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As an effective forming method in aeronautical industries, peen forming is derived from shot
peening process. Major application of this process is for producing large thin components with
gentle curvature such as aircraft panels and wing skins. This process can be divided into two
categories; peen forming without elastic pre-strain (conventional peen forming) and with elastic
pre-strain (stress peen forming). In this research, numerical and experimental study of shot
peening, peen forming and stress peen forming of aluminum alloy sheets were conducted. In
order to perform experimental tests, steel shots with 0.4 and 0.6 mm diameter and aluminum
alloys Al6061-T6 strips were used. For applying elastic pre-strain, fixtures with four pre-bending
radii 500 mm, 375 mm and 250 mm were designed and manufactured. In numerical section,
using the same parameters as applied in experiments, irst by using 3D model with random
distribution of shots, shot peening process was simulated and induced and residual stresses in
sheet, were obtained. Next, using this model and in three-step procedure, peen forming and
stress peen forming processes were simulated. The results showed that applying pre-strain has
considerable effecte on distribution of stress inside the sheet metal and thus on the final
deformation of it. Along with increasing pre-bending moment (decreasing pre-bending radius),
the resulting curvature in the sheet in the direction of the applied pre-bending, increases.
According to the experimental and numerical results, in comparison with conventional peen
forming, stress peen forming using 250 mm prebending radius increases the curvatures over
100%.

Keywords:
Sheet metal forming
Residual stress
Shot peening
Peen forming
Stress peen forming

  

1 -   
 1   

1- Shot peening  

  .   
        

    

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             1 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

  

170  13941511  

  .         
           

     1    .  
        
   .         
             

        .     
            

          .   
   2 .  

   .
 .

 3  .

 .

]1[ .           
        .    

              
    .        

      ]2[ .  
4  

  . 
   

 . 
 .)  1 (

]3[:  
)1(= + +

)  1(  
 . 

     
   . 

     5 
       

            .
    
  .     

        .    
           
        .    

         
          

1- Stress corrosion cracking
2- Peen forming
3- Stress peen forming
4- Induced stress
5- Surface coverage

  .  
 

 .
]4[]5[ 

]6[  .
 .

 . 
 ]7[ .

 .]8[    
           

 . 
 
 .

 .
 .      

 .  ]9[          
    6  . 

7  
 .

 .
  .mm 50

×mm 150 mm 4 
mm 5/0 100%   .

m 4/1  .
]10[          

          
   .  :

  
 . -

  .
22H-5251 mm 3×mm 19×mm 76 -

660S  .
 

 .]11[ 

 .
 

   .
  

 .

6- Shell element
7- Section points

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             2 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

13941511  171  

      
 . ]12[   -  

      .  
         

      .       
       . 

 . 
   

]7[          
           

. 
 .

 
 m/s 6/34  m/s 2/66 .

 -
 

 .  
  

 
 .      

1        :   
       .      

        
   .        

        .
          . 
    90  
        
  . 
   

 .

 .

  

2 - 
 6T -6061 Al 

mm 5/1  .]13[ 
 :kg/m3 2700GPa 6/69

  
MPa 278= MPa 310=.

1  ) d (mm 6/0 

1- Single impact

mm 4/0  . 
HV 443   .  

 .
 .

) ( mm 500mm 375 
mm 250 2 
   .

 .

 .  
  
 .

 .

   . 

  
1  (mm 6/0d = (

mm 4/0d =  

  

  
2   

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             3 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

  

172  13941511  

 .
  ]14[ .

 . .

 .
mm 100 

mm 20  .
4 8  .

 mm 70  
  .  4    

3 - 
3 -1 -   

 
 .

 : 
 .

 .  

mm 4/06/0d m/s 75V 
 .

 .
]15[ . 

              
         .  

          .  
       

   )C3D8R ( .    
          

.  L 
]16[d025/0  .

      
  .3 

 mm 6/0d    
        

       .
 .

 .
 .

) 2(
 ]16[.  

)2(C =

)  2(C M  
= 2 .   5/0 =

 .0 
) 3 (]16[.  

)3(E h

 .6T -6061 Al

106×5 =   .
YZ ZX ) 

 ( .    
      47/0 = µ 

]16[ .
  

3 -2 -  1  

 .          
            .

       
   .
         

. 
 .

   .  
4  

 .   90 n =  
m/s 75 = V  .

mm 6/0 = dmm 4  ×mm 4 
mm 2/1  ×mm 2/1 

mm 4/0=mm 3  ×mm 3 
mm 8/0  ×mm 8/0  .5

mm 4/0= 
 .   

