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Abstract  In the present study, a five-boundary conditional distribution function of the 
forming angle is proposed. The stress, strain, and springback of a sheet in roll-forming process 
under three different angle distribution functions are studied. Furthermore, effects of forming 
angle increment, sheet thickness, and material yield strength on stress, strain distribution, and
springback of sheet during roll forming are studied under optimized forming angle. The results
demonstrate that stress, strain, and springback of each pass based on increment of forming
angle under five-boundary condition during roll forming are less than those achieved by other
forming angle distribution methods. The stress and strain in the bending zone increase with 
increase in the sheet thickness. After roll forming, the springback angle decreases with the 
increase of sheet thickness, increases with the increase of forming angle and material yield
strength. However, springback angle can be effectively reduced by increasing the number of 
passes or correction rolls.  

 
1. Introduction   

Roll forming is a continuous, efficient, and high-quality metal profile forming technology for 
making a sheet of a certain size bend transversely under the action of forming rolls in multiple 
passes to obtain its specified cross-sectional shape [1]. The work process of roll forming is 
illustrated in Fig. 1. In particular, the sheet is bent to a desired shape through the upper and 
lower forming rolls of different shapes arranged in sequence [2, 3]. This technology is currently 
widely used in construction, automobile manufacturing, aerospace, and other fields [4, 5]. 

The forming angle is the most important technological parameter in the roll-forming process. 
The distribution of bending determines the shape of the rolls and forming of the sheet [6]. At 
present, there is no strict theory defining the division of the forming angle, which thus relies on 
the production experience. Therefore, a complete and effective method for dividing the forming 
angle reasonably in the roll forming process is required [7, 8]. A Japanese scholar Ona and 
other researchers [9] have suggested that the edge deformation of a sheet follows a cubic 
curve and explored the problems associated with the forming pass and forming angle distribu-
tion in the roll-forming process. The study demonstrated that the horizontal projection track of 
the vertical edge follows a cubic curve allowing to achieve a desirable forming angle distribution. 
Bidabadi et al. [10, 11] studied the longitudinal bowing of symmetric U-channel sections in roll 
forming by means of finite element simulation and experiments, the results demonstrated that 
the most important forming parameters are forming angle increment. Han et al. [12] established 
a B3-spline finite strip method to study the effect of forming parameters on roll forming, the 
results demonstrated that the peak longitudinal edge film strain increases with the increase of 
forming angle. 

However, springback is a common product defect in the production process of mechanical 
processing, which greatly affects the accuracy and quality of products [13]. Weiss et al. [14]   
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compared the springback of roll forming and V-shaped forming. 
The product quality under roll forming is obviously better than 
that under V-shaped forming. Groche et al. [15] developed a 
closed-loop calibration system for springback during forming 
and integrated it into conventional forming lines to improve the 
geometric accuracy of profiles and compensate for the devia-
tion caused by springback. Zeng et al. [16] used the response 
surface method to determine the increment of the forming an-
gle, reduce springback and peak longitudinal strain, and opti-
mized using the springback angle as an objective function and 
maximum longitudinal strain of the edge film as a constraint 
condition. The forming accuracy was improved successfully, 
and the defects of the product edge wave were eliminated. 

Prior to the study presented in this paper, based on our prac-
tical production experience and theoretical analysis, we suc-
cessfully put forward a forming angle distribution function based 
on the five-boundary condition and constructed a curve equa-
tion for the projection trajectory of the contour section edge in 
the horizontal plane [17]. At the same time, another study 
proved that the forming angle distribution is the best when the 
forming angle of the first third of the forming passes is 

/3 033 %Nθ θ= ×  [13]. In this paper, the five-boundary condi-
tional distribution function of the forming angle is proposed, and 
then the effects of forming angle distribution, material yield 
strength and sheet thickness on the angle distribution and 
springback of strain in roll forming process are studied. 

 
2. Methodologies 
2.1 Roll forming theory based on five-boun-

dary condition forming angle distribution 
function 

2.1.1 Forming angle distribution based on four-
boundary condition forming angle distribution 
function 

Estimating the forming angle is the most important and diffi-
cult problem in the roll forming design. A reasonable distribution 
of the forming angle can alleviate the stress concentration and 
resulting defects such as longitudinal bending, corner tearing, 
and springback. According to the production experience and 
related theory, Japanese scholar Ona et al. [9] proposed a dis-
tribution formula of the forming angle in roll forming. It is as-

sumed that the distribution of the forming angle of a sheet is the 
best when the projection trajectory of the horizontal plane at the 
end of the vertical edge follows a cubic curve. The process of 
deriving the forming angle distribution is illustrated in Fig. 2. 

