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Abstract

Process parameters crucially influence product quality in complex roll-forming process. Improper setting of process parameters
can cause springback and peak longitudinal strain, resulting in product defects. In the present study, the main process parameters
considered are forming angle and sheet thickness. The forming angle for each pass of forming is allocated reasonably by applying
a five-boundary condition, which forms an angle distribution function, to further study the effects of sheet thickness and material
properties on the peak longitudinal strain and springback. Moreover, transverse strain in the bending zone was studied based on
the microstructure of the sheet used herein. The results of finite element simulation and experiments demonstrate that the peak
longitudinal strain increases with increase in the forming angle. The peak longitudinal strain decreases with the sheet thickness
increases, while the transverse strain increases with the sheet thickness increases. The springback decreases with the increase of
sheet thickness under the condition of a certain roll radius. The continuous forming springback angle between the first and the
ninth forming passes was only 0.5° in the paper. The peak longitudinal strain and springback are closely related to material

properties.

Keywords Roll forming - Process parameters - Peak longitudinal strain - Springback

1 Introduction

Roll forming is used to obtain specific cross-sectional shapes
by means of transverse sheet bending by using multi-pass
forming rollers [1, 2]. It is a continuous, efficient, and high-
quality metal forming process, and it is shown schematically
in Fig. 1. A sheet is formed using a certain sequence of differ-
ent shapes of the upper forming roll and the lower forming roll
until it is bent into the desired shape [3]. Roll forming con-
serves material, affords satisfactory surface precision and
forming quality, has high production efficiency, and it is not
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limited in terms of the cross-sectional sizes and shapes that
can be created. The method is now widely used in varied
domains such as construction, automobile manufacturing,
and aerospace [4, 5].

The increment in forming angle between passes, yield limit
and sheet thickness are important process parameters in roll
forming. These parameters significantly influence formed
products. Bidabadi et al. [6, 7] studied the longitudinal bowing
of symmetric U-channel sections in cold roll forming by
means of experiments and finite element simulation. The re-
sults demonstrated that the most important forming parame-
ters are forming angle increment between forming passes,
flange width, and sheet thickness. Liu et al. [8] developed a
new mathematical model to analyse the distribution of
forming angle and the development of longitudinal strain in
the roll-forming deformation process. The results indicate that
longitudinal strain is related to roll geometry and transverse
cross-section of the sheet. Lindgren’s [9] research demonstrat-
ed that the yield strength of the material affects the profile of
the finished product, and with increasing yield strength of the
sheet, the longitudinal peak membrane strain decreases, which
is contrary to the results of the present study. Yan et al. [10]
found that the Hill 48 yield criterion solved using the stress
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method can well reflect the material deformation behaviour
under the plane strain condition. Liu et al. [11] applied the
linear regression method to evaluate the effect on local thick-
ness reduction. The results indicated that the loading pattern
and the roll diameter have the greatest influences on local
thickness reduction and transverse strain in the bending zone.

The unreasonable distribution of forming angle increment
and the material properties can induce the peak longitudinal
strain, which leads to product defects. Therefore, it is very
important to reduce the peak longitudinal strain in roll forming
[12]. Abeyrathna et al. [13, 14] showed that the process and
shape parameters of the parts significantly affect the peak
longitudinal edge strain, which causes product defects. Their
results showed that the peak longitudinal edge strain and
springback increase as the yield strength increases. In-line
shape compensation methods have been used to study the
effect of material properties on common shape defects during
roll forming. Han et al. [15] used the B3-spline finite strip
method and found that the peak longitudinal strain increases
with decreasing sheet thickness and increases with increasing
material yield strength. Paralikas et al. [16] used advanced
high-strength steel (AHSS) (DP series and TRIP series) to
analyse the effects of sheet thickness on the longitudinal and
transverse strain distributions and springback of the final
shape product. Zeng et al. [17] optimised the forming process
by using springback angle as the objective function and edge
membrane longitudinal strain as the constraining condition.
The results show that the precision of forming was improved
and edge wave defects in products were eliminated.
Abeyrathna et al. [ 18] showed that the peak longitudinal strain
near the point of roll contact is large, and longitudinal strains
in roll forming are often associated with shape defects such as
bow, warping, and end flare. Rezaei et al. [19] verified that
longitudinal edge strains lead to increased web warping. Liu
and Huang [20] performed a three-roll-push-bending study
and found that the springback angle increases as the bending
radius and wall thickness increase.

