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AYRILMI S PROFILLER IN MAKARALI BUKULMES i

OZET

Makarali bukme, yiksek esneklive verimliligi nedeniyle kagmiza en onemli
imalat yontemlerinden biri olarak c¢ikmaktadir. Béngem ile sekil, malzeme,
kalinlik vb. acgisindan birbirinden ayrilan bir¢cokofilin imal edilmesi mamkunddr.
Yeni bir imalat yontemi olan lineer ghki ayirma, makarali bikmede kullanilan yari
mamullerin  ¢eitlili gini  artirmsstir. ~ Ayrilmis  profillerin - makarali  bukmede
kullaniimasiyla bu imalat yonteminin triin gami géatilebilir.

Ayrilmis profillerin  makarali bukilmesi sirasinda g@n analitik ilgkilerin
tanimlanmasi bu ¢amanin temelini olgturmaktadir.incelemelerin merkezinde de
ayrilmis profillerin makaral biktlmesi sirasinda gdn boylamasina biringekil
degisimi bulunmaktadir. Cagmalar sirasinda sonlu elemanlar yontemi kullargtimi
Kanat yuksekii, kanatcik uzunlgu ve bikme acisi gibi dakenler daha 6nceden
belirlenmg adimlar halinde destirilmistir. Makarali bukme sirasinda boylamasina
yonde olgan maksimum biringekil degisimi incelenmitir.

Yapilan sonlu eleman analizlerinin sonuglar kulamak ayriimg profillerin
makarall bikutlmesi sirasinda ghim boylamasina biringekil deSisimleri Uzerine
genel dgerlendirmeler yapilabilir. Boylamasina birigekil desisimi degerlerinin
kanat yuksekfiine bali olarak bir minimum dgeri vardir. Kanat yikselginin bu
seviyenin altina indirilmesi veya Uzerine ¢ikarisnairimsekil dezisimi degerlerinin
artmasina neden olur. Bikme acisininstdiiimesinin boylamasina biringekil
degisimi degerleri Uzerine olumlu etkisi vardir, yani bikme sicaazalirken
boylamasina biringekil dezisimi degerleri de azalir. Buna kan, kanatcik uzunigu
artarken birimsekil degisimi degerleri azalir. Lineer yakkam kullanilarak ayrilmyg
profillerin makarali bukilmesi sirasinda kanat y@Kgsi, kanatcik uzunlgu ve
bikme acisina Iga olarak olgan maksimum boylamasina birigekil desisiminin
hesaplanmasi icin bir formual tanimlarym.
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ROLL FORMING OF BIFURCATED PROFILES

SUMMARY

Because of its high flexibility and productivityglf forming has developed as one of
the most important forming methods. With this methmany profiles varying in
their shape, materials, thickness, etc. can beugestl The new production method,
linear flow splitting enlarges the range of the sémshed products which can be
used in roll forming. With the utilization of thelgted profiles in roll forming, the
product spectrum of this forming method can bergeid.

The definition of the analytical relations duringllrforming of bifurcated profiles
creates the basis of this study. The longituditrairs occurring during roll forming
of the bifurcated profiles is the center of thedstigations. During the studies, an FE
approach will be implemented. The parameters sacked height, flange length and
bending angle will be varied in predefined stepse Thaximum strain occurring
during roll forming in longitudinal direction wilbe analyzed.

Evaluating the results of the finite element sitioles conducted, general statements
about the longitudinal strain development durinly fmrming of bifurcated profiles
can be made. The longitudinal strain values haneramum depending on the web
height. The reduction of the web height under teiel or the increase of it above
this level causes an increase in the strain vallies.reduction of the bending angle
has a positive effect on the longitudinal straifuea, namely the strain values
decreases as the bending angle decreases. Omtin@rgothe strain values decrease
while the flange length increases. An analyticahfola has been defined by using
the linear approach to calculate the maximum lamijital strain occurring during
roll forming of the bifurcated profiles depending the web height, flange length
and bending angle.
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1. INTRODUCTION

The 90’s brought a new word “Globalization” intoroeocabulary. In this decade,
also the companies have started to feel its inflaeseverely. They created new
markets, literally the whole world, for their goodsit in the mean time, they had to
compete with other firms from all around the worldhis was the case not only for

the big companies, also for middle and small sseks.

The situation was not different for the roll-forrmemhich are mostly middle and
small size companies. These companies had to ltdweeprices without letting the
quality of their products to decrease or come uthwiew ideas of products or

production methods in order to preserve their gfttem the global market.

On the other hand, concerns about the environmemtiemgovernments take
precautions especially about global warming. Onethadse precautions is the
reduction of the exhaust gases of the motor vehigarticularly CQand NQ. This

increased the demand on lightweight vehicle strastu

Because of the pressure of the global market on ssade and the demand on
lightweight structures on the other side, the ngitgsf new production concepts has
arisen. As a response to this problematic, a newsiva forming method “linear
flow splitting” has been developed at Institute fdanufacturing Techniques and
Forming Machines (PtU) at TU Darmstadt. With thisoquction method, the
generation of the integral bifurcations in sheetahbas become possible without

material doublings.



2. STATE OF THE ART

2.1 Conventional Roll Forming

2.1.1 Classification and definition of roll forming

According to DIN 8582, forming techniques are deddinto five subgroups
depending on the main direction of the appliedsstfé]. One of the subgroups is the

forming by bending (Fig. 2.1).
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|
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Figure 2.1: Classification of the Forming Techniques used imiing [2]

According to DIN 8586, roll forming is a forming denique with rotary die

movement [3]. It is defined as a forming method,evehthe sheet metal strip is
formed along straight, longitudinal, parallel befides with multiple pairs of

countered rolls without changing the thicknesstioéf material at room temperature.
However, this definition has also exceptions. Thadpct may have curved or spiral
form, it may have bend lines 9@ the longitudinal bend line; by the roll forming
line, bronze shoes or plastic guides may be usettldition to countered rolls; the
thickness is almost always reduced at the bend lamel the strip material may be

heated up to a certain temperature or the mateaglibe hot roll formed [4].



Figure 2.2: Schematic Representation of the Roll Forming Pogés

Roll forming is one of the most productive metainicng technologies. About 35 to
45 % of all flat steel produced by the North Amaricsteel mills is processed
through roll forming mills [4]. A wide range of pdacts spreading from medical
equipment to car body parts is manufactured udigyworking method. It allows
production of many beams with different cross sedifrom strips with varying of
lengths and thicknesses that variate from 0.2 mn2Gomm with a production
velocity of up to 200 m/min [5, 4].

S locdG 1

Figure 2.3: Different Roll Formed Closed Beams and Profiles [6]

Roll forming lines are divided into two groups bagma their operating modes; start-
stop lines and continuous running lines. Start-ditogs are made in their simplest
form of a decoiler, a coil loop, a roll forming nwce and a parting die. By this
method cut-to-length blank metal sheets are prededhe product length is defined
by the roll forming machine. Operations like blamkiand embossing are also

possible by start-stop lines using the roll formmgchine’s positioning system.

Contrary to start-stop lines, continuous running forming lines operate at a

constant speed. They are advantageous while progedseet metal blanks or strips



to create long sections. The produced profilespamged after roll forming using

automatic cut-to-length devices.

One of the advantages of a blank processing lit@et{stop line) is the possibility to
use a simple cross-cutting shear instead of a emptofile parting die. This
prevents the additional cost of the die insertswveleer, by start-stop lines, only sheet
metals with a certain minimum length can be proeg@sdecause the feed force
acting on the sheet metal has to be greater treatotlque necessary for the forming
process. Moreover, appropriate guidance tools abe present in the line in order

to support the sheet metal during forming.

The advantage of continuously operating linesgshigher output when processing
greater profile lengths. This production methodadvantageous if continuously
running processes such as longitudinal seam weldihgng, foaming, etc. are

integrated into the roll forming line [2].

decoiler with coll straightening machine roll forming machine outfeed
roller conveyor

)

iz || ]
b /

infeed unit coil loop parting device

@)

Figure 2.4: Schematic Representation of the Roll Forming LRje [

2.1.2 Characterization of the deformation in roll brming

In roll forming processes, metal strips are subfectarious types of deformations.
These deformations may be divided into two categoriransversal bending and

redundant deformations [4].

2.1.2.1 Transversal bending

The most important and actually desired deformaitioroll forming for metal strips
Is transversal bending deformation. Transversadiognis needed to form metal
strips into products with required cross-sectiokgy.( 2.5). Gradual forming is

achieved by using a series of contoured rolls [4].



| [): I
— B
LAl
|

Transversal Bending

Figure 2.5: Schematic Representation of the Transversal Beruiingg
Roll Forming [4]

2.1.2.2 Redundant deformations

During roll forming, metal strips are subjected nwany other deformations in
addition to transversal bending. Metal strips arerd into roll forming mills either
in precut or coil form and are gradually deformetbicomplicated three-dimensional
shapes by a series of contoured rolls before theyfinally made into products.
Because of this process, various types of additedundant deformations are
induced in the metal (Fig. 2.6) [4].

(a),(a"),(a”):Longitudinal Elongation,
Shrinkage

(b),(b"):Transversal Elogation, é)

Shrinkage (c

(c),(c"):Longitudinal Bending,
Bending back

Figure 2.6: Redundant Deformations of the Metal Strip durindl Rorming [4]

These redundant deformations are superimposedeomahsversal bending and they

significantly influence the formation of the prodigccross-section and shape. Many



problems, which occur in roll forming processesg aelated to redundant

deformations [4].

