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Abstract. Shot peening process is a mechanical surface treatment process widely used in the industry.
Ultrasonic shot peening and conventional shot peening are two important mechanisms of this process. This work
aims at studying and comparing the inﬂuence of conventional shot peening and ultrasonic shot peening on the
surface characteristics (residual stresses, equivalent plastic deformations, and roughness). Three-dimensional
models are established to simulate the two mechanisms by using the ﬁnite elements software ABAQUS/
PYTHON. The residual stresses distributions, as well as the roughness and the equivalent plastic deformations
of the AISI 2205 and the AISI 316L induced by both models, are predicted and compared.
Keywords: Ultrasonic shot peening / conventional shot peening / residual stresses / roughness / ﬁnite elements

1 Introduction
Conventional shot peening (CSP) is one of the popular
surface enhancement processes. It consists of projecting
small shots at the surfaces of the metallic components.
Ultrasonic shot peening (USP) is based on the same
principle as CSP. The differences between both mechanisms were highlighted by Todaka et al. [1]: the size of shot
(between 0.25 and 1 mm for CSP, and 1 and 8 mm for USP)
and the velocity (between 20 and 150 m/s for CSP, and 3
and 20 m/s for USP). Another difference is the mechanism
used for projecting the shots. In USP process the shots,
conﬁned in a closed chamber, are projected by sonotrode
vibration on the treated specimen that is ﬁxed on the top of
this chamber. Thus, during the USP, the shots can be
recovered after the treatment. These differences have a
signiﬁcant impact on surface characteristics and mechanical properties. Hence, predicting the inﬂuence of both
processes on surface characteristics and providing a
quantitative description of all these differences present
a scientiﬁc interest.
Many ﬁnite element (FE) simulations were performed
to predict principally the residual stress ﬁelds induced
by the CSP process. Frija et al. [2] presented a threedimensional FE model allowing to predict the compressive
residual stresses (CRS) ﬁelds, the plastic strain, and
particularly the superﬁcial damage. This model has the
advantage of predicting the majority of the initial effects
* e-mail: rabibensghaier@gmail.com

induced by shot peening. Whereas it didn’t consider the
effect of the cyclic elastic-plastic hardening, Taehyung
et al. [3] developed a three-dimensional model of CSP,
which leads to predict the CRS ﬁelds resulting from
numerous impacts. There were other numerical models
that simulated the CSP; only a few ones are available
regarding USP process. Indeed, because of the complexity
of the USP mechanism, its numerical simulation is rarely
reported. Chaise et al. [4] gave a speciﬁc USP model to
compute residual stress after normal impacts. Rousseau
et al. [5] examined the effect of shots number in an
ultrasonic-peened target, showing that an increase in the
bead quantity signiﬁcantly concentrates the CRS into the
treated components. In this present paper, we propose two
realistic models that can quantify the differences in the
residual stress state as well as in the roughness for the USP
and CSP mechanisms.

2 Finite element modelling
The USP and CSP simulations are carried out by the use of
ﬁnite element code ABAQUS 6.10 [6]. A numerical code is
developed on the basis of Python script to automatically
generate, with particular parameters (diameter, velocity,
and the number of shots…) each process. The two models are
composed of elastic-plastic shots that impact a semiinﬁnite
structure. An explicit surface-to-surface contact with
friction is deﬁned between the surfaces of the target and
the spherical shots. A kinematic contact algorithm is selected
to model the shot-target interactions [6].
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Fig. 2. (a) USP model. (b) CSP model.

Fig. 1. Impacted mass if used in the two models.

