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In order to achieve the change rule of the induced residual stress (RS) feld after multipass ultrasonic surface rolling (USR),
a mathematical model of the induced residual stress (RS) feld after multipass ultrasonic surface rolling is frst established. Ten,
the coupling mechanisms of the RS feld after dual-pass USR and multipass USR are analyzed, respectively. Subsequently, a fnite
element (FE) model is established, and the infuence of the interval between two adjacent rolling paths LS is investigated. Finally,
both the mathematical model and the FE model are experimentally verifed. Te results show that both the mathematical model
and the FE model can predict the RS feld after multipass USR. Two adjacent RS felds will couple with each other in their
overlapping regions. For a relatively small interval LS, the RS feld after multipass USR can be fully coupled, so as to form a uniform
compressive RS layer. In this study, when LS � 0.05mm, the values of the surface compressive RS, the maximum compressive RS,
the depth of the maximum compressive RS, and the depth of the compressive RS layer reach 426.71MPa, 676.54MPa, 0.05mm,
and 0.54mm, respectively.

1. Introduction

As a recently developed surface strengthening technology,
ultrasonic surface rolling (USR) applies both static force
and ultrasonic vibration on the target surface, so as to
form a compressive RS layer for extending the fatigue life
of the target [1]. Nowadays, USR has attracted extensive
attention and has been widely used in aviation, aerospace,
automobile, and other felds [2–4]. Jiao et al. [5] estab-
lished a mathematical model to predict the RS after USR.
Te results showed that the mathematical model had
a high prediction accuracy. Zhang et al. [6, 7] also
established a mathematical model to predict the RS after
USR. Compared to experimental results, the mathematical
model had only an error of 15%. Wang et al. [8] estab-
lished an FE model of strengthening Ti-6Al-4V by USR.
Te results showed that the simulation results were in

good agreement with the experimental results. Li et al. [9]
used ABAQUS/Explicit to establish an FE model of USR.
Te results showed that the compressive RS increased frst
and then decreased with the increase of the static force,
which agreed well with the experimental results. Khan
et al. [10] also used ABAQUS/Explicit to establish an FE
model of strengthening AISI304 by USR. Te results
showed that a larger contact force and a smaller ball could
induce a higher compressive RS feld. Liu et al. [11]
established an FE model of strengthening 40Cr by USR.
Te results showed that the maximum compressive RS and
the depth of the compressive RS layer increased with the
static force and the ultrasonic amplitude. Zhu et al. [12]
and Gujba et al. [13] strengthened Ti-6Al-4V by USR.
Tey found that the maximum compressive RS could
reach 950MPa and the surface compressive RS could
reach 863MPa.
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Although the above references have studied USR by
using the mathematical model or FE model, few references
have studied it by using both the mathematical model and
the FE model. Moreover, much attention is paid to pa-
rameter optimization, and little attention is paid to the
stress coupling mechanism during multipass USR.
Terefore, frst, a mathematical model of the induced re-
sidual stress (RS) after multipass ultrasonic surface rolling
(USR) is established. Ten, the coupling mechanisms of the
RS feld after dual-pass USR and multipass USR are ana-
lyzed, respectively. Subsequently, an FE model is estab-
lished, and the infuence of the interval between two
adjacent rolling paths LS is investigated. Finally, both the
mathematical model and the FE model are experimentally
verifed.

2. Mathematical Model

During USR, the ball frst extrudes the target surface due to
the static force F, as shown in Figure 1(a). Ten, it vibrates
periodically at a selected frequency f and a selected ampli-
tude A and moves forward at a selected speed v, as shown in
Figures 1(b) and (c). In each vibration period, the ball will
impact the target once and then move forward at a fxed
interval LP between two adjacent impact locations [13],
which is expressed as

LP �
v

f
. (1)