The redundant deformations are mainly investigateétree groups:
1. Longitudinal elongation or shrinkage

2. Transversal elongation and shear in strip’s plane

3. Longitudinal bending and bending back

In roll forming processes, strips are successifelyt in the transversal direction and
their cross-sectional profile is incrementally sBormed to the desired form. During
this forming process, edge portions of the stripally move along flow lines which
are longer than those of the center portions (&ig). This is the main reason of the
longitudinal elongation or shrinkage [4]. The lawgiinal elongation is the main

criterion to design the flower diagram by roll fang [7].

#(i+1)—roll | Ps

Elongation

Shrinkage

(0) Py P2

Figure 2.7: Mechanism of Occurrence of Longitudinal Elongatzoml
Shrinkage of Metal Strip [4]

During the production of the wide cross sectiorssrall forming, quite a large force
is required to pull the edge and the intermediaitigns of the sheet metal. Because

of this transversal force, transversal elongatiocucs in the sheet metal.

As sheet metals are formed in a roll forming liaach portion of the metal strip is
bent in the longitudinal direction in between twansecutive forming stations and
they are bent back as they reach the center abthgap. This repeated longitudinal

forward and back bending is especially extensivid@iedge portion of the strip. The



repeated longitudinal bending and bending back wtigelongitudinal tensile stress
contributes to the longitudinal elongation [4].

! Transversal
«[Qx L Shifting

-

)

Transversal
Tension

).‘@‘

Corner Portion Not-Formed
(Flat) Portion

Figure 2.8: Mechanism of Generation of the Transversal Forcea@to
Metal Strip [4]

Longitudinal Flow Line

Bending Back

|
| Longitudinal
\\\Bendmg

Figure 2.9: Mechanism of Occurrence of Longitudinal Bendindvistal Strip [4]



2.1.2.3 Effects of the redundant deformations

The redundant deformations affect the transversalding of the strip which is
necessary to achieve the desired shape of the girotloey also influence stresses
and strains induced in metal strips during rolhforg, springback deformations after

forming, and the distribution of residual stressethe products.

In other words, the redundant deformations causeargety of defects in the roll
formed products. Longitudinal bow, camber or tweslge wave, center (or pocket)
wave, herringbone effect, thinning, cracking, $pig, flare (distortion of cutoff

end), and dimensional inaccuracy are some exarmplbgse defects [4].

Warping (Bow) Twisting
Edge Wave (Buckling) Cracking
Center (Pocket) Wave Corner Buckling

(Herring Bone)

End Cross-Section

Intermediate Non-Uniform
Cross-Section Spring Back
(End Effect)

Flare

Figure 2.10:Schematic Illustrations of Defects of Products [4]

2.1.3 Mathematical modeling of the forming zone

Bhattacharyya has defined the deformation lengtiolinforming using a U-profile
as basis by minimizing the energy required for lmmdand stretching in a roll
station (Fig.2.11). With this definition, determiimen of the minimum length in

between two roll stations is possible [8].



Deformation
Length (L)

Figure 2.11:Schematic Representation of the Deformation Lefgjth

Following assumptions underlie this definition:
. The material is rigid-perfectly plastic,
. Bending takes place only along the folding line,

. The out-of-plane bending of the flange and the ikowignal bending of the

web can be neglected,
. The flange takes the shape which minimizes thdipla®rk [8].

Following figure shows the forming zone and theorgetrical values used to

determine the length of the deformation length schtecally.

X

Figure 2.12:Schematic Representation of the Geometrical VdRies

The plastic work done per unit length of one besdlzeet metal is bent through an

angle of@ is

W, = %Uytzé? (2.1)



where g, is the yield strength of the used material arid the thickness of the sheet

metal. The plastic work per unit volume is given by

1 dé
Wey :anyz(&j (2.2)

Here, y is the coordinate in transversal direction ardis the coordinate in

longitudinal direction. With the equation abovee thlastic work per unit length of

the hinge is

%1 dg\’ 1 o (dgY
W, =|=Z0o yz(—j (tdx)==0o,s t(—] (2.3)
ot {2 Y7 Ldx 6 " Ldx

wheres, is the height of the hinge. Combination of theattpns (2.1) and (2.3)

gives the plastic work done per unit length

2
W, =W, +W,, :%Jyt26+%aysh3t(%j (2.4)

Therefore, the total work done for one bend throaiglangled, is

51 1 dg\’ 5 t6,  s.°(do)
W =[|=ot?0+=0,s% —| dx=ot[|—2+>2 =] d 2.5
‘ iLay 6™ (dxj X UV{ 4 G(dxj X (2:9)

The function for the bending angt, which minimizes this expression for the total

work satisfies the Euler equation

2
OF _d(oF)_d’®_ 3 _, (2.6)
06, dx\86,') dx*® 4s?°
where
F=F(26,.6,)= % + (%) 2.7)
B 4 6\ dx '

The general solution of this equation is
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0(x) = §L3x2 + Ax+B (2.8)

8s,
With aid of the end conditionsg9(0)=0 and 6(L)=4,, the two integration

coefficients A and B can be determined with the following equation.

X3 y(x-
d@_eL+8$fo L) (2.9)

In addition, because the slope of the flange idiocoous at each end, the derivative
of the change in the angle along the x-&¥9 is zero at both endsx=0 and
x=L.The conditione(o) =0 leads to the following expression for the lengtlhe
deformation zone

_ |83, @

L=y (2.10)

According to this expression, the deformation langtetween two consequent
forming stations in roll forming depends on the wight s, , bending anglég and
the sheet thicknesd. The material specifications have no influence the

deformation length. Bhattacharyya suggests thati¢fiermation length calculated by

this equation agrees very well with the experimievaiiues.

2.1.4 Elastic strain development in roll forming

In order to define the longitudinal strain in thef@rmation zone, the proportion
between the deformation length and the length of the edge of the sttipy has to

be calculated as follows.

L*-L
L

=

(2.11)

There are different models to define the elastaistin roll forming.

2.1.4.1 Linear model

Following figure shows the theoretical flow of teeeet metal while forming a U-
channel in roll forming (Fig 2.13). While the beliake travels a straight ling , Xhe
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edge of the strip travels in a helical pati@rf) . With a linear approach, the length

of this helical pattern can be described as

L* = /L% +(s, D) (2.12)

wheres, is the web height ané is the bending angle. The elastic strain occurring

between two consecutive stands in roll forming learcalculated using the equation
(2.11).

Figure 2.13:Schematic Representation of the Travel of the Skietal
during Roll Forming [4]

However, the path of the edge of the strip is mdr as described in the equation
(2.12) (Fig 2.14). That's why actual values of &tastrain are higher than the values
calculated with this method [4].

12



PASSES 4 3 2 1

Figure 2.14:Schematic Representation of the Theoretical andahct
Flow of the Edge of the Strip [4]

2.1.4.2 Incremental model

During roll forming, every element of the sheet ahdbllows a spatial flow line
between two consecutive forming stages. Followiggiré shows the coordinate
systems used to describe the flow of these elenmemtdl forming analytically (Fig
2.15). In this figure, the coordinates,Y,Z refers to the coordinates of the elements
which are in the neutral curved surface or the mheéal strip. Neutral curved surface
is the curved surface which is located in the nadof the thickness of the strip.
Hereafter, this will be denoted as DCS (deformer/eisurface). Here, the x-axis

coincides with the longitudinal axis of the systeK. refers to x-coordinate of the
elements at the # (i) station and, refers to the x-coordinate of the elements atthe

(i+1) station.

13



Pi+1(Xo, Y2, 4) Z
Spatial Flow-Line

of an Element
of Metal Sheet

X=X,, #(i+1)-Roll
Y
~Neutral Curved

Surface of
Metal Sheet

X= X,, #i-Roll
Y

Figure 2.15:The Coordinate Systems of the Deformed Curve Seifiic

In order to illustrate the 3-D flow of the strip teeen two consecutive forming

stages, a normalized “shape functids(’X) is defined as follows [9].
S(X) =sin[(77/2) [{X * /L)"] (2.13)

where X* = X - X, andL = X, - X,.
The values of the “shape function” changes frono @ while the strip moves from

one station(X = X, )to the next statiofX = X, ).

The values of the “shape function” is highly depsshan the values ofri”. The
figure below shows different shape function patewith varying values of the

parameter h”.

1.0
X o5}
w
0
0.2 0.4 06 08 1.0
(X,/L) X/ (X,/L)

Figure 2.16:“Shape function” with Varying Values of the Paraeré' n” [4]

With the aid of the “shape function”, DCS of theistbetween two consecutive

forming stations is defined as follows [9].
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X =X, ~X,
Y=Y, +[Y, -Y,]5(X) (2.14)
Z =21+[Zz —Zl][S(X)

These equations are derived with the following agstions concerning the boundary

conditions.

- The cross section of the profile of the semi fornstdp at each roll gap

center coincides with the roll profile, respectiel

- Every portion of the strip passes by the roll gapter along a horizontal flow

line.