Before conducting this study, based on actual production
experience and theoretical analysis, the authors successfully
proposed the forming angle distribution function based on a
five-boundary condition and constructed the projection track
of the edge of the profile section in the horizontal plane that
follows a cubic curve. It was proved that the forming angle
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direction
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Fig. 1 Roll-forming process
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distribution was the best when the forming angle of the first
third of the forming passes was 30 % % 0y <03 <35 % X 6.
The forming angle distribution was studied based on the five-
boundary condition forming angle distribution function 6,3 =
33 9% x 6. Then, the effects of material properties and sheet
thickness on the peak longitudinal strain distribution and
springback angle during roll forming were studied.
Simultaneously, the transverse strain in the bending zone
was studied based on the metal microstructure.

2 Finite element simulation
2.1 Distribution of forming angle

In a study on forming angle distribution in roll forming, Ona
et al. [21] state that the projection track of the edge of the profile
section in the horizontal plane that follows a cubic curve, that is

y=Ax+ B’ + Cx+D (1)

as shown in Fig. 2, distribution of the forming angle in roll
forming is optimal when the projection of the lateral end of the
sheet follows the curve. Equation (1) was derived by Ona et al.
[21], a Japanese scholar, who sorted out the design data, forming
process drawings and longitudinal bowing forming experiment

Fig. 2 Projection track of the edge of a hat-shaped steel section in the
horizontal plane
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Table 1 Forming angle distribution of four-boundary condition

Forming pass number

i 1 2 3 4 5 6 7 8 9

0; 150 29.1 422 543 654 750 827 88.0 90.0
A¢; 150 141 131 121 111 96 7.7 53 20

of roll forming of various companies. In roll forming, it is con-
sidered that the bending of the sheet metal at the beginning
portion (front portion) and the end part (final portion) is formed
to a lesser extent, but the middle part (middle portion) is formed
to a greater extent, and Eq. (1) can be obtained by
functionalizing this empirical rule. It assumes that N is the total
number of forming passes, 6, is forming angle in the ith pass, 6,
is final forming angle, H is length of the stand side, the coordi-
nates X of Fig. 2 is the longitudinal length of the sheet, the unit is
mm, and distance between two roll stations is equal.

Based on an analysis of the roll-forming process shown in
Fig. 2, the four-boundary condition of Eq. (1) can be
expressed as Eq. (2):

dy

?:0,(X:0)
Z=0,(r=N) 2)
y=H,(x=0)

v = Hcosbty, (x =N)

When x =17, y; = H cos §;; thus, the forming angle in the ith
pass 6; in roll forming is

cosf; = 1 + (1-cosfl) [z (%)3—3 (%) 2] 3)

Substituting i=1, 2, ..., N into Eq. (3), we obtain the
forming angle of each pass.

In this study, we continue to use the relationship curve
between shape factors and forming passes given in the Roll
Forming Handbook, and the number of roll forming passes
was calculated as nine [22]. Therefore, according to the four-
boundary condition, the forming angle distribution function to
calculate the distribution of each pass angle is given in
Table 1.

