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Abstract The applications of functional ceramics are sig-
nificantly limited by the brittleness and low reliability.
Recent studies have shown that compressive residual
stress can be created in ceramics by shot peening, which
improves the contact strength and fatigue of ceramic com-
ponents. However, the formation mechanism of residuals
stress in shot peening is yet to understand. In this study, a
pressure-dependent plasticity model has been incorporated
into a finite element simulation model of shot peening to
understand the process mechanism underpinning the re-
sidual stress formation. Since shot velocity is the key pro-
cess parameter to dominate the impact energy which de-
termines the deformation state of the peened surface and
the resultant residual stress, a new kinematic model of
shots has also been developed by incorporating air drag
and travel distance inside and outside the peening nozzle.
The results have shown that the shot velocity model can
be used to predict shot velocity. The experiment-based
model may help understand the process mechanism un-
derpinning the residual stress formation.

Keywords Shot peening . Residual stress . Ceramics
plasticity . Almen intensity . Finite element simulation

Nomenclature
FD Drag force
CD Drag coefficient
As Cross-section area of the shot
ρna Density of the compressed air in nozzle
vna Air flow velocity in nozzle
vs Velocity of the shot
Ri Individual gas constants
vL Air velocity limit
ms Shot mass
ds Shot diameter
ρs Shot density
as Shot acceleration
ln Nozzle length
x Distance between shot and nozzle exit
dn Diameter of the nozzle
vxa Air velocity after leaving the nozzle
ρxa Air density after leaving nozzle
ls Length of computational segment
σ*
i Normalized intact equivalent stress

HEL Hugoniot elastic limit
σHEL Equivalent stress at HEL
D Damage variable
σ∗ Normalized equivalent stress
PHEL Pressure at the HEL
P∗ Normalized pressure
T∗ Normalized maximum tensile hydrostatic pressure
T Maximum tensile hydrostatic pressure
ε˙ * Dimensionless strain rate
ε̇0 Reference strain rate
ε fp Equivalent plastic strain to fracture
D1 Parameter for plastic strain to fracture
D2 Parameter for plastic strain to fracture (exponent)
K1 Bulk modulus
K2 Second pressure coefficient
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K3 Third pressure coefficient
Β Fraction of the elastic energy loss converted to po-

tential hydrostatic energy

1 Introduction

The excellent wear resistance and high temperature strength of
ceramics allow their wide applications in bearing, gas tur-
bines, cutting tools, and medical devices [1]. However, ce-
ramics are intrinsically brittle due to the nature of the ionic
and covalent bonding. Shot peening is a mechanical surface
treatment process to improve fatigue life of aerospace and
automobile metallic components by introducing a compres-
sive residual stress in surface layer. It was believed for a long
time that ceramic strengthening by shot peening would be
impossible since these brittle materials have been assumed
to tolerate little plastic deformation by mechanical loading.
However, a few recent studies have shown that the near-
surface strength of ceramics can be improved by shot peening
[2–6]. High compressive residual stress was introduced into
the near surface in ceramics by shot peening. Furthermore,
contact strength and fatigue performance of ceramics can be
improved because of the compressive residual stresses [5].

1.1 Shot peening of ceramics

Pfeiffer et al. have investigated residual stress in shot peened
alumina and silicon nitride. Compressive residual stress up to
−1 GPa can be introduced into the surface to increase surface
strength [5]. The influence of shot peening process parameters
on the residual stress state, dislocation density, surface topog-
raphy, and the static, cyclic, and rolling near-surface strength
was determined. Moon et al. observed high density of dislo-
cations and micro-cracks in the sub-surface using TEM [3].
Tanaka et al. reported that compressive residual stress up to
−1.5 GPa was introduced into the near-surface of shot peened
Si3N4 samples [7]. Takahashi et al. investigated the combina-
tion effects of shot peening and crack-healing on residual
stress, apparent fracture toughness, and the Weibull distribu-
tion of the contact strength of ceramics. It was found that shot
peening was effective to increase the contact strength and
decrease the scatter of the contact strength [6, 8].

