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ABSTRACT

This study comprises three sections that include cold roll-bonding, forming limit
diagrams (FLDs), and sheet hydroforming (SHF). First, the bonding performance of
Al/Cu clad metal sheet with different initial thickness and reduction rate were discussed.
The heat flux -calculation with thermal conduction, plastic heat and friction
consideration were adopted in finite element analysis (FEA). The temperatures of clad
metal sheet at maximum reduction region were obtained by rigid-plastic FE code
(DEFORM-2D), and then the temperature distribution of Al/Cu clad metal sheets with
different combinations of process parameter were determined. The simulation results
pointed out that higher rotation speed, higher reduction rate, and asymmetrical rotation
are positive to improve the bonding performance for clad metal sheets.

The possibility of applying FLDs to fracture prediction of clad metal sheets is
examined. The forming limits of Al/Cu clad metal sheets with different thickness
reduction are investigated via ELD test. Moreover, deep drawing tests are carried out to
compare the numerical results. The results pointed out that the fractures of clad metal
sheets are predicated by experimental FLDs.

For clad metal sheet application, the SHF was adopted to improve the formability
of Ti/Al clad metal sheet used in 3C product housings. Some significant process
parameters were analyzed for improving formability of clad metal sheet by FEA. In
numerical simulation, a virtual film technique was proposed to realistically approach the
hydraulic loading for SHF. And pre-bulging and tool modification are proposed to

reduce thinning ratio of Ti/Al clad metal sheet, operation stage, and tooling cost.

Keywords: Clad metal sheet, cold roll-bonding, FLD, SHF, FEA
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CHAPTER 1 INTRODUCTION

1.1 Clad metal

The clad metals considered in this study are multilayer sheets that possess
various properties that surpass single material sheets. Generally, clad metals has
advantageous properties such as good thermal conductivity, anti-corrosiveness,
wear-resistance, high strength, etc.. Therefore, it can be used in many fields, for
example, the electronics, the maritime industry, and the automobile industry. Clad
metals not only preserve the original characteristics of the layer metals but also create
additional functional properties. The use of clad metals to reduce product weight is
also garnering a lot of attention from the viewpoint of environmental preservation.
Altogether, the applications of clad metal will bring great improvement in terms of
functionality. Table 1.1 shows some applications of composites produced by cold
roll-bonding. By using clad metals, such as an Al/Cu sheet with 80% Al, the weight of
building sheets is reduced by half compared with those of conventional Cu sheets [1].

Table 1.1 Some applications of different metal produced by cold roll-bonding [2]

Metals Applications

Al/Cu Cooking utensils; roof and wall plate; heat exchangers;

special engraving plates; electrical components

Al/Cu/Steel Cookware; roast and bowl for induction heater
Al/Fe Reflectors in electric heaters; automobile silencers
Al/SUS Automobile trims
Al/Steel/Al In automotive exhaust systems
Ti/SUS/Ni Bipolar electrode in fuel cell
Al/Zn Printing plate for high-speed wrap-around press

1.2 Cold roll-bonding

Clad metals can generally be made by several processes, for example, explosive



bonding, adhesive bonding, and hot/cold roll-bonding. In this research, all clad metals
were made by cold roll-bonding from MIRDC (Metal Industries Research &
Development Centre). Cold roll-bonding process has many advantages over hot
roll-bonding, it is carried out at low temperatures, and thus, undesirable phase
transformations and microstructures can be avoided [2]. Moreover, it yields good

surface quality and is low cost. The two-ply clad metal sheets were arranged as

o
@

Initial thickness Aluminum

(AlCu) Coppar
e

<,

illustrated in Figure 1.1.

Fimal thicknoss |

Figure 1.1 Schematic illustration.showing principle of cold roll-bonding

1.3 Sheet hydroforming

SHF, Figure 1.2 (a), is the process that metal sheets were formed by deep drawing
punch with a hydraulic counter pressure. The counter pressure was controlled by a
relief valve and an additional safety relief valve avoids bursting of the counter
pressure. Nowadays, SHF have been widely accepted by industries for the production
of components characterized by fine surface quality, higher dimension accuracy,
better formability, lower tooling cost, fewer forming operations, and economical for
small lot production. The application of SHF on clad metal can combine the

advantages of both process and material, and thus become promising in producing



outward products. Figure 1.2 (b) is sample by SHF.

(a) Punch (b)

Blank holder—| Blank

Seal

Pressurizing
medium

Pressure
pot

F+F

P M

Figure 1.2 (a) Schematic of SHF, (b) Formed sample

1.4 Literatures reviews
Clad metal and rolling process
Some researchers have presented studies on estimating the bonding performance

of clad metal in terms of long holding time, and high"diffusing temperature [3.,4].
Dyja et al. investigated the deformation zone of a bimetallic cylinder (Cu/Steel, Cu/Al)

by a three-dimensional rigid plastic finite element method [5,6]. Mahendran
developed diffusion bonding windows for the effective joining of AZ318B
magnesium and commercial grade copper alloys [7]. Nowicke considered that the
unwanted strain localization of clad metal sheets can be delayed significantly with the
use of a small roll radius [8]. There have been some studies on the performance of
diffusion bonding, the evolution of textures and the effect of rolling process
parameters concerning the production of clad metal sheets at high temperature [9~12].

Over the past decades, many researches have been presented to explain the
mechanism of cold roll-bonding [13~15]. Vaidyanath et al. [16] have expressed that
the film theory is the major mechanism of cold roll-boning because of the low rolling

temperature. It has been found that bonding can be obtained when deformation causes
-3-



fresh metal surfaces to be exposed and that the deformation reaches a value
sufficiently large to establish contact bonding between two sheets. The fracture of the
work-hardened surface (the cleaned surface) and the extrusion of fresh metals through
the cracks played very important roles in the real contact between metals. Bay [14]
suggested two mechanisms, namely, the fracture of the work-hardened surface and
that of the contaminant film of oxides and water. Figure 1.3 [13] shows the simplified
illustration of the film theory mechanisms suggested by researcher, namely, the

fracture and extrusion of the work-hardened surface.

& Plane at Af/\ppll‘qximulc & Plane at

]
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/ ’ 1 neutral plane
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/ !
1 '\__"
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Extrusion /] // A

8 8 8|8 B
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H
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Covering laver

Figure 1.3 Schematic illustration of fracture and extrusion of surface during cold
roll-bonding [13]

For rolling parameters, some studies on the parameters controlling bonding have
been carried out to understand the complex condition of the bonding mechanisms of
clad metals. It has been reported that the roll-bonding of clad metal sheets is affected
by various factors, such as material reduction, the temperature of bonding, the amount
of pressure, the bonding time, the surface preparation conditions, and the type of
post-heat treatment etc.. Generally, the bond performance and mechanical properties

of the clad metal sheets are controlled by both the rolling conditions (such as interface

-4-



temperature, relative interface displacement, and normal pressure) and materials, but
the parameters combinations of cold roll-bonding have been solely analyzed

empirically.

Forming limit diagram

In general, most of the research on deep drawing tests has analyzed the
formability of a single material during the forming process [17], but there have been
few studies done on the formability of clad metal sheets made by cold roll-bonding
process.

During the forming process, sheet metals can deform only to a certain level,
which is dependent mainly on the combination: of the ratio of the major and minor
strains before necking occurs. Keeler first introduced the forming limit diagram (FLD)
[18]. The FLD is widely applied for predicting the fracture of sheet metals during the
deformation process [19,20]. In this research, in order to.understand the formability of
clad metals with different thickness.combinations; the punch-stretching test (forming

limit test), the deep drawing test, and associated FEA were carried out.

FE simulation

FE simulation has become an established tool for predicting the formability of
sheet metals. It has enabled significant reduction in the cost and time for design, and
facilitation in improving the quality of products. FE simulation has also been
integrated with optimization procedure to efficiently obtain the most suitable process
parameters for many forming process including SHF and cold rolling.

Kim et al. compared an implicit and an explicit FE method for the hydroforming
simulation of an automobile lower arm. The influences of time scaling and mass

scaling were investigated [21]. Shim et al. and Pegeda et al. introduced optimization
-5-



based method to estimate the initial blank shape through FE simulations [22,23]. Lang
et al. presented an optimization of the blank shape and studied the effect of the
pressure in the die cavity on the formed parts by using a typical aluminum alloy for
aircraft manufacturing [24]. Several researchers have attempted to design the blank

geometry using the FE analysis of the forming process.

SHF process

Kim et al. and Chen et al. proposed a multi-stage SHF, which have increased the
formability of structural parts with complex shape [25,26]. Palumbo et al. and Zhang
et al. adopted a moveable inferior plate to enhance the SHF [27,28].
Thiruvarudchelvan et al. provides a technique that uses a hydraulic pressure to apply
peripheral push on the flange, which apply counter pressure in the die cavity to
provide excellent lubrication at the die radius [29]..Kleiner et al. provides an
investigation on the residual stresses  induced in HBU-formed workpieces by
numerical and experimental. The results show that a higher fluid pressure leads to
significantly lower residual stresses in addition to an improved accuracy of form and
dimensions [30]. Dankert et al. provides the modified hydromechanical deep drawing
process and experimental results obtained are compared to results obtained using
FEM. The modified hydromechnical deep drawing process has been investigated
experimentally and the experiments show that the concept works in practice;
cylindrical cups made from aluminium have been draw successfully with a drawing

ratio as high as 3.0 [31].

