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Abstract

Roll forming is increasingly used in the automotive industry for the manufacture of structural and crash components from
ultra-high-strength steel (UHSS). Springback and end flare are common shape defects in roll forming and increase with
material strength. The conventional roll forming process is limited to the manufacture of components with a uniform cross
section while flexible roll forming can produce parts with variation in width and depth. In this paper, the flexible roll forming
of an automotive component from three different high-strength sheets of steel is investigated. The experiments are carried
out with a flexible roll forming prototyping facility and combined with finite element analysis. The study shows that the
flexible roll forming of high-strength automotive components is possible. Springback and end flare depend on the material
strength and the forming sequence and can be reduced with a flexible forming approach where the material is first overbent
followed by bending back. Wrinkling of the flange was observed but the severity of wrinkling reduced with an increasing

number of forming passes.

Keywords Roll forming - Flexible roll forming - Springback - End flare - Finite element analysis - High-strength steel

1 Introduction

More than 20% of the greenhouse gas emissions are due to
road transportation [1], and the automotive industry has been
under increasing pressure to reduce the weight of the body
in white. This has led to the increased use of advanced high-
and ultra-high-strength steels (AHSS and UHSS).

The forming of higher strength steels with conventional
cold stamping is difficult while hot stamping is costly and
requires complex process design [2]. Roll forming is a low-
cost process and has been increasingly used in the automo-
tive industry for the manufacture of structural parts. In roll
forming, a profile is incrementally formed by passing a flat
sheet through a consecutive set of rolls. The dominant defor-
mation mode in roll forming is bending, and this allows the
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forming of materials with limited ductility [3]. Shape defects
and springback can be compensated with flexible approaches
and this suits the forming of higher strength steels [4, 5].
However, roll forming is limited to the forming of long com-
ponents with a constant cross section while, in the automo-
tive industry, parts need to be structurally optimised and
require a variation of the cross section over the length.

In flexible roll forming (FRF), the forming rolls are no
longer fixed in space but can translate and rotate to form com-
ponents that vary in width and depth over the length of the
component [6]. Full part families can be formed with limited
tool change required; this reduces costs. Abee et al. [7] have
investigated the FRF of profiles with variable cross sections in
width while in [8] automotive components such as crash bar-
riers, frame members and bumpers were proposed as potential
technology candidates. A bus frame component was success-
fully manufactured by flexible roll forming in Kim et al. [9].

The major shape defects in FRF are web warping, which
is the height deviation of the web as well as wrinkling in the
flange [10]. Web warping has been extensively investigated
in the literature and increases with material strength [11] and
part complexity [12]. Some techniques were introduced to
reduce web warping. These include the heating of the criti-
cal flange regions [13], a blank holder [7, 14] to support the
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web, overbending of the flange [15] and the optimisation of
the bend curve [6]. Only a few studies have aimed at reducing
flange wrinkling. These investigations proposed special roll
tooling [10, 16] and a blank holder solution [17] but wrinkling
remains a major issue in the FRF process.

End flare is a common shape defect in roll forming and
generally occurs due to residual stresses that are released
during material cutoff. It can also appear in the roll forming
of a pre-cut strip and generally reveals itself by a distortion
of the cross section at the component ends [18]. A previous
study focussed on controlling end flare in flexible roll form-
ing by overbending with a variable tool path. This approach
allowed to apply a higher overbending angle at the compo-
nent ends and successfully compensated for end flare [19].

A prototyping FRF facility has been recently established
[20] that enables the forming of components of variable depth
and width from AHSS and UHSS. The facility simulates the
forming conditions present in FRF and can be used to develop
solutions for shape control [17]. In this study, the facility is used
in combination with numerical analysis to further understand
wrinkling, end flare and springback in the flexible roll forming
of an automotive component. Based on the results, solutions
for shape control are developed and experimentally validated.

