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Abstract 

The Flexible Roll Forming (FRF) process with the ability to produce parts with variable 

width and depth was formed to be used in industries such as automotive, construction, and 

similar industries. One of the disadvantages of this process is the spring-back defect, which 

prevents the desired profile from being achieved. In this paper, experimental and numerical 

analysis of the spring-back phenomenon using Hill, Barlat, and Von Mises yield criteria. 

Also, the effect of bending angle, material, and sheet thickness parameters on this defect was 

investigated. The process for the three types of 1050 aluminum, low carbon steel, and 430 

stainless steel was simulated using the VUMAT subroutine of Abaqus software. In these 

simulations, for each material, three thicknesses of 0.4, 0.7 and 1 mm with bending angles of 

25 and 45 degrees were considered. Experimental experiments were performed using the FRF 

machine. Validation of numerical simulation results was performed by comparing 

experimental results. The results showed that the Barlat criterion has a more accurate 

prediction of spring-back than the other two criteria. The results also showed that the spring-

back ratio of sheets with a thickness of 0.4 mm compared to 1 mm for low carbon, aluminum, 

and stainless steel are 1.5, 2.5, and 3.2, respectively. 
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1. Introduction 

Most of the parts are used in industries like automotive, construction etc. have a variable 

width and depth, because of this reason a new process called FRF process was developed. 

One of samples that are produced by FRF has been shown in Fig. 1 [1].  

 

  Fig. 1. Samples of the profiles produced by FRF [1] 

 

One of the important difference between FRF and cold roll forming (CRF) process is moving 

the rollers during the process. Rollers don't move in the direction of the x axis, but the sheet 

moves in that direction. The rollers have a linear motion perpendicular to the direction of 

sheet motion and rotate around the z axis (the axis perpendicular to the surface), so during the 

process remains correctly on the bend line. In Fig. 2, the perpendicularity of rollers on the 

bending curve is shown in different positions.  

 

Fig. 2. The verticality of rollers in different positions on the bending curve  

 



For accurate positioning of the rollers the computer numerical control system is used that can 

be used with a change in the device control program altered the position of the roller and 

spend the least possible time and cost to produce a new product, therefore this process is 

called FRF. 

Due to the special mode and the complexity of the stress-strain, certain defects is observed in 

the products of this process. The reason for creating these defects, the existence of two 

stretching and compression in the transmission zone (an area in which changes the profile 

width). After forming to the specified size, the length of sheet edge in the compression area is 

decreased and it is increased in the stretching area. Common defects of this process are 

wrinkling, springback, web warping and rupture. Gulceken and et.al simulated the FRF 

process using the finite element software of MSC Marc. The results of the simulation were 

showed getting of wavy of front and rear of profile edge with u channel section [2]. Groche 

and et.al introduced the FRF process as a method for the production of high strength steels 

components used in the car body [3]. Larenga and Galdos for investigation of the web 

waring, applied local heating during FRF, most local heating effect is achieved when before 

the start of forming, the wings of the whole area should be heated [4]. Kasaei and et.al 

studied wrinkling on the transition zone using finite element analysis, according to the results 

of the study, wrinkling occurs when the longitudinal compressive strain is less than the 

required compressive strain calculated by mathematical modeling to obtain geometry 

considered in the transition zone [5]. Mohammadi and et.al used a finite element simulation 

to examine how to create web warping, the results showed that main cause of occurrence of 

this defect not apply enough strain on the edge of the wings of the profile in the transition 

zone [6]. 

Yan and et.al studied the FRF process using analytical and finite element simulation with 

criteria of Hill 48. they studied tension, compressive and shear stresses. According to the 

obtained results, Solving the criteria of Hill 48 with stress method can show as well the 

deformation behavior of material in the plane strain condition [7]. Jiao et.al For the first time, 

developed on analytical model for prediction of twisting web warping in FRF process. They 

examined the analytical model with two methods of maximum web warping with zero value 

of longitudinal strain and maximum longitudinal strain with zero value of twisting. 

