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Abstract 

Robotic hammer peening (RHP) is a cold-working technique to improve the fatigue life of metallic 

structures by inducing compressive residual stress in the near-surface region. Measuring the depth 

profiling of residual stress distribution plays an important role in process design towards the 

advanced manufacturing of metallic components. This study investigates the use of the nonlinear 

ultrasonic method to measure the residual stress profiles through the frequency-dependent 

penetration depth approach. Stainless steel specimens were treated with varying RHP intensities, 

and their morphological evolutions were characterized with a step-profilometer. The amplitudes 

of the second and third harmonic components of the longitudinal critically refracted (LCR) and 

Rayleigh waves were measured and analyzed. The effect of the surface roughness on the 

nonlinearity parameters before and after polishing at various peening intensities was briefly 

discussed. The results show a large variation in the acoustic nonlinearity parameter at the surface 

layer, indicating the potential of the proposed nonlinear ultrasonics for the measurement of depth 

profiling of residual stress. 
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1. Introduction 
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Compared with the linear ultrasonic method, the nonlinear ultrasonic method is more sensitive 

to microstructural changes in the material [43, 44]. When surface waves interact with a peened 

structure containing residual stress-induced nonlinearity, harmonic components are generated, 

including second and third harmonics [45, 46]. Consequently, the acoustic nonlinearity parameter 

can be used to measure the residual stress because it is proportional to the amplitude of harmonic 

components [47]. This parameter has proven to be effective in assessing the damage related to 

plastic deformation [48] and creep degradation [49]. The estimation of not only the surface residual 
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stress but also the profile of penetration of the stress layer, particularly the maximum compressive 

residual stress and its locations, is an important requirement for predicting the lifetimes of 

materials. To date, most studies have been carried out on the nonlinear ultrasonics of LCR waves 

to establish a correlation between the average residual stress and nonlinear parameters such as the 

second harmonics [50, 51]. 

 

2. Theory 

2.1 Depth profiling of residual stress  

The propagation of nonlinear surface waves, such as LCR and Rayleigh waves, was proposed in 

this study to evaluate the residual stress at different depths in surface-treated materials. RHP is a 

process that modifies the near-surface region with plastic deformation to induce compressive 

residual stresses to enhance fatigue life. When an input surface wave traveling at a certain 

frequency is applied to an ideal linear material, the response of the material is only a linear 

component, corresponding to the input frequency. However, if the material exhibits nonlinear 

behavior owing to the presence of residual stress, the response contains harmonic components, 
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such as second, third, and higher harmonics, in addition to the linear component. The propagation 

depth of surface waves can be related to the excitation frequency, and typically penetrates one 

wavelength ( ) into the material [52]. It is possible to obtain the residual stress at different depths 

below the material surface by altering the excitation frequency, as illustrated in Fig. 1. However, 

there is no accurate formula for determining propagation depth. The empirical formula based on 

the experimental results is derived as follows [53]:  

 (1) 

where  is ultrasonic wave velocity,  denotes the penetration depth, and  is the input frequency. 

In Fig. 1(b), it is observed that when the excitation frequency is , the propagation depth of 

the surface wave is  [54]. This implies that when the surface wave is excited at , the 

surface wave covers a layer depth of approximately . The measured residual stress was averaged 

within the depth of . To obtain the residual stress distribution in depth, this study proposes the 

difference in propagation depths between the two excitation frequencies, which is expressed as: 

 (2) 

where  provides the residual stress information within the propagation depth of , where 

 and  are equal to 1, 2, 3 and so on. For example,  can be estimated from  when the 

excitation frequencies are  and . Similarly,  and  were estimated from excitation 

frequencies of ,  and  ( ). 
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Fig. 1. (a) Surface wave generation and the corresponding detection method, (b) penetration 

depths of the surface waves in surface-treated specimens with respect to the wavelength and (c) 
proposed residual stress extraction approach from difference of two excitation frequencies.  

the incident angle and ultrasonic wave velocity 

can be expressed as 

 (3) 

where  and  are ultrasonic wave velocities in the wedge and the specimen, respectively, and 

 denotes the incident angle. In this study, the longitudinal wave velocity of the wedge was 

determined as approximately 2730 m/s, whereas that of the steel specimen was measured as 

approximately 5662 m/s. According to Eq. (3), an LCR wave can be formed in the specimen when 

the incident angle approaches the first critical angle, whereas Rayleigh waves are produced when 

the incident angle is equal to or greater than the second critical angle [55]. 

