P- 1698

\)\ﬁef‘roai (? { é)? £
Experimental Study and Numerical
2=—=#1 Simulation of Sheet Metal Bending Process

A Project Report

Submitted by

S. Venkat Prasat - 71204402007

in partial fulfillment for the award of the degree
of

Master of Engineering
in

CAD/CAM

DEPARTMENT OF MECHANICAL ENGINEERING

KUMARAGURU COLLEGE OF

TECHNOLOGY
COIMBATORE - 641 006

ANNA UNIVERSITY :: CHENNAI 600 025

APRIL - 2006



ANNA UNIVERSITY :: CHENNALI 600 025

BONAFIDE CERTIFICATE

Certified that this project report entitled “Experimental Study and Numerical

Simulation of Sheet Metal Bending Process” is the bonafide work of

Mr. S. Venkat Prasat - Register No. 71204402007

Who carried out the project work under my supervision.

(Signature of the Head of the Department) (Sigtlamre of the supervisor)
Dr. T. P. MANI Mr. S. KALIDASS
HEAD OF THE DEPARTMENT LECTURER

. &r
%{OL ?édb] )
Internal Examiner External Exdminer

Dr. T.P. Mani
BE. ME PhD DML.MIE. MNIOR., MISTE.,

Mech. Engg.

Dean & HoD / Dept. of

Kumaraguru College of Technology
Coimbatore - 641 006

DEPARTMENT OF MECHANICAL ENGINEERING
KUMARAGURU COLLEGE OF TECHNOLOGY

COOIMPRATODE £A1 NOC



ueuuieyn JausAu0) saueja199sg Buiziuebip
NFPNANVHS y~a NSYUVIMNAVNNYIHL M 1@ HVINNMISVYS O HVINNMISYS O

‘wejebueweAyles ‘ABojouyda] Jo anjiIsuj uewiwy Lieuueg

‘Buesuibug |estueyosiy jo jusuwnredaq syy Aq poziuebio ‘900z Ay Zi-LL BULNP .(900Z-1STLdO)

salbojouysa} pue ssousiog BunesuiBug ul sanbjuyss) uoljeziwndQ, U0 92U8I8JUOH |BUOHEN By} U]

RN

9002 ‘Zh-1 ) [udy
buunp | op geg-wejebueweAyes

ADOTONHO31 40 ILNLILSNI NVIWAY IMVNNVE
e pRy

>§ - : . peoyy Aelg
900Z-1S31dO o
L1006 OSI N3

ﬁh&i_ﬁw—.@v sojbojouyoaj pue sseoualog Bulsauibuz ul senbiuysa] uoneziwndg ‘ﬂ

Uo adualdjuo) jeuoiyeN




ABSTRACT

Sheet metal bending is a manufacturing process in which initially flat
sheets are permanently deformed into intricate shapes by the use of plate rolls or
dies. The use of simulation software in sheet bending process has increased
significantly in recent years as the benefits of troubleshooting and optimizing
processes on the computer rather than through extensive shop trials have been
realized. The simulation of the springback in sheet metal bending process requires
the application of advanced tools. Springback or elastic recovery relates to change
in shape between the fully loaded and unloaded configuration the material
encounters during operation. Springback causes changes in shape and dimensions
that creates major problems in the assembly. Thus accurate springback prediction
is imperative for robust design of tooling; thereby saving costs and die try-out

times and increasing productivity.

In addition to experimental methods, numerical simulation is needed to
visualize the springback in sheet metal bending process. Therefore the objective of
this project is to present the Experimental measurement and Numerical simulation
of the Springback in sheet metal bending and their comparison. A test matrix has
been developed based on the orthogonal array of Taguchi design of experiments
(DOE) approach. Experiments have been conducted for the V - bending process
using 6022-T4 Aluminium alloy to study the variation of springback due to both
process and material parameters such as bend radius, sheet thickness, grain size,
punching speed and time. The design of experiments has been used to evaluate the
predominate parameters for a specific lot of sheet metal. It is observed that bend
radius had greatest effect on springback. Next the finite element simulation of
springback in V - bending process using ANSYS LS-DYNA is studied. A 2-D
finite element modeling is considered in the springback simulations. A nonlinear
isotropic material model is used. The experimental results compare well and are in

good agreement with the simulated results for the effect of bend radius on

springback.
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CHAPTER 1



1.1 PROJECT OBJECTIVE

The objective of this project is to study and analyze the sheet metal forming
or the stamping aspects of automotive manufacture, specifically the relative
contribution of material and process parameters on the formability of lightweight
auto-body materials. This project was motivated because the production of
lightweight car exteriors with enhanced repeatable dimensional tolerances is
important to the automotive industry. Many of these parts are formed using sheet
metal forming. The use of aluminum alloy sheets in the manufacture of auto-body
panels has increased fourfold in the automotive industry because of its high
strength, low density and corrosion resistance. But one of the major concerns of
stamping lightweight aluminum alloys is springback. Hence, to be cost effective,
accurate predictions must be made of its formability. The automotive industry
places rigid constraints on final shape and dimensional tolerances. Compensating

for springback becomes critical in this hi ghly automated environment.

1.2 IMPORTANCE OF THE PROJECT WORK

Springback or elastic recovery relates to the change in shape between the
fully loaded and unloaded configurations the material encounters during a sheet
metal forming operation. This results in the formed component being out of

tolerance and can create major problems in the assembly or installation.

Accurate springback prediction is imperative for robust design of tooling;
thereby saving costs and die try-out times. The effect of the various process and
material parameters on spring-back and spring-in are examined in this research. A
90 degree V-Bend process was selected for this study. The sheet material used is
6022-T4 Aluminum Alloy.



1.3 PROJECT OVERVIEW

Literature
Review

I

|

Develop test
matrix for
Springback

in V-bending
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Simulation

Testing /
Measure
results

l

Compare
Experimental
and
Simulation
results

FIGURE 1.1 PROJECT OVERVIEW

This project work is comprised of two parts as shown in Figure 1.1. The first
part involves the experimental measurement of springback, and the second part
deals with springback simulation. Previous investigations have studied the effect

of certain process or material parameters on springback. This study will evaluate



processing parameters in addition to material parameters in relation to their

overall contribution to springback.

In the first part, experiments were designed using the Taguchi design of
experiments (DOE) methodology to include the various process and material
parameters that effect springback as illustrated in Figure 1.2. V-bend fixtures were
designed and fabricated and the test matrix was set up. Results were recorded and
analyzed, and the relative significance of the various factors that have been
reported to effect springback was determined. Based on the experimental results,

appropriate material models were used to simulate the process.

The literature concerning factors affecting springback is split between
processing parameters and material parameters. Once a relative ranking of process
parameters and material parameters for a given lot of material is obtained, the

process can be modeled using FE.

|

Process
Parameters

Bend
Radius Speed

FIGURE 1.2 DESIGN PARAMETERS THAT EFFECT
SPRINGBACK
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Cleveland et al. (2002), describes in his research paper about the Inelastic effects
on springback in metals. The details of nonlinear recovery were studied for two
different test materials which were 6022 T4 Aluminium and a high strength steel.
A model based on physical mechanisms for strain recovery and compliance was
proposed to describe both the tension-unloading and compression segments of
deformation. Improved predictions of springback and resumption of reverse flow

are possible using this model.

Yoon et al. (2002), in his research paper describes about the springback prediction
for sheet metal forming process using a 3D hybrid membrane/shell method. To
reduce the computational time of finite element analyses for sheet forming, a 3D
hybrid membrane/shell method has been developed and applied to study the
springback of anisotropic sheet metals. In the hybrid method, the bending strains
and stresses were calculated as post-processing, considering the incremental
change of the sheet geometry obtained from the membrane finite element analysis
beforehand. The hybrid method was applied for a 2036-T4 aluminium alloy

square blank formed into a cylindrical cup, in which stretching is dominant.

Kawka et al. (1998), this paper describes the simulation of multi-step sheet metal
forming processes by a static explicit FEM code. Here two topics related to the
FEM simulation of multi-step stamping processes are discussed. They are: (1) the
difficulty in simulating the springback and trimming operations, and (2) the way
to select a most appropriate element. Finally the entire simulation of multi-step
forming processes of a car wheel disk is presented and compared with the

experiment data.

