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Abstract. Shot Peening is common industrial cold-working process. It is
widely used in several industrial fields particularly in automotive, aerospace and
marine industries. This treatment is applied to enhance the fatigue performance
of metallic components by: (i) retarding the crack growth due to the induced
compressive residual stresses fields and (ii) inhibiting the crack initiation
through the surface work-hardening. However, this process needs to be carefully
controlled in order to avoid over-peening cases. The aim of the current study is
to develop a dynamic and multi-impact shot peening process’s model using the
finite elements method. It is leading to predict the initial shot peening surface
properties, which are classified, into three categories: (i) the outer layers com-
pressive residual stresses, (ii) the induced plastic deformations and (iii) the
superficial damage. To validate the proposed model, the obtained numerical
results were compared with experimental ones analyzed by X-ray diffraction
(XRD) for three materials the aeronautical-based Nickel super-alloy material
Waspaloy and the AISI 316L stainless. The predictions are in good correlation
and physically consistent with the experimental investigations. This proposed
finite elements model is very interesting for engineering to predict the fatigue
behavior of mechanical shot-peened components and to optimize the operating
parameters of this process.
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1 Introduction

Controlled shot peening is a cold surface treatment widely used in automotive and
aerospace industries (Mylonas and Labeas 2011). It consists of bombarding metallic
component surfaces, at relatively high velocities (20-120 ms '), with small spherical
shots made, generally, of cast-steel, glass or ceramic (O’Hara 1984). Several studies
(O’Hara 1984; Fathallah et al. 2004) show significant effects of shot peening on the
fatigue behavior of treated components. The majority of experimental investigations
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(Wang et al. 1998; Li et al. 1991) were focused, principally, on the prediction of
compressive residual stresses fields. Furthermore, they pre-suppose that the com-
pressive residual stresses are the key factor affecting the fatigue behavior of shot-
penned metallic components. However, other works show clearly that shot peening
surface modifications, such as: surface work-hardening, roughness and surface
integrity, have also considerable influence on the fatigue performance of mechanical
treated components (Ochi et al. 2001; Tekili 2002). Due to the difficulties and limi-
tations of the experimental analysis and characterizations of shot peening surface
modifications, a particular importance has been given to the numerical simulations of
this mechanical process. Numerous finite elements models have been conducted to
simulate the shot peening process. An initial simple model was performed by Al-
Obaid (1990). It is based on three dimensional isoparametric finite elements. A quar-
ter-symmetric shot peening model was presented by Meguid et al. (1999). It introduces
contact elements to represent the physical contact between the shot and the target steel
plate. This model has been exploited, in another work, to predict the equivalent stress,
equivalent plastic strain and elastic strain as function of time (Meguid et al. 2002). In
this study, importance was given to numerical convergence and to the validity of the
compressive residual stresses fields. Frija et al. (2006) presented a three-dimensional
finite element shot peening model leading to predict the compressive residual stresses
fields, plastic strain profiles and, particularly, the superficial shot peening damage
value. However, authors have applied the model for the case of isotropic hardening.
The cyclic elastic-plastic hardening has not been taken into account. In the present
work, we will develop a finite elements model by using the cyclic hardening law. In
order to validate the proposed model, we are based on experimental results for three
types of materials: the based-Nickel super-alloy Waspaloy and the AISI 316L
stainless.

2 Finite Element Shot Peening Simulation Model

The general principle of the model (Fig. 1) is to simulate the impact of several shots
(multi-impact model) on a structural element that can be extracted from the most
critical region of the studied component. The modelling has been carried out using the
finite element commercial code ABAQUS Explicit 6.10. In order to automatically
generate several cases of simulations and/or parameters’ optimization, a Python code
has been developed and connected to Abaqus (Fig. 2). The friction between the shots
and the treated surface has been characterized by the Coulomb friction model.

