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ABSTRACT

This research aims to determine flow stress of steel tube by using hydraulic bulge test.
A developed SPB analytical model for analyzing bulge shapes of hydroformed tubes is postulated.
Bulge test apparatus is specially designed by using FEA simulation of hydroformability evaluation,
and then manufactured for use in the hydraulic bulge test. STKM 11A steel tube, outside diameter =
28.6 mm and thickness = 1.2 mm, is used for the free bulge test. Test tubes are deformed under
a biaxial stress state. Bulge heights and internal pressures are continuously measured during
experimentation. Tube thicknesses at vertex of the bulge shapes are measured by a dial caliper gauge.
Bulge shape curvature and contact points are measured by taking digital photos of the bulge shapes
combined with measurement methods in CAD software. Effective stress - strain relationships are
obtained from the developed SPB analytical model using those measured values. Flow stress curves
obtained from the effective stress — strain relationships are compared with those by YingYot’s model,
Hwang’s model and a tensile test. FEA methods are used to conduct simulation of tube hydroforming
using those flow stress curves obtained. The predicted internal pressures versus the bulge heights and
the tube thicknesses are compared with the experimental results. The flow stress curve obtained from

stress-strain relation at Neck Point of the hydroformed tube is determined.
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Chapter 1

Introduction

1.1 Background and Problem Statement

Tubulaﬁ. materials have been used for part production in several industries such as automotive,
aerospace, appliance, etc. Due to increasing demands of lightweight and seamless parts with high
strength, many manufacturers applied specifically high technology for quality part production. One of
high technofogies is hydroforming process. With more complex shape forming, this process gives
better results compared with conventional productions (rolling, forging or stamping) [1-3]. This
technology 'is relatively new manufacturing process for developing countries to produce the
component parts of automobiles. Therefore, the hydroforming process is prospective manufacturing
for reducing disadvantage of conventional forming processes.

Tube HlydroForming (THF) is one of hydroforming technology that uses a pressurized fluid
(liquid or gas) in cavity of die whereby a tubular blank (straight or pre-bent) is formed into the cavity
using simultaneous application of internal forming pressure. The tube hydroforming usually has
compressive and axial punches which can exert on both or either ends of the tube. This hydroforming
process has some advantages such as (1) reduction in the number of workpieces, tool cost and the
product weight, (2) quality improvement of the formed parts, (3) more complex shapes and more
uniform thickness distribution, (4) fewer secondary operations, etc. On the other hand, this process
has some disadvantages such as slow cycle time, expensive equipment, heavy tooling, lack of data-
base for tool and process designs, etc [1].

As the tube hydroforming is cold forming work, stiff metal forming with high internal pressure
is consequently used. Therefore, dies and tooling are made from high strength materials, and designed
for closed block to prevent metal scrap bursting out and damage to tools during the hydroforming.
A tube workpiece is plastically deformed by internal hydraulic pressure. The forming tube has
sequential tendency to easy crack because of unbalanced strain-hardening (n) and residual stress
effects. Hence, qualified tooling selection and process design with tube hydroformability prediction

are substantial factors. The dies and tooling should be specifically designed by computational



optimization. In process and die designs, feasibility is widely used for study of plastic deformation of
the tubular materials. Material properties of the tubes, stress — strain relationship (flow stress) are
important data for this study and influence on its hydroformability. Unfortunately, the data based on
that flow stress of the specific tube produced in Thailand are not available for tube hydroformability
evaluation with feasibility studies.

In sevex:al fields, studies mostly concern with evaluation of expansive deformation of the tubular
materials by thydraulic bulge test. The flow stress data obtained from a uniaxail tensile test are mostly
used for prediction of tube deformation with Finite Element (FE) simulation [2-3]. Their studies were
found that t111e FEA simulations gave the effective results of the formed parts and approximated to
experimental results. However, the above-mentioned flow stresses used in such FEA models were

!
only specific data of sheet metal formed under a uniaxial stress state as shown in Figure 1.1.

Figure 1.1 A specimen of a uniaxial tensile test

Figure 1.1 shows a specimen of tensile test under the uniaxial stress state. The obtained flow stress is
not mechanical property of the tube deformed under the biaxial stress state [6-12]. From their studies,
analytical results are just verified that FEA simulations were rather close to the experimental results.
The simple approach were only restricted to the uniaxial tension test. The analytical models could not
be able to determine the effective flow stress of the tubes in the biaxial stress state. Consequently,
better evaluation of tube deformation would be explicit FEA simulation by using the flow stress
obtained from the biaxial stress state. The analytical results would be closer to the experimental
result. The simple approach to the flow stress determination of the tubes could be the free bulge test

which corresponds to the biaxial stress testing as shown in Figure 1.2 and Figure 1.3 [6-12].
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Figure 1.3 Schematic of a tube deformed under a biaxial stress state

Yeong — Maw Hwang, Yi - Kai Lin and T. Altan [10, 11], their study directly related to the
determination of the flow stress curve obtained from the biaxial stress state. The analytical model of
the bulge shape was considered for die entrance radius. An assumption of the elliptical surface for the
bulge profile was made. Internal forming pressure versus thickness distribution of the formed tubes
was shown. Tube thickness of the bulge shape seemed to have quadratic distribution. However, they
did not consider influences of R,/ t and L/OD ratios which are important effects on bulge formability
of the thin — walled tube.

This study consequently aims for research on the evaluation of the tube hydroformability by
using the free bulge test and reliable methods of the FEA simulation. Firstly, Hwang’s model is used
for die insert design by considering the effects of Rd / t and L / OD ratios, where, Rd, L, t and OD are
the die entrance radius, the bulge length, the thickness and the outer diameter of the tube,
respectively. Those designed die inserts are manufactured. Secondly, the hydraulic bulge test and the

tensile test are conducted from the specific test tubes. SPB model (new analytical model) is postulated



to analyze the bulge shapes of the formed tubes for flow stress determinations. SPB model, Ying
Yot’s model, Hwang’s model and the tensile test are used to determine the flow stress curves of the
formed tubes. Then, all of the flow stress curves are compared and specified as material properties in
the FEA simulations. Finally, verification of this analytical model with the obtained flow stress
curves is presented. Comparison of the FE simulation results and the experimental results are
performed. The author hopes that this study will be useful information on the subject of die insert

design, the simple approach to flow stress determination and tube hydroformability evaluation.

1.2 Objective of Research
1. To design and implement proper tube bulge test approach.
2. To determine flow stress of steel tube (STKM 11A steel tube).
3. To validate new analytical model for flow stress determination of tubular materials

for hydroformability evaluation of automotive tubular parts

1.3 Hypothesis of Research
The fre€ bulge test for testing mechanical property of the steel tube is a better method than the
tensile test. The developed SPB analytical model can accurately evaluate the flow stress curve of the

tube (STKM 11A steel tubing).

1.4 Scope of Research
1. STKM 11A steel tube (OD=28.6 mm. and t = 1.2 mm.) are used.
2. INSTRON, a universal testing machine is used for the tensile tests.
3. DDP 200 Ton, a press machine is used for hard tooling support in hydroforming process.

4. Data Acquisition System combined with sensors is used for parameter measurement.

b

DYNAFROM with LS-Dyna solver is employed to conduct simulation of hydroforming.
6. Laboratory at National Metal and Material Technology Center (MTEC), National Science

and Technology Development Agency (NSTDA), Thailand



1.5 Methodology of Research

1

2.

8.
9.

Designing die inserts and tools for free bulge test by using CAD and FEA Software,
Determining the die inserts suitable for the free bulge-test by investigating the proper bulge
shape of the hydroformed tube through FEA simulation software,

ImplEmenting designed die inserts and tools for use in the free bulge tests,

. Conducting the hydraulic bulge test with simultancously measurements of internal pressure,

tube-thickness at the vertex, contact points and bulge heights of the tube being tested,
Conducting the tensile tests using simultaneous measurements of load cell and elongation,
Determining effective stress-strain relationship curves (flow stress curves) by using

SPB analytical model, Hwang’s model, Ying Yot’s model and data from the tensile test,
Running the FE models of the tube free bulge test using DYNAFORM software by
specifying the flow stress data obtained from the experiments,

Anallyzing the behavior of tube deformation in form of the bulge shape by LS-Dyna solver,

Comparing FEA simulation results with the experimental results,

10. Evaluating the hydroformability of an automotive part by using FEA simulation with the

determined flow stress curve



Chapter 2

Theory and Literature Review

2.1 Tube Hydroforming Technology

Tube HydroForming (THF) is one of high technology that uses hydraulic pressurized fluid
(liquid or gas) in the die cavity to form a tubular material. This process has different characteristics of
forming from conventional processes (stamping and drawing) as illustrated in Figure 2.1. The
conventional processes can form a tubular material by using the object force. The tube hydroforming
on the other hand uses hydraulic pressure. In this process, more complex shapes with increased
strength and lightweight part can be manufactured. Moreover, this process can finalize a part with
more complex shapes by a single step. Additional post-processing step (boring or trimming) is
sometimes used in this step. The tube hydroforming has been popularly used in various industries

such as appliance, aerospace and automotive parts as shown in Figure 2.2.

