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ABSTRACT
QUANTITATIVE COMPARISON OF ALUMINUM ALLOY SHEET FORMING
METHODS
By

Senthilkumar Venkatesan

The intent of this paper is to verify, through experimentation and numerical
modeling, that the thermo-hydro-forming process is a suitable altemative to
conventional forming methods such as stamping and warm forming to form 5754-
O aluminum alloy sheets. Numerical analysis included implementation of a
temperature-dependant anisotropic model (YLD 2000-2d) in the commercial FEM
code LS-Dyna as a user material subroutine (UMAT) using the cutting plane
algorithm proposed by Simo et Al. (1985) for the integration of a general class of
elastoplastic constitutive models. The temperature-dependant material model
was used to numerically simulate the thermo-coupled finite element model in
order to compare the accuracy of the UMAT's ability to predict both forming
behavior and failure locations (FLD) with experimental results of the forming
process for AA5754-O under several conditions. Investigations proved that the
use of counteracting pressure improved the punch displacement drastically
without wrinkles and tearing when compared to the conventional forming
process. A process was developed to optimize the pressure profile for 5754-O to

maximize draw depth.
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Chapter 1

INTRODUCTION

Sheet metal stamping uses a male (punch), a female and a blank holding die,
to plastically (permanently) deform a blank sheet of metal into a desired shape of
the punch. This technique is widely used in order to produce seamless sheet
metal structures each day in several industries, e.g. automotive, aerospace,
beverage industry etc.... Depending upon several factors such as geometry,
volume, intricacy of the shape and material type, deep drawing or stretch forming
is used as different methods to form sheet metals [1]. In sheet-forming
processes however, several types of failures could occur, such as rupturing
(splitting), necking, wrinkling and spring back [2], that are undesirable. Also, there
are significant expenses associated with the necessary tooling (expensive to
make both female and male dies) and the success of the process largely
depends on the skilled machinists to bring the economic costs down to suitable

levels.

Sheet metal stamp hydroforming is currently being considered as a desired
alternative to conventional sheet metal stamping. Stamp hydroforming offers
many advantages over conventional stamping when fabricating difficult-to-form
parts. The advantages of stamp hydroforming are numerous and the process is
attaining significant attention to form many parts like composites with uniform
thickness, automotive aluminum alloys, aerospace composite material forming,
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biomechanical devices, such as polyethylene liners for Total Hip joint
replacements and military industries. These advantages include improved
formability due to the applied fluid pressure, low wear rate of tools, better
distribution of plastic deformation, considerable economic savings due to using

single die, and finally the potential for generating less burr [7].

In stamp hydroforming, one or both surfaces of the sheet metal are supported
with a pressurized viscous fluid (Dynalene 600 or above which can hold
temperatures beyond 500F without breaking) to assist with the stamping of the

part and a female die is not required. The pressurized fluid serves several

purposes:

(1)  Supports the sheet from the start to the end (with variable load
application for each punch displacement) of the forming process, thus
yielding a better formed part,

(2) Delays the tensile necking, which leads to delay in tearing

(3) Could potentially reduce wrinkle formation when applied to one or both

sides of the sheet metal by ironing the wrinkles.

McClintock (1968) [3], Rice et al. (1969) [4], Clift et al. (1990) [5] and Hartley
et al. (1992) [6] demonstrated that for sheet metals, the use of a hydrostatic
pressure prevented the initiation and spreading of micro cracks within the metal

parts. Based on the success found using a hydrostatic pressure to delay the



onset of cracks, the idea of stamp hydroforming was used as an alternative
method for conventional stamping. The hydroforming process is used as an
alternative to form intricate shapes in sheet metals that would be difficult to form
using the traditional stamping processes where irregularities and failures may

occur.

The sheet metal stamp hydroforming method, shown in Figure 1, is a
process in which a part is formed by a cylindrical punch. The work piece is
placed on the clamping mechanism, as shown in Figure 1.1. Figure 1.2 shows
the upper fluid chamber being lowered and the work piece clamped securely
between the two die halves, creating a seal for the upper fluid chamber. The

fluid is then injected into the upper chamber and given an initial pressure.



Figure 1. Schematics of a hydroforming press using a circular punch with a blank

holding support.

As the punch moves up, the sheet metal begins to deform and take the shape
of the punch, in this case a circular shape, as shown in Figure 1.3. The pressure
in the upper chamber is controlled via a pressure transducer and is used as a
means of forcing the sheet metal to conform to the shape of the punch. Once the
punch reaches the prescribed depth, the fluid is drained and the chamber is

raised, as shown in Figure 1.4, to remove the formed part from the die.



The challenge in using sheet hydroforming process lies in finding an
appropriate fluid pressure-punch stroke path, which will avoid rupturing or
wrinkling the sheet metal. There have been numerous studies done to identify
this optimum path. These studies will be discussed in detail in the literature

review section, in Chapter 2.

In this research, the stamp hydroforming process is investigated as a means
for shaping aluminum alloy sheet metals with the objective of achieving higher

draw-depths and forming wrinkle-free parts using fluid pressure.

Literature review of the hydroforming process and wrinkling is presented in
chapter 2. The overall research objectives are presented in chapter 3. In chapter
4 the experimental setup used in the research and an explanation of the
experiments performed with some results are presented. Setup of the numerical
analysis performed with explanation of some important issues encountered
during the research is presented in chapter 5. The majority of the results and the
comparison between the experimental and numerical analysis are presented in

chapter 6. Some conclusions are made in chapter 7.



Chapter 2

2.1 Warm forming Literature Review

In warm forming method, the physics of dislocation movement suggests a
thermally activated process. Zener et al. (1944) studied the effects of strain rate
and suggested a Zener-Hollomon parameter in which the relation between strain
rate and temperature can be derived from statistical mechanics. However, as
explained in Boogaard (2002), the Zener-Hollomon approach can only be used
for small strain rates and temperature variations. When the strain rate itself is a
function of temperature these types of models that incorporate the Zener-
Hollomon parameter are inappropriate for the simulation of warm forming of
aluminum. Gronostajski (2000) provides a list of different types of deformation
dependent flow stresses for FEM analysis. Hakansson et al. (2005) made a
comparison of isotropic hardening and kinematic hardening in thermoplasticity.

Prior research available for simulation of warm forming processes focuses
only on the effect of elevated temperature on the evolution of the flow
(hardening) stress. These include Li et al. (2003), Ayres and Wenner (1979),
Painter et al. (1980), Takata et al. (2000), Naka et al. (2001) and Boogaard et al.
(2001). The evolution of the yield surface of aluminum alloys as a function of
temperature and the effect on the anisotropy coefficients were not fully explored.
In most cases, either Hill's 1948 model (Hill, 1948) or the von Mises isotropic
yield functions was used. Boogaard et al. (2001) characterized the behavior of

AA5754-0O for which two types of functions representing the flow stress were



used: the modified power law model and the Bergstrom model. The yield surface
used in this case was assumed to remain constant with respect to changing
temperatures. Only the coefficients of the power law model were curve-fit
exponentially as a function of temperature. The _predictions of the material model,
however, underestimated the values of the punch load in both models (Power-
Law and Bergstrdm models). Canadija et al. (2004) presented an associative
coupled thermoplasticity model for J2 plasticity model to represent intemal heat
generated due to plastic deformation. In it, temperature-dependent material

parameters developed were used.
2.2 Sheet Metal Hydroforming Literature Review

McClintock (1968) and Rice et al. (1969) conducted studies on sheet metals
demonstrating a rapid decrease in fracture ductility as a hydrostatic pressure,
applied across the material, was increased. Clift et al. (1990) and Hartley et al.
(1992) demonstrated that for sheet metals, the use of a hydrostatic pressure
prevented the initiation and spreading of micro-cracks within the metallic

material.

Yossifon and Tirosh (1977—-1988) published a series of 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 wrinkling. Their earlier studies demonstrated the effect that excessive
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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 could be followed in order to produce parts that are free from these
types of defects.

In order to minimize wrinkling instabilities, the fluid pressure was held to the
possible minimum. The pressure relationship calculated by Yossifon and Tirosh
(1577—1 988), based on equating the bending energy of the buckled plate and the
work done against lateral load (spring-type blank holder or fluid pressure) to the
work done by the in-plane compressive membrane forces, included the
goveming parameters of friction coefficient and anisotropy. Through their work
they were able to show that rupture instabilities occur when the fluid pressure
being used for the hydroforming process was too high. The fluid pressure
constrained the motion of the part and assisted the punch to deform the material.
The fluid pressure to prevent rupture was evaluated in terms of average friction
coefficient, material properties, and geometrical considerations. Using these two
fluid pressure values a range was determined that allowed for the manufacture of
parts without the occurrence of wrinkling or rupturing. This theory was tested
experimentally and the results were very favorable with the predicted outcomes.

Lo, Hsu and Wilson (1993) expanded upon the earlier work of Yossifon and
Tirosh by applying the deep drawing hydroforming theory to the analysis of the
hemispherical punch hydroforming process. The purpose of this work was to
determine a theoretical method of predicting failure due to wrinkling (buckling) or

rupture (tensile instability) during the punch hydroforming of hemispherical cups.



This work was basically an extension of the work done by Yossifon and Tirosh by
incorporating a general friction-force expression into the analysis and expanding
to more complicated geometries.

In order to predict failure, the part was split into three regions based on the
geometric characteristics of this operation. First there was a region where the
part was free from contact with the die, a second region that consisted of the
unsupported area termed the “lip area”, and the third region that was the area of
the part that had already come into contact with the surface of the punch. Along
with the determination of the failure areas, the study also attempted to identify an
upper and lower bound for manufacturing, a region termed the “work zone”. Lo
et al. (1993) proposed that if processes were run within these limits then there
should be limited potential for failure. They were able to conclude that the
working zone could be expanded by low friction forces, high strain hardening
exponents, small drawing ratios, thick work pieces, and through the use of
orthotropic materials.