With the equations above, the path of every stement in between two consecutive
forming stages is defined. In order to calculai strain occurring in the strip, the
deformation in every portion of the strip has todmalyzed. Starting point of this

analysis is the deformation of a strip with an wrad length ofAl, and a width equal

to the original strip width. This strip is investigd incrementally while it is moving
from the # (i) forming station to the # (i+1) fonmg station along DCS. Following

assumptions are made in the calculations [9].

- Cross section of the entry side and the exit sidéhe deformed strip is

embraced by the roll planes at every forming step.

- The forces on the strip between two stands whiehaating in longitudinal
direction are equal to the tension or compressaimg on the strip between

the same stands.

- The forces on the strip which are acting in transaje direction are in

balance.

In order to analyze the deformation process in betwtwo consecutive forming
stations, the process is divided into appropriaimivers of deformation steps. In
each step, the behavior of the strip elements whrehdivided in the transversal

direction along the DCS will be investigated [9].

The investigated deformation step will be denotedha (k)th step. The notations of

the different nodes can be seen in the figure below
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(k—1)-th Step

Position of Entrance Guide

Figure 2.17:Notations of the Strip Elements [4]

The longitudinal membrane strain at the (j)th eletmat the (k)th step can be

calculated with the following equations [9].
(dgxm)k,j = (Alk,j =4l )/Al K-1] (2.15)

where,

1/2

Al = (Axk,j2 +AY, 2 +AZMZ)
DXy =X = X,

AY, =Y, =Y,

N2, =2, = Zo,

2.1.5 Roll design

In roll forming, the aim of a roll designer is tegign the appropriate rolls and the
process to realize the desired shape of the prdfiies is a highly designer oriented
phase. However nowadays, some software packagses texiassist the designer.
COPRA RF of “data M” and PROFIL of “UBECO” are twexamples of these.
Calculation of the process related stress andhssiiations creates the basics of the

roll forming software.
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Figure 2.18:Flower Diagram

First part of the design process includes the desigthe flower diagram. While
doing that, parameters like sheet metal thicknasserials mechanical properties are

taken into consideration. Following that, the actod design takes place.

Besides presenting the stress and strain condifiortbe profile, these software
packages have additional specifications includiraginming code generation for NC

machines.
e —
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Figure 2.19:Strain Analysis with COPRA RF

Both software packages have FE program interfa¢deshwenable the generation of
the FE model of the entire process. The generatedemcan be solved using

different FE softwares.
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2.2 Linear Flow Splitting

Linear flow splitting is a new mass forming procéssthe production of bifurcated

profiles in integral style. The semi-finished protlis a plane sheet metal which is
transformed at ambient temperature by a specifiing system, consisting of obtuse
angled splitting rolls and supporting rolls (Figl®). The fixed tool system forms the
work piece while the piece itself is being moverbtiyh a series of steps. The result

is a profile with final geometry.

The bifurcations emerge from a surface enlargerokttie sheet metal’s band edge
during material forming. The bifurcated profilensarked by a web and two flanges.
The surface beneath the splitting roll is definedhee upper side [10].

Supporting
roll

Vsheet
Splitting
roll
Splitting

roll ,
Supporting

roll

Figure 2.2Q Schematic Representation of the Linear Flow &pdt[10]

With this method, a rigid structure is obtainedtla flange section of the split
profile. Studies show that the hardness is inck@sdhe flange as a result of the
splitting process. Hardness values reach a maxivaloe along 1-3 line (Fig. 2.20)
in the middle section of the flange while they @ases at the end sections of the
flange. The hardness values also decreases aldngé-(Fig. 2.21) in sheet metal
direction [11].
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Figure 2.22:Hardness in the Splitted Profile along the 2-4 LihH
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Figure 2.23:Hardness in the Splitted Profile along 1-3 Line][11
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2.3 FE Simulation of the Forming Process

With the usage of the finite element method (FEMforming, it is aimed to model a
forming process in order to investigate the staass$ strain conditions occurring in
the deformed part, tool or the complete system.hWiite aid of the FEM, for
instance, the variations of different parametersone process can be obtained
without long and costly experiments.

FEM is a numerical computation of partial differi@hequations which represent the
physical specifications of an existing physicallgenn. It is based on the division of
the problem area in to finite number of elementse Bolution of the differential

equations incrementally according to the start bodndary conditions gives the

desired stress and strain situations.

FE analyses are divided into two categories; lin@ad nonlinear. In the linear
analyses, equations matrix is constant. For instamc a linear analysis, the
displacement is proportional to the force appligdwever, in the nonlinear analyses,
the behavior of the investigated part is dependenthe material properties. Main
reasons of the nonlinearity are material propertigometrical properties and the

contract conditions in the systems [12].

2.4 GOM/Argus Optical Measurement System

For the measurement of the strain values in defdraeet metal parts, measuring
system GOM/ARGUS exist at PtU. In order to meadine strain values in a
deformed sheet metal part with this system, firgtidar dots with regular spacing of
1 mm to 5 mm are applied to the original sheet meiil electrochemical etching,
laser etching or printing method (Fig 2.23). Apgliéots remain even after a large
deformation of the metal part and so they represbat flow of the material.
Afterwards, the centres of these dots are usee@termine the deformation occurred
in the part. Recording of the deformed part wittligital CCD camera from various
views follows the forming process. These images wwed by photogrammetric
algorithms to determine the coordinates of the dwoisthe sheet metal part. The
determined coordinates of the dots are used tdeceemnesh by assigning the centre
of the dots to the neighbors (Fig. 2.24 and 2.28der that, the strain tensor is
determined by comparing, for instance, each 2xatpbeld in this mesh with
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original geometry (Fig. 2.26). Consequently, thejanand minor strain and the
thickness reduction of the sheet metal can be mddaas surface information. The
thickness reduction is directly calculated using thajor and minor strain with the

assumption of a constant volume [13].

Before forming After forming

Figure 2.24:Example of the Sheet Metal with Dots before andrafie
Forming [13]

Figure 2.25:Created Mesh after Point Calculation [13]
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Figure 2.26:Calculation of the Surface Strain Tensor [13]
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3. PROBLEM STATEMENT, MOTIVATION, OBJECTIVES AND
STRATEGY

Constant cross section beams (profiles) with b#ted cross sections are widely
implemented and used in the current technology.pégular examples T- and I-
profiles are employed both in the field of civilgameering and as structural elements

in automobile, boat and instrument panel constoucti

The new massive forming method, linear flow spldtienables the production of
bifurcated structures from sheet metal withoutijmgrseams, material duplications or
heating of the semi-finished product. The repraogs®f splitted profile in the
following rolling, or roll forming, process enablesontinuous production of
absolutely new profiles (Fig 3.1). For the analgtidesign of roll geometries for roll
forming, exists a number of CAE program systemsseBee of these systems is
analytical design of the forming geometry and eatain and optimization of the
resulting roll geometries. For this purpose stmmgdels with polynomial approaches
are used. However, up till now, integral bifurcateafiles are not apprehended

analytically,

_ _ Bifurcated profile as roll
A bifurcated profile formed into a U-channel

4

Figure 3.1: Bifurcated Profile as Semi-Finished Product antbis
formed into U-Channel

Goal of this project is to develop an analytical dalofor the roll forming of
bifurcated profiles. At the beginning, within lisdure survey, appropriate
computation parameters are determined. On the lmdstkese values numerical

models are developed and analytical relations argretl. In the second step, in an
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industrial case study, for the estimation of thquieed sequential steps analytical
approaches and guidelines have to be determindaiatian of the formals can be
conducted in the test of the model. Finally, desygidelines concerning forming
strategies and tool design by the reprocessingefall forming for multi-chamber
profile shall be derived. For this purpose, an appate roll set will be designed,

made and tested.

In this study, it is aimed to derive analyticalateéns in roll forming of bifurcated

profiles by adapting an FE approach. Thereforés necessary to validate the FE
simulations. This will be achived by comparing grenciple plastic strain values in
bending zone from the simulation and the experimEat the experiment, the roll
forming machine and the roll forming tool in SFB66BEall at PtU will be used and
thus, additional costs will be spared. For the RUation, the same process will be

modeled.

The variation of the geometric and forming relapedameters, such as web height,
flange length and bending sequence with FEM folldivs determination of the
appropriate FE modeling concept for the roll forghiof bifurcated profiles. Using
the variations of the collected data, an empriocamtila for the longitudinal strain

which occurs during roll forming of bifurcated pite will be derived.
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4. BASIC APPROACH ANALYSIS FOR THE FE MODEL

FEM is a strong tool to analyze the strain andsstristribution occurring in the
sheet metal during roll forming. In this method $heet metal is divided into many
elements which are to be analyzed discretely. Toeracy of the simulation highly
depends on the size of the elements. Convergeneetaahe real values usually
increases while the element size decreases. Oatliee hand, number of elements
affects the duration of the simulation adverselythé element number is doubled,
simulation time quadruples. Therefore, it is neagsfo optimize the simulation time

by decreasing the element number without worsettagesults.

In order to determine the optimum element sizehat ts to say number of elements,
the appropriate modeling concept has to be defikkethce, in following chapters,

two different concepts will be compared.

4.1 Basic FE Model for the Forming of the Bifurcate Profile

In order to derive analytical relations in roll feing of bifurcated profiles, a basic
FE model has to be selected and the selected nhadeto be validated with the
experiments. Therefore, the roll forming tool ahd torresponding profile geometry
in the SFB666 Hall at PtU will be used to selectagpropriate basic FE model.
Thus, the additional tooling costs for the expenisewill be saved.

