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Abstract

Roll forming is a continuous manufacturing process designed for large batch sizes. In order to economically produce roll formed
parts with smaller batch sizes, the process setup times have to be reduced. During the setup, profile defects and especially the
deformation caused by the release of the process-inherent residual stresses, also known as end flare, have to be counteracted.
However, the knowledge regarding the creation of residual stresses is limited and the ability to reduce end flare usually depends
on the experience of the process designer and the machine operator, which makes the setup time-consuming and cost-intensive.
Therefore, in this paper the creation of end flare during the roll forming process is investigated in depth. As a result of this study
explanation models for U-, C- and Hat-profiles, which link the creation of residual stresses to the local deformation during the
forming process, are developed. Knowing how changes in the forming curve affect the creation of end flare allows to use a
knowledge-based approach during the design and setup process, thereby reducing time and costs.
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Introduction

Due to the global trend of increasing individuality with-
in the product design process and shorter product life
cycles, the industrial requirements of forming processes
have changed. Nowadays, flexible manufacturing pro-
cesses are sought that can produce a large number of
variants with small batch sizes. In order for the serial
production process roll forming to fulfill these require-
ments, the setup time after a change of the profile ge-
ometry has to be minimized. Roll formed products such
as seat rails have to be manufactured with a high di-
mensional accuracy, which requires a high number of
forming stations. During the process setup, the forming
rolls are manually mounted, a new coil is equipped and
the quality of the first parts is investigated. Due to
imperfect roll design and roll positions, wear and tear
or fluctuations in the material properties, deviations
from the dimensional accuracy and profile defects can
occur, which have to be manually corrected before the
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serial production starts. The effectiveness of the correc-
tion measures depends on the experience of the roll
designer and the machine operator. The setup process
affects the production efficiency, as it significantly de-
creases the amount of the machine time that can be
used to produce parts.

Especially the profile deformation at the cut-off, which is
known as end flare and occurs due to process-inherent residual
stresses (Fig. 1), has to be precisely counteracted to satisfy
production tolerances [1]. Since the creation of residual stress-
es during roll forming depends on the actual forming condi-
tions at the roll forming machine, whereas the deformation can
only be observed after the cutting, the correction process is
time-consuming and creates waste.

Therefore, the objective of this study is to reach a
deeper process understanding regarding the creation of
end flare of U-, C- and Hat-profiles. While the responsible
stresses and the corresponding types of profile deforma-
tions are known, the relation between the forming curve,
plastic yielding and the creation of residual stresses has
not been investigated yet. In this study, the forming pro-
cess is divided into forming steps depending on the lon-
gitudinal curvature and the corresponding longitudinal,
transversal and shear stresses are analysed with regard
to plastic yielding and the creation of residual stresses.
After a parameter study, the results are converted into
explanatory models.
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Fig. 1 Profile deformation after
cutting roll formed profiles

State of the art
Roll forming

Roll forming is a continuous production process in which
sheet metal is gradually transformed into the desired cross-
sectional geometry as it is bent in transversal direction while
passing through consecutive forming stations in longitudinal
direction [2]. Forming takes place at room temperature with-
out any intended reduction of the sheet thickness [3]. The
possibility to produce parts of any length in combination with
a wide spectrum of possible profile geometries makes roll
forming an important production process within the automo-
tive, construction or furniture industry. With a forming speed
up to 200 m/min [4] and the possibility of integrating addi-
tional operations like cutting or welding at any point of the
forming line, roll forming allows for an economically efficient
serial production compared to other beding processes [5].

Characteristic for roll forming is the creation of a 3-
dimensional forming zone when the sheet is bent in transver-
sal direction while it moves in longitudinal direction [6].

At the beginning of the forming process, the sheet is lifted
upwards in longitudinal direction by the lower rolls, before it is
guided into the roll gap through contact with the upper roll.
Thereby, the flange is bent in transversal direction and bent back
in longitudinal direction so that the band edge and the undeformed
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profile web move again parallel to each other. There is a line
contact between the flange and the lower roll, which is initiated
at the band edge and extends towards the bending zone (see also
Fig. 2). The flange moves along a concave convex forming curve,
whereby the direction of the curvature changes from concave to
convex along the contact line with the lower roll [7]. The forming
curve of the band edge is longer than the path of movement of the
non-deformed profile web because of the transversal and longitu-
dinal bending load. Thus, the flange is subjected to homogenous
longitudinal strains (constant over the sheet thickness) in addition
to the bending strains [2]. Due to the transversal and longitudinal
bending load, shear strains are induced so that overall transversal,
longitudinal and shear strains occur both as bending strains and as
homogenous strains [8].

The part of the forming curve between the beginning of
deformation and the roll axis is known as deformation length,
which is analytically approximated as a straight line by
Bhattacharyya et al. and is affected by the bending angle,
flange length and material thickness [9].

Panton et al. describe the bending angle curve during
forming, taking into account the curvature of the forming
curve and geometric boundary conditions, which model the
initial contact with the lower roll. The concave convex contour
of the bending angle curve is described separately for both
parts and it is assumed that the convex part coincides with
the contour of the lower roll. [7]
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Fig. 2 Contact, bending loads and plastic deformation during roll forming of a U-profile (U: Upper side, L: Lower side, based on [22])
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Liu et al. adapt the model in case formgiving side rolls are
used instead of formgiving lower rolls [10]. Abeyrathna et al.
can show that the convex curvature of the bending angle curve
does not coincide with the contour of the lower roll and that
the flange takes on a larger curvature radius [11].

Except for the desired transversal plastic bending, other plas-
tic deformation is unwanted. If significant plastic longitudinal
strain is induced into the flange, profile defects like longitudinal
curvature, canning or edge waves can occur [2]. The maximum
longitudinal strain depends, among other things, on the flange
length [12], the sheet thickness [13], the yield strength [14], the
roll diameter [15], the station distance [16], the calibration
method [17] and the bending angle [18]. An uneven distribution
of the longitudinal strain across the cross section can also lead
to horizontal and vertical curvatures [19], waves in the profile
web [20] or a twisting of the profile [19].

Dimensional deviations from the profile geometry arise
further as a result of springback as well as due to the release
of process-inherent residual stresses when the profile is cut to
length. The release of the residual stresses leads to a deforma-
tion of the profile ends at the cut-off, which is also referred to
as end flare [2].

Residual stresses in roll forming

Already in early experimental studies on roll forming, based
on the occurring profile deformation when cutting a U-profile,
the effect of a torsional and longitudinal bending moment was
discovered [21]. Since the sheet metal experiences springback
in transversal direction, no significant residual transversal
stresses remain in the flange [22]. The responsible shear and
longitudinal residual stresses arise as a result of the three-
dimensional forming of the flange and are inhomogenously
distributed over the sheet thickness [21]. The residual stresses,
which remain within the bending zone, do not contribute to
end flare, as they do not lead to a profile deformation when the
profile is cut to length [21, 22]. The forming curve of the
flange when roll forming a U-profile as well as the contact
zones and bending loads (upper side) are displayed in Fig. 2.

