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ABSTRACT

Deep drawing is a sheet metal forming process in which deformation forces are
oriented in the plane of the sheet, and the surface pressures in the tool are
generally lower than the yield stress of the sheet material. The limits of the sheet
metal forming are determined by the occurrence of defects such as wrinkling and
tearing on the blank which are the most frequent types of failure. The present
work discusses the numerical investigations of deep drawing of a cold rolled draw
quality steel and interstitial free steel blank of 0.8mm and 1.2mm thickness in to a
shape of a fuel tank with varying blank holding forces. The tensile specimens are
laser cut from a blank with known rolling direction as per ASTM E8M standard
and are tested for tensile properties and anisotropy. These properties were used in
the material model in FE analysis of the process using HYPERWORKS. It is
observed numerically that optimum blank holder force is necessary to remove the
wrinkling defects. Deep drawing parameters like percentage thinning and plastic
strain along with respective forming limit diagrams have been obtained for
individual cases and thus changes in these parameters with varying thickness and
material is area of investigation for understanding deep drawing process over fuel

tank.

Keywords: Deep drawing, yield stress, cold rolled draw quality, Interstitial Free

Steel, blank holding force, FE analysis, HYPERWORKS.
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CHAPTER 1

INTRODUCTION

1.1 Sheet Metal Forming
Sheet metal components are used in a major variety of applications in the

industries, with finding much of its use in automobile, aerospace, packaging
(beverages can, food containers) and home appliances industry. Before the industrial
use most of the metals first processed to form ingots and slabs which are further
processed to make the different kind of semi finished products for the different metal
forming processes.

Metal forming includes a broad range of industrialized processes in which the
metal work-piece undergoes a plastic change in the profile by the application of
external forces by means of a variety of forming tools. It is extremely important to
differentiate between the terms “deforming” and “forming”. In the case of
unrestrained plastic straining, the term “deforming” should be used whereas the term
“forming” should be used with proscribed plastic strain to gain a specific profile for
the part.

Metal forming processes are categorized into bulk deformation processes and
sheet metal forming processes, where the former refers to the category of processes
that change the shape/size of the work-piece extensively, and the latter refers to the
category of processes performed on metallic sheets, whose thickness lies in the range
of 0.4mm to 6mm. Unlike the bulk forming processes, the major characteristic of
sheet metal forming is the use of a work-piece with high ratio of surface area to
thickness. In sheet metal forming, tensile forces are mainly utilized in the plane of the
sheet to achieve the process, whereas compressive forces that are generated in the
transverse direction as a result of the tension may result in folding or wrinkling of the
sheet. As a result, any reduction in the thickness is due to tensile stress induced in the
sheet itself. Therefore, the most important concern in all sheet metal forming

processes is to avoid excessive decreasing in thickness, which can lead to necking and
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fracture. Usually most of the sheets forming processes are carried out at room
temperature (cold processing conditions) excepting if the work piece is thick; the

sheet metal is brittle or the deformation is massive.
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Fig.1.2 Sheet-metal-forming processes.
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1.2 Plastic Deformation in Sheet Metal Forming
The analysis of the deformation mechanism in sheet metal forming is based on the

two principal strains €; and &, Mostly, the maximum principal strain &, is positive in
forming operations, so only half of the strain plane is considered as shown in the
figure 1.3 & 1.4. Deformation pairs relative to different points of a stamped part are
often plotted on such a half-plane. This information can be drawn either from FE
simulation or from experimental analysis (grids). The study of such deformation plots

gives useful insights into the mechanics of a forming process.

£1
plane 8
stress

Fig.1.3 Various State of Stress on Strain Plane. [36]

In this section various deformation modes which take place in the sheet metal
forming is discussed. In sheet metal forming, we have five basic modes of
deformation:



Table 1.1 Modes of deformation

STRETCHING: The material is expanded in
both directions. This mode of deformation is
found mostly on smooth bottoms of shallow

parts and in hydroforming processes.

DRAWING: This mode is typical the
material flow from the flange towards the

inner part of the die.

BENDING/UNBENDING: This is a cyclic
deformation (most often associated with
plane strain). It is found on the die entry line

as well as in drawbeads.

STRETCH-AND-BEND: This mode is
associated to flanging operations for which

the bending line is concave.

AR




COMPRESSION-AND-BEND: This mode is
associated to flanging operations for which

the bending line is convex.

1.3 Deep Drawing

1.3.1 Introduction

Deep drawing is one of the mostly used processes in the sheet metal forming
industries. In this process a flat blank is shaped into metal is squeezed between the
punch and die to get the desire shape and simultaneously the blank holding force is
also applied on the blank. The shape of the product manufactured by the deep
drawing can be symmetric or asymmetric depending upon the application. Containers,
automobile parts, such as fuel tank and panels, pans, cans and cooking appliances are
among the wide variety of the products manufactured by the deep drawing process.

The basic mechanism and different elements of a deep drawing process is shown in

the figure (1.4).

T4

BR

Fig. 1.4 Geometry of drawing die assembly with circular blank [1]
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Generally, a binding or hold-down pressure is required to press the blank against the
die to prevent wrinkling. The best way to do this in a double-action is by using of a
binder or blank holder. The basic variables in deep drawing process are punch radius,
PR; die radius, DR; blank radius, BR; thickness of blank, t; punch corner radius, rp;
die corner radius, rq; radial clearance between die and punch, wc; friction co-efficient
between the contacting surfaces like between die & blank, punch & blank and binder

& blank; properties of the material to be drawn.

The material flow and force distribution involved in the deep drawing is very
complex. There are two major factors which helps in drawing of a component, rather
than shearing it. These are die corner radius and punch corner radius. A radius on an
edge will change the force distribution and cause the metal to flow over the radius
and into the die cavity. However, there are changes in thickness in certain areas, due
to the forces involved. Material forming the straight wall is under tensile stress that
will naturally cause it to thin. Deep drawing process factors are controlled to mitigate
thinning, but some thinning of the sheet metal is inevitable. Maximum thinning will
most likely occur on the side wall, near the base of the part. A correctly drawn part

may have up to 25% reduction in thickness in some areas [1].

1.3.2 Stages in deep drawing

The process of deep drawing can be divided into five different stages as shown in the

figure (1.5)

I.  Punch makes initial contact with blank
II.  Bending
II.  Straightening
IV.  Friction and compression

V.  Final cup shape showing effects of thinning in the cup walls
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Fig 1.5 stages in the deep drawing process

In the first stage the punch on comes in contact with blank pushes the blank in die
cavity and binder apply holding force on the blank. The flat portion of the sheet under
the holding plate moves towards the die axis, then bends over the die profile. After
bending over the die profile the sheet unbends to flow downward along the side wall.
The vertical portion of the sheet then slips past the die surface. More metal is drawn
towards the center of the die in order to replace the metal that has already flown into
the die wall. Friction between holding plate & blank and that between die & blank has

to be overcome by the blank during the horizontal flow of metal.

1.3.3 Stresses in deep drawing
Any deep drawn part is divided into three major regions on the state of stress basis,

namely punch region, wall region and flange region as shown in the figure 1.8.

12



wall

Punch
region

O

Fig. 1.6 State of stress in different zones of deep drawn cup.

Punch Region: The area of the blank which is in contact with the punch
undergoes the biaxial tensile stress. The value of stresses depends on the
friction co-efficient between punch and blank up to a great extent.

Wall Region: This region is subjected to the circumferential and
longitudinal tensile stresses.

Flange Region: The metal from the flange region is being drawn
towards the centre because of that compressive hoop stress is induced in
flange. Radial compressive stress is induced due to the blank holding

force. It is also subjected to the radial tensile stress.
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1.3.4 Material Deformation in Deep Drawing
The mode of deformation of the material in deep drawing is different in the different

regions due to the variable state of stresses in the respective regions. Based on this we

can classify it into the following regions.

The Flange zone: As explained in the previous section that this region is subjected to
the tri-axial state of stress, compressive & tensile radial stress and compressive hoop
stress. Maximum of the deformation occurs in the flange area. Punch draw the metal
and forces it into the die, due to this flange thicken at some place. As a result of
flange thickening at the some places the contact between the binder and the sheet is

not uniform as it was in the start of the process [4].