Many FE modeling concepts have been presented $orfanalyzing of roll forming
process. Tehrani et al. used shell elements to imthie sheet metal and the
simulations made use of explicit version of ABAQBS3 [14]. Lindgren used finite
element package MAR/MENTAT to simulate the rollfong process and used four-
node shell elements to model the metal strip [15].

The FE model of the process is generated with tlétware package

MARC/MENTAT 2005r2. With the user interface of thpsogram, it is possible to
model deformable bodies, sheet metal in this caseyell as rigid ones. Moreover,
the FE related parameters, such as material prepedolver type, increment size,
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etc. can be defined by using this interface.Thé geometries are modeled as rigid
surfaces. In order to simplify the FE model, ortig 6@ portion of the cylindrical

tools is modeled which actually comes into contaith the sheet metal (Fig 4.1).
The radii of the rolls are designed as the reakpnamely 150 mm for the upper
rolls and 120 mm for the lower rolls. There ares2Parate rolls in total including the
two entry rolls and the two intermediate idler sobetween the last two forming
stages. The distance between two consecutive stanti® model is as in the roll
forming line 400 mm. In the model, in contrary teetreal process, the rolls are

driven upon the sheet metal (Fig 4.2).
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Figure 4.1: FE Model of a Roll Forming Tool
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Figure 4.2: FE Model of the Roll Forming Tools
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As in the real process, 8 forming stages are usedel FE model. At the end of the
roll forming process, the bifurcated profile is b&% in both sides. The bending

sequence is shown in Table 4.1.

Table 4.1:Bending Sequence of the Bifurcated Profile

0-1 1-2 2-3 3.4 4.5 5.6 67 7-8
Bending 8 11 11 11 11 11 11 11
Angle
Total Bent
Angle 8 19 30 41 52 63 74 85

Since the sheet metal is a deformable body, it asleted with elastic-rigid strain
hardening plastic elements. First, the existingngetoy of the cross section of the
bifurcated profile is composed via a Python scaipl meshed with surface elements.
Because the semi finished product, namely the ¢ated profile and the end product
after roll forming are symmetrical, only one halfitowill be modeled (Fig. 4.3).

Figure 4.3: Cross-Section of the Roll Formed Bifurcated Peofil

Two different meshing concepts which differ fromcleaother in the element
numbers in the bending line will be investigatetiefiefore, two sheet models are
generated via a Python script (Fig. 4.4). The athgaof the model generation via a
Python script is the convenience of the variatibthe geometrical parameters.
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Bifurcated Profile

3 elements over
the thickness

% 3
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Figure 4.4: Cross-Section of the FE Model of the Bifurcatedfifro

After modeling of the bifurcated profile as a meshrurface, three dimensional
elements are generated by expanding the two dilmeaisones. Thus, elements with
a depth of 5 mm are generated. These elementsahaidth of 4 mm and a height of
2 mm outside the bending line. The flange sectibthe profile is modeled with

elements having a width of 1.2 mm which correspdond$e thickness of the flange
and a height of 2.8 mm. In the bending region,dleenents have a width of 1 mm
and a height of 2 mm in a variation and a heigh2.66 mm in another variation. As

mentioned before, all elements have a depth of 5 mm

Element properties are defined with “Type 7”7, whislan eight node, isoparametric,
arbitrary hexahedral, three dimensional brick sdaglement type. Although, it has
pour shear (bending) characteristics it may be awgd by using alternative
interpolation functions such as “Assumed Strain’ss&med Strain formulation
enables the element take a so called hourglase shapt’'s why this formulation is
used for all elements. Additionally, in order tdnghate the potential element

locking “Constant Dilatation” method is implemen{dad].

The FE model of the sheet metal has a length 0® 186 which is 100 mm higher
than the distance between four forming stationsisT It is possible to investigate the

28



strain and stress conditions in the middle of thees during the entire simulation
while the sheet is still in contact at least whihee forming stations.

Bifurcated profile

St4

Figure 4.5: Sheet Model in-between Roll Forming Tools

Three boundary conditions which fix the node dispfaent in different directions
are defined for the FE model of the sheet metat. BG in the first direction, namely
in longitudinal direction, ensures the fixationtbé sheet metal model while the rolls
are driven upon it. This is defined only on the e®af the sheet which are on the
entry side of the rolls. The BC in the second diog; namely in the transversal
direction, is used to define the symmetry of thet.pBhe BC in the third direction
fixes the sheet in the thickness direction. Thislefined only on the entry and the

exit side of the sheet on symmetry plane (Fig 4.6).
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Bifurcated profile

Figure 4.6: Boundary Conditions on the FE Model of the BifuethProfile

The longitudinal elastic strain caused by the pladeformation of the part is the
main concern in the simulation; therefore the bedrawf the material in plastic

region has to be defined. The flow curve is themaol to describe the plasticity of
the material. The flow curve is determined via tentest. However, stress values
taken from the tensile test are limited to a carstrain value. In order to extend

these stress values, Swift's equation is used.
o=K[g& +¢&)" (4.2)

In this equationK is the strength index anal is the strain hardening index. These
are material related parameters which have totlie the existing tensile test values.

The &, value is calculated as follows

&= (o, 1K) (4.2)

However, it is known that by fitting the Swift’s eation to the real material values a

small fitting error is made. Therefore, while défign material properties for the
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elements, first the tensile test results are takéierwards the flow curve is extended
via Swift's equation (Fig. 4.7) for the steel H4&QLYoung's modulus of this

material is 210000 MPa and Poisson’s ratio is 0.29.
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Figure 4.7: Flow Curve of the Material H480LA

In the FE model, also the contact conditions havéd defined. There are three
options for this definition; no contact, slidingntact and gluing. Since the only
deformable body, the sheet metal comes into comidlotall of the rolls the contact
conditions are defined between sheet and the aslSTouching”. By the definition
of the contact, it has to be ensured that onlyotliitside surface of the rolls touch the

sheet.

Contrary to the real process, in the simulatior, dbntact between the sheet and the
rolls is assumed to be frictionless. Thereforés ot necessary to define the friction
coefficient 4 between contact bodies.In the simulation, shedalnmodel stands
still and the rolls are driven upon it. Therefoaegconstant displacement in the first
direction, namely the longitudinal direction is ideid for all of the rolls which

corresponds to the forming velocity 3.5 m/s.
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4.2 Validation of the FE Simulations

The FE simulations will be validated by comparihg principal logarithmic plastic
strain values along a line in transversal directbthe outside surface of the profile
of the experiment parts and the simulation results.

To measure the plastic strain in the experiment @DM/Argus measurement
system was used. First, circular dots with a regsgacing of 1 mm and a radius of
0.5 mm are applied to the surface of the bifurcgbecfile by electrochemical
etching. These dots will be used to demonstratenthgerial flow after forming.

Record of the deformed dots follows the formingeTdisplacement of these dots

respective to the neighboring ones gives the plastain values in major and minor
direction (Fig 4.8).

fleg]
02952

0.2250

01500

Figure 4.8: Plastic Strain Measurement via GOM/Argus Measu8ggtem

For the experiment, approximately 1500 mm long pireloifurcated strips are
prepared. The length of the strip corresponds @oleéhgth of the bifurcated strip in
the FE model. Since the experimental part is neédiin the symmetry line,
deviations by the end profile geometry occur. Tfoeee parts with 5 mm outer
radius on the bend line are analyzed (Fig. 4.9¢ 3imm outer radius corresponds to

3 mm inner radius.
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Figure 4.9: Analyze Path on the Experiment Part

On the FE simulation side, the major plastic stnaatues along the analysis path
located in the middle of the sheet metal model Wwél analyzed. Since from the
simulation, only the engineering plastic strainues can be read these values have to

be converted into logarithmic ones with the follagriequation:
¢ =In(e+1) (4.3)

Because there are two different FE modeling corscesiiich differ from each other
in the mesh in the bending zone, plastic straimeslof these two concepts will be
compared with the experimental results. (Fig 4.5@pws the results of two
experiments with an outer radius of 5 mm and tiselte of the FE simulations with

different meshing concepts.
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Figure 4.10:Major Logarithmic Plastic Strain along Analyze Path

The FE model with 3 elements over the thickneshatbending zone differs from
the experiment values by about 1.5%. However, @atlen of 27% is noticed by the
model with 1 element over the thickness. Consedyehe modeling concept with 3
elements over the thickness in the bending zoné Iél used in the further

investigations. In this model, “Assumed Strain"nfulation is used by the elements.
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5. COMPARISON OF THE FLAT SHEET METAL AND BIFURCATED
PROFILE

For a better understanding of the behavior of i@ stith bifurcations on the edge
during roll forming, strain characteristics of iilmbe compared with the ones of a
flat strip. The comparison makes use of an FE tdbkrefore, the results of a FE
simulation of a flat strip with the same geometsytlae bifurcated profile except the

flange at the end are needed.