1.2 Shot velocity

Shot velocity dominates its kinematic energy which in turn
dominates the impact energy in shot peening, therefore, deter-
mines the magnitude and depth of residual stress. An insight-
ful understanding of the influencing process parameter of shot
velocity is essential to the control of a shot peening process, in
which a shot is introduced into the nozzle and accelerated by
the compressed air flow. When the shot exits the nozzle, the

air velocity is higher than the shot velocity. The shot is accel-
erated at first. However, the air density and velocity will de-
crease after leaving the nozzle. When the air velocity is lower
than the shot velocity, the shot velocity will be decreased. Kirk
developed the first model to calculate shot velocity consider-
ing only the acceleration stage when the shot is still in the
nozzle [9]. Another limitation of Kirk’s model is that an ap-
proximation method was employed to obtain the numerical
solution. Similar to the Kirk’s model, Li et al. have developed
a particle velocity model for abrasive air jet to consider the
particle velocity evolution when particle is outside the nozzle
[10]. A numerical solution to solve the particle acceleration
equation was also developed. However, the air density varia-
tion after leaving the nozzle was not considered.

Intensity is the key parameter in shot peening to character-
ize the amount of kinematic energy of shot to workpiece de-
formation energy. The method commonly used to quantify the
intensity was developed by Almen and Black [11]. They cre-
ated Almen strip to measure the compressive residual stress
induced by shot peening operation. Almen intensity can be
obtained by measuring the deformation of Almen strip.
Almen intensity provides an easy way to determine the inten-
sity of shot steam. Thus, it is widely used to the control of a
shot peening process. Great efforts have been devoted to relate
the shot peening process parameters to Almen intensity. Miao
et al. developed an analytical approach to predict Almen in-
tensity. The predicted results are in good agreement with the
experimental results [12]. However, all those models require
the shot velocity as a critical input parameter.

1.3 Finite element analysis (FEA) of shot peening

Due to the complexity of a shot peening process, it is beyond
the capability of conventional analytical method to provide
insight into the microscale mechanical behavior of ceramics
in shot peening. With the development of the finite element
method and the rapid development of computational power,
FEA of shot peening process has been conducted. Al-Obaid
developed the first FE model of shot peening in 1990 [13].
The predicted residual stress distributions were in good agree-
ment with results in literatures. Subsequently, a series of finite
element analysis have been performed to simulate various shot
peening processes. A lot efforts have been devoted to develop
FE models to simulate shot peening more realistically, such as
FE models with multiple impacts at different locations [14,
15], different impact angles [16], and random multiple
peening [17]. While most studies focus on the prediction of
residual stress, Frija et al. investigated the damage induced by
shot peening with FEA by incorporating an elastic-plastic-
damagematerial model [18]. Bagherifard et al. studied surface
roughness induced by shot peening with FEA [19]. Gangaraj
et al. developed a random FE model to investigate the cover-
age of shot peening process [20]. However, all those
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simulations were focused on the mechanical behavior of
metals in shot peening. No report on FEA of shot peening of
ceramics can be found in literature.

1.4 Research objectives

Current studies on shot peening of ceramics are limited to
experiments and lack of theoretical studies. The formation
mechanism of residual stress in ceramics introduced by shot
peening has not been investigated yet. The formation of resid-
ual stress indicates the occurrence of plastic deformation,
which has not been well understood. A fundamental study of
mechanical behavior of ceramics in peening is critical to un-
derstand the microsacle plastic deformation phenomena.

In this work, a pressure-dependent plasticity model was
incorporated into a FE model to investigate the mechanical
behavior of ceramics in peening and shed light on the residual
stress formation mechanism. A new kinematic model of shot
was developed to calculate shot velocity by incorporating the
air flow density change outside of the nozzle. The shot veloc-
ity determined by the new shot velocity model was then input
as an initial condition of the FE model.

2 Kinematic model and numerical implementation
with air drag and density variation

2.1 Shot velocity inside the nozzle

The peening shot moving through a nozzle is accelerated by
the air stream because of the drag force imposed by fast
flowing air stream as shown in Fig. 1.

The drag force FD is regarded to be proportional to the
square of the velocity difference between the air flow and
the shot.

FD ¼ 1

2
CDAsρ

n
a vna−vs
� �2 ð1Þ

where CD is the “drag coefficient” (a dimensionless number
that depends upon the shape of the object and for a smooth
sphere CD ≈ 0.5). The collisions between the shots were
neglected in this study for simplicity.