According to the results, longitudinal strain with the web warping has an inverse relationship 

[8]. Zhana et.al developed an analytic model for tube bending springblack considering 

different parameter variations of Ti-alloy tubes. They obtained the influences of the initial 



tube sizes, material properties and bent tube sizes of the Ti-3Al-2.5V tube on springback 

using the newly developed model [9]. Dadgar Asl et.al investigated the fracture 

experimentally and numerically in the FRF process. According to the results, Argon ductile 

fracture criterion was selected as the most appropriate criterion for prediction of the fracture 

[10]. Woo et.al Characterized the longitudinal bow during FRF of steel. They investigated the 

effect of leveling roll on longitudinal bowing, the results show that longitudinal bowing was 

reduced with the use of three blank shapes when leveling roll was applied to a FRF process 

[11]. Ruixue et.al investigated the Stretch bending and springback of profile in the loading 

method of prebending and tension. They concluded that the theoretical results further 

improve the theory of stretch-bending spring- back, and can be applied to various loading 

processes and stretch bending equipment [12]. Xiaoli et.al investigated the affected forming 

parameters on springback for ultra-high strength steel considering Young’s modulus variation 

in CRF. They developed model that it is applied for comparing the effects of different 

forming parameters on the product springback, showing that springback increases with 

increasing flange width, sidewall height, roll gap and the distance, decreases with increasing 

the strip thickness and the web width [13]. Badr et.al applied a new constitutive model to 

analyses the springback behaveivour of titanium in bending and roll forming. For this study is 

presented an effective numerical approach and prove its applicability by numerical roll 

forming and V-die bending studies performed on high strength Ti-6Al-4V at room 

temperature and verified with experimental results [14]. Despite the studies on the FRF 

process, so far, a study on the impact of the anisotropy yeild criteria on the defect in the 

produced profiles in this process wasn’t done. In this article, springback defect will be studied 

experimentally and numerically and the effect of parameters as sheet thickness, bend angle 

and material of sheet on this defect will be investigated. for this purpose, simulation of the 

process was carried out using the ABAQUS finite element software. Experimental tests on 18 

samples of law carbon steel, stainless steel and aluminum with three thickness 1, 0.7 and 0.4 

mm using the FRF machine built in Shahid rajaee teacher training university were done. In 

this study, the isotropic yeild criterion of von misses and anisotropic yeild criteria of of Hill 

48 and Barlat 89 were used. Numerical results were validated by comparing the result of the 

numerical simulation with experimental results. Also, by comparing the result of the yeild 

criteria with experimental results, the most appropriate criterion for prediction of springback 

was selected. The springback phenomenon is common and inevitable in sheet metal forming, 

therefore the factors related to create strain in materials is effected during the loading and 



unloading on the behaviors of springback of formed parts. A Schematic of the spring-back 

mechanism in the roll forming process has been showed in Fig. 3.  

 

Fig. 3. Schematic of the spring-back mechanism in the roll forming process  

 

The geometric parameters including internal bending radius sheet thickness, forming 

procedure (design pattern flow) the amount of significant are affected on the springback.  

In this article, in order to examine the two anisotropic yeild criteria Hill 48 and Barlat 89, the 

sub program was written and to obtain the anisotropic parameters for each criterion, the 

tensile test was done. 

In 1948, the anisotropy yeild criteria was presented by Hill, that in this criterion is assumed 

that the material has a symmetrical orthogonal anisotropy with symmetrical orthogonal 

planes. This yeild criterion is expressed as Eq. 1 [15]. 2f(σij) = F(σ22 − σ33)2 + G(σ33 − σ11)2  + H(σ11 − σ22)2 + 2Lσ232 + 2Mσ312 + 2Nσ122  (1) 

f defines the yeild function F, G, H, L & N are the specified constants of material anisotropy. 

