig.5. The height profiles of each specimen exhibit 

some periodicity. In the case of the CP and SP samples, the periodicity is similar (0.6-1.0 mm peak 

spacing), although the CP sample displays sharper maxima. By contrast, the LP profile is of lower 

amplitude having a smaller peak to peak spacing (<0.5 mm) and is generally less smooth. No clear 

relationship between the surface features and the depth profiles of the residual stress or FWHM was 

found. 

 

 

Fig. 5. Surface height profiles along the horizontal direction for each of the surface treatments. The 

height of each specimen is offset for clarity. 

 

3.3 Hardness depth-profiles 

Fig.6 shows the hardness distributions as a function of depth as revealed by nanoindentation testing. 

Each value was an average of four points at the same depth. In common with the FWHM results, the 

hardness is higher near-surface and decreases with increasing depth for all treatments. Moreover, the 

hardness near-surface on the SP and LP specimens is approximately constant over the first 100 m or 

so. The hardened zones extend to a depth of around 400 μm, which is the same as the depth-profiles 

of FWHM. 



 

Fig. 6. Variation in nanoindentation hardness against depth from the surface. The continuous lines 

represent approximate trend lines for clarity. 

 

3.4 EBSD analysis of the near surface microstructures 

Representative EBSD maps are shown in Fig.7 for each surface treatment as a function of depth near 

surface. A small number (≦1%) of unindexed data points were replaced post-acquisition using the 

standard noise reduction functions in HKL Tango (Oxford Inst.) software. The inverse pole figure 

(IPF) maps in Fig.7 reveal a similar grain size across the samples. Twins are observed for each 

treatment; however, the number of twin boundaries is significantly higher for the SP treated specimen 

and the width of the twins smaller than for the other treatments. It is expected that this high twin 

density is the result of a large amount of plastic deformation introduced, as shown by the greater 

broadening of the FWHM. In this context, it is worth remembering that the plastically deformed region 

extends to a depth of around 400 m, as evidenced by the FWHM in Fig.3. The amplitude of the grain 

reference orientation deviation (GROD) angle on the SP specimen is uniformly high over the 80 μm 

examined (Fig.7 (bottom)). By contrast, for the CP and LP specimens, significant deviations are seen; 

primarily over the first 40 m, after which much less deviation is observed. This suggests that although 

the surface treatment intensities were similar in each case, the inhomogeneous strain distributions and 

their gradients from the surface differ depending on the processing method. 

It is also evident from Fig.7 that the amplitude of GROD near the grain boundaries is significantly 

larger than that in the grains, especially for the CP and LP treatments. This tendency is similar to the 

result obtained by polycrystal plasticity finite-element analysis [49] which found that when the strain 

rate is increased, the plastic deformation near grain boundaries becomes significant. In the CP and LP 

specimens, the plastic deformation is caused by a shockwave having a strain rate larger than that of 

the SP and this difference may cause the differences in the microstructure and residual stress depth 

profiles. 



 

Fig. 7. EBSD analysis for representative cross-section beneath the a) CP, b) SP and c) LP surface 

treatments showing inverse pole figure maps (top) relative to the normal to the cross-section and grain 

reference orientation deviation (GROD) maps (bottom). In each case the treated surface is at the top 

of the figure. Black lines on GROD maps indicate grain boundaries with ~2° (fine) and 2~10° (bold), 

and red line indicate Σ3 boundaries. 

 

3.5 X-ray diffraction line profile analysis of dislocation structures 

X-ray diffraction line profile analysis was performed to infer the number of lattice defects, nature and 

extent of the dislocation structure and the planar defects, at the surface. Fig.8 shows the diffraction 

profiles measured for each condition. 



 

Fig. 8. Whole diffraction profiles (excluding 400 low-intensity reflections) recorded at the surface for 

the three surface treatments and the untreated reference (profiles offset for clarity). 

 

The results of line profile analysis, dislocation density and plane defect densities, are shown in Fig.9. 