2.2 Characterization acoustic nonlinearity parameters of surface treated layer 

The equations governing the motion of a solid in the absence of external forces can be written as 

follows [56]: 

 (4) 
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where  is the initial density,  is the particle displacement,  is the time,  is the first Piola-

Kirchhoff stress and  is the coordinate of the particle deformation. The first Piola-Kirchhoff stress 

is expressed as follows: 

 (5) 

where  denotes the residual stress of the peened material.  and  are second- and 

third-order Huang coefficients, respectively [57] and are expressed by  and 

. The expressions for  and  are 

presented in terms of residual stress in [58]. Here,  and  are the Brugger second-, third-

, and fourth-order m - and fourth-order elastic constants, 

respectively. Moreover, the one-dimensional ultrasonic wave propagation in an isotropic solid was 

obtained by substituting Eq. (5) into Eq. (4):  

 (6) 

where 

 

 

 

(7) 

The relationship between the Brugger constants and elastic constants can be established as follows 

[45]: , , . Here,  and  are the Lam  elastic constants, 

and   and  are the third- and fourth-order elastic constants, respectively. Eq. (7) can be 

rewritten in a form that includes second-order ( ) and third-order ( ) nonlinearity parameters as 

follows [59, 60]: 
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 (8) 

where 

 

 

(9) 

In Eq. (9), when the peening intensity is increased, the residual stress  also increases, although 

it remains negligible in comparison to the elastic constants. The third-order elastic constant, , 

is highly dependent on the plastic deformation that occurs in the material, whereas the second-

order elastic constant, , has negligible dependence on plastic deformation. Generally,  

increases with increasing plastic deformation, although the actual relationship is complex. The 

plasticity of the surface is caused by peening, which is associated with the compressive surface 

residual stress and can be determined from the calculated value of ;  and  can be expressed 

using the perturbation solution as follows [61]:  

 

 

(10) 

where  is the distance of the surface wave propagation, and , , and  are the amplitudes 

of the fundamental, second, and third harmonics, respectively. Because the propagating distance 

(  and wavenumber ( ) were kept constant during the experiments, Eq. (10) can be simplified as 

follows [62] 

 (11) 
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For this study, surface waves were used to measure  and , which allowed characterization of 

the surface residual stress profile. It should be noted that the parameter  depends on both the 

third- and fourth-order elastic moduli, but its dependence on the fourth-order elastic constants is 

weak. As a result, parameter  becomes equal to the square of parameter  when the fourth-order 

elastic modulus is neglected [63]. 

3. Experimental procedures 

3.1 Robotic hammer peening (RHP) process 

Ten stainless steel specimens (SS304L) were subjected to different RHP processes and 

denoted as RHP-1, RHP-2, RHP-3, RHP-4, and RHP-5. The dimensions of the specimens were 

200 mm × 50 mm × 10 mm, and their corresponding photographic images are shown in Fig. 2(a). 

The industrial robotic platform model IRB 6660 was used to perform the peening process as shown 

in Fig. 2(b). A spherical tungsten carbide hammer head, with a diameter of 5 mm and driving 

pressure of 4 bar, was employed. The impact frequency of the hammer head was set at 

approximately 200 Hz, with a stroke and standoff of 4 mm and 2 mm, respectively. The 

longitudinal feeding rate was fixed at 1000 mm/min, while the peening coverage was varied via 

the stepover distance with 400%, 1200%, 1600%, and 2000% for RHP-1, RHP-2, RHP-3, and 

RHP-4, respectively.  
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Fig. 2. (a) Dimensions and photographic images of the specimens: intact specimen (0-pass), 

RHP-1 (400-passes), RHP-2 (1200- passes), RHP-3 (1600- passes), and RHP-4 (2000- passes) 
and (a) photographic image of the robotic hammer peening system. 

3.2 Nonlinear ultrasonic experiment 

The experimental system for residual stress measurements employing nonlinear ultrasonic 

waves is depicted in Fig. 3. This system consists of a function generator (AFG31021, Tektronix, 

USA), an amplifier (CIPRIAN Model US-TXP-3), a pair of ultrasonic transmitter and receiver, 

and an oscilloscope (MSO5204, Tektronix, USA). The function generator was set to produce a 

tone burst signal in the form of a sine wave modulated by a Gaussian window function with 12 

cycles to reduce the bandwidth of the input frequency in the frequency domain and avoid the 

overlap of the generated second- and third-harmonic components with the input frequency 

component. The peak-to-peak voltage of the signal was set at 50 mV. An amplifier was used to 

amplify the signal by a factor of 100 before it was sent to the transmitter. The oscilloscope with a 

sampling frequency of 2.5 GS/s digitized the signal received from the receiver before it was fed 
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into a computer. In addition, the signal received by the receiver is amplified using an amplifier. 