In the forming process of hat-shaped parts shown in Fig. 2, 
assuming that the number of forming passes is N , the final 
forming angle of the vertical edge is 0θ , the length of the verti-
cal edge is H , and the forming angle of the vertical edge of 
the first pass is ,iθ  the expression of the cubic curve is as 
follows: 

 
3 2 .y Ax Bx Cx D= + + +  (1) 

 
The four boundary conditions are as follows: 
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Combining Eqs. (1) and (2), the following Eq. (3) can be ob-

tained: 
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According to Eq. (3), the coefficients of the cubic curves A, B, 

C, and D can be calculated as 

 
 
Fig. 1. Roll forming process. 

 

 
 
Fig. 2. Projection track of the edge of a hat-shaped steel section in the
horizontal plane. 
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Therefore, Eq. (1) can be rewritten as 
 

3 20 0
3 2
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N N

θ θ−= +−+  (5) 

 
When x i=  and cosi iy H θ= , the relationship between the 

forming angle and forming pass in Eq. (5) can be written as 
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Thus, a further simplification can be obtained by expressing 

the i roll forming pass for the forming angle iθ  as 
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The forming angle of each forming pass can be calculated 

for , ,i N= …1 2 3  using Eq. (7). The four-boundary conditional 
forming angle distribution of nine forming passes is shown in 
Table 1, where i  denotes the forming pass number, iθ  
denotes the forming angle, and iθΔ  denotes the forming 
angle increment. 

 
2.1.2 Forming angle distribution based on five-

boundary condition forming angle distribu-
tion function 

The method for obtaining the forming angle distribution 
based on the four-boundary conditional forming angle distribu-
tion function has some regularity, which makes the distribution 
of the forming angle quantitative. However, it cannot guarantee 
an optimal distribution result, and there are some limitations. 
According to the actual production experience and theoretical 
statistical analysis, the forming angle of the first third pass in 
the roll-forming process does not exceed 50 % of the final 
forming angle in most cases, that is, /3 050 %Nθ θ≤ × [13]. Ac-
cordingly, the fifth boundary condition can be assumed for the 
four-boundary condition forming angle distribution function, that 
is, /3 /3cosN Ny H θ= . Combining this boundary condition with 

the four-boundary conditions of Eq. (2), a forming angle distri-
bution function based on five-boundary conditions can be con-
structed. 

Assuming that the projection trajectory of the horizontal plane 
at the end of the vertical edge of the profile section is part of 
the quadric curve, the expression of the quartic curve can be 
written as 

 
4 3 2 .y Ax Bx Cx Dx E= + + + +  (8) 

 
When / 3x N=  and /3cos Ny H θ= , the five-boundary 

conditions of Eq. (8) are: 
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When x i=  and cosi iy H θ= , according to the derivation 

process of the four-boundary conditional forming angle distribu-
tion function combined with Eqs. (8) and (9), the forming angle 
iθ  of the i pass in roll forming can be obtained based on the 

five-boundary conditional forming angle distribution function as: 
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According to the previous study [10], the optimal interval of 

the first third pass forming angle is 0 /330 % Nθ θ× ≤ ≤  
035 % θ× , and /3 033 %Nθ θ= ×  is selected in this study. The 

result of the forming angle distribution of the corresponding 
pass can then be obtained according to Eq. (10) for 

1,2 9i = … , as shown in Table 2. The roll-forming parameters 
and their symbols adopted in this study are listed in Table 3. 

 
2.2 Finite element simulation 

We used ABAQUS software to simulate the roll-forming proc-
ess of two sheets. The mechanical properties of the sheets are 
listed in Table 4, while the true stress-strain curves are shown in 
Figs. 3 and 4 illustrates the finite element model of roll forming, 
in which the mesh of a sheet is divided as demonstrated in  

Table 1. Forming angle distribution of the four-boundary condition. 
 