Hsu and Hsieh (1996) attempted to verify the theory developed by Lo et al.
through a series of experimental procedures. The purpose was the validation
and verification of the failure prediction method for wrinkling and ruptures
instabilities during the punch hydroforming of sheet metal hemispherical cups.
Various hydroforming pressure paths were tested during the process to validate
the theory. They determined conclusively that a path that intersected the lower
boundary of the working zone would lead to premature material failure due to

wrinkling in every case. The same result was found for the pressure paths that



intersected the upper boundary of the working zone. Through a series of varying
parameter experiments the results achieved experimentally were very

comparable to the theoretically predicted results.

Gelin et al. (1994) experimentally and numerically studied the effects of process
parameters during the aqua draw deep drawing process. The purpose of the
study was to determine the main parameters that influence the aqua draw deep
drawing process, specifically, the determination of the pressure in the cavity and
under the blank holder as functions of process geometry, material parameters,
and fluid parameters. Aqua draw deep drawing differs from hydroforming due to
the use of a thin layer of water, subjected to fluid flow that replaces the thin
rubber diaphragm between the material and the die cavity. The investigation,
limited to axisymmetric sheet metal materials, proposed a cavity pressure
modeling technique based on the optimal parameters of the process instead of
being modeled by the Reynolds equation.

A relationship to determine the cavity pressure was also derived based on the
material behavior, the material thickness, the die entrance radius, and the
drawing ratio. The paper evaluated the influence of each of these parameters on
the overall cavity pressure. To demonstrate the effectiveness of these
parameters on the determination of the cavity pressure, the study referenced
other researchers experiments. Numerical analysis predictions of the deep
drawing process were in good agreement with the experimental behavior of the

parts analyzed.

10



Gelin et al. (1998) and Baida et al. (1999) both expanded upon the numerical
work conducted in the Gelin et al. work dealing with the aqua draw deep drawing
process. These two investigations expanded upon the numerical work by adding
the process parameters monitoring, identification tools and general sensitivity
analyses to the numerical method used as a predictor of the die cavity pressure
during the deep drawing process. Overall their respective results showed very
good correlation between the numerical and experimental behavior of the

material.

Shang et al. (1997) spent time on the evaluation of the copper spherical shell
hydroforming process by studying the effects of intermittent draw-in during the
operation. The purpose of this investigation was to examine, experimentally and
numerically, the effects these intermittent changes would have on the formability
of the blank material. During the processing of the cups there were two main
formability factors that were investigated; the radius of the die shoulder and the
blank holding force. Reducing the die shoulder radius increased formability but
the use of a small radius had the potential of causing premature tearing of the
blank along the die shoulder. Reducing the blank holding load encouraged draw-
in, inward flow of the flange material, thereby increasing the average thickness of
the product and delayed the onset of material failure.

Since the radius of the die shoulder is normally fixed or limited by the product
specifications then the logical approach to increasing formability would be to vary
the blank holding load. During this study the copper material was formed into a

nearly spherical shell using four different approaches. The first approach was a
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single-stage hydroforming process using two different deformation paths, one
that allowed for the draw-in of the flange, and one that did not allow the draw-in
to occur. The second approach evaluated the effect of a double-stage
hydroforming process also using two different flow paths. The first path allowed
for the draw-in during the first stage, and restricted it in the second. The second
path was just the opposite; draw-in was not allowed during the first stage yet was
permitted during the seconc'l stage. The results showed that during the single-
stage hydroforming process, the formability of the material was greatly improved.
For the double-stage hydroforming operation, the best results were achieved
during the path that did not allow for the draw-in of the flange during the first

stage, but did during the second stage.
2.3 Wrinkling Literature Review

Wrinkling in sheet metal forming, with tearing, is one of the most important
instabilities that occur in parts formed using stamp forming and deep drawing
processes. This phenomenon limits the type of parts and geometries that could
be formed using these techniques. Simulation of wrinkling behavior using the
finite element method (FEM) in sheet metal stamping is an important predictive
tool. An accurate finite element model that could accurately predict the formation
of wrinkling could also be used at the tooling design stage of parts of various

shapes.

Many studies have been made to study the wrinkling behavior in sheet metal

forming. These could be traced back to Geckler (1924), Baldwin et al. (1947),
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Senior (1981), Yoshida et al. (1981) and others. Triantafyllidis and Needimen
(1980) studied the effect of compressive bifurcation instabilities on the onset of
flange wrinkling using the Swift cup test. Using numerical analysis linked with
previous experimental work, they established the limiting drawing ratios (LDR),
defined as the largest drawing ratio from which a cup can be drawn without
fracture. The critical conditions governing the onset of wrinkling were studied.

Many researchers have studied simulation of wrinkling behavior in sheet
metals using the FEM (Finite Element Method) method. Doege et al. (1995)
studied the necking and wrinkling behavior using several techniques. Necking,
caused by tensile instability, was studied utilizing the results of the Continuum
Damage Mechanics (CDM) and using the Gurson constitutive model. For
studying the wrinkling behavior, they start by studying the buckling of one-
dimensional long column. The FEA method was used, where the problem was
solved both implicitly and explicitly. Numerical results were then compared
against experimental results of deep drawing of a 50mm cup. Necking behavior
requires taking into account of the material microstructure, in particular
microscopic processes that precede rupture. Therefore, the Gurson model, which
accounts for the microscopic processes, was used.

Wrinkles that form during the sheet forming are due to intermal compressive
instabilities. Two types of wrinkles occur:

(i) wrinkles of first order in the flange; and

(i)  wrinkles of second order in the free-forming (unsupported) zone

between the punch radius and the die radius.
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Since wrinkling is a problem of equilibrium state, the prediction of wrinkles is
more difficult for implicit codes than for explicit codes. Introducing statistical
geometrical imperfections in the blank is necessary in order to be able to
simulate the wrinkling behavior using the implicit method.

Boyce and Cao (1997), and Wang et al. (2000) studied the problem of
wrinkling simulation using the implicit and explicit methods. Using the ABAQUS-
implicit code the problem of forming a square cup was studied. Also Ls-Dyna
explicit code was used. In order to solve the problem using the implicit code,
initial imperfections had to be introduced into the blank mesh to take into account
the instabilities. No imperfections were introduced in the explicit part of the
analysis.

Using these results they showed that the implicit FEM model with shell
elements may overwhelmingly over-predict the failure heights, and the
predictions of the explicit FEM models are sensitive to the selected critical
wrinkling heights, the mesh density, the punch velocity, etc.

Since wrinkling is a geometrical and a material dependent phenomenon, an
anisotropic constitutive model was used. The anisotropic constitutive model
introduced by Barlat et al. (1997) was used in this study. Prior to this work, finite
element analyses assumed material isotropy in their simulations, although the
sheet metals usually showed anisotropic properties. Using experimental and
numerical studies with ABAQUS of the cup drawing test using AA2008-T4
material, they showed the importance of using the correct constitutive model in

representing material behavior in sheet metal forming processes using the
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explicit method. And the accuracy that could be achieved using this model versus
experimental data was established.

Several other studies have been also made, such as Kim et al. (2000, 2001),
Kawaka et al. (2001). In these papers, verifying numerical data against
experimental ones established the importance of using the correct constitutive

model in the FEM analysis to represent anisotropic behavior of the material.
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Chapter 3

RESEARCH OBJECTIVES

The objectives of this research were to study, experimentally and numerically,
the positive impacts that applying fluid pressure would have on the forming of
aluminum sheet metals as compared with conventional sheet stamping. More
specifically, the following improvements associated with the sheet hydroforming

process were investigated:

1. Increase in punch displacement before tearing the AA5754-O
aluminum sheet alloy,

2. Eliminating the wrinkling failure, especially at deeper depths, and

3. Calculating the optimum fluid pressure-punch stroke profile with fixed
blank holder position for different blank sizes to form cylindrical sheet

metal parts without any defects.

Difficulties that are present during the stamp hydroforming process can be
classified into three broad categories: material, geometry and fluid pressure. The
material challenge refers to the choice and behavior of the sheet metal. One of
the major obstacles is to maintain the balance between the pressure profile and
material ductility as excess pressure would cause tearing of the sheet metal.
Since pressure applied over the available blank holding area will determine the
blank holding force applied to the sheet to restrain its drawing, its excess would

16



cause the sheet to tear, while an insufficient amount of it would cause the sheet
metal to wrinkle.

The second challenge is the geometrical effects, this relates to the specific
geometry of the part and the relationship with the forming methods. Also, it can
include the method in which the part is formed, i.e., stamping, deep drawing,
hydroforming or thermo hydroforming. Geometrical effects and the deep drawing
of the sheet metal into the die cavity, causes some portions of the sheet metal to
be unsupported during the forming process. The formation of compressive hoop
stresses in the unsupported portions of the sheet metal cause wrinkling followed
by eventual tearing of the sheet metal. Preventing these failure modes from
occurring are particularly critical to automotive and aerospace industries where
wrinkle-free parts are expected to be formed the first time. In case of thermo
hydroforming, maintaining the relative temperature and pressure while forming a
part is imperative, as excess increase in the temperature would increase the

malleability of the metal thus causing the part to wrinkle more easily.

The third challenge is the relationship between the fluid pressure and the
punch stroke during the process. As shown by Yossifon and Tirosh [7-12], fluid
pressures within the upper fluid chamber that are too high will cause the material
to quickly take the shape of the punch before the ductility of the material can
keep up, thus cracking the sheet at the edges. On the other hand, less fluid

pressure will not stretch the sheet enough to form, thus leading to wrinkles.
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Therefore, it's necessary to calculate the minimum fluid pressure profile and
maximum pressure profile, in order to determine the optimum fluid pressure
profile in accordance with punch displacement to form a part without wrinkles
and tearing. In the stamp hydroforming of sheet metals, the difficulty lies in
finding this optimum fluid pressure-punch stroke path while avoiding tearing
and wrinkling instabilities. Lo et al. (1993) [11] and Hsu et al. (1996) [12]
performed a series of experiments and analyses that established this fluid
pressure-punch stroke path for the stamp hydroforming of metallic
hemispherical cups. A generalized curve is illustrated in Figure 2 to help
demonstrate one of the goals of the numerical and experimental research; the
determination of the optimum fluid pressure-punch stroke path for the stamp

hydroforming of aluminum sheet metals.