Assuming that the ball is an ideal elastomer, the target is
an ideal semi-infnite elastomer, and their contact region is
a perfect circle.Te contact relationship between the ball and
the target is shown in Figure 2, where the dotted lines and
the solid lines represent the profles before and after the two
bodies come into contact, respectively. R1 and R2 are the
initial radii of the ball and the target, respectively, and the
radius of the contact surface in the contact region is ae. δ1
and δ2 are the displacements of the centers of the ball and the
target, respectively, δe is the sum of the normal displace-
ments of the ball and target. So

δe � δ1 + δ2. (2)

Supposing a random point along the contact line (red
point in Figure 2), its distance from the contact center is r, its
normal displacements of the red contact point on the ball
and the target are uz1(r) and uz2(r), respectively, and h1(r)

and h2(r) are the corresponding gaps of the contact point on
the ball and the target, respectively. It can be calculated from
the geometric relationship:

h1(r) �
r
2

2R1
,

h2(r) �
r
2

2R2
.

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(3)

So

uz1(r) � δ1 − h1(r) � δ1 −
r
2

2R1
,

uz2(r) � δ2 − h2(r) � δ2 −
r
2

2R2
.

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(4)

It can be concluded from equations (2) and (4):

uz1(r) + uz2(r) � δ1 −
r
2

2R1
  + δ2 −

r
2

2R2
 ,

� δe −
r
2

2
1

R1
+

1
R2

 .

(5)

Te schematic diagram of the elastic deformation of the
ball after contacting with the target is shown in Figure 3.
According to Johnson’s Hertz theory [14], the pressure
distribution of the two elastomers in contact is expressed as

P(r) � P0 1 −
r

ae
 

2
 

1/2

. (6)

Along the contact line, the distance from the contact
center is r and the pressure is P(r).When r� 0 (green point
in Figures 2 and 3), the pressure reaches the maximum value
P0. Te impact force can be derived as follows:

F0 � 
ae

0
P(r)2πrdr �

2πa
2
eP0

3
, (7)

and the maximum value P0 can be derived as follows:

P0 �
3F0

2πa
2
e
. (8)

Under the pressure, the normal displacements of points
on the ball and the target in the Z direction are as follows
[15]:

uz1(r) �
1 − μ2T

ET

πP0

4ae
2a

2
e − r

2
 , (9)

uz2(r) �
1 − μ2S

ES

πP0

4ae
2a

2
e − r

2
 , (10)

where ES and μS are Young’s modulus and Poisson’s ratio of
the shot material, respectively, and ET and μT are the
Young’s modulus and Poisson’s ratio of the target material.

It can be concluded from equations (5), (9), and (10):

1 − μ2T
ET

+
1 − μ2s

ES
 

πP0

4ae
2ae2 − r

2
  � δe −

r
2

2
1

R1
+

1
R2

 .

(11)

When r� 0 s (green point in Figures 2 and 3), the normal
displacement at the center point of the ball is

δe �
1 − μ2T

ET

+
1 − μ2S

ES

 
πaeP0

2
. (12)
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Figure 1: Schematic diagram of USR.
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Figure 2: Schematic diagram of contact relationship between the ball and the target.
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When r� ae (blue point in Figures 2 and 3), the contact
radius of the ball and the target is

ae �
1 − μ2T

ET

+
1 − μ2S

ES

 
R1R2

R1 + R2

πP0

2
. (13)

It can be concluded from equations (8), (12), and (13):
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(14)

In the stage of elastic loading, the stress component of
the target material along the depth below the impact point is

σe
x(z) � σe

y(z) � −P0 1 + μT(  −
1
2

1
1 + z/ae( 

2
⎡⎣

− 1 + μT( 
z

ae

tan− 1 z

ae

 ,

σe
z(z) � −

P0

1 + z/ae( 
2,

(15)

where z is the depth from the surface.
Te equivalent stress and the equivalent strain are

σe
i �

1
�
2

√ σe
x − σe

y 
2

+ σe
y − σe

z 
2

+ σe
z − σe

x( 
2

 
1/2

,

εe
i �

σe
i

ET

.

