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Abstract :  
This work presents an experimental and numerical study of the thermo-mechanical problem of 

a steel plate impacted by a shot. The temperature rise is estimated and its effect on the compressive 

residual stress is analyzed. The simulations show that the value of the compressive residual stresses 

at the surface of the plate is modified when thermo-mechanical effects are included in the model as 

compared with simulation including hardening effects only. To validate this numerical study, an 

experimental device has been developed to measure the temperature rise after the impact. The 

experiment consists of the impact of a shot on a metallic plate. The temperature measurement is 

performed by an infrared camera located on the side of the plate opposite to the impact. Comparison 

between these experimental measurements and the numerical solution gives good agreement (to 

within 5%). 

Introduction 

Shot peening is a mechanical process of surface treatment used to generate compressive 

residual stresses in mechanical parts. This enhances several mechanical properties of the work-

pieces, such as fatigue life
[1]
. The shot peening process consists of deforming the surface of a work-

piece by bombarding it with shots of metal . The prediction of the compressive residual stresses is 

of great interest to control the process, but it is rather complicated due to the large number of 

experimental parameters such as the  mechanical properties of the treated material, the velocity, 

radius and properties of the shot, the duration of the treatment, etc. Industrially, the so-called 

normalised Almen strip
[2]
 is used to predict the compressive residual stresses in the mechanical part 

treated. However, the Almen strip does not allow to predict correctly the residual stresses field, 

because the mechanical properties of the material treated are different from the Almen strip,…
[3]
. 

Moreover, experimental study of the generation of residual stresses is expensive to carry out. 

Simulating shot peening by finite element models is cheaper and allows carrying out a great number 

of simulations with different parameters. 

Several studies deal with the impact of one or more shot on a work-piece, where the topics of 

interest are the influence of shot radius and impact velocity, mechanical properties of the work-

piece, etc.
[4,5]

. A 3D finite element analysis of several impacts has shown that in some cases the 

numerical results fit with experimental residual stress measurements
[6]
. However, these models do 

not take in account the heat dissipation due to the plastic deformation. Experimental measurements 



of temperature have recorded a temperature rise of around 15 20C C° − °  on the rear side of a shot-

peened Almen sample
[7]
 . The temperature rise of temperature on the impact side is unknown and 

undoubtedly higher than at the measured rear side. Thus, in this paper, the focus is on the influence 

of the heating on the residual stresses. An experimental device has been developed at the University 

of Reims (UTAP) to measure the temperature rise of a plate impacted by a hardened shot. An 

infrared camera measures the non-impacted side of the plate. In addition to this experimental study, 

a simulation of a single impact on the plate is carried out by the finite element method. The first 

objective of this simulation is to verify that the calculated temperature is close to the measured one. 

The second objective is to evaluate the effect of the temperature rise on the residual stresses. 

Experimental device and thermal measurements 

The experimental device is shown in figure 1. The apparatus is composed of four parts: (i) the 

pneumatic system which shoots the shot, (ii) a camera which is used to record the impact velocity, 

(iii) an infrared camera which is employed to measure the heating of the plate and  (iv) the plate 

itself. 

The diameter of the shot is 4.5 mm. The impact velocity, about 80 m/s, is recorded by a high 

speed camera. The shot is much harder than steel plate, which is made of 316L steel with a yield 

stress of 280 MPa. The dimensions of the plate are 140 mm x 100 mm x 3 mm. 
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Figure 1: experimental device.  Figure 2: infrared view of the rear face of the plate. 
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Figure 3: first experimental measurement: time 

evolution of the temperature at different points. 

Figure 4: Second experimental measurement: time 

evolution of the temperature at different points. 

The thermal measurements are made by an infrared camera which is located under the 

experimental chamber. The plate is fixed on an iron support containing a hole (diameter d = 8 mm) 

just below the impact site to allow the thermal measurement. The frequency used for the thermal 

acquisition presented in this work is 60 Hz . The spatial resolution employed for this measurement 

is the size of one pixel (detector): about 30 µm. If we take in account the correlation of the detector, 

optical distortion, etc., the spatial resolution becomes 50 µm. The thermal resolution is limited by 

8 mm 



the proper noise of the acquisition device, which is 21 mK. However, this theoretical limit is never 

reached for any configuration of the acquisition device because the measured temperatures are 

around 2.5°C-3°C. 