Lee et al. (1998), has published a research paper on the assessment of numerical
parameters influencing springback in explicit finite element analysis of sheet
metal forming process. In this work, numerical factors influencing springback
have been evaluated quantitatively using the Taguchi method. To clarify the effect

of each factor, the U-draw bending process was chosen as an evaluation problem

1T - . gy ,q e 4



Li et al. (2002), describes in his paper the simulation of springback. Here
springback has been simulated with 2-D and 3-D finite element modeling.
Simulations using solid and shell elements have been compared with draw-bend
measurements presented in a companion paper. Plane-stress and plane-strain
simulations revealed the dramatic role of numerical tolerances and procedures on

the results.

Math et al. (2002), has described the finite element approach in the plate bending
process in his technical paper. Here inorder to determine the inevitable mechanical
springback of bent plates, designed for assembling spherical tanks, an elastic-
plastic incremental finite element calculation has been carried out to analyze

axisymmetric strain in sheet metal bending process.

Narasimhan et al. (1999), in his research paper published has described about
predicting springback in sheet metal forming by an explicit to implicit sequential
solution procedure. Using this simultaneous solution technique on an actual
automotive component, numerically predicted springback deformations were

found to be within 1% of production values.

Rojek et al. (1998), has stated about the application of explicit FE codes to
simulation of sheet and bulk metal forming processes. An original formulation of

a triangular shell element without rotational degrees of freedom is reviewed.

Zhang et al. (1997), in his paper named V-shaped sheet forming by deformable
punches describes about the experimental investigations into the deformation

mechanisms of V-shaped sheet forming by deformable punches and rigid dies.
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3.1 INTRODUCTION TO SHEET METAL FORMING

Sheet Metal forming (SMF) is one of the most common metal
manufacturing process used. Its applications are wide in aircraft components,
automobile components etc. The characteristics of sheet metal forming processes
are:

v" The work piece is a sheet or a part fabricated from a sheet

v’ The surfaces of the deforming material and of the tools are in contact

v' The deformation usually causes significant changes in shape, but not in
cross-section (sheet thickness and surface characteristics) of the sheet

v In some cases, the magnitude of permanent plastic and recoverable elastic
deformation is comparable, therefore elastic recovery or springback may

be significant.

The technical-economic advantages of Sheet Metal Forming are that it is a
highly efficient process that can be used to produce complex parts. It can produce
parts with high degree of dimensional accuracy and increased mechanical
properties along with a good surface finish. But the limitation is that the

deformation imposed in Sheet Metal Forming process is complicated.

Stamping is one type of Sheet Metal Forming process, which is widely used
in automotive industries. The popularity of stamping is mainly due to its high
productivity, relatively low assembly costs and the ability to offer high strength
and lightweight products.

In general, the deformation of sheet materials in the stamping process is
classified by four types of deformation modes; i.e., bending, deep drawing,
stretching and stretch flanging. Since this project deals with the bending process,
this study will be focused on the bending operation.



3.1.1 Advantages and Disadvantages of Sheet Metal Forming process

Advantages of Sheet Metal Forming

> Highly efficient process that can be used to produce complex parts.
> High degree of dimensional accuracy and increased mechanical properties.
» Good surface finish.

Limitation of Sheet Metal Forming

> Deformation imposed is complicated.

3.1.2 Stamping process

The Stamping process is a Sheet Metal forming process and is widely used
in automotive industries. The advantages of Stamping are:
> High productivity
> Relatively low assembly costs
> Ability to offer high strength and lightweight products

Classification of Stamping

Deformation of the Sheet Metal in the Stamping process is classified

according to type of deformation mode.

> Bending

> Deep drawing
> Stretching

> Stretch Flanging



3.2 SHEET METAL BENDING

Sheet Metal Bending process is the plastic deformation of metals about a
linear axis called the bending axis with little or no change in the surface area.
Bending types of forming operations have been used widely in sheet metal

forming industries to produce structural stamping parts.

Sheet metal bending is a fabricating process and in which initially flat sheets
are permanently deformed into intricate shapes by the use of plate rolls or dies.
Thus it is the operation of deforming a flat sheet around a straight axis where the

neutral axis lies.

The work piece is a sheet or a part fabricated from a sheet. The surfaces of
deforming material and of the tools are in contact. The deformation usually causes
significant changes in shape, but not in cross-section (sheet thickness and surface
characteristics) of the sheet. The magnitude of permanent plastic and recoverable

elastic deformation is comparable, therefore elastic recovery or springback may be

significant.

One of the important characteristics noticed during the bending operation is
that the tensile stress decreases toward the center of the sheet thickness and
becomes zero at the neutral axis whereas the compressive stress increases from the
neutral axis toward the inside of the bend as shown in Figure 3.1. Even with large
plastic deformation in bending, the center region (elastic metal band or zone) of

the sheet remains elastic and so on unloading elastic recovery occurs.



Tensile stresses

Neutral axis

Plastic deformation Springback forces

Compressive stresses Elastic zone

FIGURE 3.1 BENDING OF SHEET METAL

The list of parts produced by Sheet Metal Bending process are :

% Braces
¢ Bracket
% Supports
*¢ Hinges
% Angles
*¢ Frames
** Channels

% Other nonsymmetrical sheet metal parts



3.2.1 Types of Bending process

The Bending process can be broadly classified into :

1. Air Bending
2. Bottoming
3. Coining

The other important types of bending operations are :
v V-bending
v U-die bending
v’ Wiping die bending
v" Double die bending
v' Rotary bending

3.3 V- BENDING PROCESS

Figure 3.2 illustrates the V-bending process. Sheet metal is placed over the
die and bent as the punch descends into the die. The V-die bending process falls
into two categories, namely Air bending and Bottom bending. This study is
limited to Bottom bending, in which the punch fully sets in the die. The first
diagram shows the loading process and the second one shows the forming of the
V-bend. Upon unloading (third diagram) springback or spring-in (negative
springback) is observed depending on the process and material parameters used,

this context is explained in the later chapters.

The clearance between punch and die is constant and is equal to the
thickness of sheet blank. The thickness of sheet ranges from approximately 0.5 to

25 mm. It is widely used.



P Spring-in

Springback

FIGURE 3.2 V - BENDING PROCESS

3.4 SPRINGBACK

Springback or elastic recovery refers to the shape discrepancy between the
tully loaded and unloaded configurations. The stress strain plot shown in Figure
3.3 illustrates the springback phenomenon. Upon unloading in a Bending process
there is elastic recovery, which is the release of the elastic strains and the
redistribution of the residual stresses through the thickness direction, thus
producing springback.

Springback causes changes in shape and dimensions that can create major
problems in the assembly; hence springback prediction is an important issue in

sheet metal forming industry.

Many factors could affect springback in the process, such as material
variations in mechanical properties, sheet thickness, tooling geometry (including
die radius and the gap between the die and the punch), processing parameters and

lubricant condition.
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FIGURE 3.3 SPRINGBACK PHENOMENON

3.4.1 Factors affecting Springback

Process parameters

¢ Bend radius
e Die gap

¢ Punching speeds

Material properties
o Sheet Thickness

o Flow stress

e Texture and grain size

o



Various investigations of springback prediction show that process
parameters such as bend radius, die gap and punching speeds, and material
properties such as sheet thickness, flow stress, texture and grain size have
considerable influence on springback. Many of the factors affecting springback
are also manifested in the minimum bending radius or bendability limit in addition
to the surface or edge condition of the sheet. Research showed the effect of
increasing the die profile radius as the material strength increases. Larger
springback has been correlated with an increase in normal anisotropy and decrease

in strain hardening exponent.

When the load-application device is released, the sheet tends to return back
to its initial shape. Springback deformation must be taken into consideration by
deforming the sheet initially to an extent beyond that which is finally required, by

an amount usually determined from experience or experimental data.

3.5 IMPORTANCE OF SPRINGBACK CALCULATION

* Accurate springback prediction is imperative for robust design of tooling;
thereby saving costs and die try-out times.

* Springback causes changes in shape and dimensions that creates major
problems in the assembly. The automotive industry places rigid constraints
on final shape and dimensional tolerances. Hence springback prediction
and simulation is critical in this highly automated environment.