Forming passes number 

i  1 2 3 4 5 6 7 8 9 

iθ  15.0 29.1 42.2 54.3 65.4 75.0 82.7 88.0 90.0 

iθΔ  15.0 14.1 13.1 12.1 11.1 9.6 7.7 5.3 2.0 
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Fig. 5. The mesh is refined in the bending zone to achieve 
more accurate simulation results. 

 
2.3 Experiment 

2.3.1 Roll forming process experiment 
The main parameters of the roll-forming machine used in the 

experiment are listed in Table 5. The roll-forming machine and 
the experimental products are shown in Figs. 6 and 7, respec-
tively. The mechanical properties were measured by via tensile 
tests, according to ASTM-E8, using a universal material testing 
machine. The experimental results agree with the true stress-
strain curve of the material in the simulation, as shown in Fig. 3. 

 
2.3.2 Measurement of springback angle in roll for-

ming 
Roll forming is a continuous and gradual forming process, 

that is, a sheet is formed using rolling at different forming an-
gles, where the loading-unloading force is repeatedly applied to 

the sheet impacting its springback. In this study, the springback 
angle was measured in a roll-forming experiment using a uni-
versal protractor as the measuring tool. The definition of the 
springback measurement is shown in Fig. 8, where θ  de-
notes the forming angle upon unloading the load after forming, 

,θ  denotes the forming angle without unloading the load after 
forming, and the springback is equal to the difference between 
them. 

Table 2. Forming angle distribution for each pass of 33 % 0θ× . 
 

N/3θ  Forming pass number 

i  1 2 3 4 5 6 7 8 9 

iθ  7.7 18 29.7 42.2 54.9 67.2 78.3 86.6 90 % Nθ×33  

iθΔ  7.7 10.3 11.7 12.5 12.7 12.3 11.0 8.3 3.4 

 

 
 
Fig. 3. True stress-strain curve. 

 
 

 
 
Fig. 4. Finite element model of roll forming. 

 
 

 
 
Fig. 5. Mesh division of a sheet. 

 

Table 3. Table of roll forming parameters and symbols. 
 

Roll forming parameters Symbols 

Forming angle increment (distribution method) FAI 

Five-boundary condition forming angle distribution function FAI.5B 
Four-boundary condition forming angle distribution function FAI.4B 

10° increment of forming angle FAI.10° 

Sheet thickness S.T. 
Equivalent plastic strain PEEQ 

Stress S 

 
 

Table 4. Mechanical properties of sheets. 
 

Sheets 
Young’s 
modulus 
(GPa) 

Mass density 
(kg/m^3) 

Yield limit 
(MPa) 

Poisson’s 
ratio 

Ultimate 
strength 
(MPa) 

Q235 212 7.86E+03 235 0.288 450 
DP780 218 8.0E+03 578 0.3 886 

 
 

Table 5. Main parameters of roll forming machine in experiments. 
 

Forming  
parameters 

Forming 
speed (m/min) 

Motor power 
(Kw) 

Roller dis-
tances (mm) 

Forming 
passes 

Value 5–10 7.5 500 9 
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3. Results and discussion 
3.1 Effect of the forming parameters on sheet 

forming 

3.1.1 Effect of forming angle distribution method 
on sheet forming 

(1) Five-boundary condition forming angle distribution func-
tion 

A Q235 sheet with a thickness of 1.5 mm was selected to 
simulate in this study, and the roll-forming changes were stud-
ied in the 2nd, 4th, 6th, and 9th passes. Fig. 9 shows the equiva-
lent stress nephogram of the sheet forming process based on 
FAI.5B. It can be seen from the figure that the maximum form-
ing force (about 298 MPa) of the sheet subjected to rolls is 
distributed mainly in the bending zone of each forming pass. 
However, there is also a large stress concentration in the web 
and zones of the 4th and 6th passes, which is due to the large 
increment of the forming angle. The greater the increment of 

the forming angle is, the greater the stress in each area of the 
sheet is. When the final section is formed in the 9th pass, the 
stress in the bending zone exceeds the yield strength of Q235 
by 235 MPa, but is much lower (by 450 MPa) than the ultimate 
tensile strength of the sheet, which ensures the forming accu-
racy of the transverse section. The maximum stress in the web 
and flange zones is about 219 MPa, which refers to elastic 
deformation. The original shape can be restored by removing 
the load. This confirms the rationality of the angular distribution 
function under FAI.5B. 