The thermal measurements are presented in figures 2, 3 and 4. Figure 2 depicts the radiation 

scanned by the infrared camera at the rear face of the plate. The numbers 1, 2 and 3 describe three 

regions (or zone) of the plate. These zones are used to average the temperature of the plate over 

several pixels. The temporal evolution of the temperature for each zone is reported in figures 3 and 

4. For the three zones, the evolution of the temperatures is essentially the same. The temperature 

estimated for zone 1 is the highest but exhibits more noise than the two other zones. This is due to 

the lower number of pixels on which the temperature is averaged. The observed peak of temperature 

occurs 0.25 s after the beginning of the impact. The rise of temperature reaches a maximum of  

2.7°C on the rear side of the plate. These measurements show a satisfying reproducibility of the 

results. In the next section, the temperature rise on the rear side of the plate will be modelled by a 

finite element method. 

Finite Elements Method & Thermo-mechanical Modelling 

The shot is assumed to have an elastic behaviour, because its yield stress is generally as high 

upper as 1200 MPa, whereas the 316L steel yields at around 280 MPa. We have studied two impact 

velocities of (70 m/s and 80 m/s) with a shot of 4.5 mm diameter. The impact direction is normal to 

the face of the plate, so consequently an axisymmetric geometry is used for the simulation (figures 

5 and 6). The mechanical and thermal boundary conditions are presented in figure 5. The meshes of 

the shot and the plate are depicted in figure 6. The mesh is strongly refined directly under the 

impact site where the plastic deformation is important. The ratio of the size of the smallest element 

to the shot radius is 6.67x10
-3
. 
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Figure 5: thermo-mechanical problem and 

boundary conditions. 
Figure 6: mesh for the shot and the plate.  

The physical properties of the 316L steel plate is reported in the table 1. In the mechanical 

problem, the temperature change is taken into account by the thermal dilatation. The plate has a 

thermo-elasto-plastic constitutive law with a non-linear isotropic hardening. The physical and 

mechanical parameters are supposed to be independent of temperature, because the temperature 

changes are moderate (lower than 100 K). The non-linear isotropic hardening law is given by the 

following expression, as a function of the yield stress sY and the cumulated plastic deformation p: 

( )1 exp( . )Y Q b pσ σ= + − − [8]
 . where Q  is the saturation hardening coefficient, b  is the saturation 

rate and p , the cumulated plastic deformation is defined by the following formula : 

( )1/ 22

3
:p pp dtε ε= ∫ ɺ ɺ . 



The thermal problem is coupled to the mechanical problem through the source term in the heat 

conduction equation : ( ). ( : ) dans p

P

T
C div gradT I

t
ρ λ β σ ε

∂
− = Ω×

∂

�������
ɺ  

where ( , ; )T r z t  is the temperature at point ( , )r z ∈Ω  at time [0;0.6 ]t I s∈ = , Ω  is the steel plate, 

σ  is the stress tensor and ε  is the strain tensor. β  is a dimensionless coefficient, expressing the 

fraction of plastic work that is converted (dissipated) into heat, which is found experimentally to lie 

between 0.8 and 1
[9]
. We have chosen it at 0.9 for our simulations.  

Table 1: Physical and mechanical properties of 316L steel 

Model parameter Value 

Young’s modulus (GPa) 210 

Yield Stress (MPa) 280 

Poisson ratio 0,28 

Thermal dilatation coefficient (K
-1
) 16,6e-6 

Specific mass (kg/m
3
) 7900 

Saturation hardening Q (MPa) 660 

Saturation rate b 5 

Thermal conductivity coefficient (W/m/K) 16 

Specific heat (J/kg/K) 500 

Global exchange coefficient (W/m
2
/K) 20 

Room temperature (°C) 20 

The coupled thermo-mechanical problem is solved by the finite element code ZéBuLoN. The 

12042 node mesh is presented in figure 6. The calculation was carried out on a Unix station with a 

2.4 GHz Opteron CPU and 4 Gb of RAM. Five days (time “wall clock”) were necessary to run the 

simulation. The cooling phase (after the rebound of the shot) is the phase that needs the longest 

time. 

Numerical results 

The calculated temperatures are presented in figures 7 to 11 and the calculated residual radial 

stress σrr in figure 12.  
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Figure 7: temperature field at the maximum 

penetration of the shot (~8 µs after the 

beginning of the impact), velocity 80 m/s.  

Figure 8 : evolution of temperature along the depth 

z at r = 0 mm of the plate at the maximum 

penetration of the shot. 

The temperature field at the maximum penetration of the shot is shown in figure 7. It can be 

observed that the heat source is located directly under the surface of the indentation. The maximum 

temperature is located at the surface close to the axis of symmetry. Due to the short duration of the 

impact (about 11 µs), the heat has not yet diffused into the work-piece. Hence, the temperature 

distribution is similar to the distribution of the cumulated plastic strain at the same instant. 



