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ABSTRACT

Spring-back is a common phenomenon in sheet metal forming, caused by the elastic
redistribution of the internal stresses during unloading. It has been recognized that
spring-back is essential for the design of tools used in sheet metal forming
operations. A finite element (FE) program has been used to analyze the sheet
metals axisymmetric V-bending process. [1].Numerical models by FEM were
developed by using ABAQUS and DEFORM software. The principal objective of this
analysis consists of predicting the spring-back for flanging and compares these
results with some experimental data. [2] .Knowing that spring-back amount of
bending material in bending dies is as important as the die itself, because the
material leaving the die should be within the allowed tolerance limits. Therefore, in
this study the subject of bending dies and spring-back in bending process has been
researched. In order to find spring-back in bending, a “V” shaped die is designed
and it has been aimed to find out how much can steel sheet metal materials resile in
various angles and to bring forward spring-back graphics to add literature. There is
little satisfying information in the literature regarding this issue.

In order to reach a conclusion, 6 different dies have been prepared, more than 54
samples, each of which have been bent and the obtained angles have been
measured with profile meter. The acquired results have been statistically evaluated

in a computer media and converted to graphics.
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e= engineering strain
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Fx =net external force

M= bending moment

o,=stress in x direction

S=plane strain yield stress

E’ =Modulus of elasticity in plane strain

v=Poisson’s ratio.

E= uniaxial Young’s modulus

Y= distance from middle surface to stress at some distance
p = radius of curvature of sheet of a cylindrical bent region
o= representative/effective or equivalent stress,
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CHAPTER 1

INTRODUCTION

Sheet metal is a critical material for vehicle design due to design versality and
manufacturability. Low carbon steel sheet has long been the workhorse material
in auto and consumer industries it can be stamped into inexpensive, complex

components at very high production rates.

1.1 SHEET METAL FORMING OPERATIONS

In sheet metal forming a shape in produced from a flat blank by stretching and
shrinking the dimensions of all its volume elements in three mutually
perpendicular principal directions. A large variety of shapes such as singly curved
parts, contoured flanged parts, curved sections, deep recessed drawing parts,

etc.

1.2 BENDING OF SHEET METAL

Bending is one of the most important sheet metal forming operations by which a
straight length is transformed into a curved one with the help of suitably designed
die and punch. It is very common process of changing sheet and plate into
channel, drums, tanks, car bodies, aircraft fuselages etc. In addition is a part of

deformation in many other forming process.
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Figure 1.1: Various Bending Operations [8]

Other Bending Operations

U — Bending

e Air Bending
e Offset Bending

e Hemming

e Seaming
e Curling

e Channel
e Flanging

e Corrugating

e Tube Forming
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Figure 1.2: Bending Geometry

Bend Allowance is the length of Neutral Axis in the Bend Area and is used to
determine the blank length for a bent part. However the radial position of the neutral
axis depends on the bend radius and bend angle, an approximate formula for the

bend allowance is a(R+kt).

Where,a is the bend angle(in radians),R is the bend radius, k is constant, and t is the
sheet thickness. For an ideal case the neutral axis remains at the center and hence

k=0.5, value of k varies from 0.33 to 0.5.

Minimum bend radius: The outer fibers of the part being in tension, and the inner
fibers are in compression. Theoretically the strains at the outer and inner fibers are

equal in magnitude and are given by



eo=e=1/(2R/t) + 1 (1.1)

However due to shifting of neutral axis towards the inner surface, the length of the

bend is smaller in the outer region than in the inner region. Consequently the outer

and inner strains are different and the difference increases with decreasing R/t ratio.

The radius R at which a crack appears on the outer surface of the bend is called

minimum bend radius.

1.3

STRESSES IN BENDING
During bending, the entire stress-strain curve in traversed. Only the natural line
retains its original length. As shown in figure 1.2 , fibers below the neutral line are
subjected to tensile (+) stress and fibers above the natural line are subjected to
compressive (-) stress. Stresses are greatest on the outside and zero at neutral
line. For a given sheet thickness T, tensile and compressive strains increase with

decrease with decreasing forming radius Rb (i.e. with decreasing Ry/T

Figure 1.3: Stresses in Bending




Bending Forces can be estimated by assuming that the process is that of the simple
bending of rectangular beam. Thus, the bending force is a function of the strength of
material, the length and thickness of part, and the width Wof the die opening,

excluding friction, the general expression for the maximum bending force is
Lt?
Fnax = k UTS~~(1.2)

Where k ranges from 1.2 t01.33 for a V-die, the k values for wiping and U dies are
0.25 and 2 times respectively that for V dies. The effect of various factors such as

friction, on the bending force, is included in factor k.

Punch

el L
\

V die Wiping die
(a) (b)

FIGURE 1.4: Various types of bending [REF 5: Manufacturing process for

Engineering Materials ,KALPAKJIAN,Serope]

The bending force is also a function of punch travel, it increases from zero to
maximum and may decrease as the bends completed. The force then increases

sharply as the punch bottoms in case of die bending.



1.4

SPRINGBACK

The stress state is complex in bending. Around the neutral plane, the stress must
be elastic because complete tensile and compressive stress-strain curves of the
material are traversed on both bend side. When the forming tool is removed from
the metal, the elastic components of stress cause spring back which changes
both the angle and radius of the bent part as shown in Figure 1.4. The part tends
to recover elastically after bending, and its bend radius becomes larger. This
elastically-driven change in shape of a part upon unloading after forming is

referred to as spring back.

After Springback . > -
- " R;: Bend Radius Before Springback

* d R Bend Radius After Springback
r X R - Bending Angle Before Springback
¢ Bending Angle After Springback
:..' ’ Ry Rl<& aj < Gy
7
a Before Springback

Figure 1.5 Spring-back Phenomenon in bending [REF: Manufacturing process for

Engineering Materials ,KALPAKJIAN,Serope]




Spring-back poses a major problem in sheet bending operation as it cause a
shape change that makes the assembly of the parts very difficult and its

compensations are to be taken care of while designing the dies and punches.

The spring-back is measured in terms of the ration of initial and the final angle of

the sheet, called as spring-back ratio (Ks).

Ks = af — (13)
Spring-back establishes new force equilibrium with a residual stress distribution
typified by a compressive stress on the outer and tensile stress on the inner

surface.

1.4.1 COMPENSATION OF SPRINGBACK
Spring-back may be reduced by:

e Over-bending|figure 1.6(a),(b)]
e Plastic deformation at the end of the stroke, and[Figure 1.6(c) ]
e Subjecting the bend zone to compression during bending with a

counterpunching Coining Process[Figure 1.6(d)]



15

counter

(a) (b) (¢) (d)

(e)

Figure 1.6: Spring-back compensation methods

MOTIVATION AND PROBLEM DEFINITION

Spring-back is a common phenomenon in sheet metal forming, caused by the
elastic redistribution of the internal stresses during unloading. It has been
recognized that spring-back is essential for the design of tools used in sheet
metal forming operations.

Recently, in automotive industry many companies, abroad, are trying to form the
body panels in single stamping operation while keeping the material costs and
the crap down by using IFHS blanks. The push for usage of IFHS in the auto
industry results from the need of fuel conservation, safety mandate, customer
demands, and environmental concerns to design lighter automobiles that are
more fuel efficient, produce lower emissions, with improved handling and overall

improvement of structure the vehicle.



Spring-back causes following problems in sheet-metal forming:

1) The assembly of the sheet metal components becomes problematic
thereby increasing the assembly time and reducing the productivity.

2) Rolling direction affects the spring-back as the strength of the sheet-metal
is different in different directions i.e. IFHS sheet metal is anisotropic.

3) In automobile industry different punch corner radius are used for different
bending operations which in turn affects the spring-back in components.

4) A wide range of thickness is used in sheet-metal components which again
affects the spring-back.

5) High strength sheets are preferred for automotive body as to reduce the
thickness which results in reduction of the overall weight of the vehicle.

Lighter vehicles are in demand for higher fuel efficiency.

However, spring-back characteristic of IFHS has not been investigated widely
and very little information is available about its behavior during bending

operations.