2.3 Conventional shot peening model

2.1 Target geometry and boundary conditions
The target component (Fig. 1) used in the two models is
represented by a rectangular body. Eight-node linear brick
solid elements with reduced integration are utilized to mesh
it [6]. The width, length, and height of the target are set at
20, 20, and 35 mm. The target includes two regions in the
X–Y plane as shown in Figure 1. The region located at
the center of the target is reduced to 2 mm width, 2 mm
length, and 1 mm height. The central area is the local of
the shots’ impacts. To improve the accuracy of the FE
solutions, this region is ﬁnely meshed. For the boundary
condition, the bottom surface of the target is ﬁxed and
restrained against all displacements. Shots are modeled as
deformable spherical bodies meshed with C3D4 four-node
linear tetrahedron elements [6].

For the CSP model (Fig. 2b), we utilize many shots with
small diameter hitting the surface (central region)
randomly with an angle of impingement equal to 90°.
Shots in CSP model involve a high impact velocity.
It should be noted that all the peening parametres
(diameter, velocity, etc.) used in both models are chosen,
adequately, in order to approach to the real situation of the
two processes (CSP and USP).
2.4 Isotropic–kinematic constitutive model
The convenient shot peening behavior law of the treated
material has to reﬂect the effect of the cyclic loading [7]. In
this study, the nonlinear isotropic–kinematic hardening
[8] law is used to model both the CSP and the USP
process. The yield criterion of Von Mises is deﬁned as
follows:

2.2 Ultrasonic shot peening model
The impact velocity is a critical parameter for the USP
model. Chaise et al. [4] reported that the average impact
velocity could be as large as the impact maximal velocity
of the ultrasonic transducer. Hence, the USP simulation
considers all the impacts at a constant and maximal
velocity, which is expressed as follows [4]:
V max ¼ A2pF ;

ð1Þ

where A is the amplitude of vibration of the sonotrode, and
F is the frequency of vibration. The frequency of vibration
considered in this work is 20 kHz.
The USP model (Fig. 2a) involves a small number of
spherical shots, with a big diameter, impacting the surface
at low velocity. It has been inferred that all shots impact
the target with an impact angle close to 90° as the collisions
between shots are neglected in this work [4].

fðs; X; RÞ ¼ J2 ðs  XÞ  R  K  0:

ð2Þ

The nonlinear hardening component is deﬁned as
2
dX ¼ Cdep  gXdp:
3

ð3Þ

The isotropic hardening component R describes the
change of the equivalent stress, which deﬁnes the size of
the yield surface as a function of plastic deformation:
dR ¼ bðQ  RÞdp;

ð4Þ

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 p
dp ¼
de : dep ;
3

ð5Þ

where
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Table 1. Mechanical properties of AISI 316L [9] and AISI
2205 [10].
Material

AISI 2205

AISI 316L

E (GPa)
s y (MPa)
y
C (MPa)
g
Q (MPa)
b

192.5
632
0.3
192.777
575
−23
13

196
220
0.29
30
60
150
1

Table 2. The experimental peening conditions.
Peening
conditions

Shots
materials

V (m/s) D (mm) Angle (°)
Fig. 3. Validation of CSP model for AISI 316l [13].

Ahmed [13] ceramic
40
Sanjurjo [10] Steel
40
Li [14]
100Cr6 steel 4

0.8
0.6
4

90
90
90

where N is the number of shots hiding the target, D is the
diameter of the shots, and V is the impact velocity.
3.2 Peening coverage

where dp indicates the increment of the equivalent plastic
strain, d ep is the plastic ﬂow law, which is deﬁned as
dep ¼ l

df
:
ds

ð6Þ

The coefﬁcients depending on the material are Q and b
the parameters of the isotropic hardening, C and g the two
coefﬁcients that represent the evolution of the kinematic
hardening, and s y is the initial yield stress. The mechanical
properties of the two studied materials AISI 316L and AISI
2205 are presented, respectively, in the Table 1 [9,10]. As
mentioned in this table, the yield strength of AISI 316 L is
equal to 220 MPa [9] and the yield strength of AISI 2205
is equal to 623 MPa [10].
In the majority of the modellling work, the shots are
supposed to be rigid. In the present work, it is assumed that
the steel shots have an elastoplastic [3] behavior and those
on ceramic have an elastic behavior [3] in order to take into
account the effect of the part of the kinetic energy absorbed
by the shots [3,11,12].