(16)

In fact, the target is elastic-plastic material (i.e., the
elastic-plastic strain is induced after the ball impacts the
target, as shown in Figure 4. In the stage of elastic loading,

the elastic strain is equal to the plastic strain. While in the
stage of plastic loading, Li used the following formula to
calculate the plastic strain [16]:

εp

i �
εei , εei < εs,

εs + α εei − εs( , εei ≥ εs,

⎧⎨

⎩ (17)

where α is the ratio of the ideal plastic pit radius to the elastic
pit radius and α� ap/ae. ap can be solved according to the
average pressure between the ball and the target:


δp

0
F0dδp � 

δp

0
PSdδp, (18)

where P is the average pressure and S is the contact area. It
can be obtained from the geometric relationship after the
ball impacts the target:

R
2
1 � R1 − δp 

2
+ a

2
p.

(19)

R1 is much bigger than δp, so δ2p can be ignored; the
contact area S is

S � 2πR1δp. (20)

Ten, it can be calculated as follows:

δp �
F0

3πR1σS

,

aP �
2F0

3πσS

 

1/2

.

(21)

According to the elastic-plastic stress-strain curve shown
in Figure 5, the stress equation of the target of elastic-plastic
material under diferent states can be obtained:

σp
i �

σe
i , εp

i < εs,

σs + H
1 εp

i − εs , εs ≤ ε
p
i < εb,

σb, εp

i ≥ εb,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(22)

where H1 is a linear strain-hardening parameter, εp

i is the
plastic strain, σs is yield stress of the target material, σb is the
ultimate tensile stress of the target material, εs is the yield
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Z
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e e

Figure 3: Schematic diagram of elastic deformation after the ball impacts the target.
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strain corresponding to the yield stress σs, and εb is the yield
strain corresponding to the yield stress σb.

We consider the stage of unloading as an elastic de-
formation process.

When σe
i < σS, the transresidual stress is

σr
i � 0. (23)

When σS ≤ σe
i < 2σ

p

i , the transresidual stress in x, y, z
directions is

σr
x � σr

y �
1
3

σp
i − σe

i ,

σr
z � −2σr

x.

(24)

When 2σp
i ≤ σe

i , the transresidual stress in x, y, z di-
rections is

σr
x � σr

y �
1
3

σp
i − 2σp

i − Δσp
i ,

σr
z � −2σr

x,

(25)

where Δσp
i � H1Δεp

i .
Te above calculations can fgure out the value of the RS

under a single impact. After multipass USR, it is assumed
that the stress is evenly distributed on the surface. According
to Hooke’s law, the stress release amount can be calculated as

σrelaxx � σrelaxy �
μT

1 − μT

σr
z. (26)

Te induced average RS in x, y, z directions σR
x , σR

y , and
σR

z can be calculated according to [17]:

σR
x � σR

y � σr
x − σrelaxx ,

σR
z � 0.

(27)

By the way, this mathematical model cannot predict the
tensile residual stress but can predict the compressive re-
sidual stress, and it is only suitable for the 100%
coverage rate.

3. Forming and Coupling Mechanism of
RS Field

3.1. Forming and Coupling Mechanism of the RS Field after
Single-Pass USR. After the ball is applied with both static
force and ultrasonic vibration, it will not only roll and move
forward continuously but also vibrate and impact the target
periodically.

Every time the ball impacts the target, the compressive
deformation is formed on the impact region, as the red
dotted line shown in Figure 1. When the induced internal
stress is larger than the target yield strength, a compressive
plastic deformation region (I) is formed. Due to the hin-
dering of the plastic deformation region (I), the compressive
elastic deformation region (II) cannot recover completely.
For equilibrium, a tensile elastic deformation region (III)
will be formed around the compressive elastic deformation
region [18]. Finally, a hemispherical RS feld with internal
compressive stress and external tensile stress is formed, as
shown in Figure 6(a).