  

3  mm 6/0=   

1- Multiple impact

)3(=

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             4 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

13941511  173  

  
4   

  
5  mm 4/0=  

 .

 .

 .      
         .

12
  

3 -3 -     
 

 .  

 .
 .

 .

 .
 .

  
 .

    
 mm 500mm 375 mm 250 

 .

 
y x 

 . 
) 4 (  

)4(=

) 4(l  
6  .1

) 4 (
 .

) 5)  (6 (
  

)5(= = 2

)6(= = 12
) 5)  (6( EhI  

x )  

 .x 
y = 0   2

 .

  
6 )4(

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             5 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

  

174  13941511  

1   

)2mm(
 Rp

(mm)

 
  

4×4  

  0  
500  004/0  
375  0053/0  
250  008/0  

3×3  

  0  
500  003/0  
375  004/0  
250  006/0  

  

  .
 .

 .  
 .

 .

]12[)  .7)  (8( .  
)7(= +

)8(= +

) 7)  (8(  
 

 .) 9)  (10 (
  

 )9(=

)10(=

 .) 11 (
)14 (]3[.  

)11(= d

)12(= d

)13(= (2 )d

)14(= (2 )d

 .
mm 20 × mm 70 

 .
 .11  

 .
4 S4R  .

mm 1 × mm 1  .

xy z 
z  .

y x  .7
 .

x y )  (
  

4 - 

4 -1 -   
4-1-1- 

8m/s 75 = V 
mm 6/0 = d  .

 

 .  
9 10

 m/s 75 = V  .

t1 max 

 .]4[ 
  .

mm 3  2 15/0 = d m/s 75 = V 
   

  

2   

Y

)MPa(  
Rp

)mm(  
  

)MPa(  
  

 )N·mm/mm (  

278  

  0  0  
500  4/104  15/39  
375  2/139  2/52  
250  8/208  3/78  

  

  

7   

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             6 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

13941511  175  

  
8 

m/s 75 = V mm 6/0 = d  

  
9 m/s 75 = V

  
10 m/s 75 = V  

4-1-2-   
11   

90 = n    m/s 75 = V 
mm 4/0= d   .  

           
      

        
  .

      

 . 12
 m/s 75 

= V  90n  .

]  .4 [
] 15 [

 .
 .

 1  . 
  -

  .
 

 . 
  

  
11   

90n = m/s 75 = V mm 4/0= d  

  
12 90n 

m/s 75 = V   

1- Peening intensity

-600

-500

-400

-300

-200

-100

0

100

0 0.5 1 1.5

 
S1

1
 )

M
Pa

(

)mm(

d=0.4mm
d=0.6mm

Al 6061-T6

d 0/6 mm
d 0/4 mm

-550

-400

0 0.2

t1
max

-50

-40

-30

-20

-10

0

10

-0.5 0 0.5

 )
µm(

)mm( 

d=0.4mm
d=0.6mm

Al 6061-T6

d = 0/6 mm
d = 0/4 mm

-300

-250

-200

-150

-100

-50

0

50

0 0.5 1 1.5

 
 

S1
1

 )
M

Pa
(

)mm(

d=0.4mm
d=0.6mmd = 0/6 mm

d = 0/4 mm

Al 6061-T6

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             7 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

  

176  13941511  

  . 
 

  . 
  

13 (  (
90 = n 

mm 6/0= d  .13 

x

x  .
x  ( ) 

 
) ( .]12[ 

  .
 3T -2024 Al 48 

mm 5/0 m/s 22/66   

  

  
13  (  (

90 = n mm 6/0= d  

3
 .

)   (
  

 .
x ) (y ) (

 .
 .

  

4-1-3-    
1415

mm 250 =  
mm 4/0= d  .

15 
   

16
90 = n mm 4/0= d 

m/s 75 = V .
4  .