Fy = pF, (1)

Where Fy is the friction force, F, is the normal force and p is the friction
coefficient.
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Fig. 1. Multi-shot-peening finite element model
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Fig. 2. Modeling steps

2.1 General Hypotheses

The assumptions adopted in the modeling of the shot peening process are:

The shots are considered as rigid spheres of uniform radius.
The diameter of the shot taken into account is the “nominal” diameter conven-

tionally defined by the SAE J444 (2001)

e The mechanical response of the treated material is conforming to elastic-plastic

behavior coupled with damage.

The velocity of the shot is assumed to be constant during the impact.

The angle of impact is considered equal to 90°.
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2.2 Target Geometry, Boundary Conditions and Mesh

The target component has been modelled as a rectangular body with a width of 2 mm, a
length of 2 mm and a height of 5 mm (Fig. 1). For the boundary condition, the bottom
surface of the target has been fixed. The target was meshed by means of eight-node
brick solid elements. In order to find the best compromise between the quality of the
obtained results and the calculation time, the refinement of the mesh is located in the
area of the contact shots/surface. Indeed, several calculations have been made to check
the fineness of meshing required in the contact zone. The size of the smallest element
is: 0.01 mm x 0.01 mm x 0.01. The shots are meshed with C3D4 elements.

2.3 Material Model of Shot Peening Process

To describe the shot peening cyclic loading, we adopt, in the present work, the com-
bined isotropic-nonlinear kinematic hardening model (Chaboche 1977). It is expressed
as follows:

f(Q;XvR):Jz(Q—X)_R_GyoSO (2)

The nonlinear hardening tensor is defined by:

2
dX = 5 Cde’ — yXdp (3)

The isotropic hardening variable is defined by:
dR = b(Q — R)dp (4)

The coefficients depending on the material are: the initial yield stress o, two
coefficients to represent the evolution of the isotropic hardening, » and Q, and two
coefficients to represent the evolution of the kinematic hardening, C and 7.

In order to predict the shot peening superficial damage, Chaboche et al. (1977)
three-dimensional ductile plastic model of damage is used:

2
D%SR?CSD <p %(1—&—0)4—3(1 —2v) (;H ) ] —SD> (5)

Where v is the Poisson’s ratio, oy the hydrostatic stress of the applied stress tensor and
0cq the Von Mises’ equivalent stress. The three variables D¢, ér and ¢p are considered
constants, where e, is the initial critical deformation for damage and eg the deformation at
rupture for which the damage is equal to D.. p is the cumulated plastic strain.

3 Application and Validation of the Proposed Model

The application and validation of the proposed finite element model was based on
experimental results obtained on three types of materials: Waspaloy, AISI 316L and
AISI 2205. The mechanical proprieties (Table 1) and the damage parameters (Table 2)
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(Abdul-Latif 1996; Pedro et al. 2014; Laamouri et al. 2013) of the studied materials
have been largely discussed in the open literature. Table 3 summarizes the used shot

peening conditions for the studied cases (Pedro et al. 2014; Ahmed et al. 2015;
Fathallah 1994).

Table 1. Mechanical properties (Abdul-Latif 1996; Pedro et al. 2014; Laamouri et al. 2013).

Material | E(GPa) | v Oyooy (MPa) | R, (MPa) | A (%) | C(MPa) |y | Q(MPa) | b

Waspaloy | 210 0.3 900 1275 25 1185356 | 435 | —100 145
AISI 2205 | 192 03 632 799 38 192777 | 575 | —23 13
AISI 316L | 196 0.29 | 220 600 80 30000 | 60| 150 1

Table 2. Damage parameters.
D,
0.8

0.8
0.5

Material &p
0.02
0.02

0.02

ER
0.6
0.75
0.8

Waspaloy
AISI 2205
AISI 316L

Table 3. The used shot peening conditions (Pedro et al. 2014; Ahmed et al. 2015; Fathallah
1994).