After the ball vibrates for a single period, a hemispherical
RS feld is formed. After the ball vibrates for a dual period,
the second RS feld will be formed and overlap with the frst
one, as shown in Figure 6(b). In the compressive-
compressive overlap region, the compressive RS feld is
enhanced and becomes larger; in the tensile-tensile overlap
region, the tensile RS feld is also enhanced and becomes
larger. While in the compressive-tensile overlap region, the
RS feld is weakened and becomes smaller due to the
contrary RS.

After the ball rolls along the surface and vibrates for
multiperiods, single-pass USR is performed, so that a rolling
indentation and an elastic-plastic strain are formed. Te RS
feld induced by each period couples with several adjacent RS
felds. As a result, a uniform and continuous RS feld is
formed in the rolling direction, as shown in Figure 6(c), and
a bowl-shaped compressive RS region P and a crescent-
shaped tensile RS region Q are formed perpendicular to the
rolling direction, as shown in Figure 6(d).

3.2. CouplingMechanism of the RS Field after Dual-Pass USR.
After single-pass USR is fnished, the ball hops to the left
side with the interval LS and then continues to roll along
the surface, dual-pass USR is performed, and the second

F0

R

δp

2 p

r

Z

Figure 4: Schematic diagram of elastic-plastic deformation after
the ball impacts the target.
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Figure 5: Schematic diagram of elastic-plastic stress-strain.
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RS region will be induced. For a relatively large LS, it is
too far for the two RS regions to contact, so the two RS
regions will not afect each other, as shown in Figure 7(a).
As LS reduces to a certain value, the two crescent-shaped
tensile RS regions begin to overlap with each other, so
that the tensile RS feld will be enhanced and become
larger than that after the frst-pass USR, as shown in
Figure 7(b). As LS continues to reduce, the two bowl-
shaped compressive RS regions also begin to overlap with
each other, so that the compressive RS feld will also be
enhanced and become larger than that after the frst-pass
USR, as shown in Figure 7(c). Meanwhile, some bowl-
shaped compressive RS regions will also overlap with
some crescent-shaped tensile RS regions, so that the RS
feld will be weakened in these regions due to the con-
trary RS. As LS reduces further, both the enhanced tensile

RS regions and the enhanced compressive RS regions
become larger, while the weakened regions become
smaller, as shown in Figure 7(d).

3.3. Coupling Mechanism of the RS Field after Multipass USR.
When the ball continues to hop and then rolls multiple times,
multipass USR is performed. Ten, several adjacent RS regions
will appear and overlap with each other, so as to enhance or
weaken each other. For achieving a continuous compressive RS
layer on the surface, a small LS is selected. In this condition,
several bowl-shaped compressive RS regions overlap together, so
as to enhance the compressive RS feld and produce a large area
compressive RS layer on the surface, as shown in Figure 8.While
several crescent-shaped tensile RS regions also overlap together,
so as to form a large area tensile RS layer below the surface.
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Rolling indentation

Q
O

Rolling direction

(d)

compressive-
compressive overlap

compressive-tensile
overlap

tensile-tensile
overlap

(a) (b) (c)

Figure 6: RS feld in the rolling direction and perpendicular to the rolling direction after single-pass USR.
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Figure 7: Schematic diagram of the RS feld after dual-pass USR.

6 Advances in Materials Science and Engineering



1st pass5th pass
LS LS LS LS LS

Figure 8: Schematic diagram of the RS feld after multipass USR.

Table 1: Mechanical parameters of the target and the ball.