2 Materials and component shape

Two dual-phase and one martensitic steel, designated DP600,
DP1000 and MS900 respectively, were investigated. All steels had
a material thickness of 2 mm. Tensile tests were performed with a
30-kN Instron 5967 tensile tester, according to ASTM ES8/E8M [21]
on samples oriented in the rolling direction. A test speed of 0.025
mm s~ was used giving a strain rate of 0.001 s~'. Three samples
from each material were used and the averaged true stress—strain
curve for all materials is shown in Fig. 1. The strength coefficient
(K) and the strain hardening exponent (1) were obtained by fitting
Hollomon’s power law equation to the true stress-effective plastic
strain curves and the corresponding values are given in Table 1.

The symmetric half of the component selected for this
study is shown in Fig. 2a; this is a modified version of an
automotive component. The profile thickness is 2 mm. The
cross section of the component varies in width along the
length. The front cross section of the part is shown in Fig. 2b.
The critical radii of the pre-cut blank that result in the high-
est longitudinal tension and compression in the flange are
243.3 mm and 318.9 mm respectively and are shown in
Fig. 2c. To calculate the theoretical strain, Eq. (1) was used
with the corresponding parameters shown in Fig. 2d.
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Fig. 1 Averaged true stress—strain curves determined along the roll-
ing direction for the three sheets of steel

where R, F and @ are the curve radius of the pre-cut, the
effective flange length and the forming angle.

Figure 2 a shows the critical regions in the left and the
right flange with the corresponding maximum theoretical
strains indicated before and after the top hat in the left flange
is formed. It can be seen that the left and the right flanges
undergo tension and compression deformation, respectively.

3 Experimental flexible roll forming trials

The important parts of the facility used for the flexible roll
forming trials of this study are shown in Fig. 3. First, the
pre-cut blank is positioned and clamped between the top and
bottom die. The top die includes the inner features of the part
to be formed. A clamping force is applied by eight hydraulic
cylinders on the top die; then, the carriage which holds the
two dies is driven back and forth by a servo motor attached
to a lead screw. At the same time, the forming tools mounted
on either side of the clamps are changing their position and
rotate to follow the part contour and to form the flanges to the
required angle. The whole part is formed in multiple passes
and with several forming tools. The control programme uses
the part contour to define the tool orientation and movement
during each forming step. The tool path is established with
the features of the forming die as explained in Abeyrathna

Table 1 Material properties determined with the fitted Hollomon’s
law for DP600, DP1000 and MS900

Material Yield Ultimate ten-  Elastic limit »n K (MPa)
strength sile strength
(MPa) (MPa)
DP600  446.5 767.7 0.0022 0.117 926.3
DP1000 764.1 1194.3 0.0038 0.122 1632.8
MS900 931.9 1102.7 0.0047 0.058 1337.8
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et al. [22] and used to form the flange as it is shown in Fig. 3.
The forming procedure is different to conventional FRF where
multiple roll stands are equipped with top and bottom forming
rolls that can translate and rotate to follow a flexible part con-
tour. Here a pre-cut sheet is pulled through the roll former by
the rotation action of the forming rolls and friction. This can
lead to a mismatch in roll rotation speed and sheet movement,
especially in the part contour transition zones and can lead to
surface quality issues. In the new process, a clamped sheet is
moved through one set of forming rolls that are free to rotate.
This reduces surface damage.

Two different forming sequences were used to form
the left and the right flanges. The constant radius form-
ing approach is employed in which the segments of the arc
element are bent into the final radius in each forming step
while keeping the bending radius the same [18]. In forming
sequence 1 (FS1), the left flange is formed in 3 passes with
20°, 20° and 10° angle increments while, for the right flange,
4 passes with 20° equal angle increments (see Fig. 4a) are
used. Forming sequence 2 (FS2) used two passes of 20° and
30° angle increment for the left flange and three angle incre-
ments of 20°, 30° and 30° for the right flange (see Fig. 4c).
The top hat on the left flange was formed in both forming
cases in five passes using angle increments of 18°, 8°, 8°, 8°
and 8° (see Fig. 4 b and d).

Fig.3 Schematic indicating
the forming approach of the
prototype flexible roll forming
facility

5/] o7 |

(d

Two bottom rolls were used to form the left flange to 50° while
one bottom roll was used to form the right flange to 80° as shown
in Fig. 5a. This was followed by a tool change and the forming of
the top hat with profiled top and bottom rolls (see Fig. 5b).