* With increased demand from the industries to shorten the lead times and
with increased usage of lightweight, higher strength materials in
manufacturing, springback simulation is essential for proper design of the

forming tools.



3.6 SHEET METAL FORMING SIMULATION

Numerous research have been done on the use of the finite element code for
sheet metal forming simulations. Others have developed an elasto-plastic finite
element code based on static-explicit FE, which is suitable for plastic instability
and also springback problems. This code was used by another researcher to
analyze the automotive sheet metal forming process. Paulsen et al. (1996)
analyzed the bending process with an implicit code and reported good agreement
between experimental and simulation results. Journal publications have compared
implicit and explicit simulations, finding that the response differences were almost

negligible.

Investigations have shown that explicit method is well suited for solving
large sheet forming models, and implicit codes handle the springback calculation
very efficiently. Hence, recently researchers have adopted a new method of
coupling the implicit and explicit methods to solve complex sheet metal forming

processes would save design effort and production time.

Narasimhan et al. (1999) have used ANSYS LS-DYNA explicit coupled
with ANSYS implicit for springback simulation. Others combined the commercial
codes LS-DYNA3D and NIKE3D for prediction of springback in automotive
body panels. Researchers have discussed the numerical solution of sheet-metal
forming applications using the ABAQUS general purpose implicit and explicit

finite-element modules.
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4.1 MATERIAL CHARACTERIZATION

6022-T4 Aluminum Alloy developed in early 1990’s is becoming popular in
automotive industry and it is the material that was used in this project. This
aluminum alloy is a precipitation-strengthened alloy with major alloying elements
Mg and Si. It is intended for automotive body sheet applications. The T-4
processing includes a high temperature solution heat treatment, a quench, and then
natural aging to a microstructurally stable condition. The chemistry and material

properties of the material are summarized in Table 4.1.

TABLE 4.1 COMPOSITION AND MATERIAL PROPERTIES

PROPERTY VALUE

Si 0.8-1.5, Mg 0.45-0.70, Fe 0.05-0.20, Mn

Composition 0.02-0.10, Cu 0.01-0.11, Ti 0.15, Cr 0.10, Zn
0.25
Young’s Modulus 69 GPa
Ultimate Tensile Strength 236-237 MPa
Yield Strength 125-126 MPa

Elongation 27.5%




4.1.1 Microstructure

A common lot of 6022-T4 Aluminium Alloy was used for all tests. The
6022-T4 aluminum alloy sheet which was received from Dynamax Pvt. Ltd.,
Bangalore was sectioned in three orientations and was mounted, polished (as
described in Table 4.2) and etched using a modified Keller’s etchant (25ml
methanol, 25 ml hydrochloric acid, 25ml nitric acid and one drop of hydrofluoric
acid).

TABLE 4.2 POLISHING PROCEDURE

Abrasive / Surface Lubricant Time
240 grit SiC paper Water 1 minute
320 grit SiC paper Water 1 minute
400 grit SiC paper Water 1 minute
600 grit SiC paper Water 1 minute

6um pad Water + Alpha alumina 3 minutes

1um pad Water + Alpha alumina 2 minutes

0.05pm pad Colloidal Silica polishing 1 minute
suspension

The microstructure of the 6022-T4 Aluminium Alloy sheet material is
shown in Figure 4.1. The microstructure shows equiaxed grains with an average

size of 40 pm.

Rolling Plane

Transverse * Longitudinal
Plane ’M Plane
40um



4.1.2 Heat Treatment / Hardness

A comprehensive heat treatment study was conducted to increase the grain
size of the material without changing its hardness. This was done to vary the grain
size for the test matrix. Negligible grain growth was observed in Aluminium
6022-T4 below 560° C. The software Scion Image was used to measure the
diameter of the grains. The dark areas constitute the second phase Mg2Si
particles. The grain sizes of 125 um and 185 um were obtained by heat-treating
the material at 560° C for 4hrs and 24 hrs respectively.

Rockwell B hardness tests indicated negligible change in the hardness of the
material due to heat treatment as illustrated in Table 4.3.

TABLE 4.3 ROCKWELL B HARDNESS VALUES AT

VARIOUS TEMPERATURES
Test Points 1 2 3 4 Average
Room 68.0 +/-
64.5 68.0 71.0 68.5
Temperature 4.0
560 C, 4 69.8 +/-
67.0 71.5 68.0 72.5
hrs. 4.0
560 C, 24 69.5 +/-
63.0 67.0 70.5 77.5
hrs. 7.0

4.1.3 Tensile Testing

Uniaxial tension tests were conducted on 6022-T4 Aluminium Alloy
specimens (0.85mm thick approximately) to plot the stress strain plots in 0, 45 and
90 degrees to the rolling direction. An Instron model 5800 electromechanical load

frame with mechanical grips was used to test the specimens in uniaxial tension as



126 mm

FIGURE 4.2 UNIAXIAL TENSILE TESTING

Three repeats at each orientation were conducted. Also the tests were run at
different speeds i.e. at minimum and maximum speed of the Instron machine
(5.1mm/min and 510mm/min), but it was found that the material properties were

rate independent as seen in the graphs, Figure 4.3 to 4.5

The graphs from Figure 4.3 to Figure 4.5 illustrates the engineering stress
strain plots recorded at different speeds of the load frame (5.1mm/min and
510mm/min) with three repetitions each. The uniaxial tests are conducted at 0, 45
and 90 degrees to the rolling direction. As seen from the plots, there is not much
variation in the properties of the material at the varying speeds; this signifies that

the material properties are rate independent.



Engineering Stress (MPa)

0 degrees to rolling direction

&5 1mm/min. run1
M 5. tmmimin, run2

5. 1mm/min, run3
= 510mm/min. run
X 510mnvmin. run2
$510mm/min. runl

T T T T al

0.05 0.1 015 0.2 0.25
Engineering Strain (mm/mm)

FIGURE 4.3 STRESS STRAIN PLOT AT DIFFERENT
SPEEDS WHEN TESTED 0' TO ROLLING DIRECTION

Engineering Stress (MPa)
o
Q

45 degrees to rolling direction

& 5. 1mm/min. runt
W5 tmm/min. run2

100 f 5.1mm/min. run3
n ¥ 510mm/min, run1
ﬂ X 510mm/min, run2
50 n @& 510mm/min, run3
.F"l
ry
0 PIL T T T T —
0 0.05 0.1 0.15 0.2 0.25

Engineering Strain (mm/mm)



250 4

200 - 90 degrees to roiling direction

&5 imm/min. run 1
P‘ B5.tmm/min. run 2
5. 1mmimin. run 3

Engineering Stress (MPa)
@
[en]

100 {2 .

e X 510mm/min, run 1
;'_: ® 510mm/min, run 2

50 r =2 510mm/min, run 3
fo
L

0 T T T 1 i ]

C 0.05 01 015 0.2 C 25

Engineering Strain (mm/mm)

FIGURE 4.5 STRESS STRAIN PLOT AT DIFFERENT
SPEEDS WHEN TESTED 90° TO ROLLING DIRECTION



The following Figure 4.6 depicts the true stress-strain plots of 6022-T4

Aluminium Alloy in all three different directions.
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FIGURE 4.6 TRUE STRESS-STRAIN PLOTS FOR 6022-T4 AA
IN THREE DIRECTIONS TO THE ROLLING PLANE

This data will be used in the simulations to observe the effect of material
behavior (texture) on springback. The other data in three directions to rolling

direction (RD) are listed in Table 4.4 and the respective plots are illustrated in
Figure 4.7
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TABLE 44 MECHANICAL PROPERTIES OF 6022-T4 AA TESTED IN
UNIAXIAL TENSION AT DIFFERENT DIRECTIONS

0 to Rolling 45 to Rolling | 90 to Rolling
Property
Direction Direction Direction
Young’s Modulus 69 GPa 69 GPa 69 GPa
Yield Strength 170 MPa 160 MPa 163 MPa
Ultimate Tensile
285 MPa 272 MPa 273 MPa
Strength
% Elongation to
20.27 22.63 21.52
Failure
Toughness 46.21 MPa 45.48 MPa 46.16 MPa
Resilience (Work) 0.51 MPa 0.4 MPa 0.489 MPa
r value 0.7 0.48 0.59

The graphs in Figure 4.7 describe the mechanical properties of 6022-T4
Aluminium Alloy tested uniaxially at three directions to the rolling plane, i.e., 0,
45 and 90 degrees. It shows that 0 degrees has the highest strength followed by 90
degrees. 45 degrees to the rolling plane has the least strength.
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4.2 DESIGN OF EXPERIMENTS

4.2.1 Taguchi Methodology

The Taguchi design of experiments method was used in this project to
evaluate the relative contribution of process and material parameters on
springback in V-die bending. According to Taguchi, quality characteristic is a
parameter whose variation has a critical effect on product quality, e.g., weight,
cost, target thickness, strength, material properties, etc. The Taguchi quality
strategy is to improve quality in the product design stage by:

(1) Making the design less sensitive towards influence of uncontrollable factors

(2) Optimizing the product design.

