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Abstract To ensure a high fatigue life and a reduced weight of
automotive suspension system components, compressive residu-
al stresses are commonly induced near the surface using many
mechanical surface treatments. Among the most preferred tech-
niques, shot peening process presents a high efficiency and a
relative low cost. Nevertheless, the employment of such process
is generally affected by many sources of variability. Indeed, the
experimental residual stress measurements exhibit a significant
variation from one component to another and even from different
positions on the same component. Therefore, error bars are com-
monly used to quantify the variability of experimental residual
stress measurements. Nevertheless, the majority of predictive
approaches of residual stresses induced by shot peening do not
consider the effect of the variability of shot peening process
parameters. In this study, a probabilistic methodology is applied
to evaluate the variability of the induced residual stress profile
and the Almen intensity, regarding the scattering of the most
significant shot peening process parameters. Furthermore, iso-
probabilistic residual stress profile can be utilized to predict the
shot peening residual stress profile with a specified probability of
appearance.

Keywords Shot peening process . Probabilistic study .Monte
Carlo simulationmethod . Iso-probabilistic residual stress
profile

1 Introduction

Shot peening process is a mechanical surface treatment exten-
sively employed, in the spring manufacturing and the automo-
tive industry, to enhance the fatigue behavior of metallic com-
ponents subjected to cyclic loading [1, 2]. This cold surface
treatment involves bombarding the surface of the metallic
parts with small spherical shots, generally made of hard steel,
at relatively high velocities (20–100 ms−1) [3, 4]. The impact
of a shot particle generates a compressive residual stress field
and a plastic deformation in the near surface region [5].
Furthermore, this process may increase the near surface hard-
ness due to the surface work hardening effect [6].
Nevertheless, shot peening may induce unfavorable effects
on the component surface such as the intensification of the
surface roughness and the creation of a local surface damage
(micro-cracks, scaling and overlaps) [6, 7]. In order to en-
hance the magnitude of the favorable effects and to restrict
the unfavorable effects, it is necessary to control the effective-
ness and repeatability of shot peening process. Among the
most important control factors, we found the peening cover-
age and the Almen intensity. The first parameter describes the
proportion of the surface covered, at least once, with indents,
to the total treated area. The second parameter is essentially
linked to the stream energy transmitted upon impingement [8].
This energy is mainly related to the velocity, the size, the
shape and the density of the projectile [9]. To measure the
Almen intensity, Almen standard size strips (A, N and C),
made of SAE1070 spring steel, are used in the shot peening
process. The Almen strip test, which involves measuring the
arc height of the deflected strip, was suggested by Almen and
Black [10]. Detailed procedures and specifications can be
found in SAE-J442, SAE-J443 [11, 12].

It has been well recognized that the total production cost of
leaf springs presents an important factor during the design
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stage. Nevertheless, the acquisition of the raw spring material
with a reduced price generates a considerable variability of
their mechanical and metallurgical characteristics [13, 14].
Furthermore, the shot quality and size may not be guaranteed
for suitable acquisition costs. Thus, the scattering of many
design parameters, related to mechanical raw material proper-
ties and the shot peening process conditions, may take the
experimental shot peening investigations away from the pre-
dicted results [15]. Therefore, leaf spring designers seek to
incorporate the effects of uncertainties into the applied design
approach [13].

Among the main sources of uncertainty are the variability
in size of the projectile. This parameter requires a high quality
of control and inspection [15, 16]. The SAE J444 specification
recommends cast steel shot size specifications in terms of
sieving results [17]. The nominal size of the shot media, pro-
posed by specification SAE J444, is a fixed value while the
real samples enclose a range of shot sizes. This variability is
related to both the production stage and the sieve analysis
procedure [16]. Indeed, a practical productionmethod consists
on pouring a stream of liquid steel into high-pressure water
jets in order to obtain round particles after solidification stage.
Then, the poorly formed particles are removed. Later, the re-
maining particles are adjusted by sieving and classified by
size.