Moreover, 512 ultrasonic responses were recorded and averaged to improve the signal-to-noise 

ratio (SNR). Nine different excitation frequencies (1, 1.25, 1.5, 2, 2.25, 2.5, 3, 4, and 5 MHz) were 

utilized to evaluate the residual-stress profile.  

 
Fig. 3. The entire experimental setup: (a) Schematic view and (b) photographic view of the 

specimen and the transducer assembly. 

Considering a frequency of 2.5 MHz and wave velocity of 5.6 km/s, the propagation depth of LCR 

was calculated to be 2.34 mm, which was consistent with the experimental result of penetration 

depth of LCR (Shunming et al. [55]). Additionally, the penetration depth of Rayleigh wave is 

roughly one wavelength  [64].  When the excitation frequency was set to 2.0 MHz and the 

measured Rayleigh wave velocity was 2.7 km/s in stainless steel materials, the propagation depth 

was calculated to be 1.40 mm, thereby satisfying the requirements for detection. 

3.3 Surface roughness measurement 
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4. Results and discussion 

4.1 Nonlinear ultrasonic measurements 
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Fig. 4. Time domain and frequency domain responses for the intact specimen and the peened 
specimen (RHP-1) in which the receiver is located 180 mm from the transmitter: (a) time and (b) 
frequency domain of the LCR waves; (c) time and (d) frequency domain of the Rayleigh waves. 
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Fig. 5. A comparison of the frequency-domain obtained from the peened specimen (RHP-4) was 
conducted when the frequency of the excited LCR waves was set at (a) 1 MHz, (b) 2.5 MHz, and 
(c) 5 MHz, and the frequency of the excited Rayleigh waves was set at (d) 1 MHz, (e) 2.5 MHz, 

and (f) 5 MHz. 

 
To further explore the effects of surface qualities on the sensitivities of the second and third 

harmonic components, the nonlinearity parameters  and  were obtained (Fig. 6). For 

comparability, the parameters were normalized with respect to the values measured for the intact 

specimen. Error bars represent the standard deviation of the output responses obtained from the 

pair of four distinct peening process (from 400 to 2000-passess) specimens. These error bars 

highlight the variability in output responses. As evident from Figs. 6(a) and (c), the LCR waves 

exhibited greater sensitivity to residual stress than the Rayleigh waves in the case of the unpolished 

peened specimen. In contrast, the LCR waves were found to be less sensitive to the residual stress 

than the Rayleigh waves in the case of the polished peened specimens. Comparing the polished 

and unpolished specimens, an increase in  of the Rayleigh wave from 18.9 to 26.9% was 

observed for RHP-4. Additionally, it was determined that the variation in  was extremely large 

for both surface waves in RHP-1 (Fig. 6(a)) and particularly small in the case of RHP-4. This can 

be attributed to the fact that the surface roughness of RHP-1 was greater than that of RHP-4. 
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Furthermore, the  parameter was more sensitive to the different peened specimens than , as 

indicated by the larger percentage change in  than in  (see Table 1). 

 
Fig. 6. Relationship between the normalized parameters and the different peening processes 

when the excitation frequency was set at 5 MHz. The  parameter for (a) the unpolished peened 
specimens and (b) the polished peened specimens, the  parameter for (c) the unpolished peened 

specimens and (d) the polished peened specimens. 

Table 1. Percentage changes of  and  for the peened specimens subjected to different RHP 
processes. 

RHP process 
Percentage 

change of  
Percentage 

change of  

RHP-1 12.8 17.5 

RHP-2 22.6 25.3 

RHP-3 26.4 32.2 

RHP-4 31.7 36.4 
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Fig. 7. Nonlinear ultrasonic measurement of the residual stress profiles with respect to depth. (a) 

LCR waves, and (b) Rayleigh waves. 