One objective of this study is to understand the effect of
material properties and the forming sequence on wrinkling
severity. The part shape and wrinkling were evaluated on
the right flange as it undergoes compressive deformation,
which led to edge wrinkles. For that, the outer surface of
the formed part was scanned with a HandyScan 3D [23] and
the deformation of the flange was evaluated by performing a
section cut through the flange edge with Geomagic Qualify
[24] (see Fig. 6). For that, a section cut perpendicular to the
formed flange and located 2 mm from the edge was consid-
ered as shown in Fig. 6a. To have a quantitative measure of
the flange edge wrinkles, the mean absolute error (MAE)
of the flange edge was evaluated using Eq. (2). For that, the
deformed flange edge was compared with the ideal shape of
the flange edge in the critical region (at a Z-coordinate of
70 to 320 mm from the front edge of the component) where
most of the wrinkles were observed (see Fig. 7). For that, the
scanned surface was manually aligned with the ideal part to
minimise the error due to springback.

MAE = 3 [, -3 @)

Clamping force applied by
the hydraulics system

movement
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Fig.4 Bend progression in a
flange forming with FS1, b
hat forming with FS1, ¢ flange
forming with FS2, d hat form-
ing with FS2

Fig.5 The roll tooling that was
used to form a the left and right
flanges, b the top hat on the left
flange

Fig.6 a Formed right flange,
b wrinkling evaluation over
the selected (red) cross-section
length

Left Right
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evaluation
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evaluate the edge wrinkles
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(b)
where x; is the X coordinate of the deformed flange edge, The longitudinal edge strain was evaluated on the left
X; is the corresponding X coordinate of the ideal flange edge ~ flange at a forming angle of 50° and before the hat was
and n is the number of measuring points. formed, as the flange undergoes the maximum longitudinal
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Fig.7 Flange edge considered for wrinkling analysis

Fig.8 Formed left flange where the longitudinal strain was measured
with the AutoGrid Compact DIC system

tension at this stage (see Fig. 2a). The strain measurements
were carried out with an AutoGrid Compact strain measur-
ing system [25]. For this, the pre-cut blank was etched with
a2 mm X 2 mm grid and pictures taken on the flange after
forming with the part being still fixed between the top and
the bottom die. The true major strain was evaluated along
a path located with a 2-mm offset to the flange edge of the
front half, as shown in Fig. 8 and two samples were tested
for each material type.

Fig. 9 Measured angles after a
flange forming, b hat forming

Cross section 1(S1)

v\Ii'a v‘
Z
N Front

Cross section 2 (S2)

Another objective of this study is to identify the effect of
material properties on springback and to introduce a solution
for springback compensation. For this, springback in the three
formed angles («, f, 6 in Fig. 9) was experimentally evaluated.
This was done for condition FS1 only as there was severe wrin-
kling in the right flange for FS2. For the springback measure-
ment, 2 cross sections were considered at the front (S1) and cen-
tre length (S2) of the sample. First, the left and the right flanges
were formed up to 50° and 80° respectively, as it is shown in
Fig. 9 a. Then, the angle of the flanges was measured while the
formed part was held between the clamps. For that, the scanned
surface with the 3D scanner and transverse section cuts in the
Geomagic software were considered as explained above. After
this, the top hat was formed to 50° on the left flange (see Fig. 9
b) and the angle after springback was measured. A schematic of
the springback at the bend corresponding to angle, a, is shown
in Fig. 10. The springback is the difference between the ideal
angle and the angle after forming as given by Eq. (3). Based on
the determined springback angles, an additional forming pass
was introduced to overbend the flanges. The tool orientation for
the overbending of the different angles is shown in Fig. 11 and
the overbending angle at angles @, § and 6 was considered as
a, //3\ and § respectively. For the overbending, a trial and error
approach was used. The measured springback angle was used as
the baseline and the overbending angle gradually increased until
the ideal angle was achieved. In addition, a bending back (BB)
forming step was introduced for the forming of the hat bending
angle 6. For that, the last hat forming pass was repeated after the
overbending pass. All springback measurements occurred while
the part was held between the two clamps. The measured spring-
back angles at S1 and S2 were used to determine the end flare
angle. The end flare angle was defined as the difference between
the measured angle between S1 and S2 as given by Eq. (4).