Figure 2.1 Typical steps of tube hydroforming (Siempelkamp Pressen Systems)

Figure 2.2 Hydroformed parts in automobile structure (Schuler Press, DCX, Vari-form)



The advantage of the hydroforming technology are weight and cost reducing through part
consolidation in case of elimination of additional metal, reduction of assembly operations via tight
part consolidation with dimensional tolerances, more complex shape and reduced post-forming
processes such as welding and piercing. In contrast, the hydroforming process has some
disadvantages, such as weaknesses in terms of process cycle times, limitation of existing data-base
knowledge and tools design [1-3].

2.1.1 Background of hydroforming

The hydroforming process was established in 1940s. Hydroforming applications were
firstly used in boiler manufacturing and musical instruments. The patented application was obtained
by Milton Garvin of the Schaible Company of Cincinnati, Ohio, USA, for producing kitchen spouts in
the 1950s and used effectively in the 1990s due to advantage of computer controls, hydraulic systems
and design guidelines. It can be classified by two categories: (1) sheet hydroforming and (2) tube

hydroforming (Figure 2.3) [1].

-

-
Hydromechanical Deep
Drawing (HMD) J

Sheet Hydroforming

W] ) Single Blank
High-Pressure Sheet

Hydroforming

L Hydroforming 4 RERTE
ouble

Tube Hydroforming

Figure 2.3 Classification of hydroforming (Schmoeckel, 1999)

2.1.1.1 Sheet hydroforming
The principles of the sheet hydroforming can be briefly described as follows: a
sheet blank is formed into the die cavity by the hydraulic pressure as illustrated in Figure 2.4. This
forming method allows a deeper drawing than normal stamping. The sheet hydroforming process can
be normally classified by two categories: (1) hydro-mechanical deep drawing and (2) high-pressure

sheet hydroforming with single and multiple blanks [1].



Figure 2.4 Schematic diagrams of sheet hydroforming operations (Schuler Inc., 1998)

1 Hydromechanical deep drawing
Hydro-mechanical deep drawing (HMD) and conventional deep drawing

processes are similar in common except the application of counter pressure on other punch side.
Hydro-mechanical deep drawing process has not lower dies. It applies the hydraulic pressure instead
of the lower dies after the punch forces the sheet blank. The hydraulic pressure improves for deeper
drawing to fill the sheet into the complex corner of the die cavity [1].

2 High-pressure sheet hydroforming

High-pressure sheet hydroforming consists of two types, i.e. a single sheet
hydorforming and double sheet hydorforming. For the single sheet, a sheet blank laid on side holder
is first fixed by dies. Then, forming pressure is used to fill a sheet into the die cavity. For the double
sheet, the hydraulic fluid pressure is pumped in the gap of the workpiece after they have been formed
by the conventional deep drawing. The blank sheets are deformed by internal pressure and contoured
by the upper and the lower die. Both processes can form the material by deeper drawing with metal
flow control [1].
2.1.1.2 Tube hydroforming

The principle of the tube hydroforming is that the tube blank is formed into the die
cavity using simultaneous application of the internal pressure and axial compressive punches. Either
axial feeding punch or non-axial feeding punch is used. Tube hydroforming can be classified by two
ideal forming characteristics i.e. (1) hydromechanical tube feeding and (2) Hydromechanical tube
fixing. For the hydromechanical tube feeding, the axial punches (both or either ends of the tube)
compress the tube blank into the die cavity. Feeding distance of the axial punch can be controlled by

feeding load. In contrast, the hydromechanical tube fixing, the tube blank is fixed by the axial



punches (both or either ends of the tube) combined with loading control. Geometry and parameters of

the hydroformed parts are shown in Figure 2.5 [1].

Figure 2.5 Parameters of the hydroformed tube and die geometry, die radius (R.), contact radius (Rc),

axial force (F), counter force (Fy) and internal pressure (P;)

2.1.2 Tube Hydroforming System and Tooling
Control, design, and maintenance of tube hydroforming are important subject to prevent
damage because of exceed internal pressure. Typical configuration of tube hydroforming process is

illustrated in Figure 2.6.

Process control of

horizontal cylind
Orzonta YA bie functions

. Pre-filling
dog < . uick fill
Axial piston Process control @ ‘ Emulsion tank and
pump for . of the internal emulsion coarse
oil-hydraulic pressure —— filtration with oil
die function Emulsion skimmer ...,
i fine filtration
Pressure ’
filling

Figure 2.6 A schematic diagram of tube hydroforming system, tools, controls, pumps, and clear tank
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Tube hydroforming tools normally consist of die holders, dies, insert, punches, counter punches and
sealing systems. Due to high internal pressure of the THF process, tooling systems with tight tool
tolerance are required to reduce die and part separations. The special characteristics of the tooling are
defined as follows: (1) high strength, (2) finish surface to minimize friction, (3) flexibility by
interchangeable inserts and guiding systems, (4) balanced design to minimize the closing force. The
upper die, the lower die and other cams or punches suitable for feeding tube are used. For the sealing
method, the axial punch positions for fixing the ends of the tube are illustrated in Figure 2.7. In this
way, the axial punches are used for compression to seal the internal fluid and feed the tube into the

die cavity. The required force can be expressed as Equation 2.1.

Fs=PA 2.1)
where F , P and A are the sealing force (N), the forming pressure (Pa), the cross sectional area of the
tube (m”), respectively. The punch feeding force can be expressed as Equation 2.2.

Fy=(Ys)A 2.2)

where Fy , A tube and Y are the force required to yield the tube material (N), the cross-sectional area

of the tube only ( m’ ), the yield strength of the tube (Pa) [1].

Dockingrod  Deformation lll)ie Dockmgrod
/ /

i
X 7 7]
"‘ JI
N UL 7

Tubé Defmm&on

Figure 2.7 A tube hydroforming sealing method (Muammer Kog)

2.1.2.1 Clamping and pressing
The hydraulic press machine is directly used to open and close the die with high
clamping force for preventing die separation. The closing force should be values in the range of
7000 — 10000 tons. The special clamping has to increase capabilities on process control, obtain better

dimensional accuracy of the formed part, reduce cycle time and increase of flexibility for different
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parts. Press machine must have the following features: (1) appropriate closing force and table area for
die support, (2) adjustable punch with computer control and adjustable counter punch with position
control, (3) automatic workpiece handling, (4) high internal pressure (2000 to 5000 bar/200-500 MPa)
and fluid-pumping capability with tight dimension control [1].
2.1.2.2 Hydraulic pressure system

The hydraulic power supply (HPS) provides high pressure for actuator operation
and the compression intensification. The hydraulic cylinders with the axial punches are used for
compression to seal the internal fluid and fix the two ends of the tube. Loading condition should be
optimized by investigation methods for pressure versus time and axial force versus time. The applied
internal pressure should be investigated values in the range from 1000 bar (30 ksi/100 MPa) to 10000
bar (150 ksi/1000 MPa), depending on the workpiece. The high-pressure hydroforming systems
normally operate in the range from 15000 psi (1034 bar) to 60 000 psi (4137 bar). Figure 2.8 shows a
schematic diagram of fluid hydorforming system. Figure 2.9 shows a schematic diagram of gas
hydroforming system. The control systems of hydroforming normally consist of two types i.e. open-

loop control and closed-loop control on the clamp actuator [1].
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Figure 2.8 A schematic diagram of fluid hydroforming system (Muammer Kog)
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Figure 2.9 A schematic diagram of gas hydroforming system (Muammer Kog)

2.1.3 Tubular Material for tube hydroforming

Stress-strain relationship, weld type, yield and tensile strength, ductility and anisotropy are
material properties that are mainly considered for tube hydroforming. The required characteristics of
raw materials for the quality production are defined as follows: (1) high and uniform elongation, high
strain hardening exponent and low anisotropy, (2) strong mechanical and surface properties of seam
line to the base material, (3) finish surface quality without scratches, close dimensional tolerances
(thickness, diameter), (4) burr free ends and tube edges perpendicular to the longitudinal axis.
Therefore, the hydroforming for tube production necessitates that the alloy steel tube are suitable for
semi-finished part forming. Low-carbon steel tubes with yield strength between 200 MPa and 430
MPa are common in automotive component. The special testing methods have been conducted to
study the material quality. There are the following items: (a) tensile test, (b) expansion test, (c) cone
test and (d) bulge test. Yield and ultimate tensile strength, elastic modulus (E), strength coefficient
(K), strain hardening (n) and anisotropy (r) can be obtained. The tubular materials, outer diameters (d,)

=20 - 140 mm and ratios of thickness and outer diameter (t/d,) = 0.012 - 0.16 are mostly used [1].