Based on the Bernoulli equation for compressible flow as a
function of the pressure ratio, the air flow velocity vna in nozzle
can be given by [21]

vna ¼ 2
κ

κ−1
p
ρna

1−
p0
p

� � κ−1ð Þ=κ" # !1=2

ð2Þ

where κ is the adiabatic exponent that takes a value of 1.4 for
air, p is the absolute air pressure in nozzle, and p0 is the atmo-
spheric pressure. The air density ρna in the nozzle depends on
the air pressure and temperature with the following relationship

ρna ¼
p

RiT
ð3Þ

where Ri is the individual gas constants with a value of
287 N m/(kg K) and T is the absolute temperature.

For a cylindrical nozzle, there exists an air velocity limit vL
that cannot be exceeded which is given by [22]

vL ¼ 2
κ

κþ 1
RiT

� �1=2

ð4Þ

The acceleration of shots through a nozzle is governed by
the Newton’s second law of motion (Eq. 5). The cross section
area As and shot mass ms can be given by Eqs. 6 and 7.

dvs
dt

¼ CDAsρna vna−vs
� �2

2ms
ð5Þ

As ¼ πd2s
4

ð6Þ

ms ¼ πd3sρs
6

ð7Þ

where ds and ρs are the diameter and density of a shot,
respectively.

Combining Eqs. 1–7, the shot acceleration as can be calcu-
lated by Eq. 8. Under the approximation of constant acceler-
ation over the nozzle length ln, Eq. 9 was derived from Eq. 8
and the work-energy theorem [9]. Shot velocity vs can be
estimated by solving Eq. 9.

as ¼ dvs
dt

¼ 3CDρna vna−vs
� �2

4dsρs
ð8Þ

vs ¼ 3CDρnaln
2ρsds

� �1=2

vna−vs
� � ð9Þ

Shot

vsFD

Nozzle

Fig. 1 Shot acceleration in the nozzle
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2.2 Modeling of shot velocity outside the nozzle

The evolution of the air flow after leaving nozzle can be di-
vided into two regions, the initial region and the main region
as shown in Fig. 2. It is regarded that the center line velocity in
the initial region equals to air velocity vna in the nozzle while
the center line velocity in the main region is proportional to
1/x. According to Rajaratnam [23], the center line air velocity
vxa after leaving the nozzle can be expressed by

vxa ¼
vna x≤6:2dn

vna
6:2dn
x

� �
x > 6:2dn

8<
: ð10Þ

where dn is the diameter of the nozzle, x is the axial distance
from the nozzle exit.

It should be noted that the air density will decrease after
leaving the nozzle exit due to the flow expansion. It is difficult
to determine the density variation by experiment. To get a
more realistic result, an assumption that air density ρxa after
leaving nozzle decreases at an exponential rate can be
expressed by

ρxa ¼ Ae−Bx þ C ð11Þ

where B is the decay rate of air density after leaving nozzle.
The boundary conditions are given by Eq. 12, where ρ0a is

the density of atmosphere air, then A and C can be obtained by
Eq. 13. Assume that the air flow density at the peening target
decreases to αρna, i.e., Eq. 14, where l is the distance between
nozzle to the peening target, thenB can be solved by Eq. 15. In
addition, the air density after leaving the nozzle can be
expressed as Eq. 16.

ρxa ¼ ρna x ¼ 0
ρxa ¼ ρ0a x→þ ∞

�
ð12Þ

A ¼ ρna−ρ
0
a

C ¼ ρ0a

�
ð13Þ

ρxa
��
x¼l ¼ Ae−Bl þ C ¼ αρna ð14Þ

B ¼ 1

l
ln

ρna−ρ0a
αρna−ρ0a

ð15Þ

ρxa ¼ ρna−ρ
0
a

� �
e
x
l ln

αρna−ρ
0
a

ρna−ρ
0
a þ ρ0a ð16Þ

2.3 Numerical implementation and discussions

To obtain a practical solution of shot velocity, a numeri-
cal approach is developed in this study based on the
previous work given by Li et al. [10]. The nozzle length
is divided into n identical small segments of length ls =-
l
n
/n. Within each segment, the shot acceleration is as-

sumed to be constant, and the relative velocity vna−vs
� �

can be calculated using the shot velocity at the start point
of the segment.

vis
� �2− vi−1s

� �2 ¼ 2aisls ð17Þ

vis ¼ vi−1s

� �2 þ 3lsCdρna
2ρsds

vna−v
i−1
s

� �2� 	1=2
ð18Þ

Similar to Eq. 18, the shot velocity vis after leaving the
nozzle is given by

vis ¼
vi−1s

� �2 þ 3lsCdρxa
2ρsds

vxa−v
i−1
s

� �2� 	1=2
vi−1s ≤ vxa

vi−1s

� �2− 3lsCdρxa
2ρsds

vxa−v
i−1
s

� �2� 	1=2
vi−1s > vxa

8>>><
>>>:

ð19Þ

Based on the above equations, the flow chart to calculate
shot velocity is given in Fig. 3.