Ae=a—a 3)
where Aa is the springback angle, « is the ideal flange angle
and «a is the measured flange angle after forming

app = Aag — Aag, 4

where agy, is the end flare corresponding to forming angle
a and Aag, and Aayg, are the springback angles correspond-
ing to S1 and S2 respectively.

Cross section 2 (S2)

X

Centre

Cross section 1(S1)
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Top die

Bottom
die

Fig. 10 Definition of springback for angle a

4 Finite element analysis

The flexible roll forming process was simulated with the
commercial software package Copra FEA RF [26], which
uses an implicit solver. While in the real process, the carriage
with the top and bottom clamps and the pre-cut blank move
back and forth through one single forming station, in the
finite element model, the pre-cut blank and the clamps are
fixed while the forming rolls move over the sheet to form it

Fig. 11 Tool orientation in the 58
last forming pass and overbend- ]
ing for angles a @ and g, b 6

Fig. 12 a Finite element model
assembly, b boundary condi-
tions on the pre-cut

(2)
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Last forming pass

into shape (see Fig. 12 a). The two clamps and the forming
rolls were modelled as rigid bodies and the pre-cut blank
discretised with full integration, hexahedral, type 7, arbitrarily
distorted brick elements [27]. A frictionless contact was
assumed between the rolls and the blank [22]. The mesh was
refined in the bending regions and two layers of elements were
used through the material thickness. Only one longitudinal
half of the pre-cut blank was modelled due to symmetry (see
Fig. 12 b). Elastic material behaviour was defined assuming
an E-Modulus of 200 GPa and Poisson’s ratio of 0.3 [22]. The
plastic components of the true stress-true strain curves shown
in Fig. 1 were used together with isotropic hardening and the
von Mises yield criterion to define plastic material behaviour.

Three boundary conditions were applied to the blank and are
shown in Fig. 12 b. An X lock was applied to all nodes along
the centre line to restrict material movement in the X direction
during forming. A Y lock was applied on three nodes at the
bottom end of the sheet during clamping to hold the sheet until
the clamps come together and secure it. All measurements were
taken with the sheet being clamped as in the experiments. A Z
lock was applied on all nodes at the symmetric centre and on
three nodes at the front to prevent any material movement in
the Z direction during forming. Two nodes were assigned to
each forming roll and used to define their tool paths and angles.

The shape of the formed part in the FEA was evaluated
with Geomagic Qualify [24] using the same procedure as
explained in Sect. 3. To evaluate the strain, a node path at the
left flange edge, on the bottom surface of the formed flange,
was considered as it is shown in Fig. 13a. The plastic com-
ponent of longitudinal strain was compared with the experi-
mental results for the front half at 50° of flange bending. To
understand the evolution of longitudinal stress, a node in

Last forming pass

= = = Overbending pass

J

(b)

Zlock ==
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Fig. 13 a The node path
considered for the analysis of
longitudinal strain, b the node
considered for the analysis of
longitudinal stress

Node path considered for
longitudinal strain (2mm away
from the flange edge)

@

the critical region of the right flange edge was considered
as shown in Fig. 13b.

5 Results
5.1 Wrinkling

The EXP and the FEA results for the shape of the right
flange for FS1 and FS2 are shown for a final bending angle
of 80° in Fig. 14a and b respectively (as explained in the
procedure corresponding to Fig. 6 and Fig. 7). A 10-mm X
coordinate offset is applied between the three materials for
better illustration. The FEA gives a good representation of
the level of edge wrinkling observed in the experiments for
both forming sequences; there is only a slight difference in
the wrinkling pattern. The evaluated mean absolute error
(MAE) values for the experiments and the FEA are given in
Fig. 14c. There is a good agreement between the FEA and
the experiments regarding the magnitude of the wrinkles for
FS2, while the FEA slightly underestimates wrinkling for

