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Abstract 
Pre-stress shot peen forming is a method to form large integral wing skin panels. In this paper, a 
set of pre-stress experimental device of shot peen forming is developed and the influence of pro­
cess parameters on the curvature of aluminum 2024-T351 are investigated. The rules of the com­
prehensive effect of air pressure of nozzle, movement velocity, thickness of part and pre-stress 
on finial curvatures are obtained. Based on multiple regression analysis method, finial curvatures 
prediction model of process parameters is established. The result shows that the maximum cur­
vature deviation between the experimental results and the prediction ones is within 8.9%. It is 
found that the developed equation can be used to optimize the process parameters and to predict 
the finial curvatures after pre-stress peen formed. 
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Introduction 
Shot peen forming is a kind of process to form large integral wing skin panels of modern aircraft, 
which utilizes a stream of small hard shots with high velocity hitting the surface of the panel to 
form a specific shape. Nowadays, there are more and more increasing demands for integral and 
aerodynamic structures to obtain higher performance for aircraft. Pre-stress shot peen forming is 
becoming one of the key methods to form large integral wing skin panels. 
In pre-stress shot peen forming process (Fig.1. ), a work piece is elastically deformed in direction 
of required curvature by applying extra load through stressing fixture before shot peen forming, 
then whereby small round hard shots impact the surface of the work piece, elongation is produced 
due to local plastic deformation beneath the impacted surface. The convex curvature on the 
peened side is developed after unclamping due to local material flow induced by shot peening 
causing the residual stresses [1-4]. 
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Fig.1 Schematic representation of the pre-stress shot peen forming process. 

This process presents many advantages in terms of cost, production time and induced residual 
stresses. However, pre-stress shot peen forming is a complex process, in which many process 
variables can affect the curvature, such as the shot diameter, the shot velocity, the coverage ratio, 
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the shooting angle and the material of shots and sheet etc. How to set the accurate process pa­
rameters to form a given pattern requires a certain experience and many trials and errors. The 
interrelationship between peening parameters and the specific final shape also need to be ana­
lyzed [5-8]. 
In this paper, pre-stress shot peen forming process of aluminum 2024T351 which is widely used 
in aircraft wing skin panels was investigated. The effects of process parameters on diameter of 
dimples and shape of curvature were analyzed. Based on multiple regression analysis method, a 
new equation was formulated to model the relationship between process parameters and finial 
curvatures, which can be used to optimize the process parameters and to predict the finial curva­
tures after pre-stress peen formed. 

Experimental Methods 
Test materials: The material used in this study is high strength aluminum alloy 2024(AI-Zn-Cu 
alloys) which is supplied in the form of commercially hot-rolled plate. The temper of this material 
is T351, which is processed by solution treatment followed by a cold water quench and stretching 
to 1% ~2.5%, then naturally aged. The mechanical properties of 2024-T351 aluminum alloy are 
shown in Table 1. 

Temper 

T351 

Table 1. Mechanical properties of 2024-T351 aluminum alloy. 

Elastic module 
[MPa] 

72000 

Yield strength 
[MPa] 

367 

Tensile Strength 
[MPa] 

472 

Elongation 
[%] 

18.1 

Experimental method: Orthogonal design is an experimental design used to test the comparative 
effectiveness of multiple intervention components[9, 1 OJ. In this paper, the main factors were stud­
ied based on orthogonal experiment design method. The principle variables which affect the peen 
forming process include air pressure of nozzle (p ), movement velocity of the part (v) , thickness of 
the part (t) and applied pre-stress(cr0). Each of factors has three levels, assuming that the interac­
tions are negligible. Pre-stress is about 50%-90% of yield stress of this material. Applied stress 
direction and peening area are shown in Figure 2. 
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Fig.2 Schematic representation of applied stress direction and peening area. 

Flexible pre-stress fixture design: For convenience of applying stress, flexible pre-stress fixture 
was designed by which the part is subjected to a constant bending moment between the fixed 
clamps as shown in Figure 3. Elastic pre-stress was achieved by adjusting the height of support 
at the fixture center. According to pure elastic bending theory, the strain at outside surface of the 
part is the function of the relative bending radius (R/t) , as shown in Eq. 1. The radius of curvature 
(R) can be calculated by Eq. 2. Combining Eq. 1 and Eq. 2 gives Eq. 3, the pre-stress applied on 
the part can be characterized by measuring the height of the arc under pre-stressing conditions. 
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Where cr0 is pre-stress [MPa], £ is the strain at inside (outside) surface of the part, tis the thick­
ness of the sheet [mm], R is the radius of curvature [mm], L is the distance between the two fixed 
clamp [mm], f is the height of the arc [mm]. 
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Fig.3 Pre-stressing fixture. 

Results and Discussion 
Experimental result: According to planed experimental scheme, the results of the curvature radius 
are obtained as listed in Table 2. 

T bl 2 P t h t a e re-s ress s o peen forming expenmen t f t ac ors an d It resu s. 