Table 2 Forming angle distribution for each pass of 33 % x 6,

Onss Forming pass number

33% %Oy i 1 2 3 4 5 6 7 8 9
0, 7.7 18 297 422 549 672 783 86.6 90

A¢; 7.7 103 11.7 125 12.7 123 110 83 34

'

Fig. 3 Cross sectional shape and size of the hat-shaped steel

According to actual production experience and theoretical
analysis, deformation of the sheet should be controlled at the
beginning of forming to avoid edge tearing. In addition to this,
Luo et al. [23] have found that the yield strength, and forming
angle increment are sensitive to the springback and forming
quality. Based on the research basis of a large number of
scholars, the bite zone when the sheet enters the roll during
the roll-forming process was fully considered. This is mainly
due to the fact that the bite zone is the initial part of the
forming sheet and it directly faces the straight roll shape dur-
ing the forming process. The crimp of the bite zone is very
obvious and the bending angle is too large to meet the forming
dimension requirement. However, forming quality at the be-
ginning of the sheet (the bite zone) is poor. There is a large
amount of experimental data to prove that the probability of
various product defects caused by excessive initial forming
angle (excessive initial deformation) is greatly increased.
Simultaneously, Kim et al. [24] selected the initial forming
angles of 0°, 15°, and 30° to study the effect of the initial
loading pattern on the longitudinal bowing during roll
forming. The results show that the longitudinal bowing in-
creases with the initial forming angle. Paralikas et al. [25]
studied the longitudinal strain at the edge of the sheet at bend-
ing angles of 5°, 10°, 10°, and 15°, respectively. The study
observed that the longitudinal strain at the edge was accumu-
lated to reach the peak. Therefore, the forming angle of the
first third pass in the roll forming process of this paper was set
to not exceed 50% of the final forming angle, that is, O3 <
50 % x 6y, and

Table 3 Average

mechanical properties of Material properties Value
Q235 steel
Young’s modulus (GPa) 206
Ultimate strength (MPa) 450
Yield limit (MPa) 235
Poisson’s ratio 0.28
sheet thickness (mm) 1.54.0
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at this time. By combining this equation with the four-
boundary condition in Eq. (2), a forming angle distribution
function based on the five-boundary condition was
constructed.

Assume that the projection track of the edge of the profile
section in the horizontal plane, which follows a cubic curve, is
a part of the quartic curve, and the expression of the quadratic
curve is

y=Ax*+Bx' + Cx* + Dx + E. (5)

When x = N/3, y = H cos 6y;3; therefore, the five-boundary
condition of Eq. (5) can be written as follows:

dy
a—O,(X—O)

dy
a - 07 (x - N)
y = HcosOy3,(x = N/3)
y=H,(x=0)
y = Hcosbty, (x =N)

when x =1, y;= H cos 0;; thus, the forming angle in the ith
pass 6; in roll forming is

Fig. 5 Flower pattern of roll-
forming progress

(b)

8lcosty /360 ,  —8lcoshy 3 + 64 2

0, =1
cos + AN i N3
81cosby /3—72
R (7)
AN

According to a previous study, the optimal interval of the
first third-forming angle is 30 % X 0y <0y3<35% x 0, and
the distribution of forming angles when 653 =33 % x 6, is
selected. Then, i=1 2, ..., 9 is substituted in Eq. (7) to obtain
the forming angle distribution of the corresponding pass, as
summarised in Table 2. In the present study, 6, is 90°, A6, is
the increment of the forming angle, 6,5 is forming angle in the
first third of the forming pass.

2.2 Effect of sheet thickness on roll forming based
on four-boundary condition forming angle
distribution function

In the present study, roll forming with multiple passes is
simulated using DataM Copra RF v2005 SR1 software.
The important simulation parameters are as follows: (1)
DIN6935 method for calculation of sheet width; (2)
Hauschild method for simulation; (3) 9 passes; (4) distance
between two passes = 500 mm; and (5) surface meshing. A
hat-shaped steel channel was selected as the research ob-
ject, the cross-sectional shape and size of which are shown
in Fig. 3. The mechanical properties of Q235 steel are
summarised in Table 3.
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Roll-forming simulations of Q235 steel sheets with
thicknesses of 1.5 mm and 4.0 mm based on the four-
boundary condition forming angle distribution function are
shown in Fig. 4, where the horizontal axis denotes the
forming pass number, and the vertical axis denotes the peak
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Fig. 6 Sheet thickness roll-forming simulation based on five-boundary condition forming angle distribution function a 0.5 mm, b 1.0 mm, ¢ 1.5 mm, d
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simulation diagram. Given that the hat-shaped steel is sym-
metrical, lines 1 and 2 coincide. Center % takes the sheet
intermediate layer as the research object to study the peak
longitudinal strain in roll forming process. The upper strain
limit lines are depicted by horizontal lines on the graphs.
The strain limit can be used as a reference to predict the
plastic strain in longitudinal direction. In roll forming, the
peak longitudinal strain in the first pass was 4.6% when the
sheet thickness was 1.5 mm, peak longitudinal strain in the
first pass was 4.1% when the sheet thickness was 4.0 mm,
and peak longitudinal strain between two adjacent passes,
shown in Fig. 4a, was higher than within a pass, shown in
Fig. 4b. The peak longitudinal strain in the first third of
Fig. 4 exceeds the strain limit, and it is evident from
Table 1 that the peak longitudinal strain increases as the
forming angle increases.

