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CHAPTER |

INTRODUCTION

1.1 Introduction

Sheet hydroforming, one qf\ e| fé:;manufacturmg methods offers benefits

such as; a) low tooling cost, watter pro mension accuracy and rigidity) of

part after forming, c¢) a orrml:om e with hard-to-form materials

(high strength steels and a vall ys) exa le parts of sheet hydroforming as

shown in figure 1.1. rm g‘a.ls classified into hydromechanical deep
drawing and high pressur ,drofbrm g depending on the male or the female

essure sheet hydroforming is further

classified into hydroforming o smg-'le b k and double blank depending on number

Figure 1.1 Examiple parts after.hydroformingg »

ama\‘mm AN1INLIaE

In flgure 1.2a shows the process of hydromechanical deep drawing, the sheet is
formed against a counter pressure in the pot rather than a female die in regular
stamping operation and figure 1.2b shows the process of high pressure sheet
hydroforming, the sheet is pressurized and formed against a female die. The

working fluid in the pressure pot can be either passive or active.
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1) The proper constant der force and proper ?lnear counter pressure
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hydromechanical deep drawing process of the parabolic cups.

1.3 Problem Statement

Many of the problems related to improvement of the product quality and
production efficiency can be directly associated with the optimization procedures.

Efficiency of optimization procedure integrated with the finite element method, has



been developed and applied to the area of sheet hydroforming. More powerful
design tools are needed to help engineers design better products and processes and
to reduce lead times and cost.

Successful sheet hydroforming process is affected by a large number of parameters
such as material properties, blank geometry, complex die interface, lubrication, and
process parameters, i.e. loading paths. However, the proper blank holder force and
proper counter pressure are very important in carrying out the forming process
successfully. In this research, the parabolf;;fgupg are the shape of interest, so we
have two problems to determine 1) the proﬁgr constant blank holder force and
proper linear counter press’ure of the parabolic cups and 2) the feasible profile of
blank holder force and/p,r7 Ure/as sﬁfwn in figure 1.3. The methodologies will
utilize systematic FE |at|ons ,and .FEA enhanced with numerical optimization
methods. These tools / Ie the e meers to select loading paths (i.e. counter

a

pressure profile and bl ldér proflle pptlmlzed for sheet hydroformed part.
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Figure 1.3 — The statement of problem



1.4 Dissertation Organization

The outline of this dissertation by chapters is:

Chapter 1: Introduction

Chapter 2: Literature review

Chapter 3: Problem statement and methodology setup

Chapter 4: Investigation on forming of parabolic parts with
hydromechanical deep drawing process

Chapter 5:  Optimization of ‘blank. holder force and pressure for
hydromechanical deep drawing of parabolic-eups using 2-D internal halving and
RSM methods

Chapter 6:  -Automatic approach to select loading path in hydromechanical
deep drawing of parabolic parts Using adaptive FEA simulation coupled with fuzzy
logic -

Chapter 7:  Validation of simui@tfbn with experiment

Chapter 8: Conclusion and futufé work

1.5 Expected Result =
1) Process windows ofrhydromechar-\igélrdeep drawing of parabolic cups
2) Understand'ing of forming behavior of" parabolic cups with
hydromechanical deep drawing
3) Methodology" te=find optimumconstant blank holder force and linear
pressure-in hydromechanical deep drawing of parabolic cups
4) Methodology to find feasible variable=blank holder ferce and pressure in

hydromechanical deep drawing 'aof parabolic cups



CHAPTER II

LITERATURE REVIEW

Literature is available on the mechanics of sheet metal forming, sheet
hydroforming technology, FEA of sheet hydroforming, effects of process parameters

on hydroformability and design of process parameters.

2.1 Mechanics of shegt metal forming

In sheet metal forming, a/part of material is plastically deformed among tools.
Thus, the mechanics.of defosmation praovides the means for determining, how the

desired geometry can bg‘obtained by:plastic deformation.

2.1.1 Plastic deformation =

The theory of plasticity describes thesméchanics of deformation in
plastically deforming/solids and as applies to metals and alloys, it is based on
experimental studies of the relations between stresses and strains under simple

loading condition.

In the late 1960s, the rigid-plastic finite difference method was used to analyze a sheet
metal forming proeessaln:the:1970s-1980ssthe guasi-static rigid=plastic (also known
as ‘flow formulation’) and elastic—plastic (also known as ‘solid formulation’) finite
element formulations were developed by Kobayashi et al. 1989. The utilization of
dynamic formulations for the numerical simulation of sheet metal forming processes

takes its roots in the investigations reported by Silva et al. 2004.

The analysis of sheet metal forming process based on the dynamic formulation is
governed by the equilibrium equation, strain-displacement relations and constitutive

equations as follows.



2.1.1.1 Equilibrium equation

The equilibrium equation can be written in tensor form as (Fung,
1965)

(2.1)

where ojj, is the stress co j is the body force, and U; is

Uz(t)

ﬂ‘IJEl’J‘VIEWlﬁWEJ’]ﬂi

ure 2.1 Boundary gondltlons for sheet metal stamplng

ARIANN I AN Y

Boundary conditions may consist of specifying the surface traction (Zhong, 1993) as

depicted in figure 2.1 as,

oiini = Ta(t) (2.2a)



where n; and Ty(t) are the outward unit normal vector and surface traction on the
boundary S; at time t, respectively. The boundary condition may include the

prescribed displacement on the boundary S; as,

ui(x,t) = u(t) (2.2b)

Also along the contact boundary Ss, the nermal Contact stress should be compressive

and the boundary should-net-peneirate iato the-otheras follows,
anO4t) = gu(x,b) ni <0 (2.2c)
g g —ufxHn =0 (2.2d)

where gc(x,t) is the coamtact traction, q,{(_x,t) Is the normal component of contact

traction, and g(x,t) is the gap between the two boundary surfaces.

#

— J-:

2.1.1.2 strain-displacement relations

L-arge-strain-behavior-is-normatty-eonsidered in the analysis. The

strain-displacement relations are in the form,

1
&j = E(u”. +U;; +uk,iuk.j) (2.3)

where gj;, is the strain components; u, uj, and ux are.the displacement components.

2.1.1.3 Constitutive equations

The total incremental strain at a point on the metal sheet during

stamping process may consist of the elastic and plastic parts as,

de = de® + deP (2.3a)



where de is the total incremental strain, de® is the incremental elastic strain, and de is
the incremental plastic strain. The incremental elastic strain is related to the

incremental stress, do, by
de® = C'do (2.3b)
where C is the elasticity matrix (Dechaumphai, 1999).

The incremental plastic strain de” can be derived froem yield function, strain-hardening

rule, and associated flow-rule-as-described in-the fellewing sections.

2.1.1.4 Yield fungtion
A yieldicriterionsis a_JéW defining the limit of elasticity under any
possible combination of stresses. It is exprégged by
f(op)=C (c_f,):rl;tant) (2.4)
A function of stresses f (o) Iscalled yieid_ %ﬂnction. Several yield functions have

been developed by many researchers such as von Mises criterion, Tresca criterion for
isotropic materials;~and Hill criterion, Barlat criterion-for anisotropic materials

(Bathe,1996 and Zienkiewicz, 1991).
The yield function; F, depends-on the stress-state, &, and hardening parameter, «, as,
F(6,x) =0 (2.5)

Several yield surface functions have been developed by many researchers such as Von
Mises criterion, Tresca criterion for isotropic materials; and Hill criterion, Barlat

criterion for anisotropic materials.



2.1.1.5 Strain-hardening rule

The vyield surface function changes as a result of the hardening
that develops during the plastic deformation history. There are two basic models for
hardening; the isotropic and the kinematics hardening models. The isotropic
hardening model assumes the yield surface center remains fixed and the surface
expands without changing shape. The general expression of the isotropic hardening

rule can be written as,
F(a) = k(x) (2.6a)

where the function k(ic)rdefines ihe yield surface size that depends on the deformation

history.

The second model, kinematics hardening'model, assumes the yield surface translates
in the six dimensional stress spaces but fixes surface size or shape. The model has the

general form as,

F(o - ) =ii k(:;) (2.6b)

where o is the back siress-parameter-that-represents-the-translation of the yield surface

center.

2.1.176 Associated flow rule

The direction ' of yield surface expansioi ‘depends on the

incremental plastic strain, deP, as,

&’ = 25 2.7)
0o

where A is the proportional constant that depends on the slope of stress-strain curve

and the current stress or strain increment.
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2.1.2 Finite element formulation

The governing equations are the equilibrium equation, the strain-
displacement relations and the constitutive equations. The boundary conditions are
prescribed in terms of velocity and traction. Along the tool-workpiece interface, the
velocity component is prescribed in the direction normal to the interface and the
traction is specified by the frictional stress in the tangential direction. Since it is
difficult to obtain a complete solution that satisfies all of the governing equations,
various approximate methods have been devised; depending upon the assumptions
and approximations. The.methods imost well known-are the slab method, the slip-line
field method, the viscoplastieity.method, upper- (and lower-) bound techniques, Hill’s
general method and the finite element method (FEM). In this study, the FEM has

assumed to simulation of sheet. metal forrﬁing.

The weak form of virtual work principle is applied to the equilibrium equation (2.1)
by using the weighting function, du, and written in the tensor form as,

[y 0, avsFob, S dV = | pu; ou; av 2.8)

v v fiif=— v

where u; is the components of the displacement and.V is the volume of the

computational domain. 'The first term of Eq. 2.8 Is then integrated by parts to give,

0 a(sui)
BB yie e 29

The divergence theorem -is ‘then applied to the first term” of ‘£0. 2.9 to yield the
boundary terms. Then substitute these into Eq. 2.8 to obtain,

o(8u;)

[ pu; ou av +Jcsija—xi

dv = Ipbj5ui W, +f5uiTj ds +I5uiqn ds
\% \% S S
(2.10)

Eqg. 2.10 is then used to derive the corresponding finite element equations. The

equations can be written in matrix form as,
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MA+KU = F+F, (2.11)

where M is the mass matrix, A is the acceleration vector, K is the stiffness matrix, U
is the displacement vector, F is the external load vector, and F. is the load vector of

contact force.

2.1.3 Sheet metal formability

2.1.3.1 Formability parameters

The*strain hardeninl_g exponent n, the plastic strain ratio r (the
ratio of true width straip/to true thickness;.’s'train) and the planar anisotropy Ar are the
conventional indicators of fopmabifity of é;he‘ét metals. The stain hardening exponent n
was determined from the regression. of the load-elongation data obtained from the
tensile tests, using the Hollomon equation,ji?s,: Ke" . The r value was then evaluated
from the slope (S) of the plot ‘o & versus;gi'lffjsing the relation r = -S/(1+S). This
procedure gives a strain independent value 'fb'fﬂ'r“' and-also normalizes any experimental
scatter. The r value Wwas evaluated in the three directions as in tensile tests specified
above. The normal ahisotropy, r and the planar anisotropy Ar were calculated using

the standard formulae (rKumar, 2002):

F=%(r0+2r45+r90), Ar=%(r0—2r45+l’go) (2.12)

where the subscripts indicate: the Orientation of dhe specimenaxis.with respect to

rolling direction.
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2.1.3.2 Forming limit diagram (FLD)

The FLD provides information on how much a particular metal
can be deformed before necking occurs. The FLD is produced by data from

experiment and theory as follows.

The experiment: Sheets are pre-marked with circle grids. During deforming, these
circles are distorted into ellipses: Measurements of the major, d;, and minor, d,

diameters after deformation are made to determinethe principal strains. These may be
expressed as true strains,.&.=In(d, / dy) and &, =la(d,/d,), or engineering strains,

e, =(d,—d,)/d, and e, = (dy=20g)/d,. The values for the whole or partial circles in

the neck are considered "fail,” while the strains in circles, one or more diameters away
from it, are considered "safe’ By plotting these strains, it is possible to construct a

forming limit diagram‘as shown in_,figureTé.Z_f
y

Major Strain, £1(%)
b A A % ol
Eries
oF el ey o Success
T o Neck
e Fracture

© °
O o °

© ©

o. @,

I I I I S I |
-50 -40 -30 -20 -10 O 10 20 30 40 50

Minor Strain, g, (%)

Figure 2.2 Forming limit diagram (FLD) from distortion of printed circles localized

neck and plot of the strains
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The theory: The FLD with the theoretical conditions for local and diffuse necking as
expressed by Eqgs. 2.13-2.14 are (Hosford and Caddell, 1993),

* n
= - 2.13
& 1+y ( )

oo 20ty 4r) (2.14)
(r+D(27° -y +2)

where &, is the critical strain in loading &xis,*n_is hardening exponent, and } is a

constant strain ratio (¢, /&)« Fhe criteria for local-and diffuse necking given by Eqgs.

2.13-2.14 is plotted in figure-2.3.

Major Strain, e1(%)

70

. 60
Local necking ;

(theory) 50 -

40

Diffuse necking
odii (theory)

10

-40 £30 =, =20/ -10 0 10 20 30, 40

Minor Strain, g, (%)

Figure\2.3/Critical strains for-diffuse and localized necking according to Egs. (2.13-
2.14)

2.2 Sheet Hydroforming

Sheet hydroforming has gained increasing interest around the world in the
automotive and aerospace industries recently. Sheet hydroforming has many virtues

that meet the needs in reality very well, such as improvement of the sheet formability,
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good surface quality, higher dimensional accuracy, reduction of springback amount

compared with the conventional sheet metal forming processes.

Numerous studies have been conducted on traditional sheet metal stamping methods
such as mechanical stretch forming and deep drawing where both methods requiring a
male and a female die for the proper forming of a finished part. Much less literature is
available on the sheet metal stamp hydroforming process, which uses a punch and
hydrostatic fluid pressure to form a finished-part. In this section a review of the
literature focusing on the..technology: of “sheet.hydroforming processes will be

presented.

Klaus Siegert and HaEussermann &t al. 2000 show an overview about possibilities of
hydroforming sheet metal aswell as hydrofbrming tubes and extrusions. Coming from
the deep drawing process with rigid dies, specially designed dies for presses with
multipoint cushion systems required for hydroforming sheet metal are discussed.

Further special press systems for presses withshigh ram forces are shown.

Yossifon and Tirosh, 1985 published a seriéé_qf_ articles dealing with simple analysis
of the hydroforming deep drawing process as applied to the formation of cups from
metallic materials such as copper, aluminum, steel and stainless steel. The goal of the
studies was to establish a hydroforming fluid pressure” path, relative to the punch
stroke, that would, prevent-part failure .due to rupture.or.to wrinkling. Their earlier
studies demonstrated’ the effect that-excessive and ‘insufficient*fluid pressures have on
the premature failure of hydroformed parts. The=purpose of the“later investigations
was to determine a predetermined ‘path-that can be fallowed to produce parts that are

free from these types of defects.

Zhang, Wang et al. 2004 described development of sheet hydroforming technology

such as varied sheet hydroforming application including innovation of tooling.

The process of stamp hydroforming, unlike conventional stamping, involves

supporting the bottom of the sheet with a bed of viscous fluid during the stamping
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process. This external support provides a through-thickness compressive stress that
delays the onset of tensile instabilities as well as reduces the formation of wrinkles
due to tensile frictional forces. The advantages of the stamp hydroforming process are
numerous and the process is receiving significant attention from both the automotive
and aerospace industries. Advantages of sheet hydroforming include improved
formability of the blank due to the applied pressure by the fluid, low wear rate of dies
and punch, a better distribution of plastic deformation when compared to conventional
stamping, significant economie savings associated with the decreased tooling, and the
potential for reducing the amount of finrishing work required (Zampaloni, Abedrabbo

et al. 2003). A schematic.of theshydroforming process is shown in the next title.

2.2.1 Classification of sheetx‘hydroforming process

The metal forming using qu-u'id‘ media is classified into sheet and tube
hydroforming depending on the input p"r;j'eifp_rm. Further, sheet hydroforming is
classified into hydromechanical deep drawm"giénd high pressure sheet hydroforming
depending on the male or the female die tﬁaf_h—és the shape/impression to be formed.
High pressure sheet fiydroforming is further classified into hydroforming of single
blank and double blank depending on number of blanks being used in the forming
process. The classificationsof hydroforming is shown in figure2.4. (Schmoeckel,

Hielscher et al. 1999; Altan Palaniswamy et al. 2004).
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Hydroforming

Sheet Tube
Hydroforming Hydroforming
Hydromechanical Deep F{gﬁf}ressure Sheet
Drawing (HMD) Elydfoforming
— 9 ;

W SRS . Double Blank

Figure 2.4 Classification of the forming proi;'eé'é using liquid media [Schmoeckel et al]

it ol

2.2.2 Sheet hydroforming aS-;éystem

In this study, we are interested in sheet hydroforming. The
hydromechanical deep drawing and high pressure sheet hydroforming are described as

follows:

22211, Hydroemechanicaldeep,drawing

In HMD, the sheet is deep drawn against a counter pressure in the pot
rather than a female die in regular stamping operation as shown in figure 2.5 (Altan,
Palaniswamy et al. 2004; Aust, 2001). The medium in the pressure pot can be either
“passive” (pressure generated due to the incompressibility of the medium during

forward stroke of the punch) or “active”(pressure generated by external pump).
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HMD results in higher LDR (dE&ﬂraW@ compared to conventional stamping
because during HMD the sheet metal |§Ffmmrm against the punch surface due
~ , .

to the fluid pressurel; Due to the friction between the sheet-and the punch surface, the

sheet attached to thej;unch surface is Zd'
Il

resulting in uniform waII thlckness and hlgher LDR. HMD can be combined with

b b "’ﬁ"‘ﬁﬂ e 1) e ok
o RARABIATRHNA I Yo

female d?e results in lower tool cost and lower die development time. b) Elimination

during the forming process

of sidewall wrinkles during forming process due to external fluid pressure allows
more freedom in designing auto body panels c) Ability to form complicated shapes
and features in the sheet metal resulting in less forming operations compared to the
conventional stamping thereby reduces the manufacturing cost. d) Better surface
quality as the outer surface of the sheet is in contact with fluid only thereby reducing

the chance of tool marks (Altan, Palaniswamy et al. 2004).
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Figure 2.6 Combination of Hﬂiﬂwrthmng and deep drawing to produce

\E—},com lex par fjons

Successful applicatiorﬂ)f H\ consiﬂ}ration of all components of

HMD system namely: a),Quality of incoming,sheet, b) Tool-workpiece interface issue

(friction and Itﬂic%doEJ Qr a&] %iiaqf(ﬁewi%j a’];lﬂtﬁ‘u of blank holder force

and avoid Ieak%be d) Relatlonshlp‘between the internal fluid f}essure and blank

o R D 9 G 99 B v

the HMD part.

2.2.2.2 High pressure sheet hydroforming

In high-pressure sheet hydroforming, the sheet is formed against
female die by the hydraulic pressure of the fluid as shown in figure2.7 (Altan,

Palaniswamy et al. 2004). During the forming process, the intermediate plate acts as a
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blank holder to control the material movement from the flange and also seals the fluid
medium to avoid leakage. Viscous pressure forming is similar to sheet hydroforming
in which the pressure acting on the sheet is generated by compressing the viscous

medium rather than hydraulic fluid/water in sheet hydroforming.

The forming operation in high pressure sheet hydroforming can be divided into two
phases. Phase | involves the free forming where the sheet bulges freely in the die
cavity until it initiates contact with the die. Fhis‘introduces uniform strain distribution
throughout the sheet thereby.a) The formability.of the material is effectively used
compared to conventional stamping process where deformation is localized in the
sheet at the punch corner radits, and b) Improves the dent resistance of the
hydroformed part compargd to stamped-part. Phase 1l involves calibrating the sheet
against the die cavity«f0 obtain the desired shape. High fluid pressure is required in
phase Il depending on the material, sheet 't_hickness, and the smallest corner radius in
the die geometry. Thus, sheet hydroform_i@ig-"-offers a viable alternative process for
fabricating automotive parts from low forﬁ{a{bi,!_jty advanced high strength steels and

aluminum alloys.

Successful application—of high pressure sheet hydroforming requires careful
consideration of all components of high pressure sheet hydroforming system namely:
a) Quality of incoming sheet, b) Die-workpiece interface issue (friction and
lubrication), c)aTool design for efficient application of BHF, and avoid leakage d)
Relationship between the internal fluid pressure and blank holder force (loading path),

e) Press and'tooling,land d)\Dimensions and properties of the hydioformed part.
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Kumar%mt et algzﬂﬂsed an expllc EA to design die without blank holder in

hydromechanical deep drawing process. They applied the concept of tractrix die. The

cup can form successfully.

Lang, Danckert et al. 2004; Lang, Danckert et al. 2005 investigated a complex square

round cup and round cup in hydromechanical deep drawing process with uniform
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pressure both experiment and FEA simulation and they proved that the simulated

results kept reasonable agreement with the experiment.

Qin and Balendra, 2004 conducted the FEA simulation to examine the deformation of
the sheet during the forming of these component-forms and to qualify the influence of
counter pressure paths on the product quality, with a view to developing a reference
for process, tool and component design considerations for the hydromechanical deep

drawing process of such component forms.

Zhang, Lang et al. 2000; Zhang; Nielsen et al. 2000; Zhang, Jensen et al. 2003 studied
the effect of anisotropy,-pre-bulging, counter pressure and blank holder force on the
quality of parts such as round cup, parabolic workpiece and rectangular box in
hydromechanical deep drawing process biofh explicit FEA simulation and experiment.

The numerical results are;compared with those abtained in the experiment.

Many researchers show that the FEA simu_lati(jn can be used instead of experiment to
design and predict the behavior of sheet deformation during the process in sheet

hydroforming process.

2.3.2 Defect criterion

Ihere are two ‘main defects,in sheet hydroformed parts. Necking or
cracks is a defect that is avoided throughout the forming stroke, while wrinkles can

take place during tha process;-however; ithas to disappear atithe€ndiof the stroke.

2.3.2.1 Necking or crack

The Forming Limit Diagram (FLD) proposed by Keeler and
Backofen, 1963 is widely used for measuring acceptable strain states of material
deformation without failure. A typical FLD has a forming limit curve (FLC); a curve

constituted by limiting surface strains by which the parts neck. FLC can be produced
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by experimental data or theoretical modeling. Experimental determination of the

forming limits in all sheet metal forming processes is very time consuming and costly.

2.3.2.2 Wrinkle

Wrinkles that form during the sheet forming are due to internal

compressive instabilities. There are two typesof wrinkles occur on parts.
(i) Wrinkles of first order-iii-the flange and

(if) Wainkles of second order in the free-forming (unsupported)

zone between the punch gadius and the die radius. (Abedrabbo, 2002)

The wrinkling is a problem of equilibriu__rm state, the prediction of wrinkles is more

difficult for implicit codes than for explici:t:_codes.

The flange wrinkle amplitude (FAM) (Sh-enrg, Suwat Jirathearanat et al. 2004) is
measured from the gap distance between @léﬁk holder surface and die addendum
surface. The flange wrinkle can be easily v"isUédirzed on the parts if it is over 5% of
nominal sheet thickness.—this-critical wrinkle- amplitude,-however, would be different
for different parts depending on the part functionality. Abedrabbo et al. 2002 defined
the wrinkle criterion by using the area under a pure shear line in FLD as shown in

figure 2.8.

