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Abstract 

This study investigated the V-bending process of 1.2 mm thick SCGADUB1180 advanced-high-strength steel sheet plate 

by experimental and finite element method, and its springback behaviour was investigated in detail. In the experiments, 27 

different V-bending experiments were modeled in three different punch radii (3mm, 6mm, 9mm), three different bending angle 

values (60°, 90° 120°), three different rolling directions (0°, 45°, 90°). In the experiments created with these input parameters, 

the effect of the sheets on the springback was investigated by comparing the experimental data with different material models. 

108 analyses were performed for four different finite element models (Hill-48, Barlat-89, Hill-48-kinematic, Barlat-89-

kinematic). It was analyzed that the Barlat-89-kinematic strain hardening model was the closest model to the experimental 

results. In addition, with the help of the Minitab 18.0 statistics program, how well the finite element model data agreed with 

the experimental results was analyzed. It was observed that the variation of punch radius (83.03%) and bending angle (8.51%) 

had a significant effect on the springback behaviour of the sheet. As the punch radius increased, the springback values increased. 

At the highest parameter level, where the bending angle was 120°, the springback values decreased. The highest springback 

occurred at 90° bending angle.. 
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1. Introduction 

The automotive, aerospace and space industry responds 

to the needs of the sector by constantly developing new 

generation materials [1]. These materials have attracted 

attention, especially in the automotive industry, in recent 

years regarding impact resistance, weight, and emission 

reduction [2], [3]. However, these materials are difficult to 

form due to their high strength values [4]–[6]. Therefore, 

the problem of forming the improved high-strengt sheet 

material remains current. In addition, one of these problems 

is the springback of these sheet materials after the bending 

operation [7].  

Dual-phase sheets consist of ferrite and martensite 

islands. Bendability is an important property for ultra-high 

strength sheets due to the high amount of martensite phase 

[8]. Being able to predict the forward or backward springing 

behaviour of these sheets that occur with the application of 

bending provides endless benefits in terms of production. If 

we cannot predict the springback that occurs when the 

punch load is removed from the sheet metal part, the die 

costs will increase [9]. The estimation of springback due to 

the bending process has attracted the attention of many 

researchers in recent years due to its contribution to time, 

money, and the environment [10]–[13].  

The V-bending process is the most widely used method 

among sheet bending types [14]. In addition, in the 

literature, researchers have analyzed and discussed how the 

V-bending process affects high-strength sheet metal [15]–

[18]. Springback, an undesirable situation, is the elastic 

recovery of the material, and springback needs to be 

measured very precisely under laboratory conditions [19]. 
Springback varies according to the geometry and 

mechanical properties of the material used [20]. Hardness, 

formability, lightening, and energy absorption provide great 

advantages for high-strength sheets [11]. However, with 

these advantages, high strength values increase the 

springback potential. Therefore, the solution to the 

springback problem gains importance. In recent years, 

many researchers have studied the springback behaviour of 

different sheet metal parts [21]–[26]. Studies on this subject 

have generally been in predicting the springback behaviour 

of sheet metal parts bent at different parameter levels [6], 

[7], [26]–[28]. All researchers also emphasized the 

importance of this issue. They used various finite element 
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models in this regard [11], [29], [30]. Finite element 

analysis is a technique that studies the behaviour of a part 

under applied forces and pressure, giving information about 

the states of a real object under applied loads [31][32]. With 

the finite element analysis, the behaviour of the part can be 

predicted before the part is produced, and the errors can be 

corrected before production [33]. Therefore, the die 

development process can be much more efficient with finite 

element or statistical estimation models, and the desired 

product can be obtained much faster and more accurately 

[34]. It is necessary to validate the prediction models with 

more experimental studies on this subject.  

The springback of materials depends on the mechanical 

properties of the part and the process parameters [28]. It 

basically depends on parameters such as springback, yield 

strength, hardening exponent, anisotropy, coefficient of 

friction, forming speed, punch radius, bend angle, rolling 

directions, and material thickness [35]. The forward or 

backward springing of the sheet depends on the 

experimental design created with these parameters. 

Therefore, these parameters are designed to keep the 

forward and backward spring values to a minimum [36]. 