N

| Rupture Failure Area

Fluid Pressure

Optimum
pressure
path Wrinkling Failure Area

Punch Stroke

Figure 2. Generic curve illustrating the optimum fluid pressure-punch stroke path

for the stamp hydroforming process.
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Materials investigated in this research were 5754-O aluminum sheet alloys.
These sheet metals were supplied to us by General motors as part of the MSU—
GM project. Two punches, one cylindrical with 6in diameter and the other a

tapered square, were used to perform the research with 5754-0O alloys.

The numerical analysis of the stamp hydroforming process was carried out
using cutting plane algorithm for the integration of general class of elasto-plastic
constitutive models and it was used to implement this yield function into the 3D
commercial FEM code LS Dyna as a user material subroutine (UMAT). At first
the simulation results were established qualitatively and then fine-tuned by
comparing with the experimental data. The model was also used as a design tool
to further study the hydroforming of larger blanks, which would have required a
stamping press with much higher tonnage capacity than is available at MSU.
Finally, the optimum pressure profile for the maximum displacement of 3.56in

with a 12in blank was calculated numerically.
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Chapter 4

EXPERIMENTAL WORK

In this section, the experimental apparatus for sheet hydroforming will be
described, followed by a discussion of some of the experimental results obtained
using two different punches, one a cylindrical shape with a diameter of 6in and

the other a square shape with tapered edges.

4.1. Experimental Apparatus

The apparatus used in these experiments was built around an Interlaken 75
double action servo hydraulic press, Figure 3, manufactured by Interlaken
Technology Corporation, Eden Prairie, Minnesota. The double action refers to
the clamping mechanism moving independently of the punch mechanism. This
allows for the boundaries of the sheet blank to be clamped while the punch
pushes the sheet into the die cavity filled with supporting fluid. The ability to
independently control both the clamp and the punch affords the opportunity for

various modifications of the experimental procedure.

The apparétus uses the LDH (Limiting Dome Height) setup used in industry for
the evaluation of lubricants in the sheet metal. Some modifications were made to

change the setup to research requirements. A thesis submitted by Zampaloni M.
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[32] has all the details about how the experimental setup was built. The LDH die
is essentially a pair of cylinders that are clamped together after placing a draw
blank between them. The punch moves through one chamber, meets the
material and stretches it into the second cylinder. The clamping mechanism
typically contains a draw bead that would cause the sheet metal to get stretched
only. Figure 4 shows a double acting press with cylindrical punch in the center
and the chambers to fill the fluid both at the top and bottom and the control set up
at the top to control the pressure, surrounded by heating bands to perform

Thermo hydroforming process.

Figure 3. Double action servo press 75 manufactured by Interlaken

Technology Corporation, Eden Prairie, MN.
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Figure-4 Double acting servo press with cylindrical punch at the center

surrounded by heating band and pressure control at the top.

The experimental setup used for studying stamping, and two-sided pressure
hydroforming, is shown in Figure 5. The die was fitted with four ports; one for
measuring the pressure within the fluid cavity, one for injecting fluid into the die
cavity, one for removing the air from the chamber during the fill process and one
that is used to measure the fluid temperature within the chamber during the
process. Figure 5 shows a schematic illustration of these changes while Figure 6
shows a picture of the in-house designed die that was used for studying the

hydroforming process.
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Figure-5: Schematic representation of the press with pressure acting on both

sides.

Figure-6 The in house designed die with ports for fluid in and out
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Attached to the fluid line is a regulator/controller that is used to accurately control
the fluid pressure within the die cavity, as the sheet metal is stamp hydroformed,
as shown in Figure 7. If the fluid pressure is higher than a user-defined pressure
profile, then the fluid is drained and the pressure in the system is reduced to the
appropriate level. If the pressure is too low then the regulator pulls additional
pressurized fluid from a pressure vessel that is in line with the rest of the system.
A pressure intensifier is used to supply the necessary volume and pressure to

the reservoir prior to the start of the hydroforming process.

The experimental setup used the synthetic oil Dynalene 600, as the viscous fluid.
Due to its incompressible nature, as the punch began to deform the sheet metal,
the volume in the fluid chamber decreased causing the pressure to increase. The
details of the user-defined pressure profile will be discussed in the numerical

section.

Figure 7. Regulator and controller used for the control of the fluid pressure within

the forming chamber.
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4.2, Targeted Experiments

In order to get to know about the effects of fluid pressure to form the metal
parts during stamp hydroforming process, both experimental and numerical tests
have been conducted. The experiments were carried out using cylindrical punch
with 6 inch diameter and a squared punch with tapered sides. Three different
blanks 11 in, 11.5 in and 12 in in diameter were used. The blank materials were
5754-O aluminum alloy sheets. Following tests were carried out in order to

establish the objectives mentioned earlier, as follows:

Experimental Studies
Pure Stretching (Stamp Forming):
(1) No fluid pressure applied (Stamping)
(2) No fluid pressure applied with heating (Warm forming)
(3) Fluid pressure applied to one surface of the sheet metal:
(a) Constant fluid pressure with room temperature (Hydroforming)
(b) Constant fluid pressure with temperature (Thermo-hydroforming)
(c) Varying fluid pressure with temperature

(d) Varying fluid pressure at room temperature
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Il.  Numerical Studies:

A. Study several important issues related to establishing the reliability
of the FEA model that could be used for the hydroforming
simulation. These include:

(1) Material modeling.

(2) Constitutive model effects: Barlat's plane stress Yid2000,
anisotropic yield function vs. an isotropic yield function.

(3) Geometrical effects: The effects of forming a square
blank vs. a round blank and its effect on wrinkling
behavior in pressure application and deep drawing
experiments.

(4) Element formulation (integration schemes) effects: The
effects of using a fully integrated integration scheme vs.
reduced integration schemes, e.g. Hughes-Liu,
Belytechko-Tsay, on the accuracy of the model.

B. Simulate sheet hydroforming process with the explicit dynamic finite
element analysis (FEA) code, LS-Dyna 3D, the user material
subroutine (UMAT), and boundary conditions related to the above
experimental conditions.

Simulate the deep drawing case with fluid pressure to determine the lower limit

and upper limit of the optimal pressure curve (Figure 2).
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In the following section, the experimental works will be described, some
results will be presented, and some important issues encountered will be
discussed. For clarity of comparison, all experimental results will be presented

again side by side with the numerical analysis results in chapter 6.
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4.3. Experimental Work

4.3.1 Pure Stretching Experiments, No Fluid Pressure Applied (Stamping):

For the experiments conducted under pure stretching conditions without fluid
pressure, the 1 mm thick, circular blank (6 in in diameter) was placed over the
draw bead and clamped with a blank holding force (BHF) of approximately
5500lbf. The load application and punch movement was controlled with
computational tool written by Interlaken technology Inc, Minnesota. After
clamping the sheet, the punch was moved against the sheet until rupture of the
material occurred. Using the software tool, several important readings were
recorded against time. These were the punch and clamp travel, also the clamp
and punch loads. The rupture point was detected when the punch load dropped
sharply at the point of rupture. Figure 8 shows a deformed part. The rupture point

was recorded at a depth of 0.837 in.

Figure 8: Stamping of 5754-O Aluminum sheet with out pressure with 11 in blank
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Figure 9 shows a sample of the punch force-displacement curves for 11.5 in and
11 in blanks stamped at room temperature (77F) with constant blank holding
forces ranging from 3000 Ibf-10,000 Ibf. The range of constant BHF was selected
in a way to avoid wrinkling but maximize the punch displacement without tearing
the sheet. It can be seen that all the curves are similar in shape and the net
effect of increasing BHF is to cause the sheet to fail at lower punch
displacement. In the case of 11.5 in blanks, the sheets failed at a maximum
punch displacement of about 1.1 in for all BHF. In the case of 11 in blanks, the
sheets failed at lower punch displacements as BHF was increased. The
maximum punch displacement achievable prior to tearing the sheet ranged from
0.69 in to 0.98 in. Numerical results obtained with LS-Dyna 3D finite element

code confirmed experimental results.
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Figure 9 Punch load vs. punch displacement curves for various constant blank
holding forces obtained from stamping of 11.5 in and 11 in AA5754 aluminum

alloy sheets at room temperature (RT).