Designing an experiment:

Taguchi method uses a special set of arrays called orthogonal arrays. These
standard arrays stipulate the way of conducting the minimal number of
experiments, which could give the full information of all the factors that affect the

performance parameters.

4.2.2 Taguchi Matrix

Experiments were designed to study the parameters that effect springback.
Three levels of sheet thickness were chosen to represent variations in the received
sheet. Bending the sheet metal at three different directions, parallel, perpendicular
and forty five degrees to the rolling direction, was the boundary condition used to
evaluate the contribution of planar anisotropy on springback. Previous research
has shown that forming speed has a great effect on springback behavior of the
formed part. The maximum tool velocity of the Instron model 5800 load frame
used for V-Bending is 8.5 mm/s; hence, the punching speeds are varied between
0.085mm/s and 8.5mm/s. Carden et al. (2002) have speculated that for 6022-T4
aluminum, the springback angles continued to increase for periods up to several

months after sheet metal formine Hence <helf life and dwell Hime were Snelaided



Experimental investigations and analytical calculations showed that when
the ratio of the die gap to sheet thickness is slightly greater than one, the effect of
die gap on springback is greatest. For this study the die gap was set to be equal to
the sheet thickness, to eliminate the effect of die gap. Carden et al. (2002) showed
that friction in normal industrial ranges (i.e., well lubricated to dry conditions) has
no measurable effect on springback, although very low friction conditions

increase springback for 6022-T4.

In this study, lubrication was not taken into consideration. A common tool
radius of 9.5mm is referenced for the automotive industry. For this study, three

bending radii were selected, 3, 5, and 9.5 mm.

The following Tables 4.5 and 4.6 show the Taguchi test matrix for the tests
to be performed on prediction of springback during V-bending process. To design
experimental matrix for seven factors with three levels, the L,g orthogonal array
was most applicable. The L;g array requires the minimum number of tests (18) to
investigate the factor effect on springback. In this study only the individual effect
of each factor on springback was investigated. The L,z is not structured to study

interactions.

TABLE 4.5 FACTOR AND LEVEL DESCRIPTIONS

Factor | Factor Description Level 1 Level 2 Level 3
A Bend Radius 3 mm 5 mm 9.5 mm
B Sheet Thickness 0.84 mm 0.86 mm 0.89 mm
C Grain size 40 um 125 ym 185 pm
D Rolling Direction Parallel Perpendicular | 45 degrees
E Punching speeds | 0.085 mm/sec | 0.85 mm/sec | 8.5 mm/s
F Shelf life None 15 days 2 months
G Dwell Time None 30 min 1 hour
e Error N/A N/A N/A




TABLE 4.6 L;s TEST MATRIX

Factors
Run# —2 A B C D E F
1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2
3 1 1 3 3 3 3 3
4 1 2 1 1 2 2 3
5 1 2 2 2 3 3 1
6 1 2 3 3 1 1 2
7 1 3 1 2 1 3 2
8 1 3 2 3 2 1 3
9 1 3 3 1 3 2 1
10 2 1 1 3 3 2 2
11 2 1 2 1 1 3 3
12 2 1 3 2 2 1 1
13 2 2 1 2 3 1 3
14 2 2 2 3 1 2 1
15 2 2 3 1 2 3 2
16 2 3 1 3 2 3 1
17 2 3 2 1 3 1 2
18 2 3 3 2 1 2 3




4.3 V-BEND TEST

A V-bend fixture was designed and built to install on a Model 5800 Instron
EM load frame as shown in Figures 4.8 and 4.9. The experiments were performed
using the bend fixture at Dynamax Pvt. Ltd., Bangalore. The dimensions of the
sheet metal specimens used in the V-bend test are 56mm length and 30.5mm
width. The sample is not restrained during the bending process. The two linear
ball bearing / bushing assemblies as shown in the figure guarantee accurate punch

guidance.
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5.1 FINITE ELEMENT ANALYSIS

The finite element method, a powerful numerical technique, has been
applied in the past years to a wide range of engineering problems. Although much
FE analysis is used to verify the structural integrity of designs, more recently FE
has been used to model fabrication processes. When modeling fabrication
processes that involve deformation, such as SMF, the deformation process must
be evaluated in terms of stresses and strain states in the body under deformation
including contact issues. The major advantage of this method is its applicability to
a wide class of boundary value problems with little restriction on work piece

geometry.

The three basic requirements for the successful commercial application of
numerical simulation are :
(1) Simplicity of application
(2) Accuracy
(3) Computing efficiency.

The characteristic features of the finite element method are :

The domain of the problem is represented by a collection of simple sub
domains, called finite elements. The collection of finite elements is called the
finite element mesh. Over each finite element, the physical process is
approximated by functions of desired type (polynomials or otherwise), and
algebraic equations relating physical quantities at selective points, called nodes, of
the element are developed. The use of finite element analysis is beneficial in the
design of tooling in sheet metal forming operations because it is more cost
effective than trial and error. The prime objective of an analysis is to assist the
design of the product by:

(1) predicting the material deformation and

(2) predicting the forces and stresses necessary to execute the forming operation.



5.1.1 Comparison of Implicit and Explicit codes

Implicit code solves for equilibrium at the every time step (¢ + ?¢).
Depending upon the procedure chosen, each iteration requires the formation and
solution of the linear system of equations. Explicit method solves for equilibrium
at time # by direct time integration. This explicit procedure is conditionally stable
since iterative procedure is not implemented to reach equilibrium and also ?7 is
limited by natural time. The Table 5.1 summarizes the difference in implicit and

explicit codes.

Numerous research have been done on the use of the finite element code for
sheet metal forming simulations. Paulsen et al. (1996) analyzed the bending
process with an implicit code and reported good agreement between experimental
and simulation results. Clausen et al compared implicit and explicit simulations,

finding that the response differences were almost negligible.

Investigations have shown that explicit method is well suited for solving
large sheet forming models, and implicit codes handle the springback calculation
very efficiently. Hence, recently researchers have adopted a new method of
coupling the implicit and explicit methods to solve complex sheet metal forming

processes would save design effort and production time.

Narasimhan et al. (1999) have used ANSYS/LS-DYNA explicit coupled
with ANSYS implicit for springback simulation. Others have combined the
commercial codes LS-DYNA3D and NIKE3D for prediction of springback in

automotive body panels.



TABLE 5.1 IMPLICIT AND EXPLICIT CODES COMPARISON

S.No Implicit Explicit

1. Large time increment can be | It restricts the time increment to
adopted and the equilibrium is | very small size in order to

rigorously satisfied at the end of | maintain the out of balance

the time step. force within admissible
tolerance.

2. In some cases implicit finite The solution procedure is stable

element analysis may develop even if the deformation

convergence problems dependent contact problem is

associated with sudden changes | included in the process.
on the contact conditions

between work piece and tools.

3. Several equilibrium iterations It requires fewer computations
must be performed for each time | per time step.  Complex
step and for each iteration it is geometries may be simulated
necessary to solve a set of linear | with many elements that

equations. undergo large deformations.

4. They are not well suited to Although explicit codes are
solving the interaction of a large | well suited to solving large
number of nodes with rigid sheet-forming models with

tooling, but they do handle the large number of deformable

springback calculation very elements, calculation of
efficiently. geometry after springback may
be difficult.
5. Generally favored for relatively Generally favored for fast
slow problems with static or problems such as impact and

slowly varying loads. explosion.




