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ABSTRACT 

 

Non-uniform thickness section is one of most effective approaches in reducing 

automotive part weight. Less weight results in less fuel consumption and therefore good 

for the environment. Formability is the main issue of non-uniform thickness section, since 

changes in thickness may cause parts to behave distinctively compared to uniform 

thickness during the forming process. One of the main concerns is the springback pattern. 

This study focused on springback behaviour of AA6061 strip with non-uniform thickness 

through V-bending experiment. The outcome will contribute in the manufacturing of 

automotive parts with non-unifrom thickness, where defects such as springback can be 

predicted and minimised. In the experiment, three parameters i.e. thickness ratio, bend 

radius and alignment were studied and the effects were observed. The result found that 

thickness was the most influential parameters compared to others. Thickness was reduced 

through cold deformation, causing the hardness to increase and then resulted in higher 

springback value. The effect of alignment was almost negligible. Validation made based 

on the result found is in agreement with prior published works. 
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INTRODUCTION 

 

Nowadays, 96% of the world’s transportation systems depend on petroleum-based fuels 

and products, with the global transportation system accounting for about 40% of the 

world’s oil consumption of nearly 75 million barrels of oil per day [1]. Lightweight 

contruction is one of the technologies applied in the industry to reduce vehicle weight. 

Lightweight components can be achieved either by use of light materials or by design 

strategies via the forming process [2]. Formability of the material depends on many 

factors including thickness, material properties and complexity of the part’s geometry. 

The most common problem faced in the stamping of sheet metal is uncontrolled 

springback. Lately, efforts are made to improve the sheet metal manufacturing process 

and forming capability. However, not all of the processes are able to produce complex 

shapes. To overcome these challenges, semi-finished products or also known as tailored 

blanks are increasingly becoming a favourite to manufacturers. Tailored blanks provide 

a weight reduction potential of 20-34%. Tailored blank is the collective for semi-finished 

sheet products which are charecterised by a local variation of the thickness, sheet material, 

coating and material properties [3]. Tailored blanks can be divided into four sub-groups; 

tailor welded blanks, patchwork blanks, tailor rolled blanks and tailor heat treated blanks 
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[4]. Figure 1 shows the potential weight reduction via tailor roller blanks as proven by 

Meyer et al., [5]. 

 

Figure 1. Sheet with constant thickness compared with the TRB with optimised 

thickness distribution [5]. 

 

Figure 2. Schematic illustrations of some common springback modes in automotive 

part.; a. Flange/wall angle change, b. Sidewall curl, c. Twist springback. The dark 

line represents the shape after springback and the light line is the design intent [6]. 

 

 Springback is one of the major geometrical variation issues in metal forming. For 

example, the inner and outer panels can strongly affect the quality of final stamping [7]. 

Springback is a common phenomenon in sheet metal forming which is mainly caused by 

the elastic recovery and redistribution of internal stress during the unloading process [8] 

and it is inevitable [9]. Nie et al. [10] combined electrical heating and cyclic deformation 

in their study to achieve zero springback in forming super alloy such as Titanium alloy. 

Aso and Iizuka [11] introduced lump-punch penetration to reduce springback and achieve 

the correct bend angle. Yoshida [12] classified springback into three modes; flange/wall 

angel change, sidewall curl and twist, while Eggertsen and Mattiasson [6] represented 
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these types of springback in automotive parts as illustrated in Figure 2. Springback pattern 

for uniform thickness section can easily be predicted and minimised as there are many 

researches on other parameters that have conducted before. Abdullah and Samad [13] 

studied the effect of bend location to springpack pattern. Other parameters include punch 

radius, holding force[14], thickness [15, 16], die radius [17], punch angle [18], velocity 

[19], rolling direction [20] and die gap [17]. The studies were performed using various 

methods and tools, such as ANN [19, 21], analytical [22], experimental [23] and finite 

element simulation [24, 25]. Ling et al., [26] and Abdullah et al, [21] extended their 

studies by optimising the parameters using the Taguchi Method. Karaagac [27] studied 

the springback using the flexforming process. Other than V-bending, springback has also 

been studied using Z-bending [24] and U-bending [16]. In improving the accurcay of 

simulation result, Fang et al., [9] have taken into consideration the grain heterogeneity in 

their study. In another case, Peng et al., [28] studied springback pattern on laminated steel 

sheet via simulation and experiment. Similar approach was carried out by Yazdani et al., 

[16] for a two-layer sheet made of pure copper and 304 stainless steel. 