1.5 Motivation
From literature review, deformation (normal pressure) and temperature of clad

metal sheets are two significant factors for bonding. However, short bonding time,
-6-



thin specimen, and experimental error make it difficult to measure real interface
temperature and pressure distributions of the clad metal sheets in the bonding process.
Therefore, this research will focus on analyzing the numerically effects of pressure
and temperature of the clad metal sheets during bonding processing. In the finite
element simulation, the heat generated by friction, material plastic deformation,
different roller speed/gap, and material reductions were all considered.

In this research, the clad metals were made through cold roll-bonding process.
Because the clad metals are produced at low temperature, the residual stresses
generated in the rolling process cannot be released by the conventional annealing
process. Therefore, the effect of secondary formability on the application of the clad
metal sheet is significant.

Conventionally, in product ‘design, the process.parameters often depend on
engineer’s experience; it is difficult to estimating using.trial and error, especially for
complex part. However, increase in the complexity of the parts and emphasis to use
clad metals with low formability requires the use of FEA to better control material
flow.

Due to limited application of SHF, it is still a relatively new forming process.
There is limited experience-based knowledge of process parameters for SHF. For
wide application of SHF, a design methodology to provide robust process needs to be
developed. Thus, there is a need for a fundamental understanding of the influence of

process and tool design variables on part quality in the SHF.

1.6 Organization of dissertation
To achieve the research objectives, the research approach was divided into four major
tasks as follows:

Task 1 : Development of a methodology to estimate the heat flux vector with plastic
-7-



work and friction of clad metal during rolling process using DEFORM.

Task 2 : Estimate the flow stress and anisotropy of the clad metal sheets. (Al/Cu, and
Ti/Al)

Task 3 : The possibility of applying forming limit diagrams to the formability and
fracture prediction of clad metal sheets is examined. The forming limits of
clad metal sheets with different thickness combinations are investigated via
forming limits test.

Task 4 : Development of a methodology to analyze the suitable process parameters
that will result in a rectangular pan formed and complex parts using

ABAQUS.

This research has 6 chapters. The contents of each chapter are as follows:

Chapter 1 Brief introduction to clad metal, cold roll-bonding, SHF, and use of FE
simulation in sheet metal forming is discussed. The motivation behind the
research is explained.

Chapter 2 Chapter 2 is devoted to task 1 of this study, estimate the heat flux vector
with plastic work and friction was applied to estimate the temperature

and pressure distribution of clad metal bonded by cold rolling process.

Chapter 3 In chapter 3, the true stress-strain curves of Al/Cu clad metal sheets (the
thicknesses are 1.2 mm and 1.5 mm) are obtained through tensile tests.
Using the experimental forming limit diagrams and the stress-strain
curves, the fracture prediction of clad metal sheets are simulated by FEA.
Moreover, deep drawing tests are carried out to compare the experimental
with the numerical results. Finally, significant differences in formability

are found, and comparisons of the fracture prediction of clad metals with



different initial thickness ratios are analyzed both numerically and
experimentally.

Chapter 4 In chapter 4, the material property of Ti/Al clad metal (the thickness is
0.45 mm) were tested. The flow stress and anisotropy of clad metal were
used in SHF simulation. And development of a virtual film was applied to
estimate effect of process parameters for rectangular pan formed by SHF.
The results from simulation and experimental validation are presented in
this chapter.

Chapter 5 In chapter 5, the Ti/Al clad metal (the thickness is 0.9 mm) with complex
shape were formed by SHF. Through finite element simulations, several
significant process parameters. such.as tooling geometry, single-stage
(with pre-bulging. effect) and multi-stages SHF were analyzed for
improving formability of the Ti / Al clad metal housing during SHF.

Chapter 6 Final chapter provides/the summary and conclusion of the findings and

future works for this study.



CHAPTER 2 COLD ROLL-BONDING

In this chapter, the progress of deformations in various layers of the clad metal
was simulated with commercial FEM package DEFORM-2D. In addition, the
temperature distribution and heat flux vector with plastic work and friction were also
determined. In DEFORM-2D, the metal sheets were assumed to be rigid-plastic
during forming, which will reduce computation time.

The simulation results of temperature of the clad metal sheets in the various
layers were applied to estimate the effect of parameter for improving bonding

performance of clad metal sheets.

2.1 Material diffusion mechanisms

Many reactions and processes that are important in the treatment of materials
rely on the transfer of mass either within a specific solid or from a liquid, a gas, or
another solid phase. This is necessarily accomplished by diffusion, the phenomenon
of material transport by atomic motion. The phenomenon of diffusion may be
demonstrated with the use of a diffusion couple, which is formed by joining bars of
two faces; this is illustrated for copper and aluminum in Figure 2.1, which includes

schematic representations of atom positions and composition across the interface. [32]

E—
Cu Al Cu Diffusion Al
<«
O000O00O000000 O000e0O0Oe0000
O000OOO00000 0 O000OOOLLOOO0O O
O000O00O000000 O00000006LLOO0O0

Figure 2.1 Material diffusion mechanisms
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From an atomic perspective, diffusion is just the stepwise migration of atom
from lattice site to lattice site. In fact, the atom to make such a move, two conditions
must be met: (1) there must be an empty adjacent site, and (2) the atom must have
sufficient energy to break bonds with its neighbor atoms and then cause some lattice
distortion during the displacement. At a specific temperature some small fraction of
the total number of atoms is capable of diffusion motion, by virtue of the magnitudes
of their vibration energies. This fraction increases with rising temperature.

For rolling process of clad metal, the atoms of material must have sufficient
energies that are temperature and pressure. Heat is generated during a metal forming
process (friction and plastic heat), and if dies are at a considerably lower temperature
than the workpiece, the heat loss by conduction to the dies and by radiation and
convection to the environment can result in severe temperature gradients within the
workpiece. Thus, the consideration of temperature effects in the analysis of metal
forming problems is very important: The temperature distribution and the heat transfer
equations were proposed for a coupled thermo-viscoplasitc deformation problem by
Kobayashi et al. [33]. The heat flux vector Q has several components and is expressed

with the interpolation function N by

_ — 4 _ g4 _ _
Q= K(G%)NdV. +L’_ oe(T} - T, )NdSZ + jsr h(T, TS)NdS3 + LL, hy, (T, TW)NdS4 + J.Srq ,.NdSS

(D
1. First term on the right is the heat, generated by plastic deformation inside the

deforming body.

3 plastic work, x heat generation efficiency (0.9)

2. Second term defines the contribution of the heat radiated from the environment to

the element.
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o is the Stefan-boltzman constant, &is the emissivity
3. Third term describes the heat convected from the body surface to the environment
with heat convection coefficient/ .
4. Fourth term represents the contribution of the heat transferred from the workpiece
the die through their interface.

5. Last term is the contribution of the heat generated by friction along the

die-workpiece interface, ¢, being the surface heat generation rate due to friction.

u | f.1is the friction stress, and [u |the relative velocity between die

qf = fs

and workpiece.

During rolling process, the temperature of material will directly influence the
bonding performance of clad metal.-Therefore, in simulation, if the terms of plastic
and friction heat were applied in FE model; the temperature distributions can be used
to realistically analyze the effect of rolling parameter for bonding performance of clad
metal.

Most practical diffusion situations are nonsteady-state ones. That is, the diffusion
flux and the concentration gradient at some particular point in a solid vary with time,
with a net accumulation or depletion of the diffusing species resulting.

The magnitude of the diffusion coefficient D is indicative of the rate at which
atoms diffuse. Temperature has a most profound influence on the coefficients and
diffusion rates. The temperature dependence of diffusion coefficients is related to

temperature according to

D =D, exp(—&

RT )

D, =a temperature-independent preexponential (m” /s )
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Q, =activation energy (J /mol)

R =the gas constant

T =absolute temperature (K)

The activation energy may be thought of as that energy required producing the

diffusive motion of one mole of atoms. Large activation energy results in a relatively

small diffusion coefficient.

Table 2.1 Diffusion coefficient of the material [32]

Diffusing  Host D, 0, D
species  metal  (m’/s)
Cu Al 6.5%107°—-136 kJ/mol. 1.4leV/ atom  4.1x107"

R=831J/mol—K, 1987callmol—K o0r8.62x107 eV /atom — K

When diffusion condition at’same-depth x and material composition, the two
different diffusion coefficients with corresponding temperatures were be obtained.
D -t = constant
DTl tT1 =D, t,,
3)
According to above equation, the magnitudes of the diffusion coefficient with
corresponding times D -t were be obtained, then, the total magnitude of the

diffusion coefficient D, , during specific time history were be determined by integral.

tol

D, = D -tdt=[ D, t,dt

4)
2.2 FE simulation
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The real rolling process has many extrinsic variations that will affect the results
of forming. In simulation case, some assumptions and effects were applied for
simplification. The workpiece was assumed to be isotropic, and homogenous.

® The mass effect of roller was neglected.

® The deformation of roller was neglected.