In the case of sheet metal, the axis x is usually to the roll direction and the axis z is in the 

perpendicular direction and axis 3 is in the normal direction. If the tensional yeild stresses is 

in the main anisotropy directions is shown by x, y and z, according to Eq. 2 we can show that 

[16]: 1X2 = G + H;        1Y2 = H + F;        1Z2 = F + G 
(2) 

Barlat yeild function has been developed for describing the mechanical behavior of the 

metallic shells in plastic area with anisotropy assumption and loading of the plane stress. 

Investigation of this kind of behavior becomes important in forming metal sheets. In 1989, 

Barlat and Lean presented an equation for the materials that shows the plane anisotropy as 

Eq. 3: 



f = a|k1 + k2|M + a|k1 − k2|M + c|2k2|M = 2σeM         (3) 

 

The coefficients of k1 and k2 are calculated with the Eqs. 4 and 5: 

k1 = σ11 + hσ222 ;               k2 = [(σ11 − hσ222 )2 + p2σ122 ]12
 

(4) 

 

k1 = σ11 + hσ222 ;               k2 = [(σ11 − hσ222 )2 + p2σ122 ]12
 

(5) 

 

 

A, c, h and p are the knowing parameters of the material that are calculated by Eqs. 6 to 8: 

a = 2 − c = 2 ( σeτs2)M − 2 (1 + σeσ90)M
1 + ( σeσ90)M − (1 + σeσ90)M                                  (6) 

 

h =  σeσ90                                                                                         (7) 

 

P = σeτs1 ( 22a + 2Mc) 1M                                                              (8) 

 

Using other method and in the base of coefficients r0 r90 these constants are calculated using 

Eqs. 9 to 10: 

a = 2 − c = 2 − 2√ r01 + r0 ∙ r901 + r90                      (9) 

h = √ r01 + r0 ∙ 1 + r90r90                                        (10) 

The research on the study anisotropic analysis of springback in FRF process has not been 

extensively studied yet. This paper investigates the effect of various parameters on the 

springback behavior by using the anisotropic yield criterion in the FRF process. 

 

 



2. Finite element Simulation 

For simulation of the FRF process was used the static solver ABAQUS (FEM Software 6-12 

version). Fig. 4 shows the simulating schematic model. The affected parameters on 

springback defect include sheet thickness, bend angle and material. to investigate the effect of 

these parameters, the simulation based on the criterion of full factor were done. This 

simulation includes 18 tests for three materials and three thicknesses and two bend angles 

According to table 4. 

 

Fig. 4. Schematic of FRF process simulation 

 

In this simulation, the sheets as shell and the rollers as rigid were simulated. Fig. 5 shows the 

geometry of the sheets. The length of the sheet was selected in 600 mm. 

 

Fig. 5. Geometry of pre-cut sheets 

 

The finite element model consists of two stations, which was the first station for feeding 

sheets to the forming station and the second station for forming sheet forming were 

considered. Because of the symmetry, half of the rollers and sheets were modeled. In this 



simulation, first the lower roller moves in the z axis direction and takes the sheet then a pair 

of forming rollers with the move in the y axis direction and rotate around the z axis, form the 

entire of sheet.  

For simulating this process, the rollers as rigid and the sheets as deformable were considered. 

For this purpose, the elements for the sheet as shell and type S4R was selected. Fig. 6 shows 

the simulated profiles and Fig. 7 shows the view of the meshed sheet.  

 

Fig. 6. The simulated profile and bending zone 

 

Fig. 7.  The meshed sheet 

 

Table 1 summarizes the simulation condition simulated. 

 

Table 1 

Simulation conditions. 

3282 Number of elements 

S4R Element type 

7 Integration point 

0 Friction coefficient 

70, 200, 260 MPa Young’s modulus 

0.33, 0.3, 0.28 Poisson’s ratio 

  



3. The experimental tests  

3.1. Tests of material properties  

Because in this article, the effect of anisotropy sheet metal is also paid, therefore, must be 

obtained that the anisotropy coefficients for this purpose, the standard samples of metal sheet 

in accordance with ASTM A370 in three, to direction, perpendicular and the angled to 

direction of rolling were cut off and the tensile tests were done in these directions (Fig. 8). In 

Fig. 9, standard samples of cut sheets with three low-carbon steel, stainless steel and 

aluminum 1050 and three thickness, 0.4, 0.7, 1 mm are shown.  