Fig. 14 a Comparison of the 80
flange edge distortion for FS1, ’g WD --==DP1000 FEA
b comparison of the flange edge =60 > —— MS900 FEA
distortion for FS2, ¢ MAE of 2 %
the flange edge for FS1 and FS2 2 40

8

>

70 120 170 220

Z coordinate

@

1.4
1.2
1.0
0.8
0.6

Mean absolute error/ MAE (mm)

Formed flange

a Node considered for
[ - longitudinal stress measurement

Formed flange
| L+

FS1. The deviation between the FEA and the experimental
result may be related to the gap between the forming roll
and the top die being larger than the sheet thickness due to
tool deflection which has not been considered in the FEA.
This may explain the differences in wrinkling severity and
wrinkling pattern observed between the EXP and the FEA
for FS1 and FS2 respectively. The wrinkles appeared after
the second forming pass at a forming angle of 40° and 50°for
forming sequences FS1 and FS2 respectively irrespective of
the material type. However, at the final forming angle of 80°,
FS2 showed higher wrinkling severity than FS1 (Fig. 14a
and b). In addition, the wrinkling severity clearly increased
with material strength in FS2 while there is only a minor
effect of material strength for FS1.

5.2 Material deformation in the flange
The distribution of longitudinal residual strain along the arc
length of the critical region in the left flange at a forming angle

of 50° (before the forming of the hat was started) is shown
for FS1 and FS2 in Figs. 15 and 16 respectively. The strain

80
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Fig. 15 Longitudinal residual strain along the left flange edge after a bending angle a=50° for FS1 and a DP600, b DP1000, ¢ MS900

measurements for two samples (sample 1 and sample 2) are
compared with the FEA results for each material and forming
case. The strain reaches a maximum of approximately 135-mm
arc length. There is no significant difference in the peak strain
between the three materials and the two forming sequences FS1
and FS2. The experimental results show some scatter especially
at the regions with low strain. This is related to the limited accu-
racy of the AutoGrid system at low levels of strain. For most
cases, the peak strain predicted by the FEA is slightly higher
compared to that measured experimentally. Overall, the FEA
and the EXP results suggest that neither the forming sequence
nor the material properties have a significant influence on the
level of permanent longitudinal strain. The left flange mainly
undergoes tensile deformation in the longitudinal direction, and
based on Eq. (1), the level of theoretical strain required to form
the part shape is €, = 0.12 (see Fig. 2a). The results in Fig. 15
suggest that less than 50% of the required theoretical longitudi-
nal tensile strain is permanently formed into the flange.

5.3 Springback and end flare

Figure 17 a shows the springback for forming sequence FS1
after bending the left flange (Aa), the right flange (Af) and
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Arc length (mm)
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the top hat (A#). The DP1000 shows the highest springback
while the lowest springback can be seen for DP600, which
also has the lowest yield and flow stress. Springback after
forming the top hat (A#) is the highest given that the flange
is unsupported during the forming process as it is shown in
Fig. 5b. This lack of support likely results in, 8, not being
fully formed and results in high springback.

The end flare determined with Eq. (4) is shown in
Fig. 17b. The end flare was analysed on the right and left
flanges before the top hat was formed. It can be seen that
springback in the front section of the component, S1, is
smaller than that in the middle section, S2, for the left flange
(a) while the trend is opposite for the right flange (f). This
indicates that material flares out at the left flange but flares
in at the right flange.

5.4 Compensation

The overbending angles were determined based on the high-
est value for springback determined in sections S1 and S2
and are shown in Table 2. However, this is a trial and error
approach where the overbending was performed until the
required part geometry was achieved. Table 2 therefore

0.13
T 01l
g 009 —FEA
g - 0.068  ©° Samplel
= -5007 o Sample2
% £0.05 = =Theoretical
£ 003 :
c Q
S 001

2001
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Fig. 16 Longitudinal residual strain along the left flange edge after a bending angle a = 50° for FS2 and a DP600, b DP1000, ¢ MS900
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Fig. 17 a Springback in the left

flange (Aa) in cross sections 14 BAa
S1 and S2 at 50°, right flange 212 SAB
(Ap) at 80° and left flange (AH) £ 10 840
at 50° after the forming of the i 8
top hat b end flare measured € 6
using Eq. (4) in the left and the g" 4
right flanges before the top hat &,
is formed 0
i} sl s2 Sl s2
DP600 DP1000
(a)

shows the final overbending angle that resulted in the best
possible part quality for the different materials. To overcome
the issue of the lack of tool support when overbending the
top hat (angle ), an additional bending back forming step
was applied as previously described.