5.1 FE Modeling

For comparison purposes, it is necessary to uses#ime modeling concepts.
Therefore, the only difference between the flateshmodel and the bifurcated sheet

model is the flange at the edge (Fig, 5.1).

e, 1\13.2

3
9, 8,
4% s
%‘ %
%
o+

Flat sheet

Bifurcated sheet

Figure 5.1: Schematic Representation of the Flat Sheet anddaifed Sheet

In order to provide equality of the two models, tak modeling work is performed
using Python scripts. Generated FE models are doléh the solver of
MARC/MENTAT 2005r2 (Fig. 5.2).
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Figure 5.2: Workflow by Modeling of the Roll Forming Process

During the analysis of the simulations, not alhfianrg stages will be used. In the real
process, the bifurcated sheet is bent with topsrwllthe last two forming stages.
These two rolls do not support the profile on tleading line, but by pressing on to
the flange section of it (Fig. 5.3). Therefore, iiddal strain and stress are induced
in the flange section. This affects mainly the istnzalues at the edge of the flange
which will be analyzed in this study. In order teeyent the effects of the top roll

pressure on the flange, the last three formingostatwill not be analyzed.

ESymmetry
i line

Bifurcated

profile

Figure 5.3: Cross-Section View of thé"Forming Station (73
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The bifurcated sheet is bent in 8 consecutive stafjee first stage has a bent angle
of 8 degrees and all the others have a bent aridl& degrees. In order to eliminate
the effects of the change in the bent angle; aizmbfghe strain values will start after
the first forming station (Table 5.1). In followirigble, analyzed forming stages are

indicated with a dotted pattern.

Table 5.1:Bending Sequence of the Bifurcated Profile

0-1 5.6 6.7 7.8
Bending
Angle 8 11 11 11
Total Bent
Angle 8 63 74 85

5.2 Comparison of the Flat Sheet with the Bifurcaté Sheet

In this section, mainly the longitudinal strain wes at the flat sheet at the outer and
inner band edge of the web will be compared withdhes at the bifurcated sheet at

the outer and inner band edge of the web and aimgél.

Bifurcated Sheet Flat Sheet

3 : O s
Bending direction LN Bending direction

Figure 5.4: Analyze Paths on the Bifurcated and Flat Sheet

Strain values will be demonstrated in diagrams ehilee x-axis is the distance to the
entry of the forming line. Here, thé'forming station is taken as the starting point of
the process, not the entry station. In the follgnigure, the numbers by the station

numbers indicate the distances to the startingtpoin
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Figure 5.5: Schematic Representation of the Forming StatiotaDes
to the £' Forming Station

Figure 5.6 shows the longitudinal strain develophtkning roll forming of the flat
sheet strip. Here, it is observed that betweenotwsecutive forming stations, the
strain values of the outer band edge are undertaircéevel till a certain point. Then,

it starts to increase to reach its peak and befemehing the forming station, strain
values decrease back to zero or a very low levieils means that the sheet metal
starts to bend after a certain point between twmilog stations and before reaching
the next forming station, it will be bent back. Tibagitudinal strain development for
the inner side of the flat sheet strip is nearly shme as the outer side but with a sign

change. This flow shows the same trend with themue of the previous studies
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Figure 5.6: Longitudinal Strain Development in Flat Sheet

The path of the strip during roll forming can befided with a so called “Shape
Function” (See Chapter 2.1.4.2). Figure.5.7 shdwes“Shape Functions” of the flat
strip obtained from the FE simulation and the dalibons. For the calculated “Shape
Function”, the” n “value is taken as 4.3. The two lines match wethveach other.

In other words, the spatial flow of the flat stbptween two forming stages during

roll forming can be represented by a so called p&Haunction”.

1
- Shape Function "simulation™
g 0!8 7 = L1 L1
D = = :Shape Function "calculated
Soe |, g
= U-Channel
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|f ’ t=2mm
g H480LA
= 0,2 11 Forming 300 - 410
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X/L [-]

Figure 5.7:“Shape Function” of the Flat Sheet Strip Edge dyfoll
Forming of the U-Channel
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If the longitudinal strain values of the flat stapd bifurcated strip at the edge of the
web are compared (Fig. 5.8), it is seen that tfersvalues at the bifurcated strip are

significantly less than the ones at the flat strip.
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Figure 5.8: Comparison of the Longitudinal Strain Values at Vicelge
(WH=49mm, FL=15mm)
As the longitudinal strain values at the band eslgéhe flange of the bifurcated strip
are compared with the ones at the band edge dfighstrip (Fig. 5.9), two main
points are noticed. Firstly, the maximum longitwdimalues occurring in bifurcated

strip at the band edge of the flange are lessttiones occurring in the flat strip at

the band edge. This is indicated witke . in the Figure 5.10. Secondly, the

maximum value of the longitudinal strain is cloger the forming station. The
distance between maximum values of the strain far¢ated sheet and flat sheet
occurring during roll forming is indicated withX .
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Figure 5.10: Comparison of the Longitudinal Strain Values betwte
3 and the # Forming Stations (WH=49mm, FL=15mm)

As Figure 5.11 clearly indicates, while the spatialv of the flat strip in between
two forming stages can be described by a sinus¢&@pe Function”, the flow of

the bifurcated strip is close to linear.
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6. NUMERICAL INVESTIGATION OF THE BIFURCATED PROFIL E

In order to derive emprical relations for roll famg of bifurcated profiles, the basic
FE model geometry of the profile will be used whishproduced with the existing

roll forming tool in the SFB666 hall. The existiggometry is a simple U-profile

(See Fig. 4.3). The symmetrical shape of the Uigra¢ an advantage for the FE
simulation, because by modeling only one half &f sheet, the simulation time can
be reduced drastically. Another advantage of utirgggeometry is that FE model of
this geometry is already validated by a number xgeements. Thus, expensive

tooling cost for an additional experiment is saved.

As the longitudinal strain is the main criteriondesigning the flower diagram by
roll forming, by varying the geometrical parametefsthe basic model, semy-
emprical relations will be derived. In following apters, web height, flange length
and bending sequence will be varied and the effette variations will be inspected

in comparison to basic geometry.
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Figure 6.1: Variation Parameters

6.1 Variation of the Web Height

The first variation parameter is the web heighte Tasis model has a height of 49
mm. It is indicated in the following table with atted pattern. The web height will

varied in 11 simulations with 10 mm steps starfnogn 19 mm.
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Table 6.1:Web Height Variation Steps

Simulation

NoO. 1 2 6 7 8 9 10 11
Web

Height [mm] | 19 | 29 69| 7918999 (109|119

The results of the simulations will be used by thefinition of the maximum

longitudinal strain during roll forming of bifurcad sheets.

6.1.1 The FE model

The FE models for the web height variation are gged with Python scripts. For
the modeling of the rolls and the bifurcated shtet,same concepts as in the basic
model are used. By the modeling of the bifurcatesks the only difference between
sheet models is the length of the web, namely istarte from the bending zone to
the flange. As in the basic model, in the bendingez three elements are used to
generate the sheet thickness. However on the e#ations of the bifurcated sheet,
including the flange, only one element is used dherthickness. “Assumed Strain”

formulation is used for all elements.

It is known that the web of the bifurcated shegbrisne to fracture if the profile is
supported insufficiently by the bottom rolls [18Therefore, the roll geometries
should be optimized to prevent breaking. The supparface lengths of the bottom
rolls are lengthen or shorten in 10 mm steps radaty the web height of the current
variation. The top roll geometries are not chanigedhe variations with web height
longer than the basic model. But for the variatisherter than the basic model, the
width of the rolls is reduced, so the sheet metdsd’t collide with the roll side
surfaces during the simulation (Fig 6.2). On thet@ry to the basic model, the side

rolls between the last two forming stages are nudeted.
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Figure 6.2: Roll Geometries of Different Variants

6.1.2 Simulation results

The results of the simulation for the web height®fmm will not be used to define
analytical relations, because, as illustrated m fibllowing figure, the web breaks
during the simulation. This break causes longitadistrain values which do not

represent the situation of a normal web (Fig 6.3).
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Figure 6.3: Deformed Bifurcated Sheet with a Web Height of 1@ on
the 8" Forming Stage
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As indicated in the Figure 6.4, the outer edgehef ftange of the variation with 29
mm web heights deforms plastically during roll famg with the current bending
sequence. The plastic deformation first occurshatgecond forming stage by the
model with a web height of 29 mm. Here, the outhgeeis pressed. Then, between
the third and the fourth stage, the outer edgbd®flange is elongated. Therefore, by
the determination of the maximum longitudinal straglongation values between
these forming stages will be added to the longitaldelastic strain values to get the
real longitudinal strain values. In this figure,ldBtic” and “Plastic” in the diagram

key indicate the elastic and plastic strain values.

