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Abstract: Ultrasonic shot peening treatment (USPT) was proposed to correct welding buckling distortion. The residual stress 

distribution along the depth direction of the peened zone was measured by an X-ray diffractometer. The microstructure of the treated 

specimens was investigated by scanning electron microscopy (SEM). The Vickers microhardness was measured in different areas of 

welded joint before USPT and along the depth direction of the weld after USPT. The experimental results indicated that the welding 

buckling distortion of 5A06 aluminum alloy butt joint can be essentially corrected by USPT; the average correction rate reached 

90.8% in this study. Furthermore, USPT enhanced specimens by work hardening. The microstructure of the peened zone was 

improved; moreover, the distribution of the precipitates and grains presented an apparent orientation. 

Key words: welding bulking distortion; correction; ultrasonic shot peening treatment; residual stress 

                                                                                                             

 

 

1 Introduction 
 

As a kind of non-heat-treatable alloy, 5A06 

aluminum alloy is widely used for welded structures in 

marine applications, cars, planes, and metro rails because 

of its high strength, good welding performance, and 

excellent corrosion resistance. Thin plate structures made 

by aluminum alloy have higher coefficients of thermal 

conductivity and linear expansion and lower moduli of 

elasticity and stiffness, leading to high residual stress 

after welding and buckling distortion [1−4]. Buckling 

distortion increases with decreasing plate thickness. 

Large distortions drastically change the dimensions and 

appearance of structures and greatly exceed the 

allowable tolerance of the components. Therefore, it is 

important to control and correct the bulking distortion in 

thin aluminum alloy plate welded structures. 

Conventional methods, such as the two-direction 

pre-stress [5], elastic pre-tension [6], and flame 

correcting methods, are able to correct this distortion to 

some degree. However, the existing limitations regarding 

equipment, economical efficiency, and convenience 

restrain the large-scale application of such methods. 

Classical shot peening is a type of cold working process 

in which a succession of small balls collide with a target 

component, causing plastic deformation, and it is widely 

used in industrial applications. Peening processes can be 

used to deform material, which is called peen    

forming [7]. Peen forming is commonly used on 

aluminum alloys in the aerospace industry for wing skin 

shaping. Ultrasonic shot peening treatment (USPT), 

which is often applied in a local zone, can be seen as a 

complementary technology to classical shot peening. 

Compared with conventional shot peening, the main 

benefit of USPT is the lower resulting surface roughness 

due to the higher shot quality [8]. Like conventional shot 

peening, USPT also produces a compressive residual 

stress layer to a certain depth and changes the original 

residual stress distribution of the welding target 

component [9−14]. It will also change the surface 

morphology of the component and even achieves surface 

nanocrystallization [15,16]. At present, the investigations 

on USPT mainly focus on fatigue property  

improvement [17−19] and surface strengthening [20−22], 

but its great potential in deformation correction is nearly 

ignored. Only XIAO [23] studied the elimination of 

longitudinal contraction distortion of Q235 steel welded 

joint using USPT method. 

In this work, USPT was used to correct the 
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buckling distortion of 5A06 aluminum alloy welded 

structure. The residual stress, microstructure, and 

microhardness were analyzed after USPT, and a 

correction mechanism was proposed based on this 

analysis. A relatively ideal method was certified and 

supplied for buckling distortion correction of aluminum 

alloy thin plate, and the application range of USPT 

method was expanded. 

 

2 Experimental 
 

The material used in this work is 5A06-H112. The 

chemical composition of the base metal was determined 

according to GB/T3190−2008 in Ref. [24], as shown in 

Table 1. The material properties obtained from the tensile 

test are listed in Table 2. 

 

Table 1 Chemical composition of base metal (mass fraction, %) 

Si Cu Mg Zn Mn 

≤0.40 ≤0.10 5.8−6.8 ≤0.2 0.5−0.8 

Ti Be Fe Al 

0.02−0.10 0.0001−0.005 0.40 Bal. 

 

Table 2 Mechanical properties of 5A06 base metal 

Yield 

strength/MPa 

Ultimate tensile 

strength/MPa 

Elongation/ 

% 

124 280 27 

 

The base metal plates were machined to the 

required sizes (500 mm × 125 mm × 4 mm). A square 

butt joint made of base metal plates, as shown in Fig. 1, 

was welded by variable polarity tungsten inert gas 

welding (VPTIG). The welding machine used in this 

study was a Miller Dynasty 700. The welding parameters 

were optimized according to our previous experiments 

and were largely coincident with those in Refs. [25,26] 

considering the thickness. The current waveform is 

shown in Fig. 2, and the welding process parameters 

used in this study are given in Table 3. 