1.6 OBJECTIVES

In the view of above mentioned facts the spring-back has been analyzed in V-

bending process with the following objectives:

1. To determine the effect of punch corner radius on spring-back of IFHS steel
sheet with reference to the rolling direction (i.e. 0°, 45°, and 90°)and to include
the effects of anisotropy of sheet metal in V-bending operation.

2. To determine the effect of thickness on spring-back of sheet metal (i.e.
0.9mm. 1.2mm and 1.6mm) in V Bending.

3. Simulation of V-bending process using FEA to predict the spring-back in the
above cases.

4. Validation of experimental results with FEA results.

5. To suggest a model to compensate the spring-back in v- bending process.

10



CHAPTER 2

LITERATURE REVIEW

Bending of sheet metal is important manufacturing process. Large number of studies
has been carried out to gain a deep understanding of this process. A brief summary

of the available literature on various aspects of sheet bending is given below:

2.1 INTERNATIONAL STATUS

2.1.1 BENDING THEORIES

Hill (1950) presented a complete solution for pure bending in which deformation of
sheet metal is achieved by a couple applied along its length. In the analysis, hill
predicted the movement of neutral surface but no change in the thickness for rigid

perfectly materials under plane strain bending.

Lubahn and Sachs (1951) analyzed, in a manner similar to hill's , the bending of
rigid perfectly plastic materials in cases of both plane stress and plane strain , and
they predicted no change in material thickness by assuming that the surfaces,
including the neutral surface, Crafoord(2001) considered the Bauschinger effect by
assuming the constant yield surface on reverse straining by fibers overtaken by the
neutral surface. And he predicted obvious thickness thinning of rigid-strain-hardening

metal sheets.

Dadras and Majlessi(1982) conducted an analysis on plane strain plastic bending of
rigid —work hardening materials and they proposed two models. In model 1, a
numerical solution based on a linear “sigma”-epsilon” approximation for fibers in

reversed loading has been presented. Model 2 is an extension of proksa’s analysis

11



to the case of materials described by ludwik’s equation. It has been demonstrated

that the result of these models are generated in close agreement.

The difference between all these theories of pure bending was in choosing the strain

hardening models or considering Bauschinger effect.

2.1.2 GENERALIZED BENDING THEORY [Hosford(1993), Duncan(2002)]

Figure 2.1shows the coordinate system. Let r be the radius of curvature measured at
the mid-plane and let z be the distance of an element from the mid-plane. The
engineering strain at z can be derived by considering the arc length L, measured
parallel to the surfaces of the sheet in the x-direction. The arc length at the mid-
plane, L,, doesn’t change during bending and may be expressed as L,= r a, where
ais the bend angle. At z, the arc length is L = (r + z) a. Before bending, both arc

lengths were equal so the engineering strain, e, is

L-L0 za

z
ex = o —a—;. (21)
The true strain, &, is
&= In(1+%) (2.2)
For many bends the strains are low enough so we can approximate
EX =< (2.3)

12



With wide sheets (w>>t) the width strain, €y, is negligible. Therefore sheet bending
can be considered to be a plane-strain operation, €,= —ex. The value of ex varies
from —t/(2r) on the inside (z = —t/2) to zero at the mid-plane and +t/(2r) on the outside
surface. For small strains, ex= e,. The internal stress distribution can be found from

the strain distribution and the stress—strain curve.

Assuming that the material is elastic - ideally plastic (no strain hardening). Let the

tensile yield strength in plane strain be Y.

— 0

Figure 2.1: Coordinate system for analyzing sheet bending

Figure 2.2: Shows the strain and stress distribution. The entire cross section will at a
stress ox= Y or — Y except for an elastic core near the mid-plane. For most bending
operations this elastic core can be neglected. The bending moment can be

calculated assuming that there is no net external force, Fx.

13
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Figure 2.2.Stress and strain distribution across a sheet thickness. During bending

the strain varies linearly across section (a). With a non—strain-hardening material (b)

the bending causes the stress distribution in (c). Elastic unloading results in the

residual stresses in (d).

However, there are internal forces, dFx= o,w dz, acting on incremental elements of
the cross section. The contribution of stress on every element to the bending
moment is the product of this incremental force times its lever arm, so dM= zo,w dz.
The total bending moment is then

t
+

= t
M= [ ¢?woxzdz =2 [2woxzdz (2.4)

2

It is simpler to take twice the integral between 0 and t/2 because the sign of ox

changes at the mid-plane. For an ideally plastic material

L yt?
M=2w 2z dz = — (2.5)

14



2.1.3Elastic, perfectly plastic model
If the bend ratio is not less than about 50, strain-hardening may not be so important

and the material model can be that shown in Figure 2.3(b).

9 [2F] 04 [oF|
A A A &
/ | s )
_ o1=K'e
/| E 5 1 1
— >» —— > >
0 0 0 0

Figure 2.3: Material models for bending. (a) An actual stress—strain curve. (b) An
elastic, perfectly plastic model. (c) A rigid, perfectly plastic model. (d) A strain-

hardening plastic models less than the plane strain yield stress, S

ol = E’el (2.6)

Where the modulus of elasticity in plane strain is slightly different from the uniaxial

Young’s modulus, E i.e.

E=— 2.7)

Wherevis Poisson’s ratio.
For strains greater than the yield strain,
ol =S

where S is constant.

15



2.1.4 Strain-hardening model

Where the strains are large, the elastic strains may be neglected and the power law
strain hardening model used, where

o, =K'e} (2.8)

For a material having a known effective stress—strain curve of the form

o = EfzKE_n

2.1.5Bending of a strain-hardening sheet
If a power law strain-hardening model of the kind shown in Section 2.1.5 and Figure
2.2(d) is used. The whole section is assumed to be deforming plastically and the

stress at some distance, y, from the middle surface is

n
o, =K'el' = K' (X)
p

The equilibrium equation can be written as

1 n tn+2
;) (n+2)2n+1

! 1 n £ !
M = 2K (;) 2yt dy =K' ( (2.9)
These equations can be combined to give a set of equations for bending a non-linear

Material, i.e.

Where

tn+2

n T antl(n42)

(2.10)

16



2.1.6IMPORTANT FACTORS IN BENDING

A) DESIGN PARAMETERS:

The critical design parameters in sheet metal forming operations include the die

corner radius, punch corner/nose radius clearance punch and die etc.
B) SHEET METAL PROPERTIES:

Most polycrystalline materials possess a texture (directional properties) are
determined in tension tests. Which are repeated in the different directions relative to

the rolling direction.

Plastic strain ratio: this ration is measure of anisotropy and its value indicated the

resistance of a materials to thinning (Hosford(1993))
R, = €y le

Where,

€, = Strain in width direction

€; = Strain in thickness direction

The anisotropy is of two types:

1). Normal anisotropy,

R= M (2.11)

2). Planar anisotropy

AR = [Re=2RastRoo] (2.12)

17



The R value with subscript denotes the value for specimen taken at that angle to the

rolling direction.

Tan et al. (1995) studied the effect of anisotropy on pure bending of sheet metals.
They proposed two models one neglecting the Bauschinger effect and the other
considering the Bauschinger effect. They also found that the effect of anisotropy on
material thinning of bend is small but has a relatively large effect on the bending

moment.

A rigorous solution for the elastic — plastic bending of wide sheets exhibiting normal
anisotropy has been presented by chakra arty el al .(2001) assuming a state of plane
strain for deformation mode . Such a solution is necessary for a critical evaluation of
elementary theories of sheet bending in the partially plastic stare. The results
indicated that the elementary bending theory significantly overestimates the
magnitude of the bending couple to produce a given elastic — plastic curvature of the

bent sheet.

2.1.7SPRINGBACK IN SHEET METAL BENDING

In the bending processes, when the forming forces have been removed, the metal

tries to return to its original shape and results in a phenomenon called “spring-back”.

Spring-back is a function of both the material properties and die configuration: the
greater the strength and lower the elastic modulus of the material, and the larger the

bend radius and die gap, the greater the spring back will be.

The spring-back was addressed by Gardiner (1957), who proposed a mathematical
formula for spring-back calculations based on elementary bending theory with ideal

plasticity.

18



Johnson and Yu(1981) further developed Gardiner's work for linearly hardening

materials for bending with tension.

Ferreira et al.proposed a method to automatically measure the spring-back angles

by using computer vision and digital image processing techniques.