Studies show that while some parameters have a positive 

effect on springback, some parameters have a negative 

effect. For example, as the punch radius and bending angles 

increase, the Undesirable springback values increase [8], 

[35], [37], [38]. Again, another group of researchers 

analyzed that holding time, which reduces elastic recovery, 

has positive effects on springback [26], [39], [40]. They 

observed that sheets with good hardening properties and 

bends parallel to the rolling direction showed better 

bendability of the sheet. In addition, they analyzed that as 

the die angle increases, the bending moment increases, and 

as a result, the springbacks increase [41]. As the strength 

values of the sheets also increase, forming difficulties arise. 

Thus, as the strength of the material increases, the 

springback values increase. In addition, after the bending 

process of sheet materials is completed, the deformation and 

fracture behaviour should be known [23], [42]. Leu 

emphasized the formability properties of dual-phase sheets 

in her study, in which she examined the deformation 

behaviour of high-strength sheets. In addition, he stated that 

in the V-bending process, the sheets show breaking 

behaviour at the parts where the punch contacts the sheet at 

different bending angles. He commented that this situation 

is related to the microstructure of the sheets [35]. On the 

other hand, in the study in which the process parameters 

affecting the free bending were examined, different 

springback values were obtained at different speeds [27]. In 

addition, another study stated that 80-90% less springback 

occurred in samples annealed at high temperatures 

compared to samples annealed at low temperatures [24]. In 

the study, in which the effect of the V bending process and 

the process parameters were examined by experimental and 

finite element analysis, they stated that more springback 

was observed in the bends made perpendicular to the rolling 

direction compared to the tests in the rolling direction. They 

also emphasized the effect of the variation of the friction 

coefficient on the springback [43]. In summary, the increase 

in sheet material thickness increases the amount of 

springback. On the other hand, holding the punch on the 

sheet reduces the springback. High-strength sheets have 

high spring-back values due to their high strain values. On 

the other hand, in warm forming, the formability of the part 

increases with the increase in temperature, and the amount 

of springback is low. The general results obtained in the 

researches are that the decrease in the bending radius 

reduces the spring-back, and the increase in yield strength 

and hardening increases the springback [14]. 

The primary purpose of this study is to investigate in 

detail the springback behavior of SCGADUB1180 material, 

a high-strength sheet metal used in the automotive industry. 

There needs to be a study in the literature that 

comprehensively examines the springback properties of this 

special material after v-bending processes using both 

experimental and finite element methods. In particular, it 

seeks to fill a gap in the literature comparing the springback 

of SCGADUB1180 material with these two methods. Since 

the yield and tensile strength of the material are very high, 

defining the strain hardening exponent will be critical for 

the accuracy of finite element analyses. Therefore, the 

analysis included the strain hardening exponent for finite 

element models. Thus, finite element models will give 

results closer to reality. The study will examine the effects 

of material models and hardening to evaluate how effective 

both the original and kinematic versions of the Barlat and 

Hill models used in finite element analysis are in real-world 

conditions. Comparing these models with experimental data 

will reveal the strengths and weaknesses of the models and 

contribute to the development of models that can make more 

accurate predictions in the field of materials science. In 

addition, this study aims to create springback prediction 

models using regression models, and these prediction 

models will be compared with experimental data. 

2. Materials and Methods 

The material used in the study was SCGADUB1180, a 

new sheet material in the automotive industry. There are a 

limited number of studies in the literature on the springback 

behavior of this material. V bending The use of dual-phase 

steels in the automotive industry is quite common. 

Therefore, a 1.2 mm thick SCGA1180DUB high-strength 

steel sheet was chosen for the experimental research. It was 

subjected to tensile tests in 3 roll directions to define the 

material's mechanical properties in the 0°, 45° and 90° 

rolling directions (Figure 1b). The dimensions of the tensile 

test specimens are given in Figure 1a. Tensile tests were 

performed with MTS-100 Kn servohydraulic tester at a 

speed of 0.05 mm/s according to TS EN ISO 6892-1 

standards (figure 1c). Tensile test specimens were prepared 

on a CNC laser machine (Figure 1d). After laser cutting, the 

samples were smoothed with a file to avoid burrs on the 

edges. 

The engineering stress and engineering strain data 

obtained as a result of the tensile test were converted into 

true stress and true strain data using the following formulas 

(Eq 1, Eq 2). 

𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔)             (1) 

εtrue = ln(1 + εeng)                (2) 

According to the tensile test results of SCGA1180DUB 

high-strength steel, true stress, and true strain curves in three 

different rolling directions are obtained in Figure 2. 
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Figure 1. a. Tensile test specimen dimensions  b. Tensile test specimen rolling directions  c. tensile tester d. Samples after tensile test 

 

 

Figure 2. True stress and true strain curve of SCGADUB1180 material in three different rolling directions 

According to the tensile test results, the material's 

mechanical properties are given in Table 1. The mechanical 

properties in the three different rolling directions are very 

close to each other. As can be seen from the graph, the 

amount of elongation in the 45° rolling direction is lower 

than in the other rolling directions. 

Table 1. Mechanical properties of the material SCGADUB1180 

Rolling 

direction 

Rp0.2 

(MPa) 
Rm (MPa)  r value 

0° 904.84 1217.74 6.34 0.78 

45° 911.55 1202.01 4.88 0.76 
90° 909.71 1221.23 5.73 0.78 

The strain hardening depends on dislocation 

movements, forming speed, plastic forming amount, 

deformation direction, and temperature. In addition, 

repetitive loads affect plastic forming. 

σ = K𝜀𝑛 (3) 

log σ = logK + n logε (4) 

Hardening is defined as the increase in strength due to 

plastic deformation. Dislocations occur if the load continues 

with the onset of plastic deformation. It is possible to 

understand strain hardening in a simple way with the 

Holloman equations shown in Equations 3 and 4. The strain 

hardening exponent (n) in these equations is the ability of 

the material to increase strength by deformation. The K 

value gives information about the strength of the material. 

The higher the K value, the higher the strength of the 

material. 

K (strength coefficient) and n (strain hardening 

coefficient) values in three different rolling directions true 

stress and derived from true strain curves (figure 2). 

Anisotropy values, the strength coefficient (K), and the 
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strain hardening exponent (n) specified in Table 1 and Table 

2 were defined for the Hill-48 and Barlat-89 material 

models. Strain hardening coefficient values are close to 

each other in all three rolling directions. 

Table 2. K and n values of the material SCGADUB1180 

Rolling direction n  K (Mpa) 

0° 0.1476 1948.0 

45° 0.1495 1969.6 

90° 0.1505 1992.0 

The samples, which were bakelite mounted for 

microstructure examination, were first sanded. Then the 

samples were then polished. The polished samples were 

prepared for etching by applying alcohol on their surfaces. 

Microstructure photographs of the materials whose surfaces 

were cleaned after etching were taken. In Figure 3a, the 

element distribution of the material SCGADUB1180 is 

given. As a result of the analysis, it is seen that the white 

islands are martensite, and the gray parts are ferrite. The 

chemical composition percentages of SCGADUB1180 

material are presented in Table 3, and the elemental 

distribution is in Figure 3b. 

processes were applied to this material at three different 

input parameter values, and the springback behaviours were 

simulated with both experimental and finite element 

models. Springback prediction models were created with 

finite element models. Experimental results were compared 

with all finite element models. In addition, the amount of 

interaction between ANOVA analysis and parameters was 

examined with the Minitab 18 statistical program. Finally, 

we had the chance to compare statistical and experimental 

data by creating a regression model [44].  

2.1. Design of experiments 

Test parameter levels, symbols, and values are shown in 

Table 4. Three different experimental parameter levels were 

selected for three different experimental parameters. 27 

experiments were modeled according to the full factorial 

design. Three different die angles (60, 90, 120), three 

different punch radii (3, 6, 9), and three different rolling 

directions (0, 45, 90) were chosen as experimental 

parameters.  

Table 3.Chemical composition of grade SCGADUB1180 

Chemical composition B C Al Si P S Tİ Mn Nb 

Content (%) 13.82 50.16 0.49 2.49 0.11 0.64 2.83 29.33 0.13 

Table 4. Experimental parameter values  

Experimental parameter Symbol Units 
Level 

1 2 3 

Die angle  Α degree 30 60 90 

Punch radius  R mm 3 6 9 
Rolling direction  RD degree 0 45 90 

 

  
a b 

Figure 3. a. Microstructure of material SCGADUB1180   b. Elemental distribution of material SCGADUB1180 
 

 
 

a b 
Figure 4. a. Connecting the die to the press with an adapter piece b. Measurement of springback in a laser optical projector.  
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The produced punch and matrix connected to the press 

are shown in Figure 4a. Axial measurements of the samples 

were made on the laser optical projection device (Figure 

4b). Springback values were obtained by subtracting the 

desired size from the measurement of the samples. Figure 

5a shows the shaped form of the sheet at the position where 

the punch applies pressure to the matrix. Figure 5b shows 

the amount of springback in the sheet after the punch leaves 

the matrix. 