Wang and Cao, 2000 presented the model to predict the onset of side wall wrinkle in

term of'stress base method.
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The influen oﬁ__;ﬁ'[acess meters and material properties on the
hydroforming process has been studied}?ﬁy_means of analytical models and

o

experiments. Amino et al. 1996 fc;und thétrrlimiting drajv_Lng ratio (LDR) improved

significantly in caéej_ of hydro mechanical deep draﬁl_ihg when compared with
conventional deep draZvling. Elsebaie and Mellor 1983 .Eetermined that high chamber
pressure is required to“achieve maximum.possible LDR, but when the chamber
pressure is too high<blank may be ruptured-at the die profile.Pre-bulging means that
at the primary stage of sheet hydroforming, one_ pre-bulging unit, is used to increase
the pressureiin the'diel cavity actively, meanwhile, the; punchiis fixed at a certain
position. 'When the pre-bulging pressure has reached the pre-setting value, the punch
will go down as illustrated in figure 2.9 (Lang et al. 2004). Generally, pre-bulging has
two functions: the first is to build the pressure at the beginning stage of hydroforming,
and the second is to change the stress state of sheet around the punch nose to avoid

the defects of fracture and wrinkling at the beginning of forming.
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Figure 2.9 Pre-bulging method fLihui Lang]

Zhang and Dackert 1998 using finite element simulation showed that pre-bulging
pressure has greater .influgnce on the thickness distribution along the cup wall.
Sharma and Rout 2009 wsed /FEM i‘o- study the main effect parameters in
hydromechanical deep /drawing precess |n circular cup. They concluded from
ANOVA analysis for maximum thinning-tin'f the cup with DRAWING MODE of
deformation lower thinning is possibie wit'ri'!'higher friction between blank and punch
and better lubrication between blank-die ancifblghk holder. Thinning in this case is not
affected by the material properties, I.e. strai’n Héfrdening exponent and anisotropy ratio.
The friction is the main parameter affected on successtully forming. However, it is
not uniform along the part geometry and varied with normal pressures. Therefore in
practice, to determine the_friction coefficients on all the contacting areas between
blank and tools are very difficult. In hydromechanical deep drawing simulation, the
values of the friction coefficients are assumed to be just one_value, i.e. uniform
frictionscondition, for,the whole areas between blank and tools\during the process.
Kim et al. 2004 performed hydro mechanical forming and concluded that the hydro
mechanical forming process could produce part with more uniform and sound
thickness distribution compared to stamping operation. Sheng et al. 2004 established
the variation of blank holder force can improve formability of the deep drawing
process. Lang et al. 2009 conducted the FEM and experimental for aluminum part and
concluded that the blank shape and the pressure in the die cavity will affect the

forming process significantly and only by using both the optimized blank shape and
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the pressure the part can be formed successfully in hydromechanical deep drawing.
Lin et al. 2009 established the formulas for passive chamber pressure and blank
holder pressure to form round cup with drawing ratio as 2.63 with no crack and no

wrinkle in HMD process.

The challenges that are present during the sheet hydromechanical deep drawing
process can be classified into two broad categories: effect of blank holder force and

effect of fluid pressure with the other shape i€..parabolic.

2.4.1 Effect of biank'holder force

The qualityof the formed, part is affected by the amount of metal
drawn into the die cavity. Excgssive metél flow will cause wrinkles in the part, while
insufficient metal flow will result in tears of. splits. The blank holder plays a key role
in regulating the metal flow by exerting- V'a"‘predefined blank holder force (BHF)
profile. When selected properly, this BHF‘ip'rqfile can eliminate wrinkles and delay

fracture in the drawn part (Hsu et'al. 2002, Sher{g, Suwat Jirathearanat et al. 2004).

Design of blank holger-plays-a-dominant-role-in- =MD Dbecause the applied blank
holder force controls the material flow during draw-in and also applies the necessary
force to avoid leakage of the pressure medium during forming process. Usually, a
constant BHF (iS applied jover the punch stroke. Duringthe drawing process, the state
of stress in thetdeforming material changes significantly. Consequently, the process
conditionsithat-reduce wrinklingsand fracture alse-change: T.ostake into account these
changes,. it is reasonable that the  BHF should “also bé" modified to increase the
formability of the drawn part (Sheng, Suwat Jirathearanat et al. 2004). To further
improve the formability when drawing complex or asymmetric parts, an elastic or
segmented blank holder can be used to obtain a non-uniform BHF over the part flange
area. Thus, it is possible to account for variations of the metal flow over different

locations of the blank holder surface.
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2.4.2 Effect of counter pressure

This fluid pressure serves two main purposes. First, it delays the onset
of material fracture as described earlier (Zampaloni, Abedrabbo et al. 2003) and
secondly, it forces the material to conform much more closely to the shape of the
punch than the parts formed without the resisting fluid. The fluid pressure needs to be
high enough to stretch and bend the wark piece through its radius of curvature to
conform to the shape of the punch, yet the maierial needs to be ductile enough to form

without rupturing.

The variable fluid pressuresduring the process investigated by Yossifon and Tirosh,
1984 fluid pressures within the upper. fluid chamber that are too high will cause the
material to bend to the radius/of curvature of the punch much faster than the ductility
of the material may allovs This will Ieaa“ t@ premature rupturing of the sheet metal.
On the other hand, if the fltid pressure is too low the sheet may not stretch enough
during the process and wrinkle. Therefore,._t{n_erre IS the need to establish an upper and
lower limit on the fluid pressure; as it relates'to the punch stroke, to determine an
optimum fluid pressure path te ensure limited tupturing and wrinkling failures of the
finished part. A generic curve is shown in figure 2.10 t0 help illustrate this idea. In the
stamp hydroforming of sheet metals the difficulty lies in-finding this appropriate fluid
pressure path while avoiding rupture and wrinkling instabilities. Lo et al. 1993 and
Hsu and Hsieh:1996:performegd a series of-experiments and analyses that established

this fluid pressure path for the stamp hydroforming of metallic hemispherical cups.
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2.5 Design of process paramelﬁg; \

In previous tltLe the main pfocess ﬁérameters in sfeet hydroforming are blank

holder force and pregne—mnmthMQ on the effects of pressure

and blank holder fonZJJ loading path on the quality qf parts by blocking the other

parameters. g =

These are also of]tJn referreJ to J “Ioad nd paths" s'r “;Lart |program ’ when presented
in time.domain. The success of she?t J]yd;oformm processes, is largely dependent on
the chorl:e Jf the’ Ioa |ng paths.Part geometrj ét mate+rlalr and lubrication
conditions need to be taken into account in designing of loading paths. The selection
of proper loading paths can be done using empirical methods, analytical methods, or

numerical methods.

Empirical methods are most suitable to roughly estimate the process parameters for
simple to moderate complex sheet hydroforming part geometries. Usually these

methods are quick but not accurate. Analytic methods are developed based on
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plasticity theory. Most of the analytical models available for sheet hydroforming are
often not applicable for even part geometries with moderate complexity. However, for
simple part geometries the available analytical models can predict proper process
parameters rather accurately. For general cases, numerical methods (FEA simulations)

are very practical and widely applied in the industry.

2.5.1 Empirical and analytical.method

Most empirical rules for sheet hydroforming part and process designs
are developed through pretotyping. Ahmetoglu and Hua et al. 2004 showed the
equations for blank holderforee and pressure of sheet metal using a viscous medium.

They should be only usedito get.some cohc'éptual Ideas during initial design stage.

Analytical equations enable the engineer to Jestimate accurately the necessary process
parameters. Analytical madels for sheet h))drdforming are normally developed based
on plasticity and thin-walled or thick-wal-féd,tlheories. E.Siebel and H. Beisswanger
1955 developed equations to determine thefi_/a-r.iable blank holder force for a simple
part. However, mostianalytical to predict tHé— -blank haolder force profile have not
correlated well with.experiment. Analytical equations to determine process limits are

difficult to be developed, particularly for complex sheet hydroformed parts.

It is noted here.that even though the empiricalirules and analytical equations provides
guidelines on sheet hydroforming part and process design, many more design
iterations are’ often, necessary: .FEA simulationsarenormally-used; in the design
improvement stage. The process parameters are modified till Successful sheet

hydroforming process is obtained. (Suwat Jirathearanat, 2004).

2.5.2 Numerical method

Trial-and-error simulation method for the process design can be very

time consuming, i.e. pressure and blank holder force curves versus time are selected
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to conduct a simulation. If the results are not satisfactory, the input curves are
modified by “intuition” and the simulation is run again until satisfactory results are
obtained. Fortunately, this iterative FEA method can be done systematically and
automatically with kinds of optimization. For example, determination of the loading
paths can be treated as a classical optimization problem. By this way the resultant
loading paths are optimized to maximize the part formability. Alternative approaches,
aimed at efficient process FEA modeling ase under development in several research
institutes and companies, Five main different strategies can be followed: a)
Optimization Simulation Methed, b), Response Surface Simulation Method c)
Feedback Control SimulationsMethod d) Fuzzy Legic Simulation Method and e)
Adaptive Simulation Method

2.5.2.1 Optintization.simulation methed

Optimization ¢an be ‘broadly rg-jivided Into two main groups: a) static
optimization and b) dynamic optimization. In static optimization problems, design
variables are time invariant (Suwat Jirathearanat, 2004), such as optimizing
dimensions of a mechanical component to minimize its:weight. There are two main
methods to solve static optimization problems; gradient-based methods and non-
gradient-based methods. The gradient-based methods include steepest descent
method, Newton methed, and-Quasi-Newtonsmethod-used for linear and non-linear
static optimization problems. For highly complex"problems (optimizing a very large
number.of design variables), non-gradient-based methods are_normally applied, such
as response ‘surface methods and- genetic' algorithms.'='In ' dynamic optimization
problems, the design variables are time variant, such as an optimization of flight
trajectory control. One of the most powerful methods to solve the problems is

dynamic programming.

In metal forming, FEA simulations integrated with an optimization solver are used to
optimize either geometric parameters or process parameters in order to maximize

formability of that specific process. To understand the applications of optimization,
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the literature review in various metal forming processes was conducted. In forging,
the die shapes are optimized to achieve the most uniform deformations (constant
strain rates), which improves metallurgy properties of the forged components
(Fourment and Vieilledent et al. 2001; Suwat Jirathearanat, 2004). The die profile was
represented by a Bezier curve with a finite number of control points, see Figure2.11a.
Fourment and Vieilledent et al. 2001 applied Direct Differentiation Method (DDM) to
determine the objective function (i.e. strainrates) sensitivity to the change of design
variables (positions of the control points-fepresenting the die profile), and then
Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm was used for the optimization
through iterative FEA simulations. To avoid complexity in calculating the derivatives
of the objective functiens, mon-gradient methods such as genetic algorithm were
applied by Jo, Lee et al. 2001; Kusiak,r'. 1996; Chung and Hwang, 1997; Suwat

Jirathearanat, 2004 on theSimilar problem of forging die design.

£23 . THF loading path
Forging die profile 7 % l
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Figure 2.11 Bizier curves representing a) forgingedie profile as design parameters, b)

THF leading path as design parameters

A few researchers applied static optimization methods through iterative FEA
simulations to determine metal forming process parameters in time domain. In
forging, ram speeds at which a workpiece is being formed are optimized so that the
deformation is uniform. In sheet metal forming the blank holder force is also

optimized so that final stamping part has the highest obtainable drawn depth with no
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wrinkles and fracture. In tube hydroforming, pressure and axial feed curves versus
time (loading paths) are also optimized (Yang, Joen et al. 2001). The loading path is
often described by a Bezier curve representation whose control points are the design
variables in the optimization problem, see figure 2.11b. The objective function can be
strain rate variations, part thickness variations, or maximum thinning, which are
minimized. The problem is then reduced to determination of the positions of control
points so to minimize the objective function value. Ghouati, Lenoir et al. 2000 and
Yang, Joen et al. 2001 applied this optimization'method to determine the loading path

for a simple axisymmetric bulging.

Design parameters are the gontrolpoints (pi) describing a B-spline function of loading
path (figure2.11).

Objective function takes'inio account of element thickness variations after each

forming simulation run:

1 : ol -
2\2 where N is the total-number of elements considered,
hp 1S the initial thickness and h; is the final thickness

of element ith, which 'is an implicit function of

design parameters (p;).

Constraint Tunctionrepresents the distance from the desired shape to the final part at

simulation end:

N |-

Mo where M is the total number of nodes considered,
g(p)=| Z[d|

and d; is the distance of node i to the tool (final
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desired part shape), which is an implicit function of

design parameters (p;).

This optimization method may be called “global optimization of process parameters
in time domain”. This method tends to generate very complex and non-linear
objective functions as the number of contrel.points (design variables) increases, which

may lead to non-convergent solutions.

2.5.2.2 Responsesurface simulation method

The" response surfaée methodology (RSM) is a method for
constructing global appreximations of the objective and constraint functions based on
functional evaluations at various points i-n' the design space. The strength of the
method is in applications where gradieﬁti "bzlised methods fail, i.e. when design
sensitivities are difficult or impossibie to'egaluate. Two important issues when
applying RSM to a\particular problem cdr{:érn the design of experiments and
construction of accurate function approximations so that rapid convergence may be
achieved. RSM is well established for physical processes as documented by Myers
and Montgomery, 2002 while the applicatiens to simulation models in computational
mechanics form a relatively young research field.”Amang other recent works, Roux,
Stander et al. 1998 discuss experimental design techniques .and the regression

equations for structural optimizatian.

RSM combined with stochastic finite elements are used by Kleiber, Knabel et al. 2002
for reliability assessment in metal forming. Huang, Lo et al. 2006 fined the optimal
radius of punch and radius of punch nose of round cup for minimization of the
thickness variation by using RSM coupled with FEM. Wang and Lee, 2005 using
RSM and FEM to control strain path forming process with space variant blank holder

force.
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2.5.2.3 Feedback control simulation method

Control theories have been applied in many industrial
applications for many years, such as control of temperatures in chemical processes. A
controller regulates some quantities to stabilize a process by automatically adjusting a
variable(s) (controlled variable) in real ‘time. The simplest and most widely used
control schemes are PID. controllers. “For" _highly non-linear processes, non-
mathematics based controllers; such as fuzzy logie controller, and neural network
controller are preferred. A few researchers have applied feedback control schemes in
conjunction with metal fopming process FEA simulations (Suwat Jirathearanat, 2004).
With the help of a feedbagk centroller integrated into a process FEA code, the process
parameters can be adjusted at every: simulation time Step to achieve high process

formability predicted through the simulation.

The main difference in determination of‘?p'r‘ocess parameters through FEA using
optimization methods mentioned above andféédback controllers is apparent in the
time duration where gorrective actions, i.e; a'dj'u-sting process parameters, take place.
The optimization simulation method requires many simulation runs. After the end of a
simulation, a parameter correction is done and applied into the next simulation run
with the attempt to minimize the objective, function value. A feedback controller
adjusts process parameters. at every time.step in one [simulation run in order to
maintain the controlled quantities, i.e. formability, see figure 2.12. The advantage of
the feedback control simulation method is that it requires-less total computation time

in predicting the process parameters than the optimization simulation method does.

Cao and Boyce, 1994 controlled wrinkles and maximum strains in a conical cup
drawing simulation by automatically adjusting the binder force by using a Pl
controller. Thomas, 1998 further developed Cao’s work by introducing the control of

stresses as well. Grandhi, Kumar et al. 1993 and Feng and Luo, 2000 implemented
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optimal feedback controllers in simulation of forging processes. The controller tried to

regulate the ram speed to track the predefined strain rate of the part being forged.

Process

__ Parameter __ Parameters
] Adjustment (tend)
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Desired formability — |—» Metal forming FEA at »  Good part
! one time increment
it
(ti) to (t1+1

Formability

Defect
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Figure 2.12 General flow chart 0fithe feegﬁack control simulation method for process

design.in rﬁefal forming

2.5.2.4 Fuzzy logit simulatioh method

The basic-fuzzy rules i-n‘éotporate a simple logical term, based on
“IF “X’AND ‘Y * THEN ‘Z”’ approach to solve any basie control problem rather than
attempting to model the system mathematically, where X" and ‘Y ’ are two different
input conditions and “Z’ is the outcome or result due to the inputs. Ray and Mac
Donald, 2004 applied fuzzy-logic to find loading path;pressure and axial feed in tube
hydroforming ‘process of T-branch and X-branch shape. They fuzzified the input
variables and: conditions into-27-fuzzy  rules,~which, judge whether, the incremental
axial feed (Ad) and'internal pressure“(Ap) have to be high, medium or low (fuzzy
inference). Finally, a defuzzification computes the output (Ad and Ap) as the weight
center of the output set. Ho Choi and Koc et al. 2007 also used fuzzy logic algorithm
to determine the pressure profile and blank holder force profile in warm hydroforming

of a round cup.
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2.5.2.5 Adaptive simulation method

This method makes use of both optimization method and
feedback control method in design of process parameters. The adjustments of process
parameters are carried out at each time step (or certain interval of simulation time
step) during a single simulation run similar to the feedback control method. However,
the adjustments of process parameters; are done with the help of optimization
methods. By this way, the automatic design of the process parameters can be done

quickly and in an optimized-manner (Suwat Jirathearanat, 2004).

Sheng, Suwat Jirathearanat.et al: 2004 proposed an adaptive simulation strategy to
adjust the magnitude of the BHE continuously during the simulation process. Thus, a
BHF profile is predicted in a.single-process simulation run and the computation time
is reduced. The proposed strategy. has bé‘én-applied successfully to two conical cup
drawing operations. The predictions have'.bege_n compared with experiments and the
results indicate that the adaptive simulatio_rj,i étrrategy can also be used to improve the
drawing process for forming mon-symmetric: parts. Aydemir, Vree et al. 2005
proposed an adaptive method. is presented,t;;_.thain a more efficient process control
for tube hydroforming processes. This method avoids (the onset of wrinkling and
bursting via dedicated_stability criteria. The wrinkling criterion uses an energy-based
indicator inspired on the plastic bifurcation theory. For nécking, followed by bursting,
a criterion based on the, forming-limit curve-issemplayed..Applying these two criteria,
the process parameters~are adjusted during the Simulation via a fuzzy knowledge
based controller. (EKBC)..A case, study, is .carriedout. for the hydroforming of a T-
shape part using'the'designed‘adaptive system in combination'with the finite element

method. For the simulations ABAQUS/Explicit is used.

Table 2.1 showed the researches about the optimization coupled with FEM in metal

forming.
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Table 2.1 Summarize of optimization with FEM technique in metal forming

Parameters
Author Process Objective (Design Technique
Variables)
Heung-Kyu I\D/Irlgl\;[\:i-r?gtjage Deep Max. Thickness glljiirﬁ rgieé Simulated
Kim (2007) (Round Cup) of the bottom Stroke Annealing (SA)
Warm Sheet
Ho Choi Thickness;
Hydrofroming Sirain, SIress E;?)?‘islire’ BHF Fuzzy Logic
(2007) Distribution
(Round Cup)
H. Naceur Deep Drawing _ Die, Punch Response
Springback Radius Surface Method
(2007) (Round Cup) '
L'irr\] Zhong- gpyeat Mefal Forming
Q Drawing Limit.  BHF Profile PID Close-loop
(2007) (Pan Cup)
Maxt :Re‘c]i-uced .
Qiang Liu Deep Drawing Thickness ,\D/:;/f rgence
ginal
Constant BHF Method
(2007) (Pan Cup) Miii. iiciease Gradient
Thickness (Gradient)
S.K. Singh HMD Max. Limit Die Lip Dia. .
Drawing Ratio Gradient
(Round Cup; Optimization
(2007) Tractfix) (LDR) Draft Angle
Eﬁgg% Shect Metal Forming On-line
Flange Draw-in | BHF Profile Feedback
(2006) (Pan Cup) Control
Pressure,
Ken-ichi Tube Hydroforming éxml Feed,
ounter .
Manabe Successful punch Fuzzy Logic
(2006) (T-Branch) '
Distance

Profile
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Parameters
Author Process Objective (Design Technique
Variables)
Lihui Lang . Non-Linear
Sheet Hydroforming m Ir?chE lr:rgrrcgf n, K, p Least Square
(2006) Method
Y. Huang Deep Drawing Uniform Punch Radius
Thickness RSM
I Punch Nose
(2006) (Round Cup) Distribuiion Radius
A. Aydemir  Tube Hydroforming Pressure, i
Successful Axial Feed gﬁﬁlt;\t/i%n
(2005) (T-Braneh) Profile
Lin Wang Deep Drawing Min’ Major- _Constant BHF
Minor Strain | each RSM
(2005) (Rectangular Cup) segments
M Min. Thickness
Imanineiad 1€ Hydioforming Variation Pressure, Conjugate
manineja i Axial Feed Gradient
T-Joint Max. Effective  Profile Optimization
(2005) ( ) Stress— . | P
T.Jansson  Deep Drawing Drawbead f/llj(;(rjoe?aatr?d
Draw-in Target Restraining Response
(2005) (Automiotive Part) Force P
Surface
E:)rozr}:a Sheet Metal"Forming
y _ No Defects BHFProfile Database
(2004) (Non-Symmetric)
Jun Zhag
Deep Drawing No Defects n,K.rpu Neural Network
(2004)
P. Ray Tube Hydroforming  No Defects Pressure,
Axial Feed Fuzzy Logic
(2004) (T-X Shape) Max. Thickness Profile
Adaptive
Z.Q. Sheng Deep Drawing Height BHF Profile Simulation

(2004)
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Parameters
Author Process Objective (Design Technique
Variables)
E uang-Jau Tube Hydroforming ~ Thickness Pressure, Conjugate
aan Uniformand ~ Axial Feed  Gradient
(2003) (T-Shape) Accuracy Shape Profile Optimization
Jae- Bong Pre_ssure, Sensitivity
Axial Feed :
Yang (2001) Profile Analysis
S.H. Park . in. Shape... . .
(1999) Deep D , Blank Size Gradient

U
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CHAPTER 111

PROBLEM STATEMENT AND METHODOLOGY
SETUP

o008 OFf REVERLITRON
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Figure 3.1 Parabolic cup application

Parabolic cups are mostly used in application of light reflector as shown in
figure 3.1. To form a parabolic shape using conventional deep drawing process is
typically necessary to use six steps, while hydromechanical deep drawing process can

form the part in one step (Zhang, Lang et al. 2000). Furthermore, dimensional
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accuracy of the products is remarkably improved. This research focuses on a family of
parabolic cups as shown in figure 3.2. During forming process, this shape is very
much prone to fracture and wrinkle, if the process parameters are not proper. The key
process parameters affecting the parts are blank holder force and counter pressure.
Excessive blank holder force and high counter pressure can lead to fracture. On the
other hand, insufficient blank holder force and low counter pressure can lead to
wrinkle. Therefore, proper blank holder force and proper counter pressure are very
important in carrying out the forming process'successfully. In this research, we have
two problems to determine 1) the proper, constant blank holder force and proper linear
counter pressure of the parabolic.cups and 2) the feasible profile of blank holder force

and pressure as shownan figure 3.3~

| — R Unit : mm
|< Width"} 4 r|
Ty ; |*__
" Focus
Focus Width Height Blank Dia. ¢
(mm) (mm) (mm) (mm)
Part #1 20.0 178.89 100.00 320.00
Part #2 25.0 219.09 120.00 380.00
Part #3 395 297.46 140.00 480.00

Figure 3.2 Parabolic cup dimensions
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Steel: SPCC, t=1, ¢ =320

le-2
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Figure 3.4 Flow curve of SPCC
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SPCC, low carbon sheet steel in Japanese steel grade, is used in this research
because this material is widely used in Thailand automotive industries. It is not a deep
draw quality grade. To improve formability of this material, it is necessary to change
the forming process to hydromechanical deep drawing and process parameters should
be properly designed. In this study, uniaxial tensile test was used to find mechanical
properties of SPCC material with 0.8 mm thickness as shown in table 3.1 and a flow

curve is shown in figure 3.4. E tal forming limit curve (FLC) of this

particular material is shown in

Table 3.1 The propertie

Material:
Blank thickness:

Young’s modulus
Poisson’s ratio
Yield strength
Ultimate strength

Strain hardening comy

Strength coefficient!| -;,; """""""" '

Anisotropy m m
gutIngmingns

QW']éNﬂ‘im UANAINYA Y
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Forming Limit Diagram of SPCC
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Figure 3.5 Forming limi

Blank holder

8000 elements, 8161 nodes
Counter Pot

Figure 3.6 — Finite element quarter model of blank and tool components
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Finite element simulation used in this research is solved an incremental dynamic
explicit finite element code; LS-DYNA. FE quarter models of the blank and tool
components are used in the analysis to take advantage of the symmetry and to reduce
calculation time as shown in figure 3.6. The blank model is a structured mesh model
with 8,000 quadrilateral elements and 8,161 nodes. Belytchko-Tsay thin-shell
elements are used. The tool components are modeled with a rigid material model

(material type 20).

v ¢ o /
o DL AR TR T Hrs i o s
9
Figure 3.7 Comparison of solutions between the Balat-Lian’s three-parameter model

and Hill’s transversely anisotropic model

There are many constitutive material models for the steel blank such as von Mises
isotropic material model (material type 18), Balat-Lian’s three-parameter model

(material type 36) and Hill’s transversely anisotropic model (Hill 1948 model;
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material type 37). It has been shown that experimental results compared with the
simulation ones are in very good agreements when using either Hill’s transversely
anisotropic model or Balat-Lian’s three-parameter model (Zhang, Lang et al. 2000).
The comparison of solutions between the Balat-Lian’s three-parameter model and
Hill’s transversely anisotropic model are shown in figure 3.7. In this research, Balat-
Lian’s three-parameter model was used for the blank material model. Barlat
recommends M = 8 for face centered cubic (FCC) materials, M = 6 for body centered
(BCC) materials. SPCC sheet steel is indicated to have BCC structure (Lee, Kumai et
al. 2007), so in this research M .= 6 was, appliCd=The mechanical properties of SPCC

used in this research are given in.Table 3.1.