The springback angle after overbending is shown in
Fig. 18a and suggests that the overbending approach sig-
nificantly improved the part quality in the flange and the top
hat giving springback angles of + 1°. A significant improve-
ment in the top hat shape (angle #) can also be observed.
This suggests that springback in unsupported bends in FRF
can be improved by an approach of overbending followed
by bending back. The end flare distribution of the left and
right flanges after overbending is shown in Fig. 18b. It can
be seen that the end flare is also significantly reduced by the
introduced overbending approach.

6 Discussion

6.1 The effect of material strength and forming
sequence on the wrinkling tendency

The evolution of the longitudinal stress of a node in the criti-
cal region of the right flange (see Fig. 13b) is compared for
all forming passes and for both forming sequences (FS1 and
FS2) and the three different materials in Fig. 19a, b and c.
The hypothesis is that wrinkling initiates when the compres-
sive longitudinal stress in the flange edge reaches a critical
value. Figure 19 d indicates the flange edge deformation
when the forming roll is in contact with the sheet during the
forming process. It can be seen in Fig. 19d that the flange
edge follows a concave upward path followed by convex
downward and reverse convex when the roll passes the flange

Table 2 Final overbending

angles that were used for a® By )

springback compensation DP600 3 3 9
DP1000 7 7 16
MS900 5 5 15

9]

End flare angle (degrees)

-1
QAEF

2 —i

-1
QAgF

Ber
MS900

Ber
DP1000

(b)

AgF PBer
DP600

similar to the flange edge movement in conventional roll
forming as reported previously in Abeyrathna et al. [28].
This gives an initial compressive longitudinal deformation
which is followed by tensile deformation and then compres-
sion as it is indicated by the FEA predictions for longitudinal
stress for DP600, the DP1000 and the MS900 in Fig. 19a, b
and c respectively.

According to Fig. 14c, the DP600 and the MS900 show
the lowest and the highest edge wrinkling in the right flange
respectively for both the FS1 and the FS2 forming condi-
tions. This suggests that the wrinkling tendency increases
with material strength. This may be related to the different
levels of compressive stress that are developed in the flange
when the materials are deformed. According to Groche et al.
[29], the critical wrinkling initiation stress (c,,;) in a vari-
able width component can be estimated with:

k X 7% X E X 1*
12x (1 -92) X F?

Ocrit = (5)

where, k, E, t, F and 9 are the buckling factor, Young’s
modulus, the thickness, the flange length and Poisson’s ratio
respectively.

According to Eq. (5), the critical wrinkling stress is influ-
enced by the geometry and the material properties. In Groche
et al. [29], the buckling factor is considered to be 0.42 for a
component with a similar transition radius and flange height
as analysed here. Assuming Young’s modulus of £=200
GPa, this gives critical wrinkling stress of — 1186 MPa in
the right flange which is indicated in Fig. 19a, b and ¢ by
the dotted line.

To investigate the wrinkling tendency, the level of the
developed compressive stress, o,,,, in the right flange and
the ratio of the compressive stress and the critical wrinkling
stress were determined. In the first forming pass of FS1 and
FS2 (at 20°), the flange edge undergoes compressive stress
of 6,,,, =595 MPa, 1009 MPa and 1078 MPa for the DP600,
the DP1000 and the MS900 respectively. This gives ratios
of compressive to critical wrinkling stress of = 0.50,