USPT was implemented on the as-welded 

specimens. The USPT device (model number: HJ III) 

invented by Tianjin University is composed of a 

high-power digital ultrasonic wave generator and a shot 

peening gun, as shown in Fig. 3. The shot peening gun 

includes a piezoelectric ceramic energy transducer, 

amplitude change bar, and peening needle. The center  

 

 

Fig. 1 Schematic of butt joint  

 

 

Fig. 2 Current waveform of VPTIG 

 

 

Fig. 3 Configuration of USPT device (1—Piezoelectric ceramic 

energy transducer; 2—Amplitude changing bar; 3—Peening 

needle) 

 

frequency of the output ultrasonic vibration is 20 kHz, 

and the amplitude range is 0−25 μm. 

The specific operations are as follows: 1) Peening 

needles were arranged in the peening zone (weld metal 

region and nearby). The ultrasonic shot peening gun was 

pointed at the welds and was positioned to be 

perpendicular to it. The peening gun was slightly pressed 

to direct the peening treatment, as shown in Fig. 4(a).   

2) In the peening zone, the y-direction (longitudinal 

direction) is along the weld seam and the x-direction 

(transverse direction) is perpendicular to the y-direction. 

The peening gun was guided along an S-shaped path 

(Fig.4 (b)). The moving distance was 3 mm for each  

 

Table 3 Welding parameters used 

Current/A 
Frequency/ 

Hz 

Duty 

cycle/% 

Voltage/ 

V 

Welding 

velocity/ 

(mm·s−1) 

Gas flow (Ar)/ 

(L·min−1) 
DCEN (tungsten 

electrode negative) 

DCEP (tungsten 

electrode positive) 

Average 

current value 

125 225 135 100 90 11 2 15 
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Fig. 4 Peening operation: (a) Peening process in operation;   

(b) Peening gun moving path 

 

movement. Both surfaces were peened symmetrically to 

avoid bending deformation. 

The treatment parameters were selected as follows. 

The ultrasonic vibration was 17 kHz, the amplitude was 

15 μm, the width of peening zone was 80 mm (40 mm on 

each side of the weld seam center), welds were treated 

twice (top and bottom surfaces) with a required 100% 

coverage (the whole peening zone was peened) each time, 

and the treating speed was 1.0−1.5 m/min. To ensure the 

repeatability of the processes, three samples (numbered 

1−3) were tested using the same parameters.  

Buckling distortions were observed after welding. 

The distortions were represented by the deflection of the 

plates. The specimen was placed on a horizontal 

operating platform, and a TSL-2A arc high tester was 

used to measure the deflection of the specimen at 

intervals of 50 mm. A total of 11 deflection values were 

obtained along the edge of the plate in the welding 

direction. 

The following experiments were carried out to test 

the performance of the peened specimens. A 

PSPC-MSF3M X-ray diffractometer was used to 

measure the residual stress distribution along the depth 

direction in the peening zone. The specimens were 

stripped layer by layer using an electrolytic polishing 

method, and the residual stress of each layer was 

measured. Because the stripping process can affect the 

stress distribution in the other parts of this layer, elastic 

mechanics was adopted to correct this deviation. 

Equation (1) was used to revise this experimental data: 
 

 2

 0
[1/( )] ( )d [6 /( ) ]

z
h Z h Z          · 

 

 0
[( ) / 2] ( )d

z
h                        (1) 

where σ is the true stress, σ′ is the measured stress, h is 

the thickness of specimen and Z is the depth of the 

stripped layer. 

Cross-sectional specimens were cut from the weld 

seam of the as-welded and peened specimens. The 

specimens were mechanically polished with emery 

papers and a glazing machine according to the 

metallographic sample preparation method. Keller’s 

reagent was used as the etching solution. The 

microstructure of the specimens was observed by a 

Hitachi-S4800 scanning electron microscope (SEM). A 

Vickers microhardness tester (model: HVA-10A) was 

used to measure the hardness distribution in the peened 

zone along the depth direction. The applied load was  

50 g, and it was applied for 10 s. 

