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ABSTRACT

This project uses LS-DYNA to smulae the rolling deformation of a flaa sed
sheet into a pand of paticular shepe. The process involves the gradud deformation of
the sted sheet by passng it through a series of rollers at a constant speed. Each of these
sts of rollers is oriented & a dightly different angle to incrementdly increase the
deformation of the sheet until the desired geometry is obtained in the pand. Since the
sheat could be going through severd different sets of rolles a the same time, the
deformation process is very complex and highly nonlinear.  During this process, the
sheet metd pand undergoes plastic deformation and develops resdua stresses.  Some of
the problems encountered with these pands include waviness surface, undesirable loca
deformation at the front (head) of the pand and excessve spring back of the end of the
pand (tal). These problems are dso obsarved in the results from the smulation and
methods to minimize ther effect are investigated. Other issues encountered in the
smulation include the contact mechanism between the moving pand and a moving roller,
effect of roller sze and placement, pand thickness, pand speed and roller friction. An
adaptive mesh was used to efficiently mesh the plate and rollers a criticd locations. The
results obtained should help improve both the smulation process and the actua cold-rall-

forming-process especidly when new or different metas are being introduced.



INTRODUCTION

Cold forming processes are classfied as brake forming or roll forming. Both
processes are performed at room temperature with no heeting of the materid. In the
brake forming process, the deformation of the whole pand is accomplished
smultaneoudy in one step (see Figure 1-a), while in the cold roll forming process, the
pand is gradudly deformed usng a piece-wise gpproach. The cross sections of roll
formed pand will not be the same dong the length of the pand during the rolling process
(see Figure 1-b). A complex patern of forming may produce consderable resdud
dresses on the pand (will be explained in the following). Some of the defects observed
areshown in Figure 2. (Hamos, 1997)

The god of this project is to smulate and amdyze the cold roll forming process
udng LS-DYNA. The research is focused on investigating the wavy center formed after
the cold rolling process by usng explicit Finite Element Andyss (FEA) techniques
After the cold rolling process, a shet metd pand has permanent deformation and
resdua dtresses.  Excessve defects make the panels unacceptable commercidly to
manufactures. The wavy effect is generated on the dope surface (as shown in Figure 3).
The symmetric setting will be used in the roller setup smulation (as shown in Figure 3).



a) Brake Formed b) Roll Formed

Figure 1 Cross Section Changesin Brake and Roll Formed “V”
Section. (Hamos, 1997)

a) bow b) sweep c) twist d) flare e) cross bow

f) wavy edges g) wavy centre h) herringbone effect

Figure 2 Undesirable effects found in cold roll form sections.
(Hamas, 1997)
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Cross-section of the roll formed matal building panel.

Figure 3  Typicd cold roll form sections showing lines of
symmetry.

CHARACTERISTICSOF THE MODEL SETTING

Rollers are not roteting.

Rollers are modeled asrigid.

Rollers surfaces are perfectly smooth.

Themodd isin asymmetric setting (as shown in Figure 3).

Thereisno rolling vibration consdered.

Microstructures and mechanica properties of the plate are homogeneous.
The plate materid isisotropic.

Applied displacement of bottom rollers to deform the plate.

Apply congtant velocity on the plate—each node has a congtant velocity in
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positive x-direction only.

10. The thickness of plate does not change after rolling deformation.

11. Belytschko-Tsay shell dement isused on the plate and rollers. 5 integration
points through the thicknessis used on the plate.



ROLLING SETTING AND PROCEDURE

Theralling setting is shown in Figure 4. The dimension of the plateis
1500" 500" 0.5mm. The diameter of main rollersis 300mm. The plate will be bended in
15 degrees as the shape of “Z.” The center-to-center distance is 430mm.

Theralling procedureis listed in the following:
1. Theplateisapplied with a congant velocity in x-direction from the rest. Assoon
asthe front end of the plate reaches the second set rollers, the bottom roller is
gpplied with a displacement to deform the plate (as shown in Figure 5 and 6).
2. When the end of the plate leaves the fird rollers s&t, the contact function is off.
The plateis dill going in x-direction (as shown in Figure 7).
3. Assoonasthe plate leaves the second rollers s, the contact function is off.

Then, the dataiis collected done the blue line (as shown in Figure 8).

Figure 4 The model setup (bending radii are
considered).




TR AT K £ PLAT ['S
T L BRI Ssomu
CEET )

Figure 6 Step 2—the bottom roller deforms the

Figure 5 Step 1—before rolling deformation.
plate.
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Figure 8 Step 4—the plate leaves the second
set rollers.

Figure 7 Step 3—the plate leaves the first set
rollers.

RESULTS

In Figure 9, the results are the comparison of gpplying different coefficients of friction
(top/bottom plate) between the plate and rollers. This chart does not have tension applied
on the plate during or after the rolling deformation. It can be best improved by applying
the coefficients of friction in 0.05/0.1 and 0.1/0.05.

In Fgure 10, the plate is gpplied with tenson after rolling deformation. The tenson
stresses are gregter than the plate’ syield stress—365.9Mpa. Based on references, the
waviness surface can be improved by applying tenson stresses after cold-roll formed, but

not in the smulaion anayss.