Stamping (RT, Constant BHF, 11.5" Blank, AA5754)

£
[*]
£
£ « BHF=3000Ib
£ u BHF=4000b
8 - BHF=5000b
& x BHF=6000Ib
= x BHF=7000b
e
=
o

Punch Load (Ibf)

30



Figure 9 Contd.....
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4.3.2 Forming at Elevated Temperature without Fluid Pressure— Warm Forming:

By adding heat to the stamping process, the sheet metal becomes more
formable and at the same time prone to wrinkling. Since the objective of the
study was to compare the maximum punch displacement achievable without
tearing or wrinkling the sheet metal, warm forming experiments were first
conducted until the sheet metal wrinkled and then the maximum punch
displacement at the onset of wrinkling was extracted from that curve. Figure 10a
shows several punch force-displacement curves obtained from warm forming of
AA5754-O aluminum sheets. Sheet metals were formed between 2 in-2.5 in
punch displacement, under various temperatures and BHF. None of the four
tested sheet metals shown in Fig. 10a failed by tearing, however, they all
developed wrinkles on their sidewalls, as shown in Figures 10 c-d. Figure 10 b,
shows those portions of the experimental punch force-displacement curves from
Fig. ( 10a), that is up to the onset of wrinkling. From these curves, the maximum
punch displacements prior to wrinkling for each of the four tests were determined
to be in the range of 1.17 in-1.244 in. . Figure 10c shows the top view of an
actual part formed at 274F to 2.5 in punch displacement with a constant
BHF=5500 Ibf Figure 10d shows the side view of the same part showing sidewall

wrinkles.
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Fig. 10 — Experimental results for warm forming process; (a) experimental punch
force-displacement curves for parts formed past the onset of wrinkling (2 in-2.5
in) at various temperatures and BHF; (b) experimental punch force-displacement
curves for parts formed up to the onset of wrinkling (1.17 in-1.24 in); (c) top view
of an actual part formed at 274F to 2.5 in punch displacement with a BHF=5500

Ibf (24.4 KN); (d) the side view of the same part showing sidewall wrinkles.
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Figure 10 Contd....
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4.3.3 Pure Stretching, Constant Fluid Pressure Applied to Topside of the Sheet:

In this experimental setup, after the blank was clamped as motioned previously,
the fluid chamber was filled using a small pump and then given an initial pressure
of 400 psi (2758 kPa). Figure 11(a) shows the measured constant pressure used
in the experiment. As the pressure within the chamber increased, the sheet
bulged in reverse direction towards the punch (away from the fluid chamber) prior
to the punch beginning its movement into the sheet metal. This bulging,
schematically illustrated in Figure 12 created a strain concentration around the
rigid die comer. With the constant fluid pressures above 500 psi (3448 kPa), the
material sheared off at the sheet/die comer interface prior to the punch moving
into the fluid chamber.

One of the distinct characteristics of the sheet hydroforming is that during the
forming process the pressurized fluid forces the sheet metal to conform to the
shape of the punch early in the forming process, thus creating a large contact
surface for the forming loads. This large contact surface distributes the forming
loads over a larger surface area, thereby reducing the risk of plastic deformation

localizing at the punch comer radius.
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Figure 11. Experimental fluid pressure curves, (a) constant and (b) varying fluid

pressure profiles.

Figure 12. Example of material sags in unsupported regions when a constant
fluid pressure is applied on the topside of the draw blank material (gap

exaggerated to illustrate effect).
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Maintaining the fluid pressure constant through out the forming process will
cause wrinkling if the pressure profile is less than the optimum pressure level, or
causes tearing when the pressure exceeds the optimum pressure profile.

Maintaining the fluid pressure below the critical 3448 kPa level led to
increased draw depths for the 5754-O aluminum alloy as illustrated in Figure 13.
Experiments were conducted at several pressure levels in order to quantify the
upper bound of the fluid pressure/punch stroke diagram for the constant fluid
pressure, pure stretch experiments. Maintaining a constant fluid pressure allowed
for an impressive increase in the forming depth of 12-31% over parts that were
formed without the resisting fluid (i.e., conventional stamping). This improved
formability could be attributed to several factors, but is mostly caused by changes
in the boundary conditions. One explanation could be that when the sheet bulges
in one direction (e.g., toward the punch) followed by a deformation in the
opposite direction, the in-plane and bending strains in the sheet will reverse,
causing the sheet to work harden. Depending on the amount of the work
hardening, the resistance of the sheet to failure will increase. Also, this reverse
bending and stretching causes the entire sheet metal in the die cavity to deform
plastically and therefore strain localization over the punch surface will be
delayed. Another reason for the improved formability could be that when the
initial bulging occurs it creates more material in the die cavity to be deformed by
the punch (see Figure 12), in comparison with conventional stamping where the

length of the sheet metal in the die cavity is shorter (see Figure 1.1).
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As will be discussed in the Discussion of Results section, Chapter 6, this

improved draw-depth was also observed in the numerical modeling.

4.3.4 Varying Fluid Pressure Applied to One-Side of the Sheet:

The goal of the varying fluid pressure experiments was to try to delay the
occurrence of the strain localization by gradually increasing the pressure in the
fluid chamber (see Figure 11(b)) as the punch deformed the sheet, while
maintaining an upper pressure bound of 400 psi (2758 kPa). The main obstacle
with these experiments was the control of the fluid pressure. At times, the fluid
pressure was found to spike at levels that were over twice the set boundary level
of 400 psi (2758 kPa). Though these spikes lasted for only milliseconds they
were long enough to impart significant stress concentrations to the material.
Several experiments were successfully run with aluminum sheet metals. Parts
that were being formed using an applied varying hydrostatic fluid pressure were
rupturing at shallower draw depths than those parts formed without any resisting
fluid pressure. These premature ruptures were primarily due to excessive
thinning of the sheet metal, caused by the extra tension created by the applied
pressure. The higher the fluid pressure was, the earlier the sheet metal failed in

these experiments as shown in Figure 13.

39



Figure 13 - hydro forming of an 11 in blank with a variable Pressure and a

constant BHF.

The majority of the experimental results and conclusions will be presented in

Chapter 6, along with the numerical analysis results, to have a better view of the

accuracy achieved in the numerical analysis.
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Chapter 5

NUMERICAL ANALYSIS

An important goal in the manufacturing research is to determine the optimum
method of production of efficient products with less cost. The optimization
criterion varies, depending on the products, but having a thorough understanding
of the manufacturing processes is an essential step. Sheet metal forming design
requires the understanding of the fundamentals of deformation mechanics
involved in the processes. Without proper understanding of the effect of different
variables such as material properties, friction, temperature dependency and
geometry the design process would be difficult, time consuming, and expensive.
In addition, it would not be possible to predict and prevent defects from occurring

until it is too late.

Failure modes such as necking, wrinkling, tearing and springback may occur in
the sheet metal forming process. The automotive industry in recent years has
seen more use of very thin high strength materials in which defects like folding,
wrinkling and tearing occur more often. The finite element method (FEM) gives
an advantage in predicting such defects, before the real stamping operation

takes place [31].

An important goal of this research was to develop a rigorous finite element
analysis (FEA) model that could be used to achieve a better understanding of the

deformation of the sheet metal during the forming process, and as a predictive
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tool for several failure modes to reduce the number of costly experimental
verification tests. Commercial FEA codes are robust enough that they could be
used with confidence as a predictive tool, provided that the correct description of
complex geometrical contact, force and displacement boundary conditions and,
material model... etc, are incorporated. The importance of the correct parameter
description increases even more when material anisotropy is considered. The
FEA model would be used to aid in the prediction of the final part geometry
(design process), compare results against experimental data and to reduce the

amount of trial and error associated with the experimental aspect of the work.

Upon careful observation of the experimental process and using multiple
thermocouples to record the temperature of the blank, punch, and dies, it was
noted that the punch is at a lower temperature than the blank and the dies. This
was due to the fact that the punch itself was not directly heated; rather its
temperature was indirectly raised through heat transfer. Therefore, as the punch
moved into the die cavity and contacted the blank, that part of the blank
contacting the punch lost some of its heat to the punch. Figure 14 shows a
schematic of the effect of having the band heaters placed on the outside of the

dies and watching the temperature drop toward the center of the die cavity.
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Figure 14 A schematic showing the effect of temperature drop away from the
band heaters. The dies which are contacting the band heaters are at a higher
temperature than the punch (which is not heated directly), and the center of the

sheet.

For the stamp hydroforming process, the numerical study was performed using
the explicit finite element code, LS-Dyna 3D. In the following, a general
description of the FEA code built for this analysis will be discussed. Several
important issues in establishing the FEA code will be discussed. After that a
comprehensive comparison between experimental and numerical results will be

presented in Chapter 6.
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5.1 Coupled Thermal Structural Finite Element Model

Finite element analysis (FEA) was performed using the commercial explicit finite
element code LS-Dyna (Hallquist, 1999) to understand the deformation behavior
of the aluminum sheet during the thermoforming process. The UMAT option was
used to build the user material subroutine in FORTRAN (COMPAQ VISUAL
FORTRAN PROFESSIONAL EDITION 6.6B®), which was then linked with the
library files supplied by LSTC. The finite element model used in the simulations
was first created using Unigraphics® and imported as IGES (Initial Graphics
Exchange Specification) files. Hypermesh® was used to create the finite element
mesh, assign the boundary conditions and to build the LS-Dyna input deck for
the analysis. The full size finite element model, Figure 15, used approximately
85000 four- and three-node shell elements. The punch, die, and the blank-holder
were created using rigid materials (Material 20 in LS-Dyna). First trials with the
adaptivity option in LS-Dyna to reduce calculation time revealed errors and
problems in the convergence of the thermal analysis. Therefore, for the current
analysis, the blank was modeled with a fine mesh of about 30,500 four-node

shell elements without using adaptive meshing schemes.



Figure 15 LS-Dyna Full 3-D model created for stamp warm forming process with

a hemispherical punch, using square blank.

The thermal analysis was performed first, during which the temperature of each
element was calculated and supplied as input to the UMAT. Using the
temperature value for each element, the temperature dependent anisotropic
material model coefficients were calculated. Before every structural iteration step,
two thermal analysis steps were performed with a controlled time step to insure
that the temperature update was adequate

In this research, a linear fully implicit transient thermal analysis was performed
with the diagonal scaled conjugate gradient iterative solver type in LS-Dyna. The
die and blank materials were assumed to behave with isotropic thermal
properties. Table 1 shows the thermal properties defined in the analysis for the

die and blank.
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Table 1
Thermal properties of material used in numerical analysis.