 

Fig. 8. Sample of uniaxial test according ASTM A370 

 

 

Fig. 9. The prepared tensile test samples 

 

For getting the coefficients of anisotropy, after cutting the standard samples, in The middle 

part of the samples were created the circular mesh with the diameter of 2.5 mm which after 

tensile test with the measuring changes to the oval close to the cutting line by the project or 

profile machine got the anisotropy coefficients. In Figs. 10 and 11 the steps of getting the 

anisotropy coefficients were shown.  



 

Fig. 10. Circle grid pattern etched on the surface of the specimens: (a) before deformation 

and (b) after deformation 

 

 

Fig. 11. Measurement of anisotropy coefficients by profile projector 

 

In Table 2 mechanical properties and in Table 3 anisotropy coefficients for the sheet metal 

are presented. Also, in Tables 4, 5 and 6, Barrett's standard coefficients are given for low 

carbon steel, stainless steel and aluminum, respectively. 

Table 2 

 Mechanical property of sheet metal 

 

SS430 St 12 Al 1050 Mechanical property 

473 316 191 Ultimate Strength (MPa) 

338 190 63 Yield Stress (MPa) 

206 200 70 Young’s modulus (GPa) 

0.28 0.3 0.33 Poisson's Ratio 

0.1 0.1 0.1 Strain Rate (/s) 

 

 

 

(a) (b) 



Table 3 

 Anisotropy coefficients for each sheet 

r90 r45 r0 
Sheet Thickness 

 (mm) 
Material 

2 2.72 2.04 0.4 

St 12 1.15 1.56 1.92 0.7 

1.44 1.42 1.71 1 

2.71 2.36 2.11 0.4 

SS 430 1.88 1.72 1.95 0.7 

1.22 1.12 1.48 1 

0.25 0.99 0.92 0.4 

Al 1050 0.37 0.88 0.84 0.7 

0.48 0.79 0.72 1 

3.2. Design of experiment 

Table 4 

 Barlat standard coefficients for low carbon steel 

Thickness (mm) 
Parameter 

t=1 t=0.7 t=0.4 

8 8 8 M 

1.220 1.310 1.338 a 
0.780 0.690 0.662 c 
0.153 0.206 0.231 h 
0.181 0.152 0.169 p 

109.039 114.529 116.855 K1 
106.712 108.323 108.861 K2 

 

Table 5 

 Barlat standard coefficients for stainless steel 

Thickness (mm) 
Parameter 

t=1 t=0.7 t=0.4 

8 8 8 M 

1.145 1.314 1.408 a 
0.855 0.686 0.592 c 
0.201 0.255 0.294 h 
0.241 0.180 0.150 p 

196.344 204.811 212.232 K1 
187.705 192.819 196.323 K2 

 

 

 

 



Table 6 

 Barlat standard coefficients for AL1050 

Thickness (mm) 
Parameter 

t=1 t=0.7 t=0.4 

8 8 8 M 

0.721 0.702 0.619 a 
1.279 1.298 1.381 c 
0.337 0.505 0.387 h 
0.618 0.734 0.696 p 
51.035 53.728 39.386 K1 
43.863 43.782 32.978 K2 

 

In this simulation the length of the sheet web is considered 18.5 mm, the Minitab DOE 

software was used that finally 18 experiments were defined. Any samples with any 

thicknesses in bend angles of 25, 45 degrees were formed. Designed experiments are 

presented in Table 7. 

Table 7 

 Designed experiments  

Sheet Thickness 

 (mm) 

 Bend angle 

(degree) 

Material No. 