The generation of the residual stresses is described by Saffe
et al. as follows: The flange is concavely bent around the axis b-
a in longitudinal direction before it is convexly bent around the
lower roll (axis b-c). During the convex bending, significant plastic
shear and longitudinal strains occur in the A-B-C area. The flange
is reversely bent and sheared back around the axis b-d so that
flange and profile web move again parallel to each other. [22]

During the reverse bending (point D, axis b-d), the material
experiences a bending and torsional moment. On the upper
side of the flange (U), compressive residual stresses in longi-
tudinal direction and positive residual shear stresses (in the
plane of the sheet) remain, while on the lower side (L) tensile
residual stresses in longitudinal direction and negative residu-
al shear stresses remain.

When a profile is cut to length, the residual stresses are
released, whereby the residual longitudinal stresses cause a
bending moment and the residual shear stresses cause a tor-
sional moment. The associated profile deformations are
shown in Fig. 3. [22]

The torsional moment causes a flaring in at the lead end and
a flaring out at the tail end, while the bending moment causes a
flaring out at both profile ends. The profile deformation results
from the superposition of both deformations, whereby the
bending moment reduces the flaring in caused by the torsional
moment at the lead end and increases the flaring out at the tail
end. Due to the superposition of opposite deformations at the
lead end, a turning point is formed, whereby the flange end
flares in as a whole, but the tip of the flange is turned outwards.
The typical end flare of a U-profile is characterized by a flaring
in at the lead end and a flaring out at the tail end, whereby the
tail end flares out stronger than the lead end flares in. [23]

Due to the strong dependency of end flare on the local
contact state between flange and rolls as well as the associated
plastic shear and bending strains, the profile deformation
varies depending on the actual forming conditions. As a result,
end flare can differ for every profile geometry and the defor-
mation can change after each forming step. [24, 28]

Hat-profile

The characteristic end flare of Hat-profiles is a flaring out of the
longer, inner flanges at both profile ends [23, 25, 26], while the
shorter, outer flanges flare in at the lead end and flare out at the
tail end [27]. Due to the opposite bending direction of the inner
and outer flanges during the forming process, the release of
residual stresses creates torsional moments as well as bending
moments that oppose each other [27].

The influence of the outer flanges is experimentally inves-
tigated by Ona and Jimma, who can show that when the outer
flanges of a Hat- or C-profile are removed (longitudinal cut)
and the remaining U-profile is cut to length (transversal cut),
end flare at the inner flanges occurs in the form of a flaring in
at the lead and a flaring out at the tail end. In contrast, when
the entire profile is cut to length, the longer, inner flanges flare
out at both sides. Further investigations show that if the length
of the shorter, outer flanges is below 8 mm, the longer, inner
flanges also flare in at the lead end and flare out at the tail end.
In addition, the greater the length of the outer flanges, the
smaller the end flare at the inner flanges. [23]

Moneke and Groche can further show that the forming
strategy of the inner and outer flanges (simultaneous vs. se-
quential bending) greatly affects end flare. During the sequen-
tial forming of a Hat-profile, the flange, which was bent last,
experiences significant end flare, while the flange, which was
bent previously in the opposite direction, experiences strongly
reduced end flare. Through the bending angle sequence, the
distribution of the residual stresses along the cross section can
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Fig. 3 Moments and profile deformations due to the release of residual stresses (based on [22])

be affected, which allows to control in which parts of the
profile significant residual stresses remain. [28]

C-profile

Ona and Jimma experimentally investigate the end flare of a
C-profile and find analogous to the investigation regarding the
Hat-profile that if the outer flanges are short, the inner flanges
flare in at the lead end and flare out at the tail end. With
increasing length of the outer flanges, the end flare of the inner
flanges changes to a flaring out at both profile ends. In contrast
to the investigation on Hat-profiles, end flare at the longer,
inner flanges increases when the length of the shorter, outer
flange increases [23].

Tubular profiles

End flare when roll forming rectangular tubes from a round tube
was described by Nagamachi et al. [29]. It is shown that end flare
is characterized by a flaring out in width and height direction,
whereby the deformation at the tail end is stronger than the defor-
mation at the lead end [29]. The longitudinal strains induced as a
result of the reduction of the cross section cause strong residual
longitudinal stresses so that the bending moment has a higher
impact on end flare than the torsional moment [29].

Counter measures

To avoid end flare, usually two types of counter measures are
applied. One the one hand, counter measures that induce opposite
directed plastic strains during the forming process to counterbal-
ance the distribution of residual stresses along the cross section.
This is done by overbending and bending back [23] or by lowering
and elevating the profile [27]. Regarding end flare of U-profiles,
Moneke and Groche showed that by reducing the roll gap (no
sheet thickness reduction due to the stiffness of the forming sta-
tion), the bending load during the convex bending and reverse
convex bending of the forming curve (Fig. 2) can be increased
[30]. This allows to counterbalance the residual shear stresses at
the cost of partially increased residual longitudinal
stresses. In contrast to overbending and bending back,
end flare can not be completely removed and a slight
flaring out at both profile ends remains.

@ Springer

On the other hand, counter measures that use an additional
plastic deformation to change the distribution of residual
stresses. Ona et al. induced plastic strains by using a punch
to compress the flanges of thick-walled U-profiles while a die
prevented the flanges from buckling. [31]

Experimental setup and numerical model
Experimental setup

The experimental investigation is conducted with a U-profile
made of CR300LA (R0, » = 318 MPa) that has the dimen-
sions as shown in Fig. 4.

The roll forming line consists of 6 forming stations (S1 —
S6) with bending angles of 13°,29°,47°, 65°, 80° and 90° and
a distance of 540 mm between stations. While in the first three
stations the sheet is formed by upper and lower rolls, in sta-
tions 4 to 6 formgiving siderolls are applied. Station 6 is the
only station, where the flange has contact with the rolls on
both sides during the forming. The diameter of the lower rolls
is 250 mm, while the diameter of the upper rolls is 250 mm in
the first three stations and 300 mm in the following stations.
The bending radius of 3 mm remains constant, but the arc
length increases in every forming step, whereby the material
that forms the bending zone is taken out of the flange. Sheets
with a length of 1400 mm and an initial width of 175 mm are

Fig. 4 Bending angle sequence and geometry of the investigated U-
profile
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used. No lubrication is applied and the speed of the forming
line is set to 1 m/min. After roll forming, sections of 100 mm
are cut off at the profile ends because these ends are subjected
to additional deformation when the sheet moves in and out of
the forming stations.

The remaining profile is cut into 3 parts with a length of
400 mm each and the bending angle is measured in the middle
and at the profile ends of each part with the optical 3D scanner
GOM ATOS [32]. End flare is calculated as the difference
between the bending angle measured in the middle and the
bending angle measured at the profile ends. It is measured at
the right and left side of all three parts so that for the lead end
and tail end each 6 measurements are obtained. For every
parameter investigated in this study 2 sheets are used so that
end flare is calculated as the average of 12 measurements (see
also Fig. 6).

Numerical model

For the numerical study the commercially available finite el-
ement software package Marc Mentat 2012 is used, whereby
an implicit quasi static solver is applied. The numerical model
is shown in Fig. 5.