3 The proposed criterion to compare the two
processes
To compare the CSP and USP, we consider the same
kinetic energy (EK) and the same coverage in both models.
3.1 Kinetic energy
The kinetic energy of the shots in shot peening process is
given by
EK ðSP Þ ¼

p
rD3 V 2 N;
12

ð7Þ

The peening coverage presents a crucial peening parameter since it has an inﬂuence on the CRS proﬁle. It is deﬁned
as the percentage of the surface that is impacted for a
given time of peening. The full coverage (100%) is reached
when the treated surface is entirely impacted. To
determine the impacted surface, it is necessary to predict
the radius of shots indentation, which is expressed as
follows [7]:

1=5
D 5prKð1  er Þn2
;
a¼
2
2E

ð8Þ

where a is the radius of indentation for a shot impact, D is
the diameter of shots, v is the shot velocity, r is the density
of shots, er is the coefﬁcient of restitution, E* is the
equivalent stiffness modulus, and k is the efﬁciency
coefﬁcient.

4 Application
4.1 Validation of the CSP and the USP models
In order to validate the accuracy of the proposed CSP
model, the peening conditions used by Ahmed’s experimental investigations [13] for the AISI 316L material are
considered in this study. The experimental peening conditions, extracted from the literature, used to validate the
numerical models are summarized in Table 2.
Figure 3 shows a good correlation between the experimental investigation [13] and the computed results. It can
be noted that for large depths, there is a disagreement
between the predicted CSP model and the experimental
results. Here, it is important to note that both numerical
and experimental proﬁles induced by shot peening
should show a state of equilibrium between tensile and
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Fig. 6. Distribution of plastic equivalent strain (PEEQ) after
conventional shot peening for AIS 316L target.

Fig. 4. Validation of CSP model for AISI 2205 [10].
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Fig. 5. Validation of USP model for AISI 316L [14].

Fig. 7. Microhardness–depth distribution after conventional
shot peening for AIS 316L.

compressive residual stresses. In Figure 3, the in-depth RS
proﬁle induced by FE model matched better with the
physical phenomenon of equilibrium than the diffraction
measurements that support the reliability and the validity
of the presented numerical simulation. Hence, the reason
for this gap may originate from the uncertainties of the
X-ray diffraction analysis, especially in the etched depths.
In fact, the proﬁles of residual stresses obtained by X-ray
measurements are generally more precise in the ﬁrst outer
layers than in the deeper ones, owing to difﬁculties to
obtain perfectly planed surfaces by electrochemical polishing in terms of deeper layers.
For the AISI 2205, we consider the same conventional
peening conditions used by Sanjurjo [10] in his experimental results. A good agreement between the computed values
and the experimental results [10] is obtained as shown in
Figure 4.

For the AISI 316 L, the operating conditions used by Li
in his experimental investigations [14] are considered in this
numerical application so as to verify the accuracy of the
established USP model.
Figure 5 indicates a good coordination for predicting
the initial CRS proﬁles for the AISI 316L material
comparing with the experimental results obtained by the
X-ray diffraction analysis [14].
Figure 6 depicts the proﬁle of the plastic strain as a
fuction of the position that is determined from the contact
point after CSP impact. The proﬁle shows that the
maximum of the equivalent plastic strain is at surface and
there is a short plateau near the sample surface.
Figures 6 and 7 present a qualitative comparison
between the proﬁles of the Von Mises equivalent plastic
deformations obtained by simulation and the experimental
[13] hardness distributions across the treated target.
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Table 3. The input data used in the numerical models.
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AISI 316 L

100

Models

V (m/s)

N

D (mm)

EK (J)
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CSP

4
40
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4
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Fig. 9. Residual stresses induced in the AISI 316L target by CSP
and USP.
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Fig. 8. Residual stresses induced in the AISI 2205 target by CSP
and USP.