5.1.2 Summary of Elements used in SMF Simulation

FEA of the sheet metal forming problem usually adopts one of three
analysis methods based on the membrane, shell and continuum element. The

Table 5.2 summarizes the elements used in FE method for sheet metal forming

simulation.
TABLE 5.2 ELEMENTS USED IN SMF SIMULATION
Element Advantage Limitation

Membrane Computational efficiency | It does not consider
and better convergence in | bending effect and has
contact analysis than the to tolerate inaccuracy in
shell or continuum fhe bending dominant
element problems.

Shell Can capture the It takes a substantial
combination of stretching | amount of
and bending as opposed to | computational time and
membrane elements. Use | computer space for its
of shell element gives 3-D calculation with
more number of degrees integration in the
of freedom to capture thickness direction.
accurate stress distribution
including in- plane and
out-plane deformation.

Continuum Are used where fully 3-D | More elements are
theory is needed to needed to describe the
describe the deformation | shell-type structures, so
process. They can handle | that a large system of
through - thickness equations must be
compressive straining, solved.
whereas shell elements
cannot




5.2 MATERIAL BEHAVIOR

The history of plasticity theory dates back to 1864 when Tresca published
his yield criterion based on his experimental results on punching and extrusion.
When a material body is subjected to external forces, it deforms. The type of
deformation is dependent on the load applied and the material. A reversible and
time independent deformation is called elastic. A reversible but time-dependent
deformation is known as viscoelastic, where the deformation increases with time
after application of load, and it decreases slowly after the load is removed. The

deformation is called plastic if it is irreversible or permanent.

Plasticity theory deals with the establishment of stress-strain and load-
deflection relationships for a plastically deforming ductile material or structure.

This involves the experimental observation, and the mathematical representation.

The theories of plasticity can be divided into two groups:
(1) The mathematical theory and
(2) The physical theory.

Mathematical theories are formulated to represent the experimental
observations as general mathematical formulations. They are based on hypotheses
and assumptions from experimental results. Whereas, the physical theories require
a deep knowledge of the physics of plastic deformation at the microscopic level

and it should explain why and how the plastic deformation occurs.

Mechanics of plastic deformation can be understood and quantified if one
looks into the microstructure of the material and explores the mechanisms of the
plastic deformation or flow at the microscopic level.

The four fundamental elements of plastic deformation are :
(1) Initial yield surface

(2) Constitutive equations for hardening parameters

(3) Constitutive equations for plastic strain and

(4) Loading and unloading me + e o



5.2.1 Yield Criterion

The yield surface is an important concept in plasticity since it defines the
critical stress levels beyond which plastic deformation occurs, and it serves as a
potential for the strains. It divides the stress space into the elastic and plastic
domains. It is used together with a constitutive equation as the material input for

numerical simulations of forming processes.

A yield criterion is a basic assumption about a material for the purpose of
determining the onset of the plastic deformation. The yield function can be written

mathematically in the general form.

F(Sij)<0 5.1
with F (s ;j) <0 for elastic deformation domain 5.2)
F (s ij) =0 for plastic deformation domain (5.3)

If the material is isotropic, the yielding depends only on the magnitudes of the

principal stresses. For such materials the yield criterion is given by:

F(s1,52,83)=0 (5.4

For fully anisotropic materials the initial yield criterion should be expressed in

terms of six independent components of the stress tensor s :

F(sij)<OorF(sxx,syy,szz,sxy,syz,szx)=0 (5.5)

In terms of principal stresses and principal directions n; (i=1,2,3)

F(s1,82,83,m,m,n3)=0 (5.6)



Isotropic material is one whose properties do not vary with distance or
direction whereas for an anisotropic material it is vice versa. The above equation
indicates that the yielding of an anisotropic material depends both on the
“intensity” of the stress tensor (the principal stresses) and also on its “orientation”

(the principal directions).

The purpose of applying plasticity theory in metal forming is to investigate
the mechanism of plastic deformation in metal forming processes. Such
investigations allows the analysis and prediction of :

v" Metal flow behavior (velocities, strain rates and strains)
v" Temperatures and heat transfer

v" Local variation in material strength or flow stress

v Stresses, forming load, pressure and energy.

v Limit strains above which failure occurs.

The nonlinear isotropic / kinematic-hardening model with the von Mises yield

criterion predicts springback very accurately for bending dominant problems.

5.2.2 Constitutive models

Constitutive equations describe the non-linear stress-strain relationship of
the material used in the structural components being analyzed. They relate the
stress to strain and / or strain rate that characterize the behavior of a material
under an application of forces or loads. These equations vary for different
materials. They can even differ for the same material in different regimes of
deformation. These constitutive models are in relation to the material parameters,
which have to be determined. The equations below show the basic constitutive

relations.

s = E e in the elastic region (5.7
s =k e" in the plastic region (5.8)



where s is the flow stress, e is the strain, & is the material constant and 7 is the

strain hardening exponent.

Describing the flow stress of a material has to incorporate factors such as
degree and rate of deformation and temperature during processing. The combined
effect of these factors on flow stress is rather complicated. Hence there is a need
for a constitutive equation that quantifies the effects of these factors on the flow

stress of the work material.

A constitutive model must be computationally efficient so that it can be
implemented in large computer codes. Many constitutive models have been
proposed and used in the past but they vary in complexity and adaptability to
numerical computational schemes. Some of these models describe only the
variation of yield stress with strain rate changes, while others describe strain and

strain rate hardening effects without softening effects caused by temperature.

Materials subjected to large deformation and very high rates of strain
require information on the mechanical behavior in the form of a constitutive
equation, which relates the stress system in the material to the instantaneous
values of strain, strain rate and temperature. While strain is not a true state
function, constitutive equations of this form usually allow an adequate description

of the structural response to be predicted for most engineering purposes.

Numerical models require equations, which account for variations in
behavior. The constitutive equation, when incorporated in a suitable finite element
code, allows the changing deformation and stress state within the component to be
determined during the course of the impact for the given boundary and loading
conditions. To obtain the appropriate constitutive equation for a given material,
data are usually obtained from standard specimen tests, which are performed at

constant temperature and strain rate.



5.3 SHEET METAL FORMING SIMULATION

Finite element method is generally composed of three basic steps, namely:
preprocessing of input data, computational analysis, and post-processing  of
results. The description of these terms when simulating sheet metal forming

process are :

Preprocessing:

It is the creation of a geometric model for the part to be formed, the
imposition of the appropriate boundary conditions for the forming process, the
selection of the constitutive equation for plastic deformation, and the selection of

material and process variables.

Computational analysis:
It mvolves solving appropriate equations to obtain the deformed shape of

the part.

Post-processing:

Results from numerical simulation runs provide predicted shapes of the
panels as well as stress and strain distribution data for the entire surface area of
the formed parts. Surface stress and strain data for the deformed shapes are given
in the form of color-coded or contour plots to facilitate the interpretation of

results.

5.3.1 Convergence Criteria

The modeling of sheet metal forming processes is one example of highly
nonlinear problems where the iterative solution procedure can become very slow
or diverge. The non-linearities observed can be categoﬁzed as geometrical non-
linearities, material non-linearities due to plastic deformation, friction force

reversals and contact mode changes. In a static finite element code. hish mech



elements. But a sufficiently fine mesh must be generated so that the fine features

are captured.

In order to obtain optimal and reliable convergence, it is essential that the
rigid tool surface representation is smooth. Numerous authors have reported such
convergence problems in analyzing sheet metal forming processes. Studies were

conducted to overcome these problems.

Researchers have suggested implementing rigid-body motion constraints for
unloading elements. Some others have presented a contact element with damping
in the direction normal to the sheet which smoothens the transition from opened to
closed contact elements and vice versa. Investigators paid special attention to the
continuity in the tool surface description, a careful treatment of the contact

condition, a smoothened friction and applied an anisotropic hardening law.

5.3.2 INTRODUCTION TO ANSYS LS-DYNA

The premier software package for explicit nonlinear structural simulation
LS-DYNA was combined with one of the industry’s most recognized and
respected finite element pre and post processors ANSYS to get ANSYS LS-
DYNA, the result of a collaborative effort between ANSYS, Inc. and Livermore
Software Technology Corporation (LSTC). First introduced in 1996, ANSYS LS-
DYNA’s capabilities and robustness have helped thousands of customers in

numerous industries resolve highly intricate design issues.