 

3 Results and discussion 
 

3.1 Welding distortions and correction effect after 

USPT 

Significant buckling distortions were observed after 

welding, as shown in Fig. 5(a). 

 

 

Fig. 5 Comparison of specimen’s shapes: (a) As-welded;     

(b) After USPT 

 

The as-welded deflection curve in Fig. 6(a) presents 

the measured deformation of the as-welded specimen. A 

maximum deflection of 14.00 mm appeared at the 

starting point of the weld seam, and the average 

deflection was 5.18 mm. The overall deformation trend 

was that the deflection values were lower in the middle 

of the weld seam and higher at the two ends. 

Comparing Fig. 5(a) with Fig. 5(b), it is clear that 

after USPT, most of the buckling distortions were 

eliminated. Figure 6(a) shows that when the two surfaces 

were peened, the maximum deflection decreased by 

92.9% (from 14.00 to 1.00 mm) at the welding start point 

and the average deflection decreased by 92.3% (from 

5.18 to 0.40 mm). The percent decrease of the average 

deflection is defined as the correction rate. The 

correction results of the three samples are listed in Table 

4. The correction rates of Samples 2 and 3 reached 

89.2% and 90.8%, respectively. The average correction 

rate of the three samples was 90.8%.  

According to the above results, the welding 

buckling distortion of aluminum alloy sheets can be 

corrected to a large extent by USPT, although a 100%  
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Fig. 6 Deflection curves of three samples before and after 

USPT: (a) Sample 1; (b) Sample 2; (c) Sample 3 

 

Table 4 Correction results of three samples 

Sample 

number 

Average deflection 

before USPT/mm 

Average deflection 

after USPT/mm 

Correction 

rate/% 

1 5.18 0.40 92.3 

2 5.09 0.55 89.2 

3 4.45 0.41 90.8 

 

correction rate cannot be currently obtained. It is thus 

proven that USPT is an effective method of correcting 

buckling distortion. 

3.2 Residual stress distribution after USPT 

Figure 7 shows the residual stress distributions at 

the weld center line along the depth direction of the 

as-welded and USPT specimens. Compressive stress 

presented in the peening zone from the surface to a 

certain depth. With the depth increasing, the compressive 

residual stress first increased and then decreased. The 

stress value was −75 MPa on the surface. A maximum 

compressive residual stress of −111 MPa was observed at 

the depth of 0.4 mm. The tensile residual stress appeared 

at the depth of 1.15 mm, indicating that the thickness of 

the compressive residual stress layer was 1.15 mm. At 

the same position, the average stress value in the 

as-welded specimen was approximately 60 MPa. The 

stress distribution changed after USPT. The same trend 

was observed on the other surface.  

 

 

Fig. 7 Residual stress distribution in weld center line along 

depth direction 

 

The welding buckling distortion is affected by the 

residual stress induced by the welding temperature field. 

Figure 8(a) is a schematic of the residual stress 

distribution in the aluminum alloy sheet. The y- and 

x-directions are along the width and weld directions, 

respectively. The schematic curve indicates that tensile 

stress is generated at the weld seam center and 

compressive stress is generated on both sides. Buckling 

distortion is generated when the compressive stress 

exceeds the critical buckling stress of the welded sheet. 

The stress is considered to be constant with respect to the 

depth for the thin plate used in this work. Figures 8(b) 

and (c) show the residual stress distribution near the weld 

seam of the as-welded sheet and that after USPT, 

respectively. During the correction process, USPT is 

implemented in the plastic deformation region (near the 

weld seam and the heat-affected zone (HAZ)). Through 

USPT, the residual stress state of the peened region is 

changed from the simple tensile stress state (Fig. 8(b)) to 

alternating compressive and tensile stress state (Fig. 8(c)), 

which is consistent with the experimental results, as 

javascript:void(0);
javascript:void(0);
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shown in Fig. 7. The stress of the weld center in the 

thickness direction remains tensile because of the limited 

influence range of USPT [27,28]. Consequently, along 

the transverse direction, the original compressive stress 

on both edges disappears to balance with the stress in the 

center area, and as a result, the buckling distortion 

disappears. On the basis of the above test and analysis 

results, it can be concluded that USPT is an effective 

method of correcting welding buckling distortion. 