2.3 Effect of sheet thickness on roll forming based
on five-boundary condition forming angle
distribution function

When 6y3 =33 % % 6, the flower pattern of roll forming
progress based on the five-boundary condition forming angle
distribution function is of the shape shown in Fig. 5.

Figure 6 demonstrates the roll forming simulation of Q235
steel with sheet thicknesses of 0.5 mm, 1.0 mm, 1.5 mm,
2.0 mm, 4.0 mm, and 6.0 mm based on the five-boundary
condition forming angle distribution function. The six-
thickness sheet strain curve shows that as the sheet enters
the roll, the strain curve of each pass increases until the
longitudinal strain peaks. Then, when the sheet breaks off
the roll, the strain decreases abruptly and the peak longitudinal
strain always occurs when just rolling. The peak longitudinal
strain appeared in the third pass, and the peak longitudinal
strain from the first pass to the third pass increased with
increasing forming angle increments, and the peak longitudi-
nal strain from the third pass to the ninth pass decreased
gradually, but there was no obvious regularity between the
peak longitudinal strain and the forming angle increment.
Simultaneously, the difficulty and complexity of the reason-
able distribution of forming angles in roll forming are
explained. According to the simulation, the strain limit of
Q235 steel was 1.3%, and the strain limit of Q235 steel did
not change with increasing sheet thickness, which indicates
that the strain limit was closely related to the properties of the
material itself. In addition, the number of passes beyond the
strain limit decreased as the sheet thickness increased. The
peak longitudinal strain between passes in the simulation
was recorded, and the strain curve plotted using this data is
shown in Fig. 7. The six strain curves in Fig. 7 show that the
peak longitudinal strain between passes decreases as sheet
thickness increases.

@ Springer

N
o
S

—m— Thickness 0.5mm
—e— Thickness 1.0mm

4— Thickness 1.5Smm
—v— Thickness 2.0mm
—<— Thickness 4.0mm
—»— Thickness 6.0mm

Material:Q235

\

=

~

[}
T

7

./ \’\4

-

[$))

o
T

Peak longitudinal strain (%)

125 \
A\

1.00 |- \,X

075 |

050 |

025 L ! ! L L

Forming passes

Fig. 7 Effect of sheet thickness on peak longitudinal strain between
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2.4 Effect of material properties on roll forming based
on five-boundary condition forming angle
distribution function

Table 4 lists the basic material properties of SUS304 steel and
DP780 steel. The roll-forming simulations of SUS304 steel
and DP780 steel based on the five-boundary condition
forming angle distribution function are shown in Fig. 8. The
trend of the strain curves in this figure is similar, and the peak
longitudinal strain appears in the third pass. The peak longi-
tudinal strain from the first pass to the third pass increased
with increasing forming angle increment. From the third pass
to the ninth pass, the peak longitudinal strain decreased grad-
ually, but the strain limit of the materials was 0.3 and 0.6,
respectively. Between the two materials, the strain limit of
Q235 steel was higher, and this difference in the strain limits
of the materials shows that the strain limit of the material itself
differs during roll forming. The peak longitudinal strain be-
tween passes in the simulation was recorded, and the strain
curve is shown in Fig. 9. The strain curve in Fig. 9 shows that
the peak longitudinal strain between passes increases with
increasing of yield limit, and in the third pass, SUS304 steel
has the lowest peak longitudinal strain.