Sun et al.proposed a method of evaluating spring-back in sheet metal formed on a
hydraulic press in real time.
Tekaslan et al.examined spring-back of 0.5 mm steel sheet metal in V-bending dies

using four different methods.

Li et al.(2002) found that the material’s hardening model directly affects the accuracy
of spring-back calculation. The greater the accuracy of the hardening model, the
greater the spring accuracy. The spring-back calculated with the elasto-plactic
power-exponent hardening model agrees better with experimental result than that

calculated with the linear-hardening model.
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2.1.8 GENERAL ASPECTS OF SPRINGBACK

Elastic unloading and spring-back
If a sheet is bent by a moment to a particular curvature, and the moment then
released, there will be a change in curvature and bend angle. The length of the mid-

surface is

l=pb
This will remain unchanged during unloading as the stress and strain at the middle

surface are zero. From this, we obtain

1
6=1- (2.13)

Differentiating Equation 2.13, in which | = constant, we obtain

(2.14)

Spring-back in an elastic, perfectly plastic material

The assumed stress—strain curve for an elastic, perfectly plastic material that
undergoes reverse loading. (This neglects any Bauschinger effect; this is the
phenomenon of softening on reverse loading that is observed in many materials.). A
change in stress of ol = -2S can occur without the material becoming plastic. If we
assume that the unloading of the sheet will be an elastic process, then the elastic

bending equations, Equations, can be written in difference form, i.e.
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Figure 2.4:Elastic, perfectly plastic material model with reverse loading.

For a sheet that has been bent to the fully plastic moment, the unloading curve will

be parallel to the elastic loading line.

we see that for a change in moment of —Mp,

1
A -
AM M
gp) MM (2.16)
B,
e
M A
I T
!
!
— rs
5 /! 2
St
11 SR
= SIQ / 4
M= 2 J
6 '
II » (1/ )
» ry
0 le—»l e |
(1/p)e A(1/p)
Curvature (1/p)o

Figure 2.5: Moment, curvature diagram for an elastic, perfectly plastic sheet showing

unloading from a fully plastic moment.
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The ratio of the fully plastic moment to the limiting elastic moment has been shown

to be
M, 3
M, 2
Therefore,
1 — 3 _ _i
A(;) =~y = (2.17)

If the sheet has been unloaded from a curvature of (1/p)0, the proportional change in

curvature, from Equation 2.17 is

A(3) 3S

p/ _ 33P0

—(%) =—— (2.18)

Or, from Equation 2.18, the change in bend angle is

AQ ~ —358e0 (2.19)
E't

Equation 2.19 is only approximate and applies to small differences in angle or
curvature and to the case in which the sheet has been bent to a nearly fully plastic
state.

Nevertheless, the equation is very useful and indicates that spring-back is

proportional to:
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e The ratio of flow stress to elastic modulus, S/E’, which is small and often of
the order of 1/1000;

e The bend ratio polt;

e The bend angle.
Thus spring-back will be large when thin high strength sheet is bent to a gentle
curvature.
Residual stresses after unloading
When an elastic, perfectly plastic sheet is unloaded from a fully plastic state, it is
shown

above that the change in moment is _M = —Mp. Substituting in Equation 2.15

S 2
—(Z-)/(t3/12) = D01max/(t/2) (2.20)
l.e. the change in stress at the outer fiber is

Ao’l = —— (221)

2

(Equation 2.21 supports the assumption that for the simple bending model given

here, the unloading process is fully elastic.)

Thus the effect of unloading is equivalent to adding an elastic stress distribution of

maximum value of —3S/2 to the fully plastic stress state as shown in Figure 2.6. The

residual stress distribution is shown on the right of Figure 2.6; this is an idealized

representation arising from the simple model, but it does show that after unloading,

the tension

23



S -35/2 -5/2

CMD} | t My % M=0

Figure 2.6:Residual stress distribution after unloading from a fully plastic moment.

side of the bend would have a significant compressive residual stress at the surface

and there would be a residual tensile stress on the inner surface.

NEUTRAL AXIS SHIFT
The analyses above are based on the neutral plane remaining at the mid-plane of
the sheet. Actually the neutral plane moves toward the inside of the bend. There are
two reasons for this: On the inside of the bend, elements thicken. Also, the true
compressive strains on the inside are greater in magnitude than the strains on the
outside.
The thickness of element i is t= t0/(1 + e)) = t0/(1 + z/p) and the true strain, &i, at
element i isOIn(1+ zi /p).
If eiis positive, the true stress, oj, on element i is oi= Kei'= K[In(1 + zi/p)]n. If ei is
negative, the true stress, oion element is oi= —K(In(1 + zi/p)|n. The force on element
i, on the tensile side of the bend is then

Fi = [wt0/(1+zi/p)]K[In(1+zi/p)]n
and on the compressive side

Fi =—[wt0/(1+zi/p)]K|In(1+zi/p)|n.
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Wherez;is negative on the inside of the bend and positive on the outside. The ratio of

the two at equal displacements from the original centerline is

. n
in(1 +Z‘To) (14_@)
Fo in(1 +Z#) p

Fl 14210
p

: (2.22)

wherezp refers to an element on the outside of the bend and z; refers to an
elementon the inside of the bend.
2.1.10 FACTORS INFLUENCING SPRINGBACK

1. Young’s modulus:

Spring reduces with increase in elastic modulus, because the resistance to elastic

bending increases with increase in elastic modulus (Wang et al (1993))

2. Yield stress:

Spring-back increases with increase in yield stress, because higher the strength the

more will be the resistance to plastic yielding.

3. Plastic anisotropic ratio(r) and hardening coefficient (n):

The higher the normal anisotropic values the more the spring-back was observed.

Dae (1997) developed an analytic model to predict the effect of normal anisotropy
and hardening coefficient and arrived at the concluded that spring-back is almost
proportional to the normal anisotropic parameter and decreases sharply with smaller
strain hardening exponent n. And at higher values of n and thickness ratio, the
change in spring-back values is very smaller. But this model ignored the variation of r
in the plane strain of the sheet.
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2.1.11 SPRINGBACK COMPENSATION METHODS

The purpose of these methods is to minimize the deviation of the produced part,

shape from the tooling shape which is identical to the desired shape.

Rosochowski (2001) presented a method for spring-back compensation based on a
hybrid physical modeling /finite element approach .physical modeling provides
information on load distribution at the material/die interface which is then used as a
load boundary condition in the two separate finite element simulations of die
deflection and component spring-back. The die compensation part is carried out in a

CAD environment.

Ayers(1984)has suggested the use of multi-step process to reduce spring-back while

avoiding the part failure.

Liu(1988)has proposed variation of binder force during the forming process, thereby
providing tensile preloading or post-loading on the formed part .In order to reduce
spring-back in both of these methods the reduction of spring-back is effected by the

provision of high amounts of stretching of the formed part.

Woo et al .(1959)and Wenner (1983)showed that the tensile stretching stresses
superimposed on the bending stresses of an elastic-plastic material cause the
reduction of spring-back in two dimensional formed parts. However
Wenner(1983)also pointed out that it is not always possible to transmit high tensile
forces to all parts of a work piece of a complicated geometry without causing failure

by tearing of work piece.
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CHAPTER 3

METHODOLOGY

In present study the spring-back of tailor welded strips has been analyzed in V-
bending operation. The methodology includes experimental, analytical methods and

finite element analysis.