® The bonding condition was neglected. (focus on temperature distribution of

workpiece)

® The interface friction coefficient was assumed to be constant. Friction at all

contact surfaces were treated with constant shear friction law.
FE model
The rolling process of Al and Cumetal sheets. was first modeled and rigid-plastic
code was selected. The workpieces and rollers were meshed with quadrilateral plane
strain elements while the pusher plate was considered to be rigid bodies. The heat
transferred was estimated between workpiece and die..A finite element model was

constructed as shown in Figure 2.2.
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Figure 2.2 FE model of rolling
Material properties

Table 2.2 shows the material properties of A1050 and C1100 used in this
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research.

Table 2.2 Material properties of A1050 and C1100

Material c n y (yield stress) MPa
A1050 30.38 0.36 103.1
C1100 296.72 0.78 261.5

c=ce"e" +y

Boundary conditions

The rotational speed and roller gap have significant influences on bonding
performance of clad metal. Table 2.3 shows the list of parameter combinations, with
which simulation results were be compared.

The pusher plate was specified to push workpieces into the gap. Figure 2.3 (a)
illustrated the relationship of each parts. Figure 2.3 (b) is.the movement control curve
for pusher plate.

Table 2.3 Parameter combinations for rolling process

Z
e

Al Cu Roller speed Gap
Initial thickness Initial thickness Top/Lower(rpm) (mm)
0.8/0.8
0.5/0.5
1.5mm 1.0mm 1/1 1.2 mm
2/2
1.0/0.5
1.5/1
0.8/0.8
0.5/0.5
1.5mm 1.0mm 1/1 1.5 mm
2/2
1.0/0.5
1.5/1

o 0 | N A W N =

ke
N = O
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Figure 2.3 (a) The schematic of relationship of each parts, (b) Movement control

curve of pusher

Contact and friction model

In this research, three contact pairs (top roller-Al,"Al-Cu, and Cu-lower roller)
were defined in this study. The constant shear friction factor was treated for all of
contact surfaces. Recently, many friction tests were presented, which were discuss the
friction effect with different lubricant conditions between die and workpiece.

Chang compared the extension rates of different region of clad metal sheet
during roll bonding process by experiment and FE simulation. The Coulomb friction
coefficients 0.2 and 0.25 were determined between roller-workpiece, and Al-Cu
materials respectively [34]. Because, the friction model was shear friction factor law
in DEFORM, in this research, the relationships of Coulomb friction coefficient and
shear friction factor were compared by ABAQUS. Therefore, the test of ring
compression was simulated; the internal diameter changing and load-displacement
with different friction condition were observed.

Figure 2.4 shows the FE model of ring compression for ring geometry 6: 3: 2

(external diameter: internal diameter: height). The workpiece was meshed with
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axisymmetric element. The top and lower dies were assumed to rigid body.

Reduction in height 50%

N Top die (rigid body)

Symmetric axial

hW

Ring

Lower die (rigid body)
Figure 2.4 The FE model of ring compression
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Figure 2.5 The comparisons of decrease in minimum internal diameter with different

friction conditions ( Material : A1050 )
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Figure 2.6 The comparisons of decrease in minimum internal diameter with different

friction conditions (Material : C1100 )

From the comparisons of Figure -2.5~6,-the friction factor 0.55, and 0.65 with

corresponding friction coefficient 0.2, 0.25 between roller-workpiece and Al-Cu were

obtained.

2.3 Simulation results with different parameter combinations

Maximum temperature

Figure 2.7 shows the simulation results of temperature distribution with case No.

1~6 of Table 2.3. Figure 2.8 shows the simulation results of temperature distribution

with case No. 7~12 of Table 2.3.
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Case 1. rpm=0.8/0.8, Bonding history=1.3 sec, Max. temperature=60.6"C at Cu
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Case 4. rpm=2.0/2.0, Bonding history =0.5 sec, Max. temperature=117"C at Cu
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Case 5. rpm=1.0/0.5, Bonding history =1.8 sec, Max. temperature=68.8 “C at

Al
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Case 6. rpm=1.5/1.0, Bonding history =1 sec, Max. temperature=77.1°C at Al
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Figure 2.7 Simulation results with different rotational speeds ( case 1~6, gap=1.2mm )
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Case 7. rpm=0.8/0.8, Bonding history =1.3 sec, Max. temperature=49.6"C at Cu
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Case 10.

rpm=2.0/2.0, Bonding history =0.4 sec, Max. temperature=67.5°C at Cu
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Figure 2.8 Simulation results with different rotational speeds ( case 7~12, gap=1.5mm )
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In cases of symmetric rotational speed (case No. 1~4, and 7~10), temperatures of
lower material (Cu) were high than upper material (Al). When rotational speed
increasing, the temperatures of material were increased. From simulation results,
increasing rotational speed during rolling process can increase frictional heat that was
effective for bonding performance.

In cases of asymmetric rotation speed (case No.5~6, and 11~12), the
temperatures of material are higher than those of symmetric cases (case 3, and 9). It
might result from the relative displacement which causes more friction heat between
layers of material. The compared cases of roller gap 1.2mm and 1.5mm show that
larger rolling gap resulted in smaller plastic deformation and thus lower temperature
(10~20°C lower).

From the comparisons of case No.4 with 10, the difference of temperature was

found to be about 50°C (maximum temperature was 117°C, 67.5°C, respectively).

Pressure distribution

In this research, before roll bonding process, the surfaces of material have been
cleaned to remove oxides and to improve bonding performance. For same gap setting
(1.2 mm or 1.5 mm), the maximum pressure are similar to press materials together for
bonding. Figure 2.9 and 2.10 show the pressure distribution of materials at maximum

reducing region with different parameter combinations.
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Figure 2.9 Pressure distribution with different rotational speeds ( gap=1.2mm )
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Figure 2.10 Pressure distribution with different rotational speeds ( gap=1.5mm )
From above simulation results, the magnitudes of pressure were mostly between
900 to 1200 MPa. From the comparisons of case No.l with 7, the difference of

pressure was found to be about 300MPa (maximum pressures were 1190, and 880

MPa respectively).
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According to diffusion equations, the temperature was the most important
factor for diffusion process. In DEFORM-2D, large pressure caused higher friction
stress along the interface of roller-material and Al-Cu, and therefore influenced the
temperature distribution of materials. Therefore higher pressure distribution was

positive for raising the bonding energy during cold roll-bonding.

2.4 Diffusion coefficient with different combinations

In this section, the magnitudes of diffusion coefficient D,, were estimated

tol
according to the diffusion equation in section 2.1 and the results of temperature
distribution of materials in section 2.3. Figure 2.11~12 show the comparisons of the

magnitude of diffusion coefficient D,; ' with different parameter combinations.

tol
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Figure 2.11 The comparison of the magnitude of diffusion coefficient D, , with

different rotational speed (gap=1.2mm)
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Figure 2.12 The comparison of the magnitude of diffusion coefficient D, , with

to

different rotational speed (gap=1.5mm)

From Figure 2.11, the magnitude of diffusion coefficient D, , of case No. 4 was
the highest (4.57e-24m” ) according to relative high temperature compared to other
cases. Same trend of diffusion coefficient were observed for another roller gap (i.e.
1.5mm).

From preliminary experimental validation, the Al/Cu clad metal sheet was

bonded successfully with case No. 1 (Max. temperature=60.6 = , Max.

pressure=1190MPa, D,, = 2.81e-26 m”>) combination, unsuccessfully with case No.

7 (Max. temperature=49.6° , Max. pressure=884MPa, D, _, = 5.3e-28 m’ )

tol

combination. Comparisons of the magnitude of diffusion coefficient, maximum
temperature, and maximum pressure with other cases indicate that the parameter
combinations of case 3~6 (case No. 3 = 49.2° | 1180MPa, 7.7e-26 m*, case No. 4

=117 , 1270MPa, 4.57e-24m*, case No. 5 =68.8° , 976MPa, 2.44e-25m*, case No.
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6 = 77.1° , 1020MPa, 8.21e-26 m”) are possible for good bonding with increasing
rotational speed. For case No.10, and 12 (case No. 10 =67.5° , 979MPa, 7.83e-27m",
case No. 12 = 65.4° , 933MPa, 6.96e-27m"), the results were closed to case No. 1,

which proves that those parameter combinations are also possible for good bonding.

2.5 Remarks

In this research, the plastic heat of material and frictional heat were considered
during rolling simulation. The temperature and pressure distribution were obtained to
realistically analyze the bonding performance for clad metal.

The results show that high reducing rate (gap=1.2mm) were effective for
increasing material temperature (causeéd by plastic heat), which in turns increase the
bonding performance of clad.metal sheets. In cases of symmetric rotational speed
(case No. 1~4, 7~10), the magnitudes of temperature and diffusion coefficient were
increased by rising rotational speed. Since case 1 was successfully bonded from
experiment. The magnitudes of temperature and diffusion coefficient of case No. 3, 4,
and 10, indicated that they were be successfully bonded. In cases of asymmetric
rotation speed (case No. 5, 6, and 11, 12), the magnitudes of temperature, pressure
distribution, and diffusion coefficient are higher than those of symmetric cases (case
No. 3, and 9). It might result from the relative velocity between roller-material and
Al-Cu which cause more fresh materials and friction heat to influence the bonding
performance.