Materials Target untreated 18CrNiMo7-6 Ball WC alloy
Density ρs (kg·m−3) 7900 15000
Young’s modulus E (GPa) 195 710
Poisson’s ratio μ 0.35 0.21
Yield strength σs (MPa) 502 —
Yield strain εs 0.38% —
Tensile strength σb (MPa) 754 —
Hardening parameter H1 (MPa) 3177 —

S

5 mm

12 mm 12 mm

Bottom fixed

Ball
Target

Rolling direction

Non-reflecting boundaries

X
Z

Y

Figure 9: Finite element model of multipass USR.
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4. FE Model

4.1. Material Model. Te FE model of multipass USR is
established by using ABAQUS/Explicit (version 6.14). For
simplifying calculation, some assumptions are made as
follows [19]:

(1) Te target material is isotropic elastic-plastic
(2) Te erosion and the heat after collision between the

ball and the target are neglected
(3) Te ball is considered rigid as its Young’s modulus is

much larger than that of the target [10]

As shown in Table 1, an untreated 18CrNiMo7-6 steel is
selected as the target material, whose behavior can be ap-
proximated by an isotropic bilinear elastic-plastic
hardening model.

4.2. Mesh and Boundary Conditions. A target model with
a dimension of 12 mm × 12mm × 5 mm is established
(Figure 9). An eight-node linear brick element (C3D8R)
with reduced integration and hourglass control is se-
lected to mesh the target, and a bilinear rigid quadri-
lateral element (R3D4) is selected to mesh the ball. Te

LP

1st period 2nd period1st period

LP …
1st period … Multi-period

S, S22
(Average: 75%)

+3.450e+02
+1.833e+02
+2.150e+01
-1.403e+02
-3.020e+02
-4.638e+02
-6.255e+02
-7.873e+02
-9.490e+02
-1.111e+03
-1.273e+03
-1.434e+03
-1.596e+03

(a) (b) (c)Z

XY

Figure 10: RS feld along the depth after single-pass USR: (a) single period, (b) dual period, and (c) multiperiod.

1st pass2nd pass

1st pass
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1st pass

1st pass

1st pass

2nd pass

2nd pass 2nd pass

2nd pass 2nd pass

S, S11
(Average: 75%)

(a) (b)

(c) (d)

(e) (f)

Z

XY

+3.391e+02
+2.200e+02
+1.267e+02
+3.333e+01
-6.000e+01
-1.533e+02
-2.467e+02
-3.400e+02
-4.333e+02
-5.267e+02
-6.200e+02
-7.133e+02
-8.067e+02
-9.000e+02

Figure 11: RS feld along the depth after dual-pass USR. (a) Ls � 3 mm. (b) Ls � 2 mm. (c) Ls � 1mm. (d) Ls � 0.3 mm. (e) Ls � 0.1 mm.
(f ) Ls � 0.05 mm.
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Figure 12: RS feld along the surface after dual-pass USR. (a) Ls � 3 mm. (b) Ls � 2mm. (c) Ls � 1 mm. (d) Ls � 0.3 mm. (e) Ls � 0.1 mm.
(f ) Ls � 0.05 mm.
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Figure 13: Surface RS curve along the red lines in Figure 12.
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load-acting region of the target model is meshed by
0.02 mm elements, its adjacent region is meshed by
0.05 mm elements, and the rest is meshed by 0.5 mm
elements. Furthermore, all nodes on the bottom surface
are completely fxed, and all four sides are specifed as
nonrefecting boundaries to eliminate the refection of
stress waves [20].

4.3. Load or Force Applying Information. According to our
previous research [21, 22], the parameters of single-pass USR
are set as follows: the ball radius R1 � 2mm, the frequency
f� 30 kHz, the amplitudeA� 6 μm, the static force F� 200N,
and the interval between two adjacent impact locations
LP � 0.1mm. While the interval LS between two adjacent
rolling paths will be adjusted in the range of 0.05–3mm.

