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Abstract 

During a repair welding process, the ultrasonic shot peening (USP) process can 
be used as the final finishing step. The aim is to introduce compressive residual 
stresses on the surface of the welded area in order to prevent the occurrence of 
cracking. Although the numerical simulation method is able to predict the state 
of residual stress in the peened part, the 3D models of the real USP process, in 
which many successive and shifted impacts take place, is very delicate and costly 
in terms of computing time and memory space required. In this paper, we 
propose a method based first on the calculation of the averaged inelastic strain 
tensor in a local representative area, and second on the transfer of this inelastic 
strain field in order to simulate the USP process. Experiments, similar to the 
“Almen test”, are performed on a thin plate of Inconel 600. Numerical results in 
terms of distortions and residual stresses are compared with the experimental 
data. 
Keywords: Inconel 600, residual stress, ultrasonic shot peening, numerical 
simulation. 

1 Introduction 

Inconel 600, a nickel-based alloy, is widely used in construction of nuclear 
reactors due to its excellent mechanical properties at high temperature and 
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corrosion resistance. The chemical composition of Inconel 600 is shown in  
Table 1: 

Table 1:  Chemical composition of Inconel 600, [%]. 

 C Mn Si Cr Ni S P Cu Co Ti Al Fe 
Min 0.01   14.0 79.99       6.0 
Max 0.05 1.0 0.5 17.0  0.015 0.025 0.5 0.1 0.5 0.5 10.0 

 
     The presence of nickel gives the alloy a relative higher resistance against 
corrosion. However, when the component is placed in a corrosive environment 
such as the primary circuit of a nuclear reactor, it becomes sensitive to the 
phenomenon of stress-corrosion cracking. Therefore it must be ensured that the 
level of residual stresses after welding process is lower than the triggering 
threshold of stress-corrosion cracking. In order to reduce such risks, ultrasonic 
shot peening can be used as the final finishing step in a repair process. The aim is 
to introduce compressive residual stresses at the surface of the welded area to 
prevent occurrence of cracking.  
     Very often the estimated residual stress fields are derived from a Finite 
Element (FE) simulation of a single impact or multi-impact at the same position 
[1]. So far, the 3D simulation of the real USP process, in which many successive 
and shifted impacts take place, is very delicate and costly in terms of computing 
time and memory space required. 
     In this paper, a 3D approach to determine the residual strain and stresses in a 
thin structure after the USP treatment is proposed. A combination of a semi-
analytical (SA) method and the finite element method is used. First, we present 
an experimental study of USP process, similar to the “Almen test”, on thin plates 
made of Inconel 600. In the second step, with the help of a 3D semi-analytical 
code, the plastic strain field due to the USP process is calculated and averaged in 
a local representative area of a semi-infinite domain. Then, this inelastic strain 
field is transferred into a FE model and the analysis are performed with the 
commercial package SYSWELD/SYSTUS [2] in order to predict the residual 
stress state in the thin plate after shot peening. Finally, the numerical and 
experimental results are compared. 

2 Experimental procedure 

The ultrasonic shot peening process is illustrated in Figure 1(a). A sinusoidal 
electric field is delivered by a generator. By using a piezo-transmitter, this 
electric energy is transformed into an ultrasonic vibration, then amplified by a 
booster. This energy is thereafter transferred into kinetic energy stored by the 
balls when they are projected by the “sonotrode”. The balls are confined in a 
chamber on top of which the specimen is fixed. Similar to the “Almen test”, the 
specimen is fixed by four bolts as illustrated in Figure 1(b). During the process, 
the successive impacts will change the mechanical properties of the material and 
generate a compressive residual stress field at the surface and in the close 
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sublayer of the treated plate ( Figure 1: 1(c)). At the end of the process, it can be 
observed a small curvature of the plate before the bolts are removed. After the 
removal of the bolts, the residual stress field is redistributed. This bends the 
specimen to a more convex arc versus the peened surface, as illustrated in  
Figure 2. 
     Several parameters can influence the results of the experimentation. They are 
principally related to the balls (material and diameter) and to the process (shot 
 
(a)   

 

(b) 

 

(c) 

 

Figure 1: Experimental device – (a) overall view, (b) fixation system of the 
specimen by bolts, (c) residual stress profile due to USP treatment. 