Although the most significant index to estimate whether the metals can bonded
together was not clearly indicated in this analysis, the analysis process and results in
this section still provide positive parameter combination for improving bonding
performance of clad metal. In future, more experiments (roll-bonding and microscopy)

will be carried out to validate numerical result.
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CHAPTER 3 FORMING LIMIT OF THE CLAD METAL

In general, the cold roll-bonding process made clad metal that has many
advantages, especially accurate dimension control and straight bonding layers.
However, because the clad metals in this research are produced at room temperature,
the residual stresses generated in the rolling process cannot be released by the
conventional annealing process because the melting temperatures of the individual
layer sheets are often different from each other. Therefore, the effect of residual
stresses on the secondary formability of the clad metal sheet is significant.

In this section, the specimens of Al/Cu clad metal sheets were obtained through a
cold roll-bonding process. Second, the mechanical properties of clad metal sheets
with different initial thicknesses were measured by tensile tests. Then, the punch
stretching test was carried out to'determine the forming limit data of Al/Cu clad metal
sheets with different initial thickness ratios. After that, deep drawing tests of clad
metal sheets using a square punch were carried out. The deep drawing tests were also
simulated with ABAQUS to validate the possibility and accuracy of using FE models.
During this verification process, fracture initiations during the deep drawing of the

clad metal sheets were carefully inspected.

3.1 Cold rolling process and mechanical property test
3.1.1 Experimental procedure for roll-bonding

Specimens of Al/Cu clad metal sheets were prepared in the following manner.
The base materials were aluminum sheets with thicknesses of 2.0, 1.5, and 1.0 mm
and copper sheets 1.0mm thick. The two-ply clad metal sheets were arranged as
illustrated in Fig. 3.1. Before the roll-bonding process, all contact surfaces of the base

materials were cleaned to remove impurities such as oxides, grease, and vapor in
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order to enhance the bonding performance of the Al/Cu clad metal sheets. The rolls
were set to a small roll-gap opening, resulting in a nominal deformation. However, the
final thickness of the clad metal sheet was always larger than the initial roll-gap
opening, which is attributed to elastic recovery of the blank. Table 3.1 shows the list
of thickness combinations of the clad metal sheets. All Al/Cu clad metal sheets were

made by the cold rolling process, as shown in Figure 1.1.

Table 3.1 Different thickness combinations of clad metal sheets

Final bonded Stages of
Initial thickness Initial thickness
Sample thickness Rolling
(mm)A1050 (mm) C1100
(mm)
1 2.0 1.0 1.3 1
2 1.5 1.0 1.3 1
3 1.0 1.0 1.3 1
4 2.0 1.0 0.97 2
5 1.5 1.0 0.97 2

3.1.2 Tensile test of clad metal sheets

In order to measure the mechanical properties of the Al/Cu clad metal sheets,
tensile tests were carried out on a MTS-810 tensile machine. In this research, all
specimens of Al/Cu clad metal sheets were produced at room temperature, and thus the
residual stresses of two base materials cannot be released by conventional annealing
process. After the roll-bonding process, the specimens were very thin, and it was
difficult to obtain the flow rule of each of the two materials. Based on the iso-strain
deformation behaviors of Al/Cu clad metal sheets, these sheets were considered to be
equivalent to a single material in the FE simulation. Therefore, the fracture of Al/Cu

clad metal sheets was predicted according to the forming limit data of the equivalent
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single material.

Figure 3.1 shows the true stress—strain curves obtained for the Al/Cu clad metal
sheets with three different initial thickness combinations (Al 2.0 mm/Cu 1.0 mm, Al
1.5 mm/Cu 1.0 mm, and Al 1.0 mm/Cu 1.0 mm) and two different bonded thicknesses

(0.97 mm and 1.3mm). These tensile properties were used in the following FE

simulations.
300
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. 200
3]
[
=
» 150
%]
£
n 100
2.01.0 1.3mm
50 —¢— 1.51.01.3mm
—8— 1.01.01.3mm
—h— 2.0/1.0 0.97mm
—y— 1.5A1.0 0.97mm
08 .

0 0.005 0.01 0.015

Strain

Figure 3.1 True stress—strain.curves of the Al/Cu clad metal sheets

3.1.3 Punch-stretching test (forming limit test)

The punch-stretching tests were carried out to evaluate the forming limit of the
Al/Cu clad metal sheets. In the forming limit diagram, the major and minor strains at
a critical site are plotted at the onset of visible, localized necking in a deformed sheet,
and the locus of the strain combinations that will produce failures in an actual forming
operation can be drawn. The major axes of the ellipses are parallel to the direction of
the greater elongation. If the area of the original circle before deformation is less than
the area of the ellipse after deformation, the thickness of the sheet has changed at the

point because the volume remains constant during deformation. Experimental
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methods were used to construct the diagram. First, the clad metal sheets were clamped
at their edges and stretched by a 50 mm diameter hemispherical punch, as shown in
Figure 3.3. Specimens 100 mm long and of various widths from 10 mm to 100 mm
were prepared to cover various stretch modes. Talcum powder was used for
lubrication; the blank holding force was set to 160 KN. The aluminum side of the
Al/Cu clad metal sheets was in contact with the punch. Before these tests, the surfaces
of the copper side of the Al/Cu clad metal sheets were etched with circular meshes so

that the major and minor strains could be measured after the stretching test.

(@) 54

Holder

o Die

Figure 3.2 (a) Tooling dimension; (b) 50 ton universal material test machine
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3.1.4 FLD results

Different initial thickness combinations (Al 2.0 mm, 1.5 mm, and 1.0 mm/ Cu 1.0 mm)

The fractured conditions of the Al 1.5 mm/Cu 1.0 mm clad metal after the punch
stretching test are shown in Figure 3.3(a). The FLDs of different thickness ratios are
shown in Figure 3.3(b). The trend of the forming limit curve of Al 2.0 mm/Cu 1.0 mm
is obviously higher than those in other cases and thus indicates better formability
during the forming test. On the other hand, the clad metal sheet of Al 1.0mm/Cu 1.0
mm has a lower ductility limit. According to this result, the initial thickness ratio
(related to the reduction rate because the final thickness is the same) influences the
trend of the FLDs of the clad metal sheets; this is due to the work-hardening effects
during the roll-bonding process. Therefore, the higher reduction rate of the material is
significant factor for raising the forming limit of the clad metal sheets in the

secondary forming process.

B - - - =AI2.0mmCu 1.0mmbonded 1.3mm
c
©
7 Al 1.5mm Cu 1.0mm bonded 1.3mm
= & 4 Al1.0mmCu 1.0mmbonded 1.3mm
0 | | |
-0.2 0 0.2 0.4 0.6

Minor strain (%)

Figure 3.3 FLDs of the Al/Cu clad metal sheets for different initial thickness ratios
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Single metal sheet (Al 1.5 mm and Cu 1.0 mm)

The comparison of the formability between the clad metal sheets and single metal
sheets (Al 1.5 mm and Cu 1.0 mm) is shown in Figure 3.4. The fracture points of the
single metal sheets are mostly located above the forming limit curves of the clad

metal sheets, revealing the better formability of the single metal sheets than the clad

metal sheets.

C Al 2.0mm Cu 1.0mm bonded 1.3mm
R ¢ Al 1.5mmCu 1.0
= S 5mm .Ommbonded 1.3nm
[
© Ao Al'1.0mmCu 1.0mmbonded 1.3mm
®
_B o Al 1.5mm
@
s x  Cu1.0mm
I O T T T 1
-0.2 0 0.2 0.4 0.6 0.8
Minor strain (%)

Figure 3.4 FLDs of the clad metal sheet and single metal sheet
3.2 Deep drawing tests

Deep drawing tests were carried out on the Al/Cu clad metal sheets with a 50 ton
universal material test machine to evaluate the drawing depth and fracture conditions
directly. A square punch with an associated die set was used for the deep drawing test,
as shown in Figure 3.5. By changing the blank holding force and the blank
dimensions, the drawing depth of the blank can be measured. In order to compare the
forming variation for different bonded thicknesses, the clad metal sheets were rolled
to 0.97 mm and 1.3 mm in thickness. Circular specimens with various diameters (70,
80, and 90 mm) were used. To reduce the effect of friction of the punch, talcum
powder was also used between the punch and the blank. The blank holding force was

set to 5, 10, 15, 20, and 50 kN, respectively. The same as above punch-stretching tests,
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the aluminum side of clad metal was considered to be the contact surface. Table 3.2
lists the fracture conditions for the different combinations. Compared the
experimental results of 80mm specimen with those of the 90mm specimen, the
fracture mostly occurs near the punch corners at the early stage of deep drawing. The
experimental result for Al 1.0/Cu 1.0 mm (bonded thickness 1.3 mm) points out that
reducing the blank dimensions is helpful for forming with a low ductility limit when
the holding force is fixed. In the next section, the fracture prediction of these

experimental results is validated, using previous forming limit data in FE simulations.