D i Thermal
Material ons Heat Capacity o, ctivity

kg/mm kN.mm/kg.K kN/ms.K
Rigid Dies (FE)  7.85 E-6 450.0 7.00 E-5
Blank (AL) 2.71 E-6 904.0 2.22 E-4

The lower die, blank holder and punch were assigned a constant temperature
boundary condition, while the blank was given an initial temperature boundary
condition equal to the upper and lower dies. The temperature of the punch was
set to a lower temperature based on experimental data. Thermal properties were
assigned to contact surfaces to enable heat transfer at appropriate areas of
contact between the blank and tooling during the analysis. Subsequently, areas
of the blank that made contact with the punch lost heat to the punch while the
unsupported regions of the blank remained at higher temperatures
In the FEA simulations, the punch was given a trapezoidal velocity profile to fit

the curve shown in Figure 16.
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Figure 16 Punch velocity used for the finite element simulation.
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5.2. Failure Criteria

In sheet-forming operations, the deformation is characterized by biaxial
stretching (Hosford et al., 1983). Failure in stretching operations normally occurs
by the development of a sharp localized neck on the surface. By measuring
minor and major strains in a specimen during deformation and plotting them, a
Forming Limit Diagram (FLD) can be constructed. In sheet forming, the value of
the measured strain near the necked region of the sheet is considered as "failed
strain”, while strain away from the necked region is considered as “safe strain”.

Failure criteria used in the analysis are based on forming limit diagrams
(FLD). FLD’s for AA5754-0 for multiple temperatures were calculated with the M-
K model (Marciniak et al, 1967) using Barlat's YLD2000-2D anisotropic yield
function. Yoa et al. (2002) describe methods for extracting FLD for prediction of
forming limit curves using an anisotropic yield function.

In the current process, it was assumed that the loading path is sufficiently close
to being linear that the use of a strain-based FLD to accurately assess the failure
of the sheet is justified. For a general forming process in which the loading path
may not be linear, it would be necessary to either integrate the M-K model into
the FEM analysis to assess each element separately according to its loading
path, or to use a stress-based FLD, which is less sensitive to strain path
(Stoughton 2001). A review of different types of FLD and their use in FEA can be

found in Stoughton et al. (2004).
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The FLD curves for the current material were calculated using two types of
hardening laws: Voce hardening law and Holloman's power law, as represented

in Equation 5.1 and Equation 5.2

. m
5(z,8)=K(zP + &)" (—‘9-] (5.1)
Esr0
5(zP)= A-Bexp(-CzP) (5.2)

Where K (strength hardening coefficient), n (strain-hardening exponent), m

(strain-rate sensitivity index), A, B and C are material constants. zP is the
effective plastic strain and ¢ is the strain rate. & is a constant representing the

elastic strain to yield and &g, is a base strain rate (a constant). It should be

noted that strain rate sensitivity (m) when calculating the FLD using Voce
hardening law was incorporated into the algorithm using a multiplicative method.
This insures that the Voce code has the strain rate sensitivity at elevated
temperatures.

It was found that there is a noticeable difference between the predictions of
the two models. A recent paper by Aghaie et al. (2004) also reports a similar
difference between the two models, and shows that a FLD based on the Voce
hardening law better predicts the experimental data. In general, the forming limits
predicted by the Voce hardening law offer a more conservative prediction of the
failure as compared to the power law. Figure 17 shows the FLD for AA5754-O

aluminum sheet at several temperatures.
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Figure 17 Forming limit diagrams (FLD'’s) for AA5754-O based on the M-K
model, Barlat's YLD2000-2D anisotropic yield function, and Voce hardening law

at several elevated temperatures.

50



5.3. Anisotropic Constitutive Models
5.3.1 Barlat YLD2000-2d

Starting with the function proposed by Hershey (1954) and Hosford (1972)

@1 =[sq - +[s2 -3 +[s3 ~s4f = 25° (0.1)

an anisotropic yield function that reduces to Equation

Error! Reference source not found. can be simply written as

o=¢'+¢" =252 (0.1)
where
¥ =[s1-s2f" (0.2)
and
¢" =255+ +[281 + 55 (0.3)

Because a plane stress state can be described by two principal values only,

¢’ and ¢" are two isotropic functions since it is possible to permute the (in-plane)

indices 1 and 2 in each function. For the anisotropic case, a linear transformation

reduces to
Xox | {C11 Cl2 0 s
X’W =1Ch Cho O Syy (0.4)
Xioy 0 0 GCeells,y

and
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Xoo | |C11 Ci2 0 IS
Xy [=|Ch1 Cha O |lsyy (0.5)

" 0 0 C¢
X,(y 66 J| Sxy

or, using
2/3 -3 0
T=|-93 2/3 0 (0.6)
0 o 1
they become
=C.s=C.T.o=L'.c (0.7)
X'=C's=C".T.o=L".0
The anisotropic yield function is given by Equation (0.1), where
¥ =X - X" (0.8)
and
0" =[2X5 + X3P +[2X7 + X5 (0.9)

reduces to the isotropic expression when the matrices C' and C" are both taken
as the identity matrix so that X' = X" =s . Because ¢’ depends on Xj-X5, only

three coefficients are independent in C'. For convenience, the coefficients of L'

and L' can be expressed as follows

L1541 23 0 o

2| |-¥3 0 0 ey

Lyt |=| 0 -¥3 0| as (0.10)
Lol | 0 2/3 0y

Lsg] L O 0 1]

and
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~ - . - - -

L4 -2 2 8 -2 0Oljag

L2 1 4 -4 4 0Oflay

L% |= % 4 4 4 1 0 as (0.11)
L52 -2 8 2 -2 0Ojlog
_Lée i |0 0 0 O 9] ag]

where all the independent coefficients oy (for k from 1 to 8) reduce to 1 in the
isotropic case. Only seven coefficients are needed to account for the seven input
data mentioned above. There are several possibilities to deal with the eighth

coefficient, for instance, assuming Cj, =C5%4 or Li2 =L5%4, or use another input
data. This additional input data can be the ratio =2y /éx, which

characterizes the slope of the yield surface in balanced biaxial tension

(cyy =0yx )- This parameter, which is denoted r, by analogy with the r value

obtained in uniaxial tension, can be determined with three different methods:
Experimentally measured, calculated with another yield function, for instance
Y1d96, or computed from a polycrystal model if the crystallographic texture of the
material is known.

The principal values of X' and X" are

2
X4 =%[xﬂ+xw+ﬂxm-xw) +4x§yJ (0.12)

and

X = %{xxx +Xyy -\/(xxx -xw)2 +4x§y) (0.13)
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with the appropriate indices (prime and double prime) for each stress. Assuming
the associated flow rule, the normal direction to the yield surface, which is

needed to calculate the strain rates (or strain increments), is given by

o _ oy X' oy oX"_ ., o . (0.14)
o0 X oo X oo oX  oX"

In the calculation of the derivatives, there are two singular cases, namely

when Xj = X5 and X§=X5. However, the normal directions to the yield surface

can still be obtained for these two special cases.
5.3.2. Plastic Anisotropy Parameters

The plastic anisotropy parameter Ry is defined as the ratio of the width-to-
thickness strain increments:

_dew
9~ d&‘t

(0.15)

The thickness strain, however, is difficult to measure accurately in a thin

sheet. Thickness strains are instead calculated from measurements of the
longitudinal and width strains assuming constancy of volume as follows:

de = —(dg +dsy,) (0.16)

Therefore, two strain rate measurements are required, namely the

longitudinal (de) and the width strains (dey), in order to calculate the plastic

anisotropy parameters.
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For isotropic materials, the R-values are equal to 1.0 for any direction 8. The
R-values not equal to 1.0 indicate that plastic anisotropy exists in the material. A
high R-value suggests that the material has a high resistance to thinning and
thickening, which implies better formability of the material. If the R-values depend

on 6, then the material is planar anisotropic, otherwise it is planar isotropic.

5.4. Anisotropy Coefficients Calculation

Barlat YLD200-2d

Coefficients o4 to og

Three stress states, namely uniaxial tension along the rolling and the transverse
directions, and the balanced biaxial stress state, provide six data points, 6o, Ggo, Op,
ro, reo, and r,. rp defines the slope of the yield surface at the balanced biaxial stress

state (n, =Eyy /exx ). This ratio can be evaluated by performing compression of

circular disks in the sheet normal direction and measuring the aspect ratio of the
specimen after deformation. r, can also be estimated by calculations using either a
polycrystal model or the yield function YId96. The loading for each stress state can

be characterized by the two deviatoric components, sy =ys and sy =8c. There

are two equations to solve per stress state, one for the yield stress and the other for

the r-value.
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F=¢—-2(6’/G)a =0 (017)
which satisfies the yield stress, and

% o6
- -0
Sy G dsyy

G=qy = (0.18)

which satisfies the r-value.
Function ¢ can be rewritten as

¢ =|aqy — a8 +|ozy + 2048 +[2as5y + agdf ~2(5/0)? =0 (0.19)

where y, 8, 0, qx and gy for the tests mentioned above are given in the following

Table 2.

Table 2

Experimental data needed to calculate yield function coefficients for
YLD2000-2d.

Test ] O 0 Ox qy

0° tension 2/3 113 Co 1-ro 2+rp
90° tension -1/3 2/3 Ogo 2+rg 1-rgo
Balanced biaxial tension -1/3 -1/3 Ob 1+2r, 2+r,

The six coefficients o can be computed by solving the two Equations (0.17)

and (0.18). These equations were obtained using the linear transformations with the

Cu (prime and double prime) coefficients, which are related to the ay coefficients in

the following way:
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a1 =Cq4
a2 =C22
a3 =2C51+Cj4

0.20
204 =2C%, +Cio ( )

2a5 =2C11 +C)1
ag =2C12 +Cho
The ay coefficients were used because the yield function reduces to its isotropic

form when all these coefficients are 1. The Cy and Ly coefficients are linear

combinations of the oy .

Coefficients a7 and ag

Uniaxial tension tests loaded at 45° to the rolling direction give two data points,

o =045 and r =r45. The stress state is on the yield surface if the following equation

is satisfied:
a a
' ” 2 2
. 1/|<22+4m§| , 3k1-,/k2 +4a8| ,
R
(0.21)
3k;+,/k'2 +4a2r o
+ 8| ~2(5/045)" =0
where
, aq -0
k) =——=
2773
kS = 205 +0g ;a3 +204 (0.22)
k'2 _ 20.5 +(16 —-aj3 -20.4
3
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The associated flow rule can be expressed as:

__ %, % _ 2as?

=0 (0.23)

The Newton-Raphson numerical procedure is used to solve for the eight oy

coefficients simultaneously. The two matrices L' and L" are completely defined

with these eight coefficients.