—t—29 Outer_Elastic
0,0030

==¢==29 Inner_Elastic

29_Outer_Plastic

0.0020 29 Inner_Plastic | A& A TR & TN Ix T F TN

§ 00010 +-----— 4 - - R TR EHEE
4 |
()] |
= & | . :
© o ry
£ 00000y L AR & B il
2 | Tsme %S.i‘ | -
S -0,0010 - w ] | *ﬂﬁ*"f 1
c \ 1
(o) |
-

-0,0020 -

| : | |
-0,0030 : : : :
0 400 800 1200 1600

Station Position [mm]

Figure 6.4: Longitudinal Strain Development by a Web Lengti289fmm

Figures 6.5, 6.6, 6.7 and 6.8 show the longitudstri@in values occurring during roll
forming of bifurcated sheets with different web didgs of 39, 49, 59 and 69 mm.
Here, “Outer” indicates the longitudinal straintla¢ outer flange edge while “Inner”
indicates the longitudinal strain at the inner laredge. The numbers in the diagram
key indicates the flange length of the current yreal In the following diagrams, all

the strain values are in the elastic region.
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Figure 6.5: Longitudinal Strain Development by a Web Lengti838fmm
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Figure 6.6: Longitudinal strain development by a web lengtd®imm
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Figure 6.7: Longitudinal Strain Development by a Web Lengtbgfmm
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Figure 6.8: Longitudinal Strain Development by a Web Lengtl6®fmm

In the previous diagrams, it is highlighted thaé thnaximum longitudinal strain
values on the outer edge of the flange decreast® ageb height increases. Another
point is the increase in minimum longitudinal straalues on the outer edge of the
flange as the web height increases. Similarlyntlagimum longitudinal strain values
on the inner edge of the flange decrease as the heajht increases. For the
minimum longitudinal strain values on the inner edgf the flange, similar
observations can be made as the ones on the algercé the flange, namely the
minimum longitudinal strain values increases aswkb height increases. Till a web
height of 69 mm, the values of longitudinal stramthe inner edge of the flange are

higher than the ones on the outer flange edge.
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Figure 6.9: Longitudinal Strain Development by a Web Lengtiy®fmm
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Figure 6.10:Longitudinal Strain Development by a Web Lengtl88fmm
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Figure 6.11:Longitudinal Strain Development by a Web Lengti®8fmm
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Figure 6.12:Longitudinal Strain Development by a Web Lengtii0® mm

49




119 Outer

0,0030 |
! = = 1119 Inner
0,0020 |~ — - - e —
— |
c
s 0,0010 -
S 0,0000 i :
o |
3 |
B 0,0010 F - - - - - - o e o e e e e
< |
° ‘
-0,0020 - - ==~ e ——
l
-0,0030 :
0 400 800 1200 1600

Station Position [mm]

Figure 6.13:Longitudinal Strain Development by a Web Lengtli®® mm

As the web height increases, the longitudinal sti@lues on the outer flange edge
become more significant. By web heights higher ti&h mm, the maximum
longitudinal strain on the outer flange is highwart the ones on the inner flange. For
the values of web height higher than 89 mm, ithsesved that on both, the outer
edge and the inner edge of the flange the longialdstrain values are in the

elongation section.

6.1.3 Summary of the web height variation results

The bifurcated profile will not be bent with equadgles during the real process, and
so during the simulation. The bending starts witt8astep and continues with seven
11° steps (See Table 5.1). It is known that, if thedieg angle changes during a roll
forming process, a quick rise in the longitudinahis values are expected at the first
forming station with the different angle [17]. Th&ain goal is the definition of the
emprical relations during roll forming of the bibated profiles first for a basic
system. Therefore, the longitudinal strain valuesmeen I and the ¥ forming

stations will not be used by the analytical relagiaefinition.

Following figure shows the maximum elongation straalues occurring during roll

forming of the bifurcated sheets with different wedights. The basis model, namely
the one with a web height of 49 mm, is indicatedhia column with a squared
pattern. As seen in Figure 6.14, the maximum lamfital strain values increase
drastically while the web height decreases. Afeaching a minimum value, these

values start to increase again.
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Figure 6.14:Maximum Longitudinal Strain at the Flange Edge

6.2 Variation of the Flange Length

The second variation parameter is the flange lemgshstarting model, basis model
with a web height of 49 mm and a flange length 6f thm will be used. It is
indicated in the following table with a dotted eaut. The web height will varied in 5

simulations with 5 mm steps starting from 5 mm

Table 6.2:Flange Length Variation Steps

Simulation

No. 1 2 4 5
Flange

Length [mm] 5 10 20 25

6.2.1 The FE model

On this variant, the starting model is the sammdke basis model. Roll geometries
of the basis model will also be used for the vdsasith flange lengths lower than
the basis model. But for the ones with higher featengths, the roll geometries have
to be change to prevent collision between sheetlamdoll. Therefore, the width of

the rolls is adapted to the new flange geometry.

As for the bifurcated sheet model, the geomettiigssame as the basis model except
the flange section. Therefore, the only variatigrnthee bifurcated sheet model is the

flange length, namely the element numbers on #re# section.
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6.2.2 Simulation results

Following figures show the longitudinal strain vasuoccurring during roll forming
of bifurcated sheets with different flange lengthdere, “Outer” indicates the
longitudinal strain at the outer flange edge whiteer” indicates the longitudinal
strain at the inner flange edge. The numbers gfamth an “F” indicates the flange
length of the current analyze.

As shown in the Figure 6.15 and 6.16, the outerianer edge of the flange deforms

plastically if the current bending sequence is used

e -05_Outer_Ela
= = F05_Inner_Ela
— —= — - F05_Outer_Pla
FO5_Inner_Pla

Longitudinal Strain [-]

0 400 800 1200

Stand Position [mm]

Figure 6.15:Longitudinal Strain Development by a Flange Lengjtb mm
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Figure 6.16:Longitudinal Strain Development by a Flange LengthO mm
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Figure 6.17:Longitudinal Strain Development by a Flange Length5 mm
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Figure 6.18:Longitudinal Strain Development by a Flange LengftR0 mm
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Figure 6.19:Longitudinal Strain Development by a Flange LengitR5 mm
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6.2.3 Summary of the flange length variation resu#t

As mentioned in the previous section, the strailuasbetween the®land the ¥
forming stations will not be analyzed. The figuréd5 and 6.16 indicates the
longitudinal elastic and plastic deformation durirgl forming of the bifurcated
sheet with a flange length of 5 mm and 10 mm. Asit be seen in these figures, the
flange outer and inner edges deform plasticallyguroll forming. Therefore, by the
determination of the maximum longitudinal straime fplastic strain change is added

to the elastic strain values to get the real lamijital strain values.

Figure 6.20 shows the maximum elongation strairuesloccurring during roll
forming of the bifurcated sheets with differentriie lengths. The basis model,
namely the one with a flange length of 15 mm, didated in the column with a

squared pattern.

The maximum values decreases while the flange heingteases. The results of the
simulations show the same trend with the outcon@fious studies [18].
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Figure 6.20:Maximum Longitudinal Strain at the Flange Edge

6.3 Variation of the Bending Angle

The third and the last variation parameter is teding angle. The basis model for
the FE simulations is the same as in the otheatrans. But the bending sequence
differ form other variants, even from the basis elod o provide equality between

longitudinal strain values occurring during rolrfuing, the bending sequences with

regular bending angles are selected. Followingetaidicates the three variants and
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their bending angles, forming step numbers and betad angles. The bending angle
with the dotted pattern in the table above corredpdo the basis model. However,
in the basis model, bending starts with an angl8’afnd continues with Pisteps.
However in the variations, the bending angle dagschange in between stations. As
in the web height and flange length variationsglturdinal strain conditions will be
analyzed after the®fforming stage.

Table 6.3:Bending Angle Variation Parameters

Variant 1 3
Bending

Angle 8 14
Step

Number 9 6
Total

Bend Angle 72 84

6.3.1 FE model

In all bending angle variations, the same sheetainaslthe basis model will be used.
Since the bending sequence and so the roll ge@sdiffer from the existing the
ones in the existing process, new tool geometi@e o be designed for all variants.
These tools are designed with the program COPRA IR$tead of exporting the
geometries directly to the FE analyze program MAREHtat, the cross section
geometries of the rolls are read from the progra®@PRA RF and using these
coordinates, FE models of the rolls are generatadavPython script. All the FE
related parameters are defined also with this scilijpe main advantage of this
approach is by doing so; it is assured that thegeéed geometries and the models
have the same properties as the other variatiorelmodhe main difference of the
bending sequence variation model from the othes am¢he intermediate idler rolls
between the last two forming stages, because tlofiseare not included in these

simulations.

In the bending sequence variation models, the merg¢ size is adapted to the
number of forming stages, namely to the forminggten By the definition, the

increment size which corresponds to 1.075 mm roNement is implemented.
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6.3.2 Simulation results

Figures 6.21, 6.22 and 6.23 show the longituditrairs values occurring during roll
forming of bifurcated sheets with different bendisgquences. Here, “Outer”
indicates the longitudinal strain at the outer glaredge while “Inner” indicates the
longitudinal strain at the inner flange edge. Thenbers in the key indicate the
bending angle of the current analyze.
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Figure 6.21:Longitudinal Strain Development by a Bending Segeenith &
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Figure 6.22:Longitudinal Strain Development by a Bending Segeenith 17

56



14 Quter
= = 114 Inner

0,0020 1 AN %
] % , )

0,0030

0,0010 -

-0,0010 -

Longitudinal Strain [-]
o
o
o
o
o
|
<
|
|
I
1
: L

-0,0020 -

-0,0030
0 400 800 1200 1600

Station Position [mm]

Figure 6.23:Longitudinal Strain Development by a Bending Seqeenith 14

6.3.3 Summary of the bending sequence variation reks

Figure 6.24 shows the maximum elongation strairuesloccurring during roll

forming of the bifurcated sheets with different Oy sequences. The bending
sequence which corresponds to the basis modeldisaited in the column with a
squared pattern. As seen above, the maximum |adigdl strain values increase

while the bending angle increases. The correlas@ose to linear.
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Figure 6.24:Maximum Longitudinal Strain at the Flange Edge

6.4 Analytical Definition of the Maximum Longitudinal Strain

Over the years, different concepts have been dpedl@o define the longitudinal
strain development in flat sheets during roll fanni(See Chapter 2.1.4.). There are
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several software packages in the market to andlestrain conditions occurring

during roll forming (See Chapter 2.1.5).