The CMWP line profile analysis software [41,42] allows only one kind of plane defects to be taken 

into account at a time. As such, the analysis was performed twice on the assumption of twins and 

stacking fault defects in turn. An analysis which did not take plane defects into account was also 

performed leading to three estimates of the dislocation density for each treatment. The inferred 

dislocation density for the reference specimen is ~1×1014 m-2 in all cases, with very low stacking fault 

or twin densities. For the surface treatments, the dislocation densities are slightly different depending 

on the assumed type of defect, but, broadly speaking, the dislocation densities for the CP and LP 

treated specimens were similar (~2×1015 m-2) being about 20x higher than for the untreated case, while 

that for the SP treatment is approximately 2.5x higher still. Furthermore, the twin and stacking fault 

probabilities for the SP treatment were 1.1% and 0.7%, respectively, being significantly higher than 

for the CP and LP specimens. As one might expect, in all cases the dislocation densities inferred by 

excluding planar defects are higher, because any line broadening due to the planar defects is taken to 

be due to dislocations (see Fig.9(c)). 

In terms of the planar defect density, the characteristics of the LP and CP treated samples are similar, 

as shown in Fig.9(b). Compared to SP, LP and CP induce significantly fewer planar defects. A similar 

tendency was also found for the twin boundaries revealed in the EBSD analysis (Fig.7). For each 

peening type, the number of twin boundaries revealed by EBSD was lower than the value obtained 

through LPA, but the tendency for more defects in the SP treated sample is clear in both analyses. 



 

 

Fig. 9. Lattice defect densities via line profile analysis. a) Dislocation densities, b) density of twins 

and stacking faults, and c) weighted sum of squared residuals (WSSRs) ratio for each 

treatment under several kinds of analysis condition. 

 

4. Discussion 

4.1 Residual stress distributions 

It is important to remember that all three treatment levels were chosen to induce similar levels of 

sample curvature. The compressive residual stress on the CP specimen monotonically decreased with 

increasing depth. By contrast, the peak compressive stresses in the SP and LP specimens were found 

to arise subsurface (~50 and 100 μm for the SP and LP respectively). Those peak compressive stresses 

were larger than the compressive residual stress at the surface of the CP specimen. Furthermore, the 

compressive residually stressed zone extended to depths around 700 μm in the SP specimen and 

1200 μm in the LP and CP specimens. The compressive residual stress is introduced by plastic 

deformation which is inferred from the FWHM of the diffraction data to decrease with depth from the 

surface to near to zero at a depth of 400 μm for all three treatments with the plastic deformation much 

higher for the SP near surface. These three observations, namely higher compressive stress near 

surface, a shallow compressive stress zone and higher line broadening near the surface are consistent 

with the fact that to achieve similar specimen curvatures the near-surface stress for the SP must be 

higher to counterbalance the shallower depth. 

Here, bombardment of the sample material during peening generates both tensile and compressive 



residual stresses in and around the impression site [50,51]. The stress fields from multiple collisions 

overlap and result in compressive residual stress on the surface. However, although the residual stress 

is uniform and compressive at the macro-scale, there are substantial local variations, including tensile 

regions, at the micron-scale [52]. Hence, the measured compressive residual stress at the surface 

becomes smaller as it is averaged over the measurement area. Similar phenomena have also been 

reported in the case of LP when small laser pulses are applied [53]. By contrast, more locally uniform 

fields are generated when very large square (3 mm) laser pulses are applied [54]. In the case of CP, the 

compressive residual stress decreased monotonically with increasing depth. This is in part because the 

large and the small impacts occur at the same time stochastically [55], analogous to multi-stage shot 

peening using large and small shots. The other reason is that the pressure distribution of an individual 

cavitation impact is cone-shaped [56]. 