0.4 25 Al 1050 1 

0.7 25 Al 1050 2 

1 25 Al 1050 3 

0.4 45 Al 1050 4 

0.7 45 Al 1050 5 

1 45 Al 1050 6 

0.4 25 SS 430 7 

0.7 25 SS 430 8 

1 25 SS 430 9 

0.4 45 SS 430 10 

0.7 45 SS 430 11 

1 45 SS 430 12 

0.4 25 St 12 13 

0.7 25 St 12 14 

1 25 St 12 15 

0.4 45 St 12 16 

0.7 45 St 12 17 

1 45 St 12 18 

 

 

 



3.3 FRF process  

One of the important features of the FRF machines, is the ability to produce profiles with 

variable depth and width. To achieve this feature, forming rollers should be moved on two 

axes that these movements are changed with regard to the geometry of the profile. The 

control system of the machine is designed as a software with regarded to the Motor function 

of forming rollers for producing the desired profile, 10 points were defined in SolidWorks 

software (Fig. 12) that finally with entering the points of the directions, they were controlled 

the rollers movement. The machine had a forming stand that by changing the roller, 

experiments were done.  

 

Fig. 12. Schematic of the FRF device designed in SolidWorks software 

 

In order to compare validation of the simulation results, the experimental tests were done 

using the FRF machine that has a one forming stand (Fig. 13). Also, Fig. 14 shows sheets 

formed with different materials after experimental experiments. 

 

 

Fig. 13. A view of the FRF machine being tested 



 

 

Fig. 14. A view of the sheets formed with different materials 

 

4. Results and discussion  

In this article the effect of different parameters including sheet thickness, bend angle and 

material on springback defect were investigated experimentally and numerically. As 

previously mentioned, for each thickness was considered 6 tests that generally 18 tests were 

carried out. In the following the effect of these parameters are expressed.  

4.1. The effect of the sheet thickness and the bend angle on the springback.  

In this section, the effect on the bend angle and the sheet thickness on springback using yield 

criteria of von mises, Hill 48 and Barlat 89 were investigated and compared with 

experimental work.  

4.1.1. The effect of the sheet thickness and the bend angle on the springback for sample 

of St12. 

In Fig. 15, the results of the bend angle of 25 degree and in Fig. 16 the bend angle of 45 

degrees have been shown. By examining the results of the bend angle of 25 degrees it can be 

seen that with the increase in the thickness of the sheet from 0.4 mm to 1mm, the amount of 

the springback was decreased. There is also among the yield criteria, the result of the Barlat 

89 criteria is closer to the result of experimental work. 



 

Fig. 15. Compare results of simulation and experimental work for st12 sheet -bend angle 25  ͦ

 

Fig. 16 relates to the results of the bend angle of 45 degrees that were shown The amount of 

the predicted springback changes by criteria of the anisotropy yeild and criterion of the 

isotropy yeild were identical. The results were shown that the sheet with the lower thickness 

has more values of springback rather than the two other thickness.  

 

Fig. 16. Compare the results of simulation and experimental work for st12 sheet -bend angle 

45  ͦ

 

4.1.2. The effect of the sheet and the bend angle on the springback for sample of 

aluminum.  



The results of the experimental tests and the simulation for the aluminum with three of 

thicknesses and two of bend angles were shown in Fig. 17 and Fig.18. Investigation of the 

results were shown that if the thickness of the sheet is lower, the value of the springback was 

increased That this is due to the increase in the elastic region in sheet, increasing this region 

after removing of the load is appeared as springback. Results comparing of the yield criteria 

of isotropic and anisotropy with experimental results were shown results of two anisotropic 

yield criteria of Hill 48 and Barlat 89 are closer to the experimental results and between these 

criteria, the yield criterion of Barlat 89 was better match with experimental results.  