However, up till now, the processing of integrdubtated profiles in a roll forming
line is not apprehended analytically. In this cleaptin analytical formula will be
derived for the maximum longitudinal strain occagiduring roll forming of the
bifurcated profiles relative to the web heightnfie length and bending angle. To

derive the formula, the results of the variatiaondiations will be used.

l \ L*Flansch‘out

Figure 6.25:Schematic representation of the bifurcated shaeekr
during roll forming

By the derivation of the formula, a linear approadh be implemented. By linear
approach, there is no difference by the travel tehoy L* . o o and L* ociin
because the distance between the starting posiidnthe end position of the edge
point of the outer flange is equal to the distalnetveen the starting position and the
end position of the edge point of the inner flanfieerefore, the travel both edge of

the flanges will be denoted &s* .

While the bend line travels a straight line durfogning, the bend edge, namely the
flange edge travels in a helical pattern. The lengft this travel is calculated as

follows:

L' =% +¢° (6.1)
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where L is the length of the bending line which is equalie distance between two
consecutive forming stations amd is the circular path of the flanges end point

during forming.

The s length can be described as follows.
s=I2+1,% @ (6.2)

Here, I is the web height}, is the flange length and is the bending angle in

radian. Therefore, formula 6.1 can be expressed as

L =2 +[(,> +1,%) (B?] (6.3)

The maximum longitudinal strain values occurringinlg roll forming of bifurcated

profiles are not directly proportional to the wedidht, flange length and bending
angle. This indicates a difference by the lengthtred travel of the bend edge
between calculated values and values obtained tinensimulations. Therefore, to fit
the longitudinal strain values calculated with #imve formula to the longitudinal
strain values which are obtained from the simutetjacorrection factors has to be

defined. Therefore, the Equation 6.3 becomes:

L' =k, k, Ok, QL% +[(1,” +1,°) (8] (6.4)

Here, k, is the web height correction factd, is the flange length correction factor

and k, is the bending angle correction factor.

In this study, the effects of the web thickness faage thickness will be neglected.
The correction factor will be defined for the sté#180 LA. The web thickness is
taken as 2 mm and flange thickness as 1.2 mm. Sheeffects of the distance
between two consecutive forming stations on thegitodinal strain are not

investigated, the correction factors are definedafmter station distance of 400 mm.

The main approach by the definition of the corctfactors is to calculate the
length of the travel of the bend edge between tamsecutive forming stages and
than comparing it with the values obtained fromudations. The correction factors

are mainly the ratio of these two values. Followdiggram shows the ratio of the
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calculated maximum longitudinal strain values te tlalues obtained from the web

height variation simulations.

1,0035
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1,0010
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1,0000
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20 100 120

40 60 80
Web Height [mm]

Figure 6.26:Ratio of the Calculated and Simulated Strain Values

The equation of the fitting curve in the figure abamainly builds the web height

correction factor. It can be described as follows.
k, =1,01010, > (6.5)

In order to describe the bending angle correctamtar, maximum longitudinal strain
values calculated with the Equation 6.3 by usirggwieb height correction factor will
be compared with the values obtained from the b@ndngle variation simulations.
The following diagram shows the ratio of the cadtetl maximum longitudinal strain

values to the values obtained from the bendingeanatiation simulations.
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Figure 6.27:Ratio of the Calculated and Simulated Strain Values

The equation of the fitting curve in the figure abanainly builds the bending angle

correction factor. It can be described as follows.
k, = 0,9973H*%* (6.6)

In order to describe the flange length correctiactdr, maximum longitudinal strain
values calculated with the Equation 6.3 by usirgeb height and bending angle
correction factors will be compared with the valoésained from the flange length
variation simulations. The following diagram showw ratio of the calculated
maximum longitudinal strain values to the valuesaoied from the flange length

variation simulations.
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Figure 6.28:Ratio of the Calculated and Simulated Strain Values

The equation of the fitting curve in the figure abanainly builds the bending angle

correction factor. It can be described as follows.
k, =1,00690, > (6.7)

By putting the correction factors into Equation,6t4educes to

L' =1,014320, %% [, 0% moﬂw L2 +[(1.2 +1,%) [8?] (6.8)

Finally, the maximum longitudinal strain values daa calculated by entering the

band edge length values to the following equation:

(6.9)

Maximum longitudinal values calculated with the Btjan 6.7 deviates form the
ones obtained from the simulations. The deviatairs are shown in the Tables 6.4,
6.5 and 6.6. In these tables, variation paramethish correspond to the basis model
are indicated with a dotted pattern. The highestadi®en with 20.2 % is observed by
a web height of 49 mm, a flange length of 25 mm arknding angle of £10ther

than that, the deviation values are under 10.4 %.

62



Table 6.4:Deviation of Calculated Maximum Longitudinal Straialues

from the Ones Obtained from Web Height Variatiom&ations

Web Max. Long.Strain  |Max. Long. Strain
Height [mm] [(Simulation) (Calculation) Deviation [%)]
29 0,00318 0,00291 -8,6
39 0,00223 0,00236 5,8
| 49 0,00196 | 0,00198 0,9
59 0,00176 0,00172 2,6
69 0,00141 0,00153 8,7
79 0,00135 0,00142 5,2
89 0,00131 0,00136 4,0
99 0,00138 0,00135 -1,8
109 0,00148 0,00139 -6,0
119 0,00158 0,00147 7,0

Table 6.5:Deviation of Calculated Maximum Longitudinal Strafalues
from the Ones Obtained from Flange Length Variation

Simulations
Flange Max. Long.Strain | Max. Long. Strain
Length [mm] |(Simulation) (Calculation) Deviation [%]
5 0,00468 0,00471 0,7
10 0,00333 0,00298 -10,4
15 0,00196 0,00198 0,9 |
20 0,00127 0,00128 0,5
25 0,00094 0,00075 -20,2

Table 6.6:Deviation of Calculated Maximum Longitudinal Straialues
from the Ones Obtained from Bending Angle Variation

Simulations
Bending |Max. Long.Strain |Max. Long. Strain
Angle (Simulation) (Calculation) Deviation [%]
8 0,00139 0,00152 9,3
11 0,00196 0,00198 0,9
14 0,00226 0,00241 6,5
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7. CONCLUSIONS

Because of its high flexibility and productivityglf forming has developed as one of
the most important forming methods. With this methmany profiles varying in
their shape, materials, thickness, etc. can beugestl The new production method,
linear flow splitting enlarges the range of the sémished products which can be
used in roll forming. With the utilization of thelgted profiles in roll forming, the

product spectrum of this forming method can bergeid.

The definition of the analytical relations duringllrforming of bifurcated profiles
creates the basis of this study. The longituditrairs occurring during roll forming
of the bifurcated profiles is the center of thedastigations. During the studies, an FE
approach will be implemented. The parameters sached height, flange length and
bending angle will be varied in predefined stepse Thaximum strain occurring

during roll forming in longitudinal direction wilbe analyzed.

Since the goal of this study is to define analytiegations during roll forming of
bifurcated profiles using FE simulations, the neitggo validate these simulations
arises. Experiments showed that a meshing concépt 3v elements over the
thickness in the FE model of the sheet metal caresent the real process with a

deviation of 1.5%.

Evaluating the results of the finite element sirtioles conducted, general statements
about the longitudinal strain development durinly fmrming of bifurcated profiles
can be made. The longitudinal strain values harenamum depending on the web
height. The reduction of the web height under teiel or the increase of it above
this level causes an increase in the strain vallies.reduction of the bending angle
has a positive effect on the longitudinal straifuea, namely the strain values
decreases as the bending angle decreases. Omtin@rgothe strain values decrease
while the flange length increases. A semi-empricainula has been defined by
using the linear approach to calculate the maxinongitudinal strain occurring
during roll forming of the bifurcated profiles deqkng on the web height, flange

length and bending angle. However, the formula aevifrom the maximum
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longitudinal strain values obtained from the simiolas. The highest deviation with
20.2 % is observed by a web height of 49 mm, agBalength of 25 mm and a
bending angle of 1 Other than that, the deviation values are unfiet %.