Figure 7 is obtained by tuning the input excitation frequencies from 1 MHz to 5 MHz, resulting 

in a variation in the penetration depth of the corresponding input frequency from 2.73 mm to 0.58 

mm. It was found that a lower penetration depth correlated with a higher , due to the presence 

of a maximum compressive residual stress. This revealed that the distribution of the residual stress 

in the depth direction could be acquired by gradually increasing frequency. As shown in Fig. 7,  

as seen to decrease with increasing depth, which can provide insight into the residual stress. 

Comparatively, the RHP-4 specimen had a significantly higher  than the RHP-1 specimen, 

implying that the number of peening passes is a major factor in determining the degree of residual 

stress. Additionally, the maximum variation in  was observed at a depth of approximately 1 mm 

for LCR waves, and 0.5 mm for Rayleigh waves, which can be attributed to the maximum residual 

stress located near the surface. Notably, the magnitude of  on the surface increased from 15.3 to 

20.9 as the number of peening passes increased from 400 to 2000 for LCR waves, and from 17.6 

to 25.6 for Rayleigh waves. A comparison between the LCR and Rayleigh waves reveals notable 

differences in the value of  . This implies that the nonlinear Rayleigh wave can be effectively 

exploited to measure residual stress profiles. The RHP-4 specimen exhibits the highest residual 

[67]. Additionally, it was observed that increasing the peening intensity did not 
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significantly alter the surface layer thickness, but rather improved the maximum residual stress at 

the surface. 

4.2 Discussion 

To assess the impact of surface roughness on nonlinear ultrasonic parameters, a range of 

specimens were studied using a step-profilometer system. The results of this investigation, shown 

in Fig. 8, indicate that compared to the intact specimen, the surface roughness increased 

significantly following the RHP process. Furthermore, it was observed that the surface roughness 

varied in a two-stage process: (i) the surface roughness increased rapidly with the number of 

peening passes, likely due to the formation of craters and pileups; and (ii) the surface roughness 

decreased slightly as a result of the flattening effect of the higher energy applied for longer 

treatment times. Table 2 outlines the roughening effect of the peening process, demonstrating a 

69.1% increase in the  values from 1.5  -1 

specimen, and a 72.8% decrease in the  values from 1.5  

for the RHP-4 specimen. These results suggest that the RHP treatment is suitable for practical 

applications and is likely to improve the surface roughness of the material. Surface treated area of 

RHP-4 specimen after 1 min. is illustrated in Fig. 9, where the yellow dotted circles indicate the 

treated and untreated areas, respectively. As the peening time increases, the number of hammers 

impacting the surface also increases, resulting in the complete disappearance of the untreated area. 

Furthermore, plastic deformation was evident on the surface treated layer of the RHP-4 specimen, 

due to the reduced height between the peaks and valleys, which further improved the surface 

roughness. 

Table 2. Surface roughness values of the different peened specimens. 

RHP process       
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RHP-1 4.87 5.92 42.8 

RHP-2 3.46 4.47 34.2 

RHP-3 6.61 9.31 62.1 

RHP-4 5.52 7.54 70.6 

 

 
Fig. 8. Surface morphologies resulting from the different peening processes: (a) RHP-1, (b) 

RHP-2, (c) RHP- 3, and (d) RHP-4. 

 
Fig. 9. Optical microscope images of the surface treated specimen (RHP-4) at different 

magnifications after RHP process. (a) 1 mm and (b) 0.1 mm. 
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The samples were hand-polished using fine polish papers with grit 600 and 1200. It is noted 

decrease in the surface roughness. Figure 10 shows the variation in the  and  parameters before 

and after polishing the peened specimens. The slopes of  obtained from the LCR waves before 

and after polishing were 25.6% and 28.9%, respectively, indicating that the nonlinearity 

parameters of the LCR waves are minimally affected by the surface quality of the specimen. In 

contrast, the gradients of the  measured from the Rayleigh waves before and after polishing were 

24.7% and 41.3%, respectively (Fig. 10(b)). This demonstrates that Rayleigh waves are more 

sensitive to the surface conditions of the specimen. As discussed above, the slope of the polished 

peened specimen was reduced from 81% to 44.5%, compared to the unpolished peened specimen. 

This suggests that polishing has a considerable effect on the residual stress profile, as evidenced 

by the change in the nonlinear parameters of Rayleigh wave, which are more sensitive to residual 

stress variations than those obtained from the LCR waves after polishing the specimen. 

 

Fig. 10. Comparison of the nonlinearity parameters recorded before and after polishing the 
peened specimens. (a) LCR waves and (b) Rayleigh waves. 