To assess the model predictive capability, the shot
peening conditions with six different types of shots were
given in Tables 1 and 2. Steel shot is the most widely
used material, zirconia shot has a smaller density than
steel, and the density of tungsten carbide shot is almost
twice as steel shot.

Figure 4 shows the effect of decay rate α on the cal-
culated shot velocity. It can be seen that the variation of
shot velocity out of the nozzle with the decay rate value is
less than 10% within the peening distance of 50 mm. The
longer the peening distance, the more significant of the
decay rate on peening velocity. For a peening distance of
50 mm from the nozzle exit to the peening target, air flow
velocity is always higher than shot velocity, so shot de-
celeration would not occur.

The effect of peening pressure on shot velocity is
shown in Fig. 5. It can be seen that the peening pressure
has a significant influence on shot velocity. Shot velocity
increases dramatically with the increase of peening pres-
sure which generates higher dragging force applied on a
shot and results in a larger acceleration. It means that the
model predictions are reasonable and reflect the physical
phenomenon in shot peening.
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Figure 6 shows the effect of shot properties on shot
velocity. As shown in Eq. 8, for all types of shots, the
shot acceleration decreases with the increase of shot di-
ameter. For same shot material, the velocity of smaller
diameter shots (0.356 mm) is higher than those of larger
diameter shots (0.536 mm). The velocity difference is
magnified at the high peening pressures in each case. It
can also be seen that the velocity of zirconia shot is higher
than that of steel shot. The velocity of tungsten carbide
shot is the lowest among the three types of shot. It shows
that for same shot size, high density reduces shot velocity.

Almen intensity of various shots under different peening pres-
sures was calculated using the calculated shot velocity and the
method developed by Miao et al. [12] as shown in Fig. 7. It can

be seen that for same shot material, a larger shot produces higher
Almen intensity, which is due to the larger drag force resulted
from the larger cross section area of the shot. Thus, the kinetic
energy of shot increases with the increase of shot diameter. A
higher Almen intensity can be produced on the sample surface
using a larger size shot under same peening condition.

For same shot size, Almen intensity of zirconia shots is
very close to steel shots. However, Almen intensity of
tungsten carbide shots is much higher than those of zirco-
nia and steel shots for same shot size. It implies that the
higher the Young’s modulus, the higher Almen intensity.
From the viewpoint of mechanics, higher Young’s modu-
lus produces less deformation, which allows more impact
energy transferred to the workpiece.

start

Parameters

ln, dn, ds, s,
l, p, T, ls, α

Constants

, p0, Ri,

i ln/ls

i=i+1

i=i+1

Air velocity limit
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Fig. 3 Flow chart for the calculation of shot velocity
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Fig. 2 Air-jet flow in free air
(dimensions non-proportional)
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3 Pressure-dependent plasticity modeling of ceramics

Ceramics plasticity in this study has been modeled with the
Johnson-Holmquist 2 (JH-2) model. The JH-2 model is a phe-
nomenological model which has been widely used to simulate
the response of ceramics impacted at high velocity [24].

The JH-2 model consists of three main components: (1) a
representation of the deviatoric strength of the intact and frac-
tured material in the form of a pressure-dependent yield sur-
face, (2) a damage model that transitions the material from the
intact state to the fractured state, and (3) an equation of state
(EOS) for the pressure-density relation that can include dilation
(or bulking) effects. Each of these components of the model is
described in the following sections. A physical explanation of
damage and fracture in the JH-2 model is shown in Fig. 8.