The Die Radius Zone: In this zone the metal bends & unbends over the die corner
radius. The state of stress in this zone is that of radial elongation and bending over the
die radius. If the die corner radius is too small, the fracture may appear in this zone. If
it is having too great value, then it decreases, the draw depth and the formability of
the metal is not wholly utilized. Hence, the die corner radius should be selected

properly according to the set guidelines.

The Wall Region: The state of stress in this zone is that of radial and circumferential
tension. If the punch die clearance is large, the unsupported regions of the cup wall
may experience a form of undergo out-of-plane deformation (similar to wrinkling)
called puckering. The punch force is transmitted from the bottom of the cup to the
deformation zone (flange) through tension on the wall of the cup. The tension must

not cause the wall to deform plastically; otherwise, fracture may occur [1,4].

The Punch Radius Region: In this zone, the sheet material undergoes bending over
the punch corner radius and the state of stress is again that of radial tension. As the
material bends over the die radius, it undergoes strain hardening. Hence, the flowing
material, which forms the cup wall, becomes strengthened. The material at the punch
corner radius is the most common failure site: the cup wall is weakest here because

the portion of the sheet in this region has the least strain hardening.
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The Bottom Region: In this region, because of greater friction between the punch
surface and the bottom of the cup, the material does not undergo much plastic

deformation.

1.3.5 Formability of the Sheets
Formability is ease with which a sheet metal component is formed or drawn in the

desired shape without undergoing localized necking or fracture. Sheet metal
processes such as deep drawing, bending etc require large tensile deformation.
Therefore, the problems of localized deformation called necking and fracture due to
thinning down are common in many sheet forming operations. Anisotropy also is a
major concern in sheet metal operations. When a sheet metal is subjected to plane
strain deformation, the critical strain, namely, the strain at which localized necking or
plastic instability occurs can be proved to be equal to 2", where n is the strain
hardening exponent. For uniaxial tensile loading of a circular rod, the critical or
necking strain is given to be equal to n. Therefore, if the values of n are larger, the
necking strain is larger, indicating that necking is delayed. In some materials diffuse
necking could also happen. Simple uniaxial tensile test is of limited use when we deal
with formability of sheet metals. This is due to the biaxial or triaxial nature of stress
acting on the sheet metal during forming operations. Therefore, specific formability

tests have been developed, appropriate for sheet metals.

1.3.5.1 Formability Tests

Some of the widely used formability tests have been described below:

1.3.5.1.1 Erichsen Test
The test consists of stretching a sheet specimen by means of a hemispherical punch

until the occurrence of fracture. The depth of the punch indentation in the specimen
expressed in millimeters is the Erichsen index (IE). This is the most commonly used

parameter for expressing the formability of sheet metals.
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Fig.1.7 Erichsen Test [31]

1.3.5.1.2 Swift’s Cup Test
This test consists of deep-drawing cylindrical parts having different diameters and

determining the limit drawing ratio LDR. Swift’s method has been widely used and is

considered as a standard test by the International Deep-Drawing Research Group

(IDDRG). [32, 33]
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Fig. 1.8 Swift’s Cup Test [34]

1.3.5.1.3 Fukui Test
Fukui proposed a deep drawing test using a conical die. The advantage of this method

is that the ‘diameter ratio” D/D0 (D = upper diameter of the part at fracture) as a

measure of formability may be established by a single test.

Dg % D0 max

7 PUNCH
_I._ el e = B —;_
|—' Danl b l
BLANK [-]
% |

Fig. 1.9 Fukui Test [35]
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1.3.5.2 Forming Limit Diagram
The forming limit diagram, FLD, is a study tool, for forming operations, that

indicates how close the material is to failure, i.e. necking or fracture. The forming
limit curve, FLC, defines the maximum strain combinations that a metallic sheet can
undergo for different forming conditions, such as deep drawing, stretching, bending
and die drawing, without failure. The FLC can be empirically constructed by using a
hemispherical punch biaxial stretch test, as well as a tension test to strain the
specimen and then recording the major and minor strains, e; and e, just before
necking or before fracture occurs. Note, however, that in practice there are scatter in
the measured strains, just prior to failure, and therefore one do not consider a single

curve but rather a band in which necking or fracture is likely to occur.

“\ A

E£1=-E2

FLC

£2

Fig. 1.10 Forming limit curve showing different strain combinations responsible for
failure. [36]
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Fig. 1.11 FLC for the low and high values of work-hardening co-efficient. [36]

1.3.6 Limiting Drawing Ratio
Drawability can be defined as the capability of the blank to be drawn effectively from

the flange into die cavity using a punch with a particular radius. The magnitude of the
deformation of a deep drawn part is usually characterized by a drawing ratio §, which
1s defined as the ratio of the initial blank diameter Dy to the inside diameter of the
finished cup Dp .The larger the chosen drawing ratio, the larger will be the drawing
load under otherwise constant conditions. This load must be transmitted by the wall
of the deep drawn part. Therefore, the drawing ratio must not exceed a maximum
value, limiting drawing ratio in order to prevent cracks at the bottom of the cup. This
Limiting Drawing Ratio is defined as the ratio of the maximum diameter of the
circular blank to the diameter of the used punch, which can be attained without

failure.

LDR = (Do/Dp)max = en

where 1 is the efficiency of drawing.
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The maximum LDR for efficiency =100% is equal to 2.7.

If we assume an efficiency of 70% the maximum LDR is about 2. That means the
maximum reduction possible in single deep drawing step is 50%. This is the general

criteria for first draws.

1.3.6.1 Redrawing
Redrawing is reduction in diameter and increase in length of a cup which has been

drawn to a certain draw ratio. In case of materials which are difficult to draw in one
step, redrawing is performed. Generally, during the first stage up to 40% reduction is
achieved. In the first redrawing after drawing, maximum of 30% reduction can be set.
In the second redrawing stage, 16% reduction is set. In direct redrawing process, the
angle of bending undergone by the cup is less than 90°, thereby reducing the draw

force.

(a) (b) (c)

Fig. 1.12 Redrawing methods (a) Direct redrawing (b) Direct redrawing with taper die
(c) Reverse redrawing

1.3.7 Factors Affecting Deformation Deep Drawing
In this following section various factors controlling the deep drawing operation are

analyzed. However, it must be noted out that a hierarchy exists among the different
factors, these factors can be divided into three categories: geometric, physical &

material parameters.
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1.3.7.1 Design Parameters
The design of the die and punch affects the metal flow & friction conditions in the

deep drawing process. The influence of the different parameters is discussed in

following section.

1.3.7.1.1 Die Corner Radius

The die corner radius (rq) depends on the thickness and size of the blank.
Theoretically, larger die corner radius reduces the draw load and increases the
limiting draw ratio. However, if the draw corner radius is too large, it reduces the
contact area between the flange and the blank holder and increases the tendency to
wrinkle. Too sharp die corner radius will hinder the normal flow of the metal and
cause uneven thinning of the cup wall, resulting in tearing. Smaller die corner radii
may cause confined failures in the bending zone by increasing the strain hardening
tendency. If the die corner radius is small, the interaction with the tools is also less
which may cause a heat upsurge, leading to the deteriorating of the die material and
more rapid erosion. It was also concluded that too much increase of the die corner
radius does not significantly increase the limiting draw ratio and may lead to
wrinkling or puckering. So a safe region of 2t<ry<10t is desirable in most of the sheet
metal forming operations. The die corner radius may be increased to 6 to 8 times the
metal thickness when drawing shallow cups on heavy gauge metals without blank

holder. [1,2]

1.3.7.1.2 Punch Corner Radius
In sheet metal forming punch corner radius is very crucial since most of the time

fracture occurs nearer to punch corner radius. A sharper radius will require higher
forces where the metal is folded around the punch corner and results in excessive
thinning or tearing at the bottom of the cup. To prevent excessive thinning, the punch
corner radius (rp) must be within the range of 4 to 10 times the metal thickness (t). If
the radius of punch is less than four times the blank thickness, it may be necessary to

form it over a larger punch radius and then re-strike it to develop the specific radius.
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The radius may be determined by the product design when only one draw is necessary
to complete the work piece because the cup bottom takes the shape of the punch
corner. The empirical findings of the experiments show that for r, < 2t, the cup is
more prone to the tearing failure while for r, > 10t, stretching may be pronounced.
Further, it is also observed that within the range of 4t <r, < 8t, punch corner radius
does not significantly affect limiting draw ratio. (The smaller the punch corner radius,
the greater amount of such formations and re-formations the metal has to go through.