The shaped parts are shown in Table 5. Three bendings 

were made in each process. In other words, 81 experiments 

were conducted in total. The arithmetic average of each 

bending was calculated.  

2.2. Finite element parameters 

Finite element analyzes used in feasibility studies of 

sheet metal parts; The determination of material models has 

gained importance in the formability of parts and 

deformation estimations. Autoform program is widely used 

in finite element analysis of automobile sheets. (Figure 6) 

[45].  

  

A b 

Figure 5. a.Die closed state  b.Display of springback after the punch leaves the sheet 

Table 5. V-bend test specimens 
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Figure 6. Die surfaces defined in the program 
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In the study, they were transferred to the program after 

the die surfaces were designed. Afterwards, the mechanical 

properties of the material in each rolling direction and other 

parameters were defined in the program (Table 1, 2, 6). For 

each material model, the effects of die angle (α), punch 

radius (R), and rolling direction (RD) on springback were 

investigated with the Autoform program. 

Table 6. Other parameters defined in the Autoform program  

Die speed 233 mm/s 

Coefficient of friction 0.15 

Press stroke 700 mm 

Material thickness 1,2 mm 

The study performed finite element analysis with four 

different material models. Material models of Hill-48, 

Barlat-89, Hill-48 + kinematic strain hardening, and Barlat-

89 + kinematic strain hardening were investigated in the V 

bending process. Springback behaviour of SCGADUB1180 

enhanced high strength steel was investigated in 4 different 

material models, 60°, 90°, 120° die angles, R3, R6, R9 die 

radii, and 0°, 45°, 90° rolling directions. 27 experiments 

were modeled for four different material models (Table 7). 

In other words, a total of 108 analyzes were made. Each 

analysis was transferred to the Catia environment, and the 

amount of springback was measured. The analysis results 

with these measurements were compared with the 

experimentally measured springback amounts. 

Advanced kinematic strain hardening model in 

Autoform commercial software; It is defined under three 

main headings as early replasticization, temporary 

softening, and work-hardening stagnation. The hardening  

curve describes the hardening behavior of a material. There 

are alternative options for defining the stress-strain diagram. 

The hardening curve is found by the following formula 

according to the Ludwik approach. In the Ludwik formula, 

σ is the actual stress, K is the strength coefficient, n is the 

strain hardening exponent, ε is the total logarithmic strain, 

𝜀𝑝𝑙 is the plastic part of the total strain, and 𝜎0 is the yield 

stress [45].  

 

(5) 

2.3. Statistical analysis 

Statistical analyzes were performed with the Minitab 

18.0 statistical program. With this program, it was 

determined how well the finite element model data were in 

agreement with the experimental results. 

Y=Ø(R, α, RD) (6) 

The relationship between input parameters and response 

parameters was investigated by Response Surface 

Methodology (RSM). The RSM method is widely applied 

in the field of engineering [46]–[48]. For example, it can be 

used in manufacturing to maximize efficiency, minimize the 

cost of a production process, or optimize the quality of a 

product. The response formula depending on the 

independent variables is presented in Equation 6. Where Y 

output parameter (springback); R, α, RD independent design 

variables, Ø is the response parameter function. 

𝑅2= 1 −
𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆𝑚𝑜𝑑𝑒𝑙+𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙
 (7) 

The  determination coefficient was calculated for 

springback in Equation (7) 𝑆𝑆𝑚𝑜𝑑𝑒𝑙 is the sum of squares 

model, and  𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 is the sum of squares model. 

The interactions between the ANOVA analysis and the 

parameters were obtained. Optimum parameter values were 

determined for optimum springback values. The regression 

model was created, and the regression model was compared 

with the experimental data. 