In Figure 11, it is the comparison of the gpplied tenson which is added on the plate
during and after the ralling deformation with the best setting of coefficients of friction—

0.1/0.05 and 0.05/0.1. No any result found in this respect yet, so more investigetion is
needed.



Out-of plane displacement (mm)
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Figure 9 Rolling with friction




Out-of plane Displacement (mm)

tension=366MPa, force/sf=3050N, mu=0/0, v=762, after rollering
tension=480MPa, force/sf=4000N, mu=0/0, v=762, after rollering
256.0 “==X¥==tension=400MPa, force/sf=3333.3N, mu=0.05/0.1, v=762, after rollering —
tension=0MPa, force/sf=0N, mu=0.05/0.1, v=762
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Node Position (the length between node 1 &101 is 1500mm)

Figure 10 Tension gpplied on the plate after rolling




Out-of plane displacement (mm)
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Figure 11 Rolling with friction 0.05/0.1 and tension applied difference.




DISCUSSION OF RESULTS

This section isto explain the phenomenon of interaction between friction forces
and waviness surface after the plate has been rolling deformed based on the results. A
amdl dement of the bending plate, as shown in Figure 12, will be analyzed by using the
force and moment equilibrium. In order to investigate the interaction between the plate
and rollers, the dynamic and ralling frictions are consdered. Dynamic friction, tenson,
and normd force are mainly discussed in the smulation anayss.

Based on the definition of friction (as shown in equation 1), friction force only
exigs with normal force acting on an object (as shown in Figure 13). The interspace
between rollers is the same as the thickness of plate as defined in the smulation, so
friction force only occurs either on the top or bottom of the plate. And, friction force will

not happen on the both sides of the plate smultaneoudy.

fdn = rTgnNdn (1)

Dynamic Friction Analysis (Simulation)

In the rolling Smulation, rollers are fixed, so only dynamic friction occurs when
the plate moves during the rolling deformeation. The 3-D force equilibrium andysisis
shown in Figure 14(a). All forces are indicated to act at the centrd gravity of the
element. Thethickness of the plate is the same as the interspace between two rollers as
shown in Figure 13. To dearly express the force equilibrium analyss, the diagram is
exaggeratedly demongtrated in Figure 14(). During the rolling deformation, the plateis

going to positive x-direction with velocity—v. The compression force, S, varies with the



element width, dw, and time, t. The angle, g, is between the compression force and y-
axis as shown in Figure 14(c). The sum of vertica components of compression forceis
consdered as anorma force to act on the element. The tension, which varieswith timet
and dong plate thickness, directs to the negative x-direction. The dynamic friction force
is depending on Fzz. A force, which varieswith time--t, is added to set force equilibrium
directing to the positive x-direction. The sde view of the force equilibrium andyssis
shown in Figure 14(b). The F~z isthe sum of the components of compression force, S, in

z-direction, as shown the following:

F_ =ssng +(S+>dwsin(g + 19 dw) @
fw Tw

In the smulation anaysis, the element of plate has height t,, length dl , and width
dw. Thetwo rollers arefixed as shown in Figure 15 and 16. In Figure 15, the bottom
friction is generated by F~z and the weight of dement gdm. The tension force directsto
the negative x-direction. The plate has a congtant velocity to the positive x-direction. So,
“Fxx” hasto be added and it directs to the positive x-direction because of the Newton
third law. It isin the centerline of the dement in the Smulaion andyss. hr indicates the

height of the tenson from the center of the dement. The tension forceis shown in Figure

15 and the following equation:
T = @sdt, )

The sum of forcesin the x and z directions are
aF=F, -T-1f =0 (4)
aF =N, -gdm-F,=0 (5)

The moment balance a point o is



o t
&M, =Th - f,2=0 6)
When the sum of components of compression force F,, > gdm that acts

upward, the upper friction force affects the plate movement as shown in Figure 16. The

force and moment equilibrium are

aF=F,-T-f =0 ©)
aF,=F,-N,-gdm=0 ©)
o t

aMo:Thﬁfdn—gzo )

Rolling Friction Analysis
In the following discusson, we assume that the angular velocities of red rolling

process are identicd. In the diagram of red rolling process as shown in Figure 17, the
second rolling st is applied W, and W, that are equal as the above assumption, so the

tangent velocities of surface ® and ® are the same as the velocity of the plate movement.
Slip conditions occur between the plate and surface @, ®, ®, and @ as shown in Figure
17 and 18. Theforce Fxx (as shown in Figure 19 and 20) isequd to the force that is
generated by rollers. Three rolling circumstances between the plate and surface ®-®,
@-©, and ®@-©®, will be discussed separately.