 

 

Fig. 8 Principle of buckling distortion correction by USPT:   

(a) Residual stress distribution of aluminum alloy plate;     

(b) As-welded; (c) After USPT 

 

3.3 Microstructure and hardness after USPT  

Figure 9 shows the microstructures of the weld 

seam. After USPT (Fig. 9(b)), the precipitates and grains 

are inclined at an angle of 45° from the horizontal 

surface, whereas in the as-welded specimen (Fig. 9(a)), 

the precipitates have no apparent orientation. The reasons 

for this phenomenon are as follows. First, the slip 

between the crystals in the metals leads to plastic 

deformation. Second, shear stress is the largest on the 

cross section that is inclined at an angle of approximately 

45° from the direction of the shot, and the slip occurs in 

this direction. The grains are significantly refined after 

USPT. Figure 9(c) shows the internal structure of the 

USPT specimen. The distribution of the precipitates and 

grains after USPT is similar to the original distribution. 

This indicates that the amount of plastic deformation 

decreases gradually with increasing depth from the 

surface and that plastic deformation forms primarily near 

the surface.  

Table 5 shows the measurement results of the 

microhardness in different areas of the welded joint 

before USPT. Compared with the base metal, the 

hardness values of the weld and the HAZ decrease by 

12.6% and 9.2%, respectively, indicating that the welded 

joint is softened. Figure 10 shows the microhardness 

distribution of the weld along the depth direction after 

 

 

Fig. 9 SEM images of welded seam: (a)As-welded specimen; 

(b) Surface of USPT specimen; (c) Inside of USPT specimen 

 

Table 5 Microhardness in different areas of welded joint before 

USPT (HV0.05) 

Area 
Test 

point 1 

Test 

point 2 

Test 

point 3 

Test 

point 4 
Average 

Base metal 76.4 73.5 74.2 75.2 74.8 

HAZ 65.8 68.1 65.9 61.7 65.4 

Weld 69.4 68.2 66.3 67.5 67.9 

 

USPT. It is observed that the hardness is higher after 

USPT and gradually decreases with increasing depth. 

There is a higher hardness value near the surface than 

inside the welded joint. Based on the proportional 

relationship between strength and hardness, it is certain 

that USPT hardens materials and enhances specimens. 

The above analysis is consistent with the test results in 

Refs. [29,30]. This can be attributed to the work 

hardening mechanism. USPT is known to be a cold 

working process that is implemented on the material 

surface, producing plastic deformation. Furthermore, a 

substantial amount of nonequilibrium grain boundaries 
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and a high density of dislocations are produced, which in 

turn provide more barriers to crystal slip (i.e., dislocation 

movement), and hence the material strength is enhanced 

near the surface. 

   

 

Fig. 10 Microhardness of weld seam center after USPT 

 

4 Conclusions 
 

1) The welding buckling distortion of 5A06 

aluminum alloy butt joint was corrected by USPT, and 

the average correction rate reached 90.8%. 

2) The stress state of the specimen surface changed 

from tensile stress (60 MPa) to compressive stress   

(−75 MPa), and the thickness of the compressive stress 

layer reached 1.15 mm.  

3) After USPT, the grains in the peened zone were 

refined. The distribution of the precipitates and grains 

presented an apparent orientation, indicating that plastic 

deformation was formed on the peening-affected area.  

4) USPT was shown to harden the softened region 

in the welded joint and enhance the specimen. The 

hardness increased by approximately 10% on the surface 

of the weld after USPT. 
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摘  要：提出利用超声喷丸处理(USPT)矫正焊接失稳变形的方法。应用 X 射线衍射仪测量喷丸区域厚度方向的残

余应力分布。应用扫描电镜(SEM)分析 USPT 处理后试样的显微结构。测量了超声喷丸处理之前焊接接头不同区

域和喷丸处理之后焊缝厚度方向的显微维氏硬度。试验结果表明 5A06 铝合金对接接头的焊接失稳变形经超声喷

丸处理后基本得到矫正，平均矫正率达到 90.8%。而且由于加工硬化，超声喷丸处理使试样得到强化。喷丸区域

的显微结构得到改善并且析出物和晶粒的分布呈现明显的取向性。 

关键词：焊接失稳变形；矫正；超声喷丸处理；残余应力 
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