Table 7. Experiment data and finite element models data 

 INPUT PARAMETERS OUTPUT PARAMETERS 

Experiment no. 
R 

(mm) 

α 

(degree) 

RD 

(degree) 

Experimental 

data 

 

Barlat 
 

Barlat 

kinematic 

 

Hill 
 

Hill 

kinematic 

1 3 60 0 5.14 1.45 3.74 1.50 3.98 

2 3 60 45 6.82 1.50 4.00 1.44 4.22 

3 3 60 90 3.79 1.40 3.90 1.58 3.98 

4 3 90 0 5.42 0.56 2.46 0.34 2.50 

5 3 90 45 6.62 0.84 3.03 0.88 2.76 

6 3 90 90 5.60 0.68 2.71 0.58 2.62 

7 3 120 0 3.62  0.80 2.80 0.54 2.30 

8 3 120 45 3.62 1.00 3.28 -1.00 1.60 

9 3 120 90 3.10 1.64 2.76 -1.00 1.80 

10 6 60 0 11.96 11.54 14.96 11.70 14.96 

11 6 60 45 11.18 11.20 15.98 11.44 15.40 

12 6 60 90 11.20 11.28 15.12 11.5 15.30 

13 6 90 0 13.16 8.30 11.40 7.80 11.00 

14 6 90 45 11.89 8.20 11.30 8.20 11.04 

15 6 90 90 12.71 7.50 11.60 7.44 11.40 

16 6 120 0 8.00 5.00 6.84 4.75 6.64 

17 6 120 45 6.38 5.50 6.90 5.10 7.52 

18 6 120 90 6.93 5.30 6.86 5.40 7.00 

19 9 60 0 20.29 17.46 22.20 17.78 22.40 

20 9 60 45 19.27 17.52 22.20 17.60 22.40 

21 9 60 90 20.05 17.80 22.20 17.60 22.00 

22 9 90 0 20.11 13.12 16.44 12.80 16.68 

23 9 90 45 19.97 12.94 17.36 13.12 16.68 

24 9 90 90 19.56 12.90 16.40 13.20 16.46 

25 9 120 0 13.88 10.20 12.20 10.20 11.00 

26 9 120 45 13.35 10.40 12.30 10.20 17.90 

27 9 120 90 13.49 10.34 12.40 10.00 11.12 
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3. Results and Evaluation 

3.1. Finite element analysis results 

After the simulations were completed, the results were 

compared with the experimental results in terms of material 

models, and the accuracy of the material models in 

springback predictions was examined. Springback values 

were calculated at the last step of the analysis when the 

sample was released at the end of the punch stroke. 

A comparative example of V-bend output for springback 

from the Catia program is shown in Figure 7 (for 3 mm 

punch radius and 60°bending angle). Detailed 

representations of A shown in Figure 7 are presented in 

Table 8. Nine different detailed images were taken from the 

program for die angle (α) and punch radius (R) value Each 

rolling direction (RD) is plotted within these nine images 

with different lines. In addition, four different finite element 

prediction models are shown in different colours. 

 
Figure 7. For 3mm punch radius and 60°, bending angle, finite element analysis outputs for springback 

Table 8. Detailed finite element analysis outputs for springback 
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The finite element models shown in the table are Barlat-

89 (pink), Hill-48 (brown), Barlat-89 kinematic model 

(green), and Hill-48 kinematic model (orange). Analysis 

and interpretations were made according to the program 

outputs in the table. The best models identified with the 

experimental results at a 3 mm punch radius are Barlat-89 

kinematic strain hardening model and Hill-48 kinematic 

strain hardening model. At this punch radius (R), the Barlat-

89 and Hill-48 models predicted the springback values very 

little, according to the experimental results. Barlat-89-

kinematic strain hardening and Hill-48 kinematic strain 

hardening models were calculated closest to the 

experimental springback results at 6 mm punch radius, 90°, 

and 120° bend angles. At the 60° bending angle, unlike the 

others, the Barlat-89 and Hill-48 models were calculated 

closest to the experimental springback results. At a 9 mm 

punch radius, three different rolling directions (HD) and 

three different bending angles (R) springbacks were 

obtained very close. Again, the models closest to the 

experimental results were the Barlat-89 kinematic strain 

hardening model and the Hill-48- kinematic strain 

hardening model. 