The strength of the material is represented in terms of the
normalized von Mises equivalent stress as:

σ* ¼ σ*
i −D σ*

i −σ
*
f


 �
ð20Þ

where σ*
i is the normalized intact equivalent stress, D is dam-

age variable. The normalized equivalent stress have the gen-
eral form σ∗ = σ/σHEL, where σ is the von Mises equivalent
stress and σHEL is the equivalent stress at the Hugoniot elastic
limit (HEL), at which a one-dimensional shock wave exceeds
the elastic limit of material. The model assumes that the nor-
malized intact and fractured stresses can be expressed as func-
tions of pressure and strain rate as:

σ*
i ¼ A P* þ T*� �N

1þ Clnε
:*Þ≤σmax

i

� ð21Þ

σ*
f ¼ B P*� �M

1þ Clnε
:*� �

≤σmax
f ð22Þ

The material constants are A, B, C, M, N, and the op-
tional limits for the strengths are σmax

i and ρmax
f . The nor-

malized pressure is defined as P∗ = P/PHEL, where P is the
actual pressure and PHEL is the pressure at the HEL.
Similarly, the normalized maximum tensile hydrostatic
pressure T∗ = T/PHEL, where T is the maximum tensile
hydrostatic pressure that the material can withstand.

The dimensionless strain rate is given as ε̇* ¼ ε̇p=ε̇0 ,
where ε˙ p is the equivalent strain rate and ε˙ 0 is the reference
strain rate.

The material damage is based on a damage accumulation
criterion that is similar to that in the Johnson-Cook fracture
model. The damage parameter, D, accumulates with the plas-
tic strain rate according to

D ¼ ∑
Δεp

ε fp
ð23Þ
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Fig. 4 Effect of air density decay rate on shot velocity (shot S110,
p = 0.6 MPa)

Table 1 Shot peening
parameters for
calculation

Distance to peening target l (mm) 50

Nozzle length ln (mm) 50

Nozzle diameter dn (mm) 5

Room temperature T (K) 300

Table 2 Shot size and properties

Shot Diameter
(mm)

Material Density ρ
(kg/m3)

Young’s
modulus
E (GPa)

Poisson’s
ratio (ν)

S110 0.356 Steel 7.8 × 103 210 0.31

S170 0.504 Steel 7.8 × 103 210 0.31

Z300 0.356 Zirconia 3.85 × 103 300 0.27

Z425 0.504 Zirconia 3.85 × 103 300 0.27

W300 0.356 WC 15.8 × 103 550 0.23

W425 0.504 WC 15.8 × 103 550 0.23
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Fig. 5 Effect of peening pressure on shot velocity (shot S110, α = 0.6)
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Here, Δεp is the increment in equivalent plastic strain and
ε fp is the equivalent plastic strain to fracture under constant

pressure, defined as

ε fp ¼ D1 P* þ T*� �D2
; ε f

p;min≤ε
f
p ≤ε

f
p;max ð24Þ

where D1 and D2 are the material constants. The optional

parameters ε fp;min and ε fp;max are provided for additional flex-

ibility to limit the minimum and maximum values of the frac-
ture strain.

The pressure-density relationship is assumed to be given by
an equation of state

P ¼ K1μþ K2μ
2 þ K3μ

3 þΔP μ≥0
K1μ μ < 0

�
ð25Þ

with μ ¼ ρ
ρ0
−1

where K1, K2, K3 are constants (K1 is the initial bulk mod-
ulus), ρ is the current material density and ρ0 is the
reference density. ΔP is the additional pressure incre-
ment because of dilation (or bulking) that occurs when
brittle materials fail.

The pressure increment is determined from energy con-
siderations. The decrease in strength when the material
undergoes damage (as it goes from an intact state to a
failed state) produces a decrease in the deviatoric elastic
energy, ΔU. This loss of elastic energy is converted into

0 ε̅f
p (@P=P0)

σf
*

σi
*

Elas�c

Plas�c

D = 0

D = 1
Complete  
fractureEq

ui
va

le
nt

 S
tr

es
s

Equivalent Plas�c Strain, εp

Plas�c deforma�on  

Micorcracking Granular flow
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Table 3 Material constants of the JH-2 model for Al2O3

Material Al2O3

Density ρ (Kg/cm3) 3700

Shear modulus G (GPa) 90.16

Strength constants

A 0.93

B 0.31

C 0

M 0.6

N 0.6

ε˙ 0
1.0

T (GPa) 0.2

HEL (GPa) 2.79

PHEL (GPa) 1.46

Damage constants

D1 0.005

D2 1.0

Pressure-density relation constants

K1 (GPa) 130.95

K2 (GPa) 0

K3 (GPa) 0

β 1.0
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potential hydrostatic energy by incrementally increasing
ΔP according to

ΔPtþΔt ¼ −K1μtþΔt

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1μtþΔt þΔPt
� �2 þ 2βK1ΔU

q
ð26Þ

ΔU ¼ U Dð Þ−U Dn−1ð Þ;U Dð Þ ¼ σ
6G

ð27Þ

where β is the fraction of the elastic energy loss converted to
potential hydrostatic energy (0 ≤ β ≤ 1).