2.2 Finite Element of Thin — Walled Vessel

Thinning, thickening, strain and stress on deformed tubes can be evaluated by feasibility study.
Different parameters can be investigated by varying dimensions and loading conditions on part and
dies. Appropriately selected FEA software should display accurate forming results. Furthermore, the

success of efficacious hydroforming without defects is dependent on the selection of proper loading
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path, the pressure versus time, lubrication, part and tooling design. LS-DYNA solver that is FEA
software for nonlinear and plasticity problem solution is widely used. The employed element model is
the response surface method (RSM), shell element (Kog, 2001, Asnafi et al, 2000) [1] that can be
considered as an axisymmetric shell illustrated in Figure 2.10. The surface element is at a radius ()
and subtends an angle (d8). The thickness (t) and the principal stresses in the hoop and meridian
directions, (Og and Gy ), are postulated. The radial stress perpendicular to the element is considered as
small. Acting on the element are the principal tensions, Tgp = Op t and T¢ = O t. If the element is
deforming plastically, the principal stresses will reach to the yield condition. The element structure of
planar stress is illustrated in Figure 2.11. We identify an effective tension function T. The major
assumption here is that the yielding tension T will remain constant throughout the process. This

implies that strain-hardening balance material thinning (i.e., 0,t =T constant) [4 ].

Ts

J'T@

Figure 2.10 An element of an axisymmetric shell

'y T@

>
L)

0 T

Figure 2.11 A yield diagram of principal tensions (T is constant)

An axisymmetric shell or surface of revolution is illustrated in Figure 2.12(a). A point on the
surface (P) can be described in terms of cylindrical coordinates, r, 8, z. The curve generating shell, C,
is illustrated in Figure 2.12(b) and the outward normal to the curve at P is NP. An angle ¢ can be
made by the axis. The curvature of the curve at P is p, that is one of the principal radii of curvature of

the surface. The other principal radius of curvature of the surface is p,.
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Figure 2.12 Shell element analysis (a) surface of revolution swept out by rotation of a curve C,

(b) principal radii of curvature at the point P, (c) geometric relations at P

The arc length of the element along the meridian is d¢ = p,d¢. Figure 2.12(b) and (c), the following

geometric relations can be identified as Equation 2.3.

r =p;sing 2.3)

dr =p, dd cosd 2.4

Equilibrium equation of shell element in Figure 2.13, we can consider a shell element of sides, rd®
and p,d¢. The pressure (P) acting on this element exerts an outward along the normal surface. It can

be defined as relation shown in Equation 2.5
P1d p, d$ (2.5)

Due to the curvature of the shell, the forces on the element, Tp p, d¢ in the hoop direction exert in the

horizontal direction. It can be defined as relation shown in Equation 2.6.
To p2 d¢ d6 (2.6)

The component of the force along the normal direction is expressed as Equation 2.7.

To p2 db d6 sing 2.7)
(Ty+dTo)r + dr)dd
Ty p,dod¢ r
Tox pox dé - ¢ ,
Top, d4d6 »——\—%
- 4
d8 "R Terdb

Figure 2.13 Force acting on a shell element
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The component tangential to the surface in the meridian is expressed as Equation 2.8.
Te p2 dd d6 cosd 2.8)

Due to the curvature of the shell, the forces along the meridian T¢ r dO exert in the normal direction
to the surface. It can be defined as relation shown in Equation 2.9. So, the equation of equilibrium

force in normal direction to the surface is expressed as Equation 2.10.
Ty r dO dd 2.9
Pr d p, d§ = (T p, dp d6) sin ¢ + T, r d0 dd (2.10)
Combining with Equation 2.3, the equation of equilibrium force reduces to Equation 2.11.
P=(To /p1) + (Ty Ip2) (2.11)
Then, the equilibrium equation in the meridian direction is expressed as Equation 2.12.
(T, + dTy)(r + dr)d6 — Ty r dO — Te p, dp dO cos ¢ =0 (2.12)
Combining with Equation 2.4, the equation of equilibrium force reduces to Equation 2.13.
dTy/dr)—[(Te-Ty) /11=0 (2.13)

2.3 Mechanical Properties of Material
2.3.1 Stress and Strain
An understanding of stress and strain is essential for analyzing metal forming operations.
In engineering, stress is the intensity of force acting on metal. Strain is the amount of deformation in
the body of metal [5].
2.3.1.1 Stress
The stress is defined as the intensity of the force, F, at a point. If the stress is the

same everywhere, it can be expressed as Equation 2.14.
c=FA (2.14)

where, A and F are current cross-sectional area, force on cross-sectional area, respectively.



16

2.3.1.2 Strain
The points in that body are displaced when the body is deformed. The strain must
be defined in such a way that it excludes effects of rotation and translation. Figure 2.14 shows lines

in the material that is extended and rotated. Deformation is characterized by engineering strain e:
e=(l—lo)/lo=Al/lo (215)
An alternative definition is result of true or logarithmic strain, €, defined as Equation. 2.16.

de=dl/1 (2.16)

The integrated strain expression gives Equation 2.17. That means the true strain and the engineering

strain are almost equal when they are small.
e=In(l/l) =In(1 +¢) (2.17)
Expressing € as €=In(// ) = In(1 + ¢) and expanding, E=e—e¢ D+e’/3)... soase — 0,€—e.

A
M\%\MB

Ao £ o g’

Figure 2.14 Deformation of a line in a material (Z. Marciniak, J.L. Duncan, S. J. Hu)

2.3.1.3 Stress - strain relationship

Tensile test is widely used for studying material properties of metal. Figure 2.15
shows a typical workpiece for the tensile test having a parallel. The reduced section of a normal
length is the indent width, wy. Initial thickness (t,) and load on specimen at the instant point (P) are
measured by a load cell of the testing machine. In the middle of the specimen, a gauge length (lo) and
current gauge length (/) are monitored by an extensometer. The extensional length is Al =1—1,. In
various tests, a transverse extensometer may also be used to measure the change in width, i.e. Aw =
W — Wy . During the test, load and extension will be recorded in a data acquisition system. This is then

analyzed and material property diagrams can be curved.
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Figure 2.15 A specimen of tensile test (Z. Marciniak, J.L. Duncan, S. J. Hu)

1 Load extension diagram

Figure 2.16 shows a typical load-extension diagram of the tested part. The
elastic extension is so small that it cannot be seen. One feature is initial yielding load, Py. The initial
yielding is followed by a gage length region in which the deformation is uniform and the load
increases. The increasing load is due to strain-hardening (n), which is a phenomenon exhibited by
most metal and alloys when the strength or hardness of the material increases with plastic
deformation. During the tensile test, the cross-sectional are at the indent decreases while the length
increases. When load reaches a maximum Pmax, deformation at the indent area decreases continuously.
That means the ultimate tensile strength of the material occurs. Then, the indent area would be

necking — it develops in non-uniform extension until the strip fractures.