3.1 SHEET MATERIAL FOR BENDING

The development of deep-draw able sheet steels is of particular significance for
the automotive industry. Titanium and /or Niobium added extra-low carbon interstitial
free (IF) steels are relatively new materials developed for critical applications in auto
industry. In this study these extra low carbon steel of two different grades viz. IF
(Interstitials-Free) and IFHS (Interstitials-Free High Strength) have been used to
investigate the effect of different material properties on spring-back of Blank. The
virtually complete removal of carbon and nitrogen in these materials leads to high
formability and hence these are generally used in forming of complex parts. The
chemical composition of IF and IFHS grades is reproduced here as reported by

Singh (2005) and Panda (2006) are given in table 3.1

0.0027 0.013 0.4 0.05 0.011 0.04 0.001 0.032

Table 3.1: Chemical composition of IFHS-steel (wt %)
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3.2MICROSTRUCTURE OF IFHS

M=E

4 A

Viewers Toolbox Routine

& IF1.0 - Paint

Fig3.1. Microstructure of IFHS at 1000x

3.3 TESTS FOR DETERMINATION OF MATERIAL PROPERTIES

The tension tests were carried out as per ASTM standard E 8M-04 (2004) on
INSTRON 5582, 100KNmachine, in strength of materials laboratory at IIT Delhi. The
IFHS sheets of HF grade (0.9 mm, 1.2mm and 1.6 mm thickness) were tested for the
mechanical properties. The tension test for material was carried out with standard

size specimen as shown in Fig 3.4.
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Figure 3.2: Tension test setup

Fig 3.3. Specimen with rolling direction (i.e. 0°, 45°, 90°)
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10

100

Fig 3.4. Specimen dimensions

3.3.1Yield Stress and UTS

The typical stress strain curve obtained from the tests is shown in Figure 3.7 and
Figure 3.8. Since the departure from the linear elastic region cannot be easily
identified, the yield stress was obtained using the 0.2 % offset method. UTS was

determined for the maximum load and original cross section area of specimen.

Chart Title

600

500

400 r/380,207244 = engg stress strain curve X-
0-1

300

stress strain curve:x-90-1

200
e stress strain curve: x-45-1

100

O T T T T T 1
? 0.05 0.1 0.15 0.2 0.25 0.3

-100

Fig3.5. stress strain curve for sheet thickness 0.9mm.
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Stress Strain curve for 1.2mm
500
400 - : A
A).5727297 \ = stress strain curve Y-
300 ¥ 0-1
200 stress strain curve: y-
45-1
100 = stress strain curve: y-
90-1
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(i) 0.1 0.2 0.3 0.4
-100

Figure 3.6: stress strain curve for specimen of sheet thickness 1.2mm

stress strain curve for 1.6mm

500

400
/ \ \ = engg stress strain
300 curve z-0-1
engg stress strain
200 curve z-45-1
100 engg stress strain
curve z-90-1
0 T T T 1
T 0.1 0.2 0.3 0.4
-100

Fig 3.7. : stress strain curve for specimen of sheet thickness 1.6mm

3.3.2 Ductility: The % elongation or the reduction in cross section area is used as a
measure of ductility of material. % elongation values were calculated at the fracture.

The elongation was measured by fitting together the fractured specimen.
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3.3.3 Calculation of Strain hardening exponent (n) and Strength coefficient (K)

The strain hardening exponent (n) and the strength coefficient (K) values are
calculated from the stress strain data in uniform elongation region of the stress strain
curve. The plot of log (True stress) versus log (True strain) which is a straight line is

plotted as discussed below:

The power law of strain hardening is given as

o=K.¢"

Where, o and ¢ are the true stress and true strain.

Taking log on both sides,

log (o) =log (K) + n. log (g)

This is an equation of straight line the slope of which gives the value of ,n’ and K can
be calculated taking inverse log of the y-intercept of the line (i.e. log (K)) as shown in

Figure 3.9.
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Figure 3.8: Log (True stress) vs. Log (True strain)
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3.3.4 Calculation of Anisotropic Parameters:

The R-values at the angles of 0°, 45° and 90° to the rolling direction in the sheet

plane were experimentally determined from the tension test.

Procedural Steps:

1. The gauge length of 50 mm was divided into equal intervals of 10 mm each
and in each interval the width of the specimen was measured.

2. The tension test was stopped at a predetermined strain value (25% in the
present case).

3. The width after elongation of the specimen was measured and using these
values the anisotropic parameter was calculated.

The anisotropic parameter ‘R’ is given by,

Where, ew is the strain in width and ¢t is the strain in thickness. Since ¢t is very small

value the strain in length is measured as ¢l.
ew = log(wf / wo)
el = log( Lf/ Lo)

Where, wo and wf are the initial and final width while Lo and Lf are the initial and

final length of the specimen.

For constancy of volume, et= - (ew+ €l)

&y log(w; /w,)

~R= _
—(g +&,) log((w, *GL,)/(w, *GL,))
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Normal anisotropy parameter, R is calculated as,

ﬁ — (Ro + 2R45 + RQO)
4

3.4 EXPERIMENTAL MEASUREMENT OF SPRINGBACK

3.4.1 Experimental Setup

The experimental setup consists of punch, die, base plate, attachment rod and the
blank holder mounted on the double action 100 ton hydraulic press in sheet metal
shop. Two sets of punch and die with radius 7.5 mm and 10.0 mm were used for the
bending experiments. The punch is attached to the cross-head grip of the UTM
through the attachment shank as shown in Figure 3.10. The die was fixed on the
base plate on the platform of the press so that any movement of the die can be

arrested during bending of the sheets.

The blank holder is required for clamping one of the ends of the sheet during

bending.
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Fig3.9: INSTRON UNIVERSAL TESTING MACHINE
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3.4.2 Fabrication of Tools

As discussed earlier two sets of dies and punches of radius, 7.5 mm and 10 mm
were required for the experimental setup of V-bending in addition to other

accessories. The included angle for dies and punches was kept as 90degree.

The D-2 tool steel for cold working was selected for the bending dies. The drawings
of tooling were made in CATIA-V5 as shown in the figure: 3.10 to 3.17 DXF file was
used in EDM-wire cut to fabricate the dies and punches. A total of six dies were
designed and two punches with two different punch corner radius. The clearance
between dies and punch was made equal to sheet thickness to avoid the localized

compressive stresses during bending operation.

The dies and punches were designed with a holding shank of 25mm length and
12.5mm thickness for easy holding and proper alignment in UTM. The setup was

designed for UTM for capturing the data for load and deflection.

11 dimensions are Ln nn.

BE.648

£6 .6 26 .66

]

ﬂ:c/ &“i"-

12.5

25

160

Front view

Fig.3.10 Die with corner radii 8.4mm for 0.9mm sheet thickness.
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Fig.3.11 Die with corner radii 8.7mm for sheet thickness 1.2mm.
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Fig 3.12 Die with corner radii 9.1mm for sheet thickness 1.6mm.
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Fig.3.13 Punch with corner radii 7.5mm.
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Fig.3.14 Die with corner radius 10.9mm for sheet thickness 0.9mm.
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Fig 3.15. Die with corner radii 11.2mm for sheet thickness 1.2mm.
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Fig.3.16 Die with corner radii 11.6mm for sheet thickness 1.6mm.
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Fig. 3.17 Punch with corner radii 10mm.

3.4.3Heat treatment

D2 steel is preferred for cold working dies. AISI D2 is a high-carbon(1.6%),
high-chromium(12%) tool steel alloyed with molybdenum(1%) and
vanadium(1%) characterized by: high wear resistance, high compressive
strength, good through-hardening properties, high stability in hardening, and
good resistance to tempering-back.

After fabrication the dies and punches were hardened and tempered in
Metallurgy laboratory. D-2 steel dies and punches were heated to 910°C in a
muffle furnace for 4hrs. And hardened in air and then tempered at 250°C.
After air hardening the hardness was 65Rc and after tempering the hardness

was 62Rc.
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CHAPTER 4

CODE DEVELOPMENT AND THEIR VALIDATION

An analytical model has been developed for the prediction of spring-back
perpendicular to the bending axis by modifying the analytical procedure proposed by
Raju (2002) for spring-back prediction in conventional sheet materials (parent
materials without any change in thickness / properties). The following assumptions

have been made:

1. Plain strain condition exists since the w>>t; where w is width of specimen and t is

thickness.

2. Neutral axis shift and Bauschinger effect is neglected

To make more accurate prediction of the spring-back by the model the elastic strains
during plastic deformation have been considered i.e. elastic plastic material has
been considered. The effect of strain hardening is considered according to the power
law of hardening. Since the sheets used in the present study are highly anisotropic in
the yielding behavior the anisotropy of material has been taken into account by

incorporating the anisotropic parameters RO, R45 and R90 in the model.