The numerical model is designed with the objective to pre-
dict end flare, whereby process characteristics that do not sig-
nificantly affect end flare are neglected [1]. Therefore, several
simplifications are made in the numerical study, compared to
the experimental investigations. Due to the symmetry of the
profile geometry, only half of the profile is simulated. The
sheet length is reduced to 1200 mm in order to save compu-
tational time. Friction is not considered, as previous studies
have shown no significant improvement of the model

= 31500 ——
mm

accuracy (bending angle [33], shift of the unlengthened layer
[34]), when friction is considered [33, 34]. Instead, the sheet
(deformable body) is moved by a displacement boundary con-
dition, which is placed at the front end of the sheet web,
through the fixated forming stations (rigid bodies). In accor-
dance with the assumption of a quasi static process the sheet
velocity is set to 0.25 mm/s.

An isotropic elastic plastic material model is applied,
whereby flow curves are experimentally obtained by tensile
tests and extrapolated using the Ludwik equation. This mate-
rial model has shown in previous studies to be sufficient to
accurately model end flare for complex profile geometries [24,
28]. For discretization elements of type 7 (Three-dimensional,
eight-node, arbitrary hexahedral, first-order, isoparametric el-
ement [35]) are used. In order to avoid volumetric and shear
locking in bending processes [36], the assumed strain formu-
lation and constant dilatation formulation are used [37]. Based
on a convergence analysis and previous studies [28], two ele-
ments over the thickness are used. Similar results are obtained
by Nagamachi et al., who compared three and six elements in
thickness direction and found no significant differences re-
garding the distribution of residual shear and residual longitu-
dinal stresses [29].

It has to be noted, that the requirements regarding the sim-
ulation of end flare significantly differ from the requirements
regarding the simulation of springback. Modelling springback
requires a detailed modelling of the plastic deformation within
the bending zone, due to the transversal bending, while
modelling end flare in contrast requires an accurate modelling
of the plastic deformation within the flange, due to longitudi-
nal bending and shear deformation. Simulation models de-
signed to accurately model springback require around 25
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through-thickness integration points within the transversal
bending zone [38, 39]. Furthermore, material models that cap-
ture the variation of the elastic modulus depending on the
amount of plastic strain can improve the prediction accuracy
of springback [39, 40]. Abvabi et al. (2017) showed that by
using the Yoshida-Uemori material model, which accounts for
the variation of the elastic modulus during plastic deformation
under cyclic loading and unloading, the numerical prediction
of springback of roll formed profiles can be improved [39].
Since the plastic deformation within the flange is significantly
lower than the plastic deformation within the bending zone
(Fig. 12), the variation of the elastic modulus has a significant-
ly lower effect on the simulation of end flare. Therefore, a
material model with isotropic hardening as well as 2 elements
over the thickness are chosen for the prediction of end flare.

To cut the profile after the roll forming, a row of elements
in the middle of the sheet is deleted so that the residual stresses
are released and the profile ends at the cut-off are deformed as
shown in Fig. 6.

Discussion of results

Analysis of the creation of residual stresses during the
forming of a U-profile

The distribution of plastic strains and stresses during the
forming in the first station (13°) is shown in Fig. 7.

Zones of significant plastic deformation (Py; - Pyg), the
contact point between sheet metal and lower roll (C; i) as well
as characteristic points or sections (I — V) are shown. At the
beginning of the forming process, the sheet metal is lifted
upwards by the lower roll, before it is pushed downwards by
the upper roll and guided into the roll gap. Thereby, the flange
is bent in transversal direction while it is simultaneously bent
around the contour of the lower roll in longitudinal direction.
After passing the roll gap, the flange is bent back so that band
edge and profile web move again parallel to each other.
During the forming process, the flange moves along a concave
convex curve (path I), whereas the area around the bending

zone is subjected to a slight longitudinal bending around the
contour of the upper roll (path V). The simultaneous transver-
sal and longitudinal plastic bending within the bending zone
(Py.4 and Py 7) induces opposite directed shear strains (P,
and Py;,) in the sheet web and the flange (in plane, 1-3-direc-
tion). Due to the stronger bending deformation of the flange,
the plastic shear strains in the flange are significantly higher
(Py2). While near the bending zone (Path IV) the flange is
mainly subjected to transversal bending, towards the band
edge the transversal bending load decreases and the longitu-
dinal bending load as well as the longitudinal homogenous
strains increase. Therefore, the highest longitudinal plastic
strains occur at the band edge (Py¢). Since the longitudinal
strains are balanced along the cross section, compressive lon-
gitudinal strains are induced in the lower part of the flange
(Py.s). Plastic transversal strains at the band edge (P g) are
not induced due to transversal bending, but rather due to trans-
versal contraction resulting from the longitudinal strain.
Resulting from the switch of the bending deformation from
transversal to longitudinal bending deformation, plastic shear
strains decrease in the middle of the flange (Path II) and in-
crease again near the band edge (P 5 near path I). Figure 8
shows plastic strains and stresses along the band edge (path I)
during the forming in the first station.

Stresses are displayed at the upper (drawn through line) and
the lower side (dotted line) of the profile. The longitudinal
stresses at the upper side are further divided into the longitu-
dinal homogenous stresses 033 rom. = (033, upper + 033, iower)/2
and the longitudinal bending stresses 033, gena. = (033, upper —
033, lower)/2. The forming process consists mainly of three
forming steps, namely concave bending (2a), convex bending
(3a) and reverse convex bending (4a), whereby the longitudi-
nal bending stress changes its direction around 2b and 3b
before a steady state is reached after the forming (4b). Since
plastic yielding is discontinuous, the beginning of plastic de-
formation within each forming step is indicated (e.g. P%),
whereby it is distinguished between the lower (L) and the
upper side (U) of the profile.

During the concave bending (2a), the induced tensile lon-
gitudinal homogenous stresses are stronger than the

Fig. 6 Measurement of end flare
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Fig. 7 Plastic shear (a), longitudinal (c) and transversal (e) strains as well as shear (b), longitudinal (d) and transversal (f) stresses during the forming ofa

U-profile in the first station

longitudinal bending stresses so that tensile longitudinal stresses
occur at the upper and lower side of the flange. As a consequence
of the shifted longitudinal stresses, plastic yielding first occurs at
the lower side (P% ), whereby not an individual stress exceeds the
yield limit (ks = R0, » = 318 MPa), but the von Mises stress
does. Plastic longitudinal strains and plastic shear strains occur at
the same time. The longitudinal bending stress first reaches a
local maximum corresponding to the concave curvature of the
flange, before the bending stress is reversed as the curvature
transitions from concave to convex. After the change of direction
(2b), the longitudinal bending stress reaches its maximum value
due to the convex bending (3a) at the contact point with the lower
roll (C;r). As aresult of the directional change of the longitudinal
bending stress (2b), a change of direction of the shear stress is
induced as well. Therefore, the shear stress decreases (starts