The friction coefficient (g) is" dependent on material, contact surface and lubricant.
Moreover, it is not unifoum along the paﬁ- geometry and varied with normal pressures.
Therefore in practice, to détezmine the fri_(I;tion coefficients on all the contacting areas
between blank and teols fare very difﬁ_cul}. In hydromechanical deep drawing
simulation, the values of the friction coefﬁc_;i_qn.ts are assumed to be just one value, i.e.
uniform friction condition, for. the - whole éiéés" between blank and tools during the
process. In papers based on-the works by -':(j_a);thandeparkar and Liewald 2007, (b)
Lang et al. 2004 and (¢) Zhang et al. 2000, these researchershave used a lower friction
coefficient in the range of 0.03 — 0.08 at the flange contacting interfaces whereas a
higher friction coefficient in range of 0.1 — 0.2 was considered at the punch wall
contact interface. dnithis rescarch works the coulomb-frictionzecoefficient of 0.06 was
used between the blank and the blank holder, and between the blank and the counter
pot ring., The friction coefficient-of,0,12 was assumed-for the,contact model between
the blank and the punch. ‘The fluid was not modeled; instead, a uniformly distributed
pressure was applied directly to the blank surface. After the pre-bulging stage, the
internal pressure was increased linearly up to the end of the forming stroke, while the

blank holder force remained constant throughout the process.

The time step has to be less than (Tekkaya, 2000)
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At=(%j= % (3.1)
yo,
where L is a characteristic length of the element, C the speed of sound in the
workpiece material, E is the Young's modulus of the material and p is the density of
the material. Consider a process operation for which C is 5000 m/s for steel, L is in
the order of mm's, around 2 mm (this corresponds to the smallest element in the
mesh!). The minimum time step is given bythe above equation as 4x10” s. The
punch speed is about 6.25 mm/s (forming after pre-bulge is set for 20 second) and the
punch traveling distance'1s roughly 125 mm. The time for forming can found as 20 s.
Dividing the total process éime by the minimum time step yields the number of time
increments as 5x107"Thig" is/an unacceptable high number of increments, which
would make the dynamic explicit methods unfeasible. For this reason, two different

numerical tricks are applied;

1. The punch spced is inereased aég,ompared to the real process speed. In
order to reduce the undesired eftfects of the;al;fli'ﬁcial mass forces numerical damping
is introduced. The damping matrix is takeﬁffébortional to the mass matrix usually.
This precaution, howeyer; does not work if the material 1s-strain rate sensitive. Also, if
a thermo-mechanical phenomenon is involved, increasing the process speed is not

allowed. In such cases the second treatment is used.

2. Increasing'the’ density ‘of-th¢ material'leads to'a’'reduction of the speed of

sound in the material and hence an increase in the“allowable time increment.

In this case, the material is formed in room temperature (it is not thermo-mechanical
phenomena) and the material was tested by tensile test with cross head speed as punch
speed. Time scaling technique was used to guarantee a reasonable calculation time,
taken as 1,000, i.e. the artificial punch speed is 6,250 mm/s while a typical punch

speed is 6.25 mm/s, however, increasing the density is not possible (no mass scaling).
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Generally, pre-bulging has two functions: the first is to build the pressure at the
beginning stage of hydroforming, and the second is to change the stress state of sheet
around the punch nose to avoid the defects of fracture and wrinkling at the beginning
of forming. In the simulation, the pre-bulging stage takes place for 0.01 seconds;
pressure, blank holder force and dome height are set up to produce a plastic strain

(pre-strain) of 2-8%. The dome height is around 20% of final part height.

To improve the analysis accuracy, the .development and application of new
constitutive equations, failure criteria and iriction models are expected (Tekkaya,

2000).

3.4 Experimental setupfor HMD process
3.4.1 Equipmeants !

- Press machine

- Blank holder force centjrol system
- Pressure intensifier )

- Pressure control system

sEoree transducer

- Pressure transducer

- Die

- Blank material

3.4.2 Press machine and blank holder force control system

A press machine and blank holder force control system are used in the

experimental is specified follows:
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Equipment:  Hydraulic Press 200 tons

Main Press:

- Hydraulic Press Single action and programmable active cushion force

- Pressing Capacity 200 tons
- Lifting Capacity 20 tons

- Table Size
- Max. Day Light
- Stroke

- Down Speed

- Pressing Spee

Cushion Pres force with respect to ram

position

- Cushion Capaci

- Cushion Stroke

Control: 4

Vi

- Control Panew'ou S
e Ram Foice

W&mﬂmwmm

¢/Ram D1sp1acement
babiabic mmmﬂwma d
- Programmable active cushion force/stroke
- Allow using signals from force sensors/transducers in the control unit

- Allow sending signals from the control unit to outside data acquisition

system
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The machine and blank holder force control system were built by National Metal and

Materials Technology (MTEC) as shown in figure 3.8.

Figure 3.8 Two hundred ton of hydraulic press machine and blank holder force
control system
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3.4.3 Press intensifier and pressure control system

Pressure intensifier and pressure control system is used to intensifier
the pressure from a normal hydraulic pump to a much larger pressure using fluid
media such as treated water or hydraulic oil. The controller regulates the fluid
pressure during the forming according to the design pressure profile. These systems
were created by BT Engineering Company. The hydraulic bulge test die and pressure

intensifier were built and 1ntegratea1 NW common hydraulic press machine as

shown in figure 3.9.

Hydraulic
bulge test die

Pressure
intensifier

Figure 3.9 Pressure intensifier system built by BT Engineering Company
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3.4.4 Die

The die was designed by modifying from the hydraulic bulge die
[MTEC] as shown in figure 3.10

Step3 — Pre-bu@e, Tooling ¢ S'E-ep4 — Forming v

““'“im%z"ﬁﬁeﬂi NRINYIRY

Step4 — Forming (Couhter pot opened)

Figure 3.10 Hydromechanical deep drawing die of parabolic part
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3.5 Investigation of the parabolic parts with HMD

The main defects of HMD process of parabolic parts are cracks and wrinkles.
The thinnest area often occurs in surface contacted with punch head, while severe side
wall wrinkling is taken place in the unsupported area and flange wrinkling happens in

the flange area.

Generally, fracture can be predicted by: (1) strain based criteria, e.g. forming limit
diagrams (FLDs) and maximum part thinning: (2) stress based criteria, e.g. forming
limit stress diagrams (FLSDs); and (3) ductile damage criteria, e.g. the Cockcroft and

Latham 1968 criterion.

Two types of wrinkle can oecur/in the parabolic parts: a) flange wrinkle and b)
sidewall wrinkle. In FE_S§imulations, both types of wrinkles can be indicated by
certain geometry based rules oy stress b%sed tules. During cup forming, the flange
under influence of cireumferential compressiye stress, the blank has a tendency to
buckle and the blank's thickness incteases _‘EQY;}ard the outside edge of the flange. The
distance between blank holder and die 1s determined by the greatest (local) flange
thickness. Thus there will be a small gap between blank holder and sheet for areas of
smaller thickness. The parabolic shape makes this part family very susceptible to
sidewall wrinkle formation. During the hydromechanical drawing of this part, large
hydraulic pressures ar¢ needed to suppress these potential sidewall wrinkles. The

defect criteria are defined insthe mextchapter.

After defects criteria were defined; the process. windows of all parts have been
createdy The process window in terms of blank holder force and counter pressure can
show the influence of two process parameters on part quality. The crack, flange
wrinkle, side wall wrinkle and good part are plotted on the process window. The good
process parameters are bounded to be a feasible region, so a surface of thickness as a
function of internal pressure and blank holder force is constructed by using these

collected data, which in terms is used to find the optimal solution.
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3.6 Optimization approach to find optimal BHF and P

The parabolic cup can be formed with HMD in one step using a linear pressure

and stepped constant BHF profile (Maki, T.) as shown in figure 3.11.

F

 i—
=

Figure 3.11 Typl B

ﬂumwﬂmwmm

Determining o tlmal process par%meters in hydroformlng process is key, however,

= Q9 QT VIR B oo

techniqué can be used to find them. However, this technique is time consuming due to

s for ﬂ)ered punch (Maki, T.)

the CPU-time of non-linear finite element problem and numerous samplings to
identify the optimal constant BHF and linear pressure. This procedure is shown in

figure 3.12.
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New
Populations |
P;, BHF;
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Input.dyn
Input.mod

i | LS-DYNA | |

{

Check

Check i

|

| Defects hec

i (Constraints) Objective

|

| Not Pass
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i Defect Optimization

| Technigue , .
1

________________________________________

Figure 3.12 Normaal proceduré of optimization with FEM

Response surface methodology (RSM) 1s a method for constructing global
approximations of walued objective and constraint functions based on functional
evaluations at various points in the design space. Many tesearchers have applied RSM
to simulation models in" cemputational méchanics field. Roux, Stander et al. 1998

discussed experimental design techniques and the regreéssion gquations for structural

optimization.

RSM combined with stochastic finite elements were used by Kleiber, Rojek et al.
2002 for reliability assessment in metal forming. Huang, Lo et al. 2006 found optimal
punch nose radius for forming of a round cup to minimize part thickness variation.
Wang and Lee 2005 used RSM and FEA to control strain path during forming process

with space-variant blank holder force.

The feasible region data from process window or search technique are use for RSM to

find the minimum thinning of the parts without crack and wrinkle.
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3.7 Automatic approach to select loading paths in HMD

Many researchers discretized the time to monitor and control process
parameters such as pressure, axial feed and blank holder force. The result in each
monitoring step should be close to the successful target results. This method requires
a computer program to manage and adjust the commercial code of non-linear finite

element software. The procedure of loading paths control is shown in figure 3.13.

Input; dyn e -
Input;.mod —— T
BHF
resiartdyn / Y
< d3dtmp/ /1§ "
A4 \ /
LS-DYNA Vea ume,
v o, T
Solutions; Update Phew = Poid + o AP
Loading | :\BHF ey = BHFgq + B ABHF
Condition i
Algorithm
v o A 1. Check Defect
yesof i Criterion
ti = ti+At 2. Generate new P
and BHF
no
A
Feasible

Knowledge.from FE
Simulation

Figure3.13 Procedure of control loading path with simulation

However, controlling the process parameters to get the required solutions needs
knowledge of effect of that parameters on the part quality. This can be done by
producing the process window related in terms of blank holder force and punch stroke

and in terms of pressure and punch stroke.
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Determination of feasible loading paths needs "a part quality trajectory"” to trace by
adjusting loading paths incrementally. The favorable techniques to determine loading

paths are a feedback control, adaptive simulation and fuzzy logic.

Due to the optimization process in this study is a repeated calculation process, if the
modification of the design variables, the start of the finite element simulation and the
calculation of cost function gradient were manipulated by hand, it would waste a lot
of time and would be inefficient. Conveniently, LS-DYNA can be run as a command
in the DOS operation system, so that the £-S-DYNA process simulation and the
related calculation programs gencrated with Compaq Visual FORTRAN 6.0 could be
integrated in this study as.a*baich or a script file for DOS to fulfill the optimization
process. The optimization process could then be executed by setting the related
parameters in the input file and by lauhcﬁing the batch file. This methodology was
used in by Fann and Hsiao 2003. Hov&xfléver, they applied Visual C++ instead of
Compaq Visual FORTRAN 6.0.

Methodologies of optimum loading paths -féf general parts without process windows
are challenge. Therefore, this reSearch aims fo determine feasible loading paths of
pressure and blank holder force in hydrérﬁechanical deep drawing process of

parabolic cups family,

Choi and Koc et al. 2007 and Ray, Mac Donald 2004 applied fuzzy logic to determine
loading paths™ of rotind ~¢up Mafid M-branch|ifi Iwarm'} hydroforming and tube
hydroforming. The fuzzy logic starts by checking the defects are occurring during the
process-ormot?-And, thengwhat types ofjdefects are onithe part. Fhemnext information
that fuzzy logic ask is what parameters make that defects on and they need to be
increased or reduced or maintained these values. If they need to be increased or
reduced, how much of the value are for eliminating the defects. Choi and Koc et al.
2007 and Ray, Mac Donald 2004 adjusted the parameters according the level of
defects by using linear extrapolation for pressure and BHF. This method is
appropriate for unknown profiles but a lot of monitoring steps need to capture the

feasible profiles.



CHAPTER IV

INVESTIGATION ON FORMING OF PARABOLIC
PARTS WITH HYDROMECHANICAL DEEP
DRAWING PROCESS

Parabolic shaped cups are commonlyused in spot lights and car headlamps as
light reflectors. Due to their particularlyspointy and tapered shape, if poorly designed,
the cupping process can easily..form \part wrinkles or fractures. Therefore, these
parabolic cups often require at least six forming steps using conventional deep
drawing process to" produge ; good ‘cups, see in" figure 4.1. Interestingly,
hydromechanical deepsdrawing (HMD), @ relatively new forming process where the
solid die cavity is replaced by highly-pressurized water, can potentially form these
cups using just a single siep with improved'p'ért dimensional accuracy (Zhang, Lang
et al. 2000). >3

When applying HMD, the kéy process parameters.affecting part quality are blank
holder force and couriter pressure:-Excessive biank-holdeér force and counter pressure
can lead to fracture. On the other hand, insufficient blank holder force and counter
pressure can lead to wrinkle. Therefore, proper blank holder force and proper counter
pressure are \very, important in “carrying; out the “forming, process successfully.

Investigation of'these two proper process parameters is the goal of this chapter.

4.1 Defect Criteria

In the HMD process of parabolic cup, a large area of blank surface is
unsupported. The blank is initially bulged, and becomes in contact with punch. As the
punch is descending downwards, both pressure and blank holder force will keep the

blank stretching for successfully forming, figure 4.2
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Final draw ‘ ’
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The main defects of the HMD pror:Ess of ;mbollc parts are cracks and wrinkles. The

< b
- o "h =~ 1:-._

thinnest area often ogcurs in surface contacted with pu‘qch head, while severe side

wall wrinkling is tak_‘ﬁ place in the unsupported arEfEn‘cf_lhnge wrinkling happens in
the flange area. This Jollowmg section are aimmed uto define the defects on the

parabolic cups.

Side Wall i Flange
Wrinkling Area Thin-Out
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Supported
by pressure

Figure 4.2 Schematic of the HMD process of parabolic cup
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4.1.1 Crack criterion

CRLCS (t=1 n=0.216, True strain)

Crack area Cracks
B &1= 0.39, &2 = 0.009 [risk
of cracks
D 6 \ :‘.I;t?ve_re
Good
i \ Inadequate
stretch
\F LC Wrinkling

0.5

tendency

Wrinkles

£ 04
g £
N i
P Crack allowanc
E g3l &=039 % _
s Thinning = Thinnest area
.F i ,-'J-} ;: 39%
= . ,

0.2

0.1 =3

'.j:
D 1 - 1 1 |
-0.3 -0.2 0.1 0 0.1 0.2 0.3 04

Minor True Strain

Figure 4,3'Comparison between"part formability and‘thinning in"SPCC parabolic cup

of HMD process

Generally, fracture can be predicted by: (1) strain based criteria, e.g. forming limit
diagrams (FLDs) (Obermeyer and Majlessi 1998) and maximum part thinning
(Thomas 1999); (2) stress based criteria, e.g. forming limit stress diagrams (FLSDs)
(Haddad, Arrieux et al. 2000); and (3) ductile damage criteria, e.g. the Cockcroft and

Latham 1968 criterion. Thinning of the part wall is commonly used in industry to
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indicate probability of fracture (Sheng, Suwat Jirathearanat et al. 2004). Therefore, in
the present study, we also selected wall thinning as a fracture criterion. However, this
IS an approximate criterion because the critical maximum thinning is known to be
affected by strain paths. From many hydromechanical deep drawing simulations of
SPCC parabolic parts, the minimum major and minor strains at the crack site of the
parts are around 0.39 and 0.09, respectively, which corresponds to part thinning of
39%. The location of crack site is in the pungh nose area and it is found to be the same
location as the thinnest area of parts as well,»39% as shown in figure 4.3. For this
SPCC parabolic part, therefore,the thinning eriterion limit (Thingin) was chosen to be
around 40% as it correspendedwith the fracture of the part predicted by the forming

limit curve.

4.1.2 Wrinkles criteria

Two types of wrinkie cahfdc,(]:_ur in the parabolic parts: a) flange
wrinkle and b) sidewall wrinkle. n FE simulétions, both types of wrinkles can be
indicated by certainiygeometry based rules -c‘)r- stress based rules. Owning to its
simplicity, a geometry'based method was used to indicate and quantify the wrinkles in

this work.

4.1.2.1 Flange wrinkle

During cup forming, the flange under the influence of the
compressive: stress,, ithe blank has a‘tendency: to' buckle and tie Bblank's thickness
increases toward the outside edge of the flange. The distance between blank holder
and die is determined by the greatest (local) flange thickness. Thus there will be a

small gap between blank holder and sheet for areas of smaller thickness.

The flange wrinkle amplitude (FAM) is measured from the gap distance between
blank holder surface and counter pot addendum surface as shown in figure 4.4

(Sheng, Suwat Jirathearanat et al. 2004). To determine the critical FAM value, several
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forming simulations were conducted with various fixed gap distance. The gaps were
varied from 1.00, 1.01, 1.02, 1.03, 1.04, 1.05, 1.06, 1.07 and 1.08 mm respectively.
The results were shown in figure 4.5; flange wrinkle can be easily visualized on the
parts if FAM is over 1.05, which agrees with Sheng, Suwat Jirathearanat et al. 2004.
They used 5% of nominal sheet thickness to be flange wrinkle criteria. This critical

wrinkle amplitude, however, would be different for different parts depending on the

part functionality. In this parabolic

_ \J yMD process, the flange wrinkle limit
(FAMLim) was chosen to b@}' /_/

)
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Figure 4.4 Measurement of flange wrinkling amplitude (FAM)
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First observed

Flange
[ Wrinkle
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41.2.2 Slgewall wrinkle
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sidewall wrlnkle formation. During‘the hydromeghanical drawing.of this part, large

roraitd s febi b b veod st @l i The

severity of these wrinkles can be quantified by normal distances from part wrinkle-

Figure 4.5

affected nodes to the corresponding punch surfaces, which are referred to as a
sidewall wrinkle parameter (SW), see figure 4.6. The part is found to be defective
when SW becomes larger than 5% of initial part thickness, which is referred to as
sidewall limit (SW_im). Due to the middle surface simulation model, SW\ i in this
study is 0.525.
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Upon completion of the forming simulation, normal distances between the punch and
formed part mesh are measured at every node as shown in figure 4.7. The largest

distance is chosen to be the SW.
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Figure 4.6 Sidewall wrinkles
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defined By L; and U; which are, respectively, the lower and upper bounds on design
variables; P and BHF.

4.2.1.1 Pressure

The minimum pressure required to begin forming as shown in
Eqg. 4.1 (Kog 2008)
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o ield xt
Pmin == (4-1)

Iin

where pmin = minimum pressure to begin forming (MPa), cyiels = the yield strength of

the blank material (MPa), t =the wall thickness of the blank (mm) and ry, = the

an provide an reasonable estimate of
ee Kog 2008)

(4.2)

minimum radius of the part (mm).

A simple formula for the maxir(\

the pressure required to burs

The counter pressure radius'is ;jﬂﬁmy im radius of the tooling, actually chosen to
i;r o4

results by measuri jﬂ
Therefore, the rmin ofI

around 18 mm.

ﬂUEJ’MEmﬁWEJ']ﬂ‘ﬁ

as shown in figure 4.8.
mm, Part 2 ﬂaround 16mm and Part 3 is

rt 1 is aroun

Counter

Figure 4.8 Measurement of the minimum radius of parts
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4.2.1.2 Blank holder force
The minimum BHF can becalculated from the Eq. 4.3

) T
MinFg, = p, Z(Do2 - Dsz) +F + Fan buige (4.3)

BH / pressure

where p, = the blank holder pressure, Dy= outgoing blank diameter, D = sealing
diameter, Fg,, e = the vertical force from pressure acting on the blank holder and

Fan muige = the bulge force acting on the blank hielder (Kog 2008).

The blank holder pressure pswhich is j[he normal pressure between the sheet and the

blank holder and between thessheet and the draw ring, should be high enough at least
to avoid wrinkles of type A (Flange wrinkl__e) in the sheet guided between blank holder

and draw ring. For axisymmetric componéﬁts, one finds in Eq. 4.4 (Kog 2008).

D
pn = 0.002.40.0025) (/5 ~ )3 0.5~ |5 1 (4.4)

#

where Sy = » D punch = PUReh diametér,rz'fo: outgoing blank thickness, oyts =

punch

ultimate tensile strength, o ;eiq = Yyield tensile strength.

Fan, pressure 1S the vertical force acting on the blank holder in the gap between the draw

ring and sheet metal. It can«determine in Equ4.5.
—d 2 2
I:BH / pressure — Z Pc (Ds - I:)BH ) (4-5)

where p. =working'pressure,“Dgy'= inner blank holder diametey.

Fanmuige 1S the bulge force acting on the blank holder in the area between the inner

diameter of the blank holder and the contact line. It can compute in Eq. 4.6.

FaH /bulge = 0Dpn 2t (4.6)

where o = Z—:(DBH — De¢ontact) @Nd Degntact = CONtact line diameter
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Figure 4.10 Forming a bulge wi omechanical deep drawing components with

tapered shaped walls (Kog 2008)

It is difficult to estimate the maximum blank holder force. However, in this work, it
was assumed from the punch force. From a simulation of parabolic by fixed gap

method, it showed that in case of a good part, the reaction forces of punch are close to
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blank holder forces as shown in figure 4.9. Therefore, the maximum BHF estimated

by the corresponding punch force.