3 T
25} P \
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=2 Afmmr.—il
[+ W
S 1.5F
3
=y { Py
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0 L 1 1 1
0 5 10 15 20 25

Extension, Af mm

Figure 2.16 A load—extension diagram of sheet tensile test (Z. Marciniak, J.L. Duncan, S. J. Hu)
2 True stress and true strain curve (flow stress curve)

Engineering stress—strain curve is unsuitable for use in the metal forming

analysis because the stress is based on the initial cross-sectional area of the workpiece, rather than the

71899
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current value. The engineering strain is not a satisfactory measure of strain because it is based on the
original gauge length. Therefore, the study of forming processes is mostly based on true stress and
strain. The true stress can be obtained from the load -extension diagram between initial yielding and
the maximum load or ultimate tension. When the gauge section is constant, initial volume and any

volume can be expressed as Equation 2.18.
Aglp= Al (2.18)
and the true stress can be expressed as Equation 2.19.
o = () 2.19)
For the deformation of the workpiece, if the gauge length increases by a small amount, d/, a suitable
definition is the strain increment, extensional length per current length as shown in Equation 2.20.
de = dl/l (2.20)

For every small strains (where / = [), the strain increment is very similar to the engineering strain. If
the straining process continues uniformly in the one direction as it does in the tensile test, the strain

increment can be integrated as the true strain;

g =[ds = T =In(1/l) 2:21)

The true stress—strain curve obtained from the load—extension diagram is shown in Figure 2.17. The

true stress could also be obtained from the engineering stress—strain equation:

F P_A 1 e
O = 3= X7 = Cengiy = Oeng(l+ 50) 2.22)
and g = In(1+ =2%) (2.23)

It can be seen that the true stress—strain curve does not reach a maximum as strain hardening is
continuous increase. When necking starts, deformation in the gauge length is no longer uniform. So,
Equation 2.23 is no longer valid. The curve (Figure 2.17) cannot be calculated on a strain

corresponding to maximum load; this strain is called the maximum uniform strain:

Eu
€ = In(1+ .~ (2.24)



19

350
300
250

200

True stress, MPa

150

1001 (ol
5o}

1

o?om 0.080 0.100 0.150 0.200 0.250
True strain

Figure 2.17 True stress-strain curved from the load—extension (Z. Marciniak, J.L. Duncan, S. J. Hu)

If the true stress-strain is plotted on logarithmic scales, sample of the sheet metal shows the
characteristics as illustrated in Figure 2.18. At low strain in the elasticity, the curve is approximately

linear. This relation corresponds to an equation for the elasticity as Equation 2.25.

o = Eg or logo = logE + loge (2.25)
as
24
g K
g 25.]
e
B n
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Figure 2.18 True stress—strain plotted in a logarithmic diagram (Z. Marciniak, J.L. Duncan, S. J. Hu)

At higher strains, the curve can be fitted by a power law expression:

c=Keg" (2.26a)
or logo=logK+nloge (2.26b)
The fitted curve has a slope of strain-hardening index (n) and strength coefficient (K). The power law

equation 2.26(a) is often used to describe the plasticity of low carbon steel sheet. When metal are



20

deformed plastically at temperatures lower than causes of recrystallization, this phenomenon is called
cold work. Cold working increases the strength and hardness, but it decreases the ductility. When the
true stress (0), and true strain (€) in a tension test are the effective stress and effective strain, the flow

stress can be expressed as Equation 2.27.
c=Kg" 2.27)

In the other strain hardening approximations, expressions are more accuracy mathematically for cold
working. The appropriate expressions are shown in Equation 2.28 and Equation 2.29.
G=K(g+8)" (2.28)
or G=0,+Kg" (2.29)
where , K , €y, €, Gg, n are the strength coefficient, the initial strain, the true strain, the initial
stress and the strain —hardening , respectively.
2.3.2 Plasticity
With elastic deformation, a sheet body returns to its original shape when the stress is
removed. The stress and strain under elastic loading are related through Hooke’s laws. Any stress also
causes some strains. Indeed, no plastic deformation occurs until the stress reaches the yield strength.
Afterwards, large amounts of plastic deformation occur under continually increasing stress from yield
point to fracture point. Yield criteria are mathematical description of cbmbination for stresses
necessary to cause yielding [S].
2.3.2.1 Yield criterion
A yield criterion is a postulated mathematical expression of the stress state that

causes yielding. The general form is shows in Equation 2.30.
f(0x Oy, Czy Tyzs Tmx» Ty) =C (2.30)
where C is constant. For isotropic material, Equation 2.30 can be expressed by principal stresses:
f(01,02,03)=C (2.31)

For most isotropic ductile metals, the following assumptions are commonly made. Namely, (1) yield
strengths in tension and compression are the same ideal deformation analysis. (2) A volume remains
constant during plastic deformation. (3) Magnitude of the normal stress is mean expression as shown

in Equation 2.32.
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Om=(01+0,+03)/3 (2.32)

Assumption of yielding is independent of mean normal stress (O_) that is reasonable because
deformation usually occurs by slip area (mechanical shear stresses). Therefore, the yield criteria for

isotropic materials consequently have the normal form as shown in Equation 2.33.
f[(c2—-03), (03 ~01), (61— 02)] =C. (2.33)

If the stress state O, , O, and O, cause yielding, another stress state that differs only by G, causes

yielding. The stresses o L o - o , are called the deviatoric stresses, Equation 2.34.
0'1=01=0n,02=0,—0n,0'3=03—0On (2.34)

2.3.2.2 Tresca criterion
The Tresca criterion postulates that yielding depends on the largest shear stress in
the body. With the convention of 0,2 O, 2 0, , this term can be expressed as 0, — O, = C. The
constant C can be found by considering a tension test. In this case, O, = 0 and 0, = Y, the yield

strength at yielding is C = Y. Therefore this criterion can be expressed as Equation 2.35.
o;—03=Y. (235)

Yielding in pure shear occurs when the largest shear stress is O, =k and 0, =- 0, = -k , where k is
the yield strength in shear. A yield locus is a plot of a yield criterion. Figure 2.19 is a plot of the

Tresca yield locus, Ox versus Oy, for O, =0, where Ox , Oy, and O are principal stresses.
o1 —03 =2k (2.36)

2.3.2.3 Von Mises criterion
Von Mises criterion postulates that yielding will occur when the value of the root-
mean-square of shear stress reaches a critical value. The principal stress expression is Equation 2.37.
[(c2-03) 2+ (03-0) 2+ (01-02) 2]/ 3=C, (2.37)
or equivalently
(©2-09) *+(03-0) * +(01-067) = C; (2.38)
C, value can be found by a uniaxial tension in a single direction. Substituting G, =Y, 0, = 0, = 0 at

yielding, the von Mises criterion postulates yield equation as Equation 2.39.
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(62-03) 2+ (03—01) >+ (01 - 062) 2=2Y =6 K- (2.39)

Figure 2.20 shows the yield locus with O, = 0. In a general form for shear stress consideration,

Equation 2.39 can be expressed as Equation 2.40.
(oy — 62)” + (62— 6x)° + (Ox — Oy )* + 6(Tyz + Tzx + Txy) = 2Y 2= 6k 2. (2.40)

Eventually, Tresca and von Mises yield loci are plotted together in Figure 2.21 for the same values of
Y. The greatest differences point occur for € = 0,/ O, = -1, 1/2 and 2. Three-dimensional plots of the
Tresca and von Mises yield criteria are shown in Figure 2.22(a). Tresca criterion is a regular
hexagonal prism. But, von Mises criterion is a cylinder. Both criterions are centered on a line 0, = O,

= 0,. A projection of these parameters on a plane O, + O, + O, = constant. The projective chart is

shown in Figure 2.22(b).
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Figure 2.22 Schematic diagrams of yield locus, (a) three-dimensional plot of Tresca and von Mises

yield criteria, (b) projection of Tresca and von Mises yield criteria onto a plane 6;+ 0,+063 = constant

2.3.2.4 Plastic work
The differential amount of plastic work per volume associated with strain d€ of a

bar of length (/)), subjected to a force acting on an area is a plastic work equation, Equation 2.41.

dw=Fdl/Al,=0de (2.41)

In the general case, there are three normal stresses and three shear stresses. The plastic work per

volume can be expressed as Equation 2.42.
dw = oxdex+ oydey + 0z dez + Tyz dyyz + Tzx dyzx + Txy dyxy 2.42)
Term of principal stresses and strains can be expressed as Equation 2.43.
dw = 6,dg| + 0, d&; + 03de; (2.43)

2.3.2.5 Effective stress
Effective stress for a yield criterion is defined that yielding occurs when the

magnitude of effective stress reaches a critical value. Von Mises criterion is shown in Equation 2.44.
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o= \[ (3) (o2 = 03) + (65 = 01)% + (01 ~ 02)”] (2.44)

This can be also expressed as Equation 2.45.