Besides, the media velocity has a high variability during
the shot peening process. The effective velocity distribution of
shots impacting the treated surface cannot be accurately
inspected. The shot peening devices present the main cause
of shot speed variability. This primordial shot peening param-
eter is generally correlated to the Almen intensity and the shot
size [8, 18]. Therefore, the variability of the shot size and
speed affects the measured Almen intensity values.

It is well established that the shot peening process shows a
high dispersion of the residual stress experimental results.
This scattering is generally related to an inherent variability
of many significant parameters. These significant parameters
can be classified into three groups: (i) variables related to the
shot stream such as the size, the shape, the hardness, the den-
sity velocity, the impact angle, and the peening time; (ii) var-
iables related to the treated part such as the mechanical prop-
erties, the elastic-plastic behavior, and the geometric details;
and (iii) parameters describing the contact conditions such as
the restitution and the of friction coefficients [19]. The prob-
abilistic distributions shot peening results can be evaluated by
using diverse approximation and numerical probabilistic ap-
proaches such as the Monte Carlo simulation technique.
Besides the straightforward implementation, the classical
Monte Carlo simulation technique is considered as an efficient
and robust tool when dealing with an analytical model that
describes the relation between the input parameters and the
outcomes [20, 21]. This powerful technique is used to perform
a large number of simulation samples and provides a

numerical approximation of the model outcome distributions.
Then, it is easy to characterize the distribution of each proba-
bilistic output parameter.

In addition to the analytical and the numerical models,
mathematical modeling using response surface techniques
have been widely used to construct efficient shot peening
models [22, 23]. Moreover, artificial intelligence, based on
artificial neural network method, has been utilized to develop
a mathematical model of shot peening process [24–26]. The
obtained model is useful to predict and optimize a high num-
ber of the shot peening process outputs.

Numerical simulations using FE software are extensively
used to predict the shot peening modifications [3, 4]. Seddik
et al. [27, 28] proposed a multi-shot dynamic finite element
model, based on Frija et al. [29] and Taehyung et al. [30]
models, to simulate the shot-peening process. Hassani-
Gangaraj et al. [31, 32] suggested a hybrid approach, based
on Bagherifard et al.’s [33] work, which combines finite ele-
ment simulation of peening process with the dislocation den-
sity model. The proposed approach simulated severe shot
peening process to induce a surface nano-crystallization.
Recently, alternative approaches using the discrete element
method (DEM) coupled with the finite element method
(FEM) have been carried out to simulate the real shot peening
process with a reduced computational effort [4, 34].

It should be noted that numerical models based on the finite
element methodology present a powerful tool to simulate a
real shot peening process. However, for probabilistic studies
which require a high number of mechanical model calls (104–
105), time-consuming models are not preferred. Therefore,
analytical models present an interesting solution for studying
the effect of uncertainties on shot peening process. Many an-
alytical models of shot peening process have been presented
in the literature. First of all, Al-Hassani [5] proposed a predic-
tive model based on empirical formulations related to experi-
mental measurements. Next, Fathallah et al. [19] proposed an
extension of the model developed by Guechichi et al. [35] and
improved by Khabou et al. [36], by the integration of the
effects of the tangential friction and the hardness ratio between
the shot and the treated material. In the same context, Shen
and Alturi [37] proposed a simplified model based on the Al-
Hassani [5] and Li et al. [38] models to estimate the residual
stresses. Then, the latter model has been completed by Miao
et al. [39] to predict the Almen intensity and the residual stress
distribution for Almen strip. Recently, many studies have been
developed to improve Li’s model by considering different
stress-strain constitutive laws for the treated material [40–43].

In this paper, the theoretical model proposed by Li et al.,
enhanced by Shen and Alturi and completed by Miao et al.,
has been adopted to study the effect of the variability of the
shot peening conditions and the treated material parameters on
the Almen intensity and the compressive residual stress pro-
file. The evaluation of shot peening process outcomes has
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been performed using the Monte Carlo simulation technique.
This inherent variability may affect the experimental results.
Therefore, it is very interesting to associate to the predicted
residual stress profile, a theoretical error bar. The proposed
probabilistic study allows the estimation of the variability of
the shot peening outcomes based on the variability of the
process factors.