e —
[ 040 | 0oz — = =
—
Punch %\ =
| Holder s B
— = [ ]
R
%) 2 -2 . =
= - L]
[ — - |
) R -
‘EI4E & — O —
‘ Die ‘L_'—-
(Unit: mm)

Figure 3.5 Tooling-and blank geometry of the deep drawing test

Table 3.2 Type of facture conditions of clad metal sheets with different thickness
combinations of holding force and specimen diameter (OK, FT-Fracture on top,

FS-Fracture on side)

Specimen diameter

Combination material

(Bonded Thickness) 70 mm - 80 mm 20 mm
Holding force (result)
Al 2.0 mm/Cu 1.0 mm
(0.97 mm) 5 KN(OK) 50 KN(FT) 5 KN(FT)
Al 1.5 mm/Cu 1.0 mm 15 KN(FS)
(0.97 mm) SO KN(FT) 20 KN(FT) > KN(ET)
ALLO mm/Cu LOmm ) 5y 15 KN(FT) 10 KN(FT)

(1.3 mm)
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3.3 Numerical simulation of deep drawing test

3.3.1 Finite element model of deep drawing

In this section, the fracture prediction of Al/Cu clad metal sheets using finite
element simulations will be analyzed and verified with deep drawing tests. The deep
drawing test was modeled using ABAQUS/CAE. For the numerical simulation of the
deep drawing test, ABAQUS/Explicit was used to simulate large deformation
behavior of the clad metal sheet. In this case, a 1/4 symmetric model was used; the
Al/Cu clad metal sheet was considered as an equivalent isotropic single layer material,
with material properties previously determined from tensile tests and used to simulate
the actual flow rule of the Al/Cu clad metal sheet with the residual stresses effect
considered. The blank was meshed with quadrilateral shell elements, while the die,
punch and holder plate were.considered to be discrete rigid bodies. A finite element
model was constructed as shown in Figure 3.6.

For boundary conditions, the' punch was specified to move in the z direction, and a
holding force was applied on the ‘blank through the holder. Three contact pairs
(punch-blank, holder-blank, and blank-die) were defined in this study. The Coulomb

coefficient of friction was set to 0.1 for all of contact surfaces.

Front view |
= Movement
direction
Holding force
HH ~ Holder
Blank —» =TT
L.

Figure 3.6 The finite element model of the deep drawing (1/4 symmetry)
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3.3.2 Damage initiation criterion

For fracture prediction, the damage initiation option was used in the deep drawing
forming simulation. The damage initiation criterion associated with the FLD is given

by the condition @,,, =1, where the variable is a function of the current deformation

state and is defined as the ratio of the current major principal strain, & to the

major

major limit strain on the FLD evaluated at the current values of the minor principal

strain, & For the deformation state given by point A in Figure 3.7, the damage

minor *
Initiation criterion is evaluated as follows:

_ “major
Opp =73

gmajor (5)

The parameters for the forming limit-of the clad metal sheets were determined from

the forming limit tests as discussed above.

Major strain

FLC

Minor strain

Figure 3.7 Forming limit diagram in ABAQUS [35]

3.4 Results and discussion

The deformation conditions and sheet fracture are shown in Figure 3.8(a). For
the clad metal sheet with Al 1.5 mm/Cu 1.0 mm (blank dimension=80 mm), Figure

3.8(b) reveals that the maximum drawing depth was 23.5 mm when the holding force
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was set to 15kN. It was observed that the fracture occurs on the side wall of the blank.
When the holding force was increased, the metal flow of the clad metal sheet was
constrained by larger frictional forces, with the result that the blocked metal flow
caused fracture at the top corner of the blank for other fracture cases.

In this study, the applicability of FLDs on the fracture of clad metal sheets was
verified. Al 1.0 mm/Cu 1.0 mm blanks with a thickness of 1.3 mm and three
diameters (70, 80, and 90 mm) were used in the finite element analysis, and the
simulation results were compared to those of the experiments. From the results shown
in Figures 3.9-11, we can examine the fracture of clad metal sheets. When the blank
dimension was 90 mm, the simulation of deep drawing indicated that the possible
fracture site is at the corner of the blank where the higher holding area effect causes
too much resistance for drawing. This fracture is caused by the near biaxial tensile
mode. In FLD, the strain distribution is located on a minor strain of positive value.
The experimental results verified this prediction.

When the blank dimension was 80 mm, the e€xperimental fracture was at the
corner. This fracture was caused by the biaxial tensile mode. The strain distribution
was located on a positive minor strain in the FLD. In the simulation result, the strain
distribution at the corner and side wall of the blank approached the high fracture
criterion value. Therefore, the predicted fracture site of the blank was similar to the
experimental result.

When the blank dimension was 70 mm and the holding force was set to 15 kN,
the blank was drawn without fracture. From the simulation result, the forming limit

factor is 0.573, and the strain distribution is located on a safe zone.
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Figure 3.8 (a) The deformation conditions of blank with different initial thickness; (b)

The maximum drawing depth of 23.5. mm (Al 1.5 mm/Cu 1.0 mm)

Fracture

FLDCRT

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.000e+00

+2.310e-03

Figure 3.9 Experimental verification of deep drawing (d=90 mm)
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Fracture
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(Avg: 75%)

+ -01
+6.963e-01
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Figure 3.10 Experimental verification of deep drawing test (d=80 mm)

FLDCRT

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.735e-01
+5.262e-01

+5.680e-03

Figure 3.11 Experimental verification of deep drawing test (d=70 mm)
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CHAPTER 4 ANALYSIS OF PROCESS PARAMETER OF SHF
In this chapter, preliminary researches were studied for application of clad metal
sheet in SHF. Some critical process parameters were analyzed on formability of clad
metal sheet by FEA. The research in this section approach was divided into three
tasks as follows:
B Obtained material property of clad metal sheet.
B (Created FE model for SHF.

B Compared numerical simulation with experimental validation.

4.1 Material properties of Ti/Al clad metal sheet

All specimens of Ti/ Al clad metal sheets were prepared in the following manner.
The raw materials were cold-rolled aluminum sheets with thicknesses of 0.5 mm and
cold-rolled Titanic sheets 0.3.mm thick. The bonded thickness was 0.45 mm thick by
1 stage rolling process. However;. because the-clad metals are produced at low
temperature, the residual stresses generated in the rolling process cannot be released
by the conventional annealing process because the melting temperatures of the
individual layer sheets are often different from each other. For strain releasing, the
specimen was heated to 500°C, and then air cooling during 5 hours. However the clad
metal was assumed to anisotropic material.

The plastic strain ratio, », is considered a direct measure of sheet metal’s
drawability and is useful for evaluating materials intended for forming shapes by deep
drawing. The r value is the ratio of the true strain in the width direction to the true
strain in the thickness direction when a sheet material is pulled in uniaxial tension

beyond its elastic limit. The plastic strain ratio is calculated as shown in Equation 6.
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p=n (6)

Where

¢, - True width strain ~ ¢, : True thickness strain

In order to measure the mechanical properties of Ti/ Al clad metal sheets, tensile
tests were carried out on the MTS-810 tensile machine. Figure 4.1 shows the
specimens dimension according to ASTM ES8 tensile standard. The specimen
dimensions were minified for bonded limitation of rolling mill. Figure 4.2 shows the
true stress—strain curves obtained from Ti / Al clad metal sheets with three different
directions (0o, 450, and 900). Each curve stands for the average result of these
specimens. These tensile properties will be used .in the finite element simulation

described below. Table 4.1 shows the plastic strain ratio-of Ti / Al clad metal.

11,43

4““““@ 47,14 r

119,89

Rolling direction

Figure 4.1 The specimen dimension
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Figure 4.2 The true stress / strain curves of Ti/ Al clad metal

Table 4.1 Plastic strain ratios of Ti/ Al clad metal

4.2 FE simulation

In this section, the deformation of Ti /' Al clad metal using FE simulations will be
analyzed and verified. The investigated SHF has been modeled using ABAQUS/CAE.
For the numerical simulation of the SHF, ABAQUS/EXPLICIT was used. Two
models of 3C housing were adopted. CAD models were show as Figures 4.3~4. In
housing A, the 1/4 symmetric model was utilized. In housing B, the 1/2 symmetric
model was utilized. The Ti / Al clad metal was regarded as an equivalent single
material, with material properties previously determined from tensile tests. The layer
of clad metal was assumed as perfect bonding. The blank was meshed with
quadrilateral shell elements while the die, punch, and holder plate were considered to

be discrete rigid bodies. Figure 4.5 shows the cross-section of SHF machine. The FE

Io

r45

I9g

0.913

2.591

0.941

models were constructed as shown in Figures 4.6~7, respectively.
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In fact, the real SHF has many extrinsic variations that will affect the forming

results. In simulation case, some assumptions and effects were applied to simplify and

clarify. Furthermore, the following assumptions are made: The clad metal assume to

anisotropic, homogenous material.

Bonding layer is perfect, clad metal assumed an equivalent single material.
The deformation of punch, holder, and die were neglected.
Leakage was neglected.

The interface friction coefficient was assumed to be constant.