G =\/(§) [(@2+1+ 1 —-a)?]o; =/1—a+a 2o, (2.45)

where =0,/ 0, and 0,>>0,,0,~ 0=0;. Finally, the effective stress of von Mises criterion is

shown in Equation 2.46.

G =4/012 — 0105 + 0,2 (2.46)
For the Tresca criterion, it is different form (Equation. 2.47).
G = G, — O3 (2.47)
where G, 26,20,

2.3.2.6 Effective Strain

The effective strain is incremental plastic work per volume, Equation 2.48.
dw=o0ldel +62de2 +03de3 = GdE (2.48)

The von Mises effective strain can be actually expressed as Equation 2.49.

dg = /[(de; — de3)? + (de3 — deq)? + (dey — de3)?]/3 (2.49)

or more simply form as

dz = \/(g) (deq? + de,? + des?) (2.50)

For proportional straining with a constant ratio of d€;: d€; : d€3, the total effective strain is

[3]]
Il

J (%) 2 +222 + £32) 2.51)

In planar deformation, materials normally have the incremental strain in two or three direction with
volume constancy (Ex + Ey+€,= 0). Therefore, strain in each axis is Ex =€, €y=€;,8,=€3and
€3 = -€; - €,. Substituting those strains into Equation 2.51, its form becomes Equation 2.52. When

the von Mises criterion and the effective stress are used, the von Mises effective strain must be used.
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g= % V(€12 +8185 + £52) (2.52)

This result should be realized that the G — € relationship curve in a tension test is the G- €

curve, since G reduces to O and € reduces to € in the tension test. The strain hardening exponent and

the strength coefficient can also be obtained by the G - € curve found in a tension test.

2.3.2.7 Derivation of the von Mises effective strain

The incremental work per volume is dw = 01d€ + 02d€3 + O3d€3 =Gd €. Simple
form that considers a stress state with O3 = 0 is Equation 2.53.

G dE. =o1de + 0,de, = odg (1+ (lp)

(2.53)
Where O =02/ O and P = d€2/ dE1. Then, the reduced form is shown in Equation 2.54.
de =dg,(c/ G) (1+0p) (2.54)
Form the flow rule, P = d€,d€1 =[02 —(1/2)01]1/ [0 - (1/2)T2] = 2 - 1)/(2-Q) or
a=2p+1)/2+p) (2.55)
Combining Equation 2.54 and Equation 2.55, we can get Equation 2.56:
d& = dey (01/ )20+ p +p 2)/ (2+p)] (2.56)
With O3 =0, the von Mises expression for O is Equation 2.57.
G=4012— 0,65+ 632 = (1-a+a?)”c (2.57)
Combining Equation 2.55 and Equation 2.56, we can get Equation 2.58.
2=/ U+p +p)V* (2.58)
Since P =d€,/dey,
de = 72-§ (dey® + deqds, + de,®) (2.59)

Now since with constant value is d812 + d822 + d832 =0.

From volume consistency of axial strains, therefore, we get the incremental strain as Equation 2.60.

de,® + de;® + (—de, — ds; )? = 2(ds,” + dsyde, + ds,”)  (2.60)
Finally, Equation 2.59 becomes Equation 2.61.
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de = \/(g) (de;? + de,” + des?) (2.61)

This derivation also holds where O3 # 0, since this is equivalent to a stress state as

' ' _ r_ =
6y = 06,—03 , O =0,—03 , O3 =03—03 =0

2.3.2.8 Thin — walled structure of cylindrical pressure vessel
The longitudinal stress in thin — walled structure of cylindrical vessel that is forced
by internal hydraulic pressure can be expressed as Equation 2.62.

__ Pirg

o =
op 2tp

(2.62)

2.3.3 Plastic Anisotropy
2.3.3.1 Crystallographic basis

The primary cause of anisotropy of plastic properties is preferred orientation of
grains. Mechanical working of metals produces preferred orientations or crystallographic textures.
Recrystallization during annealing usually changes the crystallographic texture but it doesn’t cause
randomness. When a tensile specimen cut from a sheet is extended, slip can easily occur on the prism
planes. Even though the yield strength may be almost unchanged with the orientation of the tensile
specimen relative to the rolling direction, the material is not isotropic. Slip on the prism planes causes
contraction in the plane of the sheet. A useful parameter to describe this sort of anisotropy is the ratio

R of the plastic strain in the width direction to that in the thickness direction,

R ofY (2.63)

Where, €y, and &; are the contractile trains in the width and thickness directions. For an isotopic
material, the ratio R is 1. A high R-value suggests that there is a high resistance to thinning and a high
strength in biaxial tension state of the sheet. Figure 2.23 illustrates schematically how R value affects
shapes of yield loci for textured materials with rotational symmetry. Although the R-value is.defined
as the ratio of width-to-thickness strains, the thickness strain of a thin sheet cannot be measured.

Instead the thickness strain is found from width and length strains, & = (€y + &;). The R-values vary
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with the test direction in the plane of the sheet. It is customary to define an average value as
Equation 2.64.

R = fot 2Rt Roo (2.64)

R>1

Pl R=1

R<1

4Bl
L

Figure 2.23 R values effect on the shapes of the yield loci for textured materials

2.3.3.2 Hill’s anisotropic plasticity theory
In 1948, Hill advanced a quantitative treatment of plastic anisotropy without regard
to its crystallographic basis. He assumed materials with three orthogonal axes of anisotropy, x, y, and
z about which the properties have two-fold symmetry. The yz, zx, and xy planes are planes of mirror
symmetry. In a rolled sheet, it is conventional to take the x, y, and z axes as the rolling direction, the
transverse direction, and the sheet-plane normal. Theory also assumes equal tensile and compressive
yield strengths in every direction. The proposed yield criterion is a generalization of the von Mises

criterion,
F(oy - 62)° + G(0z - %)’ + H(Ox - 0v) + 2Lty,? + 2Mrzy? + 2Nugy? = 2f(oy)?  (2.65)

where, F, G, H, L, M, and N are constants that describe anisotropy values. Note that if F=G=H =1
and L = M = N = 3, this reduces to von Mises criterion. The constants F, G, and H can be evaluated
from simple tension tests. Let x direction yield strength be X. At yielding in an x -direction tension

test, 0, = X and Gy = 67 = T;; = 0. Substituting into equation 2.65, (G + H)X " = 1. Similarly,

2_ 1 2 _ 1 2 _ 1
X = = Y = and Z = (2.66)

[
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Solving simultaneously,

= (UY*+1Z*-1/X%/2

(VZ2+1/X2-1/Y> /2 (2.67)
(UX2+ 1Y =175 12

F
G
H

where, Y and Z are the y and z direction yield strengths. However, measurement of Z is not feasible

for sheets. Using Equation 2.68
deij =dA[ 0f(oy) /ooij ] (2.68)
The flow rules are

de, =dA[H(ox-0y) +Gl0x-G,)],dey, =de,y=dAlty,
dey, = dA[H(oy - 6 ;) + G(oy - 6], d€ zx = de 5, = dAMT (2.69)
de, = dA[H(c. - o) + G(o; - cy)] , de xy = de yx= d\Mr xy

To derive these flow rules the yield criterion must be written with the shear stress terms appearing as

Livyz2F 1y ) EMG,f + T - Ny Pk ay®) (2.70)

Note that in case of constant volume: d€x + d€y+ d€, = 0. The constant N can be found from a
tension test made at an angle 0 to the x - axis.
2.4 Determination of Stress — Strain Curve of Sheet Metal

The simple approach to stress — strain curve determination has various methods depending on
workpiece shape, force action and loading condition. The objective of testing is to determine true
stress and true strain of the materials for use in deformation study. The hydraulic bulge testing is
popularly alternative method. With testing sheet metal, the workpiece is deformed under the biaxial
stress state whereby the workpiece is clamped around edges by fluid pressure as illustrated in Figure

2.24. The bulge shape is assumed as spherical dome. The tensile stresses are Equation 2.71.
G =09=0¢p =Pp/2t 2.71)

where, P is the forming pressure, p is the radius of curvature, t is the thickness. The effective strain

can be expressed as Equation 2.72.