 

Fig. 17. Compare The results of simulation and experimental work for AL1050 sheet-bend 

angle 25 ͦ 

 

Fig. 18.  Compare the results of simulation and experimental work for AL1050 sheet-bend 

angle 45 ͦ 



4.1.3. The effect of the sheet thickness and the bend angle on the springback for sample 

of stainless steel  

The results of the simulation and experimental tests for stainless steel with the two bend 

angles of 25 and 45 degrees are shown in the Fig. 19 and Fig. 20. The value of the springback 

in the 25 degree angle for the thickness of the 0.4 mm in the yield criteria of Barlat 89 and 

Hill 48, von mises and experimental tests in order are 1.22 1.37 1.57 and 1.1 degrees. It can 

be seen that with the increase in the thickness of the sheet from 0.4 mm to 1mm the value of 

the springback was decreased. In the bend angle of 45 degree with the increase in the 

thickness, the value of the springback was decreased. Investigation on the effect of yield 

criteria of Hill 48, Barlat 89 and von misess and experimental tests were shown that the 

values of spring back predicted by the anisotropic yield criteria of Barlat 89 in produced 

profiles angles are closer to the experimental values.  

 

Fig. 19. Compare results of simulation and experimental work for ss430 sheet -bend angle 

25  ͦ
 



 

Fig. 20 Compare the results of simulation and experimental work for ss430 sheet - bend angle 

45  ͦ

 

5. Conclusion  

In this article, due to the important of the defect of the springback in the FRF process, 

experimental and numerical investigation on this defect were done, the results were presented 

as below:  

1. In the whole angles, with increasing the value of the thickness from 0.4 mm to 1mm the 

value of the springback is decreased. It can be justified the decrease of the springback that 

increasing the ratio of plastic strain and reduce the elastic region in higher thicknesses are 

caused the decreasing of the springback value.  

2. In the bend angle of 25 degree, the results of the simulation were very closer to the 

experimental work and much less springback.  

3. The stainless steel much less springback because more tension release more than other 

materials.  

4. In a general conclusion, with increasing thickness and increasing yeild strength the 

springback in different bend angles was decreased.  

5. The aluminum sheet due to having a modulus of elasticity less than two samples of steel, 

had more values of springback than the other samples.  



6. Investigation of the effect of the yield criteria of anisotropy of Hill 48 and Barlat 89 and 

the yield criterion of isotropy of von mises were shown that the prediction springback values 

of the criteria of anisotropic criteria were closer to the experimental work and between these 

two chosen criteria, the yield criterion of Barlat 89 matching better with the results of the 

experimental work.  

7. For the low carbon steel sheet, for thickness 0.4 mm, springback value 1.5 times of the 

thickness of 1mm, also the springback value for aluminum sheet with thickness of 0.4 mm, 

2.5 times is increased in comparison with the thickness of 1mm. For the stainless steel sheet, 

the value of the springback for thickness of 0.4 mm, 3.2 times more than the thickness of 

1mm, so it can be concluded that with the increases in the thickness of sheet, the springback 

is decreased. 
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Figures

Figure 1

Samples of the pro�les produced by FRF [1]

Figure 2

The verticality of rollers in different positions on the bending curve



Figure 3

Schematic of the spring-back mechanism in the roll forming process

Figure 4

Schematic of FRF process simulation



Figure 5

Geometry of pre-cut sheets

Figure 6

The simulated pro�le and bending zone



Figure 7

The meshed sheet

Figure 8

Sample of uniaxial test according ASTM A370



Figure 9

The prepared tensile test samples

Figure 10

Circle grid pattern etched on the surface of the specimens: (a) before deformation and (b) after
deformation



Figure 11

Measurement of anisotropy coe�cients by pro�le projector

Figure 12

Schematic of the FRF device designed in SolidWorks software



Figure 13

A view of the FRF machine being tested



Figure 14

A view of the sheets formed with different materials

Figure 15

Compare results of simulation and experimental work for st12 sheet -bend angle 25 



Figure 16

Compare the results of simulation and experimental work for st12 sheet -bend angle 45 



Figure 17

Compare The results of simulation and experimental work for AL1050 sheet-bend angle 25 



Figure 18

Compare the results of simulation and experimental work for AL1050 sheet-bend angle 45 



Figure 19

Compare results of simulation and experimental work for ss430 sheet -bend angle 25 



Figure 20

Compare the results of simulation and experimental work for ss430 sheet - bend angle 45 
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