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Abstract— Shot peening is a process widely used in industry to
improve the fatigue life of materials through induced
compressive residual stresses that retard crack initiation and
growth. In the peening process, there are two stages: 1) loading:
shot penetrating into target; and 2) unloading: shot rebounding
from the target. The strain rates in the loading process are
known to be in 10%-10° 1/s range, having heavy impact on the
materials’ properties. However, the effect of the loading strain
rates on the rebounding stage is not well studied. This paper
aims to determine the effects of the loading strain rates on the
unloading behavior of a material using FEM method. First, to
better understand the material behavior, this study evaluates the
loading-unloading responses of one element at high strain rates
in different scenarios. Then, it obtains the strain rates during the
loading and unloading for the different elements of a material
being impinged by one shot. The results show that the unloading
behavior of a material depends only on the loading equivalent
plastic strain and the strain rate of the unloading step.
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I. INTRODUCTION

Shot peening is the process of impinging small spherical
shots on the surface of a target material. These impacts create
plastic deformation that leads to the development of
compressive residual stress over the few-hundred micrometers
layer of a material within the vicinity of the shot. As fatigue
cracks are generally initiated from the surface of a material, this
compressive stress delay crack initiation and retards crack
growth, resulting in improved fatigue life of the material. Rate-
independent analytical/numerical methods for calculation of
residual stresses [1], with applications in many different
engineering fields [2]-[4], and for multiple applications of the
process [5] have been established. However, strain rate effects
in shot peening cannot be ignored.

Analytical and finite element (FE) modeling has been
employed to estimate residual stresses and/or model the process
of shot peening. The analytical method was developed based on
quasi-static response of a target material to single impingement
[6], [7]. 1t was further developed to consider dynamic effects [8],

[9]. The FE evaluation of residual stress distribution has been
established in 2D [10] and 3D modeling [11], [12].

A major issue in modeling is the incorporation of strain rate
effect. The strain rates in the shot peening process can be as high
as 10°-10° 1/s [13][11]. Several studies have shown the effect of
strain rates in modeling residual stress distribution [11], [13].
Kim et al. [12] showed that the magnitude of the compressive
residual stress increases when considering strain rate effect.
Meguid et al. [11] showed that strain rate has a significant role
in the modeling of residual stress profiles in the peening of AISI
4340. Attempts have also been made to extend quasi-static based
analytical solutions [7] to strain rate-dependent solutions [13].
However, a comprehensive review of the literature reveals that
there is no study on the effect of loading strain rates on the
unloading behavior of a material and its effect on modeling the
shot peening process. This paper discusses different loading-
unloading scenarios to provide a simple evaluation of material
response at different loading and unloading strain rates. The
impact of one shot is modeled to capture the strain rate history
of the different elements through the depth of a material. Also,
necessary modifications for modeling the residual stress
distribution have been identified.

Il. MATERIALS AND METHODS

This paper includes two parts. In part A, the effect of loading
strain rates on the unloading behavior of a material is discussed.
For better understanding of this effect in general, a virtual
material property with an exaggerated strain rate effect has been
considered using a one-element FE model. In part B, the actual
one shot impact on a steel alloy has been modeled to illustrate
the application of findings of the part A in the shot peening
process.

A. Effect of loading strain rate on unloading behavior of
materials, using one-element simulation

To figure out the effect of loading strain rates on the
unloading behavior of a material, this section discusses one-
element simulation of a virtual material with an exaggerated
dependency on strain rates. The one-element modeling is
performed because the loading and unloading conditions can be
simply applied and the response of the material can be obtained.
The virtual flow curves of the material assigned to the single
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element modeling is shown in Figure 1 for strain rates of 0.1 and
51/s.
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Figure 1. Virtual flow curves of the material used in one-element simulation

The FE analysis is performed using Abaqus software. One
element with symmetric boundary condition at xz plane for its
bottom side has been used. In this case, the strain and stress in
the y-axis are the equivalent strain and stress of the element,
respectively. The element size is 1 x 1 x 1 m. Figure 2 shows the
geometry of one element modeling as well as the boundary, and
loading conditions.

Figure 2. One element modeling geometry

To study the effect of loading and unloading strain rates on
the stress-strain response of the material, a simulation using five
different strain rate scenarios is considered. Table 1 and Figure
3 describes these different scenarios and represents the strain
histories, respectively.

TABLE 1. FIVE LOADING AND UNLOADING SCENARIOS

Scenario | Description
0 Quasi-static loading and unloading
1 Load fast and keep the strain constant
2 Load fast and then continue loading slowly
3 High strain rate loading followed by quasi

static unloading
High strain rate loading followed by

4 unloading with the same rates as loading
High strain rate loading followed by
5 unloading with high rates different from

loading rate

Time (s)
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Figure 3. Strain history for the different scenarios shown in Table 1

B. Application on modeling the shot peening process

As noted, shot peening is a process whereby loading strain
rates are high and unloading behavior can be affected by these
high loading rates. To determine these effects, this section
discusses the finite element modeling of one shot impingement.
Abaqus/Explicit was used for modeling the shot peening
process. SAE1070 spring steel with dimensions of 76 mmx19
mmx1.29 mm has been used as the peened material. The stress-
strain curve is assumed to be bilinear. Figure 4 presents the
stress-strain curve of the SAE 1070 spring steel [14], known as
Almen strip type A. The Young’s modulus and Poisson’s ratio
are 200 GPa and 0.31, respectively. The strain rate effect on the
stress-strain curve of this material has been modeled using the
Johnston-Cook model with C=0.0134 and a reference strain rate
of 7500 1/s [13][15].