The material constants of alumina for the JH-2 model are
given in Table 3 [25].

4 Deformation mechanics in shot peening ceramics

4.1 Finite element simulation procedure

The mesh of the shot peening system is shown in Fig. 9. It
should be highlighted that shot peening is random pro-
cess. The workpiece is impacted with shots at random
locations. However, this study was focused on the mate-
rial deformation mechanisms of work material. Thus, a
relatively simple shot peening model was created. The
workpiece was impact five times at the same location. A
quarter of the workpiece and shot was modeled because of
the symmetry of geometry and loading. The workpiece
was modeled as a cylindrical solid with a radius of
5 mm and thickness of 5 mm. The workpiece mesh was
divided into two zones: a fine mesh zone with an element

Table 4 Simulation conditions

Case # D1 D2 Workpiece material Shot material Shot diameter (mm) Shot velocity (m/s) Overlap ratio

1a 0.005 1 Al2O3 WC 0.65 15 –

2 0.0025 1 Al2O3 WC 0.65 15 –

3 0.01 1 Al2O3 WC 0.65 15 –

4 0.05 1 Al2O3 WC 0.65 15 –

5 0.1 1 Al2O3 WC 0.65 15 –

6 0.005 1 Al2O3 WC 0.65 15 20%

7 0.005 1 Al2O3 WC 0.65 15 50%

8 0.005 1 Al2O3 WC 0.65 15 80%

9 0.005 1 Al2O3 WC 0.65 7.5 –

10 0.005 1 Al2O3 WC 0.65 30 –

11 0.005 1 Al2O3 Stainless steel 0.65 21.35 –

12 0.005 1 Al2O3 WC 0.2 27.04 –

13 0.005 1 Al2O3 WC 0.4 19.12 –

14 0.005 1 Al2O3 WC 0.6 13.52 –

15 0.005 1 Al2O3 WC 0.8 9.75 –

a Baseline case

1
0
 μ

m

Peening direction

5
m

m

Fig. 9 Mesh of the shot peening
simulation
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size of 10 μm in the impact region with a thickness of
150 μm and a radius of 1300 μm, and a relatively coarse
mesh zone to model the other region away from region of
impact. A gradual transition of element size from the fine
mesh zone to the coarse mesh zone was used.

The bottom of workpiece was constrained in all directions.
Symmetric boundary conditions were applied to the XZ and
YZ planes of the mesh. An initial velocity calculated from the
kinematic model was applied to the shot.

The workpiece Al2O3 was modeled using the JH-2
model. For simplicity, the shots were modeled as elastic.
The tungsten carbide shots were given an elastic modulus
E = 550 GPa, Poisson’s ratio ν = 0.23, and density ρ of
15.8 × 103 kg/m3. Stainless steel shots were given an
elastic modulus E = 210 GPa, Poisson’s ratio ν = 0.3,
and density ρ of 7.8 × 103 kg/m3. A Coulomb friction
coefficient μ = 0.2 was defined between the shots and
the workpiece.

The simulation conditions are given in Table 4. The
effects of workpiece material property, shot velocity, shot

diameter, shot material, and peening overlap ratio on re-
sidual stress were investigated. The overlap ratio was de-
fined as the percentage of overlap (δ) among dent size
which was determined from baseline case [26] (Fig. 10).
The shots impact the work material at the same location
for cases 1–5 and 9–15.

From Eq. 20, it can be seen that the failure strain is
proportional to D1. Thus, by varying the value of D1, the
effect of failure strain on mechanical behavior of ceramics
under shot peening can be investigated. The shot velocity
of baseline case was determined from the Almen intensity
of 0.22 mmA based on the experiment condition [5]. The
velocity for case 6–7 was calculated using the method
given in Section 3.