Table 4 Mechanical properties of materials

Material properties Material type

SUS304 DP780
Young’s modulus (GPa) 193 218
Ultimate strength (MPa) 550 886
Yield limit (MPa) 228 578
Poisson’s ratio 0.3 0.3
Sheet thickness (mm) 1.5 1.5
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Fig. 8 Roll-forming simulation based on five-boundary condition forming angle distribution function considering of material properties of a SUS304

and b DP780
3 Experimental

The rolls were designed according to the results of the forming
angle distribution shown in Table 2. The main parameters of
the roll-forming machine used in the experiment are listed in
Table 5. The roll-forming machine and the experimental prod-
ucts are shown in Figs. 10 and 11, respectively. The mechan-
ical properties were measured by via tensile tests, according to
ASTM-ES, using a universal material testing machine. The
true stress-strain curves of the material is shown in Fig. 12.
The sheet metal was not subjected to any special treatment
before roll forming, and roll forming was performed at room
temperature.

3.1 Microstructure based on five-boundary condition
forming angle distribution function

The transverse strain in the sheet-bending zone was studied
based on the microstructure of the sheet material, and the

2.00
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Fig. 9 Effect of material properties on peak longitudinal strain between
passes

effect of roll forming on the microstructure of sheet was de-
termined. The bending zone of the sheet is shown in Fig. 13,
where panels (a), (b), and (c) show the outer, middle, and inner
layers of the bend, respectively. The microstructure of the
bending zone of all sheets was observed under 500 magni-
fication by using a Nikon Industrial Microscope. The original
microstructure of Q235 steel before roll forming in Fig. 14a
shows square grains, and their length along the transverse and
the thickness directions was 1-5 um. Figure 14b shows the
original microstructure of DP780 steel before roll forming, the
grains of which are flat, and the grain lengths along the trans-
verse and the thickness directions are 1-5 um and 1-3 pm,
respectively. As shown in Figs. 15a, 16a, 17a and 18a, in the
outer layer of the bending zone of hat-shaped Q235 steel, all
grains in the outer layer of the bending zone are significantly
tensile along the transverse direction, and the grain length is
concentrated at 3—6 um. As shown in Figs. 15b, 16b, 17b and
18b, in the middle layer of the bending zone of hat-shaped
Q235 steel, the shapes of all grains in the middle layer of the
bending zone are virtually the same as those of the original
grains shown in Fig. 14a. As shown in Figs. 15¢, 16¢, 17c and
18c, in the inner layer of the bending zone of hat-shaped Q235
steel, all grains in the inner layer of the bending zone are
compressed along the thickness direction, and the grain thick-
ness is concentrated at 1-3 pm.

Figures 15, 16, 17 and 18 indicate that the number of mi-
croscopic grains in the inner layer of the bending zone of
Q235 steel is significantly higher than that in the outer layer

Table 5 Main

parameters of roll Forming parameters Value

forming machine in

experiments FOITIling speed (m/mll'l) 5-10
Motor power (Kw) 7.5
Roller distances (mm) 500
Forming passes 9
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Fig. 10 Experimental equipment:
a Cold roll forming machine and
b Nikon Industrial Microscopes
ECLIPSE LV150N

Fig. 11 Experimental products

of the bending zone, and the change in grain size decreases
with increasing sheet thickness. The number of grains in the
same area increases due to the influence of compressive stress
and strain in the inner layer of the bending zone. Similarly, the
tensile stress and strain in the outer layer of the bending zone
will result in a decrease in the number of grains in the same
area. The stress and strain values of the bending zone of the

1100
DP780
1000 o

900 /
800
SUS304

700

600/

500 . \,
400

300 / -

200
100 /
0 s s ! ! ! ! ! . !
0 5 10 15 20 25 30 35 40 45

True strain (%)