2 Analytical modeling of compressive residual stress
after shot peening

2.1 Single shot impact analysis based on hertz contact
theory

In this study, the simplified mechanical shot peening model
developed by Li et al. and enhanced by Shen et al. and Miao
et al. has been adopted. This model adopts the Hertzian elastic
theory of contact for the elastic stress computation. The con-
tact is considered between an elastic sphere and an elastic
semi-infinite space. The elastic stress tensor during the contact
reach their maximum along the z-axis passing through the
center O of the contact area in the target body, where the
stresses can be expressed according to the Hertzian contact
theory as follows:

σe
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y zð Þ ¼ −p0
* −

1

2
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p0
∗ and ae

∗ are, respectively, the maximal elastic pressure
at the center of the contact area and the maximal radius of the
elastic contact circle. They can be obtained using the follow-
ing equations:
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where D, ρ, and V correspond, respectively, to the diameter,
the density, and the velocity of the shot. θ presents the angle of

impingement. k is an efficiency coefficient linked to the elastic
and the thermal dissipation and is fixed at 0.8 according to
Johnson [44].

EH is the equivalent Young’s modulus; it is given by:

1

EH
¼ 1−ν2s

Es
þ 1−ν2T

ET
ð7Þ

where Es and νs are the Young’s modulus and the Poisson’s
ratio of the shot material and Et and νtare the Young’s modulus
and the Poisson’s ratio of the target material.

2.2 Stress-stain study of the elastic contact

Once the principal elastic stresses are computed, the Von
Mises equivalent stress σei can be obtained, as follows:
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According to Hooke’s law, the Von Mises equivalent strain
εei and the principal strains εex,ε

e
y, and εez in the target material

are expressed as follows:
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2.3 Elastic-plastic analysis of the loading process

To calculate the elastic-plastic strain from the elastic
strain obtained from the contact theory of Hertz, Li
et al. [38] introduced a straightforward method. First
of all, the strain field is computed as if the material
was purely elastic. Then, the plastic strain in the
elastic-plastic deformation stage is obtained from the
strain field produced by the purely elastic impact and
from the characteristics of a perfectly plastic impact
using an empirical formulation introducing an efficiency
factor α as:

εpi ¼
εei

εs þ α εei þ εs
	 
 for

for



εei ≤εs
εei > εs

ð12Þ

The coefficient α is the ratio of the maximum plastic in-
dentation ap

∗ to the maximum elastic contact radius ae
∗. The

maximum plastic indentation can be written as

ap ¼ D
2
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After the computation of the elastic-plastic strains, the
elastic-plastic stresses are carried out in accordance with the
elastic-plastic stress-strain curve:

σp
i ¼

σe
i

σs þ H1 εpi þ εsð Þ
σb

for
for
for

εpi ≤εs
εs≤εpi < εb

εpi ≥εb

8<
: ð14Þ

2.4 Trans-residual and residual stress calculation
after unloading

The trans-residual stress is defined as the residual stress ob-
tained on the treated target after the unloading of one single
shot, and the calculation of the trans-residual is essential to
obtain the induced residual stress which presents the residual
stress of 100% shot peening coverage (full average).

Based on the following assumptions: (i) the material of the
treated target has an isotropic hardening behavior, (ii) the
amount of deformation induced by a shot is small, and (iii)
unloading is an elastic process until the reversed yielding starts
and that hydrostatic stresses do not induce a plastic deformation.