ANSYS LS-DYNA is built upon successful ANSYS interface. ANSYS LS-
DYNA is an integrated pre and post processor for the world’s most respected
explicit dynamic solver LS-DYNA. This combination makes it possible to solve

combined explicit/implicit simulation.

Limited-duration events (such as severe collisions and blade containment)

and large, permanent deformations (within the stamping and forming industries)



these challenges by fusing LSTC’s LS-DYNA explicit dynamic solver technology
with the pre-/post-processing power of ANSYS software. This powerful pairing
helps engineers understand the elaborate combinations of nonlinear phenomena

found in crash tests, metal forging, stamping and catastrophic failures.

ANSYS LS-DYNA supports both 2-D and 3-D explicit elements, and
features an extensive set of single-surface, surface-to-surface and node-to-surface
contact as well as a contact analysis option that automatically creates the contact
surfaces. ANSYS LS-DYNA also gives optional methods for fast solution
processing. Because ANSYS LS-DYNA is created from the same powerful
technology as ANSYS Multiphysics, it is easy to combine with other ANSYS
products and tailor to your specific needs. For instance, you can incorporate the
ANSYS Drop Test Module for an easy-to-use GUI for simulating dynamic
impacts. Add ANSYS Structural or ANSYS Mechanical into your ANSYS LS-

DYNA package for comprehensive implicit structural simulation capabilities.

LS-DYNA is the world’s premier analysis tool for simulating time-
dependent mechanical events. Built from the ground up as an explicit solver to
deal with things like impact, crashes, ballistic penetration, and very large
deformation, the program is used by anyone who is serious about these types of
events. ANSYS users have an added advantage through the use of the
ANSYS/LS-DYNA package to pre- and post-process runs without having to learn

an entirely new set of tools.

Material Models of ANSYS LS-DYNA :

Elastic
e Isotropic
e Orthotropic

» Anisotropic
e Fluid



Nonlinear Elastic

Blatz-Ko rubber
Mooney-Rivlin rubber

Viscoelastic

Elastoplastic

Elastic-plastic hydrodynamic
Bamman rate-dependent
Zerilli-Armstrong rate-dependent
Bilinear isotropic

Bilinear kinematic

Plastic kinematic

Powerlaw plasticity

Strain rate-dependent plasticity
Rate-sensitive powerlaw plasticity
Three-parameter Barlat

Barlat anisotropic plasticity
Piece-wise linear plasticity

Transversely anisotropic elastic plastic

Closed-cell
Low-density
Viscous
Crushable

Honeycomb

Damage

Composite

Concrete

Equations of State

TAahsvames £ 39 ~1



Overview of ANSYS LS-DYNA Analysis capabilities :

Nonlinear Dynamics

Rigid Multi-Body Dynamics
Quasi-Static Simulations
Element-based Failure Analysis
Design Optimization

Implicit Capabilities

Static Analysis and Transient Analysis
Linear / Nonlinear Analysis

A N N N N U N N

Applications of ANSYS LS-DYNA

Metal forming

Drop testing

Glass forming

Plastics, mold, and blow forming

Machining

Automotive industry - Vehicle crashes, Air bag inflation and impact

Seismic loading of structures

AN N N Y U N N N

Military and Defense Applications - Weapons loading during firing,
Ballistic penetration

AN

Aerospace Industry Applications - Bird impact on engines, wings and
windscreens
v’ Ice impact

Behavior of fabrics/shields

<

v" Explosion containment/resistance



Sheet Metal Forming With ANSYS LS-DYNA

One of ANSYS LS-DYNA's most widely used applications is sheet metal
forming. ANSYS LS-DYNA accurately predicts the stresses and deformation

experienced by the metal and also determines whether the metal will fail.
Metal forming applications for ANSYS LS-DYNA include:

¢ Sheet metal bending
® Metal stamping

¢ Hydroforming

e Forging

¢ Decp drawing

e Multi-stage processes

5.4 SPRINGBACK SIMULATION

The automotive industry places rigid constraints on final shape and
dimensional tolerances. Hence springback prediction and compensation is critical
in this highly automated environment. In the past two decades, finite element
method has proven to be a powerful tool in simulating sheet metal forming
processes. With the increasing demand from the industries to shorten the lead
times and with increased usage of lightweight, higher strength materials in
manufacturing auto-body panels, the simulation of springback has become

essential for proper design of the forming tools.

Springback simulation is difficult and complicated; to obtain useful results
requires accurate material and geometric description of the process in the

formulation.



The interaction of the work piece with the tooling needs to be described
precisely. Various approaches were adopted and formulated by researchers in the
past years to accurately simulate springback in sheet metal forming processes.
Advances in springback simulation to reduce computational time and increase
overall efficiency of the process have been tremendous. Studies involving the use
of different types of materials models, finite element codes, elements, hardening
rules, frictional constraints, etc.

Researchers have simulated springback in V-die bending for several
materials neglecting friction. The true stress-strain curve from a tensile test was
used as the material description. They noted a good correlation between
simulation and experimental results. Huang and Leu have used elasto-plastic
incremental finite-element computer code based on an updated Lagrangian
formulation to simulate the V-die bending process of sheet metal under the plane-
strain condition. Isotropic and normal anisotropic material behavior was

considered including nonlinear work hardening,

Engineers have studied springback and springforward phenomena in V-
bending process using an elasto-plastic incremental finite element calculation.
Ogawa et al. did a somewhat similar study but used different element mesh sizes
and compared their results with experimental predictions. Lee and Yang evaluated
the numerical parameters that influence the springback prediction by using FE
analysis of a stamping process. Others have showed that a material property
described by the kinematic hardening law provides a better prediction of
springback than the isotropic hardening law. Analytical model and FEA results

were compared with the experimental results.

Li et al. (2002) used a linear hardening model and an elasto-plastic power-
exponent hardening model to study the springback in V-free bending. According
to their results, the material-hardening mode directly affects the springback
simulation accuracy. Others have also showed that the simulated springback angle

depends intimately on both hardening law after the strain reversal and on the

nlactic amiamtemae, TL . 1



anisotropic hardening model that extends existing mixed kinematic / isotropic and
non-linear kinematic formulations. Li et al. (2002) compared the use of solid and
shell elements in their springback simulation with 2D and 3D finite element

modeling.

5.4.1 Finite Element Codes

Commercially available Finite Element Codes for Sheet Metal Forming

Simulation are listed below with their specialty and disadvantages:

LS-DYNA explicit can handle complex problems with large deformation
and has no convergence problems. But the limitation is that it does not have

preprocessor and complex post-processor.

ABAQUS implicit-explicit can solve problems with large deformation, no

convergence problems. But the limitation is that it does not have preprocessor.

ANSYS implicit has the advantage of the availability to use user material
model But there is convergence problem during nonlinear analysis and contact

conditions.

Thus in this project springback simulation of V-die bend process using
ANSYS LS-DYNA is studied. The nonlinear isotropic / kinematic-hardening
model with the von Mises yield ¢riterion predicts springback very accurately for
bending dominant problems. Thus a 2-D model is considered with von Mises

yield criterion.

54.2 V-Bend Simulation Approach

There are various factors that need to be considered while simulating sheet

metal forming processes, which is a large deformation problem, such as the

PRPEgES YL AR L. T BTV LG SIS L T L Y T .



boundary conditions, solution procedure for convergence, etc. The following

describes the approach adopted in this research to simulate springback in V-die

bending process.

Finite element code: 2-D finite element modeling is considered in the
springback simulations. Research results in the literature have shown that
for the forming phase, an explicit code is suitable and for the springback
phase of the simulation, a static implicit time integration approach is
preferable. However, since modeling of V-Bending is not very complex,
this study used ANSYS implicit for both loading and unloading process.
Material model: Due to rolling processes, metal sheets before stamping
operations usually exhibit significant plastic anisotropy that can be
attributed principally to the presence of crystallographic texture. Hence,
anisotropy is an important parameter that has to be considered for more
realistic modeling of sheet metal bending. In this study two classes of
material behavior are compared. Initially the multilinear isotropic material
model is used, where the true stress-strain material description is input in
discrete form. These results will be compared to Barlat’s 2000 anisotropic
material model. This plane stress anisotropic yield function describes the
planar anisotropic behavior of aluminum alloy sheets.