Fig. 10 shows the stress evolution curve of a sheet during roll 
forming based on FAI.5B. It demonstrates the stress variation 
law of the bending, web, and flange zones. The variation of 
thethree broken lines in the figure indicates that the stress in-
creases when the roll is passing through the sheet, and de-
creases when the roll is separated from the sheet. The stress 
broken lines in three different regions show that the maximum 
stress in the bending zone is 298 MPa per pass, followed by 
the stress in the web zone. The peak stress in the 5th and 6th 
passes is close to 300 MPa, while the stress in the other 
passes is stable at 200 MPa, because the greater the incre-
ment of the forming angle is, the greater the stress in the sheet 
is. The minimum stress occurs in the flange zone, the peak 
stress is close to 200 MPa at the 5th and 6th passes, while the  

 
 
Fig. 6. Roll forming machine. 

 

 
 
Fig. 7. Experimental products. 

 

 
Fig. 8. Definition of springback. 

 

 
 
Fig. 9. Stress contour based on FAI.5B. 

 

 
 
Fig. 10. Stress-history curve based on FAI.5B. 
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peak stress of the other passes is stable at 100 MPa on aver-
age. It can also be seen that the peak stress increases with the 
increase in the forming angle. When the forming time is more 
than 2.4 s, the initial meshing part of the sheet has been 
formed out of the roll, but it is still affected by the following 
sheet forming stress. Thus, the stress in the bending, web, and 
flange zones still exists, and it is far lower than the yield 
strength of the material. 

Figs. 11 and 12 show the equivalent plastic strain neph-
ogram and equivalent plastic strain variation curve of the sheet 
forming process FAI.5B. It can be noticed from Fig. 11 that a 
part of plastic deformation also occurs at the edge of the form-
ing part in each pass because the edge wave tends to occur at 
the edge of the sheet in the forming process. The maximum 
equivalent plastic strain of each pass occurs in the bending 
zone. The maximum equivalent strains of the 2nd, 4th, 6th, and 
9th passes are 0.05, 0.103, 0.126, and 0.165, respectively. This 
confirms that the plastic strain occurs in the bending zone, 
which can ensure the accuracy of the roll forming parts. Fig. 12 
demonstrates that the equivalent plastic strain in the bending 
zone is significantly higher than that in the web and flange 
zones. The equivalent plastic strain in the bending zone gradu-
ally accumulates to 0.165 from the 1st to 9th pass, and the 

strains in the web and flange zones accumulate to 0.075 and 
0.047, respectively, indicating that different degrees of plastic 
strain have occurred. Fig. 12 illustrates that the plastic strain 
increases rapidly in the first five passes, which is closely re-
lated to the increment of the forming angle and position of the 
initial meshing. It also shows that the equivalent plastic strain 
increases with the increase in the forming angle. 

Figs. 13 and 14 represent the longitudinal (length direction) 
and transverse (width direction) plastic strain in the roll-forming 
process of a sheet, respectively. The 2nd pass in Fig. 13 indi-
cates that the whole sheet has plastic strain in varying degrees 
from the cloud color, while the plastic strain of the 4th, 6th, and 
9th passes concentrates in the bending zone of the initial mesh-
ing of the sheet, which fully illustrates the importance of the 
initial meshing in sheet forming. Fig. 14 demonstrates that the 
plastic strain mainly occurs in the bending zone and it is be-
coming more serious with the increase in the forming angle, 
which meets the actual production requirements. To produce 
the required cross-section roll-forming parts, the transverse 
deformation is required. Fig. 15 shows a comparison between 
the longitudinal and transverse strain. The transverse plastic 
strain is greater than the longitudinal plastic strain in each pass. 
The transverse strain accumulates to 0.05 in the 6th pass and 
0.14 in the 9th pass. The transverse strain is required for the  

 
 
Fig. 11. Equivalent plastic strain contour based on FAI.5B. 

 

 
 
Fig. 12. Equivalent plastic strain-history curve based on FAI.5B. 

 

 
 
Fig. 13. Longitudinal plastic strain contour based on the FAI.5B. 

 

 
 
Fig. 14. Transverse plastic strain contour based on the FAI.5B. 
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product, whereas the longitudinal strain would cause spring-
back and longitudinal bow shape defects. In Fig. 15, the in-
crease in the longitudinal plastic strain is gentle, whereas the 
increase in the transverse plastic strain is slow and urgent, 
which also reflects the importance of the initial meshing of the 
sheet and the complexity of the roll-forming process. 