Let us assume that the specimen is taken such that the width is perpendicular to the

rolling direction.
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4.1 FINITE ELEMENT METHODS IN SHEET METAL FORMING

There are various engineering methods developed for the deformation analysis of
sheet metals in a variety of forming processes. Among these methods, the slip-line
field method, the slab method, upper and lower bound techniques are commonly
known techniques, and they have been used in calculation of forming loads, shape
changes of the deformed blank and in predicting the optimal process conditions.
However, an accurate analysis of the effects of process and material parameters on
deformation response has become possible when the numerical methods, such as
finite difference or finite elements, have developed for these processes. Compared
to other numerical approximation techniques, the finite element method is presently
the most frequently employed mathematical tool in the computer-aided analysis of
sheet metal forming processes.

In method, a set of algebraic equations are derived from the space and time
discretized form of virtual work expression using the concept of finite elements
[Belytschko et al (2000)].

These finite element equations are solved in order to determine displacements at the
element nodal points, which are in-turn input to the clement operator matrices to
compute stress and strain tensors at element integration points. When a typical
sheet metal forming process is modeled with the FE method, the developed finite
element equations possess strong nonlinearities because of the large deformations
of the sheet metal, finite strains, changing boundary conditions due to the frictional
interface between tooling-sheet metal. Consequently, irrespective of the individual
features of the process under consideration, these finite element equations must be

solved numerically using incremental procedures based on an explicit time-
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integration scheme or incremental-iterative procedures based on an implicit time-
integration scheme. Due to this very nature of the forming processes, the finite
element simulations of forming processes consume a significant amount of computer
resources in the computation of time-histories of nodal displacements and element
stresses and strains.

Spring-back is an important and decisive parameter in obtaining the desired
geometry of the part and design of the corresponding tooling. In manufacturing
industry, it is still a practical problem to predict the final geometry of the part after
spring-back and to design appropriate tooling in order to compensate for spring-
back. Conventional approaches, which involve using empirical formulae and several
trial-and-error procedures, result in wastage of material, time and efforts. In recent
years, finite element analysis (FEA) has been considered as an effective way of
simulating bending operations and predicting spring-back. FEA provides numerical
trial-and-error procedures, which lead to a less time-consuming and more
economical way of designing arid producing dies. In particular, some commercially
available FEA programs provide effective and powerful tools and environments to
model and simulate various operations. These programs include useful and user-

friendly graphical user interfaces, which facilitate pre- and post-processing stages.

FEM SIMULATION FOR V-BENDING OPERATION

In this Study all the simulations were performed using the dynamic —explicit FE code,

ABAQUS CAE 6.10-1, DASSAULT SYSTEMS Software.
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4.2 PROGRAME FLOWCHART AND PROCEDURES

ABAQUS CAE follows the following hierarchy for Simulation:

1. Part

2. Property

3. Assembly
4. Step

5. Interaction
6. Load

7. Mesh

8. Job

9. Visualization

10.sketch

4.2.1PART MODELLING & ASSEMBLY

The modeling comprised of one case:

1. Modeling for V-Bending. Die, punch and the blank were modeled in 2D using

ABAQUS software.
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Specifications of Die, Punch and Blank setup

e Punch Corner Radius: 7.5mm, 10mm.

e Thickness of Blank: (.9mm, 1.2mm, 1.6mm)

TABLE 4.1 Part Attributes

PARTS 2D

DIE ANALYTICAL RIGID
PUNCH ANALYTICAL RIGID
BLANK DEFORMABLE
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Printed using Abaqus/CAE on: Thu Jul 05 00:11:04 India Standard Time 2012 SIMULIA

S, Mises = "
(Avg: 75%) C )
+3.847e+00 N
l +3.520+00
+3.211e+00

+2.892e+00
i +2.574e+00

+1.619e4+00
S +1.301e+00
- +9.82%e-01

- +3.464e-01

+2.815e-02 \ /
m

0DB: Z-90-1.0db _Abaqus/Explicit 6.10-1__ Tue Jun 26 10:09:16 India Standard Time 2012

Step: Step-1

Increment 24008: Step Time = 5.0002E-02

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.000e+00

FIGURE 4.1: FEM Setup for 2D Simulation of V-Bending before bending

Printed using Abaqus/CAE on: Thu Jul 05 00:14:37 India Standard Time 2012 SIMULIA

5, Mises

(Avg: 75%)
+4.602e+02
+4.219+02
+3.835e+02
+3.4526+02
+3.0658+02

+2,278e-01

ODB: Z-90-1.0db  Abaqus/Explicit 6.10-1  Tue Jun 26 10:09; 16 India Standard Timea 2012

% Step; Step-2
Incrément  501561; Step Time = 1,000
Primary Var: 5, Miges
Daformed Var: U Deformation Scale Factor: +1.000a+00

FIGURE 4.2: FEM Setup for 2D Simulation of V-Bending after bending
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Improvements in Die

A step was provided in the Die, to prevent shifting at the time of bending and

facilitate exact match of the blank surface with that of Die.

4.2.2 MATERIAL PROPERTIES OF BLANK

Properties of IF (Interstitial free) Steel has been imparted to blank:

Mass Density: 7.86E-006 Hardening: Isotropic

Young’s Modulus: 210000 Poisson’s Ratio: 0.3

Yield Stress Plastic Strain
350.0682 0
350.3786 0.022314
356.4386 0.024538
356.7644 0.024635
356.9739 0.024731
357.3149 0.024828
357.5255 0.024925

357.72 0.025021
361.1537 0.026373
361.3696 0.026467

361.678 0.026564
361.9962 0.026662
362.2142 0.026758
362.3675 0.026854
362.5808 0.02695

362.929 0.027046

363.106 0.027142
363.3195 0.027238
363.6238 0.027335
363.7787 0.027431
383.3825 0.035965
396.4501 0.042531
420.1642 0.056752
420.8695 0.057219
421.4526 0.057688
422.1979 0.058154
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4.2.3 MESH

Printed using Abagus/CAE on: Thu Jul 03 00:01:01 India Standard Time 2012 SIMULIA

FIGURE 4.3: Meshed Blank

The Parent material model was comprised of:

Total number of nodes: 755

Total number of elements: 600
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4.2.ABOUNDARY CONDITIONS

Boundary conditions:

e can be used to specify the values of all basic solution variables
(displacements, rotations, warping amplitude, fluid pressures, pore pressures,
temperatures, electrical potentials, normalized concentrations, acoustic
pressures, or connector material flow) at nodes.

e can be given as “model” input data (within the initial step in Abaqus/CAE) to
define zero-valued boundary conditions; and

e can be given as “history” input data (within an analysis step) to add, modify, or
remove zero-value or nonzero boundary conditions.

e Boundary conditions specify the Degree of Freedom allowed for a part.
During V-bending Simulation, Die is kept static i.e Degree of Freedom of Die is 0

(a) DIE — In Step -1, Boundary Condition imparted to Reference Point of Die is

Encastre(i.e dof=0)

P
# ' Edit Boundary Condition &r

Mame: BC-1

Type:  Symmetry/Antisymmetry/Encastre
Step: Step-1 (Dynamic, Explicit)

Region: (Picked] |Edit Region...

XSYMM (U1 = URZ = UR3 = 0)

YSYMM (U2 = URL = UR3 = 0)

Z5YMM (U3 = UR1 = UR2 = 0)

KASYMM (U2 = U3 = URL = 0; Abaqus/Standard only)
YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
ZASYMM (UL = U2 = UR3 = 0; Abaqus/Standard only)
PINMED (U1 = U2 = U3 =0)

@ ENCASTRE(UL=U2=U3=URL=UR2=UR3=0)

0]'4 Cancel

FIGURE 4.4: Boundary Condition for Die.
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(b) PUNCH -Boundary Condition imparted to Reference Point of Punch is

Displacement/Rotation to U2=-0.5 and having rotation = Oradians

i | Edit Boundary Condition ==

Mame: BC-2

Type:  Displacement/Rotation
Step: Step-1 (Dynamic, Explicit)

Region: (Picked) |Edit Region...

CSYS: (Global)
Distribution: | Uniform E|

[ v
Uz -0.5
UR3: 0 radians

Amplitude: | Amp-1 EI

Mote: The displacement boundary condition
will be reapplied in subsequent steps.