Modeling assumptions: The tooling was treated as rigid surfaces (tool
steel) and lubrication was not taken into account. The 6022-T4 Aluminium
Alloy sheet metal was taken as deformable. The coefficient of friction
between the work piece and the tool was assumed to remain constant
during the process. The value of friction coefficient used was 0.16. The
boundary and load conditions were set to the same condition as in the
experiment. The deformation is achieved by prescribing the displacement
of the punch, which corresponds with how the deformation is achieved in
reality. Guided by the experimental results, the approach toward modeling
is to vary dominant parameters. Due to symmetry only one half of the

geometry was modeled.



Element description: Bending dominated problems are generally simulated
with solid or shell elements. Use of shell element gives more number of
degrees of freedom to capture accurate behaviour including in-plane and
out-plane deformation. In this analysis the sheet is modeled with
deformable contact shell elements whereas the tooling is modeled with
rigid shell elements. Four noded quadrilateral elements have been used in
the simulations since investigations have shown that triangular finite
elements can cause numerical problems or deteriorate the solution

accuracy.
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6.1 TAGUCHI DESIGN OF EXPERIMENTS TEST RESULTS

The Lis matrix has been used to conduct the experiments and the springback
angles are recorded with three test points for each experiment as illustrated in the
same Table 6.1. A vernier protractor is used to measure the V-angle. The least
count of the protractor is 5°. The factor descriptions can be referred back to the

Table 4.5. The Taguchi analysis approach consists of :

ANOVA (Analysis of Variance)
This is done to find the relative contribution of each control factor to the

overall measured response.



TABLE 6.1 L3 TEST MATRIX AND RECORDED

SPRINGBACK ANGLES
Factors Springback angle - 3 Total
test points (radians)
Run # C[D @] ® ] ©
1 11 -4°35 | 4%45" | -3%5 | -13.083
2 212 -3%20 | -3%257 | -3%0 | -10.417
3 3(3 320 [ 3% [ -3%30° | -9.833
4 1|2 0° | -035 | 0%35 0
5 213 -1930 | -1°15" | -0%55 | -3.667
6 301 055 | -1% | -0%35 -2.5
7 2[1 225" [ 0%0 | 1% 4.084
8 312 2°10 | 1%30° | 125" | 5.084
9 13 415 | 4%30 | 3950 | 12.58
10 313 -3°45 | -4%55" | -4%5 | -13.417
11 11 -3%45 [ 39307 | 3% | -10.25
12 2|2 -4°10 [ 4% | 320 [ -115
13 2|3 2°10 | -2%50 | -1°40° | -6.667
14 301 1925 2°%15 | :3%10° | -6.834
15 1|2 050 | -0%50 | -1%25" | -3.083
16 312 120" [ 1%0 | 1915 | 3.916
17 13 3°35 | 3950 | 3%20° | 10.746
18 211 1°30 | 0%30 | 115 3.25




6.1.1 TAGUCHI ANALYSIS DESCRIPTION

The relative contribution of each control factor to the overall measured
response is obtained by using an analysis of variance (ANOVA). A mathematical
technique known as the sum of squares is used to quantitatively evaluate the
deviation of the control factor effect response averages from the overall
experimental mean response. An F-ratio is used to test for the significance of
factor effects. This is done by comparing the variance between the individual
control factor effects (V) against the variance in the experimental data due to
random experimental error (Ve). Table 6.2 summarizes the initial ANOVA with
the F-Statistics for the factors.

ANOVA (Analysis of Variance)

Analysis of variance is a computational technique that quantitatively
estimates the relative contribution of each control factor to the overall measured
response and expresses it as a percentage. It uses a mathematical technique known
as the sum of squares to quantitatively examine the deviation of the control factor
effect response averages from the overall experimental mean response. The
significance of the individual control factors is quantified by comparing the
variance between the control factor -effects against the variance in the
experimental data due to random experimental error and the effects of
unrepresented interactions. This is given by the F-ratio. It is used to test for the

significance of factor effects.
F—ratio=2
b

Where a = mean square due to a control factor

b = mean square due to experimental error

In the Taguchi approach, ANOVA can be applied to two forms of data.

First, it can be applied to the data as measured in engineering units to find the



Second, it can be applied to the data after it has been transformed into S/N ratios.

This is done to find the effect of noise due to repetition of runs.

The first step in this analysis is to calculate the totals for each of the
factors and the error column. The first level of factor A would be represented by
all the data points where the first level of Factor A occurred in the experiment.
The first level of factor A occurred in experiments 1, 2, 3, 10, 11, and 12. This is
done in the same manner for each level of each of the factors and the error

column. Table 6.2 represents the totals table for the analysis of variance.



TABLE 6.2 TOTALS TABLE FOR ANOVA

Totals Mean

Al -68.500 -3.80556
A2 -22.751 -1.26394
A3 39.660 2.20333

B1 -25.167 -1.39817
B2 -15.338 -0.85211
B3 -11.086 -0.61598
Cl1 -3.090 -0.17167
C2 -24.917 -1.38428
C3 -23.584 -1.31022
D1 -25.333 -1.40739
D2 -16.000 -0.88889
D3 -10.258 -0.56989
El -17.920 -0.99556
E2 -14.838 -0.82433
E3 -18.833 -1.04628
F1 -18.588 -1.03267
F2 -14.587 -0.81039
F3 -18.416 -1.02311
Gl -24.916 -1.38422
G2 -13.338 -0.74100
G3 -13.337 -0.74094
el -17.752 -0.65748
€2 -33.839 -1.2533




Sum of squares :

Sum of Squares for the total St is calculated by taking each of the 54 data
points and square them. From the sum of those squared observations, subtract
away the total of all the data points, squared, divided by the total number of data
points that is 54.

St =(-4.583)" + (-4.75)*+ (-3.75) 2+ (-3.333) 2+ v oovr o, +(1.25)* - (-51.591)?
=378.047

Sum of Squares for factors:

Se=(*1)/ e+ (*2 ) /1oy + (*3 ) /neg — (¥1 + %2+ #3 )2/
SA=Ar/ 18+ A%/ 18+ A3 2/ 18 — (A + Ay + As ) /54
=376.82 - 49.29 = 327.53

Similarly for other factors:

Sg = 55.085 - 49.29 = 5.795
Sc=65.923 - 49.29 = 16.633

Sp = 55.72 - 49.29 = 6.43

SE = 49.776 - 49.29 = 0.486

Sk = 49.8579 - 49.29 = 0.5679

SG = 54.2547 - 49.29 = 4.9647
Set=(-17.752 +33.839) 2/ 54 = 4.79
Se2= ST- (SA+...+Se1) = 10.8504

Degrees of Freedom:

The Degrees of Freedom must be calculated for each of the factors, the
error term and the total. The Degrees of Freedom for the total is obtained by
taking the total number of data points and subtracting 1. The Degrees of Freedom

for anv factor is commnuted by takino the mimhar of Taoale oo e £ e 3



subtracting 1. The Degrees of Freedom for Error is the left over Degrees of

Freedom not accounted for by the factors.

Total: dfr =n-1 = 54-1 = 53

Factors: df,....... dfg=3-1=2

Error (primary) df,; = 2-1 =1

Error (secondary) dfe; = dfr - (dfs +dfp +dfc +dfp +dfy +dfy +df +df.))
=53-15=38

Variance:

Variance is the sum of squares divided by the Degrees of Freedom.

F-Statistic:

A test statistic is now calculated to help test for the significance of the
difference that is demonstrated by the experiment for the outcome of interest. To
calculate the F-Statistic for a factor divide the Variance for that factor by the
Variance for error, forming a ratio of variances. The bigger this ratio is the more
difference there is between the levels for a factor. Thus an initial ANOVA Table

is evaluated and is illustrated in Table 5.3.

Since Vg >= V, the secondary error is discarded and all the factors are

tested versus the primary error.