Figure 4.3 The CAD model of housing A, holder, and punch
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Figure 4.4 The C % r, die, and punch
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Figure 4.5 The cross-section of SHF machine
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Figure 4.6 FE model of housing A

Figure 4.7 FE model of housing B
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FE simulation - Contact

Three contact pairs (punch-blank, holder-blank, and blank-die) were defined in this
study. The Coulomb coefficient of friction was set to 0.05, 0.1 for contact surfaces
with and without lubrication [25, 36].

In the SHF process, the leakage was prevented by o-ring element. The deformation
of o-ring was simplified to save computing time in FE simulation. So, three
conditions were simulated in this section.

a. die with channel, and o-ring
b. die with channel without o-ring

c. die without channel, and o-ring.

4-0A12x1.75 14

8811

14.27
o
-
L
s
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L

o
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T N

|
|
‘ @200 ‘

Figure 4.8 The drawing of sealing channel dimension

Here the o-ring was considered to incompressibility material, the elastic
coefficient is 1.08GGPa, and Poisson’s Ratio is 0.475. The effective strain distributions
of sheet were compared with different conditions, as Figures 4.9~4.11 shows. Because

these simulation results were insignificant, the simplest condition ¢ was adopted for
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saving CPU time.
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Figure 4.10 The effective strain distribution of sheet with condition b

COS: 20_9_1_corti-dieadh  sbaqus/Explct Verson 6.7-3  Wed Oct 01 11:47:48 GMT+08:00 2008

Sheg: Step-E-sxalick
Increment  37820: Step Time = 1.7000E-03

% Primary var STH =
Defarmed var: U Deformation Scale Factor: +1.000e+00

Figure 4.11 The effective strain distribution of sheet with condition c

FE simulation - Boundary condition

In simulation, the punch was specified to move in the z direction, and a holding
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force was applied on the blank through the holder. The counter pressure was applied
to blank, and the working area of blank was varied according to punch moving, as
Figure 4.12 shows. A virtual film concept was proposed to realistically simulate the
hydraulic loading for clad metal sheet during SHF. The friction coefficient of contact
pair blank-virtual film was set to zero. Figure 4.13 shows the operation of virtual film

with die and punch.

Holder Punch

A Die

. , /

Figure 4.12 Variant working area of blank in SHF
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Figure 4.13 The operation of virtual film with punch and blank
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Figure 4.14 Boundary condition in SHF

FE simulation - FE Model verification

In this section, FE model. was, verified with experiment by thinning distribution.
The AMINO SHF machine as" Figure 4.15 shows: Figure 4.16 shows the blank
dimension of housing A (1/4 symmetry). Figure 4.17 shows the locations of measured
points on sheet,

Experiment parameters: the punch displacement was 13.5mm, the holding force
was 2 ton, and counter pressure history was measured by pressure sense. Figure 4.18
shows the pressure history. Figure 4.19 shows the comparisons of thickness
distribution of experiment with simulation. Those results were similar, and the
histories of internal and kinetic energy were satisfied for quasi-steady problem, as

Figure 4.20 shows.
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Figure 4.16 Blank dimensions for housing A
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Figure 4.17 The locations of measuring points on housing A
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Figure 4.18 Pressure histories during SHF
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Figure 4.20 The histories of kinetic and internal energy

4.3 Process parameter analysis of SHF (housing A)

In this section, some critical process parameters were discussed by FE analysis.
The housing A was adopted. The thinning distributions of blank were determined. The
thinning ratio as Equation 7 shows. Table 4.2 shows combinations of process

parameter.

T -T
Thinning ratio = IT 2 x100% (7)

0

T, - Final blank thickness, 7, : Initial blank thickness
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Table 4.2 Combinations of process parameter for housing A

Parameters of Forming Process Original value Varied values
Holding force (tons) 2 0.25,1,3
5,15, 18
Internal Pressure (MPa) 10
11,12, 13, 14

4.3.1 Influence of friction coefficient

In this research, the friction condition was different with and without lubricant
because the contact materials of clad metal were different for holder and die (outside
of seal), respectively.

The variant friction combinations were assigned in simulation. The friction

coefficient was set to 0.05 in oil chamber. Figure 4.21, the setting for different friction

pairs. Table 4.3 shows combinations of friction coefficient for different contact pair.

Contact pair A
Blank-punch
Blank-holder

-

|

F

-

= o
v/
}

Contact pair B

0.05 (with oil) Blank-die (without oil)

Figure 4.21 Schematic representation of setting of different contact pairs in SHF
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Table 4.3 Combinations of coefficient of friction

Contact pair A Contact pair B

Condition 1 0.1 0.05~0.1~0.2

Condition2  0.05-~0.1~0.2 0.1

The Figure 4.22~23 shows the thickness and the thinning distribution with
condition 1. The thinning of blank occurs when the friction coefficient of blank-die

outside was rising.
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Figure 4.22 Thickness distributions with condition 1 (contact pair A- ¢ =0.1)
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Figure 4.23 Thinning distribution with condition 1 (contact pair A- 1z =0.1)

The Figures 4.24~25 shows the thickness and the thinning distribution with

condition 2. From simulation results, the point. C and D have opposite trend on

thinning when friction coefficients of

Large friction force causes the limited

blank-punch; and blank-holder were rising.

sliding between.blank and punch, as Figure

4.26 shows. Thus thinning of blank ‘was easing at point D (corner). Furthermore

sufficient friction force has been helpful to draw-in.: The restraining force of metal

flow was rising at point C (sidewall) when large friction force oppositely. As Figure

4.27 shows.
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Figure 4.24 Thickness distributions with condition 2 (contact pair B- £ =0.1)
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Figure 4.25 Thinning distribution with condition 2 (contact pair B- ¢ =0.1)
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Figure 4.26 The displacement of blank at point D
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Figure 4.27 The displacement of blank at point C

4.3.2 Influence of holding force
In metal forming process, holding force is very important parameter for
formability. Undue holding force made too much restraining force during forming.
For SHF, insufficient holding force causes wrinkling, that may be made leaking
problem (pressure lose). In this section, the effects of different holding forces were
simulated. The combinations_ of process parameter shows, Table 4.2. Figures 4.28~29

show the thickness and thinningdistributions with-different holding forces.
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Figure 4.28 The thickness distributions of blank with different holding forces
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Figure 4.29 The thinning distribution of blank with different holding forces

From simulation results, the thinning of blank was be effected by holding force.
The wrinkling of blank couldn’t result; small holding force was adopted in this

application.

4.3.3 Influence of pressure history
Compared SHF with conventional stamping process, SHF provides counter
pressure to blank, which press the blank to punch. Counter pressure was helpful to
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reduce the friction effect between die-blank.

For existing hydraulic system design, the maximum pressure always depends on
drawing depth of product. Maybe too large pressure causes the failure of blank during
forming. In this section, different final pressure histories were simulated for
improving the formability of the clad metal. Table 4.2 shows the combinations of

process parameter. Figure 4.30, different final pressure histories. Figures 4.31~32

shows the simulation results.
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Figure 4.30 Different pressure histories (final pressure 5, 10, 15, 18MPa)
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Figure 4.31 The thickness distribution with different final pressure histories
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Figure 4.32 The thinning distribution with different pressure histories (final pressure 5,
10, 15, 18MPa)

From above results, the thinning of blank was retarded by counter pressure rising.
Compared results of 5 with 10 MPa, and 15, with 18 MPa, the thinning distribution
were similar. In order to correct the effect of counter pressure for formability of
blank. Four different final pressure histories (11, 12, 13, and 14MPa) were simulated
again. Figure 4.33 shows the pressure histories. Figure 4.34 shows the thinning
distribution of blank with different pressure histories. Large final pressure helpful

improves the formability of blank.
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Figure 4.34 The thinning distribution with different pressure histories (final pressure
11,12, 13, 14MPa)
4.4 Analysis of SHF-application-housing B

4.4.1 Comparison of FE results with experiments

In this section, the housing B was adopted; significant process parameters such
as blank dimension and holding force continue to analyze by experiment and FE. In
some case, the stainless steel (SUS 304) was adopted. The material property of SUS
304 was referred from the reference [37]. Table 4.4 shows the combinations of

process parameter for housing B. Figure 4.35 shows the locations of measured points

on housing B.
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Table 4.4 Combinations of process parameter for housing B

Material SUS 304 Ti/Al
Holding force (ton) 0.7 1 2 0.7 1
Chamfer width 20 21.21 20(114x74) 20
(blank dimension)  (114x74) (120%80) 21.21(120%80) (114x74)
23(120%80)

Length Unit: mm

Figure 4.35 The'locations of measuring points on housing B

Comparison of thinning distribution (blank dimension, SUS 304)
In this section, three different blank dimensions were simulated for housing B.
The holding force was 2 tons, and counter pressure history was measured by
pressure sense. Figures 4.36~38 show the thickness distributions with different

chamfer width. Figure 4.39 shows the thinning distribution of blanks.
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Min. thickness = 0.3618 (Chamfer width = 21.21mm)
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Figure 4.36 The thickness distribution (chamfer width=21.2 1mm)

Min. thickness = 0.3643 (Chamfer width = 23mm)
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Figure 4.37 The thickness distribution (chamfer width=23mm)
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Min. thickness = 0.3773 (Chamfer width = 20mm)
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Figure 4.38 The thickness distribution (chamfer width=20mm)
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Figure 4.39 The thinning distributions with different chamfer widths (material: SUS

304)

Figure 4.40 The deformation of SUS 304 with mesh (holding force: 2 ton, chamfer

width: 20mm)
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From simulation results as Figures 4.36~37, the thinning results of cases (21.21,
23 mm) were obvious for case of 20mm. An insignificant wrinkling occurs at side of
blank. From Figure 4.39 shows, the thinning distribution of case 20mm was stable;

that was similar to experiment data. Deformation of blank was shown as Figure 4.40.