The punch force Fpunch acting on the sheet metal for hydromechanical deep drawing
may be obtained from Eq. 4.7. Figure 4.10 shows the forces acting on the sheet metal
for hydromechanical deep drawing. For the hydromechanical deep drawing process,
the situation regarding the stresses and strains in the sheet metal between the outer
blank diameter Doyer and the seal (diameter Dg)«is the same as with conventional deep
drawing for the same blank form and size. The differences between conventional and
hydromechanical deep drawing are the different stresses, strains and forces inside the
sealing (diameter Ds). Hergsthehydraulic pressure p (counter pressure) has to be taken

into account (Kog 2008).

ﬁmm=Fm+mew%wM4+FMNW%M@WWﬁ+O+FmMmd+0+FNM&WHFRWWWmMe

(4.7)

The ideal force Fiq is the ‘punch force fo_r-'-thg ideal condition where there are no
frictions or bending forces. This force cannc;i__b_'e_ reached in reality. For axisymmetric
parts, the ideal force Fiq Is needed to plastically form the sheet metal between the
outer edge of the blank Dqyer and the inner edge of the draw ring Dpg. This force can

be calculated with theEq. 4.8

Fae= Doty In[mJ (4.8)
Punch

The medium true stress (medium, flow:.stress) K = 0.5(ko + ki), Which is the average

of the flow stress at the outer edge of the blank k.«erand at the inner edge of the draw

ring opening kimercan be determined with the Eq. 4.9 (Kog 2008).
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(Kog 2008)
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D
Douter = In( . J (49)
t Douter
and
D, + D2, —D?
¢ginner — In\/ 0 I:;uznch outer (410)
Punch

out of the flow curve k, = f((pg) of a sheet metal (see figure 4.11).

The friction force can calculate hy Eq. 4.11
|:Friction/Shee'( T /UFBH (411)

u = friction coefficient and Fy, = blank holder force

_—

There is no contact between the shegt me’t{all and the inner round draw ring edge, the

friction force is zero that shown in Eq. 4.12.

o

= 0;2.1_} (4.12)

F

Drawbead

-

The sheet metal is pressed by the counter pressure pe.against the punch. The outer
contour of this areais the contact line Deontact = () Where the sheet metal comes in
contact with the punch (see figure 4.12). The vertical foree acting on the punch in this

area is shown in Eq. 4.13.

F

Punch/Pressure contact

:%sz (4.13)

The sheet metal is made to bulge upwards by the counter pressure against the travel

direction of the punch. The bulge force acting on the punch is calculated in Eq. 4.14.

F = 0Dy o (4.14)

Punch/Bulge Contact

The table 4.1 shows the information of parts and forces acting on the sheet metal for

hydromechanical deep drawing.



Table 4.1 Pressure and BHF calculation results of three parts

Partl Part2 Part3

I min 12 16 18
K MPa 589.4 589.4 589.4
n 0.216 0.216 0.216
Yield Strength MPa 267 267 267
Utimate Strength MPa 471 471 471
Thickness mm 1 1 1
Min Pressure MPa 225D 16.69 14.83
AVG Pressure MPa 30.75 23.06 20.50
Max Pressure MPa 39.25 29.44 26.17
Curve length mm 280.868 340.112 426.85
Blank Diameter mm 320 380 480
BH Diameter (cavity) mm 188.886 229.09 307.46
Punch Diameter mm 1 4178.886 219.09 297.46
Contact Diameter mm ~, 178.886 219.09 297.46
Flange Outer Diameter mm 4 286 325 440
Flange Inner Diameter mim f 198 240 318
Strain Outer Diameter 0.115831816 0.15634607 0.087011377
Strain Inner Diameter 0.253924979 0.296056783 0.173883278
Stress Outer MPa 369.9959327 394.7597971 347.8232082
Stress Inner MPa 438.3555436 453.1345061 403.929731
Stress AVG MPa 404.1757382 423.9471516 375.8764696
Seal Diameter mm -198.886 239.09 317.46
B 1.789 1.734 1.614
Pn MPa 1.305 1.405 1.619
c MPa 76.88 57.66 51.23
Min BHE

Feriicontact pressure N 93,603.31 84,750.94 00,561.92
Feribuige N 45,594.72 41,474.60 9,457.57
Fshipn N 64,377.77 96,222.51 64,710.53
Min Fgy N 203,575.80 222,448.05 314,730.02
Min Fgy Quarter N 50,893.95 55,612.01 78,682.50
Max BHF (Fpunch)

Fiq N 168,456.86 170,607.61 203,307.61
Ffriction/Sheet/BH N 15000 15000 15000
I:friction/Sheet/DrawRing N 15000 15000 15000
Fdrawbead N - - -
FrunchiBulge N 43,180.84 39,664.19 47,849.60
Fcounter Pressure N 772,444.85 869,002.75 1,423,903.85
Max Fgy N 1,014,082.56 1,109,274.55 1,705,061.07
Max Fgy Quarter N 253,520.64 277,318.64 426,265.27
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The ranges of the optimal search space of the three parts were bounded as follows:

Partl

Li<P<Ui; 22.00 MPa <P <40.00 MPa

Li <BHF < U; ; 50,000 N < BHF <260,000 N

Part2

Li <P < Upp16:00 MPa < P<30:000MPa

Li < BHF=< Up56,000 N\ < BHF <280,000 N

Part3

Li <P < Uy, # 14.00 MPa S P <27.00 MPa

Li <BHF £ U;; 79,000 N < BHF < 430,000 N

4.2.2 Process windows

A process window (a diagram showing feasible and defective regions
of all forming process canditions) was generated by separating the range of pressure
and blank holder force' into nine points and conducting FE .analyses to investigate
them. In this case, the total number of combinations between, P and BHF is 81
simulations.’| A crack, was determined by, the crack criterion and plotted on to the
process window with ¢symbol. The flange wrinkle (FW) was determined by the FW
criterion and plotted on to the process window with ® symbol. The side wrinkle
(SW) was determined by SW criterion and plotted on to the process window with ©
symbol. All the good part forming conditions were plotted on to process window

with 4 symbol.



73

45 Process Window
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10 1 lead to both wrinkling lead to fracture
5 | Insufficient pressure:f o 0 BB ~
lead to side wall wrinkling
0 |
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BHE.(N)

Figtirei4.13 Procésslw_indow of Partl

The process window was canstrucied in a'iiiiaglram as shown in figure 4.13. The left
boundary shows a flange wrinkle imit causefd& insufficient blank holder force. The
right boundary shows a crack limit causédt—b;_ excessive blank holder force. The
upper boundary is ‘dnother crack limit caused by exceésive pressure. The lower
boundary is a sidewall wrinkie limit affected by insufficient pressure. The region
bounded by all the defective, limits mentioned is the successful forming area so called
“feasible region™. [For this part, there are three'ways to enter the feasible region; 1)
from crack boundary, 2) from flange wrinkle boundary and 3) from, side wall wrinkle
boundary. 'Solutions ‘accessed from the crack boundary:-will have thinning near the
thin limit (39%). The solutions accessed from the flange wrinkle boundary will have
FAM near the FAM limit (1.05). The solutions accessed from the side wall wrinkle
boundary will have SW near the SW limit (0.525) and the maximum thinning less
than that accessed from the thinning boundary. For example, from the process
window, BHF as 76,250 N (for quarter) and pressure as 28.75 MPa would form a part
with maximum thinning less than 34.43%, FAM of 1.040 mm (no flange wrinkle),

SW of 0.487 mm (no side wall wrinkle). The strain paths of thinnest elements (near
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the punch nose area) is in the biaxial stage which have the major strain (g1) as 0.324

and the minor strain (g2) as 0.0998. Therefore, the part will be thinned before crack.

The solutions were shown in figure 4.14.
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Figure 4.14 The solutions of Partl are conducted with BHF as 76,250 N (for quarter)
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In the same procedure followed f0 chart the pr ,process window for HMD of Part1, Part2

and Part3 were studled as WeII to make thelr process windows, see figure 4.15 for

Part2. From process Wl_ndOW of Part 2, BHF as 84,000 N (for quarter) and pressure as

26.5 MPa conduct the maximum thinning less than.the other as 33.84%. This

condition gives FAM as 1:045 mm (no_flange wrinkle), SW as 0.496 (no side wall

wrinkle). The 'straintpaths of thinnest'elements’(near the punch nose area) is in the

biaxial stage which have the major strain (g;) as.0.33 and the iminor strain () as

0.0846. Therefore, the'part will be thinned before grack. The solutions were shown in

figure 4.16.
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and pressure as 26.5 MPa

The process window for Part3 is shown in figure 4.17. From process window of Part

3, BHF as 210,625 N (for quarter) and pressure as 23.75 MPa conduct the maximum

thinning less than the other as 25.64%. This condition gives FAM as 1.021 mm (no
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flange wrinkle), SW as 0.491 (no side wall wrinkle). The strain paths of thinnest
elements (near the punch nose area) is in the biaxial stage which have the major strain
(g1) as 0.214 and the minor strain (e;) as 0.0832. Therefore, the part will be thinned

before crack. The solutions were shown in figure 4.18.
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It can be seen Hat each part has its unique progess window. Hewever, the process

o) S b 58 4 AV v

can be f@rmed using the process conditions near the sidewall wrinkling limit.
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From the process windows of the three parts, the general process window of constant
BHF and linear pressure can be sketched as shown in figure 4.19 and it can be

concluded that;

- The constant BHF and linear pressure profile can form parabolic cups in

HMD process
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- Excessive BHF and pressure can lead to fracture
- Insufficient BHF and pressure can lead to wrinkle

- In general, there are three ways to access the feasible zone (shown as
“Safe”); 1) Access from crack boundary, 2) Access from flange wrinkle and 3) Access

from side wall wrinkle. The parts u5| ocess conditions near the side wall wrinkle

boundary have thinning less than tﬁ‘e‘b Wnes

Pressure (MPa)

T

Figure 4.19 General process window of relatlonshlp between constant BHF and linear

AU ¢ TN

The determlnatlon of process windows is expensive, time consuming and trial-and-

rtor b eralie pracechres Heuer e knahbdge boif ffery user for

generatir?g a procedure to find the optimal process parameters by optimization

techniques, see details in the next chapter.



80

4.3 Effect of process parameters compared with punch
stroke on quality of parabolic parts

The relation of part quality variation on punch stroke is important for
designing loading trajectory. This section aims to investigate the effect of pressure

and blank holder force over the punch stroke on quality of parabolic parts.

Fluid Pressure /

I' The stretch part

Rupture Fallupe Area

7 Punch Stroke
Figure 4.20 Generic curve illustrating the eptimum fluid pressure-punch stroke path

for the stamp hydrofofming Process

From literature, Lo et al. (1993) and Hsu et al. (1996) performed a series of
experiments and analyses that established this fluid pressure-punch stroke path for the
stamp hydroformirg of'metallic'hemispherical'cups. /A"generalized curve is illustrated
in figure 4.20 te help demonstrate one of the goals of the numerical and experimental
research; determinatiomof-the-eptimum fluid pressure-punch.stroke path for the stamp
hydroforming of sheet metals. From figure '4.20, if the red line is followed the part
will be more stretched. However, if the maximum thickness is require on the parts, the
pink line should be selected. Selection of only pressure profile cannot guarantee that
it can form the part successfully. The blank holder parameter is another important
parameter. Doege and Sommer (1983) examined the possibility of controlling the
blank holder force (BHF) with respect to the punch displacement as a means of safely

avoiding the onset of wrinkling or tearing, see figure 4.21. The constant BHF in
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acceptable zone can form the part successfully. The use of lower BHF in the

beginning of stroke and higher through the stroke increases the limit drawing ratio.

BHF

Q Puntﬁ’Brspiac" e

Figure 4.21 IIIustra‘gn of the BHF woim fﬁj uccessful part drawing,

Doege and Sommer (1983

ﬂuEJ’mEJVl‘ﬁWEJ’]ﬂ‘ﬁ
el Y ST s v

help to inspect this defect more effectively. In the case of side wall wrinkle onset, the

zebra lines will change from straight lines to curly line as shown in figure 4.22.

Clearly, as side wall wrinkles are happening to the part, the zebra lines become coiled.
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Smooth Surface Straight Line

Wrinkle Surface

Wavy Surface

Figure 4.22 \_/isuél inspection and zebra lines are criteria used to detect side wall

1 awrinkle

The windows of relationship between pressure and punch stroke affecting on part
quality for Part 1 are shown in figure 4.23 - 4.31, for Part 2 are shown in figure 4.32 -
4.40 and for Part 3 are shown in figure 4.41 — 4.49.
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Figure 4.26 The effect of fluid pressure and punch stroke on part quality at 128,750 N
of BHF for Partl
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Figure 4.44 The effect of fluid pressure and punch stroke on part quality at 210,625 N
of BHF for Part3
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From figure 4.23 - 4.49, the geﬁB&prOCQE#dow of relationship between pressure

and punch stroke an thelref‘ferfts‘oﬁ art or-parabolic part is shown in figure
.- — ;
4.50. In the beginnine , thi Iy affect the part quality.

arts toﬂre crack. Conversely, after a

After one-third of stroﬁe, higher pre
half of stroke, low pressures lead parts to ‘Lp side wall wrinkle. The onset of crack

and side wall ﬁrﬂ Ew}a@%pﬁj%"j tel lrich istaice and the blank holder

force level. From the figure 450 a linear pressure can form the parabolic part
QU PR PRI MO B st
Clearly, ‘a low pressure that increases with the stroke will form parts with minimum
thinning. BHF is another important process parameter as it can be seen in figure 4.51.
The general window of relationship between pressure and punch stroke and their
effects on part quality for parabolic part with various BHF levels is shown in figure
451
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A general process window of relationship between BHF and punch stroke and their
effects on part quality for parabolic part is shown in figure 4.52. This process window
is plotted with the medium ranged constant pressure profile. In the beginning of
stroke, the level of blank holder force does not at all affect part quality. However,
after one-fourth of stroke the higher BHF lead parts to crack. Conversely, the low

BHF lead parts to wrinkle in the flange a ea. The blank holder force is directly effect
)‘ rts to appear after one-third of stroke
&;fmce and pressure. From figure,

abolic part successfully. Also, in
( n?%\;ﬂ&hat increases with the stroke

on the flange wrinkle. The side

and can disappear when a

—
it is evident now that cons

the same way as pressu

will form parts with mini

BHF(N)

Punch Stroke (mm)

Figure 4.52 General process window of relationship between BHF and punch stroke

and their effects on part quality in HMD process of parabolic part
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4.4 Characteristics parabolic shape forming with HMD
process

In the HMD of a parabolic part, metal flow must be closely controlled to
obtain a good balance between excessive thinning in one area and wrinkling in others.
In the top illustration in figure 4.53, the blank is first bulged upward and then
reversely formed downward by the punch movement. Then, the punch moves to
stretch the blank, which is restrained by .the blank holder in the flange area and
pressure in the forming area. At this stage, the-blank around the punch nose is
subjected to biaxial tensionywhich results in metal thinning before crack. With proper
pressure and blank holder faiee, part thinning falls in the range of 20 to 40% (depend
on part geometry). More than 40% part thi__nning is likely to result in fracture near the
punch nose. In figure 453, the portion dfrthe blank under the blank holder has not

begun to move.

As the drawing operation continues, the mq@a}_lr begins to move from the blank holder,
and a forming mechanics develops‘(the thirdrilrl,ustration, figure 4.53). Here the metal
has been drawn into a partial parabolic shape with unsupported metal in a tangential
slope between the punch and the clamped surface. Unlike the drawing of straight-
sided shapes, the wide-gap (side wall wrinkle area, figure 4.53) prevents the use of the
draw ring bore as the means of forcing the metal against'the punch surface; therefore,
the probability-ef wrinkling-increases sBecauseithe, metal.is not confined between the
punch and die, wrinkling is fikely to"occur In this area. To prevent wrinkles, the bulge
height between.the.punch.and-blank: holder must be high enough.and, metal must flow
slowly from the flange area (slow ‘draw=in speed)‘simultaneously." This is to maintain
the sheet metal in tensile state of stress at all time. If the high hydraulic pressure and
BHF are kept properly during this last forming stage, a good part without any side

wall wrinkle will result as shown in figure 4.51.
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CHAPTER YV

OPTIMIZATION OF BLANK HOLDER FORCE
AND PRESSURE FOR HYDROMECHANICAL
DEEP DRAWING OF PARABOLIC PARTS USING
2-D INTERVAL HALVING AND RSM METHODS

The key process parameters affectingspart quality are blank holder force and
counter pressure. Excessive blank holder foreeand counter pressure can lead to
fracture. On the other hand; insufficient blank holder force and counter pressure can
lead to wrinkle. Therefore, proper blank holder force and proper counter pressure are
very important in cargying eut.the forming process suceessfully. In previous chapter,
numerous of simulations werg used-to find the feasible region of the parts, thus
requiring expensive and‘time consuming. VThe alm of this chapter is to reduce a

number of simulations and/find the tinimum thinning of the parts.

Zhang, Lang et al. 2000; Zhang, Nielsen et al. 2000; Zhang, Jensen et al. 2003 studied
the effect of anisotropy, pre-bulging, counter pressure and blank holder force on the
quality of parts such-as_round cups, parabolic workpieces and rectangular boxes in
HMD process using both FEA simulations and experifments. Lang, Danckert et al.
2004; Lang, Danckert et al. 2005 investigated forming of a complex square cup and a
round cup using HMD» process /with anifermopressure by beth experiment and FEA
simulation. They showed that the simulated results reasonably agreed with the

experiment;

Response surface methodology (RSM) is a method for constructing global
approximations of valued objective and constraint functions based on functional
evaluations at various points in the design space. Many researchers have applied RSM
to simulation models in computational mechanics field. Roux, Stander et al. 1998
discussed experimental design techniques and the regression equations for structural

optimization.
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RSM combined with stochastic finite elements were used by Kleiber, Rojek et al.
2002 for reliability assessment in metal forming. Huang, Lo et al. 2006 found optimal
punch nose radius for forming of a round cup to minimize part thickness variation.
Wang and Lee 2005 used RSM and FEA to control strain path during forming process

with space-variant blank holder force.

In this research, RSM is applied to determine optimal constant BHF and linear
pressure from the feasible region. Normally,.sampling is a good method to obtain
feasible data points for RSM but it .needs a large. number of samplings. In this
research, we use the 2-D interval halving method, an efficient wide space search
method, combined with RSM .t determine optimal process parameters that form a

parabolic cup with minimum part thinning..

5.1 Search space

The procedure for determining the bp‘t'lr'mal P and BHF profiles is shown in
figure 5.1. The region of interest is defined by Lj-and U; which are respectively the
lower and upper bounds-en-design-variabies;-BHF-and P. The ranges of the optimal

search were restricted @s follows:

Partl : Li<P<Uis 22.00.MPa < P < 40.00 MPa
Li<BHF < U;; 50,000 N < BHF < 260,000 N

Part2 : Li <P <'Uji; 16:00 MPa <P < 30.00 MPa
Li<BHF < U;; 56,000 N < BHF < 280,000 N

Part3 : Li<P<Ui; 14.00 MPa < P <27.00 MPa

Li<BHF < U;; 79,000 N < BHF < 430,000 N
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5.2 Search method and neighborhood determination

After a search space has been established, the neighborhoods are created by
separation of the search space into four areas equally, figure 5.2. Then, the center
points of the four areas are evaluated through simulation runs. Center points that are
found to form a good part (i.e. acceptable wrinkles and thinning) are to be labeled as

feasible points.

lteration 3
Pressure (MPa) The best from
iteration 1
y N
Prac [ = = = = -8 —= £ Iteration 2
i
O == S\ : Iteration 1
NB2 "o NBd g,/
e Fae R
f 1
1 1
@) . ® -
1 i
NB1 i NB3 i
Puin : =, BHF (N)
BHFMin BHFAvg BHFMaX

Figure 5.2 Schematic.of search algarithm

In each -search ‘iteration, all*the" center "points ‘of "the current ‘neighborhoods are
evaluated through FEA simulations. A center point in the process parameter space is
said to be a feasible point if it forms a part with the defect parameters; SW, FAM, and
%thinning, under their limits; SWyin, FAMLin and Thinim, respectively. All the center
points in each iteration are also compared to determine the one with the best quality to

be the center of the next search.



106

In assessment of part quality from each neighborhood with different combinations of
BHF and pressure parameters, levels of difficulty in adjusting the parameters to result
in a good part for the next iteration are considered. During the early search iterations,
the three part defects (i.e. crack, flange wrinkle, and sidewall wrinkle) are most likely

to occur in the chosen neighborhoods.

2-D interval halving method was appﬂpecf p6/he search method in this study. In each
iteration, the method searches for center j the current neighborhoods that is
either of (a) feasible form.l.ng_parametdrs or Cﬁme to be the best quality for the

center point. Then, @'

) fou regions, to be evaluated in the next iteration.

determined are to be center points of new

neighborhoods, which are
These search iteratio ssing until the forming parameters (blank holder

force and pressure) ewly fo qdﬁoﬁfs are only 5% different from the previous

point. -+ i
'] -;:- s :’EJ;* 1";
o 7 |
A
s T
FAM Limit Line
Thin Limit Line
:::]
P )1] \.:":-3.
SW dlmlt LnL

BHF (N)

Figure 5.3 General process window of relationship between constant BHF and linear

pressure affected on part quality with limit lines
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To find the best quality for the center point, the general process window related with

constant BHF and linear pressure and part quality with limit lines, as shown in figure

5.3 is used. In general, there are three ways to access the feasible zone; 1) access from

crack boundary, 2) access from flange wrinkle and 3) access from side wall wrinkle.

The parts accessed from side wall wrinkle have thinning less than the other sides. The

objective to form parabolic parts with linear pressure and constant blank holder force

IS minimum thinning with no crack and no wrinkles. Therefore, the solution should be

approached from side wall wrinkle boundary (SW limit line).

©© &
l

No

Thin Defect <0

No
FW Defect <0

NO
SW "Defect <0

The feasible solution and
the centers of next search

The minimum thin defect is the
representative to comparing of
the other defects to be the center
of the next search

The minimum FW defect is the
représentative to comparing of
the other defects to be the center
of the next search

The minimum SW defect is the
representative to comparing of
the other defects to be the center
of-the-next search

S e

Comparing values of all defects,
the minimum is chosen to be
the center of next search

Figure 5.4 Schematic to determine the centers of the next search
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The schematic to determine the center of the next search for the minimum thinning is
shown in figure 5.4. The neighborhoods with cracks are considered firstly by using
the thinning criterion as defined in Eq. 5.1. This is because if all neighborhoods pass
the thinning criterion (to have the thin defect as zero or negative), the search will be

entering the feasible region from FAM or SW limit, as suggested.

(5.1)

Thin Defect = (Thmi _Thm“mJ

Thingin

If the neighborhoods passhoth the thinfing criterion and FAM criterion, as defined in
Eq. 5.2, the search will preceeca from the SW limit as a result the parts will tend to
have minimum thinning.#In ease of FAM is the final consideration, the search does
not guarantee that the formed.parts wil have minimum thinning quality due to the fact

that thinning values from of parts accessea from the FAM limit vary considerably.

FW "Deéfect= [Mj

| 52)
i FWim

After having passed the cracking assessr,r;é_ng and flange wrinkle assessment, the
neighborhood can still exhibit sidewall wrinkle. Hénce, the SW is the final
consideration. If all'neighborhoods passed the thinning criterion, FAM criterion and
SW criterion (defined in Eqg. 5.3) the parts are~obviously feasible. If the
neighborhoods.do not pass.any.of the criteria, the valued indexes (Eg. 5.1 to 5.3) of all
defects are compared. “The"part that has'minimum-defect indeX is to be the center of

the next search because. it is closet the boundary offeasible region.