 

Before treatment 

After treatment  
when bolts are fixed 

After treatment  
when bolts are removed 

Figure 2: Formation of arc height due to USP treatment. 
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velocity and peening coverage rate). The effects of some parameters have been 
investigated in the simulation of a single impact with the FE method in [3, 4]. 
For the multi-impact modeling, an analytical approach to determine the arc 
height induced by shot peening as well as a relationship between the arc height 
and the residual stress field is proposed in [5, 6]. It can be deduced from the 
literature that the most important parameters in the USP process are the shot 
velocity and the peening coverage rate. 
     In this paper, the USP experiments are carried out on thin plates made of 
Inconel 600 with dimensions 60 x 18 x 2 mm3. The specimens are initially given 
a stress relieving heat treatment in order to reduce as much as possible the 
stresses caused by machining. The balls of diameter 4 mm, are made of bearing 
steel AISI 52100 (also known as 100Cr6 in Europe). The piezoelectric 
transducer emits the ultrasonic wave at 20 kHz. The amplitude of the sonotrode 
is 25 μm. It is assumed here that the coverage rate is proportional to the exposure 
time. According to  Figure 3: 3, the exposure time to reach a coverage rate of 
100% is approximately 4min 30s for specimen N° 3. Therefore the coverage rate 
is 200% for specimen N° 4. 
 

N° 
Exposure 

time 
Coverage 

1 t (1min8s)  

2 2t  

3 4t ≈100% 

4 8t ≈200% 

Figure 3: Specimens peened with different exposure times (the specimens are 
initially painted before the USP treatment). 

     Two types of measurements are realized after the USP treatment. The residual 
stresses at the surface of plates are measured with the X-ray diffraction (XRD) 
method. The material is then removed by electropolishing to measure the stresses 
along depth. The residual arc height of the specimen is measured by a 3D 
coordinate-measuring machine (CMM). 

3 Numerical modeling 

The USP process can be considered as many elastic-plastic indentations at 
different surface points, created by an impactor with a spherical tip, during a 
given exposure time and with a random position of impacts. Note that at the 
impact velocities encountered during USP process, it could be assumed that 
inertial effects can be neglected. 
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     The simulation of all impacts in a USP process when the coverage rate is 
higher than 100% is almost unfeasible because of the computing time that would 
be required. Nevertheless, after saturation or for a sufficiently high coverage rate, 
it could be assumed that the plastic strain and the residual stress will only vary 
along the depth. Consequently, we can consider a local area instead of the whole 
treated surface to calculate the residual strain and stress field in order to 
minimize the number of impacts simulated. Some researchers have used a 
rectangular pattern with four dimples produced by the impactors [7]. The local 
representative area chosen in this study consists in a triangle where the centers of 
three successive impacts are linked. All three impacts are normal to the surface, 
and the centers are equidistant as shown in  Figure 4: 4. As the distance between 
impacts increases, the peening coverage decreases. 
 

 

Figure 4: Local representative area and sequence of impacts (the pattern 
presents a 100% peening coverage rate). 

     By definition, the peening coverage rate is the ratio between the impacted 
surface and the initial surface. It can therefore be expressed as follows:  
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where T defines the coverage rate, d the distance between the centers of impacts 
and a* the radius of dimples caused by the plastic contact. This radius is 
determined numerically and corresponds to the maximum radius of contact 
between the elastic impacting sphere and the elastic-plastic impacted half-space 
during the first impact. 
     Another important parameter is shot velocity. Since the movements of the 
balls in the chamber are random, the collisions between them or with the side 
walls of the chamber can change the direction and the velocity of the balls. It is 
assumed here that all the impacts will occur at the same velocity and an average 
velocity is considered to simulate the three local impacts. This average velocity 
is taken as the maximum initial velocity of the sonotrode, which can be 
calculated as follows: 
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     Considering that the sinusoidal harmonic signal delivered by the generator is: 

 tAtx sin)(   (2) 

where A is the amplitude and ω represents the pulsation.  
     It yields: 

 
tA

dt

dx  cos  (3) 