The trans-residual stresses are calculated from this equation:

σt
ij ¼

0
spij þ seij

for
for



σe
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σs≤σe
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ð15Þ

with spij the elastic-plastic stress deviators which can be

obtained, according to the Ilyushin’s [45] elastic-plastic theo-
ry, from the following relation:
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1

1þ νT
⋅
σp
i

εpi
⋅epij ð16Þ

The principal components of the deviatoric strain in elastic
plastic domain are
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Thus, the elastic-plastic principal components of the
deviatoric stress tensor are given by
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For the case of σs≤σe
i ≤2⋅σ
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i , the elastic-plastic principal

components are achieved from the following relations:
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For the case of σe
i ≥2⋅σ

p
i , the treated material will

undergo a reversed yielding and hardening. Initially, a
stress amount of 2⋅σp

i is elastically unloaded before a
reversed yielding occurs. Nevertheless, a part of stresses
could be confined. An increment of these unreleased
stresses is expressed as

Δσe
i ¼ σe

i −2⋅σ
p
i ð23Þ

The increments of elastic and elastic-plastic strains can be
calculated by the following relations:

Δεei ¼
Δσe

i

E
ð24Þ

Δεpi ¼ α⋅Δεei ð25Þ

The elastic-plastic stress increment is obtained based on
multilinear stress-strain curve as follows:

Δσp
i ¼ H1⋅Δεpi ð26Þ

when σe
i ≥2⋅σ

p
i , the trans-residual stresses can be re-written as
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When the shot-peened surface is 100% covered by
plastic indentation (full coverage), the deformation field
is assumed to be steady and continuous and the target
surface is assumed to hold back the plane state.
Therefore, both εxand εyare considered as null and all
tensors depend only on the depth z. Consequently, at
full coverage, the following equilibrium conditions must
be satisfied:

σx ¼ σx ¼ f zð Þ ð29Þ
σz ¼ 0 ð30Þ
εx ¼ εy ¼ 0 ð31Þ
εz ¼ f zð Þ ð32Þ

The trans-residual stresses do not satisfy the above-
mentioned equilibrium conditions and must be partially re-
laxed. Regarding Hooke’s law, the stresses associated to this
relaxation process can be calculated as follows:

σrel
x ¼ σrel

y ¼ ν
1−ν

⋅σt
z ð33Þ

Finally, the induced stresses related to full coverage are
depicted as

σind
x ¼ σind

y ¼ σt
x−σ

rel
x ¼ 1þ ν

1−ν
σt
x ð34Þ
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2.5 Calculation of residual stress for thin target
component

The shot peened of thin component generate a redistribution
and self-equilibrium of the compressive induced stress. A
stretching force Fx and a bending momentMx are created after
shot peening. For that reason, the release of the Almen strip
from the support and bolts after shot peening will cause the
stretching and the bending of the initially flat strip. Hence, the
equilibrium conditions are expressed as

∫h0σ
ind
x b⋅dzþ Fx ¼ 0 ð35Þ

∫h0σ
ind
x

h
2
−z

� �
b⋅dzþMx ¼ 0 ð36Þ

The residual stress distributionσres
x , for a thin target component

(i.e., Almen strip), can be calculated by the following relation:

σres
x ¼ σind

x þ σb
x þ σs

x ¼ σind
x þ Fx

A
þ

Mx
h
2
−z

� �

I
ð37Þ

The stretching force effect is usually neglected and only the
bending moment has a significant effect. To predict the arc
height, a simplified relation is expressed as follows:

Archeight ¼ 3⋅Mx⋅Im2

2⋅ET ⋅b⋅h3
ð38Þ

where Im presents the reference distance for measuring Almen
intensity.

Table 2 Material properties and size of different shot media

Shot and material properties Value

Young’s modulus (GPa) 210

Density (kg/m3) 7800

Poisson’s ratio 0.31

Type of shot particles S110 S170 S280

Diameter average (mm) 0.356 0.504 0.84

Table 1 Mechanical
properties of SAE 1070
spring steel [46]

SAE 1070 steel Value

Young’s modulus (GPa) 200

Yield strength (MPa) 1120

Ultimate tensile stress (MPa) 1270

Poisson’s ratio 0.31

Elongation at UTS (%) 8.2

Fig. 1 Flowchart of Monte Carlo
simulation of shot peening
process outcomes
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3 Probabilistic modeling approach procedures