If too much, such process results in larger spring back). [1,3]

1.3.7.1.3 Radial Clearance

Radial clearance is very crucial parameter in deep drawing operations. It is the
difference between die radius and punch radius (wc¢ = DR-PR).The clearance
between the punch and die throat affects the flow region and geometry of the cup.
The optimum value of the clearance can be firmed by two factors: blank thickness &
material type. For thinner blanks, the clearance should be as tight as possible to
prevent worn out edges. However, for thicker blanks the value of clearance should be
higher to allow the perforating process to be successful without having harmful
effects on the punch and the die and to give a good edge quality. As the blank is
strained over the die radius, there is steady decrease and then increase in the thickness
of the blank. The value of draw force increases as the clearance decreases. A
secondary peak occurs on the force-stroke curve where the blank thickness is slightly
greater than the clearance and where ironing starts. When clearance is equal to the
blank thickness, ironing of the metal will occur near the top of the cup. It is revealed
that the distribution in sheet metal thickness is increasing with dipping valye of the
radial clearance (wc). In addition, for the radial clearance (wc) that is less than the
blank thickness (t), the cup fails due to increased thinning. Whilst for the radial
clearance (wc) greater than the blank thickness (t), thinning is stable. The radial
clearance which is less than (0.5t) is not suitable because the fraction of decrease in
thickness is more than 45%, while the utmost acceptable percentage of reduction in

thickness is 45% [1]. It is made known that the spring back fraction is reduced with
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increasing the radial clearance (wc). As well, for the radial clearance (wc) that is less

than the blank thickness (t), the cup fails due to increased thinning.

1.3.7.1.4 Blank Thickness
The original blank thickness has some outcome on the thickness distribution and

thinning of blank in the deep drawing operations. The average distribution of the
blank thickness is increasing with increasing the blank thickness. Also, the fraction of
thinning is increasing with increasing the blank thickness. Slightly thicker blanks can
be gripped better during the deep drawing operations. Also, thicker blanks have more
volume and hence can be long-drawn-out to a greater extent with increasing in
thinning. The original blank thickness has some effect on the spring back of sheet
metal in the deep drawing operations. It has been revealed that the spring back

fraction decreases with increasing the blank thickness [1].

1.3.7.2 Material Parameters
Flow stress, strain hardening co-efficient, anisotropy and microstructure are the

important material variables in the analysis of the sheet metal forming for a given
composition and deformation. Both flow stress and anisotropy influence the
forming behavior. Further, they also affect the deformation behavior of the metal.
Stretch ability of metal is significantly affected by strain-hardening exponent (n)

governing the neck strain distribution.

1.3.5.2.1 Anisotropy
An plastic anisotropy,7, is calculated as:

T +2 T'ss +r90
4

r=

Where 14,145 and rgpare r-values at 0°, 45° and 90° from the rolling direction.

Increasing r-values decrease the force required to deform the flange while increasing

the strength of the cup wall. The r-value indicates the ability of the material to resist
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thinning. When r>1, the material flows easily in the plane of the sheet but not in the
thickness direction. On the other hand, r<1 means that the material flows easily in the
thickness direction, and this is an undesirable property as it might lead to excessive

thinning.

For an anisotropic material, drawability will be given by

In(LDR) =/(r + 1)/2

Planar anisotropy, Ar, is calculated as:

g — 21‘45 + I'gg

Ar =
r 2

The higher the values of Ar, the more earing occurs. Earing typically must be
trimmed; therefore, an increase in Ar increases trimming and reduces the total depth

of draw.

1.3.7.2.2 Strength Co-efficient
A high K-value means a strong wall, which is beneficial, but also a strong flange,

which makes it harder to draw in. Therefore, for the drawing operation to be
successful, the K-value should be sufficiently large to assure a product of reasonable
strength, but not so high such that it necessitates use of large punch force to complete

the draw, which in turn might cause fractures.

1.3.7.2.3 Work Hardening Co-efficient
The work hardening coefficient (n) and the anisotropy value affect the magnitude

of the limiting draw ratio Sheet metal with good deep drawing characteristics
should have a high r-value and small planar anisotropy. Sheet metal for combined
forming by deep drawing and stretch forming should both have a high normal
anisotropy value and a high work hardening coefficient. The bottom tearing force

in deep drawn cups is also affected by the work hardening coefficient: A larger
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value of work hardening results in an increase in transferable load on deep drawn
work-piece; a higher work hardening coefficient also means higher strain before
necking. Depending on the type of forming process (deep drawing or stretch
forming), the normal anisotropy ( r ) work hardening coefficient (n) will have a
decisive role in determining the material behavior. Thus the limiting draw ratio
increases with, increasing r-value and produces less thinning in transition region

from cup bottom to the wall and also reduces the drawing load. [36]

1.3.7.3 Process Parameters

1.3.7.3.1 Blank Holding Force
The blank holding force (BHF) necessary to hold a blank flat for a cylindrical draw

varies from very modest to utmost of one third of the drawing force. The higher the
value of binder force, the larger will be the strain over the punch face, however the
process is restricted by the strain in the side-wall. If the tension is reached to its
maximum value, the side-wall will fail by splitting. It has been shown that the spring
back percentage is stable with increasing of blank holding force (BHF) up to a certain
value. After that the spring back percentage is increasing with increasing of BHF [4].

Comparison between the draw depth and blank holding force is shown in figure 1.13.

per =107 ¢ [(DR - 1)’ + 222 | 5,

Fpu- peu X Apn
Psu 1s the blank holder pressure
Fgy is the blank holding force
Agy is the area of the blank holder
C is the empirical factor, ranging from 2 to 3

DR is the drawing ratio
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dy is the blank diameter
t is the blank thickness

Oyts 1 the ultimate tensile strength of the sheet material

s,
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Fig. 1.13 Graph showing variation of draw depth w.r.t blank holding force. [30]

1.3.7.3.2 Friction
In Sheet Metal Forming operations, such as deep drawing, friction plays a significant

role. Together with the deformation of the sheet, the friction determines the essential
punch force and the binder force. As a result, the friction influences the energy which
is desirable to deform a blank. Friction also influences the stresses and strains in the

blank and, hence, the quality of the drawn product.
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1.3.7.3.2.1 Co-efficient of friction between punch & blank

The drawing force that is necessary to form the blank is applied by the punch on the
bottom of the cup and transferred from there to all the way through the wall into the
flange. This transmission of force calls for the highest possible coefficient of friction
on the punch edge. This demonstrates the first important rule for lubrication in this
case: neither the punch nor the blank should be lubricated in this area. Even if this
consideration is optimal for an isolated forming operation and force transfer, one still
must consider punch wear. For fluid lubricant, it has been revealed that the
distribution in blank thickness is decreasing with increase in value of the coefficient
of friction between punch and blank. For solid lubricant and dry lubricant, the
distribution in blank thickness is steady with increasing the coefficient of friction

between punch and blank [1,2].

1.3.7.3.2.2 Friction Co-efficient between blank and holder

The primary motive of deep drawing lubrication is to attain minimum friction in the
binder area. This includes the lubrication on the binder side, which, as much as
possible, should be a lubricant ring in order to reduce the friction in the region of the
punch edge to make it as little as possible. However, in the case of high viscosity oils
and drawing pastes, if the applied lubricant film is excessive, there is the risk that
hydrostatic effects on the blank holder side of the flange can cause reduction of sheet
metal contact with the blank holder resulting in wrinkling. When the coefficient of

friction between binder and blank increases, the spring back percentage is decreasing.