 ( ) x y 

 .
3   

d 
)mm(  

Rp 
)mm (  

x y 
)N·mm/mm(

x y 
)N/mm(  

            

6/0

  60/47  33/48  45/60  28/61  
500  21/66  59/45  72/84  05/63  
375  45/72  75/44  16/93  58/63  
250  87/85  84/42  09/111  03/64  

4/0  

  49/31  24/32  10/40  24/41  

500  13/46  59/29  66/58  92/41  
375  36/51  67/28  45/65  02/42  
250  22/62  67/26  73/79  60/41  

  
14 mm 3  ×mm 

3 mm 4/0 = d mm 250 = 

-500

-400

-300

-200

-100

0

100

0 0.5 1 1.5

 
 

S1
1

 )
M

Pa
(

)mm(

R250
R375
R500
Rinf

Al 6061-T6
d 0/6 mm

Rp 250 mm
Rp 375 mm
Rp 500 mm
Rp

-400

-300

-200

-100

0

100

200

0 0.5 1 1.5

 
 

S1
1

 )
M

Pa
(

)mm(

R250
R375
R500
Rinf

Al 6061-T6
d 0/6 mm

Rp 250 mm
Rp 375 mm
Rp 500 mm
Rp

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             8 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

13941511  177  

  
15 mm 3  ×mm 3 

  mm 250  =   

  

  
16 

90 = n mm 4/0= d m/s 75 = V

 (  =  (mm500  =  (mm 375  =  (mm 250  =   

17z 
x y

mm 6/0= d  .16 17 
 .  

  

  
17 z   

 mm 6/0d = (x (y

   
 

) x)  (y(
 .  

4
x y 

 .
 18 

 .) 
) (

) (
) () ( .  

13
 -

 )  -
 .

 

-300

-200

-100

0

100

200

300

0 0.25 0.5 0.75 1 1.25 1.5

 
 

 
 

 
)

M
Pa

(

)mm(

Series1
Al 6061-T6
Rp 250 mm

-2.5

-2

-1.5

-1

-0.5

0

0 10 20 30 40 50 60 70

 
 

 
z )

m
m

(

 x )mm(

R250
R375
R500
Rinf

Al 6061-T6
d 0/6 mm

Rp 250 mm
Rp 375 mm
Rp 500 mm
Rp

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0

0 5 10 15 20

 
 

 
z )

m
m

(

y )mm(

R250
R375
R500
Rinf

Al 6061-T6
d 0/6 mm

Rp 250 mm
Rp 375 mm
Rp 500 mm
Rp

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                             9 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

  

178  13941511  

4    

d )mm(
Rp 

)mm(  
x y )mm(

x y 
)mm(  

    

6/0  

  023/1  0993/0  24/599  57/503  
500  585/1  0862/0  23/387  09/580  
375  809/1  0834/0  49/339  56/599  
250  327/2  0829/0  38/264  18/603  

4/0  

  549/0  0644/0  94/1115  43/776  

500  922/0  0508/0  78/664  28/984  
375  073/1  0463/0  37/571  94/1079  

250  425/1  0375/0  54/430  35/1333  
  

  

18  (  (
mm 4/0 =   

4 -2 -   
196T-6061 Al 

mm 4/0 =   4 
 .5

 .
y 

y  .
4 .]17[ 

 .

 .]1[ 
 

 .   
  

20 
mm 6/0 = 

 .5 20 

 .  
5 

  

d   
)mm(  

Rp 
)mm(  

x fx  
)mm(

xRx  
)mm(  

        

6/0  

  023/1  173/1  24/599  752/522  
500  585/1  583/1  23/387  72/387  
375  809/1  857/1  49/339  72/330  
250  327/2  569/2  38/264  7/239  

4/0  

  549/0  2/1  94/1115  02/511  

500  922/0  575/1  78/664  68/389  
375  073/1  495/2  37/571  74/246  

250  425/1  032/3  54/430  53/203  

  
19  mm 4/0 d = 

  4  (  =  (mm500  =  (mm 375  =   

 (mm 250  =  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 20 40 60 80

  
 

)
m

m
(

)N·mm/mm(

fx
fy

Al 6061-T6
d 0/4 mm

fx

fy

400

600

800

1000

1200

1400

0 20 40 60 80

  
 

)
m

m
(

)N·mm/mm(

Rx
Ry

Al 6061-T6
d 0/4 mm

Rx

Ry

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                            10 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

13941511  179  

  

  
20  (  (

mm 6/0 =   

 .
 

 .

 .
 .

  

5 - 
 

  

 .      
         

 90    . 
     

 .
  .

mm 4/0 mm 6/0 
6T -6061Al mm 5/1 

 .
mm 500mm 375 mm 250 

 .
   

  

 

   
 )   (

 x ) (
y ) (

 x ) (
y ) (

  x ) (
y ) (

   ) 0=(
x ) ( y ) (

  

6 -   
[1] H. Y. Miao, D. Demers, S. Larose, C. Perron, M. Lévesque, Experimental

study of shot peening and stress peen forming, Journal of Materials
Processing Technology, Vol. 210, No. 15, pp. 2089-2102, 2010.