Fig. 12 True stress-strain curves of the materials of Q235, SUS304 and
DP780 in 1.5mm thicknesses

True stress (MPa)

Q235

re——
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Fig. 13 Bending zone of hat-shaped steel

sheet increase with increasing sheet thickness. Therefore, the
microscopic grains in the inner layer of the bending zone are
more and more severely compressed, and the microscopic
grains in the outer layer of the bending zone are more and
more severely stretched. Therefore, in the same area, there
are more and more grains in the inner layer and fewer and
fewer grains in the outer layer, but the changes of microscopic
grains is gradually reduced. The microscopic grains in the

- 5 T LA \ . T )-- ¥
Fig. 14 Original microstructure of sheet before roll forming: a Q235 steel
and b DP780 steel
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Fig. 15 Q235 steel microstructure for sheet thickness of 2.0 mm

bending zone of hat-shaped DP780 steel show the phenome-
non of tension and compression in Fig. 19, but the change in
grain size is not obvious. Simultaneously, the tensile strain of
the grains in the outer layer of the bending zone along the
sheet thickness direction is greater than the compressive strain
in the inner layer, indicating that thickness reduction in the
bending zone is inevitable. Q235 steel microscopic grains
for thickness of 2.0 mm based on four-boundary condition is
shown in Fig. 18. It can be seen from the figure that when the
thickness of the sheet is the same, the grain size changes little
compared with the microscopic grain size based on the distri-
bution function of the five-boundary condition. However, the
change of microscopic grains with sheet thickness is obvious.
This indicates that the sheet thickness has a significant effect
on the transverse strain of the forming zone.

Fig. 17 Q235 steel microstructure for sheet thickness of 1.0 mm
3.2 Longitudinal strain

According to the simulation results, in this experiment, we
need to measure only the maximum line strain between
passes. Given that the strain is the highest near the bending
angle in the forming process, the experimental process can be
relatively simplified, where only the strain near the bending
angle must be measured. To facilitate data collection, we de-
cided to measure only the values between the first to the fifth
passes, including four groups of strain data along the forming
direction between two passes. The strain values were mea-
sured using digital strain gauges connecting the strain rosette
and the strain measuring points, as shown in Fig. 20. They

Fig. 18 Q235 steel microstructure for thickness of 2.0 mm based on four-
boundary condition
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Table 6 Strain recorded at each
measuring point (unit pLe)

Experiment material

Forming pass number

1-2 2-3 34 4-5
Peak longitudinal strain (p€) Q235 (1.5 mm) 15,755 18,208 15,945 13,770
Q235 (2.0 mm) 15,665 17,505 15,608 14,080
Q235 (4.0 mm) 16,903 18,552 16,500 13,786
SUS304 (1.5 mm) 13,688 17,850 15,642 13,305
DP780 (1.5 mm) 15,995 19,573 16,826 14,200

were numbered 1-3 from top to bottom, and the strain data
were read directly from the digital strain gauge. The strain
values recorded at each measuring point are presented in
Table 6. The strains of Q235 steel with thicknesses of
1.5 mm, 2.0 mm and 4 mm, SUS304 steel with thickness of
1.5 mm, and DP780 steel with thickness of 1.5 mm are listed,
and the strain values are the averages of the values recorded by
the three strain gauges. The micro strain indicates the relative
change in length: the unit symbol is "pe".

According to Table 6, the effect of sheet thickness and
material properties on the peak longitudinal strain between
the first to the fifth passes is shown in Figs. 21 and 22, respec-
tively. The peak longitudinal strain curve based on the five-
boundary condition forming angle distribution function shows
the same trend. The peak longitudinal strain of the first to the
third passes increases gradually, while the peak longitudinal
strain of the third to the fifth passes decreases gradually. The
peak longitudinal strain of the first third passes based on the
four-boundary condition forming angle distribution function
was significantly higher than the peak longitudinal strain
based on the five-boundary condition forming angle distribu-
tion function, and the peak longitudinal strain decreased from