(2) Four-boundary condition forming angle distribution func-
tion 

Fig. 16 shows the maximum stress curve of the 2nd, 4th, 6th, 
and 9th passes, which reflects the stress changes in the sheet. 
It is obvious from the figure that the stress of each pass in-
creases with the increase of passes, and the stress in the 
bending zone and the upper web zone of the sheet becomes 
more concentrated. In the 2nd, 4th, and 6th passes, the stress 
concentration appeared at the edge of the upper web, in which 
the stress of the 6th passes reached 340 MPa; in the 9th passes, 
the whole upper web showed relatively large stress, which all 
exceeded the yield strength of the material and caused perma-
nent deformation, and the maximum stress reached 321 MPa. 
The stress in the bending zone is higher than that in the web 
and flange zones, and the maximum stress is close to 

350 MPa, which does not exceed the tensile limit of the mate-
rial and has no risk of material rupture. The stress distribution 
of forming angle distribution function based on FAI.4B is basi-
cally the same as that based on FAI.5B, but the stress value is 
larger. 

Fig. 17 shows the equivalent plastic strain curves for the 
bending, web, and flange zones. It can be seen from the graph 
that the plastic strain in the bending zone is obviously higher 
than that in the web and flange zones, and the cumulative 
equivalent plastic strain in the bending zone is 0.26 in the 9th 
pass. Equivalent plastic strain in web zone eventually accumu-
lated to 0.12, and that in flange zone eventually accumulated to 
0.08. Equivalent plastic strain also concentrates in the bending 
zone, and plastic strain also occurs at the edge of the upper 
web, with the same variation rule for each pass. 

(3) 10° increment of the forming angle 
The stress and equivalent plastic strain curves of roll form-

ing process based on FAI.10° are shown in Figs. 18 and 19. In 
Fig. 19, the maximum stress in the bending, web and flange 
zones are similar at the 2nd, 4th, and 6th passes. The stress in 
the bending zone is still the largest, and increases gradually 
with the increase of the forming angle, and the change is uni-
form. In the 9th pass, the strain reaches 392 MPa, which is 
completely inconsistent with the stress change curve of form-
ing angle based on FAI.5B and FAI.4B, which is the reason for 
the uniform increase of forming angle. In Fig. 19, the equiva-
lent plastic strain in roll forming process of sheet is similar to 
that in forming angle based on FAI.5B and FAI.4B. The 
equivalent plastic strain in bending, web and flange zone are 
higher than that in forming angle distribution based on FAI.5B 
and FAI.4B, and the maximum effective plastic strain can be 
reached to 0.295. 

The stress and equivalent plastic strain curves of the roll-
forming process based on 10° increment of the forming angle 
are shown in Figs. 18 and 19, respectively. In Fig. 18, the 
maximum stress values in the bending, web, and flange zones 
are similar in the 2nd, 4th, 6th, and 9th passes. The stress in the 
bending zone is still the largest and increases gradually with 
the increase in the forming angle, and its change is uniform. In  

 
 
Fig. 15. Comparison between the longitudinal and transverse plastic strain
based on FAI.5B. 

 
 

 
 
Fig. 16. Maximum stress curves for different passes based on FAI.4B. 

 

 
 
Fig. 17. Equivalent plastic strain-history curve based on FAI.4B. 
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the 9th pass, the strain reaches 392 MPa, which is completely 
inconsistent with the stress change curve of the forming angle 
based on FAI.5B and FAI.4B and is the reason for the uniform 
increase in the forming angle. In Fig. 19, the equivalent plastic 
strain in the roll-forming process of the sheet is similar to that 
based on FAI.5B and FAI.4B. The equivalent plastic strain 
values in the bending, web, and flange zones are higher than 
that based on FAI.5B and FAI.4B, while the maximum effective 
plastic strain can reach 0.295. 

(4) Comparison of different methods for estimating the distri-
bution of the forming angle 

The maximum stress and equivalent plastic strain in the 
bending zone can be obtained based on the change of the 
stress and equivalent plastic strain curves under the impact of 
three different angular distribution modes, namely, FAI.5B, 
FAI.4B, and FAI.10°. The stress and equivalent plastic strain 
in the bending zone under the three modes are compared in 
Fig. 20. 