Comparison of thinning distribution (SUS 304, Ti/Al clad metal)

In this section, Ti / Al clad metal and SUS 304 were simulated with different
holding; that formability of materials was compared. Figures 4.41~44 show the
thickness distribution with different holding force and material. Figure 4.45 shows the
thinning distribution of blank with different parameter combinations. Figure 4.46
shows the failure occurs at a point«(holding force: 1 ton, chamfer width: 20mm).
Figure 4.47 shows the deformation of Ti / Al clad metal sheet without failure (holding

force: 0.7 ton, chamfer width: 20mm).

Min. thickness = 0.365 mm (HF = 1 tons)

¥ Stoge g1

2
~ Py o 3Tt
1 Cafamad vart U Daformatian Sode Fador: +1.0200430

Boundary condition: Material SUS 304, Chamfer width = 21.21mm, Final
pressure=12MPa,

Figure 4.41 The thickness distribution of blank (HF = 1ton, SUS 304)
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Min. thickness = 0.3897 mm (HF = 0.7 tons)
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Figure 4.42 The thickness distribution of blank (HF= 0.7tons, SUS 304)
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Boundary condition: Material Ti/Al clad metal, Chamfer width = 20mm,
Final pressure=10.4MPa,

Figure 4.43 The thickness distribution of blank (HF= 1tons, Ti/Al clad metal)
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Min. thickness = 0.343 mm (HF = (.7 tons)
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Figure 4.44 The thickness distribution of blank (HF= 0.7tons, Ti/Al clad metal)
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Figure 4.45 The comparisons of thinning distribution with different holding force,

chamfer width, and material
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Figure 4.46 The failure of Ti Al clad metal sheet occurs at a point (HF= 1 ton,

chamfer width: 20mm)

Figure 4.47 The Ti / Al clad metal sheet without failure (HF= 0.7 ton, chamfer width:

20mm)
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Figure 4.48 The comparison of thinning distribution by experiment and FE (different

holding force)

From above simulation results, the formability of blank was better, which blank
dimensions were 114mm lengths, and 74mm width with 20mm chamfer width.

Compared the thinning ratio of Ti /Al clad metal with SUS 304 in particular case
(holding force were 0.7, 1 tons, and chamfer width was 20mm), thinning ratio was
high (-26%) than other SUS 304 cases. Compared that with experiment result, the
failure of blank occurs at point a similarly as Figure 4.46 shows.

Overall, the tendency of thickness distributions of Ti / Al clad metal and SUS
304 were similar in simulation. Figure 4.47 shows the Ti/ Al clad metal sheet without
failure (holding force: 0.7 ton, chamfer width: 20mm), which proves that Ti / Al clad
metal with low formability were manufactured for current 3C product application by
choosing suitable process parameter.

Figure 4.48 shows the comparisons of thinning distribution by experiment and
FE simulation. The tendency of thinning was similar; the difference of result was only

at point e. Because the thickness was be measured according to a single element. If an
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average of thickness was measured from around elements, which result was close to
experimental data.

From above simulation results, the holding force was significant parameter for
metal flow. In housing A, the holding force can choose 2~3 tons to better formability.
In housing B, the holding force can choose 0.7 tons. For pressure history, high final
pressure can helpful for draw-in. That supplies the blank with more normal force. For
blank dimension, suitable blank dimension can helpful for thinning. For above
applications, the chamfer width 20mm was used for initial blank shape. However
compared with SUS 304, the Ti / Al clad metal with low formability can achieve same

product quality by choosing suitable parameters.
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CHAPTER 5 APPLICATION OF THE CLAD METAL
In this chapter, the Ti/Al clad metal housing with complex shape was formed by
SHF. First, the FE model was verified by comparing the deformation of the blank
obtained from experiments. Through finite element simulations, several significant
process parameters such as holding force, tooling geometry, blank dimensions,
single-stage (with pre-bulging effect) and multi-stages SHF were analyzed for

improving formability of the Ti/ Al clad metal housing during SHF.

5.1 Research method
5.1.1 Material property tests

For the material tests, all.thin clad metal sheets were made by cold roll-bonding
from MIRDC. The layer materials were aluminum sheets 1.0 mm thick and titanium
sheets 0.5 mm thick. The roll-bonded thickness of Ti/Al clad metal sheet was 0.9 mm
with one stage rolling process. For strain release, the Ti/Al clad metal sheet specimens
were heated evenly to 500°C and then air cooled for 1 h. To measure the mechanical
properties of the Ti/Al clad metal sheets, tensile tests were carried out on a MTS-810
tensile machine. Figure 5.1 shows the true stress—strain curves obtained from the
Ti/Al clad metal sheets. This curve represents the average result of three specimens.
For verification FE model, A1050 with a 0.8 mm thickness was also tensile tested.

These metal sheets were regarded as isotropic in numerical simulation.
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Figure 5.1 The true stress / strain curves of the Ti / Al clad metal sheet

5.1.2 FE simulation

This study investigated SHE ' with  Ti/Al clad metal sheets by using
ABAQUS/Explicit. The formability of camera housing with complex shape was
analyzed by explicit FE code. The CAD model was shown in Figure 5.2. During FE
simulation, the interface bonding condition of clad metal sheet was assumed to be
perfect bonding, and the Ti/Al clad.metal sheet was regarded as an equivalent single
material, with its material properties determined from previous tensile tests. The blank
was meshed with quadrilateral shell elements, while the die, punch, and holder were
simplified as discrete rigid bodies in simulation. The FE model is shown in Figure

5.3.

Figure 5.2 The CAD model of the housing
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Figure 5.3 The FE model of the housing

For boundary conditions, three contact pairs (punch-blank, holder-blank, and
blank-die) were defined in the FE model. The Coulomb coefficient of friction was set
to 0.05 and 0.1 for contact surfaces with and without lubrication.

The punch was specified to move in the z direction, and a holding force was
applied to the blank through the holder. In SHF, the pressurized area of the blank was
varied according to movements<of the punch, as.shown in Figure 4.12. Therefore, a
virtual film was also applied to simulate the hydraulic loading on blank. The
coefficient of friction for the contact pair of blank-virtual film was set to zero. Figure

5.4 shows the boundary conditions of FE model for SHF.
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Figure 5.4 Boundary conditions of the FE model

-74 -



5.1.3 Verification

Before further analysis, the FE model of SHF was verified by comparing the
deformation of a product from experiment. In verification, the A1050 and the Ti/Al
clad metal were individually used to compare the deformation during multi-stages
SHF. Figure 5.5 shows the preliminary blank dimension (length of blank, 128 mm,
width of blank, 95 mm, and 25 mm chamfer width). Preliminary process parameters
were: the holding force was 9800 N; the counter pressure history was measured by
pressure gauge, and the final pressure was 18MPa, as shown in Figure 5.6. In this
research, the shape of part is complex and unsymmetrical. Before measurement, the
deformed part needs to cut carefully on corner by wire cut electrical discharge
machining (WEDM). When the cutting path of WEDM has a lapse, the measured and
simulation value of blank diverge greatly. In the verification section, the authors used
shape comparison to verify rationality of the FE model is.reasonable.

The comparison between simulation and experiment shows an agreement in
deformation shape, as depicted«in Figure 5.7. In.next sections, the authors analyzed
the formability of Ti/Al clad metal with different combinations of process parameter

of SHF by this verified FE model.

H 128

M 25.

V95, v v

Figure 5.5 Preliminary blank dimensions (unit: mm)
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Figure 5.6 The measured counter pressure history from experiment

Figure 5.7 The deformation comparison of Ti/Al clad metal between simulation and

experiment

5.2 Analysis of SHF-application-housing C

First, the oil-less condition (without pressure effect on blank) was simulated
during drawing process as a comparison base. The holding force was 9800 N, the
blank dimensions was shown in Figure 5.5. Figure 5.8 shows the thickness
distribution of blank under oil-less condition. The minimum thickness of blank is
0.492 mm. It can be compared to following simulation results. In next sections, the

effect of counter pressure was considered and simulated during SHF.
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Figure 5.8 The thickness distribution of the blank under oil-less condition (unit: mm)

5.2.1 Influence of holding force (two stages SHF)

In this section, the effects of di holding forces were analyzed. Other

process parameters are: the m es were 2 MPa and 18 MPa at
first and second stage; the s assumed to be linear in

simulation. Figures. 5.9 to 5. tions of the blank.