Stress integration of the elasto-plastic yield functions is explored in nhumerous
publications (Armero and Simo, 1993; Auricchio and Taylor, 1999; Tugcu and
Neale, 1999; Hashiguchi, 2005). The temperature dependent YLD2000-2d
model developed was implemented within the framework of rate-independent
plasticity and plane stress conditions using an efficient integration algorithm
proposed by Simo et al. (1985) and further analyzed by Ortiz and Simo (1986).
The current analysis is based on incremental theory of plasticity (Chung et al.,

1993; Yoon et al., 1999; Han et al., 2003).

These algorithms, which fall within the class of cutting-plane methods of constrained
optimization, was proposed to bypass the need for computing the gradients of the
yield function and the flow rule as required by the closest point projection iterative
methods (Simo and Hughes, 1998). The general closest point projection procedure
usually leads to systems of nonlinear equations, the solution of which by the
Newton-Raphson method requires evaluation of the gradients of system equations.
While the previous approach might be applicable to simple plasticity models (e.g.

von Mises), its application to complex yield functions such as Barlat's YLD96
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YLD2000-2d is not only exceedingly laborious, but also computationally extensive
and makes the FEM code run slower for industrial applications.

In a displacement finite element formulation, the nature of the FEM code is strain
driven. The cutting plane algorithm falls within the operator splitting methodology
(Ortiz, 1981) in which the strain is decomposed into two parts: elastic and plastic.
The method proposed by Simo et al. (1985) and Ortiz and Simo (1986), however,

is based on the total deformation theory. In this method, the history of total strain
and total plastic strain are saved as history variables for the next step. This adds
an unnecessary step, and in some cases where loading and unloading occurs, it
might affect the accuracy of the code. Using the incremental theory of plasticity

eliminates this step.

The incremental theory of plasticity (Chung et al., 1993; and Yoon et al., 1999)
was applied to the elasto-plastic formulation based on the materially embedded
coordinate system. Under this scheme, the strain increments in the flow
formulation are the discrete true (or logarithmic) strain increments, and the
material rotates by the incremental angle obtained from the polar decomposition
at each discrete step (Yoon et al, 2004). In addition, a multiplicative
decomposition theory can be also utilized, especially when material deformation
follows minimum plastic work path (or logarithmic strain path). Multiplicative
theory formulation coincides with the current additive decomposition theory

based on the incremental theory (Han et al., 2003).

In the general commercial codes, e.g. LS-Dyna and Abaqus, the strain increment

(£n+1). the previous stress state value (g,,) and any history variables saved at
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the previous stress update step are provided at the beginning of each time step.
The new strain increment is then assumed to be elastic, and an elastic predictor
stress state “trial stress” is calculated through the customary elasticity relations.
Using the cutting plane algorithm, the actual stress state is then restored (plastic

corrector) and other plastic variables are calculated.

The cutting plane algorithm used to update the stress state according to previous

equations is summarized in Table 3.
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Table 3
Stress update algorithm based on incremental theory of plasticity.

(i) Geometric update: (given by FEM code and user history variables)

En+tr Tn Ef?
(i) Elastic predictor:

9'57(21 =0anp +9 “én+1
2 af
50 - 5(59) 1)

n+1~ “\Y=n+?

HO) = 5zP9,4,1)

0) _ ~(0) _,(0
o0 =3y -HO)

(iii) Check for yielding:

(0)
(Dn+1 20

NO: Material is elastic. Set trial state to be final state:

P _ P0)
€n+1= %n+1

(0)

on+1=%n41

=P _ =P(0)

€n+1=%n+1
YES: Material is plastic. Set i=0

(iv) Plastic corrector:
0
05Mg) . . 951 Ng) _oH?)
éog = 0g  pzP

o074 _ o) 1[CMJ

y)

~

= oo

~

“n+1 ~ =n#+1

i) _ ;050 Nq)
€ﬁ£’1+ )=/1_6g—
Spr <)

o1 =2epni)

HUY = P 2 1)
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Table 3 (~ Continued)
Stress update algorithm based on incremental theory of plasticity.

(v) Convergence check:
(D)
Where & is a small number, e.g. 107.

NO: set i « i+1and GO TO (iv)

YES: set states to converged values and exit

i+1
9n+1 = 0'( )

“n+1
.o _ .p(i+1)
£n+1=&n+
—p _ =p(i+1)
¢n+1=%n+1

The cutting-plane algorithm described above can be interpreted geometrically

as shown in Figure 18.

On

Figure 18 Geometrical interpretation of the cutting plane algorithm. The trial

stress state o‘-ﬁ'tff’) is returned iteratively to the yield surface.
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5.4 Explicit derivation of YLD2000-2d and its derivative

The YLD2000-2d yield function is written as

@1 =|s1 -8 +|s2 —s3f +]s3 -5 =252 (7.1)

First, an expression for o(g) must be obtained. The plane stress can be
expressed as

o =| ¥ (7.2)

The symmetric matrices are defined as

Xxx Li1gxx +L120yy
Xk =| Xyy |=|L21gxx +L222yy (7.3)

Xxy] |Leeaxy
and

Xx Li1gxx +Li2gyy
Xk =| Xyy |=|L212xx +L22gyy (7.4)

Xxy] |Le6gxy

The principal values of X' and X" are

B , 2 ]
X1+ X5 +\/(X1—X2) + X2
X; 2 2
0 1= 0= (7.5)
1+ X2 1=X2 | | x2

and
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[ ey r oy \2
X1+X2+ (X-]—Xz) +X§2
. Xi 2 2
[7k]=| s | _ (7.6)
21| X Xs  [(Xi-X5 )", a2
L 2 2 3 .
Therefore, (o) defined in Equation (7.1) can be written as
1 1
a(g)={%\y}a ={%(|x4-x5|a +[2X3 + X3 +|2x1'+xi,a)}a (7.7)
_— . . 00(o) . . . .
The derivative of the yield function —== is obtained by applying the chain
g
rule
-1 1
5 a (“‘) 2 3 (a5(c) 0nf 0Xj 05(g) Onf @
2g) 127 5la )15y O T 5, 00g) O (7.8)
og a i j\ Om 0Xjogx Omj 98X} ogy
where k=1~3.

The components of the previous equation are as follows

95(g) _
671,‘
o) a{(2X§ + X{)[2X5 + X
onf a{2(2X§ + X5)[2X5 + X]
By defining
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a2 12X+ X3)

a{(Xi - X3)i - X572

-a{(Xi - X3)|i - X572

-2, 2(2X]+ X5)|2X] + X3

2X7 + X3

(7.9)

(7.10)



(7.11)
» n 2
(5
2
then,
'1(1+(xa—X'z)J 1(1_(xa—xz;)) X3 |
ant |2 20’ 20’ '
—7',= ,¢ , ,¢ , i (7.12)
OXj |1, (Xi-X5)) 1, (Xi-X3)) _X3
-2 2¢I 2 2¢' ¢I-
and
"1(1+(X4—X5)) 1[1_(X1"-X§)J X3 |
on’ 20" 2 20" "
I P i i (7.13)
oXj 11_(X1'-Xé) 1 1+(X1'-X:”z) X3
| 2 29" 2 29" 9" |
Finally,
ag |t
3o, |21 L2 0 (7.14)
and

ag | fe
s L39 L3 O (7.15)
%k "

0 0 Lgs
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Chapter 6

DISCUSSION OF RESULTS: EXPERIMENTAL VERSUS NUMERICAL

6.1 Stamp Forming

6.1.1 Pure Stretch, No Fluid Pressure Applied:

In the no pressure modeling, the punch was given a trapezoidal velocity

profile to fit the curve shown in Figure 19.
Punch Velocity

25

Velocity (mm/ms)

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (ms)

Figure 19. Punch velocity used for the finite element simulation.
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Chapter 6

DISCUSSION OF RESULTS: EXPERIMENTAL VERSUS NUMERICAL

6.1 Stamp Forming

6.1.1 Pure Stretch, No Fluid Pressure Applied:

In the no pressure modeling, the punch was given a trapezoidal velocity

profile to fit the curve shown in Figure 19.
Punch Velocity

25

Velocity (mm/ms)

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (ms)

Figure 19. Punch velocity used for the finite element simulation.
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1. Stamping:

Figure 20 — (a) Punch load vs. punch displacement curves for various constant
blank holding forces obtained from stamping of 11.5 in and 11 in AA5754
aluminum alloy sheets at room temperature (RT). (b)The picture of a stamped 11
in blank is shown in the bottom of the figure(c) The picture of the Numerical

simulation which matches with the experimental results is shown in figure

Stamping (RT, Constant BHF, 11" Blank, AA5754)

[l

2 & BHF=3000lb
'§ m BHF=4500b
= - BHF=5500lb
§ % BHF=10,000lb
o

0 0.2 04 0.6 0.8 1 1.2
Punch Displacement (inch)

(a)
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Figure 20 Contd....

Stamping (RT, Constant BHF, 11.5" Blank, AA5754)
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Figure 20 Contd...

(c)
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Figure 20 shows a sample of the punch force-displacement curves for 11.5 in
and 11 in blanks stamped at room temperature (77F) with constant blank holding
forces ranging from 3000Ibf-10,000Ibf. The range of constant BHF was selected
in a way to avoid wrinkling but maximize the punch displacement without tearing
the sheet. It can be seen that all the curves are similar in shape and the effect of
increasing BHF is to cause the sheet to fail earlier. In the case of 11.5 in blanks,
the sheets failed at a maximum punch displacement of about 1.1 in for all BHF.
In the case of 11 in blanks, the sheets failed at lower punch displacements as
BHF was increased. The maximum punch displacement achievable prior to
tearing the sheet ranged from 0.69 in to 0.98 in. Numerical results obtained with

LS-Dyna 3D finite element code confirmed experimental results (Figure 20(c)).