Figure 6 indicates that the deformed layer induced by
CSP model is 0.28 mm. The qualitative comparison
between the numerical proﬁle of Von Mises equivalent
plastic deformations (Fig. 6) and the experimental
distribution of microhardness [13] (Fig. 7) shows that
the shot peening deformed layer is well predicted.
4.2 Application of the proposed criterion
of comparison
Table 3 summaries all the input data related to the shot
sizes, the velocities of impacts considered in the CSP and
USP simulations. In this study, the amplitude A of the
vibration used is A = 32 mm. As a result, the impact
velocity used in the USP is 4 m/s.
It can be seen from Table 3 that the differences between
the USP and the CSP lie in the impact velocities, the size,
and the number of used shots. To better describe the real
situation of the two processes, the size of shots in the USP
model is supposed to be 10 times higher than the CSP ones,
while the impact velocity is 10 times smaller. This
discrepancy in the diameter and velocity range causes, in
turn, a decrease in the provided energy of impact acquired
by shots for the CSP process. Such differences have a
signiﬁcant effect on the surface characteristics and the
mechanical properties [15]. Consequently, to compensate
for the low energy caused by the lower size and to have
hypothetically the same EK, a large number of shots are
utilized (100 shots) in the CSP model, while only 10 shots

are considered in the USP model. In this study, we propose
two FE models to provide a quantitative description of
these differences between the CSP and USP treatments.
The implementation of these simulations allows examining
the exact effect of the shot velocity and size on the surface
conditions induced by both processes when having an
identical kinetic energy.
Considering the previous hypotheses and referring to
equation (8), the evaluated radius of indentation for a USP
shot impact is about three times higher than the one
resulted from the CSP. As the surface of indentation
induced by one shot impact is 2 p a2, 10 shots are required
in the CSP simulation to achieve the same surface of impact
obtained by one shot in the USP. Hence, the 100 shots
utilized in the CSP model allow having the same coverage
realized by 10 shots in the USP one.

5 Results and discussion
5.1 Comparison of residual stress state
Figures 8 and 9 provide a comparison between the proﬁles
of residual stress induced by the CSP and USP performed,
respectively, on the AISI 2205 and AISI 316 L materials.
The two ﬁgures show that for both materials
– at the surfaces, the resulting CRS at the surfaces for USP
and CSP processes are comparable;
– the subsurface CRS maximum in the conventional
peened target is higher than for ultrasonic peened one;
– the thickness of compressive residual stress is deeper for
USP treatment than the CSP one.
The numerical results suggest that for an equal EK and
coverage between the CSP and USP processes, small shots
with higher velocity result in a higher CRS maximum
than bigger shots, whereas bigger shots used in USP
produce a deeper residual stress layer. These differences
between the USP and CSP processes could have a
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Fig. 10. Distribution of residual stress induced by CSP model for
AISI 316L.

Fig. 12. The equivalent plastic stress induced by USP for AISI
2205 material.
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Fig. 11. Distribution of equivalent strain plastic (PEEQ) after
ultrasonic shot peening for AIS 2205 target.

signiﬁcant effect on the fatigue surface characteristics of
the peened part.
Figure 10 shows the distribution of residual stress for
the AISI 316L peened target after the CSP simulation.
Note that multiple impacts of 100 impacts were run to
obtain approximately a compressive residual stress ﬁeld at
the surface.
Additionally, Figure 11 reveals that the depth of the
plastic zone in the case of USP is about 0.6 mm, which is
substantially deeper than the one resulted from CSP
model. Moreover, the FE results suggest that for an
identique Ek between the CSP and USP processes, shots
with smaller size and higher velocity result in a higher
maximum of PEEQ than bigger shots.
The equivalent plastic stress induced by the USP and
CSP processes, having the same coverage percentage
(100%) and the same EK upon the AISI 2205, are given,
respectively, in Figures 12 and 13.