E=-2e=2e,=In(t/ty) (2.72)

The advantage of bulge testing is that it can be carried out to much higher strains than tension testing.
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Figure 2.24 A schematic diagram of a sheet bulge test

2.5 Literature Reviews

Fuchizawa and Narazaki, “Bulge test for determining stress-strain characteristics of thin-
walled tubes”, in their study, a simple approach for determining flow stress curve is the hydraulic
bulge test. They proposed a mathematical model suitable for determination of effective stress—strain
relationship (flow stress curve). Material properties of the tubes obtained from the bulge test such as
flow stress, strain hardening, anisotropy, yield strength, etc. are not the same value as the sheet tensile
test, because the tensile test applies a uniaxial tension. On the other hand, the tube bulge test applies
tension in a biaxial stress state. The total strain and membrane theories to derive a differential
equation of the relationships between the thin-walled tube profile, the thickness distribution, and the
forming pressure were analyzed. The tube profile at the free bulge region was assumed as a circular
arc. In their experiment, mechanical property with the material definition is that the testing methods
(i.e. tensile test and bulge test) were used. Internal pressure forms the tube whereby the tube blank
was stretched under the biaxial stress state. Two ends of the tube were fixed. The effective stress—
strain relationship was obtained from meridian radius (pq)) and hoop radius (pg) of curvature of the
deformed tube. The meridian radius (py) and hoop radius (pg) were required to calculate stress
components on the basis of force equilibrium equations. Consequently, the system of tube bulge
testing must be equipped with devices capable of measuring the meridian radius. Finally, flow stress
data obtained from the bulge test was defined as mechanical properties of the tube in FEA simulation.
FE simulation was found that result of the FEA simulation showed of accurately plastic deformation

that was approximate to the experimental result.
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YingYot Aue-u-lan, Muammer Koc, Taylan Altan, “On the characteristics of tubular
materials for hydroforming experimentation and analysis”, their study is about characterization
and specification of tubular material properties under hydroforming conditions. An analytical model
that was made by T. Sokolowski Model [8] is used for flow stress determination. The sheet tensile
test is done under a uniaxial state, but, the tube bulge test is the biaxial state. The required tubing has
normal properties as follows: (1) high expansion, uniform deformation characteristics, (2) low
anisotropy, high strength coefficient (K) and high strain hardening exponent (n), (3) straight and
parallel edges, (4) good finish surface and free of scratches for, (5) better feeding, (f) tight
dimensional tolerances. In their experiment, two ends of the tubes were fixed by axial load (Fa). The
tube was bulged by hydraulic pressure. Internal pressure, bulge diameter and thickness distribution
were measured. Measured parameter values were converted into true stress—strain by power law.
Measurement of curvature radius in hoop direction (r,) and longitudinal direction (r,), internal
pressure (Pi), axial load (Fa), and thickness (t) were performed. The bulge test methods for flow stress
determinations were proposed as follows:

1. Method A: all parameters were measured, for measurement method, lasers, ultrasonic or
non-touching sensors were used to measure the internal pressure and the bulge shape. Bulge height
was measured (‘on-line’) in different stages of bulging for the same tube. Finite strains (€,), (€7), and
(€;) were calculated for the incremental strains. Effective strain was obtained from relationship
between hoop strain and longitudinal strain. Stresses in hoop and longitudinal directions were
calculated. Effective stress and effective strain were curved by Power law. SS 304 tubular materials
were conducted to the hydraulic bulge test.

2. Method B: all parameters were measured ‘off-line’ and r; was calculated, Method B
was used when Method A (on-line), measure of thickness (t;) and (rp) was not possible. All
parameters were measured after the tubes were bulged and taken out of the apparatus. Longitudinal
radius (r,) was calculated by exact equation because it is difficult to measure. SS 304 tubular
materials were conducted to the bulge test.

3. Method C: r; and tp were calculated, the remaining values ware measured, the
thickness at the pole (t) and longitudinal radius (r,) could be derived from analytical model. The

Levy- Mises plastic equation was used to find Pi, r, , F values. Thickness at the pole (t;) was



32

obtained. Low carbon steel 1008, SS 304 and aluminum alloy 6260-T4 tubes were used. From their
study, Method A results great deformation predictions over Methods B and C.

Yeong-Maw Hwang, Yi-Kai Lin, Taylan Altan, “Evaluation of tubular materials by a
hydraulic bulge test”, their study aimed to evaluate mechanical properties of two tubes by using
hydraulic bulge tests combined with a new analytical model. They proposed that the test tube in the
bulge test is deformed under the biaxial stress state and different from the tensile test. The tensile test
is a uniaxial stress state. For determination of effective stress — strain curve, the bulge shape of the
tube is assumed as follows: (1) profile of the bulge shape of the formed tube is considered as an
elliptical surface. (2) The two ends of the tube with a forming length (L) are fixed completely. Bulge
test apparatus based on simple stand alone hydraulic tooling was referred to Sokolowski’s paper. The
internal forming pressure could reach as high as 100MPa. Materials used in their experiment are
AA6011 (D, = 51.91mm and t, = 1.86 mm) and SUS409 tubes (D, = 50.86 mm and t, = 1.46 mm).
The die entry radius and bulge length for the bulge test were Rd = 15 mm and L = 60 mm. Six
pressure levels versus bulge height (hp) were set. P; and t, for each level were measured. Tube
thickness at the pole, bulge height and internal forming pressure were directly measured
simultaneously during the bulge test. The bulge heights were read from a dial-gauge through a
modified transmission rod. The tube thickness at the pole (t;) of the tube was measured by a dial
gauge combined with a self-designed mechanism. A micrometer was used to measure the bulge
diameter of the bulge shape. Circumferential and meridian radii of curvature (pg and py) and strains
in the hoop and thickness directions were obtained from an analytical model. Von Mises yield
criterion, volume constancy theory were used for plastic deformation analysis led to flow stress curve
determination. The flow stress curves were obtained from Swift’s law. From their result, FEA
simulations with DEFORM 2D’’software using flow stress data obtained from the bulge test and the
tensile test were used. The internal pressure curve, bulge heights and tube thickness were closer to the
experimental results than those by using the flow stress data obtained by Fuchizawa’s model and the
tensile test.

For imperfection of the analytical model and FEA simulation, Ying Yot’s model (analytical
model) assumed that the tube bulge shape is a perfect profile like a circular arc. Then, Ying Yot’s

model considered an inner surface of the bulge shape for flow stress calculations. Ying Yot’s model
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did not consider an outer surface of the bulge shape. On the other hand, Hwang’s model assumed that
the bulge shape of the formed tube is a perfect profile like an elliptical arc. Hwang’s model
considered a middle surface of the bulge shape for flow stress calculations. The contact point (e) and
contact angle (¢¢) were calculated for meridian radius of the bulge shape and effective stress — strain
relationship. However, Ying Yot’s model and Hwang’s model did not consider contact angles (¢e)
and effects of L/OD and Rd/t ratios for die insert design. These parameters have effects on
hydroformability of the tube inside the die cavity.

This study attempts to obtain better research result considering abovementioned parameters with
new developed analytical model (SPB model). Die insert and tool design, process design and
measurement method are performed. Abovementioned literatures are referred in this research.
However, die inserts and forming process designs are investigated by considering the effects of Rd/t
and L/OD. Namely, proper dimensions of the die insert and the test tube, Rd /t, L/OD, and the
pressure loading curve that are the influential parameters for tube free bulge test are obtained. This
study presents useful information of parameter definition, tooling selection, guideline design in order

to achieve the free bulge test with tube hydroforming process.



Chapter 3

Research Methodology

3.1 Tooling Design for Free Bulge Test
3.1.1 Design for die inserts
To research on effective validation of an analytical model for flow stress determination of
the tubular material, the tube free bulge test is adopted. Special apparatus with the hydroforming

process capability consequently is used for this test. The following die designs are first studied by
using Finite Element simulation.
3.1.1.1 Analytical model
An assumption of an elliptical surface of a tube bulge shape is analyzed by
considering effects of Rq/t and L/OD ratios. All parameters involved to the die insert design and

determination of flow stress of tubular materials are shown in Table 3.1.