1st pass3rd pass 1st pass6th pass

1st pass

(a) (b)

(c) (d)

1st pass9th pass 13th pass

2LS
5LS

12LS8LS

S, S11
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+1.367e+02
+3.333e+01
-7.000e+01
-1.733e+02
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-3.800e+02
-4.833e+02
-5.867e+02
-6.900e+02
-7.933e+02
-8.967e+02
-1.000e+03

(Average: 75%)

Y

Z

X

Figure 14: RS feld after multipass USR. (a) 3 passes. (b) 6 passes. (c) 9 passes. (d) 13 passes.
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+1.375e-02
+8.333e-03
+2.917e-03
-2.500e-03
-7.917e-03
-1.333e-02
-1.875e-02
-2.417e-02
-2.958e-02
-3.500e-02
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-6.047e+01
-1.249e+02
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Y
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X
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Figure 15: Distribution of the RS feld after multipass USR.
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5. Results and Discussion

5.1. Transient Process of RS Field during Single-Pass USR.
When the ball vibrates for a single period, it will impact the
target downward. After the ball leaves, a small hemispherical
RS feld forms under the dimple (Figure 10(a)). After the ball
rolls and moves LP � 0.1mm forward, it will vibrate and
impact the target for a dual period, the second RS feld will
couple with the frst one, and then the area of the coupled RS
feld increases (Figure 10(b)). After the ball rolls and moves
a few distance, it will vibrate and impact the target for
multiperiods (i.e., a single-pass USR), and a uniform and
continuous RS feld is formed. Along the depth, the com-
pressive RS frst increases, then decreases, and fnally turns
into small tensile RS (Figure 10(c)).

5.2. Infuence of LS on the RS Field after Dual-Pass USR.
Next, the infuence of the interval LS on the RS feld after
dual-pass USR is investigated, as shown in Figure 11.
When LS � 3mm (Figure 11(a)), it is too far for the two RS
regions to overlap and afect each other, so a region
without any strengthening exists between the two RS
regions, which is consistent with the description in
Figure 7(a). When LS reaches 2mm (Figure 11(b)), the two
tensile RS regions begin to overlap and become a large
area tensile RS region, which is consistent with the de-
scription in Figure 7(b). When LS reaches 1 mm
(Figure 11(c)), the two compressive RS regions also begin
to overlap and become a large area compressive RS region.
Meanwhile, the tensile RS region becomes small, which is
consistent with the description in Figure 7(c). When LS

reaches 0.3mm (Figure 11(d)), fully coupling of the two
RS regions leads to a uniform distributed RS feld, and
enhancement of the two compressive RS regions results in
a larger compressive RS value. When LS reaches 0.1 mm
and 0.05mm (Figures 11(e) and 11(f )), a more uniform
distributed RS feld is achieved, which is consistent with
the description in Figure 7(d).

Figure 12 shows the surface RS feld after dual-pass USR,
in which the RS values along the red lines are noted down, as
shown in Figure 13. When LS � 3mm, the two surface
compressive RS regions do not overlap, and a zero surface RS
region exists between two surface compressive RS regions.
When LS reaches 2mm, the two compressive surface RS
regions begin to overlap, the surface RS between the two
surface compressive RS regions is no longer zero but is still
close to zero, so the whole surface RS feld is uneven. When
LS reaches 1mm and 0.3mm, the two surface compressive
RS regions overlap and couple with each other, so that a large
area surface compressive RS feld is formed. While the whole
surface RS feld is still uneven, a large fuctuation and a clear
overlapping line exist. When LS gradually reaches 0.1mm
and 0.05mm, the two RS regions become more fully coupled
and the RS feld becomes more uniform, although the
surface compressive RS fuctuates above and below 500MPa.
Especially, when LS � 0.05mm, the fuctuation is the
smallest, and no clear overlapping lines exist, which is fa-
vorable to a small surface roughness. Tus, LS � 0.05mm is
considered to be optimal and is selected for studying
multipass USR.

5.3. Distribution of the RS Field after Multipass USR.
Similarly, several adjacent RS regions after multipass USR
will couple with each other, as shown in Figure 14. After
multipass USR, the RS feld becomes continuous and
uniform, leading to a large area compressive RS layer on
the surface. Furthermore, the area of the compressive RS
layer increases with the increase of the number of USR
passes.