In Fig. 20, the solid lines represent the law of the stress 
change, whereas the dotted lines represent the law of the 
equivalent plastic strain change. In the 2nd, 4th, and 6th passes, 
the stress of the sheet based on FAI.4B is the highest, 

whereas that based on FAI.5B is the lowest. In the 9th pass, the 
stress of the sheet based on FAI.10° reaches 376 MPa and 
exceeds that based on FAI.4B; however, this value does not 
exceed the tensile limit of the material. Moreover, the stress of 
the sheet based on FAI.5B is still the lowest in the 9th pass, 
indicating the superiority of this mode in forming. The maxi-
mum plastic strain of 0.295 occurs in the 9th pass based on 
FAI.10°, while the maximum equivalent plastic strain of 0.165 
occurs under the condition of FAI.5B. 

It can be noticed from Fig. 20 that the stress of the sheet in 
each FAI increases with the increase in the angle distribution 
function, the equivalent plastic strain of the sheet in each FAI 
increases with the increase in the forming angle and angle 
increment, and the performance of the roll-forming parts based 
on FAI.5B is the best. 

 
3.1.2 Effect of sheet thickness on sheet forming 

Based on FAI.5B, the effects of the sheet thickness of 
1.0 mm, 1.5 mm, 2.0 mm, and 4.0 mm on the roll-forming parts 
were studied. The same Q235 material was used in this ex-
periment. Fig. 21 illustrates the effect of the sheet thickness on 
the stress and equivalent plastic strain in the bending zone of 
the sheet based on FAI.5B. 

 
 
Fig. 18. Stress-history curve based on FAI.10°. 
 
 

 
 
Fig. 19. Equivalent plastic strain-history curve based on FAI.10°. 

 

 
 
Fig. 20. Comparison of stress and equivalent plastic strain in forming zone 
based on different FAIs. 

 

 
 
Fig. 21. Stress and equivalent plastic strain for different passes in effect of 
different S.T. based on FAI.5B. 
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In can be noticed that there is a variation of the stress and 
equivalent plastic strain in the bending zone depending on the 
sheet thickness, while the magnitude of this variation remains 
the same across all passes. The stress and plastic strain in the 
bending zone of the sheet increase with the increase of the 
sheet thickness. The stress in roll forming of sheet is affected 
by the increment of forming angle, so the stress increases 
gradually at the 2nd, 4th, and 6th passes, and decreases at the 
9th pass. The plastic strain is related to the increment of form-
ing angle and forming angle, and the strain increases with the 
increment of forming angle during roll forming. However, ac-
cording to the actual production, it is found that the better the 
stability of the edge of the sheet with the increase of thickness, 
the less likely the defects of products such as edge wave will 
occur. Therefore, the thicker the sheet, the better the forming 
effect when the maximum stress is less than the tensile 
strength of the material in roll forming process. 

 
3.1.3 Effect of material yield strength on sheet 

forming  
Based on FAI.5B, DP780 steel and Q235 steel were se-

lected to study the effect of yield strength of different materials 
on roll forming when the thickness of sheet was 1.5 mm. The 
influence of stress and equivalent plastic strain curve of differ-
ent sheets in bending zone is shown in Fig. 22. The stress of 
DP780 sheet in roll forming process is much higher than that of 
Q235. The maximum stress appears in the sixth pass, which is 
as high as 820 MPa, but it does not exceed the tensile limit of 
the sheet. Although DP780 sheet is subjected to strong stress, 
its maximum plastic strain is only 0.124, which is lower than 
that of Q235 sheet under the same condition. 

 
3.2 Effect of forming parameters on sheet 

springback in roll forming  

3.2.1 Effect of forming angle distribution method 
on sheet Springback in roll forming 

The Q235 sheet with a thickness of 1.5 mm was simulated in 

this experiment, and the roll forming changes were studied in 
the 2nd, 4th, 6th and 9th passes. This experiment focused on the 
analysis of the stress and strain changes of the sheet without 
unloading the load (before springback) after complete forming 
and after unloading the load (after springback). Fig. 23 shows 
the stress and equivalent plastic strain nephograms of the roll 
forming parts before and after springback based on FAI.5B. 