(5.3)

SW Defect = (MJ

Lim

The 2-D interval halving method and the best quality for the center point (figure 5.4)
were applied to find the minimum thinning of three parabolic parts. The solutions of

Partl were shown in table 5.1.
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Table 5.1 The solutions of combination between pressure and BHF searching by 2-D

interval halving of Partl

. P BHF _— Dist. Dist. Dist.
Iteration 1 (MPa) (N) Thinning Thin BD FAM FAM BD SW SW BD
NB1 265 102500  35.69% 1.03166 = -1.75% 048393 | -7.82%
NB2 355 102500  95.04% 1.02253  -2.62% 0.00000 = -100.00%
NB3 265 207500  97.75% 099609 =~ -513% 0.00000  -100.00%
NB4 355 207500  100.00% 0.00000 _ -100.00%  0.00000 _ -100.00%

o’
’ _,a"

. P BHF * Dist . Dist. Dist.
Iteration 2 (MPa) O Thlnmng | ThinBD FAM - \MBD SW SW BD
NB1 2425 76 2.66% 1.04068 | -0.89% 0.58212 [NI0GE00N
NB2 28.75 625 B408% 104015  -094% 0.48657  -7.32%
NB3 2425 1 36 94%- 102454  -242% 0.49957  -4.84%
NB4 28.75 1287 ,f 42 19% 102414 -246% 0.47707  -9.13%

. P BHF LDlst Dist. Dist.
Iteration 3 (MPa) (N)/ fhmnmg Thin BD FAM EAM BD SW SW BD
NB1 27.625 63f2:/ 33,249 § 104616 -0.37% 0.48889 = -6.88%
NB2 29.875 6312 34 02% = 1.04572  -041% 0.48893 = -6.87%
NB3 27625 89375 “35.11% - 1.03579  -1.35% 0.48279 = -8.04%
NB4 20875 89375 . 36.14% |/ 1.03540  -1.39% 0.48068  -8.44%
NB5 23.125 +,115625  35.30% 140281 -2.08% 0.54588 [NGI08%0N
NB6 25.375 157115625 36.35% : 102789/ -211% 048311  -7.98%
NB7 23.125 | 441875  37.65% -Tﬂ@ 270% 05225  -0.48%
NBS 25375 141875  40.38% 1.02447  -2.72% 050979 -2.90%

A A
L -

In table 5.1, the feasiblé points are plotted-in green circles on the general process
window of relationgbetween pressure and BHFL _Unfeasible points are plotted in
yellow circles as shown in figure 5.5. The first iteration, neighborhood 1 gives the
feasiblépoint which is,split into four regions and evaluated in the next iteration. The
second iteration, neighborhood 2 and 3 give the feasible points which are split into
four regions and evaluated in the next iteration. The third iteration is considered to the
final iteration due to the difference of pressure from second iteration and third
iteration is lower than 5%. Neighborhood 1-4, 5 and 7 are the feasible points. In this
part, 9 feasible points were determined after 16 neighborhoods (3 iterations) were

evaluated as shown in figure 5.6.
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For Part2, the 2-D interval halving method and the best quality for the center point
(figure 5.4) were applied to find the minimum thinning. The solutions of Part2 were

shown in table 5.2

Table 5.2 The solutions of combination between pressure and BHF searching by 2-D

interval halving of Part2

. P BHF N Dist Dist. Dist.
Iteration 1 (MPa) (N) Thinning ThineD FAM FAM BD SW SW BD
NB1 195 1120000 32.44% -1 103705 -1.23% 1.60412 20555000
NB2 265 1120000 _.40.59% 108742  -120% 051716  -1.49%
NB3 195  224000° 97.98% 100370 = -441% 0.00000 = -100.00%
NB4 265 224000" /9715% 100619 -4.17%  0.00000 -100.00%

: P BHFE . Dist. Dist. Dist.
Iteration 2 (MPa) () Thlnnlr.]g _ ,hiJh BD FAM FAM BD SW SW BD
NBL1 2475 84000 | 32.50% | “MB8.76% 104463 -051% 0.61328 |ICIG200N
NB2 2825 84000 § 34:85% m}@‘\ 1.04587  -0.39% 0.49458  -5.79%
NB3 2475 1400000 9352% 102680 -221% 0.00000 = -100.00%
NB4 28.25 140000 96.67% by 1.01489  -3.34%  0.00000 _-100.00%

P ;':-u o =

. P L-BHF . Dist. I Dist. FAM Dist.
Iteration 3 (MPa) :RN)_'ChmnmgWBD_EAM BD SW SW BD
NB1 27.375 70000  32.51% m 1.04972 -0.03% 051319 -2.25%
NB2 29125 70000  33.76% 60% 1.05050 Al 0.49873 | -5.00%
NB3 27.375 98000  34.80% | -13.01%  1.04081 -0.88% 0.49589  -5.54%
NB4 20.125  98000n _ 43.18% [NRNROGOGN 104121  -0.84% 049494  -573%

In table 5.2, the feasible points are plotted in green circles on the general process
window of! felation ‘between<pressuretand BHF and:unfeasiblespoints are plotted in
yellow circles as shown in figure 5.7. The first iteration, all neighborhoods do not
give the feasible point. Hence, the minimum distance of all defects are measured and
compared. In this case, neighborhood 2 is the representative of all defects because it
has distance 1.48% from thin limit (it is cracked), -1.20% from FAM limit (it is not
flange wrinkling) and -1.49% from SW limit (it is not side wall wrinkling). Clearly,
neighborhood 2 able to be the best quality for the center point which is split into four

regions and evaluated in the next iteration. The second iteration, neighborhood 2 gives
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the feasible points which are split into four regions and evaluated in the next iteration.
The third iteration is considered to the final iteration due to the difference of pressure
from second iteration and third iteration is lower than 5%. Neighborhood 1 and 3 are
the feasible points. In this part, 3 feasible points were determined after 12

neighborhoods (3 iterations) were evaluated as shown in figure 5.8.

Pressure (MPa)

] — |

AT
ARAINTUUMINE A
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For Part3, the 2-D interva hafxiﬁﬂne‘t@ the best quality for the center point
(figure 5.4) were applied to ﬁndftﬁe’.mpﬁ'mlﬂ'rinning. The solutions of Part3 were
shown in table 5.3 T"

| il —
Table 5.3 The solutiods‘of combination between pressdt,& and BHF searching by 2-D

interval halvmﬁf Part3¢ «

UEJ’JV]EJ‘V]‘EWEJ’]ﬂ’ﬁ

; 0.6467
1 02756 -2.14% 0.526

23.75 166750 24 25%

NB2

NB3 17.25 342250 27.42% 1.00623 -4.17% 0.53309

NB4 23.75 342250 29.87% 1.00497 -4.29% 0.47989

. P BHF — Dist. Dist. Dist.

Iteration 2 (MPa) (N) Thinning Thin BD FAM FAM BD SW SW BD
NB1 22.125 298375 27.84% 1.00985 -3.82% 0.48131 @ -8.32%
NB2 25.375 298375 29.07% 1.00944 -3.86% 0.48194  -8.20%
NB3 22.125 386125 30.49% 1.00106 -4.66% 0.47924  -8.72%
NB4 25.375 386125 31.86% 1.00063 -4.70% 0.47261 = -9.98%
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. P BHF _— Dist. Dist. Dist.
Iteration 3 (MPa) (N) Thinning Thin BD FAM EAM BD SW SW BD
NB1 21.3125 276437.5 26.98% 1.01245 -3.58%  0.49535 -5.65%
NB2 22.9375 276437.5 27.54% 1.01205 -3.61%  0.48538 -7.55%
NB3 21.3125 3203125 28.32% 1.00777 -4.02%  0.48561 -7.50%
NB4 22.9375 3203125 28.85% 1.00747 -4.05% 0.48294 -8.01%
NB5 24.5625 276437.5 28.11% 1.01196 -3.62% 0.48333 -7.94%
NB6 26.1875 276437.5 28.60% 1.01172 -3.65% 0.48153 -8.28%
NB7 24.5625 3203125 29.49% I 1.00710 -4.09% 0.48144 -8.30%
NB8 26.1875 3203125 30.05% 1.00668 -4.13% 0.47758 -9.03%
NB9 21.3125 364187.5 29.58% 1.00335 -4.44%  0.48697 -7.24%
NB10 22.9375 364187.5 30.24% g 1.00293 -4.48% 0.47864 -8.83%
NB11 21.3125 408062.5 30.67%__.‘_‘M':Q_99937 -4.82%  0.48632 -1.37%
NB12 22,9375 408062.5++ 31.43% 21,449 0.99914 -4.84%  0.4781 -8.93%
NB13 245625 3 :83% 1.00268 -4.51% 0.47704 -9.14%
NB14 26.1875 1.00234 -454% 0.47246 = -10.01%
NB15 24.5625 0.99890 -4.87% 0.47424 -9.67%
NB16 26.1875 6 0.99847 -491% 0.47291 -9.92%

‘J-J_f'

feasible point which is split intd- four reglons’

second iteration, all nelghborheods give fhe"fe&snble po:gts which are split into four

regions and evaluate' ———————————— iteration. The thira _itjaltlon is considered to the

final iteration due to-}he difference of pressure”from second iteration and third
e T

iteration is lower than 5%. All neighborhoods are the feasible points. In this part, 21

feasible pointswete détermined after 24 neighborhioods (3viterations) were evaluated

as shown in figure 5.10.
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These feasible regions of three parabolic parts are shown in figure 5.6, 5.8 and 5.10.
Then, the optimization goal becomes only to determine the best process parameters

within this feasible region (i.e. BHF and max. pressure) that minimize part thinning.

5.3 Response surface method (RSM)

The points from 2-D_interval halving method are representatives of feasible
values. To find the minimize.thinning, the feasible region will be established. The
feasible regions of three‘paris are fitted' in guadratic polynomial form shown in Eq.
5.4 (Huang, Lo et al. 2006)..The RSM W_as used to describe relationship between the
process parameters (i.e. BHF and maxi'mu"m pressure) and resultant part thinning

percentage, Eq. 5.5.

it ol

k. A1
Y Bot DL BiX + X BiiXs + DD fiKixi (54)
, = = =Lt -

Thinning = ffy + 4,BHF + 8P+ B,BHF - P+ B,BHF* + sP?  (5.5)

Using the least square polynomial approximation, the response’surface over the
feasible region of Rartl, which hasdbeen determined through thes2-D_interval halving

method, Is given in Eq. 5.6 to Eq. 5.10.

Thinning = 30.6408 -1.39969 x 10 BHF + 0.0322575P

+4.88183x10 °*BHF - P +5.02062 x10 ** BHF ?
(5.6)
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Subjected to:
P <29.875 (5.7)
BHF > 63125 (5.8)
P < -1.28571E-04BHF + 41.366 (5.9)
P> -5.17429E-05BHF + 31.232 (5.10)

The feasible values of BHF and pressure from 2-D interval halving method are
calculated with Eq. 5.6 to_cempare the thinning from finite element simulation. The
errors were shown in tahle’5.4" Fhe error percentages were lower than 0.25%, so the
Eq. 5.6 can calculate the thinning from BHF and pressure in constraints from Eq. 5.7 -
5.10.

Table 5.4 The thinning comparison-of FEM and Eg. 5.6 of Partl

BHF  Pressure Thinning (FEM)  Thinning (Eq.5.6) Error  %Error

102500 26.5 —omne 35.68386 0.006139 0.02%
76250 28.75 34 43T == 34.51647 -0.08647 -0.25%
128750 24.25 4 36.94 36:96649 -0.02649 -0.07%
63125 27.625 7 Sosdal 33:21004 -4.2E-05 0.00%
63125 29.875 34.02 33.97599 0.044006 0.13%
89375 27.625 35.11 35.08576 0.024238 0.07%
89375 29.875 36.14 36.14005 -4.7E-05 0.00%
141875 23425 37465 3765101 -0.00101 0.00%
115625 25.375 36.35 36:31077 0.039231 0.11%

The approximated. response surface ofyPartlyis-shown in figure 5-115Simplex method
was applied to locate the optimal point, i.e. the lowest point of 'the surface. The
optimal point is BHF of 63,125 N and maximum pressure of 27.625 MPa for the
quarter model, resulting in part maximum thinning of 33.21%. In the same condition
the finite element method conducts the maximum thinning as 33.21% that is the same
value from Eqg. 5.6 and gives FAM as 1.046 mm (no flange wrinkle), SW as 0.489 (no
side wall wrinkle). The strain paths of thinnest elements (near the punch nose area) is

in the biaxial stage which have the major strain (e;) as 0.311 and the minor strain (g;)
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as 0.0948. Therefore, the part will be thinned before crack. The solutions were shown
in figure 5.12.
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Figure 5.11 Part thinning response kh%two vari
. . il

ables; BHF and P with
o4

The feasible ﬂnﬁﬁ%wﬂ W%:W%jrﬁqwﬂtﬁjough the 2-D interval

halving method; have 3 points that are not enough to generate the quadratic surface.

Howeva, ﬁ aﬂrﬁiﬁgﬂ i ngl,ln tmlta?g%] in figure 5.13.
The lowest poﬂﬁnﬁea&ble region is ImF ofqmﬁand maximum pressure of
27.375 MPa for the quarter model, resulting in part maximum thinning of 32.50%.
This condition gives FAM as 1.050 mm (no flange wrinkle), SW as 0.513 (no side
wall wrinkle). The strain paths of thinnest elements (near the punch nose area) is in

the biaxial stage which have the major strain (e1) as 0.314 and the minor strain (g2) as

0.0804. Therefore, the part will be thinned before crack. The solutions were shown in
figure 5.14.
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Using the least square polynomial i)j)roximaﬁm, the re;cﬁclmmfsurface over the
t

feasib@!eman rPﬂ ﬂ@m %ﬂuﬁlﬂﬂh @-[E,nterval halving

method, is given in Eq. 5.11 to Eq. 5.15.

Part3:
Thinning =13.8118 + 2.10516 x10™° BHF + 0.225859P

+8.08905x10 ' BHF - P —1.44455x10 " BHF > — 0.00248344 P?
(5.11)



Subjected to:

P >21.3125

P <26.1875

BHF > 276437.5

BHF < 408062.5

(5.12)

(5.13)

(5.14)

(5.15)
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The feasible values of*BHF and pressure from 2-D-interval halving method are

calculated with Eq. 5.4 to compare the thinning from finite element simulation. The

errors were shown in table 5.5/ The error;-percentages were lower than 0.32%, so the

Eq. 5.11 can calculate the thinning from‘BJHF and pressure in constraints from Eq.

5.12 - 5.15.

Table 5.5 The thinning comparison‘of FEM and Eq. 5.11 of Part3

BHF  Pressure = Fhinning (FEM) — Thinning (EG: 5.11) Error  %Error
342250 23.75 29.87 2986311 0.006895 0.02%
298375 22.125 27.84 27.92849 -0.08849  -0.32%
298375 25.375 29.07 29.06357 0.006435 0.02%
386125 22.125 30.49 30.47857 0.011431 0.04%
386125 25,375 31.86 3184433  0.01567 0.05%
276438  21.3125 26.98 26.97868 0.001316 0.00%
276438  22.9375 27.54 27.5305  0.0095 0.03%
320313, _ 21.3125 28,32 28.2805 - 0.0395 0.14%
320318 22.9375 28.85 28:88999/-0:08999  -0.14%
276438 ' 24.5625 28.11 28.0692" " '0.0408 0.15%
276438 ©  26.1875 28.6 28.59478 0.005216 0.02%
320313  24.5625 29.49 29.48636 0.003639 0.01%
320313  26.1875 30.05 30.06962 -0.01962  -0.07%
364188  21.3125 29.58 29.5267 0.053299 0.18%
364188  22.9375 30.24 30.19386 0.046139 0.15%
408063  21.3125 30.67 30.71729 -0.04729  -0.15%
408063  22.9375 31.43 31.44212 -0.01212  -0.04%
364188  24.5625 30.83 30.84791 -0.01791  -0.06%
364188  26.1875 31.45 31.48883 -0.03883  -0.12%
408063  24.5625 32.15 32.15384 -0.00384  -0.01%
408063  26.1875 32.88 32.85244 0.027563 0.08%
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The approximated response surface is shown in figure 5.15. Simplex method was
applied to locate the optimal point, i.e. the global lowest point of the surface. The
optimal point is BHF of 276,437.5 N and maximum pressure of 21.3125 MPa for the
quarter model, resulting in part maximum thinning of 26.98%. In the same condition
the finite element method conducts the maximum thinning as 26.98% that is the same
value from Eq. 5.11 and gives FAM as .012 mm (no flange wrinkle), SW as 0.495

(no side wall wrinkle). The stram ba Ennest elements (near the punch nose

area) is in the biaxial stage which have th

strain (g;) as 0.0866. w pa t WI]Wd before crack. The solutions

were shown in figure 5
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Figure 5.15 Part thinning response surface of two variables; BHF and P with

constraints of Part3
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Tc"le response surface method coupled with the 2-D interval halving method

was applied to optimize the necessary process parameters of the constant blank holder
force and linear pressure profiles for the hydromechanical deep drawing of parabolic
shaped cups. The 2-D interval halving method was found to be well suited for
feasible region search in a large search space such as the metal forming parameters.

The response surface method was used to construct a response surface of the process
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parameters in the feasible region and corresponding part quality. The constructed
surface was then used to determine the optimal point using the simplex optimization
method. Based on the finite element simulation results for hydromechanical deep
drawing of the Partl parabolic cup, the optimal blank holder force and maximum
pressure of the quarter model were determined to be 63,125 N and 27.625 MPa,
which resulted in a good part with only 33.21% thinning. The Part2 parabolic cup, the
optimal blank holder force and maximum pressure of the quarter model were
determined to be 70,000 kN and 27.375 MPa,.which. resulted in a good part with only
32.51% thinning. The Part3.parabolic cup, the optimal blank holder force and
maximum pressure of the“quarter model were determined to be 276,437.5 kN and
21.3125 MPa, which rgsulted in & good part with only 26.98% thinning. This FEA
based optimization appreach developed aﬁd implemented in this work is to reduce

lead time and effort spentin the HMD process parameter design significantly.



CHAPTER VI

AUTOMATIC APPROACH TO SELECT LOADING
PATH IN HYDROMECHANICAL DEEP DRAWING
OF PARABOLIC PARTS USING ADAPTIVE FEA
SIMULATION COUPLED WITH FUZZY LOGIC

This chapter mainly discusses the/development of the adaptive simulation
approach coupled with fuzzy logic. A computer program with Compaq Visual
FORTRAN 6.0 was writienand.interfaced with LS-D¥NA to implement this adaptive
simulation. A fuzzy legic_gonirol algarithm coupled with adaptive finite element
analysis simulation has been developed to determine pressure and blank holder force
profiles simultaneously in hydromechanical  deep drawing. Thinning, flange
wrinkling, side wall wrigkling and draw-in \}elocity was used as criteria in the fuzzy
logic control algorithm. The linear predictiVe function was used firstly to find loading
curves of three parabolic cups . ifi-ore hundred monitoring steps and found that the
loading profiles of three paris were better. fitted by an exponential equation.
Therefore, the exponential prediction was apblied to reduce monitoring steps in
determination of loading paths of three parabolic Cups. Effectiveness of the
exponential prediction was later evaluated by HMD of a much bigger reflector in
parabolic shape. The develeped algorithm awas able obtained the pressure and blank

holder profiles rapidly.

6.1 Adaptive FEA simulation

The goal of the adaptive simulation approach is to completely eliminate the
trial-and-error simulation approach and to generate feasible process parameter curves

within only a few or just one simulation run.

In adaptive simulation, the process parameters for the next simulation step are to be

predicted to proper values based on the forming part quality information collected
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from the past and current simulation monitoring steps. In other words, during a
forming process simulation run, the simulation intermediate results about forming part
qualities (i.e. part wrinkles, part thinning, and etc) up to the current monitoring step is
deduced through knowledge of HMD for parabolic behavior and then used it to
calculate/project appropriate process parameters for the next simulation monitoring
step. This is in contrast to the traditional application of FE process simulations where
only the simulation results at the final step are considered and used to infer parameter
adjustments for the next trial simulation run in an attempt to improve/optimize the

forming process.

The adaptive simulationsapproachi-relies on ability to detect/identify an existence of
defects (i.e. wrinkling™and«fraciure) in the part being formed, and appropriate
adjustments of the relevant progess parameters to correct these defects during the

following simulation menitering steps:

The explicit non-linear FEA /LS-DYNA can be run as a command in the DOS
operation system, so that'the LS-DY.NA process simulation and the related calculation
programs coded with Compaq Visual FORTR}NN 6.0 could be integrated in this study
as a batch or a script file for DOS'to fulfill the eptimization process. The optimization
process could then be executed-by-setting-the-related-parameters in the input file and
by launching the batch file. This methodology was used in by Fann and Hsiao 2003.
However, they applied Visual C++ instead of Compaq Visual FORTRAN 6.0. The
figure 6.1 is ;Shown @ general’ conceptual flowi chart <of 4he adaptive simulation

interfacing withaL.S-DYNA.
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Figure 6.1 A general conceptual flow chart of the adaptive simulation interfacing with
LS-DYNA
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6.2 Fuzzy logic control

Fuzzy logic is a research area based on the principles of approximate
reasoning and computational intelligence. Fuzzy models are employed in cases where
a system is difficult to model exactly (but an inexact model is available), or ambiguity
and imprecision is encountered in the problem formulation. It uses linguistic variables
(e.g. small, medium, large), and a continuous range of truth-values in the interval [0,

1] (Klir and Yuan, 1995).

The most successful application area of fuzzySystems has definitely been the area of
fuzzy control. In general, fuzzy controllers are special expert systems. Each employs a
knowledge base, expressedin<term of relevant fuzzy inference rules, and an
appropriate inference engine o solve a given control problem. The knowledge of an
experienced human operator may be used as an alternative to a precise model of the
controlled process. While this'knowledge isialso difficult to express in precise terms,
an imprecise linguistic.description of the manner of control can usually be articulated
by operator with relative/ase. This linguistic description consists of a set of control
rules that make use of fuzzy propesitions. A typical form of these rules is exemplified

by the rule
IF the thinning s very critical
AND the FAM is not critical
THEN ithe blank holder farce chahge should be decreased.

where thinping-andyFAM:are:theyobseryedistate-variables; ofythey process, and blank
holder farce change is the action to be taken by the controller. The vague term very
critical, not critical and decreased can be conveniently represented by fuzzy sets
defined on the universes of this course of thinning values, FAM values and blank
holder force change values, respectively. This type of linguistic rule has formed the

basis for the design of a great variety of fuzzy controllers (Klir and Yuan, 1995).

A general fuzzy controller consists of four modules: a fuzzy rule base, a fuzzy

inference engine, and fuzzication/defuzzification modules. The interconnections
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among these modules and the controlled process are shown in figure 6.2. (Klir and
Yuan, 1995)

i FUZZY CONTROLLER |

Actions; Defuzzification |, i

! module |

A 4 i i
Controlled : r—ar < |
DrOCess : inference Fuzzy rule !