Te displacement and the internal stress after 15 passes
USR are shown in Figure 15. Te region between the frst
pass USR and the last pass USR is highlighted with the red
block, and a selection region of the RS feld is stood out with
the black block. After 15 passes USR, a uniform compressive
RS layer is formed. Meanwhile, the surface displacement is
uniform; i.e., the surface roughness is still small.

5.4. Comparison of the RS Curve Obtained by the Mathe-
maticalModel, FEModel, and Experiment. Under F� 200N,
the two RS curves along the depth are calculated by the
mathematical model and the FE model and then compared
with the experimental RS curve in our previous works [23],
as shown in Figure 16. It can be seen that the three RS curves
along the depth have the same trend; i.e., the RS frst in-
creases from the surface compressive RS to the maximum
compressive RS rapidly and then decreases gradually to zero.
Furthermore, the three RS curves have close values of the
surface compressive RS and the depth of the maximum
compressive RS. Terefore, both the mathematical model
and the FE model can accurately predict the RS feld after
multipass USR. In this study, the surface compressive RS, the
maximum compressive RS, the depth of the maximum
compressive RS, and the depth of the compressive RS layer
are 426.71MPa, 676.54MPa, 0.05mm, and 0.54mm,
respectively.
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Figure 16: Tree RS curves along the depth.

Advances in Materials Science and Engineering 11



6. Conclusions

(1) Both the mathematical model and the FE model can
predict the induced residual stress (RS) feld after
multipass USR and can be used to optimize ultra-
sonic surface rolling. Furthermore, these two
methods can also be used for studying conventional
surface rolling, extrusion, shot peening, and
sandblasting.

(2) Te adjacent RS felds will couple with each other in
their overlapping regions after multipass USR. For
a relatively small LS, the RS feld after multipass USR
can couple fully, so that a large area uniform
compressive RS layer is formed.

(3) When LS � 0.05mm, the values of the surface
compressive RS, the maximum compressive RS, the
depth of the maximum compressive RS, and the
depth of the compressive RS layer reach 426.71MPa,
676.54MPa, 0.05mm, and 0.54mm, respectively.

Notations

RS: Residual stress
USR: Ultrasonic surface rolling
FE: Finite element
A: Amplitude
ae: Elastic contact radius
ap: Plastic contact radius
ES, ET: Young’s modulus of the shot material and the

target material
F: Static force
F0: Impact force
f: Frequency
H1: Linear strain-hardening parameter
h1(r), h2(r): Gap of the contact point on the ball and the

target
LP: Interval between two adjacent impact

locations
LS: Interval between two adjacent rolling paths
P(r): Pressure distribution at the contact point
P0: Maximum pressure
P: Average pressure
R1, R2: Initial radius of the ball and the target
r: Distance between the contact center and

contact point
μS, μT: Poisson’s ratio of the shot material and the

target material
uz1(r),
uz2(r):

Normal displacements of the contact point
on the ball and the target

v: Speed
S: Contact area
z: Depth from the surface
α: ap/ae

δ1, δ2: Elastic displacement of the centers of the ball
and the target

δe: Total elastic displacements of the centers of
the ball and target

δp: Total plastic displacements of the centers of
the ball and target

σb: Ultimate tensile stress of the target material
σs: Yield stress of the target material
σe

i : Von Mises equivalent elastic stress
σe

x, σ
e
y, σ

e
z: Principal stress in x, y, z directions

σp
i : Plastic stress

σR
i : Induced residual stress

σR
x , σ

R
y , σ

R
z : Induced residual stress in x, y, z directions

σrelaxx , σrelaxy ,
σrelaxx :

Stress release amount in x, y, z directions

σr
i : Transresidual stress

σr
x, σr

y, σr
z: Transresidual stress in x, y, z directions

εb: Yield strain corresponding to yield stress σb

εs: Yield strain corresponding to yield stress σs

εe
i : Von Mises equivalent elastic strain
εp

i : Plastic strain.
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