around 2b), changes direction (3a) at the contact point with the
lower roll (C; ) and increases again. The plastic deformation on
the lower side of the flange stops after the longitudinal bending
stress has decreased during the directional change (2b), before
the increase due to the convex bending (3a) leads to renewed
plastic flow (P§ ). Following the directional change of the longi-
tudinal bending stress, the plastic longitudinal bending strain
changes direction (3a) at the contact point (C; z) and then reaches
its maximum value (3b). In this case, the strains reach a plateau,
which is shifted in positive direction due to the homogenous
longitudinal strain. The maximum plastic shear strain is reached
at the contact point with the lower roll (C;z), where the direc-
tional change of the plastic longitudinal homogenous strain also
takes place (3a). The reverse convex bending, which reduces the
convex curvature so that flange and web move parallel again,
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Fig. 8 Plastic shear strains and stresses as well as plastic longitudinal strains and stresses along path I
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induces a longitudinal bending stress which acts against the pre-
viously generated plastic strains. Therefore, the longitudinal
bending stress changes direction again (3b) after reaching its
maximum (3a). Additionally, the homogenous longitudinal
stress changes direction at the contact point with the lower roll
(3a), which increases the longitudinal stress on the upper side and
reduces it on the lower side. For this reason, plastic flow first
occurs a the upper side of the sheet (Pf{ ) and then on the lower
side (Pﬁ ) when the flange is bent back (4a). The directional
change of the longitudinal bending stress (3b) also leads to a
change in the shear stress, whereby the shear stress reaches a
maximum (3b) and decreases again (4a) until the end of the
forming process (4b).

During the reverse convex bending (4a), the plastic homog-
enous strain induced by the concave bending and the plastic
longitudinal bending strain resulting from the convex bending
are partially reduced (up to 4b), whereby the decrease at the
upper side is significantly greater due to the strengthening
effect of the homogenous longitudinal stress. Within the pro-
file residual stresses remain that act against the plastic longi-
tudinal bending strains due to the convex bending and are
shifted depending on the homogenous residual longitudinal
stresses (4b). The convex bending (from 3a onwards) also
leads to a partial reduction of the plastic shear strain (4a) that
is previously generated during the concave bending.
Therefore, residual shear stresses remain in the flange, which
act against the plastic shear strain due to the initial concave
bending (4b). Due to the influence of the homogenous part of
the longitudinal stress on the beginning of plastic yielding on
the upper and lower side, the plastic shear strain is also shifted
in the direction of positive strains. As a result, even though the
shear stress does not have a significant homogenous part, re-
sidual shear stresses with a homogenous part remain.

Plastic strain and stresses during forming in stations 1 and 2

After looking at the forming mechanism in detail, the influ-
ence of the residual stresses on plastic deformation in

subsequent forming stations is investigated. The shear, longi-
tudinal and transversal plastic strains and stresses during the
forming in station 1 (13°) and 2 (29°) are shown in Fig. 9.
As explained above, it can be seen that plastic deformation is
caused due to the von Mises stress exceeding the yield limit.
During the forming in station 2, the creation of plastic strains is
significantly influenced by the residual stresses remaining after
station 1. Since the residual shear stresses act in opposite direction
to the shear stresses induced by the concave bending, the shear
stresses are significantly lower than during the concave bending in
station 1. On the contrary, the residual longitudinal stresses act in
the same direction as the longitudinal bending stresses. The am-
plification of the longitudinal stresses is sufficient to enable plastic
yielding (P% ), although, due to the low shear and transversal
stresses, only the plastic longitudinal strain changes slightly.

During the convex bending (Pg v ) and reverse convex bending

(Pﬁ'U ), no significant plastic deformation occurs. Therefore, the
residual shear stresses take on values comparable to those after
station 1. As a result of the plastic deformation (Pé ), the residual
longitudinal stresses on the lower side are shifted into the com-
pressive area so that the longitudinal stresses induced on the lower
side during the concave bending in station 3 are further reduced.
This shows that the effect of the residual longitudinal stresses on
the creation of plastic strains in the following stations greatly de-
pends on the homogenous longitudinal stresses. Plastic strain and
stresses along path II (Fig. 7) are shown in Fig. 10.

Without the impact of longitudinal homogenous stresses,
plastic yielding starts simultaneously at the upper and lower
side of the flange (Pé’U ) during the forming in station 1.
Corresponding to the lower longitudinal bending and shear
loads, lower plastic strains occur. The plastic longitudinal
bending strains induced during the concave (Pé"U ) and con-

vex (Pé’U ) bending compensate one another. Therefore, dur-
ing the reverse convex bending, no opposite directed longitu-
dinal bending stress is induced, but the stress is reduced sim-
ilar to an elastic deformation and low residual longitudinal
stresses remain. Corresponding to the longitudinal bending
stress, the stress gradient of the shear stress after the
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Fig. 9 Plastic strain and stresses along path I during the forming in station 1 and 2
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Fig. 10 Plastic strain and stresses along path II during the forming in station 1 and 2

directional change (C,z) is small so that the shear stress in-
duced during the convex bending is not sufficient to enable
plastic yielding. Therefore, there is no reduction of the plastic
shear strain generated during the the concave bending and
significant residual shear stresses remain.

Regarding the forming in station 2, the residual shear stresses
reduce the shear stresses that are induced during the concave
bending so that no plastic deformation occurs. Only at the point
of contact with the lower roll (C; ), where the longitudinal bend-
ing stress reaches its maximum, the longitudinal stress briefly
exceeds the yield limit. This means that, although the bending
angle difference from station 1 to station 2 (16°) is greater than
the bending angle in the first station (13°), the residual stresses
prevent significant plastic deformation in the flange. Plastic strain
and stresses along path IV are shown in Fig, 11.

During the forming in station 1, the deformation in the lower
part of the flange (path IV) is mainly caused by the forming of the
bending zone. Therefore, only low longitudinal bending stresses
and plastic strains occur in the lower part of flange B. Instead,
plastic yielding mainly occurs due to concave convex transversal
bending (Pé’U ). The course of the transversal bending stress is
similar to the longitudinal bending stress in the upper part of the
flange, as the transversal stress reaches its maximum during the
convex bending at the contact point with the lower roll (Cyp).
Low plastic strains and residual stresses remain after the reverse
convex bending and the occurrence of springback (Pé ﬂ‘ ). Due

to the shearing of the material during the forming of the bending
zone (Py;; and Py;) in combination with the simultaneous lon-
gitudinal and transversal bending, the plastic shear strain is the
highest in the lower part of the flange. During the convex bend-
ing and the reverse convex bending, the shear strain, which is
induced by the concave bending, is only partially reduced so that
significant residual shear stresses remain. The shear, transversal
and longitudinal residual stresses have no significant influence
on plastic yielding during the forming in station 2, since the
transversal bending stress alone is sufficient to cause plastic
yielding.

Distribution of residual stresses along the cross section

The residual plastic strains and residual stresses along the
cross section after station 1 are displayed in Fig. 12.