On the other hand, the Barlat-89 kinematic strain 

hardening model and Hill-48 kinematic strain hardening 

model were not successful in predicting experimental data 

at a 60° bending angle, especially at 6mm and 9mm punch 

radii (R). Roll directions did not affect both the 

experimental and all finite element prediction models at the 

90° bending angle; these lines are observed to overlap each 

other in the table. Again, as the punch radius increased at 

the 90° bending angle, the springback values for all rolling 

directions tended to move away. The best estimation of 

springback values was obtained at 6 mm punch radius and 

90° bend angle parameter values for all finite element 

models. 

When Figure 8 is examined, the experimental 

springback data and four different finite element models 

were compared graphically using different colours. 

Experimental data are shown in black. It is understood that 

the Barlat kinematic strain hardening finite element model, 

shown in orange colour, is the closest model to the 

experimental results. The Hill kinematic model in yellow 

has been analyzed to be perfect, except for the last three 

experiments. It is seen that the Hill and Barlat models, 

shown in green and blue colours, have values very close to 

each other. These two models have been analyzed for some 

experiments to have values almost identical to the 

experimental data. Especially in the 11th, 12th, and 13th 

experiments, the Hill and Barlat model and the experimental 

springback data are virtually identical. 

3.2. Statistical analysis results 

Table 9 shows the main effect plots on springback for 

both the experimental results and for each finite element 

model. It has been analyzed that the most effective 

parameter in terms of springback is the punch radius (R) and 

all models have a similar relationship with the experimental 

results. Afterwards, the most important parameter that was 

effective was the die angle (α). All models predicted that the 

springback decreases with increasing die angle. In reality, it 

was analyzed that springback increased in the transition 

from 600 die angle (α) to 900 die angle (α), and then the 

lowest values were obtained at 1200 die angle. It has been 

determined according to all the results that the effect of the 

rolling direction (RD) for springback is not very important. 

It has been analyzed that the Hill-kinematic model has a 

different effect on the rolling direction than other finite 

elements and experimental results.  

The ANOVA table for springback is shown in Table 10. 

According to this table, the most influential parameter on 

the springback behaviour of the sheet is the punch radius 

(R), with a rate of 83.03 %. Afterward, another effective 

parameter is the die angle (α), with a rate of 8.51%. Roll 

direction (RD) has no effect on springback. Again, in the 

ANOVA table for springback, 𝑎2 (4.76%), R×α (1.66) and 

very low effect 𝑅2 are the important interaction parameters, 

respectively. 

 

 

Figure 8. Comparative springback values of experimental data and finite element models   

-5

0

5

10

15

20

25

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7

S
P

R
IN

G
B

A
C

K
 V

A
L

U
E

EXPERİMENT NUMBER

Barlat Barlat kinematic Hill Hill kinematic Experiment



 © 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 2  (ISSN 1995-6665) 449 

Table 9. Main effects plots for springback 

 

 

 

Table 10. ANOVA table for springback 

Source DF Adj SS Adj MS F-Value P-Value  Contr. % 

R 1 18.018 187.018 1096.82 ≤0.001  83.03 

α 1 19.199 19.199 112.60 ≤0.001  8.52 

RD 1 0.367 0.367 2.15 0.161  0.16 

R2 1 1.300 1.300 7.63 0.013  0.58 

α2 1 10.711 10.711 62.82 ≤0.001  4.76 

RD2 1 0.001 0.001 0.00 0.956  0.00 

R×α 1 3.730 3.730 21.87 ≤0.001  1.66 

R×RD 1 0.007 0.007 0.04 0.847  0.00 

α×RD 1 0.002 0.002 0.01 0.912  0.00 

Error 17 2.899 0.171 - -  1.29 

Total 26 225.233 - - -  100.0 

  Significant P values are marked in bold 
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The contour plot representation for R×α, which is the 

most important interaction parameter according to the 

experimental springback results, is in Figure 9. With this 

contour plot, the experimental springback values increase 

from blue to green. It is observed that increasing the punch 

radius (R) increases springback. The die angle (α) value of 

900 has the highest springback vvalue and it has been 

analyzed that the die angle of 1200 keeps the springback at 

lower values [17].  

Figure 10 shows the experimental springback values for 

R×α, the most important interaction parameter, with a 3D 

surface plot. Optimum (minimum) springback values have 

been obtained at the lowest punch radius (R) value (3mm) 

and the highest die angle (α) value (1200).  