2. Warm Forming:

By adding heat to the stamping process, the sheet metal becomes more
formable and at the same prone to wrinkling. Since the objective of the study was
to compare the maximum punch displacement achievable without tearing or
wrinkling the sheet metal, warm forming experiments were first conducted until
the sheet metal wrinkled and then the maximum punch displacement at the onset
of wrinkling was extracted from that curve. Figure 21a shows several punch
force-displacement curves obtained from warm forming of AA5754 aluminum

sheets. Sheet metals were formed between 2 in -2.5 in punch displacement,
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under various temperatures and BHF. None of the four tested sheet metals
shown in Fig. 21a failed by tearing, however, they all developed wrinkles on their
sidewalls, similar to those shown in the FE simulation result in Fig. 21b and the
actual parts shown in Figures 21e-f. Figure 22c, shows those portions of the
experimental punch force-displacement curves from Fig. (21a), that is up to the
onset of wrinkling. From these curves, the maximum punch displacements prior
to wrinkling for each of the four tests were determined to be in the range of 1.17
in -1.244 in. Figure 21d shows the picture of the warm formed part predicted by
the FE simulation at the onset of wrinkling. From the FE simulation result, the
maximum punch displacement corresponding to Fig. 21d was identified to be
1.18 in (at time t=16 ms), which closely matched the experimental result. Figure
21e shows the top view of an actual part formed at 274 F to 2.5 in punch
displacement with a constant BHF=5500 Ibf. Figure 21f shows the side view of
the same part showing sidewall wrinkles. Figure 21 g shows the BHF vs time plot

from the numerical simulation
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Fig. 21 — Experimental and numerical results for warm forming process; (a)
experimental punch force-displacement curves for parts formed past the onset of
wrinkling (2 in-2.5 in) at various temperatures and BHF; (b) numerically predicted
shape of the part at time t=24 ms or 1.8 in punch displacement (wrinkled); (c)
experimental punch force-displacement curves for parts formed up to the onset
of wrinkling (1.17 in-1.24 in); (d) numerically predicted shape of the cup at time
t=16 ms or 1.18 in punch displacement (onset of wrinkling), (e) top view of an
actual part formed at 274F to 2.5 in punch displacement with a BHF=5500 Ibf
(24.4 KN); (f) the side view of the same part showing sidewall wrinkles.(g) BHF

vs time from numerical simulation
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Wrinkled
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Figure 21 Contd....

(b)
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Figure 21 Contd......

(d)
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Resultant Force

Figure 21 Contd.....

Time
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3. Hydroforming:

Many sheet hydroforming experiments were conducted at room
temperature (RT) and blank holding forces (BHF) with 11 in and 11.5 in AA5754
blanks. Unfortunately, due to the limited punch force and BHF capabilities of the
MSU’s 30-ton hydraulic servo press, it was not possible to reach the highest
pressure levels required to prevent the sheets from wrinkling at deepest draws.
Leaking problems at fluid pressures higher than 1500 psi prevented us from
being able to suppress all the wrinkles. To circumvent this problem, finite element
simulations were performed with LS-Dyna 3D code in order to computationally
determine the optimum pressure levels needed to suppress all the wrinkles
without tearing the sheet. Finite element simulations performed at lower pressure
levels showed that in fact parts would wrinkle similar to experimental results.

One of the distinct characteristics of the sheet hydroforming is that during
the forming process the pressurized fluid forces the sheet metal to conform to the
shape of the punch early in the forming process, thus creating a large contact
surface to carry the forming loads. This large contact surface distributes the
forming loads over a larger surface area, thereby reducing any chances of plastic
deformation localizing at the punch comer radius. With computational design of
the optimum hydroforming pressure profile as a function of the punch
displacement it is possible to form deep drawn parts without wrinkling or tearing

the sheet metal.
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Figure 22 shows 11.5 in blanks hydroformed at RT, using various
maximum fluid pressures and BHF. It can be seen that with a maximum fluid
pressure of 1200 psi it is possible to draw the part to 1.5 in without wrinkling or
tearing the sheet metal (see Fig. 22c). However, the same part wrinkles on its
side wall when it is formed to a punch displacement of 2 in using a higher BHF
and pressure (see Fig. 22b). Figure 22a shows that even increasing the
maximum fluid pressure to 1500 psi does not help to prevent the part from
wrinkling at a punch displacement of 2.5 in.

Finite element simulation of hydroforming was performed with LS-Dyna 3D
software to find the limits of hydroforming with a cylindrical punch, since
experimental capabilities were limited to a maximum fluid pressure of 1500 psi, a
maximum BHF of 75,000 Ibf, and a maximum punch force of 58,000 Ibf. Figures
23 and 24 show the FE simulation results for 11 in and 11.5 in blanks
hydroformed with pressure and BHF profiles shown in Figs 23 a-b and 24 a-b.
Mechanical properties of AA5754 aluminum alloy sheet used in the FE
simulations were obtained from previous publications.

Figures 23a and 23b show the BHF and pressure vs. time profiles used in
the simulation of RT hydroforming of an 11 in blank. Figure 23c shows the
predicted shape of the hydroformed part at time increment t=25 ms or punch
displacement of 1.89 in. Figure 23d shows the FLD contour for this part indicating
that part has failed by tearing. Figure 23e shows that the same part can be

hydroformed without wrinkling or tearing up to the time increment of t=24.5 ms or
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a punch displacement of 1.85 in. Figure 23f shows the FLD of the same part
indicating that it severely thins but does not tear.

Figure 24d shows that an 11.5 in blank can be drawn to a higher
maximum punch height of 1.89 in, using the assumed pressure and BHF profiles,
without wrinkling or tearing the sheet. This confirms the experimental result
shown for an 11.5 in hydroformed blank in Fig. 22c. Figure 24c shows that the
part will develop slight wrinkles at the maximum punch displacement of 2.44 in.
These numerical results show that on the average an 11.5 in blank can be drawn
deeper than an 11 in blank without wrinkling or tearing, partly due to the larger
blank holding area. Figure 25, shows the results for RT hydroforming of an 11.5
in blank using a higher BHF, as shown in Fig. 25a. Figure 25b shows the
corresponding pressure profile resulting in the higher BHF. With the modified
BHF, it was possible to draw the sheet metal to a maximum punch displacement
of 2.24 in without wrinkling or tearing the sheet, as shown in Fig. 25c. Figure 25d
shows the FLD contour for the formed part. It can be seen that the formed part is
severely thinned but hasn’t failed yet. In the next section, results for thermo-

hydroforming process will be presented.
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Fig. 22 - Room temperature (RT) hydroformed parts at various punch
displacements, fluid pressure, and BHF; (a) a maximum pressure of 1500 psi
was not enough to prevent an 11.5 in blank from wrinkling at 2.5 in punch
displacement (BHF=25,000 Ibf (111 KN)); (b) although smaller side wall wrinkles
were formed, the maximum fluid pressure of 1500 psi was not enough to prevent
this 11.5 in blank from wrinkling at 2 in punch displacement (BHF=39,000 Ibf (173
KN)); (c) with a maximum fluid pressure of 1200 psi this 11.5 in blank was
prevented from wrinkling at a maximum punch displacement of 1.5 in

BHF=25,000 Ibf (111 KN)).

(a)
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Figure 22 Contd.....

(b)

(c)
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Fig. 23 — Room temperature (RT) simulation of sheet hydroforming of 11 in
blanks with LS-Dyna 3D FE software; (a) BHF vs. time profile used in the
simulation; (b) corresponding fluid pressure used; (c) the final shape of the
hydroformed part at time increment t=25 ms or punch displacement of 1.89 in
(BHF=76,500 Ibf, P=4687 psi); (d) FLD showing that the part failed by tearing; (e)
wrinkle-free shape of the hydroformed part at time increment of t=24.5 ms or
punch displacement of 1.85 in (BHF=90,000 Ibf (400 KN), P=4555 psi (0.0314

Gpa)); (f) FLD of the part showing severe thinning without failure.
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Figure 23 Contd

Pressure vs. Time
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Figure 23 Contd....
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Fig. 24 — Room temperature (RT) simulation of sheet hydroforming of 11.5 in
blanks with LS-Dyna 3D FE software; (a) BHF vs. time profile used in the
simulation; (b) corresponding fluid pressure used; (c) slightly wrinkled shape of
the hydroformed part at time increment t=32 ms or punch displacement of 2.44
in (BHF=112,000 Ibf, P=4300 psi); (d) wrinkle-free shape of the hydroformed part
at time increment of t=25ms or punch displacement of 1.89 in (BHF=118,000 Ibf

(524 KN), P=2900 psi (0.02 Gpa)).
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Figure 24 Contd.....
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Fig. 25 — Room temperature (RT) simulation of sheet hydroforming of 11.5 in
blanks with LS-Dyna 3D FE software; (a) modified BHF vs. time profile used in
the simulation; (b) corresponding fluid pressure used; (c) improved wrinkle-free
shape of the hydroformed part at time increment of t=29.5ms or punch

displacement of 2.24 in (BHF=101,250 Ibf (580 KN), P=4500 psi (0.031 Gpa)).
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Figure 25 Contd....
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Figure 25 Contd....
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4. Thermo-hydroforming:

By using heated and pressurized fluid, the benefits of both warm forming
and room temperature hydroforming processes can be combined into one single
process. In this study, due to safety concems with leakage of pressurized heated
oil, only a few thermo-hydroforming tests were conducted with the servo press at
MSU. Finite element simulations of thermo-hydroforming process were instead
performed with LS-Dyna 3D software in order to quantify the limits of this
process. As before, the mechanical properties of AA5754 aluminum alloy sheets
at elevated temperatures were obtained from previous publications.