Figures 8 and 9 depict the evolution of the temperature on the symmetry axis (r = 0 mm) and 

on the upper side (z = 0 mm) of the plate. The maximum temperature rise is located at r = 0.5 mm 

of the symmetry axis at the surface of the plate (z = 0 mm). The temperature reaches 108°C, i.e. a 

temperature rise of 88°C. We observe that this zone of the plate is submitted to an important shear 

stress (whereas there is no shear stress on the symmetry axis). Consequently, there is more plastic 

deformation in this area and increased heating with respect to the symmetry axis r = 0 mm. The 

temperature decreases rapidly in the depth of the plate, due to the short duration of the impact. One 

may note in figure 8 an increase of temperature at the rear face of the plate for 2.5 mm < z < 3.0 

mm. This may be due to a slight bending of the plate under the impact. This zone of the rear face of 

the plate is located above the hole on the iron support (of 8 mm diameter, see the experimental 

device description). The impact of the shot on the plate is situated at the centre of the hole in the 

simulation, so, the plate bends below the impact of the shot. The cumulated plastic strain shows that 

the rear face of the plate is deformed plastically. The temperature rise vs time shows that we cannot 

record experimentally this effect due to the camera frequency (60 Hz so be it 0.016s between two 

measurement), Figure 10. 
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Figure 9: evolution of temperature along the 

surface of the plate (z = 0 mm) at the maximum 

penetration of the shot. 

Figure 10: time evolution of the calculated 

temperature for three points of the plate (see 

figure 5). 
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Figure 11: experimental and calculated 

temperature vs time at z = 3 mm for the recorded 

zone (see the experimental device part). 

Figure 12: evolution of the residual radial stress 

σrr at the end of the calculation on the symmetry 

axis of the plate (r = 0 mm). 

The temporal evolution of the temperature for three points of the plate is reported in figure 10. 

The first point is located at the upper side of the plate (r = 0 mm, z = 0 mm). Here the rise of the 

temperature is essentially instantaneous. The two other points are situated on the rear face of the 

plate (z = 3 mm), one is on the symmetry axis (point 2, r = 0 mm) and the last is at r = 0.5 mm. At 

these points of the rear face, we observe two temperature peaks. The first is quasi-instantaneous and 

the reaches 3.5°c temperature rise. This first peak is due to a plastic deformation of the region, 

probably caused by a bending of the plate submitted to the shot impact as discussed previously. 



Then, the second peak appears around time t =  0.25 s, just as in the experimental measurement. 

This second peak is due to the heat diffusion from the front to the rear of the plate. The rise of 

temperature at this second peak is around 3.2°C for an impact velocity of 80 m/s and 2.8°C for 70 

m/s. These calculated temperatures are close to the ones measured experimentally, as discussed 

below. 

Figure 11 shows a comparison of the calculated temperatures at the rear side (z = 3 mm) for 

the case 70 m/s with their experimental counterparts. They fit well (to within 5%) except for the 

first temperature peak. The calculated temperature rise is twice the experimental value, but the 

second peak, due to the heat diffusion, is similar. 

Figure 12 represents the residual radial stresses σrr for the case including thermal effect (*) 

and the case without (**). It appears that the case including thermal effects provides a strong tensile 

residual radial stresses. For the case without thermal effect this residual stress reaches 300 MPa at 

the top surface (z = 0 mm), whereas including the thermal effect leads to values of 600 to 700 MPa. 

In fact, the cooling of the plate produces a thermal relaxation of the stresses. The coupling thermal-

Mechanical is performed by the thermal dilatation coefficient in the mechanical problem. So, the 

decrease of temperature during the cooling step induces a contraction of the heat affected zone, by 

consequence, a change in the radial stress profile. The difference (between the case including 

thermal effect and the case without) decreases in the depth of the plate and it is only observable in 

the heat affected zone, figure 7. 

Conclusion 

This work presents an experimental apparatus which consists of the impact of a plate by a 

hardened shot. The experimentally measured temperatures have been shown. Then, a thermo-

mechanical model has been established to reproduce the experiment and to study the influence of 

the heat dissipation on the residual radial stresses. 

We have obtained a good agreement between the temperature calculated from the thermo-

mechanical simulation with the one measured on the plate. The heating measured at the rear face of 

the place is around 2.8°C and the calculated heating is around 2.7°C – 3°C for an impact velocity of 

70 m/s – 80 m/s respectively. An initial difference between the calculated and measured 

temperatures occurs during the impact. This difference is probably due to a bending of the plate. 

The effect of the heating on the residual stresses has been investigated. It seems that a thermal 

relaxation of the stresses occurs during the cooling of the plate. This effect is not negligible in the 

heat affected zone. 
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