Material Angle Shot velocity Shot diameter | Peening Friction
(%) (m/s) (mm) coverage (%) coefficient

Waspaloy |90 52 0.6 100 0.2

AIST 90 40 0.6 200 0.1

2205

AISI 90 40 0.8 100 0.1

316L

3.1 Validation of the Proposed Model: Waspaloy

Figure 3 shows a comparison between the analyzed X-ray diffraction and the calculated
compressive residual stress profiles obtained in-depth of the peened Waspaloy part
(Fathallah 1994). It is observed that the difference between the depth of the compressed
layers obtained using our finite element model (0.22 mm) and that obtained by the
experimentation (0.25 mm) is very small.

Figures 4 and 5 present a qualitative comparison between the calculated in-depth
Von Mises’s plastic deformations profile induced by shot peening and the Full Width at
Half Maximum (FWHM) of the X-ray diffraction peak profile (Fathallah 1994).

Figure 4 shows that the depth of the deformed layers is 0.22 mm, which is very
close to the depth of the compressed layers (Fig. 3). The qualitative comparison
between the calculated Von Mises’ equivalent plastic deformation profiles and the
FWHM of the X-ray diffraction peak profile shows that the depth of deformed layers is
well predicted by the proposed finite element shot peening model.
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Fig. 3. Calculated and the analyzed X-ray residual-stress profiles in depth of shot-peened
Waspaloy (Fathallah 1994)
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Fig. 4. Von Mises equivalent plastic strain profiles in depth of shot-peened Waspaloy
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Fig. 5. Full width at half maximum of the X-ray diffraction peak profile (Fathallah 1994)

3.2 Validation of the Proposed Model: AISI 316 L

Figure 6 shows a comparison between the analyzed X-ray diffraction and the calculated
compressive residual stress profiles obtained in-depth of the peened AISI 316L part. It
is observed that the difference between the depth of the compressed layers obtained
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Fig. 6. Calculated and the analyzed X-ray residual-stress profiles in depth of shot-peened AISI

316 L (Ahmed et al. 2015)
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using our finite element model (0.3 mm) and that obtained by the experimentation
(0.5 mm) is important.

Figures 7 and 8 present a qualitative comparison between the calculated in-depth
Von Mises’s plastic deformations profile induced by shot peening and the FWHM of
the X-ray diffraction peak profile (Ahmed et al. 2015).

v

0.35 :
AISI 3161, ( 0.8, 40m/s, 100%, 90P)

0.3

£ ’\

£ o2

2

3

= 0.2

£

g o1s

=

g \

¢ ot

& .

=

=l

>

0.05f-- AN
0.3 L
- - T~ »
< | >
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Depth (mm)

Fig. 7. Von Mises equivalent plastic strain profiles in depth of shot-peened AISI 36 L
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Fig. 8. Hardness profile AISI 316L (Ahmed et al. 2015)
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Figure 7 shows that the depth of the deformed layers is 0.3 mm, which is very close
to the depth of the compressed layers (Fig. 6). The qualitative comparison between the
calculated Von Mises’ equivalent plastic deformation profiles and the hardness profile
shows that the depth deformed layers is well predicted by the proposed finite element
shot peening model.

4 Discussion

The obtained results show the effect of the material (Figs. 2 and 5). For hard material
Waspaloy a good correlation is observed between the residual stress profiles obtained
by finite element calculations and those analyzed by X-ray diffraction. However, for
soft material AISI 316L we note that the gap is very important. The gap between the
experimental and numerical values can be explained by the uncertainties and the
technical limitations of X-ray diffraction analysis and the control of shot peening
treatment parameters. For the different studied materials, the depth of the compressed
layers and the deformed ones are almost the same. This proves the validity of the
proposed model. Figures 4, 5, 7 and 8 show a good qualitative correlation between the
calculated equivalent plastic deformations and the FWHM.

5 Conclusion

An improvement 3D random dynamic model has been proposed to simulate the shot
peening process via finite element method. Such improvement consists in including the
repetitive random impacts of the shots and the cyclic work-hardening behavior coupled
to the damage of the treated material. The compressive residual stress, the plastic strain
and the damage variable in-depth of the affected layers can be predicted using our
proposed model.
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