[1]

1.3.7.3.2.3 Friction Co-efficient between Die and Blank

The major aim of the lubrication in the die and blank interface region is to trim down
wear. Thinning fraction increases with increase in value of co-efficient of friction
between die and blank. On the other hand the spring back effect decreases with

increasing value of friction co-efficient.
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Fig.1.14 Friction regions in a deep drawing a cup. (A) Friction suface between blank
and binder & die; (B) friction surface between blank & the die corner radius and (C)
friction surface between blank & the punch corner radius; Fp, total drawing force;
FH, blank holding force.[1]

1.3.7.3.3 Punch Velocity
The punch penetrates the blank at a certain velocity which has specific effect on

the success of drawing operation. Slower drawing speeds must be used for lesser
ductile metals. When too much thinning occurs, the drawing speed must be
reduced. The idyllic conditions that have to be maintained to obtain most
favorable drawing speeds are the adequate lubrication, cautiously controlled
binder pressure and the condition of the press which are to be maintained at high
level of accuracy. The punch velocity in hydraulic press is fairly constant
throughout the stroke. In mechanical presses, punch velocity is taken as that at

mid-stroke because the velocity changes in a characteristic manner throughout the
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drawing stroke from maximum velocity to zero. The drawing speed has greater
influence in drawing stainless steel and heat resistant alloys than in drawing
softer and ductile metals. Higher press speeds may cause cracking and excessive

wall thinning while drawing metals with lower ductility.

1.3.8 Defects in Deep Drawing
The deep drawing process depends on the number of factors as explained in the

previous section. If the specific values of these parameters not maintained then
defects occurs in the drawn part. Defects set the limit of drawing or stamping in the
sheet metal processes. The most common and frequent defects are like wrinkling,

tearing, orange peels, earing , necking and scratching.

e Wrinkling: Wrinkling takes place when one of the principal stress is
compressive in nature. The circumferential compressive stress cause
the problem of wrinkling or buckling. The wrinkling can be avoided
by using the appropriate value of the blank holding force. Wrinkling
takes place on the both flange as well as on side walls.

e Earing: When the walls of the drawn part or cup have peaks and
valleys this defect is known as earing. Planar anisotropy is the only
cause behind the wave edges on the drawn part. There might be two,

four and six ears but four numbers of ears are very common.
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Fig. 1.15 Earing defect w.r.t rolling direction

Tearing or Localized Necking: In the starting of a tensile
deformation the process is stable and homogenous over the work-
piece. However, at some stage, large amounts of strain might localize
in a small region and the local cross-sectional area will decrease. This
is called a neck in the material. If the deformation continues, almost
all deformation will be concentrated in the neck and this instable
deformation will eventually lead to tearing of the material. The reason
for necking is due to the fact that all real materials are imperfect, in
the sense that they have small local variations in dimensions and
composition, which lead to local fluctuations in stresses and strains.

Besides these defects there are several types of surface defects like
Luder lines, orange peel effect, ring prints etc. Orange peel effect
defect is mostly cause by the increase in the grain size of the part
during the drawing process. Luder lines or stretcher strain is a
commonly found defects in the low carbon steel drawn parts. Its

appears like a flame type pattern of the impression on the surface.
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Fig. 1.16 Various failure modes in deep-drawing: 1-flange wrinkling; 2-wall
wrinkling; 3- part wrinkling; 4-ring prints; 5- traces; 6-orange skin; 7-Liider’s lines;

8-bottom fracture; 9- corner fracture; 10,12-folding; 13,14-corner folding. [29]

1.4 Motivation

1.5 Objective
The major objectives of this project can be identified in the following list:

e Seclection of materials for fuel tank and determining their tensile
properties.

e To design the die face of fuel tank using the die module in the
HYPERFORM".

e Creating a tool and die setup in the Incremental RADIOSS with
suitable die clearance and binder surface.

e Analyzing the results of the simulation and propose the appropriate
changes in the forming parameters to avoid draw defects like
wrinkling, thinning and cracks.

e Simulating the process using different material under the varying
thickness and analyzing their effects on the deep drawing process.

e Prediction of FLD using HYPERFORM"®.
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1.6 Organization of Thesis
The chapters of the thesis are arranged in the following manner. Chapter one presents

the background of this project along with the objectives. Besides that it describes the
deep drawing process and its various parameters and their effects on the process.
Chapter two provides a inclusive literature review related to various aspects of the
deep drawing process. Chapter three deals with the die face design and generations of
tool and binder using the die face in Incremental RADIOSS. Chapter four the
material properties and stress strain diagram are defined in this chapter. Chapter five
provides the results obtained by the simulation study. Finally, Chapter six concludes

the thesis and provides suggestions for future work.

32



CHAPTER 2

LITERATURE REVIEW

With an aim to review the different technical concepts that are utilized in the deep
drawing process as well as to disclose the influence of the key process parameters on

the excellence of drawn products, a literature review is presented in this chapter.

M. El Sherbiny [1] used the parametric analysis technique that is utilized in
ABAQUS modeling software for creating the three dimensional numerical simulation
for the sheet drawing process. ABAQUS runs on the FEA program and it is supplied
with the material properties and boundary conditions as an input data. With the
developed simulation model, one can easily determine the thickness distribution,
thinning and the maximum residual stresses on the blank side at the various die
design parameters. To validate the simulation model, he compared the data obtained
from simulation with the experimental results of Colgan and Monaghan. This
comparison results into the agreement of the two methods, that is simulation and
experimental. The simulation used definitely reduced the time and cost of analyzing

the deep drawing process on different parameters.

Hill. R. [6] analysed the pure radial drawing of an annular flange assuming a rigid
plastic material. Plane strain and plane state of stress conditions were considered. An
isotropic material was chosen and it is assumed that there is negligible frictional force
in the process. Levy Mises rule and the Tresca theory were assumed together. He
made the conclusion that the generalized strain and the circumferential strain
occurring in the flange portion are equal in magnitude. He showed the location of the
particles in the deforming flange and proved that there was little dependence on the
stress-strain properties of the material. There was greater tendency of work hardening

and reduction of thickness of material across the annulus at any moment.
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Chung S.Y. and Swift H.W. [7,8] extended the work to consider the friction at the rim
of the blank. Their assumptions were justified by detailed comparison with their
experimental work. Swift’s work led to a good understanding of radial drawing and to
an appreciation of thinning of material as it passes over the die. They reported punch
load for different travel positions of punch. Chung and Swift pointed out that their
theory is not capable of predicting strains over the punch head, where critical
conditions generally occur leading to fracture. Their theory can be used for predicting
punch loads and power requirements, however, although the computation is

necessarily complicated and- is not recommended for general use.

Lankford W.T. et al [9] recognized the importance of the variation of r-value with
orientation in the plane of sheet for commercial low carbon steel. They reported that
the variation in r-values could be exploited for unsymmetrical stampings. The
variation of the plastic behavior with direction is assessed by a quantity called
Lankford parameter or anisotropy coefficient which is determined by uniaxial tensile
tests on sheet specimens in the form of a strip. The anisotropy coefficient (r) is

defined by
r==2 2.1

where €, ; €3 are the strains in the width and thickness directions, respectively.

Fig.2.1: Strains on a tensile-test specimen removed from a piece of sheet metal.
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Equation 2.1 can also be written as

[~

In—

by 2.2)
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el

where b, and b are the initial and final width, while t, and t are the initial and final

thickness of the specimen, respectively.

Taking into account the condition of volume constancy, €, + €, + €3 = 0, following

form of 2.1 is obtained

S 2.3
= ex+e, (2.3)
—Enbi
and 2.2 becomes r=—7—2% (2.4)
Ena+ En—ﬂ

El-Sebaie M.G. et al [10] presented theoretical results of n and r on the limiting draw
ratio when drawing with a flat headed punch. They concluded through experiments
that n-value has little effect on limiting draw ratio and while increasing r-value
increases the draw ratio. They have shown that at least two instability modes are
possible. The first mode in the cup wall occurs under plane strain tension and is most
likely to apply to annealed materials. The second mode is in the flange under uniaxial
tension and this is most likely to apply to materials that have been previously cold-
worked. The limiting drawing ratios for drawing with rough punch are somewhat

greater than those for drawing with smooth punch.
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Fig.2.2: Punch load/travel diagrams for all materials drawn with (a) smooth punch
(b)rough punch
Darendeliler H. et al [11] developed finite element method to study elasto-plastic
deformation of sheet materials in the presence of large strain and displacements. They
have assumed the sheet material to be isotropic and insensitive which obeys J, flow
theory. The work hardening characteristics of the material and Coulomb friction

between sheet metal and punch were considered with a constant blank holding force.