@ Springer

4.6% to less than 2%. For Q235 steel, in Fig. 21, when the
thickness was 1.5 mm, the measured peak longitudinal strain
was the maximum, and when the thickness was 4.0 mm, the
measured peak longitudinal strain was the minimum; it was
found that the peak longitudinal strain based on the five-
boundary condition forming angle distribution function de-
creased as the sheet thickness increased. For the thickness of
1.5 mm in Fig. 22, the peak longitudinal strain of SUS304
steel was the lowest, but the difference between the peak lon-
gitudinal strains of SUS304 steel and Q235 steel was small,
and the peak longitudinal strain of DP780 steel was the
highest. This indicates that the peak longitudinal strain is
closely related to material properties. Simultaneously, the sim-
ulation data and the experiment measurements were compared
to verify the reliability of the simulation and the rationality of
the five-boundary condition forming angle distribution func-
tion. The peak longitudinal strain of the forming angle based
on the four-boundary condition distribution is very high in the
first and second passes, as shown in Fig. 23. The peak longi-
tudinal strain of the third to ninth passes based on the five-
boundary condition is slightly higher than the peak longitudi-
nal strain based on the four-boundary condition. The peak
longitudinal strain occurs in the opposite direction when the
roll bite sheet and the sheet are separated from the roll, as
shown in A-A in Fig. 23, but the strain is very small, which

ﬁe i® pass

Sheet metal

Forming direction

point

The i-1% pass

|
|
|
|
1
|
I
The strain measuring |
I
|
|
l
I

\\_/

Fig. 20 Strain measurement points
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Table 7 Experimental

measurement data of forming Experimental group

Forming pass number

1-2 2-3 34 4-5 5-6 6-7 7-8 89 0-9

174 291 417 545 669 781 864 899 883
175 292 417 546 670 782 8.5 899 888
176 294 420 547 671 783 86.6 90.0 888
178 295 421 548 671 783 8.6 90.0 892
179 295 421 548 672 783 86.6 90.0 895
176 294 420 547 670 782 865 899 89.0
174 290 41.6 544 667 779 8.3 899 879
282 415 538 652 749 826 879 900 877

angle ol
Q235 (1.0 mm) 7.6
Q235 (1.2mm) 7.6
Q235 (1.5 mm) 7.7
Q235 (2.0 mm) 7.7
Q235 (4.0mm) 7.7
SUS304 (1.5 mm) 7.7
DP780 (1.5 mm) 7.6
Four-boundary(1.5 mm) 13.8

50000

~ m— Thickness 1.5mm simulation
—m—Thickness 1.5mm experiment|
~ ®— Thickness 2.0mm simulation
—o—Thickness 2.0mm experiment|
— 4~ Thickness 4.0mm simulation
—4&— Thickness 4.0mm experiment)
— A- Based on the four-boundary
condition simulation
—aA—Based on the four-boundary
condition experimen
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Fig. 21 Strain as a function of sheet thickness

is an elastic strain and will recover after forming. In the man-
uscript, scholars’ studies on peak longitudinal strain are listed,
and they all agree that high peak longitudinal strain is an
important cause of product defects, especially in the first pass,

\ thickness:1.5mm

\

50000

~ A~ Based on the four-boundary
condition simulation

—A— Based on the four-boundary
condition experiment

— m— SUS304 simulation

—m— SUS304 experiment

—#- Q235 simulation

—8—Q235  experiment

—®- DP780 simulation

#—DP780 experiment

25000
20000

N

15000

/

Peak longitudinal strain (us)

10000

Peak longitudinal strain (ug)

5000

1 2 3
Forming passes

|/

w

Fig. 22 Strain as a function of material

excessive peak longitudinal strain will directly affect the bite
of sheet and roll. Hui and Wang. [26] have reached the same
conclusion.

3.3 Springback

The forming angle for each pass of the experimental product
based on the five-boundary condition forming angle distribu-
tion function was measured in Fig. 24 and recorded in Table 7,
but each group angle is the average of two experimental prod-
ucts. The difference between the forming angle during the
simulation and the forming angle during the experimental
measurement is called springback, and the definition of
springback is shown in Fig. 25.