0 (MPa)
' 9

1270

1120

. E=200GPa

0.0056 0.082 » €

Figure 4. Stress-strain curve of SAE1070 spring steel

Figure 5 shows the flow curves of the material at different
strain rates [13]. Table 2 shows the shot properties in the
modeling. The shot velocity of 45 m/s has been used in this
modeling. The steel shot is assumed to be elastic. The target
width and height of 5R and 6R are used as suggested in [11],
[16]-[18], respectively, where R is the radius of the shot. Eight-
node linear brick elements with reduced integration (C3D8R)
and a variable element size with minimum size of 5 x5 x5 um
at the impact point are employed for the modeling.
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Figure 5. Effect of strain rates on the flow curve of SAE 1070 spring steel [13]

TABLE 2. SHOT PROPERTIES

Shot E Density (Kg.m- D
material (GPa) v 3) (mm)
Steel shot 210 0.31 7800 0.4

All degrees of freedom at the bottom side of the target are
fixed, and symmetry conditions are applied at the xz and yz
planes. The damping model of [11] is used to remove
unnecessary oscillations. The penalty contact algorithm with an
isotropic coulomb friction coefficient of 0.2 is used [19][20].
Figure 6 shows the single shot geometry and meshed model.
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Figure 6. Single shot geometry and meshing

I1l.  RESULTS AND DISCUSSION

In this section, the results of one-element and one-shot
impingement are discussed.

A. Effect of loading strain rate on unloading behavior of
materials, using one-element simulation
The stress-strain response of one-element model in the

loading and unloading with the properties mentioned in Figure 4
are shown in Figure 7. For scenario 0, which is quasi-static

loading and unloading, the material follows the given flow curve
at the lowest strain rate. In scenario 1, in which the material is
loaded fast and then the loading surface is fixed, the material
follows the high strain rate behavior in the loading step, and at
the end of the loading, the stress drops to the equivalent stress in
the quasi-static stress-strain curve. The equivalent stress at each
moment is shown to be a function of equivalent strain and the
strain rate at that moment. Scenario 2, in which the material is
loaded fast and then the application of tensile strain continues at
a low strain rate, reveals that the material follows the stress-
strain curve at the high strain rate, then the stress is dropped to
follow the rest of the quasi-static loading behavior. In scenario
3, in which fast loading and then slow unloading happens, the
loading behavior of the material is the same as the stress-strain
behavior at the high strain rate, but the unloading curve fits the
unloading curve of the quasi-static condition. Thus, if the
unloading is quasi-static, its stress-strain curve, independent
from the loading strain rate, follows the quasi-static unloading
curve (scenario 0). Scenario 4 discusses the situation in which
both the loading and unloading happen at the high strain rate. In
this state, as the strain rates of both the loading and unloading
steps are the same, reverse yield happens at the reverse value of
the maximum loading stress if the material has isotropic
hardening behavior. Finally, scenario 5, in which the loading and
unloading strain rates are high but different, shows that the
unloading behavior is the same as the response of a material
when the unloading strain rate is applied for both loading and
unloading steps.
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Figure 7. Stress-strain response of one-element in different loading-
unloading scenarios

B. Application on modeling the shot peening process

This part examines the loading and unloading strain rates in
the shot peening process, as well as the considerations necessary
in modeling of this process, which requires evaluation of the
loading-unloading and equivalent stress histories. The strain
rates’ histories in one-shot impingement for different elements
through the thickness are shown in Figure 8. This figure shows
that the history of the strain rate is a combination of the different
scenarios discussed in the previous section. It also confirms that
the unloading strain rates are much lower than the loading ones.
The end of the loading step is defined as the moment when the
shot is at its maximum penetration depth through the target; after
that the shot will rebound. First, as shown, the maximum strain
rate happens when a load is applied to an element. After that, the
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strain rates are still high and vanish as the modeling time
increases. The time of the unloading is specified in Figure 8.
Although the strain rates in the unloading steps are much lower
than those in the loading step, their values are still considerable.

Figure 9 shows the variation of equivalent stress for various
elements through the depth of the material during the simulation
time. The equivalent stresses suddenly increase, at high rates
initially, and then continue to increase gradually when the shot
is still pressing the target. At the end of the loading step,
equivalent stresses drop elastically, with lower strain rates than
during the loading step.
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Figure 8. Strain rates of different elements through the thickness elements vs
the time of modeling

Figure 10 shows the maximum unloading strain rates of the
different elements through the depth of the material. For this
peening example, the maximum strain rate in the unloading step
occurs for the element that is 50 micrometers below the surface.
Although the level of strain rates is one order of magnitude lower
than those in the loading step, the strain rate values are in the
order of 10° 1/s. Unloading strain rates vanish quickly because
when the unloading is ended, the element’s strains will
stabilized. Thus, the material will follow scenario 3 of the one-
element simulations, in which the unloading curves are fitted to
the unloading stress-strain curve of the quasi-static loading-
unloading.
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Figure 9. Equivalent stress histories of different elements through the depth of
the material during the modeling time
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Figure 10. Elastic unloading strain rates of different elements through the
depth of the material

CONCLUSION

The effect of loading strain rates on the unloading behavior
of materials has been discussed. The equivalent stress at each
moment has been shown to be a function of the equivalent plastic
strain and the strain rate of that moment. Also, unloading
behavior was found to depend only on the loading equivalent
plastic strain and the strain rate in the unloading step, meaning
the unloading behavior is independent of the loading strain rate.
The fact of considering just the loading strain rates, and scaling
the unloading curves based on the loading rates, can lead to an
error in modeling the residual stress distribution.
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