: engine > base !

| % |

E > Fuzzification :

Conditions module i

Lo T e e R A e e T -

Figure 6.2 Ageneral scheme of fuzzy controller

A fuzzy controller operates by repeating é cy'cie of the following four steps. First,
measurements are teken of all variables that represent relevant conditions of the
controlled process. Next, these measurements are converted into appropriate fuzzy
sets to express measurement uncertaintiesy This step is called fuzzification. Expert
knowledge can be_stored .n a fuzzy 'system's 1F-THEN rules. This transfer of
knowledge in the system can take place either by the manual definition of the fuzzy
rule base. After the fuzzy rule base is defined, ‘the system isicapable of making
inferences (fuzzy inference engine). The fuzzified measurements are then used by the
inference engine to evaluate the control rules stored in the fuzzy rule base. The result
of this evaluation is a fuzzy set (or several fuzzy sets) defined on the universe of
possible actions. This fuzzy set is then converted, in the final step of the cycle, into a
single (crisp) value (or a vector of values) that, in some sense, is the best

representative of the fuzzy set (or fuzzy set). This conversion is called a
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defuzzification. The defuzzified values represent actions taken by the fuzzy controller

in individual control cycles.

In this work, to determine feasible counter pressure and blank holder force profiles
rapidly, an adaptive FEA approach with the fuzzy control algorithm was
implemented. At the beginning of each monitoring step, the input variables such as
thinning, FAM, draw-in speed and bulge height, were detected in the user subroutine.
Then, the degrees (0-1) of the fuzzy memberships (VCR; very critical, CR; critical,
nCR; not critical) for each input variable-“\were determined based on the input
membership function. Based on the, rule-based matrix, the degrees of fuzzy
memberships of the output were determined. Finally; crispy outputs (a, f, 1) were
calculated followed by thesdeiermination of BHFw; (blank holder force) and Py

(chamber pressure).

6.3 Fuzzy controller process

Fuzzy inference process comprises of five parts: 1) linguistic states, 2)
fuzzification function, 3) fuzzy -inference rules, 4) inference engine, and 5)

defuzzification.

6.3.1 Fuzzy controller for the blank holder force

In, the" HMD “process-of parabolic’ part, thinning usually occurs around
the punch nose region because of tensile stress induced by pressure and blank holder
force that hold the'blank' material,“astwell as friction between the punch and blank.
Therefore, the blank holder force parameter has affected directly on thinning.
Moreover, the blank holder force also has an influence on the flange wrinkle, which
can be checked by FAM and draw-in speed. The thinning and flange wrinkle variables
progress in the opposite directions. This means that the excessive blank holder force
leads to more thinning while keeping the flange wrinkle down, and on the other hand,

insufficient blank holder force leads to flange wrinkle while results in less thinning.
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To control the blank holder force, the thinning, flange wrinkle amplitude (FAM) and
draw-in speed are variables to be considered as inputs. The coefficient (u) to scale the
initial incremental of blank holder force (ABHF) and weight factor () of the
incremental of blank holder force (uW*ABHF) are the outputs. The schematic to control

the blank holder force by fuzzy logic is shown in figure 6.3.

s
fun
Rules > i 4@

BHF, |—>» FEM

ABHF
/" Rules > /\ 4>@>

— ’ | BHFu = BHF, + B(u*4BHF)

f ’
\\ t t+1 time ,
N ’

\\ .

Figure 6.3 The fuzzy controlling schematic of the blank holder force

The percentage; of thinning was determined by calculating ratio of the difference
between,initial blank thickness.and cutrent part thickness,with ipitial, blank thickness.

The maximum value was 'saved to be used'in the fuzzy control algorithm (Thinning).

The flange wrinkle was detected by distance between the binder and counter pot. The

maximum value was used as an input variable in the fuzzy control algorithm (FAM).

The draw-in velocity was calculated by blank outline speed. The maximum value was

used as an input variable in the fuzzy control algorithm (Draw-in).
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6.3.1.1 Linguistic states

After identifying relevant input and output variables of the
controller. The next step is selection meaningful linguistic states for each variable and
expresses them by appropriate fuzzy sets. In this case, these fuzzy sets are fuzzy

member, which represent linguistic labels as

VCR — very critical NEG - negative (decrease)
CR — critical ZERO =7Zero (hold)

nCR - not critical PQOS - positive (increase)
SLO -slow SL1 - slight

FAS — fast MOD.— moderate

VFA — very fast EXT+ ex_treme

These linguistic states will be fuzzified with triangular-shape that are equally spread

over each range in the next state.
6.3.1.2Fuzzification function

in this step, a fuzzification function is introduced for each input
variable to express [the! assoCiated |meastrement” unCertainty. The purpose of the
fuzzification function Is to Interpret measurement of input variables, each expressed

by a real,number.

A membership function is a curve that defines how each point in the input space is
mapped to a membership value (or degree of membership) between 0 and 1. The input
membership values are used as weighting factors in the fuzzy rules to determine their
influence on the fuzzy output sets of the final output conclusion. Once the functions
are inferred, scaled, and combined, they are defuzzified into a crisp output, which
drives the control system. Therefore, the membership function is important factor for

giving accuracy of the system responses.
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A triangular-shape is applied for all input and output variables. A full of triangular

membership function (Trimf) is shown in figure 6.4.
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Figure 6.4 The full triangular membership function

The halves of triangular have two sides the right'hand side and the left hand side are

shown in figure 6.5. S b
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Figure 6.5 The half triangular membership function
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In chapter 4, we found that the typical part thinning is in the range of 20 to 40% with
correct pressure and blank holder force. More than 40% thinning is likely to result in
fracture, so it is very critical obviously, if the thinning is over than the 40%. The
thinning less than 20% is not critical clearly due to it is the minimum value in the
range. The middle value of the range as 30% is obviously critical. The very critical
and not critical are defined with half triangular membership function, and the critical
is defined with full triangular membership” function. Figure 6.6 is the thinning

membership function.
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Figure 6.6 The thinning membership function

The flange wrinkle quantified by the index FAM. The FAM that becomes over its
limit (1.05) is very critical surely. The initial blank thickness (1.00) is defined the
minimum value of FAM membership function. For equally spread triangular-shape,

the middle values as 1.025 is critical certainty. The very critical and not critical are
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defined with half triangular membership function, and the critical is defined with full

triangular membership function. Figure 6.7 is the FAM membership function.
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Figure 6.7 The FAM membership function

The output of weight factor () membership function is defined with full triangular,
the center of positive valuesis +1, the centersof zero is 0, and the center of negative

value is -1 as shawn.in figure 6.8.

The draw-in:speed-versus-time .curve, taken from, asgood jpart and-wrinkled part as
shown in.figure 6.9. Most data in‘the beginning of the forming ‘are under 500 m/s. The
data in range between 500 — 1,500 m/s are found in the wrinkle stage, and maximum
around 2,500 m/s is found near the end of stroke. Hence, the speed over 2,500 m/s is
very fast exactly while; the speed under 500 m/s is slow. For equally spread
triangular-shape, the middle values as 1,500 m/s is fast certainty. The very fast and

slow are defined with half triangular membership function, and the fast is defined
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Figure 6.10 is the draw-in speed

with full triangular membership function.

membership function.

0.035
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Very Fast

Pos

bership function

s

Zero
_\_ R
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Neg

Time (s)

Figure 6.9 The draw-in speed depend on time
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The output of scaling the ABHF (u) membership function is defined with full
triangulars, the center of slight value is 1 (below 500 m/s), the center of fast is 3 (at
1,500 m/s is 3 times of 500 m/s), and the center of very fast value is 5 (at 2,500 m/s is

5 times of 500 m/s) as shown in figure 6.11.
6.3.1.3 Fuzzy inference rules
The fuzzy rules to be implemented are usually derived from the
experience knowledge of opm‘y ulation database. In this study, the fuzzy
. N ’ . .

I d df FE . B ting the f I to th
rules are derived from : , S. : rporating the fuzzy rules into the
control system, the in@tpu&ariw\eswtem should be fuzzied.

/ N
b

—

Ll L] 'I I‘ " L]
The expected BHF
controlled trajectory

- IPunch troke (mm)

Figure 6.12 The expected BHF controlled trajectory on process window of BHF and

punch stroke
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The membership functions of all variables and outputs have been set thus; the goal of
the control is to minimize thinning with no crack and no wrinkles. The blank holder
force control strategy is established that at the beginning of stroke after the pre-bulge
stage, the pressure and blank holder force should be low due to the thin-out stage; the
blank around the punch nose is subjected to biaxial tension, which results in metal
thinning. In the wrinkle stage, the blank holder force should be increased to stretch the
blank by controlling the blank movement into the counter pot (draw-in speed) and to
prevent the flange wrinkle that will obsiruct the metal flow. The expected blank

holder force trajectory should be as shown in.figure 6.12.

The blank holder force-rules are censtructed by parabela cup simulations (in general
shape or other conditions such.as friction and pre-bulge, the rules will be changed).
The rules to control the'blaak holder force are defined to be consistent of blank holder

force control strategy as followings;
R1 = IF Thinning isVCR AND FAIM, is nCR THEN decrease the BHF
R2 = IF Thinning is ¥CR AND FAM i"s{(__ZR THEN decrease the BHF
R3 = IF Thinning isvCR AND FAM is VCR.THEN hold the BHF
R4 = IF Thinring iIs CR AND FAM is nCR THEN-hold the BHF
R5 = IF Thinning.is CR AND FAM js CR THEN hold the BHF
R6 = IF Thinning is'CR AND FAM'is vCR“FHEN increase the BHF
R7'=1F Thimning Isn"CR AND FAM is nCR THEN hold the BHF
R8 = IF Thinning is N"CR AND FAM is CR THEN increase the BHF

R9 = IF Thinning is nCR AND FAM is vVCR THEN increase the BHF

The above rules are rewritten in a matrix as shown in figure 6.13.
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(BHF) nCR CR vCR
A o
£
£
Z| VCR (-)/R1 (-)/R2 (0)/R3
CR (0)/R4 (0)/R5 (+)/R6

nCR (0)/R7 (+)/IR8 (+)/IR9

FAM

»
»

Figure 6.13 The rule matrix to control the BHF concerning thinning and FAM

From the blank holder force rules with thih_;ni"'r-lg and FAM membership function, the
thinning and FAM are started at nCR. It rﬁéa{n_s__, the blank holder is remained as pre-
bulge blank holder force at the beginning aﬁd_ rt_hen it should be gradually increase at

the end of stroke.

The rules to control the blank holder force are defined to be consistent with draw-in

speed as following;
R20 = IF'draw-in speed is slew THEN the ABHF is scaled slightly
R21 = IF draw:th speed is fast THEN the ABHF is scaled-ioderately
R22 = IF draw-in speed is very fast THEN the ABHF is scaled extremely
6.3.1.4 Inference engine

Measurements of input variables of fuzzy controller must be
properly combined with relevant fuzzy information rules to make inferences regarding

the output variables. This is the purpose of inference engine.
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After the inputs are fuzzified, the next step is to obtain the degree to which each part
of the antecedent is satisfied for each rule. If the antecedent of a given rule has more
than one part, the fuzzy operator is applied to obtain one number that represents the
result of the antecedents for that rule. This number is then applied to the output
function. The input to the fuzzy operator is two or more membership values from
fuzzified input variables. The output is a single truth value. AND methods are
supported: min (minimum). Let’s assume the maximum thinning is 25% and
maximum FAM is 1.035 mm. . The degreg of fuzzy memberships for each input

variable can be determined as followings;
Thinning:  VERThinaing =0, CRninning = 0.5 NCRhinning = 0.5
FAM: VCRFAM =04, CReam = 06, NCReam =0

There are nine cases (R1-&9) of situations according to the input memberships, and
the fuzzy AND operation for all rules 1s.complete. The probabilistic AND method

would result in the followings;
R1 = MIN (VCRipinming, NCRean) = MINY(0, 0) = 0
R2 = MIN (VCRhinning: CReam) = MIN- (0 0.6)=0
R3 = MIN (VCRininning: VCReam) = MIN (0, 0.4) = 0
R4 = MIN (CRininning; RCREam). 5 MIN, (0.5, 0).= 0
R5 = MIN (CRhinning: CRram) = MIN (0.5, 0.6) = 0.5
R6 = MIN (CRhiming, VCREAM) = MIN (0.5, 0.4) =-0.4
R7 = MIN (NCRhinning: NCRram) = MIN (0.5, 0) = 0

R9 = MIN (NCRrhinning: VCRram) = MIN (0.5, 0.4) = 0.4
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The probabilistic graphical calculation based on nine rules of BHF control is shown in
figure 6.14

1 _\ nCR 1 nCR
\ nCR=0.5

Rule matrix

CR=0
0 0 "~ o>| VCR | - | - | o
: — : —H— =
20 |30 40 £ | CR 0 | 0| +
1 =
CR FlncrR | 0 + +
CR=0
0 Output membership
1 !
T T T
20 |30 40
11 ver
o | VCR | 0.00 | 0.00 | 0.00
=
0| vCR=( & | CR | 000 | 050 | 0.40
T T II E
20 30 40 = |1 nCR | 0.00 | 0.50 | 0.40
Thinning = 25%
et ’
Figure 6.14 The probabilistic graml on based on nine rules of BHF control
_,_,-ag,,.a b J =

The degree of output

root-sum-square:
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The implication and graphical aggregation to control the BHF is shown in figure 6.15
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Neg =0

ation to control the BHF

, 5

?e output fuzzy sets for
control system, and then

A e
gravity method i d for def tion, whichco the fuzzy centroid of the

composite area.

The most frequently used defuzzifications method in the fuzzy controller is the

centroid method. The defuzzified value, dc4 (C), is defined as Eq. 6.1
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n

ZC(Zk)Zk
de (€)= E (6.1

Z_:C(Zk)

where C(z;) is the result of implication output, z is the center value of each output.

Crispy output S can be determined from the output membership function by

calculating fuzzy centroid of the area.

_ (Neg x Centerof Neg) + (Zero xCenteiof Zero) + (Pos x Center of Pos)

B
(Neg + Zero+.Pos)

(0% (1)) #(0,550)4 (0,755 x 1)
- (040.54 0/755)

=0.602

B

6.3.2 Fuzzy controller for tﬁe pressure

In the HMD progess of péfabolic part, thinning usually occurred
around the punch nose region becatse of tl;tej'{'énsile stress induced by pressure and
blank holder force that hold the blank matéfiélf as well as-friction between the punch
and blank. Therefare; the pressure parameter has affected directly on thinning.
Moreover, the pressure also has an influence on the side wall wrinkle, which can be
checked by the bulge height (for additional stretching force). The thinning and side
wall wrinkle ‘variables: progress in the opposite- directions.: This means that the
excessive pressure leads to more thinning while keeping the side wall wrinkle down,
and on.the other! hand,“insufficient pressure lead to side wall wrinkle while results in
less thinhing. To control the pressure, therefore, the thinning and bulge height (SW)
are variables to be considered as inputs. The coefficient (o) to scale the initial
incremental of pressure (AP) are outputs. The schematic to control the pressure by

fuzzy logic is shown in figure 6.16.
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A 4

Rules

p, |—> FEM

Thinning

()

Pu1=P, +o* AP

Figure 6.16 The fuzzy controlling schematic of the pressure

6.3.2.1 Linguistic states

After identifying relevant input and output variables of the
controller. The next step is selection meaningful linguistic states for each variable and
expresses them by appropriate fuzzy setsgln this case, these fuzzy sets are fuzzy

member, which'represent linguistic1abels as

VCR~ very-critical NEG,— negative,(decrease)
CR — critical ZERO - zero (hold)
NCR - not critical POS - positive (increase)

These linguistic states will be fuzzified with triangular-shape that are equally spread

over each range in the next state.
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6.3.2.2 Fuzzification function

In this step, a fuzzification function is introduced for each input

variable to express the associated measurement uncertainty. The purpose of the

The side wall wrinkle is measure from bulge height (SW). The SW that over the
initial dome height (initial dome height = 20) is not critical surely. After punch move
down, the dome height will be descended to keep the stretching on blank the dome
height will be maintained that is not below,10 mm. Due to the proper pressure and
blank holder force for good parts, generated ther dome height at the SW initial stage
are not below the 10 mm as shown in fl’éure 6.17. Therefore, the SW (dome height) is
below 10 mm is the vepy Q[_itical. For equally spread. triangular-shape, the middle
values as 15 mm is criti;al/c;rtainty. The very critical and not critical are defined with

half triangular membeE;th) functioﬁ,-'arf;dJihe eritical is defined with full triangular

membership function. Fi_g{jre_ 6.18is the §W;membership function.

F i o

0,

% )
—— Side wall part

SWJmmaI stage —8— Good part

25 -

Pre-bulge height setup

N
o
I

Dome Height (mm)
=
(6]

10

R

-

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Time (s)

Figure 6.17 The dome height related with the side wall wrinkle
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The output of weight factor (o) membership function is defined with full triangular,

the center of positive value is +1, the center of zero is 0, and the center of negative

value is -1 as shown in figure 6.19.
6.3.2.3 Fuzzy inference rules
The fuzzy r Iﬂ(’ J implemented are usually derived from the
experience knowledge of ope u\m( % database. In this study, the fuzzy
rules are derived from FEMons.ﬁefmppratmg the fuzzy rules into the
u( ) tvar_iﬁ%ystem should be fuzzied.

control system, the inp

>

Fluid Pressure (MPa)

The expected
pressure controlled

Figure 6.20 The expected pressure controlled trajectory on process window of

pressure and punch stroke

The membership functions of all variables and outputs have been set thus; the goal of
the control is minimum thinning with no crack and no wrinkles. The pressure control

strategy is established that, at the beginning of stroke after the pre-bulge stage, the
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pressure and blank holder force should be low due to the thin-out stage; the blank
around the punch nose is subjected to biaxial tension, which results in metal thinning.
In the wrinkle stage, the pressure should be increased to stretch the blank by
pressurizing the bulge against the punch movement. The expected pressure trajectory

should be as shown in figure 6.20.

The pressure rules are constructed by parabola cup simulations (in general shape or
other conditions such as friction and pre-bulge, the rules will be changed). The rules
to control the pressure are defined to be consistent of pressure control strategy as

followings;
R10 = IF Thinning4s VER-AND SW is vCR THEN hold the pressure
R11 = IF Thinning.is vVER AND SW Is CR THEN decrease the pressure
R12 = IF Thinning'is vCR AND S?N‘is NCR THEN decrease the pressure
R13 = IF Thinning'is CR'AND SW|s VCR THEN increase the pressure

R14 = IF Thinning 1Is CR-AND SW |sCR THEN hold the pressure

R15 = IF Thinning is CR AND SW ’is-nEIR THEN decrease the pressure

R16 = IF Thinning 1s "CR AND SW'is VCR THEN increase the pressure
R17 = IEThinning 41s,nER ANB SW-1$:CR/ THEN.increase the pressure

R18 = IF Thinning is n"CR AND SW is nCR THEN hold the jpressure

The above rules are rewritten in matrix'as shown in figure-6.21.
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(P) vCR CR nCR

vCR (0)/R10 (-)/R11 (-)/R12

Thinning

CR |.(®IR13 | (0)R14 | (-)/R15

NCR. | (+)/R16 | (1)/R17 | (0)/R18

Figure 6.21 The rule matrixto control the'fj‘r,‘essure concerned with thinning and SW

6.3.2:4 Inference engine

Measurements of input variables of fuzzy controller must be
properly combined with relevant fuzzy information rulesto make inferences regarding

the output variahles. This is-the purpose ofinference engine,

After the inputs‘are fuzzified, the next step is to obtain the degree to which each part
of the antecedent is\satisfied for each rule./If the antecedent of agiven rule has more
than one'part, the fuzzy operator is applied to obtain one number that represents the
result of the antecedents for that rule. This number is then applied to the output
function. The input to the fuzzy operator is two or more membership values from
fuzzified input variables. The output is a single truth value. AND methods are
supported: min (minimum). Let’s assume the maximum thinning is 25% and
maximum SW is 16 mm. The degree of fuzzy memberships for each input variable

can be determined as followings;
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Thinning: VCRThinning =0, CRThinning =05, r]CRThinning =05
SW: VCRSW = 0, CRSW = 08, nCRSW =0.2

There are nine cases (R10—R18) of situations according to the input memberships, and
the fuzzy AND operation for all rules is complete. The probabilistic AND method

would result in the followings;
R10 = MIN (VCR1hinning: NCRsl) = MIN (0, 0.2) = 0
R11 = MIN (VCRryming: CRew) = MINK(070.8) = 0
R12 = MIN (VCRTnaming” Y€Rsw) = MIN (0, 0Y='0
R13 = MIN (CRéfindd, ICR6wW) = MIN (0:5,02) 5 0.2
R14 = MIN (CRrnigfingd CRsw) = l\;‘{ilu (0.5,0.8) =0.5
R15 = MIN (CRrighingl VERs1) = I\?I.I-N.'(O.S, 0)=0
R16 = MIN (NCR1hifningl CR =) :'\i' Ni(0.5, 0.2) = 0.2
R17 = MIN ("CRimning, CRew) = MIN(OS 0:8) 0.5
R18 = MIN (néRThinning, VCRsw) = MIN (0.5, 0)= 0

The probabilistic graphicals.calculation based on nine rules of pressure control is

shown in figure 6.22

The degree of output memberships can be inferred, basedsonsthe-rule;based matrix by

root-sum-square:

Neg = /(R% + R3 + RZ) = /(0% + 0% +0.22) =0.2

Zero = \/(RZ + R% + R}) = /(0 +0.52 +0.2%) = 0.539

Pos = |/(RZ + RZ + R%) = /(0% +0% +0.5?) = 0.5

The implication and graphical aggregation to control the BHF is shown in figure 6.23
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Rule matrix

CR= o.?
AND o

' Output membership

VCR =0
— ,

20 30 40

Thinning = 25%

Figure 6.22 The proba ) " cal'calcu 3 based on nine rules of pressure
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Figure 6.23 The implication and graphical aggregation to control the BHF
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6.3.2.5 Defuzzification

The output of each rule is a fuzzy set. The output fuzzy sets for
all rules are aggregated into a single output fuzzy set of the control system, and then
the final result set is defuzzified, or resolved to a single number. Here, the center of
gravity method is used for defuzzification, which computes the fuzzy centroid of the

composite area.

Crispy output « can be determln"e , ;Ee output membership function by
calculating fuzzy centroid ofthgarea . e

> (‘ZJ?ro X CWero) + (Pos x Center of Pos)

| '(_sleg % Zero-ih

‘ :
R
f‘}gt\“ SR

P!n 1\\ B
f /TR

B of BHF

Figure 6.24 The surface of § weight factor
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To calculate the ABHF, for modification of load function in linear form,
BHFye,, = BHF oy + (B*(u*ABHF)). The ABHF can calculate from maximum BHF
divide by total number of monitoring steps. For Partl, the maximum BHF is around
250,000 N for quarter model. In case of 100 monitoring steps, the ABHF should be
2,500 N. However, the B has two sides; -1 for minimum and +1 for maximum, to
guarantee that the system can capture this change, so the ABHF should be twice of
maximum BHF divide by total number of monitoring steps. The above case ABHF
should be 2,500 * 2 = 5,000 N. Moreover, doubling of maximum BHF will benefit the
method by providing more reem for a lot more shapes of profiles, as shown in figure
6.25.

A
2 x Max. BHF -—"""""-"""""-i ------------------------
Profile 2
Increased area
for,the profiles 4
Max. BHF -+
Profile 1
Pre-bulge BHF
Time
Max. BHF
The normal area
v for the profiles

Figure 6.25 The area for generating the loading profiles

Calculation of AP is done similar to ABHF, so ABHF and AP values for Partl, Part2
and Part3 are in table. 6.1.
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Table 6.1 The values of ABHF and AP

Monitoring Steps 100 50 30 20 10
Part1 ABHF (N) 5,000 10,000 16,667 25,000 50,000
AP (MPa) 0.8 1.6 2.67 4 8
Part2 ABHF (N) 5,600 11,200 18,667 28,000 56,000
AP (MPa) 0.6 1.2 2 3 6
Part3 ABHF (N) 8,500 17,000 28,333 42,500 85,000
s Ap (MPa) 0.5 1 1.67 25 5

6.5 Modification of load functions.in linear form

In general for unknown. profiles, the linear load function is typically used with
good predictive capability. in this'work; the blank holder force is determined by Eq.
6.2 and the pressure isidetegmined by Eg. 6.3.