According to Table 7, the springback angle between ad-
jacent passes and that of the first to ninth passes of succes-
sive forming was calculated. The springback angle of the
first third pass of the forming angle distribution function
based on the four-boundary condition was significantly
higher than that of the five-boundary condition forming an-
gle distribution function. The springback angle of first pass

45000 y Based on the five-boundary condition
o eeeee Based on the four-boundary condition
40000 [ R B s i e 0 S T SR G S anar e
Z5000 [rmesnsglimmmsmsmommsamensmas esssameesasas R F
" '
- ]
N 194

et 133 N (9%
W [=3 wn (=3
(=3 (=3 [=3 (=3
(=4 (=3 [=3 (=3
(=] (=} (=] (=]

10000

5000

H
3 4
Forming passes

Fig. 23 Measurement of peak longitudinal strain based on four- and five-
boundary condition

@ Springer



3778

Int J Adv Manuf Technol (2019) 102:3767-3779

Springback =6 - ¢'
Fig. 25 Definition of Springback

was 1.2° and that of the first to ninth passes of continuous
forming was 2.3°, as determined based on the four-boundary
condition forming angle distribution function. However, the
springback angle between passes determined based on the
five-boundary condition was less than 0.7°. As shown in
Fig. 26, the springback decreases with the increase of sheet
thickness under the condition of a certain roll radius. There
is a linear relationship between springback and thickness of
sheet. The change of sheet thickness will directly affect the
springback after unloading. The main reason for the analysis
is that under the same bending radius, the surface strain and

Mateﬁal;Q23 5 —aA— Thickness 1.5mm Based on
12 | thie four-boundary condition =~ |
—u— Thickness 1.0mm
~ —— Thickness 1.2mm
(% —e— Thickness 1.5mm
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gﬂ —»— Thickness 4.0mm
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R CERCREE REREEREE PECPROPRT PEPPRPRRE SRR &

Forming passes

Fig. 26 Springback angle as a function of sheet thickness
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stress value of the sheet with large thickness is larger, and
there are more plastic deformation materials, so the
springback will be reduced. For the sheet thickness of
1.5 mm, as in Fig. 27, the springback angle of DP780 steel
was significantly higher than that of SUS304 steel and Q235
steel. The springback angles of SUS304 steel and Q235 steel
were essentially equal, indicating that material properties
significantly influenced the springback angle of the sheet.
Simultaneously, it was verified that the five-boundary con-
dition forming angle distribution function could effectively
reduce the springback angle of the sheet.

4 Conclusions

In this study, hat-shaped steel samples were used as the re-
search object to verify that the peak longitudinal strain in-
creases with increasing forming angle. It was further verified
that the peak longitudinal strain of the first third pass when 6,
3=33 % % 6, based on the five-boundary condition forming

i2b.i Thickness:1.5mm —a— Q235 Based on the

four-boundary condition
—e—SUS304
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Fig. 27 Springback angle as a function of material
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angle distribution function was significantly lower than that
based on the four-boundary condition. The peak longitudinal
strain decreased from 4.64 to 1.78%.

The effects of material properties and sheet thickness on the
roll forming process were studied based on the five-boundary
condition forming angle distribution function. The peak lon-
gitudinal strain decreases with the sheet thickness increase,
while the transverse strain in the sheet-bending zone during
roll forming increases with the sheet thickness increase. The
springback decreases with the increase of sheet thickness un-
der the condition of a certain roll radius. There is a linear
relationship between springback and thickness of sheet. The
change of sheet thickness will directly affect the springback
after unloading. The first to ninth pass continuous forming
springback angle was only 0.5° in the paper.

A comparison of the properties of SUS304 steel, Q235
steel and DP780 steel showed that the peak longitudinal strain
increased with increasing yield limit. The springback angle of
DP780 steel was significantly higher than that of SUS304
steel and Q235 steel, and the springback angle of the sheet
was closely related to the yield limit of the material.
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