 

4.2 Microstructure and hardness 

In addition to the residual stress distribution, the impact of different peening methods on the 

microstructure is of interest. Fig.10 shows the relationship between hardness measured by the 

nanoindentation test and FWHM of X-ray diffraction line. Although there is some variation, the 

hardness at a given FWHM is broadly the same regardless of the kind of the peening treatment. This 

observation enables one to estimate hardness from X-ray diffraction measurement as an easy-to-use 

approach. Since it is known that the residual stress and yield stress have a great influence on the 

mechanical performance as mentioned in the introduction [1–4,6], the degree of residual stress and 

FWHM depth-profiles obtained by X-ray stress measurement are useful in assessing the likely 

performance of the surface treated materials. 

 

Fig. 10 Relationship between hardness and the FWHM of the X-ray diffraction line. The dashed line 

is a hand-drawn fit of the relationship. 

 

Here, Vickers hardness was estimated from the nanoindentation hardness. Vickers’ hardness, HV, in 



the matrix was 143 ± 3 HV and the ratio of nanoindentation hardness to Vickers hardness at the matrix 

became 66.7 HV/GPa. The Vickers hardesses were estimated using this value of the ratio and the 

average nanoindentation hardness at a depth of <75 μm. The estimated hardnesses, of the treated zones, 

HV, therefore are 227, 228, 246HV for CP, LP and SP respectively, which is in broad agreement with 

previous results [35]. Furthermore, hardness values can be converted to an inferred yield stress using 

the relation σY = HV × 9.81 / 3 [57]. This gives yield stresses of 741, 744, and 804 MPa for the CP, LP, 

and SP respectively. These estimated yield strengths are significantly higher than the residual stresses 

introduced. The increase of yield stress is expected to due to increase of dislocation density. In order 

to the confirm the origin of the strengthening, we estimated the yield stress from the dislocation density 

using the Bailey–Hirsch relationship, σY = αρ1/2 + σ0 by the least-square method [58]. Where, α and σ0 

are constants. As the dislocation density, the averaged values in the three analysed results for each 

specimen (in Fig.9) were used. Fig.11 shows the relationship between the estimated yield stress and 

the square root of the dislocation density obtained on each specimen. The approximate line represents 

the relationship between the yield stress and the dislocation density. While there were no significant 

differences in grain size near the surface in the EBSD analysis, there were differences in the dislocation 

densities. The increase in hardness depends on the increase in dislocation density regardless of the 

difference in the peening treatment method, and this can be explained by work hardening arising from 

an increase in dislocation density. 

 

 

Fig. 11 The relationship between yield stress and square root of dislocation density. the plots for the 

three specimens (CP, SP, LP) show yield stress estimated from the hardness, and the value of 

unpeened is the 0.2% proof stress. The line indicates represents a best fit straight line. 

 

5. Conclusions 

The residual stresses and microstructural variation, as a function of depth from the surface, have been 

characterised in austenitic stainless steel treated by shot (SP), cavitation (CP) and laser (LP) peening 

at similar peening intensities. 



1） In the CP treated specimen, the largest compressive residual stress exists at the surface and 

decreases monotonically with increasing depth from the peened surface, which 

counterbalance and achieve similar specimen curvatures.  

2） The hardness is higher near-surface and decreases with increasing depth for all treatments in 

common with the FWHM results. The hardness near-surface on the CP and LP are similar 

while the SP specimen is slightly higher than that of the others. The hardness at a given 

FWHM is broadly the same regardless of the kind of the peening treatment. This suggests that 

the depth profile of hardness can be inferred from the FWHM profile. 

3） The surface profiles arising from the three different treatments do not appear to be related 

either to associated residual stress and microstructures. 

4） The dislocation density at the surface for the SP specimen is approximately 2.5 times that for 

the LP and CP specimens. It is also noteworthy that in the case of the SP a large number of 

twins were observed on the surface by the line profile analysis. The EBSD shows that the 

extensive work introduced by the SP has generated planar defects near-surface and is 

consistent with the line broadening analysis in suggesting that the dislocation density is 

significantly higher for the SP specimen than the LP or CP specimens. 

5） The increase in yield stress estimated from the hardness correlates with the increase in 

dislocation density obtained by the LPA. 
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