The highest plastic strain (~0.085) is induced within the
bending zone because of transversal bending (P11). Due to
springback, only small transversal residual stresses remain in
the lower area of the flange, which do not cause any signifi-
cant deformation of the flange when it is cut to length. The
distribution of the shear and longitudinal stresses that cause
end flare can be divided into characteristic sections (5a — 5g).
The bending zone A is characterized by high residual longi-
tudinal stresses (5¢) and the directional change of the residual
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Fig. 11 Plastic strain and stresses along path IV during the forming in station 1 and 2
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Fig. 12 Residual plastic strain and residual stresses along the cross section after station 1

shear stresses (5b — 5d). The shearing of the flange in the
lower part of the flange (path IV) determines the initial level
of the residual shear stresses in flange B (5d). Due to the
decrease of the transversal bending load and the low longitu-
dinal bending load as well as the low homogenous compres-
sion in the middle of the flange, the plastic shear strain de-
creases towards the band edge (5¢). Two effects take place in
the upper part of the flange (5f — 5g). On the one hand, the
increasing longitudinal bending and shear loads induce higher
plastic strains so that the residual shear and residual longitu-
dinal stresses increase again (around 5f). On the other hand,
the increasing homogenous longitudinal strain facilitates plas-
tic yielding on the upper side during the reverse convex bend-
ing (see 4a, Fig. 8), which results in a stronger reduction of the
plastic strains and residual stresses (5g, upper side). For this
reason, the residual stresses first equally increase on the lower-
and upper side, before the residual shear stresses on the upper
side decrease more strongly and the residual longitudinal
stresses increase less strongly than on the lower side.

Parameter study

In order to analyze the change of end flare during the forming
process, end flare is measured after every forming step as
shown in Fig. 13.

The numerical model is in good agreement with the experimen-
tal results, as it is able to quantitatively and qualitatively predict end
flare after every forming station. In the first three stations, a slight
decrease of end flare can be observed, while after station 4 there is
a significant reduction of end flare as well as a greater asymmetry
between lead end and tail end. The decrease is caused by the
change from formgiving lower rolls to formgiving side rolls,
which leads to a stronger curvature during the convex bending
and convex reverse bending accompanied by a stronger reduction
of plastic shear strain and residual shear stresses as well as a small
increase of the plastic longitudinal strain and residual longitudinal
stresses. Overall, end flare after station 1 varies by less than 1°.
This can be attributed to the fact that, after the initial forming in the
first station, increased bending and shear deformations are neces-
sary in order to enable plastic yielding in the flange. In order to
understand how the distribution of residual stresses along the cross
section changes depending on the forming load, the bending angle
in the first forming station is varied and the resulting residual
stresses are displayed in Fig. 14.

At abending angle of 5°, the curvature radius is so large and the
length difference of the forming path between the band edge and
the profile web so small that no plastic deformation takes place,
apart from the forming of the bending zone. Therefore, small
residual stresses remain in flange B near the bending zone (5e)
and the resulting end flare is less than 0.5°.
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Fig. 13 End flare (experiment and simulation) after every forming station (left) and end flare (simulation) after the 1st station depending on the bending

angle (right)
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Fig. 14 Residual shear stresses and residual longitudinal stresses along the cross section after the first forming station depending of the bending angle

As the bending angle increases up to 10°, an increase of the
shear and longitudinal residual stresses can be observed,
whereby two distinct regions are created due to the change
of the main bending load from transversal bending (5e) to
longitudinal bending (5g). The continuous increase of residual
shear stresses up to the band edge (5g) occurs because during
the reverse convex bending the bending load is not sufficient
to enable plastic yielding so that no reduction of plastic shear
strains and residual shear stresses takes place. At an angle of
13°, as shown in Fig. 8, the residual shear stresses within the
upper part of the flange (5g, upper side) decrease near the band
edge (from 5f), since now the bending load leads to plastic
reverse convex bending and therewith reduces the plastic
shear strain and residual shear stress. A further increase of

Convex
bending

(P g3,max )

H B
P33,max) 033,max

B
(P33,max

@ Initial state

B
033 initial

© o Contact with lower roll o o Contact with upper roll
P, Plast. hom. long. strain
P, Plast. long. bend. strain

Plast. shear strain

Shear deformation

—> %5 Hom. long. stress
—>0%; Long. bend. stress
Shear stress

—> 011 Transversal stress

the bending angle to 20° results in an increase of the bending
load, which leads to an increase of the residual longitudinal
stresses and a stronger decrease of residual shear stresses
along the whole flange B (5¢ — 5g).

Explanation model

Based on the results of this study, an explanation model is
developed that shows the creation as well as the remaining
distribution of residual stresses that is responsible for end
flare. The explanation model is shown in Fig. 15.

The model describes the forming (calibration method “con-
stant radius”) of a U-profile in which the upper rolls only have
contact with the profile in the area of the web and the bending

Reverse .
@ Residual stresses
convex
bending o’%mes

gﬁ ©)

Fig. 15 Explanation model showing bending and shearing loads during roll forming as well as the creation of end flare and the remaining distribution of

residual stresses along the cross section
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Fig. 16 Geometry of the Hat- and
C-profile

Hat-profile

C-profile

zone (see Fig. 4). Analogously to the model developed by
Saffe et al. (Fig. 2), the longitudinal and transversal bending
loads during roll forming in the first station are shown.
Additionaly, the shear load within the profile flange and web
is displayed. The forming process is divided into 5 steps,
including the initial state (1) and the remaining residual stress-
es (5). The creation of plastic strains and residual stresses is
described in detail for an element (upper side) at the band edge
(compare Fig. 8), whereby the state of strains and stresses is
shown at characteristic points on the concave convex forming
curve. Moreover, the remaining characteristic distribution of
residual stresses along the cross section is shown (compare
Fig. 12 and Fig. 14). The creation mechanism (1-5) connects
the forming curve with the residual stress distribution. In this
way, the effect of parameter changes can be evaluated, since it
is known how changes of the forming curve affect the creation
of plastic strain and residual stresses.

The following assumptions and simplifications apply to the
model:

— Initial stresses in the sheet are zero

—  The homogenous longitudinal stresses act over the entire
cross section, but are only depicted for the individual
elements at the band edge

—  Transversal stresses are only depicted around the bending
zone

— In each of the forming steps (2, 3 and 4), plastic yielding
occurs at the band edge

— Along the cross section (5a — 5g) only residual shear and
residual longitudinal stresses are shown

“Wconcave

convex concave

—  During the forming in the first station, no plastic strains
occur in the profile web (52)

Analysis of the creation of residual stresses for a hat-
and a C-profile

After analyzing roll forming of a single flange, in this
section simultaneous forming of two flanges is investi-
gated. The geometries of the investigated Hat- and C-
profiles are shown in Fig. 16, whereby an additional
flange with a length of 25 mm and a bending radius
of 3 mm is added to the geometry of the U-profile.

When a profile flares out, the deformation takes place
against the bending direction. When it flares in, the de-
formation takes place in bending direction. Since end flare
is calculated as the difference between the bending angles
measured in the stationary zone and at the cut-off, a pos-
itive end flare always corresponds to a flaring out and a
negative one always corresponds to a flaring in. To inves-
tigate the creation of end flare, end flare after the first
forming station (13°) is investigated, whereby both
flanges are simultaneously formed. The profile deforma-
tion during the forming of the Hat- and C-profile as well
as the curvature of the forming curve and the contact
distribution are shown in Fig. 17.