Figures 26 and 27 show the experimental and numerically predicted
thermo-hydroformed parts at temperatures of 275F and 400F for 11 in and 11.5
in blanks. These figures clearly show that the finite element modeling of the
thermo-hydroforming process can accurately predict the punch displacement at
which the part fails as well as the location of the failure on the part. To predict the
location of the sheet failure, computationally developed, temperature-sensitive,
forming limit diagrams (FLD) were used. Figure 26 shows the results of thermo-
hydroforming an 11 in blank with a constant 2000 psi pressure. Figure 26a is the
corresponding BHF profile to maintain this constant pressure. Figure 26b shows
an actual thermo-hydroformed part that failed by wrinkling and tearing. This
experimental result is also confirmed by the FE simulation, as shown in Fig. 26c.
Figure 26d shows that no wrinkles will form up to a maximum punch

displacement of 1.57 in. Figure 27 shows the effect of using a higher BHF and a
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variable pressure profile to form the 11 in blank, see Figures 27a-b. Figure 27c
shows that the part can be formed to a maximum punch displacement of 1.93 in
using the more optimum forming conditions, resulting in an improvement of
almost 23% over the constant pressure case. Figure 27d shows the FLD for the
formed part. Finally, Figure 28 shows the simulation results for thermo-
hydroforming of an 11.5 in blank at the temperature of 400F. Figures 28a-b show
the BHF and pressure profiles used in the simulation. Figure 28c shows the
resulting part without any wrinkling or tearing. Figure 28d shows the
corresponding FLD for the formed part. It can be seen that the sheet metal has
thinned near the flange area. It can be seen that by increasing the temperature of
the sheet in thermo-hydroforming process the onset of wrinkling can be

significantly delayed using lower BHF and fluid pressure levels.
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Fig. 26 — Thermo-hydroforming of an 11 in blank at 275F with a variable BHF and
a constant 2000 psi fluid pressure; (a) BHF vs. time; (b) an actual hydroformed
part fractured at a punch displacement of 2.4 in (P=1500 psi); (c) the predicted
shape with LS-Dyna 3D FE software of the thermo-hydroformed part at time
t=30.5 ms or a punch displacement of 2.4 in; (d) FLD showing the location of the
fracture on the part at 2.4 in punch displacement; (e) predicted shape without
wrinkle at t=21ms or a punch displacement of 1.57 in (BHF=85,500 Ibf (380 KN),
P=2000 psi (0.0138 Gpa)); (f) FLD of the same part.
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Figure 26 Contd....

(b)

(c) (d)
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Figure 26 Contd.....
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Fig. 27 — Thermo-hydroforming of an 11 in blank at 275 °F with a variable BHF
and a variable fluid pressure; (a) BHF vs. time; (b) corresponding pressure
profile; (c) the predicted shape with LS-Dyna 3D FE software of the thermo-
hydroformed part at time t=25.5 ms or a punch displacement of 1.93 in
(BHF=101,000 Ibf (380 KN), P=4300 psi (0.0295 Gpa)); (f) FLD of the same part.;
(d) FLD corresponding to t=25.5 ms.
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Figure 27 Contd....

Pressure vs. Time — 275F
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Figure 27 Contd.....
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Fig. 28 — Thermo-hydroforming of an 11.5 in blank at 400 °F with a variable BHF
and pressure; (a) variable BHF; (b) variable pressure; (c) the predicted wrinkle-

free shape of the thermo-hydroformed part at time t=29.5 ms or a punch

displacement of 2.24 in (BHF=112,500 Ibf (500 KN), P=3600 psi (0.00248 Gpa));

(d) FLD for the t=29.5 ms case.
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Figure 28 Contd......
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Summary of Resulits

The Table below quantifies the results discussed in this report for the four sheet

forming processes; stamping, warm forming, RT hydroforming, and sheet

hydroforming. The maximum punch displacements reported below are given for

those cases where no tearing or wrinkling occurred. Also, for comparison, BHF

and pressure at the maximum punch displacement are reported.

Table 4. Summary of Results

Process

Max. Punch Disp.

Max. Punch Disp.

Increase
Compared to
Stamping

Increase
Compared
to
Stamping |

11” Blank

11.5” Blank

11” Blank

11.5”
Blank

Stamping

0.69°-0.98”

1.17

Warm
Forming

(BHF;
Temperat
ure)

1.177-1.244"

(4500 —10,000 Ibf;
246 F-346 F )

1.177-1.244"

(4500 —10,000 Ibf;
246 F-346 F)

44%

10%

RT
Hydroform
ing
77F
@
(BHF;
Pressure)

1.85”

(90,000 Ibf:
4550 psi)

224

(129,000 Ibf;
4500 psi)

122%

104%

Thermo-
hydroformi
ng-275F

@
(BHF;
Pressure)

1.93"

(101,000 Ibf:
4300 psi)

131%

Thermo-
hydroformi
ng
400 F

@
(BHF;
Pressure)

2.247

(112,500 Ibf
3600 psi)

104%
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5. Thermo Hydroforming in the 12 inch case — Optimum design
Carrying out hydroforming or thermo hydroforming process in a small research
lab set up or numerically simulating the process using commercially available
FEA codes like LSDyna is relatively easier when compared to performing the
same experimental process in real time manufacturing. Maintaining the optimum
pressure profile is the key part of hydroforming or thermo-hydroforming process
for different blank shapes and sizes. Deviating from the optimum path would
result in lesser draw depths and poor quality. In order to initially study the degree
of the effects in deviating from the optimum pressure profile path, hydroforming
process simulation was carried out on a 12 in diameter blank using the following
three set ups:

(a) Optimum pressure profile

(b) Negative 10% from optimum path

(c) Positive 10% from the optimum pressure profile
With variable BHF (see Figure 29a) and other loading parameters and set ups
similar to the 11.5 in case (section 6.3):
Deviating from the optimum path on negative side with 10% has caused the
blank to fail (see Figure (Onset of wrinkling) earlier than the normal profile).
Force applied on the blank due to the application of pressure and the area
available for forming is not sufficient to iron out the wrinkles.
With positive 10% from the optimum path, the blank failed (onset of tearing) see
fig 29f - , ahead of the normal path. At higher fluid pressures rupture instabilities

occur and the fluid pressure constrains the motion of the part and forces the
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punch through the material. Numerical results with deviations from the optimum

pressure profile are shown below.
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Fig 29 - 12 in blank hydroformed at RT using optimum pressure profile, negative
10% from the optimum path and positive 10% from the optimum profile. (a)
Pressure vs. time profiles (3 cases) used in the simulation of RT hydroforming of
12 in blank. (b) BHF vs time profile used in the simulation of the optimum
pressure profile. (c) Shows the final shape of the hydroformed part using
optimum pressure profile, time increment t = 41.5 ms or punch displacement of
3.188 in (BHF = 179,847 Ibs (800 KN), Pressure = 6536.69psi (45.07 MPa). (d)
Shows the simulation results of the hydroformed part using negative 10% from
the optimum pressure profile (Fig 29.a), time increment t = 36 ms (onset of

wrinkling) for punch displacement of 2.75 in (BHF = 139,381 Ibs (620 KN),

Pressure = 4061.056 psi (28 MPa)). (e) BHF vs time profile used in the
simulation of negative 10% pressure profile path from the optimum. (f) BHF vs
time profile used in the simulation of positive 10% of the optimum pressure path
(g) Shows the simulation results of the final shape of the hydroformed part using
positive 10% deviation from optimum pressure profile (Fig 29.a), time increment t
= 38.5 ms (onset of tearing) or punch displacement of 2.95 in (BHF = 179,847 Ibs
(800 KN), Pressure = 5511.434 psi (38 MPa. (h) FLD of the 12 in blank with 10%
positive pressure profile than optimum showing the onset of tearing (i) FLD of the

12 in blank with normal pressure profile.
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Figure 29 Contd...

Pressure vs., Displacement
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Figure 29 Contd.....
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Figure 29 Contd......
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Figure 29 Contd....
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Figure 29 Contd......
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Figure 29 Contd.......
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Figure 29 Contd......
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Fig 29.b shows the part can be formed to a m'aximum punch displacement of
3.188 in using the optimum pressure profile. Fig 29.d shows the maximum punch
displacement of 2.75 in ( onset of wrinkling) using negative 10% pressure profile
from the optimum path, resulting in 14% drop in punch displacement validating
the concept of insufficient force to iron out the wrinkles during the forming
process. Fig 29.f shows the maximum punch displacement of 2.95 in (onset of
tearing), resulting in 8% reduction in punch displacement in comparison with the

optimum path, thus validating the constrained motion point.
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Chapter 7
CONCLUSIONS

Experimental and numerical analyses were conducted to evaluate the sheet
hydroforming process. These experiments included studying the effect of four
forming process (i.e., Stamping, Warm forming, Hydroforming and Thermo
Hydroforming) and pressure loadings (i.e., constant and varying fluid pressure)

on the deformation of AA5754-O aluminum sheet alloys.

Numerical analyses of the hydroforming process conducted with LS-Dyna 3D
code, using correct material properties and material model, were able to capture
the failure and wrinkling characteristics of the aluminum sheet alloys very well.
The accuracy of the numerical predictions was very sensitive to the material
properties of the sheet metal. To correctly capture the wrinkling behavior of the

sheet, it was necessary to use an anisotropic material model.

By comparing experimental results without fluid pressure to numerical ones, an
accurate numerical modeling capability to predict wrinkle formation in sheet
metals was established. Using this same model and expanding it to simulate fluid
pressure tests it was found that stamp hydroforming could be used as a viable
alternative forming process not only capable of preventing wrinkles, but also of
increasing the formability and drawing depths for the final required shape. It
should be emphasized that the success of the process requires an optimal fluid
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pressure-punch stroke profile to prevent both wrinkling and rupturing instabilities

from occurring.

The lower and upper limits of the optimum fluid pressure-punch stroke path for
the stamp hydroforming of aluminum sheet metals was determined, see Figure 2
The same set up can be used to find the optimum pressure profile p;clth for the
square punch. Determining the optimum pressure profile for the square punch

would be done in the future.
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