FIGURE 4.5: Boundary Condition for punch

Boundary Condition -3: It specifies the final position of Punch after Displacement

from U2=-0.5 to U2=-42.29

i ' Edit Boundary Condition @

MName: BC-3

Type:  Displacement/Rotation
Step: Step-2 (Dynamic, Explicit)

Region: (Picked) |Edit Region...

CSVS: (Glabal)
Distribution: | Uniform EI
[ u:

uz: -42.29

UR3: 0 radians

Amplitude: | Amp-2 E|

Note: The displacement boundary condition
will be reapplied in subsequent steps.

FIGURE 3.6 : Boundary Condition for punch
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4.2.5 INTERACTION PROPERTIES
Most contact problems are modeled by using surface-based contact.

Contact between a rigid surface and a deformable body. The structures can be either
two or three dimensional, and they can undergo either small or finite sliding.
Examples of such problems include metal forming simulations and analyses of
rubber seals being compressed between two components.
There are three steps in defining a surface-based contact simulation in
Abaqus/Standard:

e defining the surfaces of the bodies that could potentially be in contact;

e specifying which surfaces interact with one another;

e Defining the mechanical and thermal property models that govern the

behavior of the surfaces when they are in contact.

In the model two interactions have been specified viz.
Interaction-1 (Friction) & Interaction-2(Frictionless).

Interaction -1: Friction exists between surface of the Die and the bottom surface of

BLANK, with coefficient of friction (i) being 0.1

Interaction-2: There exists no friction between the Punch and top surface of BLANK.
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4.2.6 AMPLITUDE

i B
i Edit Amplitude et S
MName: Amp-1
Type:  Tabular
Time span: | Total time El
Smoothing: @ Use solver default

() Specify:
Amplitude Data | Baseline Correction
Time/Frequency Amplitude
i 0 0
- I :

FIGURE 4.7: Amplitude -1 specifying Time/Frequency and Amplitude

r ™
i Edit Amplitude (S

Mame: Amp-2

Type:  Tabular

Time span: | Step time E|
Smoothing: @ Use solver default
() Specify:

Time/Frequency Amplitude
1 0 0

> I 1

FIUGUREA4.8: Amplitude -2 specifying Time/Frequency and Amplitude
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4.3 VALIDATION OF CODE AND ITS LIMITATIONS

The Model has been developed using following assumptions:

1. Since thickness to length ratio<<1, therefore the BLANK is assumed to be in Plain

strain condition.

2. There exists no friction between Punch and Top surface of blank.

3. The material of Blank is homogeneous.

4. Bauschinger Effect has been neglected.

5. There is no shift of Neutral Axis during V-bending.
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CHAPTER 5

RESULTS AND DISCUSSIONS

The results obtained from the analytical and finite element simulation as explained in

the previous chapter are presented and discussed below.

5.1 MECHANICAL PROPERTIES

The accuracy of spring-back depends, besides the other factors like mesh size,
contact properties, steps given etc., on how accurately the properties of material
were tested and supplied as input to simulation. As mentioned earlier, in this study
extra low carbon steel of IF (interstitial free) and IFHS (Interstitial free High
Strength)grades has been used. This material has very low carbon content (0.001 —
0.003 %) and hence very good formability. The tension tests results for Parent

material is tabulated in Table 5.1.

TABLE 5.1: MECHANICAL PROPERTIES OF MATERIAL

MATERIAL THICKNESS YOUNG’S ANGLE  WITH HARDENING STRAIN
(mm) MODULUS ROLLING MODULUS (k) HARDENING
(MPA) DIRECTION COEFFICIENT (n)
IFHS 0.9 210000 0’ 791.39 0.188
45° 762 0.179
90° 785.4 0.1798
IFHS 1.2 210000 0’ 744.7 0.199
45° 730.18 0.190
90° 741.7 0.188
IFHS 1.6 21000 0’ 735.9 0.196
45° 732 0.192
90° 716.51 0.184
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5.2 SPRINGBACK RESULTS

The FEA Simulation of Spring-back of material:

1. IFHS 0.9mm (Isotropic) with punch corner radii 7.5mm.
2. IFHS 1.2mm (Isotropic) with punch corner radii 7.5mm.
3. IFHS 1.6mm (Isotropic) with punch corner radii 7.5mm.
4. IFHS 0.9mm (Isotropic) with punch corner radii 10mm.
5. IFHS 1.2mm (Isotropic) with punch corner radii 20mm.

6. IFHS 1.6mm (Isotropic) with punch corner radii 20mm.

CASE 1: IFHS 0.9mm (Isotropic) with punch corner radii 7.5mm.

5, Mises

(Awg: 79%)
+4.344e+02
+3.9582e402
+3.620e+02
+3.258e+02
+2.596e402
+2.534e+02
+2.172e402
+1.510e+02
+1.449e+02
+1.087e402
+7.248e+01
+3.62%9e+01
+1.004e-01

ODB: 5Bx-45-1.0db  Abagus/standard 6.10-1  Tue Jun 26 13:07:15 India Standard Time 2012

i
Step: Step-1
ﬁ_" ® Incremment 1: Step Time = 1.000
Primary War: S, Mises
Deformed War: U Deformation Scale Factor: +1.000e+00

Fig. 4.9 IFHS 0.9mm (Isotropic) with punch corner radii 7.5mm.

Spring-back observed = a;—a, = 4.12°
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Operator name: PARVEEN KUMAR
Sample Identification: VR84P75201

Test Method Number; 0

General Compression Test -US Customary Units

Test Date:

Interface Type:
Crosshead Speed:
Second Speed:

Third Speed:

Sample Rate (pts/secs):
Temperature:

Humidity ( % ):
Specimen G. L.

Extensometer G.L:

Displacement Load
at at
Max. Load Max. Load
(mm) (kN)
1 42.979 4.007
Mean 42.979 4.007
S.D 0 0
Sample |D: VRE4PTEX0 I
' ' ' ' Specimen: 1 '
4000
3000
=
- 2000
1000 }
-
o T T ) T T T T
o 10 20 30 40

Displacement mm

Friday, May 18,
2012

15.0000mm/mi

0.0000mm/min

0.0000mm/min

10.0000

73 F

50

101.6000mm

50.800mm

Fig.4.10 load vs. displacement curve for 0.9mm sheet thickness with high load.
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Operator name: PARVEEN KUMAR

Sample Identification: VR87P75Y01

Test Method Number: 0
General Compression Test - US Customary
Units
Test Date: Wed, May 16, 2012
Interface Type: 5500
Crosshead Speed: 15.0000
Second Speed: 0.0000
Third Speed: 0.0000
Sample Rate (pts./sec): 10.0000
Temperature: 73 F
Humidity ( % ): 50
Specimen G. L. 101.5999
Extensometer G.L.: 50.8000
Displacement Load
at at
Max. Load Max. Load
(mm) (kN)
1 43.150 1.220
Mean 43.150 1.220
S.D 0 0
] ' ! ! ! Specimen: 1 -
1200 —
1000 —
800 —
_ 4
7 600
3 -
400 —|
200 —
o T T T T T T T T T
o] 10 20 30 40

Displacement mm

Fig.4.11 load vs. displacement curve for 1.2mm sheet thickness with high load.
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Operator name: PARVEEN KUMAR
Sample Identification: VR91P75201
Test Method Number: 0

General Compression Test -US Customary Units

Test Date: Friday, May 18,
2012
Interface Type: 5500
Crosshead Speed: 15.0000mm/min
Second Speed: 0.0000mm/min
Third Speed: 0.0000mm/min
Sample Rate (pts/secs): 10.0000
Temperature: 73 F
Humidity ( % ): 50
Specimen G. L. 101.6000mm
Extensometer G.L: 50.800 mm
Displacement Load
at at
Max. Load Max. Load
(mm) (kN)
1 42.599 2.500
Mean 42.599 2.500
S.D 0 0
T T T T T
Specimen: 1 ———
2500 —
2000 —
1500 —
.
1000 —
500 —
0 T T T T T ¥ T T ]
0 10 20 30 40

Displacement mm

Fig.4.12 load vs. displacement curve for 1.6mm sheet thickness with high load.
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CASE 2: IFHS 1.2mm (Isotropic) with punch corner radii 7.5mm.