STH

(Avg: 75%)
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+1.010e+00
+9.415e-01
+8.733e-01
+8.051e-01
+7.369e-01
+6.686e-01
+6.004e-01
+5.322e-01

Figure 5.9 The thickness distribution of the blank with holding force 4900 N (unit:

mm)
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+7.948e-01
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+5.982e-01
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Figure 5.10 The thickness distribution of the blank with holding force 9800 N (unit:

mm)
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+6.417e-01
+5.823e-01
+5.230e-01

Figure 5.11 The thickness distribution of the blank with holding force 14700 N (unit:

mm)

Overall, the tendencies of the thickness distributions of the blank were similar.
Comparison of these simulation results reveals that the minimum thickness is lower
(0.523 mm) at final stage when holding force is 14700 N. Note that the wrinkle of the
blank can be observed in Figure. 5.9 (when holding force is 4900 N). These
simulation results show that the formability of the blank was best when the holding
force is 9800 N (min. thickness = 0.532 mm).

In addition, comparing these cases with oil-less condition shows that it applies a
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counter pressure on blank, which can provide frictional support at the corner of
product during forming. From above, suitable final counter pressure is also helpful in

reducing thinning of blank during SHF.

5.2.2 Influence of pre-bulging (single stage SHF)

Many process parameters can influence the formability of blank in SHF; one of
important is the pre-bulging. As show in the literature, pre-bulging technique can be
used to reduce the number of operation stages. Pre-bulging means that at the initial
stage of SHF, one pre-bulging unit is applied to increase the pressure in the die cavity,
meanwhile, the punch is fixed at a position. When the pre-bulging pressure has
reached the setting value, the punch will go-down. Two critical factors for pre-bulging
are bulging height and pressure. A sufficient bulging process can improve material
flow and decrease holder constraint.

In this section, single.stage. SHFs with different pre-bulging heights (the
definition of pre-bulging height-as Figure 5.12 shown) were simulated to analyze the
formability of Ti/Al clad metal sheet. Figure 5.13 shows the counter pressure history
for single stage SHF (with and without pre-bulging). Other process parameters were:
two pre-bulging heights are 2.8 and 12.8 mm, pre-bulging pressure is 2 MPa, final

pressure is 18 MPa, and the holding force is 9800 N.

Punch

-
Pre-bulging
height

Blank/'

Figure 5.12 The definition of the pre-bulging height
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Figure 5.13 Different counter pressure histories (pre-bulging pressure = 2 MPa, final

pressure =18 MPa)
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Figure 5.14 The thickness distrWout pre-bulging (unit: mm)
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Figure 5.15 The thickness distribution of the blank with pre-bulging height of 2.8 mm

(unit: mm)
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Figure 5.14 shows the simulation result without pre-bulging. Figures 5.15 and
5.16 show the simulation results ‘with-two different pre-bulging heights. Compared
these simulation, the thinning distributions-of these cases are similar. The higher
minimum thickness of 0.4924 mm was obtained when the pre-bulging height is 12.8
mm. The improvement of pre-bulging is non-significant; the material flow was still
constrained because of the complex shape of the product. Nevertheless, compared to
the result of multi-stage SHF under oil-less condition (Figure 5.8, with minimum
thickness 0.4928 mm), the results of minimum thickness are close; that proves the

pre-bulging process is helpful for reducing the number of operation stages.

5.2.3 Influence of dimensions

In this section, the geometry of first stage punch was modified for decreasing
thickness strain during stage 1. Figure 5.17 shows the original and modified punch
shapes. Because the geometry of camera product is unsymmetrical, unsuitable blank
dimensions make too much constraint that can cause thinning problem on corner of

blank. The symmetry blank dimensions (Figure 5.5) were modified for improving
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metal flow. Figure 5.18 shows the modified blank dimensions.

Prelimi shape with small obligue angla+

Figure 5.17 The preliminary and modified punch shapes for SHF stage 1
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Figure 5.18 The modified blank dimensions (unit: mm)

-82-



STH

(Avg: 75%)
+1.333e+00
+1.269e+00
+1.2058+00
+1.142e+00

+8.871e-01

+35.689e-01

STH

(Avg: 75%)
+1.333e+00
+1.260e+00
+1.2052+00
+1.122e+00

+6.3250-01
+5E8%e-01

Figure 5.19 The thickness

Figure 5.19 shows that t i ank is 0.568 mm. Compared

with other cases in this research; blank is uniform, the minimum

thickness of the corner at the dotted line region is over 0.6 mm. That means the

modified blank dimension and punch shape can be helpful for decreasing thickness

strain of the blank during multi-stages SHF.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORKS
6.1 Conclusions
Cold roll bonding

In this research, first, the bonding performance of clad metal with different initial
thickness and reduction rate were discussed. The plastic heat of material and frictional
heat were considered in FE simulation. The temperature and pressure distributions of
clad metal sheet at maximum reduction region were obtained during roll bonding
process. The simulation results pointed out that the asymmetry, high rotation speed
and reduction of material can improve the bonding performance for clad metal.

The results show that high reduction rate (gap=1.2mm) were effective for
increasing material temperature and maximum pressure, which in turns increase the
bonding performance.

In cases of symmetric rotational speed (cases 1~4, 7~10), the magnitudes of

temperatures were increased by rising rotational speed.

From experimental validation, the  Al/Cu clad metal sheet was bonded
successfully with case 1, unsuccessfully with case 7; thus by comparing magnitudes
of the temperature, pressure distribution, and diffusion coefficient, cases 3~6 are
possible for good bonding with increasing rotational speed. For case 10, and 12, the
results of diffusion coefficient were closed to case 1, which proves that those
parameter combinations are possible for bonded.

In asymmetric rotation speed (case 5, 6, and 11, 12), the magnitudes of
temperature, pressure distribution, and diffusion coefficient are higher than those of
symmetric cases (case 3, and 9). It might result from the relative displacement which
causes more friction heat between bonding layers. Furthermore, sufficient pressure

and relative displacement can extrude more new material, and improve the bonding
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energy, which were significant for bonding performance.

FLDs of clad metal sheet

In this section, the secondary formability and fracture prediction of Al/Cu clad
metal sheets with different initial thickness ratios were analyzed. From the results of
punch-stretching tests, the formability of single materials was shown to be better than
that of clad metal sheets. It is expected that the formability of clad metal sheets is
affected by the residual stresses during the cold rolling process. Given the different
ductility of two base materials, higher plastic deformation occurred in the aluminum
during the roll-bonding process. Therefore;  in this research, reduction rate of the
material was a significant factor for the formability of the clad metal sheets when the
bonded thickness was the same. As for the fracture predictions in Al/Cu clad metal
sheets, the use of forming limit diagrams with FEM has been verified by this research.
The thickness distribution, the fracture prediction and the deformation behavior of
Al/Cu clad metal sheets were accurately predicted using the FLD criterion option in
ABAQUS.

Finally, the formability of clad metal sheets can be manipulated by changing the
process parameters such as the holding force and the blank diameter in deep drawing
tests. In these tests, the maximum drawing depth of 23.5 mm for clad metal sheets (Al
1.5 mm/Cu 1.0 mm) was obtained when the blank diameter was 80 mm and the

holding force was 15 kN.

Process parameters analysis and application of SHF
In this research, some significant process parameters were discussed for

formability of clad metal sheet during SHF. Some tasks were finished as follows:
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B Obtained material property of Ti / Al clad metal sheet (0.45mm, and 0.9 mm
thick).

B Single and multi-stages SHF FE models were created

B Validated FE model.

B Compared simulation result with experiment for application of clad metal sheet.

In simulation, a virtual film technique was proposed to realistically simulate the
hydraulic loading for clad metal sheet during SHF.

From above simulation results, the holding force was significant parameter for
metal flow. For pressure history, high final pressure can helpful for draw-in. For blank
dimension, suitable blank dimension can helpful for decreasing thinning. However
compared with SUS 304, the Ti / Al clad metal with low formability can achieve same
product quality by choosing suitable parameters.

For decreasing numbers of operation stage, a high pre-bulging height and pressure
can be helpful for draw-in the blank, by supplying the blank with larger normal force.
By considering metal flow, suitable blank dimension can be helpful for decreasing
thinning effect. For applications closed to the cases in the research, multi-stages SHF,
suitable modified punch geometry at stage 1, and suitable blank dimension
(124x95mm) are recommended for improving the formability of the Ti/Al clad metal

sheet.

6.2 Future works
In future, advanced works about thin clad metal sheet and sheet hydroforming
must be continued to study.
1. In this study, the most significant index to estimate whether the metals can bonded
together was not clearly identified. In future, more experiments (cold roll-bonding

and microscopy) should be carried out to validate numerical result.
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In this study, tensile test are carried out to obtain true stress/strain curve of thin
clad metal sheet. Experimental FLDs were applied to predicate fracture of the
sheets. For complex deformation behavior, a biaxial bulging text will carry out to
obtain precise material properties of thin clad metal sheets. According to
theoretical facture criterion and the material properties, the facture of thin clad
metal sheet will be predicted more efficiently.

FEA has become an established tool for predicting the formability of sheet metals.
It has enabled significant reduction in the cost and time for design, and facilitation
in improving the quality of products. In SHF, there exist several factors which
cause the formability of metal sheet, for instance, the holding force, and the blank
shape etc. In future works, curfent SHF ssimulation will be integrated with

optimization procedure to efficiently obtain the most suitable process parameters.
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