0.85 and 0.91 for the DP600, the DP1000 and tﬁg MS900,
respectively. Based on the theory, wrinkling initiates when
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Z—’” > 1 This suggests that the MS900 will reach the critical
v:/;rinkling stress first, followed by the DP1000, and then, the
DP600 material, i.e., wrinkling severity, should increase
with increasing material strength as it has been observed in
Fig. 14a and b. However, the above analysis assumes a con-
stant buckling factor, k, that is independent of the material
properties [29]. As mentioned earlier, all materials showed
buckling in the second forming station for both forming
sequences FS1 (at 40°) and FS2 (at 50°). Figure 19 a, b and
c present the longitudinal stress distribution during the pro-
cess for the selected node in the critical region of the right
flange for DP600, DP1000 and MS900 respectively. P1, P2,
P3 and P4 indicate the time when the forming roll passes
that particular node in the first, second, third and fourth
forming pass. According to Fig. 19b and ¢, both the DP1000
and the MS900 exceed the critical stress level in the second
station in FS2. For the MS900, the level of compressive
stress that exceeds the critical stress level is higher compared

Fig. 19 a Evolution of longi-

to DP1000 and this may explain why the MS900 wrinkling
is more severe.

However, as it can be seen in Fig. 19 a, the longitudi-
nal compressive stress in the flange edge does not exceed
the critical stress for the DP600 steel for both forming
sequences even though experimentally and numerically
wrinkling was observed. Also, for forming sequence FS1,
both the DP1000 and the MS900 do not show compressive
stress that exceeds the critical stress level even though both
sheets of steel showed clear wrinkling initiation after form-
ing pass 2 in both the FEA and the EXP. This may suggest
that the real wrinkling limit stress is lower than the value
calculated from Eq. (5). One potential reason for this could
be the fact that the strip edge is not straight when it moves
into the forming rolls but shows a pre-existing curvature that
is governed by the variable-width contour that is formed.
Such curvature would lead to a moment when a compressive
stress is applied and would give a lower value for the critical
wrinkling initiation stress (o.,;,) than calculated by Groche

P4 0
tudinal stress determined at a - 0 : .
node in the critical wrinkling E :: %
region of the right flange edge 7 400 : H =2 -400
for DP600, b DP1000 and ¢ 5 . | g 5
MS900, d deformation of the ’g -800 : i A \ % -800
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et al. [29] which assumes a straight plate under compressive
loading excluding any moment effects.

If a straight flange undergoes longitudinal compression
as shown in Fig. 20a, the corresponding buckling limit can
be estimated with Eq. (5). However, due to the part contour
that is formed, there is a pre-existing curvature in the flange.
If the flange undergoes longitudinal compression, then the
resulting stresses lead to a bending moment that acts on the
flange as shown in Fig. 20b. This reduces the critical longi-
tudinal compressive stress that is required to initiate a winkle
in the flange and potentially gives critical buckling stress
that is lower than indicated by Eq. (5).

In addition to above, in the conventional roll forming pro-
cess, there are 3 distinct deformation regions [28, 30] where
the sheet first takes a concave, followed by a convex and
then a reverse convex shape when it moves over the forming
roll (Fig. 19d), i.e., the flange edge is not straight when it is
formed over the roll. This could also explain why the longitu-
dinal compressive stress that leads to winkling initiation in the
flange, in the flexible roll forming process, is lower than that
estimated with Eq. (5).

6.2 Causes of end flare in the left and the right
flange

The results for longitudinal edge strain in Fig. 15 show that
the tensile elongation of the left flange is only 50% of the
theoretically required level. The left flange edge is therefore
shorter than required and this results in the straight part of the
left flange being pulled back by the adjacent arc material as
schematically shown in Fig. 21a. According to Fig. 15a, all
3 materials show a similar mismatch between the theoreti-
cally required and the permanently formed longitudinal tensile

- LThickness

Thickness

F

n(a)

Fig.20 Schematic of a a straight plate, b plate with pre-existing cur-
vature undergoes longitudinal load

strain in the critical arc region, Ae =0.066. The corresponding
missing arc length, Al, can be calculated with Eq. (6) below.
The arc length, /, of the critical region is 93.2 mm (from the
pre-cut in Fig. 2¢) which results in an undeformed length, A/,
of 6.2 mm (see Fig. 21a). If the last straight region is pulled
back by 6.2 mm, the flange moves outward from the ideal posi-
tion which leads to the flaring out effect.