BHFNew = BHFoig# (3*(U=ABHF)) = (6.2)

Prew = Poig + 0*AR - (6.3)

where BHFy.,, is the updated BHE for next step BHF o 1s the previous BHF, gis the
weight factor from thinning and FAM, x is the weight factor from draw-in speed and
ABHF is the incremenitat-of-blank-helder-force-Fyg-1s-the updated pressure for next
step, Pows IS the previous pressure, « IS the weight factor from thinning and dome

height (SW) and AP is the incremental of pressure.

The adaptive simulation with fuzzy: contral algorithm was implemented in the user
subroutine. The fuzzy control algorithm was calleckat the end of each monitoring step.
The calculated loads (pressure and blank holder force) in Eg. 6.2 and Eqg. 6.3 were
applied as boundary conditions during the next monitoring step. To reduce calculation
time, the loading profiles will be determined after the pre-bulge stage. This section is
aimed to apply the automatic approach for determining the loading paths with
modification of load functions in a linear form and to examine the effect of number of

monitoring steps on loading paths.
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Figure 6.27 Pressure profiles varying by number of monitoring steps of Partl

The loading paths of Partl in each monitoring steps are shown in figure 6.26 — 6.27.

The blank holder force and pressure profiles at 20, 30, 50 and 100 monitoring steps
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are consistent while, the 10 monitoring steps are different. The results of thinning,
FAM and SW are shown in table 6.2

Table 6.2 Results of Partl by adaptive simulation with fuzzy logic control

Monitoring Steps 100 50 30 20 10
Thinning 29.42950 29.27400 29.54390 29.64840 88.98560
Partl FAM 1.03142  1.03063  1.03148  1.03116  1.03350
SW 0.48399 0.48326  0.48521  0.48412 -

The forming results obtalned from using @gﬂpaths from the adaptive simulation
and fuzzy logic control irgl';gﬂjm are good (no crack, no wrinkle) except for when

- —
using10 monitoring stM

loading paths given the cracked part. Figure 6.28
shows the thinning distribut

8

1 using 100 monitoring steps; the maximum
thinning is 29.43, the par e ékéd.fF‘ér the FAM and SW values, they are below
their limits; the part has ne wrinkles. To,@alge sure that the wrinkles do not appear on
the part, the zebra lin tlorf‘techﬁ'vque was used and found that all lines are
straight. The maximum thin g'fr@m theéﬁaptlve simulation and fuzzy logic control
algorithm is less than the axjmum thm@jﬂs a result from the optimal constant

BHF and linear pressure from ,pmcess wmkjew-(34 43%) In addition, the adaptive

simulation method us
.

Figure 6.28 The thinning distribution and zebra lines on the Part1 using 100

monitoring steps



158

Thickness distribution on curvilinear of Partl from loading paths of the adaptive
simulation and fuzzy logic control algorithm is shown in figure 6.29. The minimum
thickness is around 60 mm from the top of dome (punch nose). The second minimum

thickness is around 160 mm (near counter pot radius).

1.2 -

Thickness (mm)
o o
o o
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s e sd A

‘.-'Ij.'-\.:'l -
- -

Figure 6.29;1_The thickness distribution on curvf[_i:inear of the Partl
w . )

The loading paths of I?_értz in each monitoring steps are_éhown in Figure 6.30 — 6.31.
The blank holder force and.pressure profiles;at 20, 30, 50 and 100 monitoring steps
are consistent, while the 10 monitoring steps are different. The results of thinning,

FAM and SW are shown in table 6.3

Table 6.3 Results of Part2 by adaptive simulation with fuzzy logic control

Monitoring Steps 100 50 30 20 10
Thinning 27.65640 27.62810 27.16310 26.72190 29.02310
Part2 FAM 1.01811 1.01840 1.01477 1.01831 1.02112

SW 0.48351  0.48264  0.48098  0.48064  0.55315
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Figure 6.31 Pressure profiles varying by number of monitoring steps of Part2
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The forming results obtained from using loading paths from the adaptive simulation
and fuzzy logic control algorithm are good (no crack, no wrinkle) except for when
using10 monitoring steps that the loading paths given the cracked part. Figure 6.32
shows the thinning distribution on Part2 using 100 monitoring steps; the maximum
thinning is 27.66, the part is not cracked. For the FAM and SW values, they are below
their limits; the part has no wrinkles. To make sure that the wrinkles do not appear on
the part, the zebra line visualization technique was used and found that all lines are
straight. The maximum thinning fror‘n'hu ptive simulation and fuzzy logic control
algorithm is less than the maximum thin result from the optimal constant

— —_

BHF and linear pressuWoces?wind@%). In addition, the adaptive

simulation method useW'_m Ilation.

qu
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Thickness distribution on curvilinear of Part2 from loading paths of the adaptive

simulation and fuzzy logic control algorithm is shown in figure 6.33. The minimum
thickness is around 40 mm from the top of dome (punch nose). The second minimum

thickness is around 160 mm (near counter pot radius).
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The loading paths Qj' Part3 in each monitoring steps are ghpwn in figure 6.26 — 6.27.

The blank holder fo‘rtf% and pressure profiles at 20, 30, 50‘]and 100 monitoring steps
are consistent while, the 10 monitoring steps are different. The results of thinning,

FAM and SW are shown,in-table.6.4

Table 6.4 Results of Part3 by adaptive simulation with fuzzy logic control

Monitoring Steps 100 50 30 20 10
Thinning 27.0553 27.1418 25,9573 24.44050 25.07240
Part3 FAM 1.01789  1.01773  1.01425  1.00923  1.01495

SW 047471 047490 0.47035 0.47059  0.76415
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The forming results obtained from using loading paths from the adaptive simulation
and fuzzy logic control algorithm are good (no crack, no wrinkle) except for when
usingl0 monitoring steps that the loading paths given the cracked part. Figure 6.36
shows the thinning distribution on Part3 using 100 monitoring steps; the maximum
thinning is 27.06, the part is not cracked. For the FAM and SW values, they are below
their limits; the part has no wrinkles. To make sure that the wrinkles do not appear on
the part, the zebra line visualization technique was used and found that all lines are

straight. The maximum thinning. from khe’ﬂ pglve simulation and fuzzy logic control

algorithm is less than the max1mum thinni result from the optimal constant
BHF and linear pressure‘rmlﬁ‘ roces§J window '(2‘:.‘64%) In addition, the adaptive

simulation method used o |m_u| tion.
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Figure 6.36 The thlnrung dlstrlbutlon and zeb[a Ilnes on thT Part3 at 100 monitoring
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Thickness distribution.on curvilinear. of Part3 from' loading| paths of the adaptive
simulatién and fuzzy logic control algorithm is shown in figure 6.37. The minimum
thickness is around 50 mm from the top of dome (punch nose). The second minimum

thickness is around 210 mm (near counter pot radius).
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The loading profiles obtaingc frma:ﬁhe three. parabolic parts can be summarized in
Sadndais o o 424
figure 6.38 — 6.39. It can be seeﬁy "‘:i profiles of all parts can be well fitted in

exponential curves is fitted i . 6.4 that has R? = 0.9597,

=0.9064.

ﬂum*ﬂﬁ%wmm o

y - 2&.0566119 .87x (6 5)

AR ﬂ\‘iﬂ‘?%&ﬁﬁﬂ NYIRE 69)

The pressure profiles of all parts can also be well fitted in exponential curves. The
pressure profile of Part 1 is fitted in Eq. 6.7 that has R* = 0.971, Part 2 is fitted in Eq.
6.8 that has R* = 0.9759 and Part 3 is fitted in Eq. 6.9 that has R? = 0.9559.
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y = 2.5643¢M62* (6.7)
y = 1.8072e™9% (6.8)
y = 1.2275e™72% (6.9)

Thickness distribution on curvilinear of three parabolic shapes from loading paths of
the adaptive simulation and fuzzy logic control algorithm is shown in figure 6.40. The
first chance of crack happens on the part nearf)he punch nose. It occurs at the thin-out
stage after pre-bulge, this stage does not nega- ‘a"’much of pressure and blank holder

o’
force. The second chance,.af-crack appears on the part near the counter pot radius. It

occurs before the end ?(due (0] S;ore pressure and blank holder force. Before

k holder force are needed to keep the blank

the end of stroke, mor re and bl

el

stretched, to prevent thessid wrlnk'_lg from happening around 100 mm distance

following curvilinear stariin

12

o

[ee)
-

7

Thickness (mm)
o
[o)]

o
»
Il

P

0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

Distance (mm)

Figure 6.40 The thickness distribution on curvilinear of three parabolic parts
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The automatic approach with adaptive simulation coupled with fuzzy logic control
algorithm can determine the BHF and pressure profiles in one simulation, while the
determination of optimal constant BHF and linear pressure requires more number of
simulations. The minimum thinning from loading paths of adaptive simulation
coupled with fuzzy logic control algorithm is almost less than the loading paths of
optimal constant BHF and linear pressure. The monitoring step does not affect the
convergence of solutions except when using 10 steps or below. It was also formed
that to form parabolic shapes with HMD), the‘exponential curves is proper for the part
because it needs the lower BHF and pressurc.at the beginning of stroke (thin-out
stage) and gradually increases at the middle of stroke (wrinkle stage) and rapidly
increases at the end of stieke (re-sirike). Consequently, the loading paths of three
parabolic parts are fittedn exponential equations. To determine the loading paths in
10 monitoring steps is challenging. The known curve (exponential) is used to enable

10 monitoring steps and resulis in much lessicomputational time.

6.6 Modification offload functionsin exponential form

From previous section, the modifiéati-o'n- of load function in linear form can
determine the BHF and pressure profiles, when using more than 10 monitoring steps.
The BHF and pressure curves are fitted in exponential equations. Consequently, to
reduce the monitoring steps.required the exponential form was applied instead of the

linear form as the Eg. 6.10 and 6.11.

BHFyez=BHFoi*e £ (6.10)

Pnew = Poig *€” (6.11)
Eq. 6.10 is the modification of BHF function in exponential form and Eq. 6.11 is the
modification of pressure function in exponential form. These equations do not have

the ABHF and AP term. However, the output membership function will be changed to

consistent of the result from modification of load function in linear form. BHF
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equations of three parts (Eq. 6.4 — 6.6) show the exponent values as 74.81x, 119.87x
and 72.49x where x is the simulation time. In final stroke, the power of exponent is
around 1.5, 2.5 and 1.7. From figure 6.38, the minimum requirement of all parts is
around 1.7 (100 steps), so the center of slightly values of £ and x should be added
not less than 0.17 in 10 steps (1.7/10). The slightly value of g is 0.15, the moderate
value is 0.2 and the extremely value is 0.25. Therefore, the proper slightly of 4 (draw-
in speed) should be 0.02(2%). To remain the scale of blank holder force in linear form
as 1, 3 and 5 times, so the moderate value of . is 0.06 (6%) and the extremely value
of x is 0.10 (10%). The g output memiership  function of modification of load
function in exponential form is shown in figure 6.41 and the & output membership

function of modification ofdoadfunction in exponential form is shown in figure 6.42
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Figure 6.41 The g output membership function of load function in exponential form
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Pressure equations of three parts (Eq. 6.7 — 6.9) show the exponent values as 146.29x,
151.92x and 157.24x where x is the time. In final stroke, the power of exponent is
around 3.0, 3.2 and 3.7. To translate them into the output membership function in 10
monitoring steps, divided them with 10 so, the slightly value is around 0.30, the
moderate value is about 0.35 and the extremely value is around 0.40. The « output
membership function of modification of load function in exponential form is shown in

figure 6.43.
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Figure 6.44 BHF profiles:varying by monitoring steps of Partl with 10 monitoring

steps of load function.in exponential form

The loading paths ef Partl in-every monitoring step of modification-of load function
in linear form and 10 monitoring step with modification of load function in
exponential form are shown in figure 6.44 — 6.45. The BHF and pressure profiles
from modification of load function in exponential form are consistent with profiles
from modification of load function in linear form in 20, 30, 50 and 100 monitoring
steps. The results obtained from loading paths of modification load function in
exponential form are good (no crack, no wrinkle). Figure 6.46 shows the thinning

distribution on Partl at 10 monitoring step with modification load function in
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exponential form; the maximum thinning is 29.76, it means the part is not cracked.

The FAM is 1.008 and SW is 0.46971, they are below their limits; it means the part

has no wrinkles. To make sure that the wrinkles do not appear on the part, the zebra

lines are used and found that all lines are straight. The adaptive simulation and fuzzy

logic control algorithm with modification load function in exponential form is near

the maximum thinning of modification load function in linear form as 29.43. For

parabolic parts with HMD, the modification load function in exponential form can

determine the loading paths with less & snumber of monitoring steps than the

modification load function inlinear form.
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Figure 6.45 Pressure profiles varying by monitoring steps-of Partl‘'with 10 monitoring

steps of load function in exponential form
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Figure 6.47 BHF profiles varying by monitoring steps of Part2 with 10 monitoring
steps of load function in exponential form
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The loading paths of Part2 in-_every moguoflng step with modification of load
function in linear form and 10 monitoring 's"'t'éb*'\'/\iith modification of load function in
exponential form are-shown-in-figure 647 =648 the BHF and pressure profiles
from modification of load function Iin exponential form are consistent with profiles
from modification of load function in linear form in 20, 30, 50 and 100 monitoring
steps. The results ‘'obtained from' leading paths'with madification of load function in
exponential form are good (no crack, no wrinkle). Figure 6.49 shows the thinning
distribution ‘on Part2, &t 10 ‘monitoring’ step with, modification. of lgad function in
exponential form; the maximum thinning is 27.10, it means the part is not cracked.
The FAM is 1.007 and SW is 0.48418, they are below their limits; it means the part
has no wrinkles. To make sure that the wrinkles do not appear on the part, the zebra
lines are used and found that all lines are straight. The adaptive simulation and fuzzy
logic control algorithm with modification of load function in exponential form is near
the maximum thinning of modification of load function in linear form as 27.66. For

parabolic parts with HMD, the modification of load function in exponential form can
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determine the loading paths with less a number of monitoring steps than the

modification of load function in linear form.
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Figure 6.49 The thinning distrib tiB_ﬁa d zebra i e%the Part2 at 10 monitoring

steps of load function in e ial form
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Figure 6.50 BHF profiles varying by monitoring steps of Part3 with 10 monitoring
steps of load function in exponential form
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Figure 6.51 Pressure profilesvaryingby m_oﬁitoring steps of Part3 with 10 monitoring

steps of load-function in‘exponential form

#

The loading paths of Part3_in every mo&fojng step with modification of load
function in linear form and 10 monitoring step with modification of load function in
exponential form are”shown in figure 6.50 — 6.51. The BHF and pressure profiles
from modification of toad function in exponential form are consistent with profiles
from modificatien-of load.function inslinear form.in.20,-30,-50 and 100 monitoring
steps. The results obtained Trom'loading paths with' modification of load function in
exponential form are good (no crack, no wrinki€). Figure 6.52"shows the thinning
distribution on Pait3 at 10 moniteéring step with' modification’ of lead function in
exponential form; the maximum thinning is 30.52, it means the part is not cracked.
The FAM is 1.007 and SW is 0.49936, they are below their limits; it means the part
has no wrinkles. To make sure that the wrinkles do not appear on the part, the zebra
lines are used and found that all lines are straight. The adaptive simulation and fuzzy

logic control algorithm with modification of load function in exponential form is near

the maximum thinning of modification of load function in linear form as 27.06. For
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parabolic parts with HMD, the modification of load function in exponential form can
determine the loading paths with less a number of monitoring steps than the
modification of load function in linear form. The maximum thinning happens on the
counter pot radius instead of the punch nose because of the higher values of blank

holder force and pressure at the end of stroke.

Max. Thinning = 30.52

Thmmnd}ﬁl/@ﬁﬁ

AII Ime?are stralght"

Figure 6.52 The thlnnlng dI§UlbUl’,'ton an }ebr&_lmes on the Part3 at 10 monitoring
lsteps of load functlon in exponentla_!f form

,J A

The modification of Ic;zjld function in exponential form i:-proper for forming parabolic
parts with HMD. "In 10 steps monitoring, it can ‘converge the solutions while, the
linear cannot. However, at the end, of stroke the modlflcatlon of load function in
exponeéntial form gives-the BHFand pressuieprofiles higher thaiithe modification of
load funétion in linear form (over need for re-strike) as a result some part has another
thinning near the counter pot radius. Therefore, the modification of load function in
exponential form is not proper for deeply parabolic shape. The physical meaning of
exponential is the percentage of incremental from initial values. Consequently, the
initial of BHF and pressure are very important. In case of the solutions are not proper,

the initial BHF and pressure should be adjusted firstly. If it cannot be fixed, the input
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and output membership functions should be adjusted. Or to improve the accuracy of

responses, the output membership functions should be also changed.

6.7 Validation of modification of load function in
exponential form on other parabolic cup

To prove the modification of load® function in exponential form, a new
parabolic part was selected to. determine the deading paths. This part is shown in
figure 6.53 - 6.54. Figure 6.54 shows Part51 compared of with the three parabolic
parts. The Part5l is higger and deeper than the other. The input and output

membership function of ihis pariis similar to that of three parts.

Determination of loading paths of Part51;USJi_ng 10 monitoring step with modification
of load function in exponential form is:"zghown in figure 6.55 — 6.56. The results
obtained from loading paths in modiﬁcatioi]' of load function in exponential form are
good (no crack, no wrinkle). Figre 6.57 s-ﬁ-_t_'i/v;_the thinning distribution on Part51 at
10 monitoring step with modification of Toad function in exponential form; the
maximum thinning 15:37.80, fhé part is not c-ra_takéd. The/maximum thinning happens
near the counter pot rédius. The FAM is 0.990 and SW.is 0.52399, they are below
their limits; the part has no wrinkles. To make sure that the wrinkles do not appear on

the part, the zebra lines aresused and found that all lines are straight.
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Figure 6.55 BHF profiles of Part51 with 10 monitoring steps using load function in

exponential form
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Figure 6.57 The thinning distribution and zebra lines on the Part51 using 10

monitoring steps of load function in exponential form
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At the end of stroke, the modification of load function in exponential form will give
rise to the blank holder force and pressure values that are over the need as a result the
parabolic part near the counter pot radius is in risk of crack while, the maximum
thinning should be occur at the punch nose. To correct this problem, the limits of
blank holder force and pressure have been defined. In Part51, the limit of blank holder
force as 600,000 N and pressure as 30 MPa. The new BHF profile and pressure

profile were shown in figure 6.58 and figure 6.59 respectively.

1200000

|
+EXpo |

1000000 i Expo-Limit B a N W S

800000 -

600000 -
\

400000 / |
| ¥ |

.
200000 Jﬁ( y s
N
0

0 0.005 0.01 0.015 0.02 0.025

BHF (N)

Time«(s)

Figure 6.58 BHF profiles of Part51 with-10 monitoring-steps of load function in

exponential form with limit

The BHE gradually increase following the‘exponential curve when'it‘has been reached
to the limit around 0.017 s it remains in 600,000 N until the end of stroke while the

pressure profile does not reach to limit at 30 MPa.
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Figure 6.60 The thinning distribution and zebra lines on the Part51 using 10

monitoring steps of load function in exponential form with limit
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The results obtained from loading paths with modification of load function in
exponential form with limit are good (no crack, no wrinkle). Figure 6.60 shows the
thinning distribution on Part51 at 10 monitoring step; the maximum thinning is 28.17,
it means the part is not cracked. The FAM is 1.007 and SW is 0.48272, they are below
their limits; it means the part it means the part has no wrinkles. To make sure that the
wrinkles do not appear on the part, the zebra lines are used and found that all lines are
straight. The maximum thinning occurs at the punch nose that moves to counter pot

radius. It is the correct position to form the parabolic part.

6.8 Effect of membegrship function shape of thinning, FAM
and SW

The membership function is an important factor to the accuracy of the system
responses. However, to"getthe best function ___in each parameter is very difficult and
needs a lot of data. The:membership func}iqhs in this algorithm were created from
simple shape (triangular) and symmetry. Thirsr section is aimed to investigate effects of
membership function shape on the part guakity obtained. The modification of load
function in a linear.form of 100 steps was used. Part1.s/the part of interest to be

examined because it Cah be validated by experiments.

6.8.1 (Fhinning membershipfunction

To examine the effect of thinningsmembership funetion, it is required
to skew'the function to the left'and to-the right. (The thinhing ‘membership function
skewed to the left is shown in figure 6.61 and the thinning membership function

skewed to the right is shown in figure 6.62
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The loading paths of Partl obtained with the thinning membership function skewed to
the left, centered and skewed to the right are shown in figure 6.63 — 6.64. The blank
holder force profile obtained from thinning membership function skewed to the right
is higher than the centered one. The BHF profile obtained from the thinning
membership function skewed to the left is lower than the centered one. The pressure
profiles obtained from the thinning membership functions that are centered and

skewed to the right are similar.

BHF Profiles
300000 —mm—M978 — —/—— — ——— ——
250000 + Skewed o the left
= Center
200000 #Skewed to the right
=3
150000
I
m
100000
50000
(AL}
0
0 0.005 0.01 0.015 0.02 0.025
Time (s)

Figure 6.63:BHF profiles of Partl obtained from different thinning membership
function-shapes

The resultant thinmng, FAM and SW are shown in table 6.5. The side wall wrinkle
occurs on the part from loading paths with thinning membership function skewed to
the left due to the lower blank holder force and pressure profiles. While, the part from
loading paths with thinning membership function skewed to the right is a good.
Therefore, it can be seen that the thinning membership function affects both BHF and
pressure profiles obtained. If it is skewed to the left the BHF and pressure will be

lower, the part tends to have the side wall wrinkle and thinning lower than the others.
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Figure 6.64 Pressure profiles of Partl ob&ai’r—ied from different thinning membership

/ function shapes
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Table 6.5 Results of Partl obtained  from different thinning membership function
shapes 7 e e
L £
a;“ i f_f
Thlnnlr;gnrgggnnbershlg Skewed tothe'left™ Center. ~ Skewed to the right
Thinning 28.49220, 29.42950 29.67700
Partl FAM 103936 1.03142 1.01079
SW 0.63346 0.48399 0.47634

6.8.2° FAM membership Tunction

To examine the sensitivity of thinning membership function, it is
required to skew to the left and the right. The FAM membership function skewed to
the left is shown in figure 6.65 and the FAM membership function skewed to the right

is shown in figure 6.66.
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The loading paths of Partl obtained with the FAM membership function skewed to
the left, centered and skewed to the right are shown in figure 6.67 — 6.68. The blank
holder force profile obtained from FAM membership function skewed to the left is
higher than the centered one. The BHF profile obtained from the FAM membership
function skewed to the right is lower than the centered one. The pressure profiles

obtained from the FAM membership functions shapes investigated are identical.

The resultant thinning, FAM and SW are shown"in table 6.6. The part from loading
paths with FAM membership function skewed to the left and the right are good parts.
Therefore, the FAM membership function does affeet the blank holder force profile in

the wrinkle stage, but it does notaffect the pressure profile.