[2] R. Kopp, J. Schulz, Flexible Sheet Forming Technology by Double-sided
Simultaneous Shot Peen Forming, CIRP Annals Manufacturing
Technology, Vol. 51, No. 1, pp. 195-198, 2002.

[3] S. Al-Hassani, Mechanical aspects of residual stress development in shot
peening, in Proceedings of the 1th International Conference on Shot
Peening, Paris, France, pp. 583–602. 1981.

[4] T. Hong, J. Y. Ooi, B. A. Shaw, numerical study of the residual stress
pattern from single shot impacting on metallic component, Advances
in Engineering Software, Vol. 39, No. 9, pp. 743-756, 2008.

[5] G. Majzoobi, R. Azizi, A. Alavi Nia, three-dimensional simulation of shot
peening process using multiple shot impacts, Journal of Materials
Processing Technology, Vol. 164, pp. 1226-1234, 2005.

[6] T. Wang, J. Platts, A. Levers, Finite element impact modelling for shot
peen forming, in Proceedings of the 8th international conference on shot
peening, Garmisch-Partenkirchen, Germany, 2002.

[7] A. Gariépy, S. Larose, C. Perron, M. Lévesque, Shot peening and peen
forming finite element modelling Towards quantitative method,
International Journal of Solids and Structures, Vol. 48, No. 20, pp. 2859-
2877, 2011.

[8] L. Grasty, C. Andrew, Shot peen forming sheet metal: finite element
prediction of deformed shape, Proceedings of the Institution of
Mechanical Engineers, Part B: Journal of Engineering Manufacture, Vol.
210, No. 4, pp. 361-366, 1996.

[9] A. Levers, A. Prior, Finite element analysis of shot peening, Journal of
Materials Processing Technology, Vol. 80, pp. 304-308, 1998.

[10] T. Wang, M. J. Platts, A. Levers, process model for shot peen forming,
Journal of Materials Processing Technology, Vol. 172, No. 2, pp. 159-162,
2006.

[11] T. Yamada, M. Ikeda, T. Takahashi, S. Sugimoto, T. Ohta, Development of
shot peening for wing integral skin for continental business jets,
Mitsubishi Heavy Industries Technical Review, Vol. 39, No. 2, pp. 57-61,

0

0.4

0.8

1.2

1.6

2

2.4

2.8

0 20 40 60 80

 
 

 
 

x  )
m

m
(

 )N·mm/mm(

sim
exp

Al 6061-T6
d 0/6 mm

 

200

300

400

500

600

0 20 40 60 80

 
 

 
 

x  )
m

m
(

)N·mm/mm(

sim
exp

Al 6061-T6
d 0/6 mm

 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

                            11 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html


    

       

  

180  13941511  

2002.
[12] H. Y. Miao, S. Larose, C. Perron, M. Lévesque, Numerical simulation of the

stress peen forming process and experimental validation, Advances in
Engineering Software, Vol. 42, No. 11, pp. 963-975, 2011.

[13] K. Viveros, R. Ambriz, A. Amrouche, A. Talha, C. García, D.
Jaramillo, Cold hole expansion effect on the fatigue crack growth in
welds of 6061-T6 aluminum alloy, Journal of Materials Processing
Technology, Vol. 214, No. 11, pp. 2606-2616, 2014. 

[14] J. Champaigne, The little book on shot peening, Electronics 
Incorporated, pp. 1-6. 2001; http:// http://www.shotpeener.com/ 
learning/tlb.pdf.

[15] S. Meguid, G. Shagal, J. Stranart, J. Daly, Three-dimensional dynamic
finite element analysis of shot-peening induced residual stresses, Finite
Elements in Analysis and Design, Vol. 31, No. 3, pp. 179-191, 1999.

[16] T. Kim, H. Lee, H. C. Hyun, S. Jung, simple but effective FE model with
plastic shot for evaluation of peening residual stress and its
experimental validation, Materials Science and Engineering: A, Vol. 528,
No. 18, pp. 5945-5954, 2011.

[17]L. Kuohsiang, Using stress peen-forming process for integrally
stiffened wing panels, in Proceedings of the 1st international
conference on shot peening, Paris, France, pp. 555–563. 1981.

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
94

.1
5.

11
.5

2.
8 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

21
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            12 / 12

https://dorl.net/dor/20.1001.1.10275940.1394.15.11.52.8
https://mme.modares.ac.ir/article-15-11406-en.html
http://www.tcpdf.org