A predictive mathematical model was constructed to 

understand the relationship between all experimental 

parameters. The necessary regression coefficient values for 

this model are obtained in Equation 8. The estimated 

springback model (Y) was constructed with the regression 

coefficients ( β0, β1, β2,….β33) calculated for each input 

factor (R, α, RD). 

 
Figure 9. Contour plots for springback 

 
Figure 10. 3D surface plots for springback 

 

Y(Springback) =  β0 + β1 ∗ R  + β2 ∗ α + β3 ∗ RD   

+ β11 ∗ R2  + β22 ∗  α 2 + β33 ∗ RD2  

+ β12 ∗ R ∗ α  +β13 ∗ R ∗ RD + β23 ∗ α ∗ RD 

(8) 

 

The coefficients of determination and the regression formulas are presented in Equation 9. 

Experimental springback = -21.07 + 2.011×R + 0.5382×α - 0.0098×RD  

+ 0.1042× R2 - 0.002964× α 2 - 0.000005× RD2  

- 0.01248×R×α + 0.00031×R×RD + 0.000023×α×RD 

(9) 

 R2 = 98.23%  

R2(adj) = 98.04% (10) 

R2(pred) = 97.00%  

 
The  R2 determination values calculated in Equation 10 are presented.  
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Experimental data on springback was compared with the 

estimated regression model in figure 11. Experimental data 

was shown in orange. The regression model is shown in 

blue. The prediction model and experimental data for 

springback were obtained very closely. The estimated 

R2(pred) value of 97 % proved this situation.  

4. Conclusions 

In this study, V bending tests of 1.2 mm thick 

SCGADUB1180 enhanced high strength sheet were carried 

out. 27 different experiments were carried out by modeling 

die and material parameters (input parameters). Springback 

values at different bending angles (60°, 90°, 120°), different 

punch radii (3mm, 6mm, 9mm), and different rolling 

directions (0°, 45°, 90°) were investigated experimentally. 

In addition, the springback behaviour of this sheet was 

simulated with different material models (Barlat-89, Hill-

48, Barlat-89 kinematic model, Hill-48 kinematic model). 

Furthermore, 108 analyzes were performed for 4 different 

finite element models. Finally, a regression model was 

created using statistical analysis. With this statistical 

program, the significance of the input parameter values of 

the experimental and finite element models and the 

relationship between the parameters were examined. 

Experiment results, finite element, and regression models 

were analyzed comparatively. The following conclusions 

were drawn from this study. 

 SCGADUB1180 material was successfully bent in all 

parameters specified in the V bending process. No 

deformation or tear was observed in the materials. The 

part can be brought into the desired form with 

appropriate compensation values. In this study, it was 

analyzed that products suitable for the final geometry 

were obtained by using the specified parameters.  

 As a result of the experimental and finite element 

analysis, positive springbacks were measured in almost 

all analyses.  

 Although other finite element models agree with some 

experimental data, the Barlat-89 kinematic model may 

be more reliable in predicting springback in similar 

experimental setups. 

 The most influential parameter on the springback 

behavior of the sheet was the punch radius (R), with a 

rate of 83.03%. Afterward, another effective parameter 

was the die angle (α), with a rate of 8.51%.  

 Especially in process conditions with a 3 mm punch 

radius, springback values were low. This has been 

attributed to higher outer surface tension forming when 

low punch radii are applied to the sheet.  

 Optimum (minimum) springback values were obtained 

with the lowest punch radius (R) value (3mm) and the 

highest die angle (α) value (1200). The highest 

springback values were obtained at a 60° bending angle 

and a 9 mm punch radius.  

 In addition, it was analyzed that all finite element and 

regression models were in a similar relationship with the 

experimental results. The predicted regression model for 

springback was obtained very close to the experimental 

data with a high predictive value of R2(pred). 

 According to the test results, the die angle (α)  900 value 

has the highest springback values and it has been 

analyzed that the 120° die angle keeps the springback at 

the lowest values. This situation could be attributed to 

the acute angle of bends, where tensile residual stresses 

surpass compressive stress, leading to this effect. 

 As the punch radii increased, the springback values 

increased. At small punch radius and small bending 

angles, the rolling direction has a significant effect on 

springback. Especially in small punch radius bending 

process, as the bending angle increases, the effect of 

rolling direction on springback decreases. 
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Figure 11. Comparison between predicted and measured values for springback 
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