4.2 Results and discussions

4.2.1 Data retrieving procedure

In order to investigate mechanism of ceramic plastic deforma-
tion and residual stress formation in multiple impacts, both
instantaneous and residual strains/stresses were retrieved
along the node path as shown in Fig. 11. The instantaneous
strains/stresses were retrieved at the maximum plastic depth in
each impact. The residual strains/stresses were retrieved at the
fifth impact after shot bounced back.

4.2.2 Deformation behavior in single peening

Plastic deformation Figure 11 shows that the dent caused
by plastic deformation in a single impact. The occurrence
of plastic deformation has been verified by the high den-
sity dislocation in the subsurface of shot peened ceramics
[3]. The radial stress σ11 in Fig. 12a shows that the max-
imum tensile stress reaches 200 MPa, which is much
smaller than the tensile strength of alumina. Fracture is
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unlikely to happen at such low stress. While the pressure
in Fig. 12b is as high as 1.67 GPa. In the JH-2 model, the
failure strain is highly dependent on pressure. With such
high pressure, ceramics will undergo significant plastic
deformation before PEEQ reaches failure strain. From
the viewpoint of fracture mechanics, a high pressure will
suppress crack propagation and makes the ceramics more
ductile, which is demonstrated in the corresponding
equivalent plastic strain PEEQ in Fig. 12c. It can be seen
that the maximum PEEQ is on the top surface.

Damage evolutionAs shown in Fig. 12d, the impact creates a
“damaged” zone of about 200 μm depth. In the JH-2 model,
“damage” is defined as a state variable to represent the
strength degrading. From Eqs. 20–22, it can be seen that the
material strength decreases with the increase of damage.
When the “damage” value exceeds one, it means the material
cannot withstand any tensile loading according to Eqs. 20–22.
It means that the microcracks coalesce and the material tran-
sitions into a granular medium comprising narrowly separated
granules. It can be seen from Fig. 12d that the damage of most

elements in the damaged zone reaches one. According to
Deshpande et al. [27], there are three inelastic deformation
mechanisms for ceramics under indentation or impact: (i) lat-
tice plasticity due to dislocation glide or twining, (ii)
microcracking extension, and (iii) granular flow of densely
packed communited particles. The increase of damage can
be interpreted as the growth of microcracks. Thus, it is rea-
sonable to conclude that the “damage” zone introduced by
shot peening was caused by microcracks extension. The exis-
tence of microcracks was confirmed by TEM of shot peened
ceramics subsurface by Moon et al. [3].

Residual stress distribution The residual stress σ11 of
baseline case is shown in Fig. 13. It can be observed that
the maximum compressive residual stress is up to
−0.9 GPa at 180 μm below the top surface, while the
residual stress on the top surface is very low. That is
because when a shot is bounced back, the external pres-
sure applied by the shot is also gone. Thus, the pressure in
elements at top surface will be very low. In the JH-2
model, the strength decreases as the pressure decreases.

Diameter: 0.65 mm

Material: WC

Velocity: 15 m/s

Diameter: 0.65 mm

Material: WC

Velocity: 15 m/s

Diameter: 0.65 mm

Material: WC

Velocity: 15 m/s 50 μm
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Velocity: 15 m/s50 μm
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Fig. 12 aRadial stress σ11 in the baseline simulation case. b Pressure in the baseline simulation case. c Equivalent plastic strain PEEQ in baseline case. d
Instantaneous damage in baseline case
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Velocity: 15 m/s50 μm

Fig. 13 Residual stress σ11
contour of baseline case
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Thus, those elements at top surface can withstand very
low stress. The depth distribution of stress and strain is
shown in Fig. 14. The stress and strain increases as the
number of impacts increases. However, the stress value
becomes saturate after three impacts. The stress magni-
tude reduction from impact 4 to impact 5 may be ex-
plained by the increased damage in the work material.
The damaged material can withstand lower stress than
the intact material. The residual stress profile forms a
hook shape, and the maximum compressive residual stress
occurs at about 180 μm depth in the subsurface.