In this paper, we propose to study the effect of different
sources of uncertainty (i.e., dispersion of shot peening
conditions and material parameters) on the shot peening
process results such as the compressive residual stresses
and the Almen intensity. Therefore, a probabilistic shot
peening model, used to assess the variability of the shot
peening results, has been established. It should be no-
ticed that the Monte Carlo simulation method is adopted
to perform the statistical analysis. This technique is
commonly used in probabilistic studies to assess the
distribution of mechanical model outcomes based on a
sampling of each random input parameter. Indeed, this
method is employed to generate a high-dimension rep-
resentative sample for each probabilistic input parameter
according to its distribution law. Next, the sample

values are incorporated to the mechanical model to ob-
tain a probabilistic distribution of each model result. In
this study, all random variables are assumed to follow a
normal distribution characterized by mean and coeffi-
cient of variation (CoV) values. The flowchart describ-
ing the proposed approach is illustrated in Fig. 1. It
presents the different suggested steps for computing
the probabilistic distributions of Almen intensity and
residual stress profile. To insure the convergence and
the stability of the probabilistic results, a Monte Carlo
number of 105 has been selected. In fact, it is found
that 105 simulations satisfy a high level of accuracy
with reasonable computational time.

4 Applications

4.1 Effect of shot size dispersion on the Almen intensity

The analytical shot peening model developed by Li et al. [38]
and enhanced by Shen et al. [37] and Miao et al. [39] presents
a simplified and efficient procedure to calculate the induced
stresses. Based on the obtained induced stress profile, the
Almen intensity may be performed using Eq. (38) introduced
by Guagliano [46] and the bending equilibrium condition
depicted by Eq. (36) which is introduced by Al-Hassani [5].
An Almen Strip A is a plate made of SAE 1070 spring steel
with dimensions of 76mm× 19mm× 1.29mm. It is frequent-
ly used to implement the Almen intensity. The Almen strip
material behavior is assumed to have a bilinear elastic-plastic
with isotropic hardening. Table 1 illustrates the mechanical
properties of SAE 1070 spring steel.

The shot material behavior is considered as elastic. In this
study, the effect of cast steel shot size dispersion on the Almen
intensity has been investigated. It should be emphasized that
the particles shape is assumed to be spherical and

Fig. 3 Effect of 10% of shot size
and velocity dispersions on the
ALMEN intensity

Fig. 2 Histogram and fitted probability density function of Almen
intensity
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characterized by its diameter. Table 2 depicts the material
properties, types, and sizes of different shot media.

The shot particle size shows a potential scattering which is
generally related to the production technique and the screen-
ing method. Since it is very difficult to quantify the size dis-
persion for a given particle batch, let us suppose that it follows
a normal distribution characterized by diameter average and a
CoVof 10%. In the same context, the impingement velocity is
assumed to be normally distributed with a 10% of random-
ness. To compute the variability of the Almen intensity
resulting from the above-mentioned dispersions, a large num-
ber of diameter and velocity samples have been carried out
according to their probabilistic distributions. Next, the analyt-
ical model is simulated for each couple of shot size and veloc-
ity random values. Consequently, a sample of Almen intensity
values is obtained. In this step, the corresponding distribution
type should be determined according to the obtained values of
the Almen intensity sample.

Figure 2 shows the distribution of the Almen intensity data
sample for the case of a shot diameter average ofDmoy = 0.356
and a velocity of 50m/s. It is found that the obtained empirical
data distribution is well adapted to a normal distribution.

The normality of the Almen intensity distribution is veri-
fied by using Henry’s line method, and a good coefficient of
determination of 0.999 is obtained. The obtained Almen in-
tensity values follow a normal distribution of a mean value of
0.195 mmA and a standard deviation of 0.0178 mmA, which
presents a CoVof 9.12%.

Figure 3 shows the dispersion of the Almen intensity curve,
for three different types of steel shots, regarding the shot ve-
locity mean values, with a consideration of 10% of both the
shot size and velocity dispersions. Actually, the randomness
of Almen intensity is related essentially to the size, the veloc-
ity, and the density of shots [8]. It is observed that the pro-
posed analytical results of Almen intensity are in good agree-
ment with experimental investigations available in the
literature[47–48]. Therefore, the experimental measurement

variability may be explained by the randomness of shot
peening conditions such as the shot size and velocity.