Yang D.Y. and Lee H.S. [12] suggested that deformation region can be divided into
several zones by considering geometric characteristics and contact boundary
conditions. An elliptical punch was used and experimental results were compared
with computed results and found to be in good agreement with experimental value for

the punch load and thickness strain distributions.
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Fig.2.3: (a) Schematic diagram of five regions in the deep drawing by an elliptical
punch. (b)Schematic diagram of five regions in the deep drawing by a clover-type
punch.

Lee C.H. and Kobayashi. S [13] described the matrix method for the analysis of rigid-
plastic deformation problems and demonstrated its use to analyse simple compression
of cylinders and plane stress hole expansion and flange drawing of planar anisotropic
sheets. The matrix method enabled the computation of free surface barreling and
produced the so-called "folding" that has been a long known fact but never shown by

a theoretical calculation previously.

Michal J. Saran et al [14] developed a formulation for numerical simulation of
complex forming with special emphasis on accuracy and computational efficiency.
An incremental displacement approach based on Lagrangian formulation with elastic
visco-plastic material model with Hill's cross-anisotropy, power law hardening and
strain rate sensitivity are assumed was attempted. Adaptive remeshing procedures
were adopted which reduced the number of elements while maintaining the same
level of accuracy. They concluded that strain distribution agrees with the

experimental values.
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Fig.2.4: Adaptively redesigned meshes for the test part example

Seo [15] investigated the work hardening of the material during multiple forming.
The thrust of his work was on the loss of ductility due to cumulative work hardening
during multiple deep drawing. A three-dimensional model was used to conceptualize
the design necessary to set up finite element models. The results of his work showed
that work hardening induced from the first draw station affects material deformation
behaviour in subsequent forming. The aim of the investigation was to predict material

fracture upon reaching a final shaping station.

Jain et al. [16] conducted simulations on the progressive-die-sequence design for
automotive parts. The objectives of their investigation were to determine the number
of forming stages, tool geometry for each stage, drawing depth in each forming stage
and the blank holder force for each stage. They concluded that the integration of
simulations and past experience can reduce the number of die tryout tests and

associated time and cost. Furthermore, they concluded that integrating simulations
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allows further refinement and optimization of the die design to improve product

properties such as wall thickness tolerances.

Keeler[17] pioneered the research in the field of Forming Limit Diagrams (FLDs). He
demonstrated that the maximum values of the principal strains €land €2 can be
determined by measuring the strains at fracture on sheet components covered with
grids of circles. During forming the initial circles of the grid become ellipses. Keeler
plotted the maximum principal strain against the minimum principal strain obtained
from such ellipses at fracture of parts after biaxial stretching (e1> 0; €2> 0 ) [18].

This way he obtained a curve limiting the tolerable range.
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Fig.2.5: Forming limit diagram defined by Keeler [17]

Goodwin [19] plotted the curve for the tension/compression domain (¢l > 0; €2 <0)
by using different mechanical tests. In this case, transverse compression allows for
obtaining high values of tensile strains like in rolling or drawing.

The diagrams of Keeler (right side) and Goodwin (left side) are currently called the
Forming Limit Diagram (FLD), see Fig. . Connecting all of the points corresponding
to limit strains leads to a Forming Limit Curve (FLC). The FLC splits the ‘fail’ (i.e.
above the FLC) and ‘save’ (i.e. below the FLC) regions. The Forming Limit Curve
(FLC) is plotted on a Forming Limit Diagram (FLD). The intersection of the limit
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curve with the vertical axis (which represents the plane strain deformation (¢2 = 0) is

an important point of the FLD and is noted FLD,.
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Fig.2.6: Forming limit diagrams defined by Keeler and Goodwin [19]

Today, depending on the kind of limit strains that is measured different types of

FLD’s are determined: for necking and for fracture, see Fig. 2.7
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Kaftanoglu [20] developed a method to model flange wrinkling in axisymmetrical
deep drawing using the energy method. In this approach, wrinkling occurs if the
plastic work done for deep drawing is higher than the plastic work done for
wrinkling. For this purpose, using von Mises yield criteria, a plastic analysis is done
for the flange part of the blank, assuming plane stress conditions. For the calculation
of work done for wrinkling, wrinkles are assumed to be a sine curve in shape. So the
amplitude of the wrinkles are calculated, then using the plastic bending moment,
work done for wrinkling is obtained. Using these procedures, plastic work versus
reduction strain curves are obtained for both deep drawing and wrinkling. When the
slope of the wrinkling curve is greater than deep drawing curve, wrinkling does not
occur, since the energy required is greater than deep drawing. Considering the peaks
of the wrinkles as plastic hinges, the blank-holder force needed to suppress wrinkling
is found in terms of wave number. Experiments are conducted to verify the numerical

results with several materials and for several initial blank diameters.
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Ramaekers et al. [21], made a research on the deep drawability of a round cylindrical
cup. The limiting drawing ratio is tried to be related with some process parameters
like anisotropy factor, strain hardening exponent, etc... Upper and lower bound
methods are used to obtain theoretical models. Using the theoretical model proposed
for deep drawing, estimation for the limiting drawing ratio is tried to be achieved.
Some experiments are conducted to verify the model developed. Comparing the
results, it is seen that an agreement between the model for deep drawing and
experiments. However, a precise prediction of the limiting drawing ratio could not be
achieved. The friction coefficient is seen to be an important factor for the drawability
of large size products. The study showed that decreasing friction coefficient,

increases limiting drawing ratio.

Cao and Boyce [22] examined wrinkling and tearing type of failures in sheet metal
forming. For prediction of wrinkling, they used a method proposed by Cao and
Boyce. The criterion is based on the energy conservation and minimum work to
suppress the wrinkling. Total strain energy values for a perfect plate and for buckling
plate are recorded. Then the force/pressure needed to suppress the wrinkling is
calculated using the energy difference and wrinkling amplitude. In prediction of
tearing, existing forming limit diagrams are used in correspondence with the local
strain histories near possible tearing regions. They also developed a technique named
variable binder force in which blank—holding load varies in controlled manner, not a
constant blank—holding load was used. A control algorithm is proposed for variable
binder force technology. Two examples are used: conical cup drawing and square cup
drawing. Finite element models of both cases are analyzed by commercial program
ABAQUS. Comparison with the experimental results shows that the method is
capable of predicting wrinkling and tearing. The control algorithm for variable binder
force is tried in both cases, and 16% extra cup forming height is provided for conical

cup drawing.
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Makinouchi et al [23] analyzed wrinkling during deep drawing of conical cups
numerically and experimentally. The experiments were conducted not only to create a
reference for FEM simulation, but also to give some guidelines for a reliable
benchmark test of the wrinkling prediction capability of various FEM codes. The
simple component geometry enabled the easy comparison of experimental and FEM
results. To make numerical results more general, two types of FEM analyses were
employed: static-explicit (ITAS3D) and dynamic-explicit (ABAQUS/Explicit). The
same simulation parameters used enabled the comparison of both techniques. The
experiments were carried out with an anisotropic sheet with a view to investigate the
shape of wrinkles on a hydraulic press because of its advantage in controlling load
and ram velocity which can be adjusted according to the requirements of the

deformation process.

Ferron et al [24] developed a bifurcation analysis for predicting the occurrence of
wrinkling in metal sheets with isotropic elasticity and transversely anisotropic
plasticity. Based on the local conditions describing sheet geometry, loading and
material anisotropy, wrinkling is predicted in the form of a limit curve defining
bifurcation in principal stress space, along with the wavelength and orientation of the
wrinkles. The practical relevance of this approach was checked by comparison with
FE predictions of wall wrinkling in the conical cup test in the Abaqus, a FE code. The

simulations are made for different materials.