The difference between the theoretical and the experimental
longitudinal tensile strain that is formed in the left flange is
the same for all 3 materials (Fig. 15) and this explains why
all materials show the same level of end flare in the left flange
(see Fig. 17b).

In the right flange, wrinkling was observed in the criti-
cal forming and wrinkling severity increased with material
strength (see Fig. 14a and c¢). The compressive stresses in the
critical forming region of the left flange lead to the straight
entity being pulled back by the advanced critical forming
region, this time moving inward from the ideal position (see
Fig. 21b). The degree of inwards flare in the right flange
increases with material strength as shown in Fig. 17b where
the end flare is higher for the DP 1000 and the MS 900 com-
pared to the lower strength DP600. This is due to the lower
wrinkling severity observed in the DP 600 compared to the
two higher strength sheets of steel which leads to less shorten-
ing of the critical area (Fig. 14a and c).

Al = Ae x1 (6)

7 Conclusions

In this study, the flexible roll forming of an automotive com-
ponent with variable width was analysed using a new flexible
roll forming prototype facility. Three types of advance high-
strength steel (AHSS) were investigated in combination with
two different sequences of bending, one for severe forming
and the other representing a smoother forming approach
with a larger number of forming steps and smaller bend-
ing increments. The effect of material strength and forming
sequence on the wrinkling tendency, springback and end
flare was investigated and an approach for springback and
end flare compensation was developed and experimentally
validated.
The following conclusions can be made:

e Flexible roll forming enables the manufacture of longi-
tudinal components from high- and ultra-high-strength
steels. In this study, for the first time, the flexible roll
forming of an automotive component from DP1000 and
MS900 steel was experimentally validated.

e One major process limitation when flexible roll forming
higher strength steel is excessive wrinkling in the flange.
This study suggests that wrinkling severity increases with
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Fig.21 Schematic of the defor-
mation of the a left flange, b
right flange

Reduced arc length due to
lack of deformation

material strength but reduces with an increasing number
of forming passes, i.e., a lower bending angle increment
that is formed. Increasing the number of forming passes
in flexible roll forming therefore represents a promising
solution to achieve a wrinkle-free component. Future
investigation is required to fully understand the potential
of this method to eliminate wrinkling initiation.

A higher material strength increases the compressive
stress in the flange reaching the critical wrinkling initia-
tion stress earlier, giving higher wrinkling severity. When
the number of forming passes is increased, the compres-
sive stress in each individual forming pass is reduced and
wrinkling initiation delayed.

All materials showed wrinkling initiation before the critical
wrinkling stress was reached. The critical wrinkling stress
is commonly calculated by the plate buckling theory which
neglects the effect of a bending moment. This study showed
that when the material enters the forming roll there is a pre-
existing curvature which may result in bending moment
effects and the reduction of the critical wrinkling stress.
All materials showed significant end flare. The results of
this study suggest that the end flare defect is the result
of the shorting of the flange edge. On the left side, the
shorting of the flange is due to an insufficient forming of
material while in the right flange it results from flange
wrinkling.

A simple overbending and bending back approach is pre-
sented and it is experimentally shown that this approach
almost compensates for end flare and springback defects.
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The presented flexible roll forming technology allows
for the CNC controlled optimisation of the forming tool
movement. A combination of in-line shape monitoring
and flexible shape control may therefore be integrated
in the future for quality management. In the current
study, the flange was not supported when the top hat
was formed (Fig. 5b). This led to the flange moving out
of shape (angles f) when the top hat was formed. This
defect can be reduced with a forming roll arrangement
that provides full support of the flange during hat form-
ing. Such a tool was not available in the current study.

e The class of materials that can be formed with the FRF
process depends on the part geometry. If the flange edge
only undergoes longitudinal tensile deformation, most
AHSS and UHSS can be formed if the techniques for
shape compensation presented in this study are applied.
If there are flange regions that undergo compressive
stress; then, the part quality reduces with increasing
material strength. At a certain level of material strength,
the part cannot be formed without wrinkles.
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