NO. 
Air Pressure Velocity Thickness Pre-stress Radius 

p [MPal v [mm/minl t [mm] crO [Mpal [mm] 
1 0.2 2000 5 348.7 645.2 
2 0.2 4000 10 275.3 2758.6 
3 0.2 6000 15 201.9 13333.3 
4 0.4 2000 15 275.3 2857.1 
5 0.4 4000 5 201.9 851.1 
6 0.4 6000 10 348.7 1454.5 
7 0.6 2000 10 201.9 1632.7 
8 0.6 4000 15 348.7 2352.9 
9 0.6 6000 5 275.3 583.9 

Effect of process parameters on the radius of curvature: To qualitatively analyze the effect of 
several variables on the final radius of curvature, the maximum difference analysis was introduced 
to measure the degree of influence of four variables in present experiment[1 O]. The analysis re­
sults are listed in Table 3. It is very obvious that all the observed variables have significant effect 
on the radius of curvature in this experiment. It also can be concluded that thickness has the 
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maximum influence on the radius of curvature, followed by air pressure, then applied stress and 
velocity. The symbols in Table 3, Tis level sum, mis level mean, R is range. 
The influence of each factor under different levels on the radius of curvature in pre-stress shot 
peen forming process has been analyzed in this experiment. The radius of curvature as a function 
of p, v , t and ao is plotted as a, b, c, d in Fig. 4. From this figure, it can be seen that the radius of 
curvature decreases with increasing air pressure at the initial stage and gradually reaches stabili­
zation with the increasing of the air pressure; a increasing trend of the curvature radius is ob­
served when thickness increases; the overall trend of the curvature radius changes with velocity 
is that it increases with the increasing of velocity; as for pre-stress, the trend of the curvature 
radius decreases with the increasing of the pre-stress and gradually reaches stabilization with the 
increasing of the pre-stress. 
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Fig. 4 The effect of process parameters on the radius of curvature. 
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Multiple factor regression analysis: In order to obtain the quantitative relationship of the combined 
effect of various factors and the finial radius of curvature, which can be used to further optimize 
the process, multiple regression analysis is used and the regression equation is formulated, as 
shown in Eq. 4. 

R=1278.3 o14( )131 (4) P. O"o + 1 . 

Where, p is air pressure of the nozzle [MPa], v is movement velocity of the part [mm/min], t is 
the thickness of the part [mm], cro is pre-stress [MPa]. 
Input the related process parameters into the regression equation and calculate the radius of cur­
vature in this situation, then compare it with experimental result (Table 2), and the comparison is 
shown in Fig.5, from which it can be seen that the calculated values according to mathematical 
model based on orthogonal regression are in consistent with the experimental values and the 
maximum error is less than 8.9%. 
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Fig.5 Comparison between the calculated curvatures and the experimental results. 

Validation with other experimental data: Validating experiments were performed under different 
process parameters from above experiments(Table 2). Based on regression equation, the calcu­
lated results of the finial radius of curvature are compared with the experimental results, as shown 
in Table 4. It is found that regressive values are in good agreement with experimental values and 
the maximum error is 7.4%. 

T bl 4 V lida tia e a1 a ing experiments an d resu ts 

Process parameters 
The finial radius of curva-

ture rmml The rela-
Air Pres-

Velocity Thickness Pre-stress Experimental 
Reg res- tive error 

sure 
[mm/min] [mm] [Mpa] values 

sive val- [%] 
[MPa] ues 
0.3 2000 5.5 348.7 476 507.5 6.6 
0.4 3500 6 275.3 852.5 803 5.8 
0.5 3000 7 201.9 1145.5 1061.2 7.4 
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Conclusion 
The effect of four main variables on the final curvatures has been studied through the combination 
of orthogonal design and multi-factor regression analysis. The radius of curvature decreases with 
increasing air pressure and the pre-stress, however it increases with the increasing of velocity and 
thickness. Among the four factors, thickness has the most significant influence on the radius of 
curvature, followed by air pressure, then applied stress and velocity. The regressive equation can 
be used to model the relationship between process parameters and the finial radius of curvature. 
The predicted curvatures are in good agreement with experimental values and can be to predict 
the finial curvatures after pre-stress peen formed. 

References 

[1] P.O'Hara, Developments in the shot peening process, Materials and Design, Vol.5,No.4 (1984), 
pp 161-166. 

[2] H.Y. Miao, D. Demers, S. Larose, C. Perron, Experimental study of shot peening and stress 
peen forming, Journal of Materials Processing Technology 210 (2010), pp 2089-2102. 

[3] Kishor M. Kulkarnl, John A. Schey and Douglas V. Badger, Investigation of Shot Peening as a 
forming process for Aircraft Wing Skins, Journal of Applied Metal Working, Vol.1, No.4, pp 34-
44. 

[4] C.F.Barrett and R.Tod, Investigation of the effects of elastic pre-stressing technique on mag­
nitude of compressive residual stress induced by shot peen forming of thick Aluminum plates, 
Metal Improvement Company. 

[5] S.Ramati, G.Levasseur and S.Kennerknecht, Single piece wing skin utilization via advanced 
peen forming technology, Proceedings of the 7th international conference on shot peening 
(ICSP-7), Warsaw, Poland (2000), pp 207-213. 

[6] J.Q. Shang, The effect of pre-stress on shot peen forming, Journal of Forging & Stamping 
Technology, Vol.1 (2000), pp 43-44. 

[7] A.Friese, J.Lohmar and F.Wustefeld, Current applications of advanced peen forming imple­
mentation, Proceedings of the 8th international conference on shot peening (ICSP-8), 
Garmisch-Partenkirchen, Germany (2002), pp 53-62. 

[8] C.F.Barrett and R.Tod, Investigation of the effects of elastic pre-stressing technique on mag­
nitude of compressive residual stress induced by shot peen forming of thick Aluminum plates, 
Metal Improvement Company. 

[9] Juan Hu, Xueqin Gao, Zhanchun Chen et.al., The Effect of Multiple Variables on Tensile Prop­
erty of Injection-Molded Polypropylene Through the Combination of Orthogonal Design and 
Variance Analysis, Journal of Applied Polymer Science(2013), pp 1198-1202. 

[1 OJ Probability statistics group of mathematics department of Beijing University. Orthogonal ex­
periment design, The Petroleum Chemical Industry Press, Beijing(1975), pp 10-30. 

438 