Rees [25] examined the formability of a zinc clad automotive CR sheet steel. This
material’s extended ductility allows a diffuse instability condition to define the limit
of formability at the onset of necking under in-plane biaxial stressing. It is shown
how this theory can admit material anisotropy, sheet orientation, thickness, strain
history and changes to its r and n values under any ratio of applied principal stresses.
Shown here are the influences upon limiting formability of: (i) orientation between
the principal stress axes and the sheet’s rolling direction in 158 increments between
08 and 908; (ii) n-values between 0.1 and 0.3; (iii) r-values between 1.1 and 1.8; (iv)
equivalent prestrains from -15 to +15%; (v) sheet thickness between 0.25 and 1.5

mm. The ratio between the in-plane principal stresses is allowed to vary between 0
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and +1 for constructing two forming limit diagrams. These forming limit diagrams
(FLDs) plot either the limiting in-plane principal engineering strains, eP1 versus eP2,

or the major in-plane and thickness strains, eP1 versus eP3

Faraji et al [26] obtained an LDR of 9 in FE analysis of the multi-stage deep drawing
carried out by ABAQUS/explicit FE code. Furthermore, to predict the onset of
necking, the forming limit diagram and the forming limit stress diagram were
computed and implemented into FE analysis. The best LDRs for each stage were
obtained from FE analysis. Experimental tests were conducted based on FE analysis
results for comparison purpose. Also, the wall thickness distributions obtained using

the finite element method (FEM) was compared with results from several tests.

Choubey et al [27] simulated the deep drawing process with ANSYS 14.0 Software.
The die and punch is assumed to be rigid and for the deformable Mild Steel blank, the
elasto-plastic analysis is carried out. This way the concern of different process
parameters such as coefficient of friction, punch pressure, blank-holder pressure is
studied. The main objective of this study is to investigate the effects of Blank-holder
pressure (BHP) on the quality of deep drawn product. The effect of BHP variation on
failure limits and the limiting drawing ratio in axisymmetric deep drawing operations
are studied. Blank material is mild steel and finite element method is used for the

simulation. The study includes many aspects that affect the final product.

44



CHAPTER 3

MODELING & SIMULATION

3.1 Modeling
Modeling of the die has been done using the Hyperform die module. Before that the

part is modeled in the solidworks and the part has been splitten in half along the XY
plane. Then the .iges file is created which is further imported to the hyperform die

module.

Fig. 3.1 Die Face Designed in Die Module

The .iges file of the split part is imported to the Hyperform Die Module and geometry
clean up is performed to toggle the open edges. After the geometry clean up trim line
is created by using create by part option. Then the flat binder is generated and by

trimming the binder along the trim line die cavity is created.
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Fig. 3.2 Blank

3.2 Simulation
Simulation is preformed using Altair Hyperform Radioss which is a complete finite-

element-based sheet metal forming simulation framework. Its exclusive process-
oriented environment captures the forming process with a suite of highly tailored and
configurable analysis and simulation tools. HyperForm delivers a cost-effective
solution that allows users to develop an optimal manufacturing process. Two modules

of Hyperform Radioss are used, namely Radioss One-Step and Incremental Radioss.

One-Step is a designer friendly model setup for forming feasibility analysis. The
solver is very fast and accurate in predicting the blank shape and forming feasibility
early in the product development cycle, minimizing downstream formability
challenges and associated costs. Its intuitive nesting interface proposes proper blank-
sizing, minimizing material scrap in the early stages of the product development

process.
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Incremental is the module where actual forming simulation takes place. Here, we
setup the deep drawing process, either manually through User Process or
automatically through Auto Process. It also has function known as Tool Setup that
auto generates punch/die and blank holder meshes form the die/punch mesh using
input data such as clearance %age and blank holding area. The results are viewed and

processed in HyperView.

3.2.1 Radioss One-Step Analysis
In this analysis, CAD geometry, preferably in .igs format is imported and then

processed before submitting for feasibility analysis. This processing includes
removing holes, if any in the geometry, geometry cleanup, meshing with rigid mesh,
autotipping with respect to the drawing direction, which is along z-axis by default,

applying material properties, constraints and blank holding pressure.

3.2.2 Die Module
In Hyperform Die module section we can create die face designs for the each step to

produce or manufacture a product from a flat blank. In this section we can quickly
alter the die surface and repeat the analysis to arrive at the feasible design. We can
optimize the die face design and process parameters to avoid the probable defects and
land at the feasible and robust process. Hence we can optimize the die structure for
maximum tooling life with minimum material to save cost. In this we can also check
up for the undercut negative draft in the part with respect to the draw direction. Draw
depth based on flat binder can also be calculated. We can develop trim line on the

basis of the flanges and addendum.

3.2.3 Incremental Forming

In this module actual simulation of the process takes place that’s why it is also known
as virtual reality. We can generate binder and punch from the die face designed in the
die module section with the suitable percentage clearance between the punch and die.

There are two different solvers in this section named as, Incremental RADIOSS and
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LS-DYNA. Intuitive interface for designers and engineers for quick model setup.
Multistage transfer die or progressive die forming modeling using multistage
manager. Supports modeling of single, TWB, Multilayer blanks as shell and solids.
Options to create custom process and store it as templates for reuse and share to
establish uniform model setup. Fast, Robust, Accurate and Scalable Incremental
solver RADIOSS provides quick and best-in-class forming and spring back results.
Efficient result interpretation in HyperView with special tools for forming relevant
post processing. Simplified interface to setup optimization of process parameters,
blank shape, tooling parameter in a stamping process using HyperStudy with
HyperForm. Die structure analysis and topology optimization using RADIOSS with

Optistruct for maximum tool life and lightweight.

Fig. 3.3 Die with meshing
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Fig. 3.4 Punch

The die face designed using die module is imported in the incremental RADIOSS.
Along with this iges blank file is also imported. Then we go to the
mesh>organize>element>components and assign the elements to the die face and
blank. First, the die and blank are meshed and then Tool Setup function is used to
build and setup the punch and binder from die surface. The Tool Setup function also
automatically assigns meshes to punch and binder. The following figure shows the
outcome of the Tool Setup function using die-punch clearance as 10%. Die, punch

and binder are placed such that they just touch the blank surface.
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Fig. 3.5 (A) Binder (B) Blank
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Fig. 3.6 From upside (1) Die (2) Blank (3) Binder (4 )Punch

Die, punch and binder have been assigned rigid meshes known as R-Mesh consisting
of four-node shell elements as they are tools and do not need to be analyzed. Binder
has been assigned fine B-Mesh or Belytschko-Tsay shells in order to capture the

results with accuracy.

After the Tool Setup, User Process is selected in order to finally setup the analysis.

We set the material to be used for sheet.

As this is a double action draw, travel and velocity details for punch or die are asked.
When we click on calculate distance, then it will calculate the travel details. These
calculated are automatically fed, with respect to the condition that all other tools just

touch the blank. We can also change these values according to our requirements.
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The final part is drawn in by using 200 KN blank holding force and draw depth of

78mm. The frictional coefficients between various surfaces are as given below:

Table 3.1 Friction values

S.No. Contact Surfaces Coefficient of friction
1 Die-Blank 0.125
2 Binder-Blank 0.125
3 Punch-Blank 0.125

Then we click on Apply to apply these values to the model and Run to run the
analysis using Radioss. After the completion we go to utilities and click on the report
generator. Then select the animation files written by the software which have.rad
format and click on the view results. We can also change the number of animation
frames. The results are displayed in the Hyperview and can be exported in .H3D
format or .html format. In h3d there is video file whereas in .html images are

displayed.
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CHAPTER 4

EXPERIMENTAL WORK

4.1 Materials Selection

Chemical composition of CRDQ and Interstitial Free steels used for experimental
work is determined by the spectrometer. The SPECTROTEST is a mobile arc spark
spectrometer ideal for many applications in the metal producing, processing, and
recycling industries. This mobile metal analyzer flaunts its superior performance
especially when exact metal analysis is required, when materials are difficult to
identify or when there is a large number of samples to be tested.

The complex arc spark spectrometer design offers many ergonomic advantages for
safe and fatigue-free onsite operation. The light, thin probe is quickly converted
between arc excitation and spark excitation (arc spark OES). A probe with an
integrated UV optic is available for special measuring applications; in its newest
version it can also be utilized with arc excitation.

This arc spark spectrometer is even able to identify low alloy steel with the carbon
content during the rapid arc excitation mode. In spark mode, the SPECTROTEST’s
analysis of carbon phosphorous and sulfur are potential applications in addition to the
identification of duplex steels using the nitrogen content.