As can be noticed from Fig. 23, the maximum stress and 
plastic strain of the sheet after complete forming (without 
unloading load, before springback) based on FAI.5B are 5 MPa 
and 0.01 lower than those of the sheet in the forming process 
illustrated in Figs. 10 and 12, respectively. This is because the 
stress of sheet forming is not only affected by this pass, but 
also by other passes. The maximum stress and plastic strain of 
the sheet after unloading (springback) are 3 MPa and 0.01 
lower than those of the sheet after full forming (unloading, 
springback), respectively. 

This is because the internal stress of the sheet is released 
after unloading, which is also the main reason for springback. It 
can be seen from the cloud that the maximum stress and strain 
still occur in the bending zone; hence, springback mainly oc-
curs in the bending zone. The distribution of stress and strain is 
the same under different forming angle increments; however, 
their numerical values are different. 

When comparing the simulation results for the stress and 
strain changes before and after springback under three differ-
ent angular distribution modes, namely, FAI.5B, FAI.4B, and 
FAI.10°, it was found that the stress and strain release after 
unloading is the key factor causing springback. Fig. 24 shows 
the roll forming parts with different forming angle increments. 
The numbers in Table 6 represent the average values of many 
tests. Providing that the cross section of roll forming was sym-
metrical, the bending zone at the connection between the web 
and flange was chosen to study the springback angle. The 
experimental equipment is shown in Fig. 6. The experimental 
measuring tool was a universal energy angular device with an 
accuracy of 0.02°. 

The measured springback angle values were larger than the  

 
 
Fig. 22. DP780 stress and equivalent plastic strain for different passes 
based on FAI.5B. 

 

 
 
Fig. 23. Stress and strain before and after springback based on FAI.5B. 
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simulated values because the simulated environment was set 
under ideal conditions, and there were many uncontrollable 
factors causing sheet springback in the experiment. However, 
the difference in the springback angle values between the 
simulation and experiment was very small across the forming 
modes. This confirms the accuracy of the simulation, which can 
serve as an important theoretical guideline. 

 
3.2.2 Effect of sheet thickness on sheet springback 

in roll forming  
Figs. 25 and 26 are experimental products with different 

sheet thickness and different passes. 
Based on FAI.5B, the springback angle of each pass of 1.0 

mm, 1.5 mm, 2.0 mm and 4.0 mm plate thickness is measured, 
and Fig. 27 is drawn. Fig. 27 shows the springback curve un-
der different sheet thickness values. 

It can be noticed from Fig. 27 that the springback is smaller 
in the 1st pass and larger in the 2nd, 3rd, and 4th passes. Starting 
from the 3rd pass, the springback gradually decreases with the 
increase in the forming pass number. This is because the in-
crement of the forming angle decreases gradually; that is, the 
springback angle increases with the increase in the forming 
angle. It can also be found that the springback angle de-
creases with the increase in the thickness of the sheet. The 
springback angle is linearly related to the thickness of the sheet, 
and the change in the thickness of the sheet directly affects the 
springback angle after bending unloading. The main reason for 
this effect is that the surface strain and stress of the sheet with 
a large thickness are larger and the sheet will produce more 
plastic deformation, which results in the decrease of the 
springback angle. 

 
3.2.3 Effect of material yield strength on sheet 

springback in roll forming  
The influence of yield strength on sheet springback was 

studied based on the same parameters such as FAI.5B and 

1.5 mm sheet thickness. According to the springback experi-
mental data, the broken line diagrams of the effect of yield 
strength of different materials on springback were drawn, as 
shown in Fig. 28. 

When the sheet thickness was 1.5 mm, the springback angle  

Table 6. Springback angle of roll forming products with different FAIs. 
 

Group FAI.5B FAI.4B FAI. 10° 

Experiment 1.40° 2.32° 2.58° 

Simulation 1.36° 2.22° 2.34° 

 

 
Fig. 24. Roll forming products with different FAIs. 

 

 
Fig. 25. 1.0 mm, 1.5 mm, 2.0 mm and 4.0 mm products based on FAI.5B.

 

 
Fig. 26. Third to seventh and ninth experimental products with 1.5 mm. 

 

 
 
Fig. 27. Springback angle with different sheet thicknesses. 