22 
 

 
Fig. 11.  Nonlinearity parameters variations for peened specimens with respect to surface 

roughness ( ). (a) Rayleigh wave and (b) LCR wave. 

Fig. 11 demonstrates the nonlinearity parameters of peened specimens with rough surfaces (  

= 3.46, 4.87, 5.52, and 6.61 observed that when Rayleigh waves traverse a surface with 

lower roughness, the nonlinear harmonic component measurements increase. The nonlinearity 

parameters of Rayleigh wave are heavily impacted by the surface roughness when compared to 

LCR wave. Fig. 11(a) reveals that approximately 55.8% alteration of the parameter, , is primarily 

caused by the surface roughness. In addition, the fluctuation of the parameter, , is greater than 

that of . This suggests that the third harmonic generation is more sensitive to the surface 

roughness. Therefore, the experimental results suggest that the surface roughness has a greater 

influence on the nonlinearity parameter measurements. 

5. Conclusions 

In this study, the residual stress induced by robotic hammer peening (RHP) near the surfaces of 

metallic structures was investigated using nonlinear ultrasonics based on the second- and third-

harmonic components. Transmitting and oblique incidence ultrasonic detection probes were 

designed to excite the LCR and Rayleigh waves at a certain depth for the tested specimens. The 

stress gradient formula was presented based on the correlation between penetration depth and the 

ultrasonic frequencies. The residual stress profile was determined experimentally using the second 
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and third harmonic components of the LCR and Rayleigh waves. The results of nonlinear 

ultrasonic testing reveal a considerable increase in the acoustic nonlinearity parameter with an 

increase in peening intensities, suggesting the potential of nonlinear ultrasonics for the evaluation 

of near-surface residual stresses. It was found that the third harmonic component of ultrasonic 

waves was more sensitive to residual stress than the second harmonic component. Furthermore, 

the surface roughness of a specimen has a considerable impact on the nonlinear third harmonic 

component, similar to second harmonic component measurements. However, the current method 

shows difficulty in determining the location of the maximum compressive residual stress due to 

the low frequency ultrasonic surface waves (5 MHz) used. Future research should focus on 

enhancing the depth profiling resolution through the application of high frequency (> 30 MHz) 

LCR and Rayleigh waves.  
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Appendix A. Analytical model of RHP-induced residual stress 

As shown in Fig. 3, the generation of a plastic zone during each impact from the hammer head 

constrains the plastic deformation zone. When the hammer impacts, it produces residual stress 

throughout the structure due to the interaction between the plastic and elastic zones. This residual 

stress is the sum of all the fields caused by repeated impacts covering the entire structural surface. 

It is assumed that the hammer shot is elastic, and the target is a semi-infinite elastic solid, which 

is similarly assumed in the analytical model of the shot peening approach [68]. The equation of 

motion during contact of the hammer head with an elastic solid is defined as [68]: 

 (A1) 

where  denotes the material density,  denotes the radius of the hammer head,  is the speed of 

the hammer head,  represents the time, and  is the contact radius of the hammer head.  is the 

average contact pressure, defined as [69]: 

 (A2) 

where  is the yield stress and  A2) into Eq. (A1), 

the velocity of the hammer head can be obtained by assuming that  remains constant during 

peening, yielding Eq. (A3) [70]: 

 (A3) 

where  is the indentation depth. The depth of the plastic deformation zone, , is expressed as 

follows [71]: 

 (A4) 
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In addition, the radial diameter of the plastic deformation zone , shown in Fig. A1, can be 

expressed as follows [72]: 

 (A5) 

where  is an experimentally determined coefficient. 

 

Fig. A1. Schematic illustration of the plastic deformation induced by hammer peening. 

Furthermore, the residual stress, , induced by hammer peening in an isotropic solid, can be 

expressed as [73]: 

 (A6) 

where  

 

 

 

 

(A7) 
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where  and  are the coefficients to be determined experimentally,  is the specimen thickness,  

 is the coordinate along the thickness direction. As a result of the 

interactions between the plastic zones and elastic field, the residual compressive stress becomes 

localized in the plastic zones. The simplified form of Eq. (A7) can be used to describe the residual 

stress profile within the plastic deformation zone [73]:  

 

 

(A8) 

 

Using the value of  obtained from Eq. (A4), the residual stress distribution can be directly 

obtained from the RHP parameters.  
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