Table 4.1: Chemical composition of the CRDQ & IF steel used (by weight %)

Elemen | C Si Mn Ni Cr Cu \'} Al Ti S P

ts

CRDQ 0.053 | .018 | 0.076 | 0.039 | 0.037 | 0.022 | 0.036 0.018 | 0.045 | 0.020 | 0.016
IF Steel | 0.004 | .002 | 0.112 | 0.012 | 0.012 | 0.009 | 0.017 .0048 | 0.025 | 0.009 | 0.017
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4.1.1 Interstitial Free steel
These are also known as the extra deep draw steel. These are steels from which

carbon and nitrogen have been reduced to extremely low levels (less than 0.005%).
After vacuum degassing, titanium is added to react with any carbon or nitrogen in
solution. Titanium reacts preferentially with sulfur so the stochiometric amount of

titanium that must be added to eliminate carbon and nitrogen is

%Ti = (48/14)(%N) + (48/32)(%S) + (48/12)(%C)

4.1.2 Cold Rolled Deep Quality
Cold rolled steel offers a wide variety of properties including ease of formability, a

smooth and clean surface that’s why there are mostly used in automobiles, furniture
and other appliances. The formability of products is determined by annealing.
Because cold rolling significantly increases material hardness, making forming
difficult, annealing is performed to improve ductility by inducing a recrystallized
structure in the steel. Annealed coils are lightly rolled by the skinpass mill to prevent
a defect called stretcher strain, improve strip shape, and adjust mechanical properties.
Skinpass rolling is also used to produce dull finish and bright finish products.
Depending upon the application the process of production and composition of the

cold rolled steel is changed.
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4.2 Determination of tensile properties
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Fig. 4.1: Dimensions of Tensile specimen (ASTM E8)

The specimens as per ASTM standard ESM as shown in Fig. 4.1 are used for tensile
testing. The specimens were prepared in three directions with the length parallel (0°),

diagonal (45% and perpendicular (90 to the rolling direction of the sheet.
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Fig. 4.2 50kN-UTM-table top in Metal Forming Lab. at DTU

Fig. 4.3 Tensile test specimens in 0°, 45° and 90° to rolling direction as per ASTM
E8M standard.
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The specimens are tested in uniaxial tension on UTM table top (Fig. 4.2) at a constant
cross head speed of 5 mm/min. The tested and untested tensile samples are shown in
Figure. Load elongation data was obtained for all the tests which were converted into
engineering stress strain curves. The standard tensile properties such as yield stress,
ultimate tensile stress, uniform elongation and total elongation are determined from
the stress- strain data.
The point corresponding to max stress was taken as the UTS and the stress at 20%
offset is taken as the YS. The total elongation is measured using an initial gauge
length of 50.8 mm.
The strain hardening behavior can be described using the Holloman’s equation.
o=Ke"
Where o=true stress, €=true strain, n=strain hardening exponent, K=strength
coefficient.
For determining the n value of these sheets, the engineering stress strain data were
converted into true stress-true strain curves using the following equations.
oc=s(1+e)
e=In(1+e)
Where s = engineering stress and e= engineering strain.
The log true stress and log true strain values are calculated in the uniform plastic
deformation range (between YS and UTS) and using linear regression (least square
method) a best fit was plotted. The slope of this line gives n value and Y- intercept

gives log K.

4.3 Mechanical Properties of Materials
Various mechanical properties of the materials which are determined from the data

obtained from the tensile test of the specimens are displayed in the table 4.2.
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Table 4.2: Different Mechanical properties of CRDQ & IF steel

UTsS Yield Stress EL% Hardness(HRB) Anisotropy | Strain
hardening
(r) coefficien
t(n)
342.74 186.89 N/mm2 44.20 69-70 1.5 22
N/mm?
249 110.67 N/mm’ 47.3 30 2 .28
N/mm?
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Fig. 4.4 Engineering Stress-Strain Curve of CRDQ Steel
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Fig. 4.6 Engineering stress (MPa)-strain curve of IF Steel
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Fig. 4.7 True stress (MPa) — strain curve IF Steel
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

In this chapter, deep drawing process simulated in hyperform has been explained.
Hyperform was used to predict percentage thinning, plastic strain and forming limit
diagram. There are four cases discussed in this chapter for two materials i.e, CRDQ

and IF steels and two thickness, i.e, 0.8mm and 1.2mm.

5.2 Problem Formulation

The figure 5.1 represents the deformed blank and an unsuccessful attempt of drawing.
There have been many trial run computed at different blank holding forces but due to
insufficient forces wrinkling was evident and slipping was also seen due to which

simulation was terminated in between.

Contour Plot Loadcase 1 : Time = 2.8350e-002
%Thinning(Scalar value, Mid) Frame 8
Simple Average

1.547E+HI1
[1.345E+U1
1.143E+01

—9.414E+10
—7.384E+00
—5.374E+H10

3.355E+00
1.335E+00
-6.648E-01
-2.704E+00

Max = 1.547E+H11
Node 500355032
Min = -2 704E+10
Naode 200145261

Figure 5.1 An incomplete draw part under 25 KN binder force.
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Case I: Material used IF steel and thickness is 0.8mm

Contour Plat Loadcase 1 : Time = 5.5401e-002
Thickness(Scalar value, Mid) Frame 11
8.77TE-01
[B 454E-01
8.131E-01
—7.807E-01

[7.454501
7. 160E-01

5.837E-01
B.514E-01
5.180E-01
5.867E-01

Max = 8.777E-D1
SHELL 17010
Min = 5 867E-01
SHELL 23073

Contour Flot Loadcase 1: Time = 5.5401e-002
%Thinning{Scalar value, Mid) Frame 11
Simple Average

2612EH1
[2.23?E+D1
1.861E+01
— 1.486E+01

[1 AT1EHD
7.351E+HI0

3.897EHID
-1.871E-01

-3.811E+HID
-7 .BESE+IOD

Max = 2.612E+HN
Node 22304
tin = -7 BESE+I0
MNode 11185

Y\?/x

Fig. 5.2 (A) Variation of the thickness throughout the blank. (B) Percentage thinning
contour of 0.8mm

As it can be clearly seen in the thickness variation contour that the blank thickening

takes place in the flange region of the blank. The shells in which the maximum and

minimum value of the thickness occurs are shown in the diagram. According to the

percentage thinning contour the simple average thinning is 26.16% which is
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restrained to the very little area. Further we can observe the forming limit diagram if

there any sign of the failure due to excess thinning of the blank.

Contour Plot Loadcase 1 : Time = 5.8401e-002
“on Mises(Scalar value, Mid) Frame 11

4.9
[d.ADAE{IZ

3.856E HT2
—3.308E+12

——2.7B0E+H02
T2212E+H02

1.BB4E+I2
1. 1BE T2
5.682E+01
2.024E-+00

Max = 4 952E+12
SHELL 27544
Min = 2. 024E+00
SHELL 15404

Contour Plat Loadcase 1 : Time = 5.8401e-002
Flastic Strain{Scalar value, Mid) Frarmne 11

4.525E-01
[4.022501
3.A19E-D1

—3.016E-01
—2.514E-01
—201ED

1.6808E-01
1.005E-01
5.027E-02
0.000E-+10

Max = 4.525E-01
SHELL 26603
Min = 0.000E+00
SHINB112

Fig. 5.3 (A) Contour plot of the Von- Mises stresses. (B) Average plastic strain

contour plot.

The Von —Mises stress and plastic strain values of the 0.8 mm thick sheet is shown in

the figure 5.3. From the comparison between the thickness contour plot and von—
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mises stress plot, it is clearly that the stresses and plastic strain are maximum in the

region where there is maximum thinning is occurring. This is due to the intricate
contour in the part.