Table 6.6 Results of Paril obtained from d'i_fferent FAM membership function shapes

FAM membership = ogt 5 4he Ieft_l__' -~ Center Skew to the right

function !
Thinning 29.59520 = . 29.42950 29.27690
Partl FAM 1.02320° ~ "1.03142 1.03675
SW 0.48264 0.48399 0.48474

6.8.3 SW membership function

TO examinetthe sensitivityc of thinning imembership function, it is
required to skew to the left and the right. The SWemembership function skewed to the
left is shown in figure 6.69 and the SW membership function skewed to the right is

shown in figure 6.70
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The loading paths of Partl obtained with the SW membership function skewed to the
left, centered and skewed to the right are shown in figure 6.71 — 6.72. The blank
holder force profile obtained from SW membership function skewed to the left is
higher than the centered one. The BHF profile obtained from the SW membership
function skewed to the right is similar to the centered one. The pressure profiles

obtained from the SW membership functions shapes investigated are identical.

The resultant thinning, FAM and SW. are shown in table 6.7. The part from loading
paths with SW membership function skewed to.the left and the right are good parts.
Therefore, the SW membership function shapes-affected slightly on the blank holder
force and pressure profilerIf the-membership function'shape is skewed to both the left

and the right, the BHFand pressure will'be higher than the centered one.

Table 6.7 Results of Partliobtained from different SWW membership function shapes

SW membership Skew to'the left /., Center Skew to the right

function
Thinning 28.92660 ' 29.42950 28.66960
Partl FAM 1.03164 1.03142 1.02567
sSw 0.4819°  ~ 0.48399 0.47542

6.9 Conclusion and discussion

The automatic “approach ‘with ‘adaptive simulation ‘coupled with fuzzy logic
control_can determine the loading paths_(blank hGlder force and pressure profiles) of
parabolic parts in‘hydromechanical deep drawing. The fuzzy: control algorithm was
implemented in the user subroutine. The fuzzy control algorithm was called at the end
of each monitoring step. The linear and exponential predictive load functions (blank
holder force and pressure) were applied to predict the proper parameter in the next
monitoring step. The two general process windows of relationship 1) between blank
holder force and punch stroke 2) between pressure and punch stroke with

corresponding part quality were used to define the expected loading paths in the fuzzy
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logic control algorithm. Tuning of the fuzzy logic control system could be done by
changing the rule based matrix, the value of input/output membership functions, and
the value of ABHF, AP. Tuning of the rule-based matrix helped to improve
convergence Whereas changing the value of the membership function, ABHF and AP
improved accuracy of the system responses. The linear load curve function was first
implemented. It was found beneficial in cases when the optimum load curve shape
was not known a priory. However, it was discovered that for all the parabolic parts in
this study have load curves that resemble exponential form. Then, an exponential load
curve was implemented in the predictive loadcurve function. A much less number of
simulation monitoring steps was needed to find a feasible process parameter load
curves using this exponential lead curve function. The main contribution here is the
finding of modificationof lead function in exponential form to predict the next
loading paths (blank holder fand -pressure). of forming parabolic cups with
hydromechanical deep drawing process; The effects of thinning, FAM and SW

membership function shapes are examimed.,

The exponential curve is proper.for the parébélilg part. Typically, good BHF curve and
pressure curve start with a lower Values at the b’éginning of stroke (thin-out stage) and
gradually increase at'the middle of stroke (Wfi?fkle stage) and rapidly increase at the
end of stroke (re-strike). However, it Is not good for the deeply parabolic shapes due
to the load values at the end are higher enough. To correct this problem, the limit of
blank holder force and “pressure are defined thus, the risk of crack area near the

counter pot radius is;reduceg.

The goal of the-parameter-adjustmentamodule-is essentially; tosselectdloading path that
would result in “best” part quality possible. It 'should be noted that global optimum
part quality cannot be obtained through using adaptive simulation coupled with fuzzy
logic approach as it only utilizes the simulation results on part formability from past
up until current simulation monitoring step to project the “best” future loading path in
the following monitoring step. No global optimization is attempted in this adaptive

simulation coupled with fuzzy logic approach.



CHAPTER VII

EXPERIMENTAL VALIDATIONS OF
SIMULATION RESULTS

This chapter explains all the experimental validations conducted to evaluate
the Finite Element Analysis (FEA) in sheet.metal forming modeling of various parts
and processes. First, a shape conical cup and a hemispherical dome cup were studied,
where a deep drawing process.and a sheet hydroforming process were used to form
the parts, respectively«*Then; as & main targeted part-and process of this study, a
parabolic cup hydromechanical deep drawing (HMD) experiments were conducted
using the process parameters determinedrthrough the methodologies developed in
chapter 5 and 6. This essentially concludes and validates the FEA based techniques

for practical applications inthe physical HMD process.

7.1 Comparison between FEA‘rﬁQdeling and forming
experiment of simple part using elassical deep drawing
process and sheet-hydroforming process

7.1.1 Conical cup forming with deep drawing process (hard
tooling)

7141, FE Modeling of conicalicup

The drawing of a conical cup was investigated in order to validate the finite
element method and an experimental. A shape and dimension of tool components

were illustrated in figure 7.1

An FE quarter model of the blank and tool components was used in the analysis to
take advantage of the symmetry and to reduce calculation time as shown in figure 7.2.

The Belytchko-Tsay thin-shell elements were used for blank and the tool components
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were defined as rigid bodies, using rigid elements with four-node thin shell (material
type 20).

T

i

Figure 7.1 Th

Blank holder

Punch

Figure 7.2 Quarter finite element model of conical cup drawing
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Contact model between the blank and the tool components assumed Coulomb friction

assumption. The friction coefficient was defined as 0.12.

Time scaling was used to secure a reasonable calculation time, the scaling factor
being taken as 1,000.

Balat-Lian’s three-parameter model was defined for the blank material model and 5
integration points through the thickneslp was also used for blank. The SPCC is
indicated in BCC structure, so the M valu as selected. The material properties

are shown in table 5.1. 2 = —

i figﬂre;.ZA._ Necking was found on the top corner of
pund.n tt%; flange area.
i dddl

and the formed cups arg'sh

the part and mild wrinkl

i v |
'II; i‘| ot .-_.n':::l‘_il ;-:

Figure 7.3 Tooling components of conical cup drawing
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Flange Wrinkdis

d romﬂ(periments

Figure 7.5 shﬂxu EJes’A Ylig n&w %leth tﬂ jperlmental result. The
periph m 5} e experimental
peripha Wiﬁiﬁﬁf Eﬂvjﬁﬁ nﬁzlpi aﬂe experimental
cup (at the top of the punch radius) and similar flange wrinkles can be seem in the
same location of both FEA and experiment. The limited height of cup is 51.6 mm in

both the experiment and FEA. Moreover, the FEA can also predict a buckle in a side
wall of the cup.
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The major and minor strains were measured from the formed cup using a circle grid
analysis technique. The behavior of major and minor strains predicted by FEA was

consistent with the experimental results as shown in figure 7.6.
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A

Experiment

Figure 7.6 Comparison of 'the FEA and experiment of

conical cup drawing

AULINININGINS
ilnaa CroTA e T TR

This experiment was conducted at BT Engineering Company.
Different forming results of the hemispherical cup formed with a solid punch and
pressurized fluid are apparent in the position of tearing as shown in figure 7.7. The
fluid makes the part crack at the highest position of the dome. However, due to

punch-blank interface friction, the solid punch forms the part with a much lower
positioned crack, figure 7.7.
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Figure 7.7 Compari ing fluid punch (left) and

7.1.2.1 Verffi en FE modeling and experiment of

simple bulge

ank and tool components were

2 Va LY daa¥ v
a a
G

as shown in figure 7.@ ' ements were used for blank

and the tool components were defined as rigid bodies, Usmg a rigid element with four-

e v el O A D N SN NS

Contact model Bétween the blank and the tool cogponents assumsg, Coulomb friction
@;‘W IRAP T RN T1a L

Time scaling was used to secure a reasonable calculation time, the scaling factor
being taken as 1,000.

dito reduce calculation time

The pressure curve was applied with linearly increasing from 0 to 12 MPa as shown
in figure 7.8.
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Figure 7.9 The limited dome height from simulation and experiment
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The comparison of thickness distribution along a curvilinear between the experiment
and simulation is shown in figure 7.10. The pattern of curve from simulation is in a

good agreement with the experiment and the minimum thickness is on the top of the

dome.

Thickness

200

Figure 7.10 Thickness di 11strlbutlons from S|mulat|on and experiment along curvilinear

ﬂUEJ'J?ﬂEJW@%‘JEJ’]ﬂ'ﬁ
7.2 @%ﬂ@ﬂ‘]@@ﬁuﬁ%ﬁﬂa%ﬁnﬂ Finio

experiment of parabolic part

Due to the limitation of maximum clamping force of the press machine (200

Ton), only Partl can be formed. Part2 and Part3 require much larger clamping forces.

A die set was designed as shown in figure 7.11
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R 200.00 L.

se d%m g of Partl
il dia
The die set of Partl was in Ilgﬂ_ﬁﬁ;the p;@g: chine as shown in figure 7.12. Then a

blank was put on the die set cenieﬁ& by twai@ges as shown in figure 7.13
\:E _‘i {
|L -t -

EE.ZL q.-fh Al.faﬁtﬂ
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Figure 7.12 Die installed in press machine
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[,

L

Figure 7.14 Final stroke and ram up

At final stroke, the punch will be over the binder surface by 105 mm as shown in
figure 7.14. After the die set has been installed, movement of the press with die set is
checked for readiness.
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7.2.1 Tryout the process capability
- Constant BHF with no pressure

This condition was tested firstly to check how the die set can form the
part. The figure 7.15 shows the top view of part and figure 7.16 shows the front view
of part. The part cracked at 65 mm of height and draw-in 2 mm. This process

condition is to resemble normal deep drawing process.

£ - £
Figurejzjls Top view of pa no pr@ure condition

Figure 7.16 Front view of part with no pressure condition
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- Pre-bulge forming

This condition was tested to see if the pressure intensifier controller
can form the pre-bulge correctly. Figure 7.17 shows the pre-bulged part at 16 mm of
height with pressure of 2 MPa. Therefore, the system can generate the pre-bulge.

However, due to some hydraulic related problems, the pre-bulge pressure could not be

readily controlled and precisely.

ama\mm UNIANYIA Y

- Constant BHF with constant pressure

This condition was tested to check the side wall wrinkle on the part
with no crack. It should be noted here that this condition is not the optimum nor
feasible solution from the methodologies developed. The profile of blank holder force

and pressure are shown in figure 7.18. The pressure was applied as 4, 6 and 8 MPa.
The results are shown in figure 7.19 — 7.24.
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Figure 7.19 Top view of part with constant BHF of 63,125 N (full as 25.25 tons) and

constant pressure of 4 MPa
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Figure7.20 Front view of part with COT’Tt BHF of 63,125 N (full as 25.25 tons) and

COFL%(E(]\ 4 MPa

Figure7.21 Tﬂ\ﬂ/ﬂpﬁn Wﬂrﬁn?ﬁo&iqﬂiﬁull as 25.25 tons) and

constant pressure of 6 MPa

Figure7.22 Front view of part with constant BHF of 63,125 N (full as 25.25 tons) and

constant pressure of 6 MPa
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Figure7.23 Top and boti

Figure7.24 Front and back view of part with constant BHF of 63,125 N (full as 25.25

tons) and constant pressure of 8 MPa

For all experiment results, the part cannot form successfully. From the expected
results of the FEA, the parts should have the side wall wrinkle but in stead the crack

happened on the parts at around 40-60 mm of height.
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More simulations were later conducted to investigate the causes of discrepancies by
focusing on friction coefficient used on the punch-blank interface. The simulation was
set up with P = 27.625 MPa, BHF = 63.125 KN (25.25 Ton Full), ps between binder
and blank = 0.06 and ps between counter pot and blank = 0.06

Table 7.1 Effect of friction coefficient between punch and blank

/
rr.
Punch — Pictures (Thinning) and_iHeéight Remark
Friction ——
Coeff
0.05
Element cracked; 17972
0.10 ,
| =
)
0.12 B Good | This is defined value
Feeetes | Cracked height = 26.71351
::::::] Pressure = 7.572356
2:944:'01: CurViIinear =40.622
0.15 f:E:?::::; Part height = 16.328
Time = 0.0176968
e Cracked height = 12.66036
:;:j;:;:}] Pressure = 6.335525
e Curvilinear = 38.1334
0.20 e Part height = 14.676
Time = 0.0156148
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Lo Cracked height = 5.632999
e | Pressure = 5.71699
Curvilinear = 35.2015
;wen] | Part height = 12.807
0.5 o art height 80
Time = 0.0145736
e Cracked height = 5.632999
it::z:] Pressure = 5.71699
I e Curvilinear = 34.8358
#3.039e+01 H
> | Part height = 12.594
0 . 30 1i9£7=»u1 :l' g
T |
" Tiz£0.0145736
1 Ty Cracked height = 5.632999
iz::z:l Pressure = 5.71699
B Curvilinear = 34.836
3.““0&*01_‘ - — .
0.35 v i Part height = 12.594
i Nk
Time =0:0145736 1,
—— s Levs Cracked height = 5.632999
s __f_"."'-;f;gdz;ze'uq Pressure = 5.71699
W e [(Curvilinear = 35.912
, o Part height = 13.271
0.40 ¥
Time.=.0.0145736

From table 7.1, it can be concluded that the frietion coefficient*between punch and
blank is'a sensitive:parameter to a successful forming. If this valuelis.higher than 0.15,
the part will be cracked before reaching the final stroke. Therefore, during the
previous experiments the punch surface with oil lubricant must have head friction
coefficient of a value over 0.15. To reduce and maintain friction coefficient, a PE
lubricant was applied to punch, binder and counter pot. As a result, the friction

coefficients of punch, binder and counter pot were the same of a much lower value.
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The experiments were conducted again and the friction coefficients used in all the

later simulations was changed as 0.06.

7.2.2 Experimental validation
7.2.2.1 Constant BHF with no pressure
The constant BHF with no pressure condition was performed to
investigate the difficulty to form ‘f’ n.conventional tooling, i.e. deep drawing
process. The simulation and exp hown in figure 7.25 - 7.26.
4'

$¢
—A

07.57 mm

— J

- - | -
Figure7.25 Top View.o part with HF of 63,@5 N (full as 25.25 tons) and

no pressure
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mm. The part is cracked at 88.5 mm of height from experiment while the simulation is
cracked at 89.8 mm of height. The experiment and simulation show the buckle on the
part. Overall, the simulation show very good agreements with the experimental
results.
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Buckle

89.8 mm

288.5 mm

Figure7.27 Top view of part with constant BHF of 63,125 N (full as 25.25 tons) and

constant pressure of 3 MPa
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The constant BHF as 63,125 N for quarter model with constant
pressure as 3 MPa (pre-bulge pressure) condition was performed to investigate the
importance of pressure available that helps delay the crack but the side wall should
still occur on the part. The simulation and experiment results are shown in figure 7.27
- 7.30.

Figure7.28 Front view g

Flange wrinkle No flange wrinkle

%‘Efl AN AUIVAANH AR

constant pressure of 3 MPa

The experiment result shows the effect of sheet anisotropy shape; shorter diameter has
285 mm and longer diameter in 45° of shorter diameter has 289 mm while the
simulation result has shorter diameter as 284.15 mm and longer diameter as 288.5
mm. The part can reach to the final stroke at 105 mm for simulation but for
experiment the part has 107 mm of height. Both experiment and simulation show the
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side wall wrinkle on the part. Small flange wrinkle can be observed in a experiment

while the simulation cannot.

Figure7.30 Parabolic p l/ ant B IF of 63,125 N (full as 25.25 tons) and

constant pre f 3. MPa in half-section view

1.2

0.8

= Experiment

" NHUINENINGING
ARIAINIUNAIANYIAE

Thickness (mm)

0 50 100 150 200 250

Curvilinear (mm)

Figure7.31 Thickness distributions from simulation and experiment along curvilinear
of the part with constant BHF of 63,125 N (full as 25.25 tons) and constant pressure
of 3 MPa
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The comparison of thickness distribution along a curvilinear between the experiment
and simulation is shown in figure 7.31. The pattern of curve from simulation is very
similar to the experiment. The minimum thickness is on the punch nose at 25 mm

along curvilinear.

7.2.2.3 Verify optimal constant BHF and linear pressure curve

The constant BH@,% quarter model and a linear pressure
o 27625 P2 C*ﬁﬂ—

curve of maximum valu : i was performed to validate the

predicted optimum Iow Un rtur@ng the process, the ram was

moved up automaticall ' t enough for the process. The
Id the force as setting (120 ton). It could

ion and experiment results are shown

hydraulic has been lea

S |
v

Figure7.32 Top view of part with constant BHF of 63,125 N (full as 25.25 tons) and
linear pressure of 27.625 MPa at height of 66 mm

The experiment result shows the diameter as 309 mm that equal to the simulation
results. The part can reach to the final stroke at 61.74 mm for simulation but for
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experiment the part stop at 66 mm of height. The experiment and simulation showed a

promising forming quality of a good part, i.e. no crack, no side wall wrinkle.

Figure7.33 Front view of part w nst {F of 63,125 N (full as 25.25 tons) and

- .-" " - “"_ﬂ:d-b-.
Imggr pressure & of 27.625 MPa at elgb?f 66 mm

Figureq7.34 Parabolic part with constant BHF of 63,125 N (full as 25.25 tons) and

linear pressure of 27.625 MPa in half-section view at height of 66 mm

The comparison of thickness distribution along a curvilinear between the experiment
and simulation was shown in figure 7.35. The pattern of curve from simulation was
similar the experiment and the minimum thickness was on the punch nose at 30 mm

along curvilinear.
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Thickness Comparison
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CHAPTER VIII

CONCLUSION AND FUTURE RESEARCH

8.1 Conclusion

This research work was intended to .develop methodologies for design of
process parameters in hydromechanical deep.drawing (HMD) process for parabolic
parts. The specific goals of this-study were to develop a) methodologies for design
and optimize constant blank holder force and linear pressure for hydromechanical
deep drawing process girthe parabolic cups and b) methodologies for design feasible
loading paths of blank holder force and ipfressure in hydromechanical deep drawing

process of the parabolic cups.

First, investigation of these two proper pro_c_ésé parameters was conducted. Numerous
simulations were required for this work. ifﬁ'er,_general process windows of the two
parameters, constant blank holder force and 'I_irne_ar pressure, were obtained from this
work. The determined process windows- facilitated “through understanding of

hydromechanical deep drawing process.

It was found from the process window that only certain profiles of the pressure and
blank holder force form successfully, 1.e. proper constant blank holder force combine
with linearly increasing pressure. The types of part defects, i.e. crack, flange wrinkle
and sides wall wrinille, resulted from“improper level and profile of 'the two process
parametérs were clearly demonstrated and quantified. This gained process in sight led
to the implementation of the two methodologies to design pressure and blank holder

force necessary to hydromechanical deep drawing from the chosen parabolic parts.

a) Optimization-based simulation was developed to reduce a number of simulations
necessary to optimize the process parameters. 2-D interval halving search and

response surface method (RSM) were applied to optimize constant blank holder force
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and linear pressure. The general process window showing constant blank holder force,
linear pressure and corresponding on part quality was used to formulate the search
algorithms using the 2-D interval halving technique. The main contribution here is
procedures to setup and formulate a normal trial-and-error analysis of parabolic cup
forming with hydromechanical deep drawing process simulation into an optimization-
based simulation run to optimize the constant blank holder force and linear pressure.
This optimization-based simulation approagh_is very versatile in that it takes most
process relevant mathematical expressions_.into_the formulations. However, this
approach still required somewhat large humber of simulations. Also, it seemed that a
very experienced user_in" both -optimization and hydromechanical deep drawing

processes is required touse this approach.

b) Automatic adaptivessimulation coupled with fuzzy logic control approach for rapid
deformation of loadingpaths (blank holder force and pressure) was developed. A
fuzzy control algorithm program (in FORTRAN) was coded and integrated into the
internal solver of LS-DYNA. Both Iineariéﬁdl‘_exponential forms of predictive load
curves (or load function) were applied in th_e_ adaptive algorithm. The two general
process windows of 1) blank holder force and punch siroke 2) pressure and punch
stroke were utilized te define the expected trajectory in the-fuzzy logic control system.
Tuning of the fuzzy legic control system could be done by changing the rule based
matrix, the value of input/eutput membership_functions, and the value of ABHF, AP.
Tuning of the rule-based'matrix helped to improvelconvergence whereas changing the
value of the membership function, ABHF and AP.improved accuracy of the system
responses. ' The 'linearvload curves function wasqfirst implemented. It was found
beneficial in cases when the optimum load curve shape was not known a priory.
However, it was discovered that for all the parabolic parts in this study have load
curves that resemble exponential form. Then, an exponential load curve was
implemented in the predictive load curve function. A much less number of simulation
monitoring steps was needed to find a feasible process parameter load curves using
this exponential load curve function. The main contribution here is the finding of

modification of load function in exponential form to predict the next loading paths
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(blank holder and pressure) of forming parabolic cups with hydromechanical deep

drawing process.

The exponential curve is proper for the parabolic part. Typically, good BHF curve and
pressure curve start with a lower values at the beginning of stroke (thin-out stage) and
gradually increase at the middle of stroke (wrinkle stage) and rapidly increase at the
end of stroke (re-strike). However, it Is not good for the deeply parabolic shapes due
to the load values at the end are higher enough: To correct this problem, the limit of
blank holder force and pressure are defined thus,.the risk of crack area near the

counter pot radius is reduced,

Ideally, all hydroformed parts-demand maximum. part thickness and wrinkle-free
quality. In practice, these high requiremeﬁts are relaxed depending on the intended
part functionality and the hydroformability of part itself. The goal of the parameter
adjustment module is essentially to select loading path that would result in “best” part
quality possible. It should be noted that{iglobal optimum part quality cannot be
obtained through using adaptive simulation célﬂpled with fuzzy logic approach as it
only utilizes the simulation results on part'for'mability from past up until current
simulation monitoring step to project the “best” future loading path in the following
monitoring step. No global optimization Is attempted in this adaptive simulation

coupled with fuzzy logic.approach.

The two advanced finite element ‘methods“developed in'this“study for loading path
determination of parabolic cups_certainly have ‘Shortcomings asthey always come
with benefits. Pros ‘and constofitwomethads lare essentially the trade-off between
lead-time and final part quality obtained. Some experiments were performed to

validate the results from finite element method.
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8.2 Future Research

Though these advanced finite element methods developed in this study have
advantages, there are many tasks that can be implemented to improve the methods.

Among these tasks, the most important ones are as follows:

1) Improve of optimization-based approach: i-arge simulation runs is the disadvantage
of this approach. Improvements of the search method should be further developed to

reduce the simulation runs necessary.

2) Examine the sensitivity of ihe rule-based mairix, the value of the membership
functions, ABHF and AP in/the automa!i:(: adaptive simulation coupled with fuzzy

logic control approach.

3) Collect the loading paths and experi_efjcés gained from usages of these finite

element methods and store them, i a form of knowledgebase for future use.

4) Apply the automatic adaptive simulation édubled with fuzzy logic control approach
program to more hydromechanical deep drawing part geometries as to continuously

improve the process parameter adjustment schemes.

5) Improve the experiment .of hydromechanical ,deep~drawing process i.e. the
capability of press‘machine; the pressure control system and the water filling system

to conduct experiments_conveniently.

6) Adjust the other process parameters i.e. friction coefficient between punch and
blank, friction coefficient between binder and blank, friction coefficient between
counter pot and blank, pre-bulge height from experiments to close to the simulation

data.
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7) Improve defect criteria: The onset of wrinkle is difficult to detect. More accurate

criteria but still easy to implement should improve the methodologies.
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