In order to validate the derived formula for thexmaum longitudinal strain, roll
forming process of other product geometries havieetsimulated. Additionally, up
till now, the effect of the bifurcated sheet thieks is not analyzed. Therefore,
variation of the sheet thickness and sheet matesaild be useful. A further step

could be the investigation of the springback oftitiarcated sheet after roll forming.
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APPENDIX

A. PYTHON Script for the modeling of the bifurcated profile

from py_mentat import *
def modellAufbau(t,b,l,a,t_f):

py_send("*job_class mechanical")
py_send("*job_option dimen:three")
#py_send("*exec_default_procedure set_job_defpatameter _3d_m")

HHAHHHHH AR AR
# MESH GENERATION
HHAHHHHH R HHHH AR

py_send("*add_nodes")
py_send("0,0,0")

py_send("0,0,%f" % (t))
py_send("0,%f,%f" % (y_el,t))
py_send("0,%f,0" % (y_el))
py_send("*add_elements")
py_send("3,4,1,2")
py_send("*set_duplicate_translations")
py_send("0,%f,0" % (y_el))
py_send("*set_duplicate_repetitions")
nr_elem_breite = 3

py_send("%f" % (nr_elem_breite-1))
py_send("*duplicate_elements")
py_send("all_existing")
py_send("*sweep_nodes")
py_send("all_existing")

py_send("*add_nodes")

py_send("0,12,0")

py_send("0,12,2")

py_send("0,14,2")

py_send("0,14,0")

py_send("*add_elements")

max_nodes_id = py_get_int("max_node_id()")

py_send("%f,%f,%f,%f" % (max_nodes_id-1xnaodes_id,max_nodes_id-
3,max_nodes_id-2))

py_send("*set_duplicate_translations")

py_send("0,2,0")

py_send("*set_duplicate_repetitions")

py_send("4")

py_send("*duplicate_elements")

max_elements_id = py_get_int("max_elemiel(}")

py_send("%f" % (max_elements_id))

py_send("#")

py_send("*sweep_nodes")

py_send("all_existing")
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py_send("*add_nodes")

py_send("0,22,0")

py_send("0,22,2")

py_send("0,26,2")

py_send("0,26,0")

py_send("*add_elements")

max_nodes_id = py_get_int("max_node_id()")

py_send("%f,%f,%f,%f" % (max_nodes_id-1xmaodes_id,max_nodes_id-
3,max_nodes_id-2))

py_send("*set_duplicate_translations")

py_send("0,%f,0" % (y_el))

py_send("*set_duplicate_repetitions")

nr_elem_breite2 = 11

py_send("%f" % (nr_elem_breite2-1))

py_send("*duplicate_elements")

max_elements_id = py_get_int("max_elemiel(}")

py_send("%f" % (max_elements_id))

py_send("#")

py_send("*sweep_nodes")

py_send("all_existing")

py_send("*add_nodes")

py_send("0,%f,0" % ((nr_elem_breite2*y +&12))

py_send("0,%f,2" % ((nr_elem_breite2*y +&1))

py_send("0,%f,%f" % ((b/2),t))

py_send("0,%f,0" % (b/2))

py_send("*add_elements")

max_nodes_id = py_get_int("max_node_id()")

py_send("%f,%f,%f,%f" % (max_nodes_id-1xmaodes_id,max_nodes_id-
3,max_nodes_id-2))

py_send("*sweep_nodes")

py_send("all_existing")

py_send("*sub_divisions")
py_send("3,2,3")
py_send("*set_sweep_tolerance")
py_send("0.1")
py_send("*subdivide_elements")
nr_nodes = py_get_int("nnodes()")
nr_elements = py_get_int("nelements()")
foriin range(1, nr_elements):
zaehler =0
y_nhode =0
element_id = py_get_int("element_id(%i)" % i)
for i in range(1, 4):
element_node_id = py_get"@&lgment_node_id(%f,%f)" % (element_id,i))
y_node = py_get_float("nod@ai)" % element_node_id)
if y_node <= (a+4) and y_node >= (a-4):
zaehler = zaehler + 1
if zaehler > O:
py_send("%i" % element_id)
py_send("#")

py_send("*add_points")
py_send("0,%f,0" % (a-5))
py_send("0,%f,%f" % ((a-5),t))
py_send("0,%f,0" % (a+5))
py_send("0,%f,%f" % ((a+5),t))

py_send("*move_nodes_to_point")
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py_send("1")
nr_elements = py_get_int("nelements()")
foriin range(1, nr_elements):
element_id = py_get_int("element%d(' % i)
foriin range(1, 5):
element_node_id = py_get"elgment_node_id(%f,%f)" % (element_id,i))
y_node = py_get float("nod@sy)" % element_node _id)
z_node = py_get_float("nod@o" % element_node_id)
if y_node <= (a-5+(t/2))+0.1 and y_node(a-5+(t/2))-0.1 and z_node == 0:
element_node_id = py_get_int("elementdenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)

if y_node == (a-5) and z_node >= 0.6 andode <= 0.7:

element_node_id = py_get int("elemendenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)
py_send("#")
py_send("*move_nodes_to_point")
py_send("2")
for i in range(1, nr_elements):
element_id = py_get_int("element%d)(' % i)
foriin range(1, 5):
element_node_id = py_get"@&lgment_node_id(%f,%f)" % (element_id,i))
y_node = py_get float("nod@sy)" % element_node_id)
z_node = py_get_float("nod@og" % element_node_id)
if (y_node == (a-5+t/2) and z_node ==1t):
element_node_id = py_get int("elementdenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)
if y_node == (a-5) and z_node >= 1.3 andode <= 1.4:
element_node_id = py_get_int("elementdenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)
py_send("#")
py_send("*move_nodes_to_point")
py_send("3")
nr_elements = py_get_int("nelements()")
foriin range(1, nr_elements):
element_id = py_get_int("element%d)(' % i)
foriin range(1, 5):
element_node_id = py_get"@&lgment_node_id(%f,%f)" % (element_id,i))
y_node = py_get_float("nod@ai)" % element_node_id)
z_node = py_get_float("nod@o2" % element_node_id)
if (y_node == (a+5-t/2) and z_node == 0):
element_node_id = py_get int("elementdenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)
if y_node == (a+5) and z_node >= 0.6 andode <= 0.7:
element_node_id = py_get int("elementdenad(%f,%f)" %

(element_id,i))
py_send("%i" % element_node_id)
py_send("#")

py_send("*move_nodes_to_point")
py_send("4")
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for i in range(1, nr_elements):
element_id = py_get_int("element%d( % i)
foriin range(1, 5):
element_node_id = py_get"elgment_node_id(%f,%f)" % (element_id,i))
y_node = py_get float("nod@a)" % element_node _id)
z_node = py_get_float("nod@o" % element_node_id)
if (y_node == (a+5-t/2) and z_node ==1t):
element_node_id = py_get int("elementdenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)

if y_node == (a+5) and z_node >= 1.3 andode <= 1.4:
element_node_id = py_get_int("elementdenad(%f,%f)" %
(element_id,i))
py_send("%i" % element_node_id)
py_send("#")

py_send("*sweep_nodes")
py_send("all_existing")

py_send("*add_nodes")

py_send("0,%f,0" % (b/2))

py_send("0,%f,%f" % (b/2,t))

py_send("0,%f,%f" % (b/2+t_f,t))

py_send("0,%f,0" % (b/2+t_f))

py_send("*add_elements")

max_nodes_id = py_get_int("max_node_id()")

py_send("%f,%f,%f,%f" % (max_nodes_id-1xmaodes_id,max_nodes_id-
3,max_nodes_id-2))

py_send("*add_nodes")

py_send("0,%f,0" % (b/2))

py_send("0,%f,0" % (b/2+t_f))

py_send("0,%f,%f" % (b/2+t_f,-2.8))

py_send("0,%f,%f" % (b/2,-2.8))

py_send("*add_elements")

max_nodes_id = py_get_int("max_node_id()")

py_send("%f,%f,%f,%f" % (max_nodes_id-1xmaodes_id,max_nodes_id-
3,max_nodes_id-2))

py_send("*set_duplicate_translations")
py_send("0,0,%f" % (-2.8))
py_send("*set_duplicate_repetitions")
py_send("4")

py_send("*duplicate_elements")
max_elements_id = py_get_int("max_elemelf)")
py_send("%f" % max_elements_id)
py_send("#")

py_send("*add_nodes")

py_send("0,%f,%f" % (b/2,t))

py_send("0,%f,%f" % (b/2+t_f,t))

py_send("0,%f,%f" % (b/2+t_f,4.8))

py_send("0,%f,%f" % (b/2,4.8))

py_send("*add_elements")

max_nodes_id = py_get_int("max_node_id()")

py_send("%f,%f,%f,%f" % (max_nodes_id-1xnaodes_id,max_nodes_id-
3,max_nodes_id-2))

py_send("*set_duplicate_translations")
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py_send("0,0,%f" % (2.8))
py_send("*set_duplicate_repetitions")

py_send("4")

py_send("*duplicate_elements")

max_elements_id = py_get_int("max_element_id()")
py_send("%f" % max_elements_id)

py_send("#")

py_send("*sweep_nodes")
py_send("all_existing")

py_send("*set_expand_translations")
py_send("5,0,0")

py_send("*expand_elements")

py_send("all_existing")

py_send("*sweep_nodes")
py_send("all_existing")

py_send("*set_duplicate_translations")
py_send("5,0,0")
py_send("*set_duplicate_repetitions")
py_send("%f" % ((I/5)-1))
py_send("*duplicate_elements")
py_send("all_existing")

py_send("#")

py_send("*sweep_nodes")
py_send("all_existing")
def main():
global pi
pi = 3.14159265
e =2.718281828
#t Dicke
# b Breite mit Flanschdicke
# | Lange
#tf Flanschdicke
# a Abstand des Biegerarius von der ProfilniitteQuerschnitt

b=136.4

| =1300.0

tf=1.2

b=b-2*_f

HH T R R R R R
modellAufbau(t,b,l,a,t f)

HHAHH R A R R

if _name__ ==' main__"
main()
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