Fig. 13. The equivalent plastic stress induced by CSP for AISI
2205 material.

5.2 Roughness and geometrical stress concentration
factor
Shot peening surface treatment is generally aimed at
enhancing the resistance of metallic mechanical components. However, in some cases, there is a risk of changing
the integrity of the treated surface by inducing superﬁcial
defects such as micro cracks, scales, overlaps, and surface
roughness imperfections, which can induce a signiﬁcant
decrease of fatigue strength. Indeed, the surface roughness
can provoke stress concentration at speciﬁc points and also
facilitates crack initiation.
In the present work, the two proposed ﬁnite elements
models have been applied to predict the critical surface
roughness parameters: (i) Rtm, which is deﬁned as the
average of the lowest and highest point between dents
and (ii) Sm, which is the distance between adjacent peaks
(Fig. 14).
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Fig. 14. The equivalent plastic stress induced by CSP for AISI
2205 material.

Fig. 16. Comparison between the computed (Kt) for USP and
CSP models.

Fig. 15. Comparison between the computed roughness (Rtm) for
CSP and USP models.

Based on the study of Mylonas [16], the geometrical
stress concentration factor (Kt) has been also calculated
using the computed roughness parameters mentioned
earlier. This factor Kt indicates the critical peened zone
from which a crack may initiate. Indeed, it is approximated
by the following expressions [16]:


 
Rtm 1:3 Rtm
≺ 0:15 ;
Kt ¼ 1 þ 4
Sm
Sm


Rtm
K t ¼ 1 þ 2:1
Sm




Rtm
 0:3 :
Sm

ð9Þ

ð10Þ

Figure 15 shows a comparison between numerically
computed surface roughness Rtm for CSP and USP models.
As can be seen, the CSP results in a rougher surface
(Rtm = 16 mm) than the USP one (Rtm = 10 mm). Thus, this
ﬁgure proves the experimental results that show an
important difference between CSP and USP concerning
the roughness. This higher roughness induced by CSP is

caused by the very high velocity of impact attributed to
shots [17]. Besides, it shows that for each model, the rising
velocity (i.e., from 4 to 6 m/s for USP model) leads to an
increase in surface roughness (from 10 to 20 mm, respectively).
Figure 16 illustrates that CSP process increases the
geometrical stress concentration factor Kt more than the
USP one (especially for high velocities).

6 Conclusion
This paper presents 3D ﬁnite element models able to point
out at the differences in the CRS between USP and CSP
mechanisms: USP induces deeper residual stress layer, while
the CSP results on higher subsurface CRS maximum.
Moreover, the proposed models allow predicting the
geometric stress concentration factor using the computed
results as imputed data to analytical equations. This present
study approved, numerically, that main beneﬁt of USP
compared to CSP is the low roughness of the surface, which is
due to the lower impact velocities. It remains now to adopt a
fatigue criterion that takes into account these CRS to
determine which process further improves fatigue resistance.

Nomenclature
A
C, g
b,Q

Amplitude of vibration of the sonotrode
Material constants of the nonlinear kinematic
hardening law
Material constants of the isotropic hardening law
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E, E* Elastic and equivalent stiffness modulus,
respectively
y
Poisson’s ratio
r
Density
V
Shot velocity
Efﬁciency and restitution coefﬁcients, respectively
k, er
Yield strength
sy
Kinetic energy of the shots
EK
f
Yield surface deﬁned by the Von Mises criterion
F
Frequency of vibration
R
Frequency variable of the isotropic law
Average of the highest and lowest point between
Rtm
dents
Distance between adjacent peaks.
Sm
N
Number of shots
Geometrical stress concentration factor
Kt
dp
Increment of the equivalent plastic strain
l
Wave length of the X-ray
X
Variable of the nonlinear kinematic hardening law
s, ep Stress and plastic strain tensors, respectively
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