TABLE 6.3 INITIAL ANOVA FOR SPRINGBACK

MEASUREMENT
Factor DOF (df) Sum of Variance= | F - Statistics
squares (S) S/df =V/V,
A 2 327.53 163.765 34.189
B } 2 5.795 2.898 0.605
C 2 16.633 8.317 1.736
D 2 6.43 3.215 0.672
E 2 0.486 0.243 0.051
F 2 0.568 0.284 0.059
G 2 4.965 2.482 0.518
el 1 4.79 4.79
(primary)
e2 38 10.850 0.286
(secondary)
Total 53 378.047

The primary error term is because one column of L3 is not filled and
secondary error term is because there are repetitions of runs. Next pooling of the
factors whose F-ratio is less than one is done with the error term. Concentration of
the factors is made to better analyze the experiment. Table 6.3 illustrates the
pooled ANOVA table for our experiments. A Percentage Contribution (P%) is

also computed for the remaining terms.

This is done by taking the Pure Sum of Squares (S’) for each of the terms
and dividing by the sum of squares for total (St).



Pooling rules:

1. Factors that have an F-Statistic less than or equal to 1 should be pooled
into an error term and thought of as a random variation component.

2. When after pooling all the factors where the F ratio is less than or equal to
one, the number of factors remaining is not equal to or less than % the

number of columns in the array, then additional pooling must be done.
Calculations for pooled error term: Pooling factors whose F<1 with the error term
Se (pOOl) = Sg +Sp +Sg + Sp + S+ Se =23.034
df; (pool) =2%5+1 =11

Ve (pool) = S, (pool) / df, (pool) = 23.034/11 = 2.094

Next the pure sum of squares must be calculated. This is given by the formula as

below:

it

Sa = Sa— (dfy)Ve = 323.342

Sc Sc— (dfc)Ve = 12.445

Se = Se— (dfpVe = 23.034 + (15-11) 2.094 =31.41

A Percentage Contribution (P%) is also computed for the remaining terms.
This is done by taking the Pure Sum of Squares for each of the terms and dividing
by the sum of squares for total. The pooled ANOVA Table is described in Table
6.4.



TABLE 6.4 POOLED ANOVA TABLE

Factor | DOF S v F (pool) S’ P% =
S*/St

A 2 327.53 | 163.77 | 78.206* | 323.34 | 88.06

C 2 16.633 | 83165 | 4.077** | 12.445 3.39
e(pool) | 11 | 23.034 | 2.094 31.41 8.55
Total | 15 | 367.20 367.20 100

* Significant at 99 % confidence F o9 (2,11)=17.20
* Significant at 95 % confidence F o5 (2,11)=3.98

Table 6.4 shows that factor A that is bend radius is the major factor that
contributes to springback in V-Bending process. Factor C that is grain size ended
up‘being a factor to a lesser extent. The rest of the factors that are pooled in the

error term are thought of as a random variation component.

6.2 SIMULATION TEST CASES

Experimental results have shown that bend radius is the only predominant
factor that effected springback and it was significant at 99% confidence level.
Grain size and texture had some contribution to springback but it was significant
at 95% confidence level only. The contribution of shelf life was valid below 95%
confidence level. Hence to validate the significance of process parameters versus
the material parameters on springback in V-bending, finite element analysis was
conducted using ANSYS LS-DYNA.

In this project, ANSYS LS-DYNA which is a generic code was used due to

lack of availability of other special sheet metal forming codes.



Table 6.5 which is depicted below shows the Simulation test matrix that was

conducted.

TABLE 6.5 FINITE ELEMENT SIMULATION TEST MATRIX

Run No. Bend Radius (mm)
1 3
2 5
3 9.5

Model:

The Figure 6.1 illustrates the meshing and boundary condition description of

the model.

FIGURE 6.1 V-BEND MODEL WITH BOUNDARY
CONDITIONS AND MESH



6.2.1 V-Bend Simulation Results

Effect of Bend Radius:

The test matrix for simulation was conducted and the results are shown in

the Table 6.6.

TABLE 6.6 V-BEND SIMULATION RESULTS

Run No. Bend Radius (mm) Springback angle
( degrees )
1 3 -35
2 5 -0.5
3 9.5 4.5

Figures below show the simulated results for 3mm, Smm and 9.5mm radius.

Figure 6.2 specifically shows the exploded view of the sheet under deformation.
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FIGURE 6.2 SIMULATED RESULT FOR BEND RADIUS 3MM
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Angle Variation after Bending

Spring-back angle,
degrees

Bend radii, mm

FIGURE 7.2 VARIATION OF SPRINGBACK ANGLE WITH
RESPECT TO DIFFERENT BEND RADII

Gardiner conducted V-bend experiments to measure springback and studied
the effect of bend radius. In this study tests with small bend radii were most
difficult to conduct and resulted in a large data scatter. However, the experimental
results shown in Figure 7.2 illustrate less scatter in the springback angle at small
bend radius. Others have conducted experiments for springback of small radius-
to-thickness bends in the range R/t<10 and showed larger springback than that
predicted by any known theory.

7.1.2 Effect of Other Factors

Previous investigations have shown that using thicker material will reduce
springback. For a given radius of the outer fiber under loading, the increase in the
sheet thickness leads to an increase in the bending moment and the bending strain
at the outer fiber, thus reducing the springback angle. In our study, the

contribution of sheet thickness to springback is not significant when compared to



the surface, develop less roughening and have better formability characteristics.
That is springback is reduced when the material has a finer grain size. Present

results show that grain size is significant only to a very small extent.

Sheet metals that exhibit different flow strengths in different directions in
the plane of the sheet are defined as having planar anisotropy. Parallel,
perpendicular and forty-five degrees to the rolling direction represent the three
vectors of the planar anisotropy. Previous study showed that anisotropy has a
great effect on the bending limit with the relative differences in yield strength.
Springback is reported higher at higher strength, reflecting minimal spring
observed for the bend perpendicular to the rolling direction. In this study the

rolling direction was found to be somewhat significant.

Shelf life and dwell time are linearly proportional to the springback
behavior; this may be related to the creep characteristics of aluminum alloy.
Present results have shown that shelf life has very little effect on springback.
Contribution of punch speed and dwell time to springback are almost negligible

when compared to bend radius in this study.

7.2 FINITE ELEMENT SIMULATION RESULTS

A 2-D finite element model with multilinear isotropic material description
gives a good prediction of springback. Simulated results are obtained for different
bend radii 3mm, Smm and 9.5mm. The Springback angles for the different bend
radii are determined. The experimental results compare well and are in good
agreement with the simulated results for the effect of bend radius on springback.
Although an attempt that was made to study the effect of texture (planar
anisotropy) on springback was not successful. This might well be a topic for
further study. Hence this specific aspect recommended for follow-on studies by
using different sheet metal forming codes, which support material models that

describe the anomalous behavior of highly textured aluminum alloys.



73 COMPARISON OF EXPERIMENTAL AND SIMULATION
RESULTS
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FIGURE 7.3 COMPARISON OF EXPERIMENTAL AND
SIMULATION RESULTS

There appears to be only a small difference in the experimental and
simulation results, the difference being less than one degree, this shows that the
isotropic material model works well in the prediction of springback. Two
important points should be noted in this context:

1. Figure 4.1 shows that the batch of 6022-T4 Aluminium Alloy material used for
this study possesses equiaxed grains; this may well contribute to the material
being isotropic.

2. The grain size of the material as seen in Figure 4.1 was observed to be 40um,
which is very small. It is presumed that the material was recrystallized and

processed to render it nearly isotropic so that anomalous behavior is taken care of.
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Experimental measurement and finite element simulation of springback on
V-bending 6022-T4 Aluminium alloy has been conducted. The relative
contribution of process and material parameters on springback has been evaluated
using a Taguchi Design of experiments approach. Experimental predictions
showed that the bend radius has the greatest effect on springback, and it
overshadows the other parameters. Spring-in or negative springback has been
observed for very small bend radii. Grain size / microstructure showed very little
effect on springback at 95% confidence level. It is inferred from the results that
other factors including texture have negligible effect on springback when

compared to bend radius.

Finite element simulation of springback using ANSYS LS-DYNA has
been conducted to explore the limits regarding process control by boundary values
versus material parameters. A 2-D model with nonlinear isotropic material
description is considered. Simulated results are obtained for different bend radii
3mm, Smm and 9.5mm. The Springback angles for the different bend radii are
determined. The experimental results compare well and are in good agreement
with the simulated results for the effect of bend radius on springback. Therefore
this proves that a 2-D finite element model with multilinear isotropic material

description gives a good prediction of springback.
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