 

 
 
Fig. 28. Springback with different sheet yield strength. 
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of DP780 was significantly higher than that of Q235, which 
indicates that the yield strength of the material has a significant 
impact on the springback angle of the sheet. The greater the 
yield strength of the material, the more serious the springback 
is. This is in line with the theoretical guidance and experimental 
expectations. 

 
3.2.4 Effect of the correct roll compensation on 

sheet springback in roll forming 
Springback is inevitable in sheet forming. However, it can be 

reduced to achieve higher accuracy of the products. In roll 
forming manufacturing, in addition to exploring different distri-
butions of the forming angle, more forming passes can be set 
or the springback compensation of the corrected rolls can be 
increased to reduce springback. In this study, a set of rolls with 
the forming angle being the same as in the 9th pass were 
added, and the springback angle during sheet forming was 
measured after adding the correction rolls. The measurement 
results are illustrated in Fig. 29. 

It can be noticed from Fig. 29 that the springback angle of 
the sheet is 1.08° after the correction rolls were added. The 
springback decreased by 0.28° when the correction rolls were 
not added. In the actual production process, increasing the 
number of correction rolls or forming passes can reduce 
springback well. When adding a correction roll to adjust the 
forming angle, attention should be paid to the setting of the 
compensation angle to prevent excessive bending. 

  
4. Conclusions 

In this study, the cap-shaped roll-forming parts of small sec-
tion profiles commonly used in industrial production were taken 
as the research object. The roll-forming process was investi-
gated and FAI.5B was proposed to address the lack of scien-
tific theoretical guidance on the distribution of the forming angle 
in roll forming. The effects of the forming angle, sheet thickness, 
and sheet yield strength on the stress, strain, and springback of 
a sheet during roll forming were analyzed using an experiment 
and a simulation implemented in ABAQUS finite element soft-

ware and. The following results were obtained. 
1) The maximum stress and equivalent plastic strain under 

three different FAIs (FAI.5B, FAI.4B and FAI.10°) were 298 
MPa, 340 MPa, 376 MPa and 0.165, 0.26, and 0.295, respec-
tively. Providing that a small stress concentration and plastic 
strain could reduce defects while not exceeding the material 
yield strength, the forming angle based on FAI.5B was found to 
be superior compared to that achieved with other forming 
methods. 

2) During roll forming, the stress and plastic strain in the 
bending zone of the sheet were much higher than those in the 
web and flange zones, while the transverse strain in the bend-
ing zone was higher than the longitudinal strain. With the in-
crease in the thickness of the sheet, the stress and strain in the 
bending zone of the sheet increased correspondingly. When 
roll-forming sheets with different thickness, the distribution and 
change trend of the stress and strain were consistent. The 
thicker the sheet was, the better the forming effect was when 
the maximum stress was less than the tensile strength of the 
sheet during roll forming. 

3) The maximum stress and strain of the sheet after unload-
ing (springback) were less than those before unloading 
(springback). The maximum stress and strain of the forming 
angle were reduced by 3 MPa and 0.01 after unloading based 
on FAI.5B, resulting in a springback angle of 1.40°. However, 
the springback was the smallest for FAI.5B compared to that 
for other forming methods. It is concluded that the forming an-
gle based on FAI.5B is superior to that achieved using other 
FAIs. 

4) Based on the research condition of five-boundary condi-
tion forming angle distribution function, after roll forming, the 
springback angle decreased with the increase in the sheet 
thickness in a linear manner. The springback angle of the 
sheet also increased with the increment of the forming angle 
and increase in the material yield strength.  

5) It was confirmed that springback can be effectively re-
duced by increasing the number of passes or correction rolls. 
In our experiments, the springback angle could be reduced to 
1.08° after adding a set of correction rolls. 
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Nomenclature----------------------------------------------------------------------------------- 

N : The number of forming passes    
0θ  : The final forming angle of the vertical edge 

H : The length of the vertical edge 

 
 
Fig. 29. Springback with correction rolls. 
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I : The forming pass number 
iθ  : The forming angle  
∆ iθ  : The forming angle increment 
FAI : Forming angle increment (distribution method)  
FAI.5B : Five-boundary condition forming angle distribution func-

tion 
FAI.4B : Four-boundary condition forming angle distribution 

function 
FAI.10° : 10° increment of forming angle 
S.T. : Sheet thickness 
PEEQ : Equivalent plastic strain 
S : Stress 
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