Figure 4 shows the variation of the Almen intensity CoV
regarding the shot velocity for the three different cases of shot
diameter average: Dmoy = 0.356, Dmoy = 0.504, and Dmoy =
0.84. It is observed that the dispersion of the Almen intensity
decreases linearly with high velocity. This diminishing be-
comes faster for high shot size. In fact, the CoV of Almen
intensity decreases for the case of Dmoy = 0.84, from 10.49%
for a shot velocity of 20 m/s to 6.38% for a shot velocity of
100 m/s.

4.2 Effect of the dispersion of shot peening conditions
and target material parameters on the residual stress
profiles for 65Si7 spring steel

In this section, a comparison between the theoretical residual
stresses and experimental residual stresses measured by
Aggarwal and co-workers for the case of 65Si7 [49] has been
performed. The treated material parameters are depicted in
Table 3.

For the experimental shot peening conditions, a shot was
made by cast steel with a diameter of 1 mm and an Almen
intensity of 0.3 mm A. to implement the analytical residual
stresses, an approximation of the shot velocity mean value is
deducted from Fig. 4 with a previous knowledge of the media
type and the Almen intensity. All input parameters of the

Fig. 4 Variation of ALMEN
intensity dispersion regarding the
velocity

Table 3 Mechanical
properties of SAE 60Si7
spring steel [49]

60Si7 spring steel Value

Young’s modulus (GPa) 210

Yield strength (MPa) 1147

Ultimate tensile stress (MPa) 1256

Poisson’s ratio 0.29

Elongation at UTS (%) 10%
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analytical model are represented below: the shot-peened spec-
imen has a rectangular section with 5 mm of depth and 13mm
of width [49] and the cast shot properties are the shot diameter
Ds = 1mm, the shot mass density ρs = 7800kg/m3, and the shot
Poisson’s ratio νs = 0.31. For the shot conditions, the angle of
impact θ = 75° and the velocity θ = 25m ⋅ s−1. Figure 5 in-
cludes both the experimental results developed by Aggarwal
et al. and the adopted analytical model results. The adopted
theoretical approach exhibits a good coherence with experi-
mental measurements of residual stresses.

For the superficial layers, the analytical model predicts well
the experimental results. However, for the deep layers, a slight
shift has been observed. This alteration in high depth is pri-
marily explained by the fact that the adopted model assumes
that the residual stresses and plastic strains are uniformly dis-
tributed along the target specimen. However, the experimental
procedure, which supplies a large number of passes, may pro-
voke a high variability and a non-uniformity of the measured
stresses and strains. This variability is often increased in deep
layers.

The experimental residual stress profiles are commonly
accompanied by error bars which may gather the measure-
ment errors and the randomness of shot peening process.
Nevertheless, the current analytical and numerical predictive
models do not take into account such important information.
Therefore, it is interesting to include, to the predictive models,
a probabilistic approach that controls the unavoidable shot
peening process uncertainties. Figure 6 presents the dispersion
of the residual stress profile generated by a CoVof 2 and 5%
of the target material parameters: the Young’s modulus, the
yield strength, ultimate tensile stress, Poisson’s ratio, and
elongation at UTS. This randomness of shot-peened material
parameters generates a dispersion zone of the residual stress

Fig. 5 Comparison of theoretical
residual stress and experimental
residual stress of 65Si7 spring
[49]

Fig. 6 The dispersion of analytical residual stress profile for a coefficient
of variation of a 2 and b 5% of target material parameters
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profile which presents all the possible residual stress profiles.
Next to a normality verification of obtained residual stresses,
this scattering may be presented by the standard deviation of
residual stresses for a given depth. Therefore, the description
of the residual stress profile can be performed using the error
bars of more or less a standard deviation value. Figures 7 and 8
present, respectively, the effect of 5% of spring steel materiel
dispersions: the Young’s modulus, the yield strength, ultimate
tensile stress, Poisson’s ratio, and elongation at UTS disper-
sions, and the effect of 5% of shot peening conditions’ disper-
sions: the shot size, the velocity, and the impact angle disper-
sions on the residual stress profile. It is observed that the
dispersion of the target material parameters affects all the re-
sidual stress profile. However, the scattering of shot peening
conditions (the shot velocity, the shot size, and the angle of
impact) has a significant effect only for deep layers. A maxi-
mal standard deviation of 46 MPa is obtained in a depth of
0.05 mm for the first case (5% of Leaf spring materiel