All of these studies focus on uniform sheet thickness, and there is still a lack of 

work done on non-uniform thickness. This is because as the thickness varies, springback 

may behave differently and become much more difficult to be predicted and controlled, 

thus requiring further study. Therefore, the main objective of this paper is to investigate 

the effect of a few parameters such as thickness ratio, bend angle and allignment to the 

springback pattern of AA6061 strip via the V-bending method. A study of springback 

pattern on non-uniform thickness section will benefit the automotive industry in the 

manufacturing of parts. 

 

METHODS AND MATERIALS 

 

Specimen Preparation 

For this experiment, the aluminium strip has to be cold formed into non-uniform profile 

(tapered shape) as shown in Figure 3, which has various thicknesses and the data are 

summarised in Table 1. For the deformation, the die and puncher were made from D2 

steel material and the process was performed using the 100 tone mechanical press 

machine as shown in Figure 4(a) and cut to the desired dimension by using a wirecut 

EDM machine as shown in Figure 4(b). The preparation of specimen began with the 

process of thickness reduction for aluminium strip with the dimension of  65mm width, 

80 mm length and 3 mm thickness as shown in Figure 5(a) and cut into the desired 

dimension at 50 x 20 mm as shown in Figure 5(b).  There were six sets of specimen with 

different thickness ratios as listed in Table 1. Here, thickness ratio can be defined as a 

ratio of minimum thickness of the strip after deformation at one edge to the maximum 

thickness at the other edge as shown in Figure 3. 

 

Table 1. Aluminium strip data. 

 

Set Length (mm) Wide (mm) Thickness ratio 

1. 50 20 0.950 

2. 50 20 0.923 

3. 50 20 0.902 

4. 50 20 0.881 

5. 50 20 0.859 

6. 50 20 0.838 
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Figure 3. Aluminium strip for non-uniform profile (tapered shaped). 

 

  

(a) (b) 

 

Figure 4. Setup for the specimen preparation; a) die set for preparation of thickness 

reduction by cold forming, b) specimen cutting using wirecut EDM. 

 

  

(a) (b) 

 

Figure 5. Aluminium strip (a) after deformation and (b) after cutting with dimension 

of 20mm × 50mm. 
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Experiment Setup 

In this experiment, the springback pattern will be observed based on the variation of bend 

angle, thickness ratio and alignment of the workpiece. The setup of the V-bending 

experiment on the UTM Instron 3367 and geometry of the V-bending die are shown in 

Figure 6(a) and (b), respectively. The speed was set at the lowest speed to observe the 

changes and at a constant speed i.e. at 5 mm/s. Bend angle can be obtained according to 

the punch travel or stroke. Meanwhile, alignment is described as a point of where the 

punch pointed at the specimen during the bending process as shown in Figure 3, where 

A0, A-1 and A-2 represent the locations where the punch was pointed at during V-

bending. In the measurement of angle after loading, the die valley radius, punch radius 

and the die opening were constant at 90°, 2 mm and 32 mm, respectively as shown in 

Figure 7(. The Rax Vision Mitutoyo Profile Projector (PC 3000) machine was used in the 

measurement of the angle of bent specimen after unloading. The two lines technique was 

applied to measure the angle as shown in Figure 8. The two lines technique required two 

points for first single line and two points for the second line. Profile projector then 

calculated the angle between the two lines. 

 

  
(a) (b) 

 

Figure 6. (a) V-bending experimental setup, (b) V-bending die geometry. 