The forming of the Hat-profile is initiated when the
sheet metal makes contact with the lower roll, whereby
the whole profile flange (B + C) is raised and formed
along a concave forming curve. Due to the following

C-profile

Fig. 17 Curvature of the forming curve and contact distribution within the forming zone when roll forming a Hat- and C-profile
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Fig. 18 Plastic shear (a), longitudinal (c) and transversal (e) strains as well as shear (b), longitudinal (d) and transversal (f) stresses during the forming ofa
Hat-profile in the first station (visible deformation scaled up)

contact with the upper roll, flange C is bent downwards
in opposite direction to flange B and is guided into the
roll gap. As a consequence, the curvature of the
forming curve changes from concave to convex (Ccyp),
before the flange is formed along a convex concave
forming curve. The change of the longitudinal bending
stress occurs at the contact line with the upper roll
(Cyr) just before the roll gap. Flange B is bent along
a concave convex forming curve similar to the U-pro-
file, although the forming curve is influenced by the
bending of flange C and the contact with the upper
and lower roll on both sides.

When the C-profile is roll formed, the whole flange (B +
C) is initially raised due to the contact with the lower roll and
bent with a concave curvature, before the upper roll guides
flange B into the roll gap, while flange C is bent further up-
wards. Flange B and flange C are both formed along a con-
cave convex forming curve.

Hat-profile

The distribution of plastic strains and stresses during the
forming of the Hat-profile in the first station is shown in
Fig. 18.

The highest plastic strains are created when the bending
zones are formed (PH,I’ PH,Z’ PH,S’ PH,4’ PH,6’ PH,S’ PH,IO
and Py 1) and at the band edge (P s and Py ). The homog-
enous longitudinal stress leads to an elongation of the outer
flange C, while the inner flange B (P 7) experiences a ho-
mogenous compression. Due to the opposite bending direc-
tion of the inner and outer flanges, the longitudinal and trans-
versal stresses and plastic strains (P and Py g as well as
P10 and Pyyy), which are induced during the forming of
the bending zone, act in opposite directions. This results in
shear stresses and shear strains in the same direction within
flange B (Py; and Py 3). Plastic strains and stresses along path
I are shown in Fig. 19.
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Fig. 19 Plastic strains and stresses during the forming along path I
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Fig. 20 Plastic strains and stresses during the forming along path 1T

When flange B and flange C are bent together at the begin-
ning of the forming, the homogenous longitudinal stress that
increases with the flange length (here B + C) cannot compen-
sate for the simultaneously decreasing shear and longitudinal
bending stresses. As a result, the deformation of the flange
during the concave bending (2a) remains elastic. Therefore,
the shear stress and the longitudinal bending stress change
their direction at the same time (2b). The shear and longitudi-
nal bending loads are significantly higher during the following
convex concave bending due to the stronger curvature of the
flange, which leads to continuous plastic deformation.

The longitudinal bending stress reaches a local maximum
during the convex bending (3a) as well as after the change of
direction (3b) during the concave bending (4a) at the contact
point with the upper roll (Cyz). The reverse concave bending
leads again to a directional change (4b) and induces opposite
directed longitudinal bending stresses (5a). The homogenous
longitudinal stress changes its direction from positive to neg-
ative when the curvature changes from concave to convex (3a)
and back again when the curvature becomes concave again

(4a). With the beginning of plastic yielding, there is again the
relationship between shear and longitudinal bending stresses
in which the shear stress reaches its maximum when the lon-
gitudinal bending stress changes its direction (3b, 4b) and the
shear stress changes its direction at the point of the maximum
longitudinal bending stress (4a). During the concave bending
(4a) and the reverse concave bending (5a), the plastic shear
strain that was induced during the convex bending (3a) and
the plastic longitudinal bending strain induced during the con-
cave bending (4a) are partly reduced. Plastic strains and stress-
es along path II are shown in Fig. 20.

When the bending zone of flange C is formed, besides the
transversal bending, the sheet is convexly bent in longitudinal
direction (P g) and sheared within the sheet plane (P 3
and Py 4). As a consequence of this, after the initial concave
bending of flange B + C, the longitudinal bending load and
the shear load in the upper part of flange B are increased
during the concave and convex bending. The contact with
the upper roll also slightly increases the curvature of the
forming curve in the upper area of the flange so that overall
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Fig.21 Plastic shear (a), longitudinal (c) and transversal (e) strains as well as shear (b), longitudinal (d) and transversal (f) stresses during the forming ofa

C-profile in the first station (visible deformation scaled up)
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Fig. 22 Plastic strains and stresses along path I during the forming of the C-profile in station 1

the reduction of plastic shear strain (from 3a) increases and the
residual shear stresses decrease. The reinforcement of the con-
vex bending (3a) through the forming of the bending zone, on
the other hand, leads to an increase of residual longitudinal
stresses. Transversal stresses have no significant influence on
the shear stress along path II (see Fig. 18).

C-profile

The distribution of plastic strains and stresses during the
forming of the C-profile in the first station is shown in
Fig. 21.

Since both flanges are bent in the same direction, the
highest plastic strains occur at the band edge (P 5 and Pc).
In order to compensate for the longitudinal tensile strains at
the band edge, longitudinal compressive strains are induced in
the flange (Pc7). The plastic longitudinal and transversal
strains that are induced when the two bending zones are
formed (Pcg, Pcs, Pcio and Pcyp) act in the same
direction. As a result, shear strains and stresses in op-
posite direction (Pc, and Pc3) occur in the upper and
lower part of flange B. Plastic strains and stresses along
flange C (path I) are shown in Fig. 22.

During the concave bending (2a), the homogenous longi-
tudinal stress causes a strongly asymmetrical beginning of
plastic yielding. As a result of the in comparison to the U-
profile significantly higher shear and longitudinal bending

stresses, the flange is continuously plastically deformed.
Analogous to the U-profile, significant plastic shear and lon-
gitudinal strains and therewith significant residual shear and
residual longitudinal stresses remain, whereby the homoge-
nous component prevails. Plastic strains and stresses along
flange B (path II) are shown in Fig. 23.

When the bending zone of flange C is formed, be-
sides the transversal bending, the sheet is concavely
bent in longitudinal direction (Pcg) and sheared within
the sheet plane (Pc3; and Pc4). These shear stresses act
opposite to the shear stresses induced by the concave
bending of flange B. Furthermore, due to the aligned
transversal bending of flange B and C, high transversal
stresses are induced in the upper part of flange B when
the bending zone of flange C is formed (see Fig. 21).
As a consequence, the transversal bending stress mainly
is responsible for the creation of shear stress in the
upper part of flange B (3a — 5a).

Therefore, after the initial concave bending of flange
B + C, the shear stress changes its direction when the
transversal bending stress reaches a local maximum (3a)
and then again at the contact point with the upper roll
(4a). The plastic shear strain, which is induced during
the concave bending, is completely removed due to the
increased convex bending load. After the following re-
verse convex bending significant residual stresses and
plastic strains remain in the sheet.
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Fig. 23 Plastic strain and stresses along path II during the forming of the C-profile in station 1
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Fig. 24 Distribution of residual stresses along the cross section for the Hat-profile (left) and C-profile (right) after the first forming station

Distribution of residual stresses along the cross section

The distribution of residual stresses along the cross section of
the Hat- and C-profile is shown in Fig. 24.