dispersion). For the second studied case, the maximal standard
deviation which reaches 106 MPa is obtained in a depth of
0.19 mm. Figures 9 and 10 show the 50, 90, and 99% iso-
probabilistic residual stress profile for the cases of 2 and 5% of
dispersion of, respectively, the target material parameters and
the shot peening conditions. The 50% iso-probabilistic profile
presents the deterministic profile. Ninety-nine percent iso-
probabilistic profile provides the poorest possible case of
compressive residual stress profiles when the effect of uncer-
tainties is taken into account. For example, it is possible to
have a surface residual stress of − 437 MPa for the case of a
dispersion of 5% of material parameters while the determinis-
tic predicted results propose a value of − 580 MPa. Therefore,
when the sources of significant uncertainties on the shot
peening process are quantified, 99% iso-probabilistic profile
presents the efficient curve that should be taken into account
for the fatigue design of shot-peened components. It is also
remarkable in Fig. 9 that, for the cases of 2 and 5% of materiel
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Fig. 7 Effect of 5% of leaf spring
material dispersion on the residual
stresses

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

R
e
s
i
d
u
a
l
 
s
t
r
e
s
s
e
s
 
(
M

P
a
)

Depth from the surface (mm)

Fig. 8 Effect of 5% of shot
peening conditions on the residual
stresses

Int J Adv Manuf Technol (2018) 94:2125–2136 2133



input parameters’ dispersions, the 99% surface residual stress
increase respectively from − 542 to − 437 MPa. As shown in
Fig. 10, the dispersions of 2% of the shot size, the shot veloc-
ity, and the impact angle have no significant effect on the
surface residual stress and a slight effect for the case of 5%
of dispersions of the aforementioned parameters. However,
the shot peening conditions’ dispersion has a significant effect
on the depth of affected layers. In fact, for the case of 5% of
variability, the depth at zero stress vary from 0.24 mm for a
probability of 50% to 0.21 mm for a probability of 99%.

5 Conclusion

In this study, a predictive model of compressive residual
stress proposed by Li et al. [38] and enhanced by Shen
et al. [37] and Miao et al. [39] has been reviewed.
Next, a probabilistic methodology has been developed,
based on the above-mentioned model, to incorporate the
effects of shot peening process parameters’ dispersions
on both Almen intensity and compressive residual stress
profile. The proposed approach has been applied to as-
sess randomness of Almen intensity for 10% of shot

size and velocity randomness. A comparison of calcu-
lated Almen intensity values with available investiga-
tions shows a good coherence. It is noticed that the
proposed approach is able to give reasonable probabilis-
tic results compared to experimental Almen intensity
dispersion.

Moreover, the suggested probabilistic approach has been
applied for the case of 65Si7 to quantify the scattering of the
predicted compressive residual stress profile with consider-
ation of the randomness of both the mechanical properties of
the treated material and the shot peening conditions. The pre-
dicted residual stress profile displays a considerable accuracy
by assessing its variability due to many inherent sources of
randomness. In addition, the iso-probabilistic residual stress
profiles of 50, 90, and 99% have been implemented. The latter
profile guarantees that all random residual stress results are
better than those predicted by this curve. Therefore, it is very
interesting for industrials to obtain the residual stress profile of
99% when the effects of inherent uncertainties are significant.

In fact, the developed approach allows the assessment and
the control of the shot peening process dispersions. It solves a
lot of over-sizing problems of predictive residual stress profile
by the generation of iso-probabilistic ones.

Fig. 10 Iso-probabilistic residual stress curves for a 2 and b 5% of shot
peening process condition variability

Fig. 9 Iso-probabilistic residual stress curves for a 2 and b 5% of
dispersion of treated material parameters
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