FLD Plat Loadcase 1 : Time = 5.8401e-002
Zone Contour (True Strain, Mid) Frame 11

[Failure

harginal

Safe
Compression

Loose Metal

Forming Limit Diagram: Study 1

)
. Failure

Safe
Ll Compression

Iajor True Strain

01
05 04 03 0z 01 0
Minor True Strain

Fig. 5.4 Forming limit diagram of the 0.8 mm thick IF Steel blank.
As displayed in the forming limit diagram above there are no chances of the failure of

any area of the blank. Majority of the portion of the blank is in the safe region. Even
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the small fraction of area which is having maximum thinning percentage has no
chances of failure. The region indicated by the blue color is under compression and
the part of the flange region. All the portion of the flange lies in the second quadrant
which means that it is subjected to the positive major strain and negative minor strain.
The maximum thickening occurs in the portion which is displayed as loose metal in

the forming limit diagram.

Case II: Material used IF steel and thickness is 1.2mm

(A)
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Contour Plot Loadcase 1: Time = 5.8401e-002
%T hinning(Scalar value, Mid) Frame 11

Sirmple Average
2 B49E-+01

[2.259E+U1
1.889E+01
— 1.508E+1

— 1L128E+1
—7.487E+I0

3.687E+HID
-1 131E-01
-3.913E+10
-7 7 14E+00

Max = 2. B49E+01
MNode 22345
Min = -7 714E-+10
MNode 11152

(B)

Fig. 5.5 (A) Contour plot of the variation of the scalar value of thickness 1.2 mm
thick blank. (B) Percentage thinning contour plot of 1.2 mm thick IF Steel blank.
With increasing the thickness of the blank there is slight increase in the simple
average percentage thinning. As shown in the percentage thinning contour of the 1.2
mm thick blank the maximum thinning percentage is 26.49% whereas in case of
0.8mm thick blank it was 26.12%. Scalar values of the maximum and minimum
percentage thickness may be varying from the percentage given by the simple average

thinning plot.

The value of the maximum von-mises stress is also increase with increasing the
thickness of the blank. The maximum value of the stress in 1.2mm blank is 497.4MPa
which is 495MPa in case of 0.8 mm thick blank. On the other hand, the value of the
simple average plastic strain decrease in 1.2mm thick blank as shown in the figure
5.6. The strain value which is 0.45 in 0.8mm case reduces to .41 in 1.2mm thick
blank. We can also plot the tensor plot for the different type of the strain like

maximum in-plane strain etc.
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Contour Plot Loadcase 1 : Time = 5.8401e-002
“on Mises(Scalar value, Mid) Frame 11

4 974E+12
[11 423EHI2
3.871E+02
—3.320E+12
T 27BREHI2
——2MBEHR2

1.667E+HI2
1.115E+02
5 B42E+H01
1.302E+10

Max = 4 97 4E-+02
SHELL 23073
Min = 1 302E-+10
SHELL 18408

Contour Plot Loadcase 1 : Time = 5.8401e-002
Plastic Strain(Scalar value, Mid) Frame 11

Simple Average

4177E-D1
[3.713E-01
3.245E-01

—2.784E-01
T 2.320E-01
—1.856E-01

1.392E-01

9.261E-02
4 641E-02
0.000E-+10

Max = 4177E-01
Maode 26781

Min = 0.000E+00
Node 2

Fig. 5.6 Contour plot of the Von-mises stresses and plastic strain of 1.2mm thick IF
Steel blank.
Even after the higher values of the percentage thinning relatively to the 0.8mm blank,
the chances of failure due to tearing and wrinkle tendency of the part are still very

less. The FLD of the 1.2mm blank is shown in the figure 5.7.
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FLD Plot 1: DRI-20T-T2-1-2 Forming Limit Diagram: Study 1

Zone Contour (Engineering Strain, Membrane) Loadcase 1 : Time = 59401e.002 : Frame 11 0
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Fig.5.7 FLD of the 1.2mm thick IF Steel blank.
Case I11: Material used CRDQ steel and thickness is 0.8mm
Contour Plot Loadcase 1: Time =59
%Thinning(Scalar value, Mid) F

Simple Average
3.4B9E+01
[2.958E+D1
2422E401
— 1.689E+01
[1.356E+D1
——B.226EHI0
— 2 B94E+00
-2.435E+00

-7 771EHID
-1.310E+

Max = 3 489E+01
Mode 900420022
in = -1.310E+01
Mode 900103706

Fig. 5.8 Percentage Thinning 0.8mm CRDQ Steel Blank
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Contour Plot Loadcase 1: Time = 5.9
Plastic Strain(Scalar value, Mid) F
Simple Average

7.608E-01
[5.745E—D1
5.902E-01

— 508301
[4.215E-D1
3.373E-M
252960
1.686E-01

G.431E02
0.000E-+00

ax = 7 585E-01
Mode 900339069
Iin = 0.000E-+10
Made 100000001

Y\?/yx

Fig. 5.9 Plastic Strain 0.8mm CRDQ Steel

FLD Plot Loadcase 1 : Time = 5.8401e-002
Zone Contour (True Strain, Mid) Frarne 11
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Forming Limit Diagram: Study 1
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Fig. 5.10 Forming Limit Diagram 0.8 mm thick CRDQ Steel Blank

From the simulation results of deep drawing of fuel tank , for the case of CRDQ steel
with thickness .8 mm the maximum percentage thinning came out to be 34.89% and
minimum value of percentage thinning is -13.10%. The palstic strain remains
confined to the upper limit of the .07588. It is evident from these results that despite
increase in percentage thinning value of CRDQ steel from case of IF steel , the FLD
diagrams shows that there is no failure of material although there are some wrinkles
developed but these are in the flanges which would not be the part of final component

as they would be trimmed in finishing stages.
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Case IV: Material used CRDQ steel and thickness is 1.2mm

Contour Plat
%Thinning(Scalar value, Mid)
Sirnple Average

3.746E+I
[3.154E+U1
2.562E+01
—1.970E+01

— 1.378E+H1
——7.854E+00

1.932E+10
-3.990E+00
-8.812E+00

-1.663E+11

Loadcase 1 : Time = 5.8401e-002
Frarne 11

Max = 3.746E+1
Node 500038465
Min = -1.583E+11
Node 500153822

Fig. 5.11 Percentage thinning of 1.2mm thick CRDQ Steel Blank

Contour Plot Loadcase 1 : Time = 5.8401e-002
Plastic Strain{Scalar value, Mid) Frame 11

Simple Average

7 B33E-01
[B.?BAEVDW
5.936E-01

—5.0B3E-01
T 4.240E-01
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1.696E-01
8.481E-02
0.000E-+00

Max = 7 GI3E-01
Naode 200051080
Min = 0.000E+00
Nade 100000001

Fig. 5.12 Plastic strain 1.2mm CRDQ Steel
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FLD Plot Loadcase 1 : Time = 5.8401e-002
Zone Contour (True Strain, Mid) Frarmne 11
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Fig. 5.13 FLD 1.2mm thick CRDQ Steel Blank
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The simulation results of deep drawing of fuel tank , for the case of CRDQ steel with
thickness 1.2 mm exhibits the maximum percentage thinning of 37.46% and value of
percentage thickening of 18.83%. The palstic strain remains confined to the upper
limit of the .07633. With increase in thickness of blank from .8 to 1.2 the percentange
thinning also increases and this trend was also visible in the case of IF steel for

increase in thickness.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

This dissertation work has been attempted to understand the deep drawing process
through simulation only. Experimental work has not been done as the Altair
Hyperform gives us the FLD, which are broadly used to predict failure in forming
processes. Radioss One-Step optimised the initial blank and helps in blank nesting
which further increase the material utilization during the blanking process.
Initially the product is showing very high wrinkling tendency due to the
insufficient binder force. With increasing the binder force the wrinkling keep on
decreasing. With increase in thickness of the blank the percentage thinning and
von-mises stresses also increase unlike the plastic strain which decreases with
increasing thickness. Even the final drawn product is having slightly higher value
of the percentage thinning but forming limit diagram is showing no sign of
failure. Hence, the little extra thinning is tolerable in the final product. CRDQ
steel shows more percentage thinning as compared to IF for same thickness of
blank although they follow the same trend of increase of percentage thinning
with increase in thickness of blank and and plastic strain also increase as we move

from IF to CRDQ steel for same thickness of blank.

6.2 Future Scope

In future studies springback effect can be taken into account.

e Die stress analysis can also be performed future studies.

e Temperature effects during the forming process can be taken into account.
e Varying binder force can be applied to this analysis.

¢ Different friction values can be used in analysis.
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