 

 

 

(a) (b) 

 

Figure 7. The definition of v-bending process. (a) initial and (b) end. 
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Springback Measurement 

Next, springback can then be determined by the difference between angle after loading 

and angle after unloading.. 

 

 
 

Figure 8. Springback measurement using Profile Projector 

 

RESULTS AND DISCUSSION 

 

The amount of springback is generally defined as the difference between the angle after 

loading and after unloading. In this case, stroke values play an important role in 

springback measurement after loading condition. In the V-bending experiment, 

observations were made at different strokes. The bend radius and stroke were at 10, 17 

and 24 degrees and 3, 5 and 7 mm, respectively. The initial thickness of the strip was 3 

mm and the maximum stress was required to perform the bending till the end of the stroke 

was approximately 700 MPa. Figure 9 shows the stress strain behaviour of the material 

during V-bending. An Instron 3367 Universal Tensile Machine was used to perform the 

bending process. Cold deformation result in work-hardening characteristics caused the 

metal to become harder and stronger [29]. This, in fact, explained why the flow stress 

increased as the amount of axial strain was increased. Figure 10 shows the relation 

between thickness of workpiece and Vickers hardness number measure along the 

longitudinal direction of the strip. As the thickness reduced due to strain, hardness will 

increase. Furthermore, strain also played a significant role in the springback results where 

the increasing hardening was due to strain and will increase the springback [23, 30, 31]. 

Figure 11 shows the strain hardening index, n versus the precentage of springback taking 

the minimum thickness, t as the parameter to be studied. The lowest thickness i.e 2.45 

mm produced the highest percentage of springback compared to others. This may cause 

strain hardening to occur as it involves the highest strain.  

 

Image of the 

specimen 

Specimen 

Angle of the bent 

specimen 
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Figure 9. The stress strain behaviour of the material. 

 
Figure 10. The relation of Thickness Vs Vickers Hardness Number. 

 

Figure 12(a) to (c) present the effects of the minimum thickness and bend angle 

to the springback at different alignments. From the results, it is shown that the alignment 

value affected the springback. The patterns showed a consistent pattern, even though there 

were minor differences between each specimen. In this case, it can be stated that the closer 

the alignment (punch point) to the centre of strip, the more consistent the springback value 

and will reduce the springback. At alignment of 7 mm as shown in Figure 12, the effect 

of alignment was minimal compared to the effect of the bend angle. Otherwise, at a more 

stable alignment, the pattern was the same but the point seemed to be more persistent and 

the result showed a significant difference between the effects of alignment and effects of 

bend angle. The results presented in this paper are in agreement with the studies that have 

been done by Garcia-Romeu et al. [32]; Ouakdi et al [30]; Abdullah and Samad [33] and 

Zhang [34]. 
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Figure 11. Strain hardening index, n versus % springback taking minimum thickness, 

t as a parameter. 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 12. The springback behaviour at various minimum thicknesses for alignment 

(a) 9 mm and 9 mm, (b) 8 mm and 10 mm and (c) 7 mm and 11 mm. 
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CONCLUSIONS 

 

The study has presented the experimental investigation on springback behaviour of 

Aluminium 6061 strip with non-uniform thickness. Several experiments have been 

conducted on the effects of thickness, alignment, and bend angle. From the analysis of 

the results obtained, it can be concluded that the springback was affected by the changes 

in thickness and bending angle. At different thickness ratios, the results obtained showed 

the nature of variation of springback (%) with the change in the thickness ratio. From the 

results, springback percentage higher in the case of higher strain hardening index, and the 

springback percentage decreased with the increase of strip thickness. Meanwhile, the 

effect of the alignment had little influence on the value of springback. From this finding, 

manufacturers in the automotive industry may get benefits as their problem of unpredicted 

and uncontrolled springback where forming the part with non-uniform section can be 

solved. For future work, the springback behaviour of the aluminium strip with various 

non-uniform thickness profiles will be further explored. Data and information in this 

study are very useful to be used as reference in future research and to be used as a platform 

to understand the behaviour of springback and the parameters that influence the 

springback. 
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