=, Mises

(Awg: 75%)
+4.278e+02
+3.921e+02
+3.965e+02
+3.209e+02
+2.052e+02
+2.49%6e+02
+2.13%e+02
+1.783e+02
+1426e+02
+1.070e+02
+7.137e+01
+3.572e+01
+&.35%e-02

CDB: SBY-45-1.0db  Abaqus/Standard 6.10-1  Mon Jun 25 23:52:37 India Standard Time 2012

Step: Step-1
= ¥ Increment 0: Step Time = 0.000
Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Fig. 4.13: IFHS 1.2mm (Isotropic) with punch corner radii 7.5mm.

Spring-back observed = a;—a, = 2°

CASE 3: IFHS 1.6mm (Isotropic) with punch corner radii 7.5mm.

&, Mises

(Avo: 75%)
+4.6028+02
+4.218e+02
+3.835e+02
+3.452e+02
+3.068=+02
+2.685e+02
+2.301e+02
+1.918e+02
+1.53de+02
+1.151e+02
+7.67de+01
+3.840e+01
+5.153e-02

v ODB: SBZ2-90-1.0db  Abagqus/Standard 6,10-1  Tue Jun 26 10:23:24 India Standard Time 2012

Step: Step-1
ﬁ_.‘ * Increrent 1: Step Tirme = 1.000
Primary VYar: S, Mises
Deformed War: U Deformation Scale Factor: +1.000e+00

Fig.4.14 IFHS 1.6mm (Isotropic) with punch corner radii 7.5mm.

Spring-back observed = a;—a, = 2.61°
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SHEET WITH ROLLING Load EXPERIMENTAL ANALYTICAL BY SIMULATION
DIFFERENT DIRECTION (kN) (IN DEGREE) (IN DEGREE) (IN DEGREE)
THICKNESS (in
mm)
0.9 0° 4.007 3.615° 2.81° 4.12°
0.9 45° 3.659 4.66° 3.78° 5.46°
0.9 90° 4.008 4.61° 3.57° 5.33°
1.2 0’ 1.202 .9695° .9124° 1.21°
1.2 45° 2.466 1.70° 1.50° 2°
1.2 90° 1.698 3.24° 1.65° 1.1°
1.6 o’ 2.500 1.52° 1.56° 1.42°
1.6 45° 2.501 2.38° 1.90° 1.73°
1.6 90° 2.501 2.32° 1.95° 2.62°

Table5.2. SPRING BACK DUE TO HIGH LOAD WITH PUNCH CORNER RADII 7.5mm.

CASE 4: IFHS 0.9mm (Isotropic) with punch corner radii 10mm.

5, Mises

(Avg: 75%)
+4.344e+02
+3.962e+02
+3.620e+02
+3.258e+02
+2.696e+02
+2.534e+02
+2.172e+02
+1.610e+02
+1.44%9e4+02
+1.067e+02
+7.248e+01
+3.62%9+01
+1.004e-01

A

Step: Step-1

= % Increment

Primary Var: 5, Mises
Deformed War: U Deformation Scale Factor: +1.000e+00

1: Step Time = 1.000

ODB: SBx-45-1.0db  Abaqus/Standard 6.10-1  Tue Jun 26 13:07:15 India Standard Time 2012

Fig.4.15: IFHS 0.9mm (Isotropic) with punch corner radii 20mm.

Spring-back observed = a;—a, = 4.45°
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CASE 5:IFHS 0.9mm (lIsotropic) with punch corner radii 10mm.

5, Mises

(Avg: 75%)
+4.229e+02
+3.677e+02
+3.525e+02
+3.172e+02
+2.620e+02
+2467e+02
+2.115e+02
+1.763e+02
+1410e+02
+1.058e+02
+7.057e+01
+3.533e+01
+9.171e-02

ODB: 58Y-0-1.0db  Abagus/Standard £.10-1  Mon Jun 25 22:49:38 India Standard Time 2012

T
Step: Step-1
ﬁ_.' % Increment 1: Step Time = 1.000
Primary War: =, Mises .
Deformed War: U Deformation Scale Factor: +1,0002+00

Fig 4.16: IFHS 1.2mm (Isotropic) with punch corner radii 20mm.

Spring-back observed = a;—a, = 2.68°

CASE 6: IFHS 1.6mm (Isotropic) with punch corner radii 10mm.

3, Mises

(Bvg: 75%)
+4.206e+02
+3.855e+02
+3.505e+02
+3.154e+02
+2.804e+02
+2.453e+02
+2.103e+02
+1.753e+02
+1.402e+02
+1.052e+02
+7.013e+01
+3.50%+01
+4.745e-02

ODB: SBZ-0-1.0db  Abaqus/Standard 6,.10-1  Thu Jun 28 15:10:19 India Standard Time 2012

Step: Step-1

Increment 0: Step Time = 0.000

Primary Var: 5, Mises

Deformed War: U Deformation Scale Factor: +1.000e+00

Fig.4.17: IFHS 1.6mm (Isotropic) with punch corner radii 10mm.

Spring-back observed = a;—a, = 3.07°
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SHEET WITH ROLLING EXPERIMENTAL ANALYTICAL BY SIMULATION
DIFFERENT DIRECTION (IN DEGREE) (IN DEGREE) (IN DEGREE)
THICKNESS (in mm)

0.9 0° 4.15° 3.76 4.45°
0.9 45° 4.92° 4.38° 5.32°
0.9 90° 5.11° 4.74° 5.44°
1.2 0° 2.84° 2.12° 2.68°
1.2 45° 3.69° 2.34° 2.48°
1.2 90° 3.81° 1.93° 1.79°
1.6 0° 2.58° 2.56° 2.86°
1.6 45° 2.71° 1.82° 1.74°
1.6 90° 3.08° 2.78° 3.07°

Table 5.3: SPRING BACK DUE TO HIGH LOAD WITH PUNCH CORNER RADII 10mm.

EFFECT OF MESHING ONBALNK SHIFT

The results of any FEA Simulation greatly depend on the type of meshing done. It

was observed that when the mesh size was large enough, blank was subjected to

greater shift, even though mesh was Quad dominated and free from distorted

elements. However when the meshing was changed incorporating a finer element

size, there was an significant reduction in blank shift.

5.3 Stress Distribution during bending

During the bending process, the existence of an elastic core could be easily

identified as the central region with the minimum stresses. This elastic core is

responsible for the Spring-back of the blank.

The region of BLANK in contact with the punch has maximum stresses induced in it.
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Printed using Abagus/CAE on: Wed Jul 04 23:08:02 India Stancard Time 20+ 2 SINVTULTA
5 Midas
[Awg: 75%)
+d, 607e+02
l +4. 2100402
+3.83%+07
—4 +3.45le+02
= t3.065e+02
+2.685a+02
g +2,307a+02
#1.91%a+07
+1.535a+03
+1.15de+02
I +7.68%+01
+3.85Ce+01
+2.278e-01
v ODB: SBZ-90-1.0db  Abagus/Standard 6.10-1  Tue Jun 26 10:23:24 Incia Standard Time 3012
Step: Step-1
Incrisment 0; Step Tirmse 0. 000
Frimary Var: 5, Mises
Daformed Var: U Deformation Scale Factor: +1.0002+80
Fig 4.18 Stress distribution during bending.