When the plate is under rolling deformation by two sets of rollers, the applied
forceisshown in Figure 19. At theleft end of plate, the force is evenly generated by the

first set of rollers. At theright end of plate, the driven force acts seprately because



surface @ and ® draw the plate to the postive x-direction, and surfface ®, ®, ®, and @
dide on the plate (They will be discussed as follows).

|. Reation of the plate, and surface ® and ®: Therdation of tangentid
velocities of surface ® and ® isW,,, " I, <W,, " I, because r, > r, and W,, =W, as
shown in Figure 19 and 20. Thereis no dip status between the plate and bottom roller
(surface ®), so the tangentid velocity of bottom roller is equd to the plate velocity. Both
ralling force F;x and compression forceF,, vary withtimet. Thetenson T varieswith
timet and thicknesstn. The element weight is gdm. When the

compressionF,, £ gdm as shown in Figure 19, the force and moment equilibrium are

shown below:
aF =F,-T=0 (10)
aF =N, -F,_ -gdm=0 (12)
A M, =F, 2 +Th =0 1)

The dynamic friction force fu*p depends on Fzz. When the compression force

F,, > gdm which acts upward as shown in Figure 20, the force and moment

equilibriums are shown below:

&F =F, - f,-T=0 (19

up

aF =F,- N, - gdm=0 (14)

o

AM, =1, 2+Th +F, 2 =0 (19



II. Reation of the plate, and surface @ and @: Both rollers are dipping with the
plate because the two radii r are less than r», S0 the tangentid velocities are less than the
plate movement. The rolling force, directing to the right, varies with time t and location

aong the dement thickness (as shown in Figure 21 and 22). When the compress
forceF,, £ gdm which acts downward as shown in Figure 21, the force and moment

equilibrium are shown below:

* *

é.Fx:Fxx'fdn'Tzo (16)

é Fz - Ndn - I:zz cosf - gdmCOSf =0 (17)
. .t
aMo:Thr' fdn_g_ I:xxhl: =0 (18)

When the compression force FZZ > gdm which acts upward as shown in Figure 19,

the force and moment equilibrium are shown below:

aF =F,-f -T=0 (19)

up

a F,=F, cosf - gdmcosf - N =0 (20)

o . €
aMo:Thr+futh' Fxth:O (21)

I11. Relation of the plate, and surface ® and ®: The rdation of tangentia
velodities of surface @ and © isW,,,” I, <W,, " I, in Figure 23 and 24. Thereisno

dip status between the plate and upper roller, so the tangentia velocity of upper roller is
the same as the plate velocity. When the compress forceF,, > gdm as shown in Figure

23, the force and moment equilibrium are shown below:



aF =F,-T=0 (22)

aF=F,- N,, - gdm=0 (23)
3 M, =Th - F;xt—§=o 24

When the compression forceF,, £ gdm which acts downward as shown in Figure 24,

the force and moment equilibrium are shown below:

&F =F, - f,-T=0 @)

aF=N,-F,-gdm=0 (26)

aM, =Th - phop g (27)
[} dn2 XX2

Relation of Friction and Waviness of Rolling Deformed Plate
The above discussion of the theoretical baances of force and moment is under

perfect condition. Based on the results of the smulation, the rdative coefficient of
friction isthe mgor factor of the waviness surface after rolling deformed plate. Let'suse
ample examples to describe the rdation of friction and waviness surface of the deformed
plate The moment of friction force f(t), as shown in Figure 25 and 26, depends on the
compression force that is changing with time, so the plot isa snusoida wave which
respects to time in x-axis and moment of friction forcein y-axis. The moment of the
concentration of tensgon T(t), as shown in Figure 25 and 26, varieswith time. The
snusoidd wave respects to time and the moment of tension. The sum of moments of

friction and tension wavesis W(t) which is the waviness surface after rolling deformed.



If f(t) and T(t) are close to 90° out of phase, the amplitude of W(t) will be reduced.

Otherwise the amplitude of W(t) will be increased.

Figure 12 Zoom-in of the element of plate
andysis.

dn

Figure 13 Free-body diagram of afriction
force and aforce act on an element of rolling
smulation.

gdm
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‘ --gdm n +de
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Figure 14 Three dimension free-body diagram of the element analysis.




Figure 15 Free-body diagram of the bottom
friction force and tension act on an element
of the plate in the smulation.

Figure 16 Free-body diagram of the upper
friction force and tension act on an element of
the plate in the smulation.
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Figure 17 The iso-view of red rolling
diagram.

Figure 18 The front view of second set of
rollers.
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Figure 19 Analysis of real rolling at surface ®
and ®.
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Figure 20 Analysis of real rolling at surface ® and
®.
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Figure 22 Analysis of redl ralling a
surface @ and @.

Figure23 Andyssof red rolling at
surface @ and ®.
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Figure 24 Andysis of red rolling at
surface @ and ®.
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Figure 25 Response of friction, tension,
and the sum of friction and tension.
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Figure 26 Response of friction, tension,
and the sum of friction and tension.




CONCLUSION & FUTURE WORK

As references have shown, the gpplied tenson will improve the waviness of the plate
surface, however, it is not so in the findings of my smulaion. This means that more
investigation into this aspect is needed. Moreover, the measuremerts of the ratios of
coefficient friction needs to be done.

For future work, springback and bending radii measurements need to be considered as
well. Based on the discussion of results, solid dement should be applied on the plate and
the rollers should be set rotating for more advanced andysis.
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