4.2.3 Deformation behavior in multiple peening

Effect of material constants Material damage constant D1

has more influence than constant D2 on plastic failure strain
according to Eq. 24. The effect of damage constant D1 is
shown in Fig. 15. It can be seen that the instantaneous stress

increases with the increasing D1 (Fig. 15a). With the increase
of D1 from 0.0025 to 0.01, the material will undergo more
plastic deformation before failure as shown in Fig. 15b. The
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non-damaged elements in the plastic deformation zone will
withstand higher loading than the damaged elements. Thus,

the instantaneous stress increases with the increase of D1.
However, the further increase in D1 (D1 = 0.05 and 0.1)
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reduces the residual plastic strain, which can be explained by
the higher yield stress due to the less damage with higher D1

(shown in Fig. 8). Figure 15c shows that residual stress also

increases with the increase of D1 due to the increased plastic
deformation zone.

Effect of shot velocity Figure 16 shows that the shots with
higher velocity generate a larger stress in the workpiece. The
stress decreases to zero at about 200 μm in the subsurface for
peening velocity 7.5 and 15 m/s, while it increases to 250 μm
for higher velocity 30 m/s. That shows that the depth of com-
pressive layer (Fig. 16b) also increases with shot velocity.
Figure 16c shows that higher peening velocity generates
higher plastic deformation, which explains the stress is also
higher for higher peening velocity.

Effect of shot material The stress and strain for shots with
different shot materials are compared in Fig. 17. The instanta-
neous stress is nearly equivalent for WC and steel shots
(Fig. 17a). The residual stress induced by WC shots is higher
than the stainless steel shot (Fig. 17b). This beneficial effect
could be attributed to the higher peening energy carried by the
higher density shots. However, the effect of shot material is
manifested by a coupling effect of density and Young’s modu-
lus. The residual PEEQ is higher for steel shots, which may be
explained by the fact that under the same peening pressure steel
shots have higher velocity due to the smaller density (Fig. 17c).

Effect of shot size The effect of shot diameter is shown in
Fig. 18. Since the kinematic energy increases with the cross
sectional area of the shot, a larger diameter shot will impact
higher deformation energy into the workpiece and generate
larger instantaneous stress in Fig. 18a. As expected, a larger
depth of compress stress layer is produced as shown in
Fig. 18b. However, the residual PEEQ at the surface for small-
er shots is larger than the larger shots, but the depth is
shallower (Fig. 18b).

Effect of overlap ratio The depth distribution of stress for
case 13 (overlap ratio = 20%) at different locations depicted in
Fig. 10 is shown in Fig. 19a. It can be seen that stress at
location A is much higher than stress at B and C. The differ-
ence in residual stress at different locations shows that when
the coverage is low, the residual stress distribution tends to be
non-uniform. The stress and strain at location A for different
overlap ratios are shown in Fig. 19b–d. It can be seen that
residual stress for high overlap ratio are higher than that for
low overlap ratio. This is consistent with the experimental
finding that the longer shot peening time leads to higher re-
sidual stress [5]. The max. PEEQ is identified in the subsur-
face in the case of 80% overlap. Similar behavior is also ob-
served in Fig. 16c at high shot velocity, which can be ex-
plained by the increased damage in surface layer induced by
higher shot velocity or higher overlap ratio. The damaged
surface layer material can withstand lower stress/strain than
the intact material.
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5 Conclusions

This study focused on the development of kinematic model
and deformation mechanics in shot peening of ceramic
Alumina. A 3D finite element simulation model has been
developed to investigate the effect of multiple peening on
ceramic deformation (stress, pressure, strain, material damage,
and residual stress). The effects of material damage parameter,
peening velocity, shot material, shot diameter, and peening
overlap ratio were analyzed. The key results are summarized
as follows:

& A kinematic model has been developed and numerically
implemented to calculate the shot velocity with improved
accuracy by accounting for air drag and density variation
outside of peening nozzle. At higher peening pressure, the
air drag force increases with the peening pressure.

& Almen intensity depends on the shot kinematic energy and
shot material properties. Shots with higher Young’s mod-
ulus generate higher Almen intensity and larger compres-
sive residual stress.

& Compressive residual stress was predicted and confirmed
with the experimental data. Residual stress increases with
the increasing failure strain.

& Higher peening velocity generates large plastic deforma-
tion and larger residual stress. WC shot generates higher
residual stress than steel shot. Residual stress increases
with increase of overlap ratio.

& The material damage of the peened ceramics is induced by
microcracks, which has a significant influence on the dis-
tribution of residual stress.
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