The characteristic distribution induced by the forming of
the bending zone of flange B (6a — 6d) is the same for all
profile variants (U-, C- and Hat-profile). From this point on,
the distributions of residual stresses of the Hat- and C-profile
differ.

Hat-profile Residual shear and residual longitudinal stresses in
flange B are comparable to the residual stresses of the U-pro-
file, which means that there initially is a decrease of the shear
stress (6¢), before the shear stress increases again with increas-
ing longitudinal bending load (6f). Due to the forming of the
bending zone of flange C, the convex curvature and the reduc-
tion of the convex curvature in the upper part of flange B are
increased. Therefore, stronger residual longitudinal stresses
and lower residual shear stresses remain (6f — 6g).
Corresponding to the opposite directed deformation of flange
C, the residual shear stresses change direction (6g) in the mid-
dle of the bending zone, initially increase (6h) and then de-
crease again due to the increasing shear and longitudinal bend-
ing stress towards the band edge (61). The residual longitudi-
nal stresses reach their maximum in the middle of the bending
zone (6g) and change direction (6h) in flange C according to
the longitudinal bending load. Due to the strong homogenous
part, tensile residual longitudinal stresses remain at the upper
and lower side.

End flare due to
bending moment

End flare due to
torsional moment

© ©

E ®

Saffe et al. also investigate the residual shear stresses
within a Hat-profile, but find in contrast to this investi-
gation a directional change of the residual shear stresses
in the upper part of flange B (around 6f) [24, 26].
Regarding the stresses during the forming process [24],
within their investigation the shear stresses in the upper
part of the longer, inner flange change their direction
during the reverse convex bending (unlike Fig. 20).
This change of direction is limited to the area in which
the flange has contact with the upper roll. Therefore,
one possible reason can be a stronger curvature of the
forming curve of flange B during the convex bending
and reverse convex bending due to contact with the
upper roll. The change of curvature is significantly
stronger when the stiffness of the forming station is
not considered in the numerical model. Thus, the results
of Saffe et al. do not contradict the results within this
study, but can be explained by a locally stronger defor-
mation during the reverse convex bending.

C-profile Due to the higher longitudinal bending load, signif-
icant longitudinal residual stresses remain within flange
B and because of the high transversal bending load near
the bending zone of flange C, the residual shear stresses
decrease along the whole flange (6e). Since flange B
and C are subjected to transversal bending in the same
direction, the state of residual stresses within the bend-
ing zone of flange C (6f — 6h) is the same as in the
bending zone of flange B (6b — 6d).

End flare due to
bending moment

End flare due to
torsional moment

©

Fig. 25 Direction of end flare due to the release of shear and longitudinal residual stresses of a Hat-profile (left) and a C-profile (rights)
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Fig. 26 End flare (simulation) after the first forming step for a U-, Hat- and C-profile

In flange C the characteristic stress distribution after the
forming of an outer flange in which the residual shear stresses
decrease towards the band edge and the residual longitudinal
stresses have a significant homogenous part and a significant
bending part remains. When forming a C-profile, the homog-
enous part dominates, while when forming a Hat-profile the
bending part prevails.

End flare

The direction of the profile deformation due to the released
torsional and bending moments can be derived from the dis-
tribution of the shear and longitudinal residual stresses and are
shown in Fig. 25.

The superposition of the individual moments determines the
moment, which acts on the flange when the profile is cut.
Figure 26 shows the end flare after the 1st forming station (13°).

Flange B of the U-profile has the strongest end flare among
all investigated profile types.

Hat-profile

If the Hat-profile is cut, the release of the residual stresses
creates torsional and bending moments that act on flange B
and flange C in opposite directions. In contrast to the U-

profile, a weaker torsional moment and a stronger bending
moment act on flange B so that it flares out at both ends.
The torsional moment is weaker because, on the one hand,
the torsional moment in flange C counteracts it and on the
other hand, the residual shear stresses in the upper part of
flange B are lower. In contrast, the residual longitudinal stress-
es increase in the upper part of flange B due to the forming of
the second bending zone. This creates a bending moment that
outweighs the opposite bending moment of flange C and
causes both sides to flare out.

The end flare of flange C is characterized by a flaring in at
the lead end and a flaring out at the tail end, whereby end flare
is shifted in positive direction (flaring out) due to the bending
moment. This end flare is characteristic for the roll forming of
outer flanges and also occurs when roll forming U-profiles.

C-profile When the C-profile is cut, only a small torsional
moment acts on flange B due to the directional change of
the shear stresses along the flange (Fig. 24). However, the
torsional moment is reinforced by the torsional moment acting
on flange C, since both moments act in the same direction. In
the same way, the bending moments in flange B and flange C
are superimposed. After the first station, the superimposed
bending moment is not high enough in order to create a flaring
out at both ends of flange B, which is the characteristic end
flare for C-profiles after the final geometry is reached. Instead,

Hat - 12.5 mm W Hat - 25 mm & Hat - 37.5 mm Hat - 12.5 mm EHat - 25 mm E Hat - 37.5 mm
BC-12.5mm EC-25mm EC-37.5mm BC-12.5mm EC-25mm AC-37.5mm
4 4
3 | FlangeB 3 Flange C
= 2 = 2
o 1 o 1
S 0 | & o
- -1 2 -1
& -2 -2
-3 -3
-4 -4
Lead end Tail end Lead end Tail end

Fig. 27 End flare (simulation) of a Hat- and C-profile depending on the flange length of the outer flange C
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Fig. 28 Distribution of residual stresses along the cross section of the Hat-profile depending on the flange length

there is a slight flaring in at the lead end and a strong flaring
out at the tail end. Regarding flange C the end flare is compa-
rable to the U-profile, where flange C flares in at the lead end
and flares out at the tail end. The fact that the end flare is
shifted in negative direction (flaring in), although the bending
moment causes a flaring out at both sides according to the
longitudinal residual stresses, can be explained by the defor-
mation of flange B. Flange B experiences only a very slight
deformation at the lead end and therefore acts as a bending
edge for flange C. On the contrary, at the tail end flange B and
flange C flare out at the same time so that the bending of
flange B reduces the bending of flange C relative to flange B.

Parameter study

To further study the impact of the outer flange on the end flare
of the whole profile, the flange length of the outer flange C is
varied, while the length of the inner flange B remains constant.
The corresponding end flare is shown in Fig. 27.

In general, it can be observed that the end flare of flange C
increases with the flange length, while the change of end flare
of flange B depends on the bending direction of flange C,
whereby lower deformations can be observed for the Hat-
profile and higher deformations for the C-profile.

Hat-profile The distribution of residual stresses along the cross
section of the Hat-profile is shown in Fig. 28.