     According to eqn (3), the maximum initial velocity is: 

 
fAvini 2max_   (4) 

where f represent the frequency of the sonotrode. 
     The initial theoretical shot velocity calculated with our experimental 
parameters equals 4 m/s. This value is considered as the average velocity of the 
impacts during the process and will be used as input in the simulations. 
     The simulations that are performed are three-dimensional, based on a semi-
analytical method originally proposed to solve elastic-plastic contact problems 
[8–10]. The calculations are realized on a semi-infinite body discretized in 
cuboids of constant size. The method has been extended to solve impact 
problems and the computing time is significantly decreased by the use of the 
FFT3D method [11]. However, the hypothesis of half-space is not suitable to 
predict the residual state within thin structures treated by USP. Therefore the 
semi-analytical method will be only used for the simulation of USP for thick 
structures and a technique to transfer the inelastic strain field will be used. 
     In order to determine the residual stress field in the thin plate, the plastic 
strain field is averaged at each depth of the triangular pattern as shown in 
Figure 5. Then the average inelastic strain tensor is transferred into the Gauss 
points of a finite element model of the plate where the boundary conditions 
correspond to those of the experimentations. Finally, the residual stresses are re-
calculated by solving the static equilibrium equation when the bolts are removed. 
 

 

 
Figure 5: Transfer of the averaged inelastic strain tensor from the SA model 

to the FE model. 
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     In this paper, the final results of the FE analysis are derived from calculations 
performed with the code SYSTUS/SYSWELD. The mesh is set up by 8-node 
linear bricks. The hardening law of material is assumed isotropic and the 
parameters’ identification of the material model is based on monotonic tensile 
tests. 

4 Results and discussion 

The residual stresses are measured at the centerline of the specimens in the 
longitudinal and transversal directions. The impact velocity is set to 4 m/s and 
the peening coverage rates of 100% and 200% are studied. Comparison between 
Figures 6 and 7 shows a good agreement between the numerical results and  
 

 

Figure 6: Comparison between numerical results and experimental data in 
terms of residual stresses along the longitudinal direction. 

 

Figure 7: Comparison between numerical results and experimental data in 
terms of residual stresses along the transversal direction. 
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experimental data. The simulations permit also to estimate the depth where the 
maximum compressive stress is found and its magnitude. Some differences can 
be also observed in the surface layer 100 µm thick. These differences can be 
attributed to some inaccuracy in the identification of the hardening law, 
uncertainties in the measurements or more likely the insufficiency of stress 
relieving to reduce the initial hardening due to surface machining. The full width 
at half maximum (FWHM) is plotted as a function of the distance from the 
surface in  Figure 8: 8. It can be seen that the hardening level is more important at 
the surface than in depth and that it does not decrease after the heat treatment. 
Note that the higher the coverage is, the more important the hardening at the 
surface of the plate will be and the less the initial conditions (hardening related 
 
 

 

Figure 8: FWHM measurements before and after stress relieving. 

 

Figure 9: Comparison between numerical results and experimental data in 
terms of deformation distortions (deformed shape along the 
longitudinal direction). 
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to machining) will be influential. Moreover, it can be observed that the stress 
level is greater in the transversal direction than in the longitudinal one. This can 
be explained by the clamping conditions (location of bolts, see Fig. 1(b)). 
      Figure 9: 9 provides a comparison of the deformed shape of the plate (when 
the bolts have been removed). A very good agreement can be observed. It could 
be also noticed that the distortion increases when increasing the coverage rate (or 
the USP treatment time). 

5 Conclusion 

A multi-impact model, able to predict the level of residual stresses and the arc 
height of a thin structure after ultrasonic shot peening treatment, has been 
proposed. This method is based on a semi-analytical code which has the 
advantage of saving considerable computing time compared to finite element 
models without sacrificing the quality of results. Then, the numerical results are 
compared with the experimental data. The residual stresses calculated are in 
good agreement with those measured. Deflection of the specimen after shot 
peening can also be correctly estimated.  
     Ultimately, the method will be applied to a welding part with subsequent 
residual stresses to analyze how initial stresses may influence the build-up of 
compressive residual stresses by ultrasonic shot peening. 
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