Table 3.1 Parameters for die insert design and flow stress determination

Nomenclature
P; internal pressure Dp diameter of the bulge profile at vertex (P)
L, bulge length po circumferential radius of curvature of the bulge shape
R, initial outer radius of tube Po meridian radius of curvature of the bulge shape
Ry entrance radius of die inserts pgp circumferential radius of curvature of the bulge shape
t, thickness at vertex (p) of bulge at the vertex (P)

R., Z, coordinates of contact pointe | ppp meridian radius of curvature the bulge shape
K strength coefficient of material at the vertex (P)
n strain hardening of material €, initial yield strain of material

¢. contact angle at the die surface | €gp strain in the hoop direction at vertex (P)

R, half length of minor axes €p strain in thickness direction at vertex (P)
of an elliptical tube surface Ogp stress in circumferential direction at vertex (P)
R, half length of major axes Gpp stress in meridian direction at vertex (P)

to initial tube thickness G, € effective stress and effective strain
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In Hwang’s model [1], effective stress and effective strain are derived from the hydraulic bulge
profile of the tube combined with internal forming pressure. The assumptions of the free bulge profile
are the following items. (1) The bulge shape of the forming tube is assumed to be an elliptical surface

(see Figure 3.1). (2) Two ends of the tube with a bulge length (L}) are completely fixed.
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Figure 3.1 A schematic diagram of tube bulge test [10 - 12]

The coordinate of contact point €, Reand Z, can be expressed as Equation 3.1 and Equation 3.2.

R, = Ro+Ry(1- coshe) (3.1)
Ze. =1y/2 —Ry sinde (3.2)

where, ¢¢ , Lb , Ro , Rq are the contact angle, the bulge length, the tube outer diameter and the die
entrance radius, respectively. The half length of minor and major axes of the elliptical surface, Ry, R,

can be expressed as Equation 3.3 and Equation 3.4.

Ry = /Re(Re + Zetang,) (3.3)

R, =,/Ze(Ze + Recotd,) (3.4)
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Circumferential and meridian radii of curvature at the vertex (p) of the tube bulge shape, pgp and pyp

can be expressed, respectively, as Equation 3.5 and Equation 3.6.

Pep Rp (3.5)

Pep = R%/Ry (3.6)

These parameters will be used to obtain the flow stress curve of the test tube in next section.
3.1.1.2 Finite Element analysis with varied dimension of die inserts
The objective of this FEA simulation for tooling design is to investigate
dimensions of the die inserts (Rq and Ly) that allow tube to form a proper free bulge shape. The

schematic diagram of the free bulge shape is shown in Figure 3.2.

Upper die insert ) Upper die insert pyeion parameters

Ly : bulge length
Rq : die radius

Tube dimension

t : thickness

Lower die insert Lower die insert

OD : outside diameter of the tube

Figure 3.2 A schematic diagram of free bulge test and design parameters

For Figure 3.2, Rqand L}, values are die radius and bulge length. R4signifies mobility of the
tubes into the die cavity. Ly, signifies a bulge ability of the tubes. These factors have effects on tube
thickness distributions also. Dimensions of the investigated die insert for FEA simulation are defined
in Table 3.2. Ry and L, are varied to investigate the forming of the bulge shapes ranging from initial
bulge to cracking. Features of the tube and the tools (i.e. tube, upper die, lower die and axial fixing
punch) are created by CAD software, UG NX 6. Then each feature is exported to FEA simulation
software. All FEA models mainly are created to be a fully meshed model. In order to achieve accurate
simulation result with fast explicit analysis, each of FEA model is performed using a half model with

nodal constraints on the symmetry plane as shown in Figure 3.3.



Table 3.2 Parameters of finite element model for die insert design

Model | Rg(mm) | to,(mm) Rd/ty, | Ly (mm) | OD (mm) | L/ OD
1 5 | 5 25.4 25.4 1
2 5 1 5 38.1 25.4 1.5
3 5 1 5 50.8 254 2
4 15 1 15 25.4 25.4 1
5 15 1 15 38.1 25.4 1.2
6 15 1 15 50.8 25.4 2
7 25 1 25 254 254 1
8 25 1 25 38.1 25.4 1.5
9 25 1 25 50.8 25.4 2
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For process simulation of all models, DYNAFORM 5.6.1 is used to conduct the FEA simulations
of hydroforming processes. LS - Dyna solver is directly adopted to solve nonlinear problems. FEA
model is shown like Figure 3.3. The material used for tube blank model is mild steel: CQ (USA
Standard), OD = 25.4 mm, thickness = 1 mm. Mechanical properties of tubular material are defined
as default of software. Flow stress curve of material is shown in Figure3.4, Yield stress (Gy) =274
MPa, Strength coefficient (K) = 648 MPa and Strain hardening (n) = 0.22. Fluid internal pressure
curve (see Figure 3.5) that is properly defined values for computational iteration is applied for THF
simulation. Heat and temperature are neglected. A constant friction coefficient (1) of 0.125 is
assumed at the interface between the tube and the die insert set. Models of die inserts are assumed to
be rigid. The model of the tube is meshed by shell elements at the middle surface. Element size of die
mesh is maximum size = 2 mm, minimum size = 0.5 mm. Element size of the tube mesh is maximum
size = 1 mm, minimum size = 0.5 mm. Feeding distance of the horizontal punches is zero (fixed).
Two ends of the tube are fixed in the closed die. Density of Water = 9.95¢ ~ kg/mm’ and Bulk

modulus = 2200 GPa. Plastic deformation of the tube is in the biaxial stress state.
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Figure 3.3 A half model of finite element simulation on symmetry plane
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Figure 3.4 Flow stress curve used for the tube bulging test
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Figure 3.5 Fluid internal pressure curve used for the tube bulging test

3.1.1.3 Results of Finite Element Simulations
All FEA results of the tube bulging are summarized. The free bulge shape of the
tube is considered at the time when a crack is first predicted as shown in Figure 3.6. Figure 3.7
shows the forming tube at various intermediate forming steps. Tube thickness in each model is

measured simultaneously while tube is yielding with continuous bulging step.

Punch Die Blank
| Symmetry plan

Punch force —

Vertex of
zZ ’ bulge shape

Die radius and curve surface Bulge shape
L X

Figure 3.6 A half model of FE simulation of tube bulge test
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Figure 3.7 Intermediate forming steps with thickness distributions: (a)tube ends are fixed by punches

(b) early deformation by internal pressurization, (c) end of free bulge forming
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Figure 3.8 Comparison of predicted bulge shapes with different die insert geometry
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The measured tube thickness at the vertex of the bulge shape along the circumferential direction is
considered for all the cases. Moreover, the elliptical surface and risk of cracks at the vertex from nine
FEA models are compared and shown in Figure 3.8. The thickness versus bulge heights at the vertex
is compared with different ratios of Ry / t and Ly, / OD, in order to determine the bulge shape suitable
for flow stress curve determination of the tubes, thus selecting proper die insert dimensions. For

comparison of thinning, the thickness versus bulge heights is shown in Figure 3.9.

Thickness versus bulge height
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Figure 3.9 Bulge heights versus thickness at the vertex (P) of the bulge shape

From Figure 3.8, it can be seen that Model #3, Model #5, Model #6, Model #7, Model #8, Model #9
have improper bulge shapes because they do not resemble the elliptical shape or the circular shape.
Therefore, 6 out of 9 models (i.e. Model #3, Model #5-Model #9) have cracked by the end of the
simulation. This leads to a conclusion that Model #1, Model #2, Model #4 seem to be suitable for the
testing as they form to be large bulges without any cracks. This is confirmed by larger wall thickness
of the three models compared to the rest of the FEA simulation, Figure 3.9. In order to select only the
best model among the Model #1, Model #2 and Model #4, radii of curvature of the bulge shape, i.e.
circumferential radius (Pgp) and meridian radius (Pgp) are compared with those calculated by
Hwang’s model. With measurements of the bulge shapes, final bulge shape profiles of three simulated
models are exported to be special file (i.e. file nastran.nas) compatible with CAD software. Parameter

values (Re, Ze, Ry , R; and @) of each imported model are measured in CAD software. The
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circumferential radius (Pep) and the meridian radius (Pgp) are calculated by substituting those
measured values for Equation 3.5 and Equation 3.6, respectively. In Hwang’s model, Re , Z¢ , R,
and R, are calculated by substituting known parameters (i.e. Ro, Lo, Ry, ¢) for Equation 3.1 —
Equation 3.4. Then, the circumferential radius (Pgp) and the meridian radius (Pgp) are calculated by
substituting calculated values (i.e. R, and R, ) for Equation 3.5 and Equation 3.6, respectively.
Consequently, comparison of the evaluated curvature between FEA simulation and Hwang’s model is

shown in Figures 3.10, 3.11 and 3.12.
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Figure 3.10 Deviation of simulated bulge curvatures from Hwang’s model