It can be seen that the residual stresses in flange B are not
significantly affected by the length of flange C. Regarding flange
C, the reduction of the plastic shear strains during the reverse
concave bending decreases with increasing flange length and larg-
er residual shear stress remain in flange C (6h, 61). Furthermore,
the homogenous part of the longitudinal residual stress increases,
whereas the bending part decreases (6h, 6i). For a flange length of
37.5 mm, the residual longitudinal stresses on the lower side do not
change their direction within flange C because the plastic defor-
mation during the concave bending (4a, Fig. 19) is not
strong enough to remove the plastic strains induced during
the convex bending. Overall, end flare of flange C increases
with increasing length due to the stronger torsional moment
acting on the flange. The change of the bending moment
depends on whether the increased lever arm of the moment
or the reduced bending stresses have a stronger impact.
Regarding flange B, since the torsional moment in flange
C increases, the resulting torsional moment that causes the
deformation of flange B is reduced so that the end flare at the
lead end changes its direction and both ends flare out. The
reduction of end flare at the tail end is less than the increase
at the lead end (after the directional change) due to a stron-
ger bending moment acting on flange B.

C-profile In contrast, looking at the C-profile, the residual
stresses within flange B are affected when the length of flange
C increases as shown in Fig. 29.
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Fig. 29 Distribution of residual stresses along the cross section of the C-profile depending on the flange length
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Table 1 Typical bending angle

sequence of a C-profile C-profile L. 2 3 4 5 6. 7 8 9 10
Forming C C C B B B B B+C B+C B+C

Bending angle flange B [°]  0°
Bending angle flange C [°] 15°

0° 0° 132 29°  47°  65°  75° 85° 90°
40°  65°  65°  65°  65°  65°  75° 85° 90°

With increasing flange length, there is a slight reduction of
residual shear stresses and a significant increase of residual
longitudinal stresses in flange B, whereby the latter is a result
of the balance of longitudinal stresses along the cross section.
The significant increase of the torsional moment in flange C
(6h, 6i) outweighs the decrease of the torsional moment in
flange B so that the flaring in at the lead end and the flaring
out at the tail end of flange C and flange B are both increased.
The increased bending moment acting on flange B causes a
stronger flaring out. In contrast to the Hat-profile, the increase
of the bending moment is not enough to change the direction
of'end flare at the lead end. These results are in agreement with
the experimental investigations regarding end flare of the in-
ner flanges that are described in the state of the art [23, 25].

Influence of the forming strategy

Profiles with several bends can be roll formed using sequential
forming or simultaneous forming of the flanges. As shown in
a previous study [28], end flare of Hat-profiles does vary sig-
nificantly depending on the bending angle sequence because
of the opposite directed moments acting on flange B and C.
While Hat-profiles usually are simultaneously formed in order
to minimize the number of forming steps, C-profiles are
formed by a combination of sequential and simultaneous
forming. The reason for this is that during simultaneous
forming, the outer flange experiences an increased elongation,
which can lead to the occurrence of plastic waves. Therefore,
the outer flange C is roll formed first, before the inner flange B
is formed, as shown in Table 1.

The corresponding end flare after stations 3, 4, 7, 8 and 10
is shown in Fig. 30.

After station 3 the typical end flare of a U-profile can be
observed for flange C. When only flange B is bent, flange C
functions as an extension of flange B and is subjected to bend-
ing and shear deformation. Therefore, from station 4 to 7
residual stressses change within flange B and C, which leads
to an increasing bending moment in flange B and a flaring out
at both profile ends. During the last three forming steps, both
flanges are bent simultaneously because the forming rolls do
not reach the inner side of the bending zones as shown in
Fig. 31.

Without the longitudinal bending within the area of the
bending zones (compare Fig. 21 P¢ ¢ and P g) the distribution
of residual longitudinal stresses changes. Compared to the
distribution of residual stresses after the first station (Fig. 24
6¢, 6g), the residual longitudinal bending stress changes its
direction (6b - 6d and 6f - 6h). Since this effect is caused by
the balancing out of the longitudinal stresses along the cross
section, the characteristic points of the shear residual stresses
do not change. Furthermore, the longitudinal residual stresses
in the adjacent zones do not undergo any significant change,
so the same characteristic end flare remains.

Typical end flare

As shown in Fig. 25, end flare is determined by the superpo-
sition of the torsional and bending moments that act on the
inner flange B and the outer flange C. Thus, the direction and
the magnitude of end flare can vary depending on profile and
process parameters, which can change throughout the forming
steps (Fig. 30). However, there are characteristic profile de-
formations of the inner and outer flanges for U-, Hat- and C-
profiles, which are shown in Fig. 32.

Tail end

Lead end

Js4 HS7 S8 [ S10 mSs3 0s4 W S7 S8 mS10
4 4
: s | Flangec |
= 2 8 = 2 3
(] (]
= K
- 0 ; 0
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-3 -3

Lead end Tail end

Fig. 30 End flare (simulation) of a C-profile after selected forming stations
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Fig. 31 Forming in station 10
(left) and residual stresses along
the cross section after station 10
(right)
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While end flare of outer flanges, which includes the flanges
of the U-profile, is characterized by a flaring in and a flaring
out at the profile ends, end flare of the inner flanges is usually
characterized by a flaring out at both ends. In the case of a
short flange length (Fig. 27) or small bending angles (Fig. 30),
the torsional moment caused by the residual shear stresses in
flange B (compare Fig. 25) can cause a flaring in and out at the
profile ends of flange B.

Explanation models

Similar to the explanation model for the creation of end flare
when roll forming a U-profile, additional models for the cre-
ation of end flare when roll forming a Hat-profile and a C-
profile are developed.

Hat-profile The explanation model shown in Fig. 33 displays
the forming loads, the creation of residual stresses during the
simultaneous forming of flange B and C (opposite bending
direction) in the first station (13°) as well as the remaining
distribution of residual stresses.

The creation of residual stresses in flange C is explained by
means of the characteristic forming steps “Concave bending”
(2), “Convex bending” (3), “Concave bending” (4) and
“Reverse concave bending” (5) defined in Fig. 19. The

characteristic forming steps during the creation of residual
stresses in the upper part of flange B are described in Fig. 20.

The same assumptions, which apply to the model of the U-
profile, apply here as well. It is further assumed that the con-
tact with the upper roll in the upper part of flange B is not
sufficient to increase the convex curvature to such an extent
that a change in direction of the shear stresses occurs during
the reverse convex bending. In the lower part, the creation of
residual stresses and the forming steps correspond to the ones
of the U-profile (Fig. 11). The residual stresses across the
cross section are described by characteristic points defined in
Fig. 24. For simplification, it is assumed that the homogenous
longitudinal stresses change direction simultaneously with the
longitudinal bending stresses (6d, 6f, 6h). The deformation
resulting from the release of the torsional and bending mo-
ments is shown in Fig. 25.

C-profile The explanation model shown in Fig. 34 displays the
forming loads, the creation of residual stresses during the si-
multaneous forming of flange B and C (same bending direc-
tion) in the first station (13°) as well as the remaining distri-
bution of residual stresses.

The same assumptions, which apply to the model of the U-
profile, apply here as well. The forming of flange C along the
band edge is described according to the characteristic forming
steps “Concave bending” (2), “Convex bending” (3),

U-profile

Hat-profile

C-profile

Flaring out

Fig. 32 Typical end flare for U-, Hat- and C-profiles
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