SHEET WITH ROLLING Load EXPERIMENTAL ANALYTICAL BY SIMULATION
DIFFERENT DIRECTION in (IN DEGREE) (IN DEGREE) (IN DEGREE)
THICKNESS (kN)

(in mm)
0.9 0’ .300 4.615° 5.41° 4.12°
0.9 45° .300 5.66° 5.88° 5.46°
0.9 90’ .300 4.81° 5.57° 5.33°
1.2 0’ .800 1.21° 1.91° 1.41°
1.2 45° .800 1.90° 2.50° 2.21°
1.2 90’ 400 3.44° 3.65° 3.10°
1.6 0’ 1.00 1.92° 2.16° 1.62°
1.6 45° 0.313 2.78° 2.90° 2.13°
1.6 90° 1.00 3.12° 3.35° 2.92°

Table 5.4: SPRING BACK DUE TO LOW LOAD WITH PUNCH CORNER RADII 7.5mm.
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Operator name: PARVEEN KUMAR
Sample Identification: VR84P75X01

Test Method Number; 0

General Compression Test -US Customary Units

Test Date:

Interface Type: 5500

Crosshead Speed:
Second Speed:

Friday, May 18,
2012

15.0000mm/min
0.0000mm/min

Third Speed: 0.0000mm/min
Sample Rate (pts/secs): 10.0000
Temperature: 73 F
Humidity ( % ): 50
Specimen G. L.: 101.6000mm
Extensometer G.L: 50.800 mm
Displacement Load
at at
Max. Load Max. Load
(mm) (kN)
1 41.179 0.300
Mean 41.179 0.300
S.D 0 0
Sample ID: VR84PT5X01N-1 I
] | T | T T T . T ]
Specimen: 1 ——
0.30 -
0.25 - / -
0.20 -
/
=z - f i
kS
g 0.15 5 —
i/
0.10 // —
0.05 —

T T T
20 30

Displacement mm

40

Fig.4.19: load vs. displacement curve for 0.9mm sheet thickness with low load.
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Operator name: PARVEEN KUMAR
Sample Identification: VR87P75Y01

Test Method Number; 0

General Compression Test -US Customary Units

Test Date:

Interface Type: 5500

Crosshead Speed:
Second Speed:

Friday, June 08,
2012

15.0000mm/min
0.0000mm/min

Third Speed: 0.0000mm/min
Sample Rate (pts/secs): 10.0000
Temperature: 73 F
Humidity ( % ): 50
Specimen G. L.: 101.6000mm
Extensometer G.L: 50.800 mm
Displacement Load
at at
Max. Load Max. Load
(mm) (kN)
1 42.505 0.800
Mean 42.505 0.800
S.D 0 0
Sample ID: VR87P75Y0ON-1 I
' ' . v Specimen: 1—
!
= | J
e
_D /
]
o
— /

Displacement mm

Fig.4.20: load vs. displacement curve for 1.2mm sheet thickness with low load.
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Operator name: PARVEEN KUMAR
Sample Identification: VR91P75201

Test Method Number; 0

General Compression Test -US Customary Units

Test Date:

Interface Type:
Crosshead Speed:

Second Speed:

5500

Friday, June 08,
2012

15.0000mm/min
0.0000mm/min

Third Speed: 0.0000mm/min
Sample Rate (pts/secs): 10.0000
Temperature: 73 F
Humidity ( % ): 50
Specimen G. L.: 101.6000mm
Extensometer G.L: 50.800 mm
Displacement Load
at at
Max. Load Max. Load
(mm) (kN)
1 41.832 1.00
Mean 41.832 1.00
S.D 0 0
Sample 1D VB1PTSZ45-4TRY I
' ' ' Epecimen: -
= | .
|
E IJ
—
B | j -
3 | /
_,——___'_H\_ — o —, i
D T T T T T T T T T

Fig.4.21: load vs. displacement curve for 1.6mm sheet thickness with low load.

Displacement mm
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SHEET WITH ROLLING EXPERIMENTAL ANALYTICAL BY SIMULATION
DIFFERENT DIRECTION (IN DEGREE) (IN DEGREE) (IN DEGREE)
THICKNESS (in mm)

0.9 0° 5.15° 5.76 5.45°
0.9 45° 5.92° 5.98° 5.82°
0.9 90° 5.11° 5.74° 5.54°
1.2 0° 3.14° 3.52° 3.48°
1.2 45° 3.49° 3.74° 3.18°
1.2 90° 3.91° 4.13° 3.79°
1.6 0° 2.18° 2.96° 2.56°
1.6 45° 1.94° 2.12° 1.94°
1.6 90° 2.98° 3.18° 3.07°

Table 5.5: SPRING BACK DUE TO LOW LOAD WITH PUNCH CORNER RADII 10mm.
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CHAPTER 6

6.1CONCLUSIONS

1. Spring-back on the basis of anisotropy: the strength of the sheet was found to
be more in 90° to the rolling direction and the spring back was found to be
more analytically and experimentally.

2. Effect of thickness on spring-back, as the thickness of material increases the
spring-back decreases.

3. Effect of punch corner radii, as the punch corner radii increases the spring-
back effect increases.

4. Experiments show that the spring-back can be effectively compensated by
localization (shown in table 5.2) of compressive stresses by the increase in
the load in the final phase of bending when the sheet is conforming to the

shape of the die fully.
6.2 SCOPE FOR FUTURE WORK

1. An FEA program can be written for spring-back compensation by localized
compressive force on the basis of sheet-metal strength and sheet
thickness.

2. Straining the sheet while bending can effectively reduce compensation
and studies can be carried out.

3. Spring-back compensation can be done either in dies or punches and can
be validated by numerical simulations.

4. Bauschinger effect can be studied experimentally and can be incorporated

in the numerical simulation.
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APPENDICES

A.1 Analytical model for prediction of spring-back considering the strain hardening effect

and anisotropy

Assumption:

e Since width (w) very large as compared to the thickness(t), the strain in width
direction can be neglected and hence plain strain condition prevails

e Neutral axis shift and bauchinger effect is neglected

e Material is elastic plastic i.e. strain hardening is considered

e Anisotropy material is considered.

Let us assume that the specimen is taken such that the width is perpendicular to the rolling
direction as shown below:

The Hill’s anisotropy yield criterion is expressed as:

2f(0;j )=F(0y, — 0,)%+ G(0, — 05)*+H(0y — 0y)%+ 2LT5,+ 2M17, 4215, (5.1)
Where

F,G,H,L,M,N are anisotropic constants

For gy,=0, = 0 and €,,=0, it can be shown that

Ry =H/G

And

Rgo=H/F

Where g, = flow stress

_ 3 1+Ro+ R
g= |- 20— o, (5.2)
2 (1+R0)(1+R90+Rio0
> (1+R0)(1+R90+%
&= |- Eyx (5.3)
3 1+Ry+ Rog

Now & and € can be written as

G =C,.0, (5.4)
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3 1+Ro+ R
o 0+ Rog '
! \/; ((1‘*'Ro)(1"'1?90""};%900 (5:5)

(1+Rg)(1+Rop+220)

C, = 3( 2 R > (5.6)
3 1+Ro+ Rog
Engineering strain in the plane at distance z from the mid plane
L - LO

e =
_(r+2)0-r0
- ) (5.7)
==
_T
Therefore

. z
True strain, &, In(l + ;) (5.8)

z

Ex = -

Considering the elastic core up toz, distance from the mid plane on each side, the strain in
the elastic core is given by

8xe=%
Where,
E' = 1—]1;2' for plane strain condition. And v is the poisson’s ration
Ze Op
T E
Zp =T. g (5.9)

The force acting on elemental strip along x-direction is given by
dFE,= 0, . w.dz
The bending moment,

dM =dF, z = o, w.dz

Where,
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Considering strain hardening,
og=K.&"

=K (CZ . gx)
Therefore

0 kel . (5.10)
X = T .Ex

The total bending moment can be obtained as

0

M = fot/z Oy.W.z.dz + f-t/z Oy - W.2.dz

t/2
=2.f, 0oy . w.zdz
But

Oy = & E’

=Z E'for 0<z<t/2

T'.

And

o Koc eXforz, < z <t/2
X C2 eX e — —

Therefore,

n+2
M = i—‘;v.E'.Zg L 2K Cw [(g) _ Z;”'Z] (5.11)

Cir*(n+2) | \r

After releasing the load, the bending moment becomes zero. The change in bending
moment can be calculated as below

Where ' is the radius of curvature after releasing the bending load
Ao, =E' Ae,

Therefore
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t
AM = Z.IAJx w.z.dz
0

= 2. f%(l_ %).W.E’.szz

0 \r

!

B w.E'.t3 (1 1)
N ror

12 \r o

Since M — AM =0, after springback

2w o, 3 2KCo w_ [(2\""? 2| _wE (1 1
3r Bz + C1 1 (n42) [(r) Ze |TT g (r r’) (5.12)
2
1 1 73 ey |(5) - A
So—=g2y .
r o r rt3  Cir*(n+ 2)E’ t3
(5.13)

Change in angle due to spring-back = final angle — initial angle
=(lf - a;

Change in angle = (TT - 1) . a;
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