Figure 3.10 graphs the curvature deviations of the simulated Model #1, Model #2, and Model #4
from the corresponding analytical results based on Hwang’s model. Model #2 best fits Hwang’s
model as it shows the least curvature deviations. Figure 3.11 and Figure 3.12 show comparisons of
the simulated (i.e. from Model #2) and exact curvature (i.e. from Hwang’s model). It can be seen that
the bulge curvatures (i.e. both circumferential and meridian radii) are approximately close to Hwang’s
model. Therefore, the model #2 (Rq/ t =5 and Ly, /OD = 1.5) is the proper die insert geometry for
flow stress curve determination experiment. Those values are then chosen for the free bulge test

tooling manufacturing.
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Figure 3.11 Comparison between meridian radius obtained from FE simulation result and

meridian radius calculated by Hwang’s model
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Figure 3.12 Comparison between circumferential radius obtained from FE simulation result and

circumferential radius calculated by Hwang’s model

From the die insert design, the die entrance radius (Rq) and the bulge length (Ly) are investigated by
using finite element simulation. The circumferential and meridian radii obtained from FEA simulation
are compared with the circumferential and meridian radii calculated by Hwang’s model. Finally, the
die inserts suitable for free bulge test is model #2 (Rq = 5 mm, L, = 38.1 mm). A flow chart of die

insert design is shown in Figure 3.13.
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3.1.1.4 Features of die insérts
Die inserts in the free bulge test consist of four parts, i.e. upper die inserts No. 1
and No. 2, lower die inserts No. 1 and No. 2. The die inserts are drafted by proper dimensions of the
designed model (Model#2 in Table 3.2) and manufactured. The features of the die inserts are shown

in Figure 3.14 and Figure 3.15.

Lower Die Insert No.1

Bulge Length (L)

Lower Die Insert No. 2

Figure 3.14 Features of lower die inserts

Figure 3.15 Features of upper die inserts
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3.1.2 Design for die stands

Maximum vertical loading of 200 ton from the press machine in hydrofoming process can
potentially destroys die stands and die bases (upper die base and lower die base) in this study.
Therefore, the die stands are important parts of bulge test tooling in the hydroforming process. The
die stands must be designed suitably for sufficient loading support. For die stand designs, the features
and mesh size are created using CAD software with FEA simulation (ANSYS v.12). Principle of
mechanics analysis helps to evaluate the part deflection condition and proper geometry parameters.
The designed die stand is the solid part of the rectangular shape as shown in Figure 3.16. Right-left
die stands are specifically designed for optimal supports for maximum punch forces of 50 tons and
vertical pressing forces of 200 Tons. In FEA simulation, the vertically applied load is 200 Ton as
actual capacity of compressive force. The horizontally applied load of axial punch is 50 Ton and it
exerts on the bolt positions. The workpiece is fixed by large bolts. Result of solid mechanics solution
is shown in Figure 3.17. It is found that the designed die stand can withstand the high compressive

force with an insignificant deflection of 0.11 x 10" * m. in the horizontal direction.

Figure 3.16 A typical feature of a left die stand
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TCC

(b)

Figure 3.17 Finite element analysis, (a) compression loads applied, (b) deflection analysis result

(Deflection maximum = 0.110e " m.)
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3.1.3 Design for axial punches
3.1.3.1 Finite element simulation of tube swaging process

The die design (in Title 3.1.1) considers fixing of two ends of the tube. The axial
punches fix the tube ends and seal the internal pressurized water. Therefore, the axial punches must
withstand fixing reaction force and sealing force against the internal pressure. In this study, the
swaging method is used to expand the two ends of the test tube. The FEA method is used to conduct
the simulation of the swaging process for investigating proper taper angles and length of the axial
punches. The taper angle and the taper length are defined in each of the FEA model as shown in
Table 3.3. Geometry of the axial-punch (swage) is shown in Figure 3.18. The features of the axial

punches are created by CAD software, UG NX 6, and exported to explicit FEA software.

Table 3.3 Punch dimensions of finite element model for tube swaging

Model | 0p(degree) | OD, (mm) | ODp (mm) | Lg (mm)
1 10 59.77 20.00 15.00
2 1T 59.77 20.00 15.00
3 20 5973 20.00 15.00
4 25 BT 20.00 15.00
5 30 59.77 20.00 15.00

oD,

Figure 3.18 Geometry of a punch for tube swaging

Where, Op, L, Lg, H, P, OD, and ODy, are the swaging angle, the punch length, the swaging length,
the chamfer length, the pocket depth, the initial outer diameter and the final outer diameter of the

punch, respectively. ODj size is constant and ODp, must be smaller than inner diameter of the tube
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so that the end of the swage can be inserted into the tube. H value depends on swaging angle (6,).
Lg can be defined by axial feeding displacement. FEA model is meshed as shown in Figure 3.19.
DYNAFORM 5.6.1 is used to conduct the FEA simulations of swaging processes. LS - Dyna solver
is directly adopted to solve the nonlinear problem. The tube is fixed by a created JIG FE model. FE
Models of tube and punch are assumed as rigid body. The tubular material is mild steel: CQ (USA
Standard), OD = 25.4 mm, thickness = 1 mm. Mechanical properties of the tube and punch are
defined as default of software (see Figure 3.4). The FE models of the tube and the punch are meshed
by shell elements at the middle surface of the tube. Element size of the tube and punch meshes is
maximum = 1 mm, minimum = 0.5 mm. Feeding distance is defined as values in Table 3.3.

Punch force is 1.0 Ton.

Tube

Figure 3.19 FEA model for tube swaging process

From FEA simulation results, swaged area of FE tube model (in Table 3.3) is measured to evaluate
the thickness distributions and swage ability of the axial punch. Thickness distributions of the swaged
tube are shown in Figure 3.20. It is found that the Model #2 (0 = 15° and Lg = 15 mm) and Model #3
(9=200 and Lg =15 mm) show optimal stability of thickness distribution and thinning is not over 20 %
as shown in Figure 3.21. Therefore, Model #2 and Model #3 are suitable for use in fixability

evaluation of the axial punch.
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Thickness versus punch displacement
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Figure 3.20 Thickness distributions of the swaged tube
SWAGING
STEP 27 TIME: 0.010001
COMPONENT: Thinning
Index |elemin THINNING
1 132770 11.83815
2 132766 11.77964
3 136250 11.77504
4 134441 11.77326 5. &
5 136234 11.77155 g
6 136098 11.77002 7.781211
7 134445 11.75788
8 136114 11.75615 6.766977
9 134403 11.73645 8762743
10 136058 11.73507

Figure 3.21 Thinning of the swaged tube

3.1.3.2 Finite element simulation for fixability evaluation of the axial punch
With tube hydroforming, high internal forming pressure up to 100 MPa, the axial
punches must exert the tube ends with enough for sealing the fluid pressure inside the tube. In FEA
simulation, the punches and swaged tubes (in Title 3.1.3.1, Model #2 and Model #3) are used to
conduct new FEA simulations (i.e., two FEA models) with tube hydroforming process. To select the

proper punch and swaged tube, FEA simulation has the same hydroforming process as the FEA
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model of the die insert design (in Title 3.1.1). But, the axial punches and swaged tubes of Model # 2
and Model # 3 (in Table 3.4) are imported. The axial punch exerts the end of the tube with 1.0 Ton.
All of FE simulation models are created using a full mesh. In order to achieve accurate simulation
with fast explicit analysis, each of FEA models is performed using a half meshed model with nodal

constraints on the symmetry plane as shown in Figure 3.22.

Table 3.4 Punch dimensions of finite element model for tube fixing evaluation

Model | Op(degree) | Lg(mm) | OD, (mm) | ODy(mm) | Punch Force (Ton)

2 15 15.00 59.77 20.00 1.00
3 20 15.00 59.77 20.00 1.00
1
Axial punch . l
Upper die insert Y RIS
Force
== 1
z Lower die insert :
Blank tube
e X
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Bulge shape
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